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Abstract ii

Abstract

The work presented in this thesis is concerned thighcharacterisation of the UL32 gene
of herpes simplex virus type 1 (HSV-1). UL32 enoda essential 596 amino acid
cysteine-rich, zinc-binding protein that is higlagnserved throughout the herpesviruses.
The UL32 protein is essential for the cleavageasioatemeric viral DNA into monomeric
genomes and their packaging into preformed cap€idsservation is highest at the C-
terminus and three CxxC motifs are present in alralb&nown herpesvirus UL32

sequences

The UL32 antibodies available in the laboratorthatbeginning of the project were
incapable of detecting small amounts of UL32 proteid so new rabbit antisera were
created. Soluble extracts from insect cells inf@etéh a UL32-expressing baculovirus
(AcUL32) were fractionated by anion exchange chrog@phy and the UL32-containing
fractions used to immunise rabbits. The resultatisaera successfully recognised UL32
from transfected, HSV-1 infected and baculovirdected cells on western blots, and

UL32 in transfected cells by immunofluorescence.

| performed random mutagenesis of the UL32 geramiaffort to examine structure-
function relationships within this protein, and gested a panel of 37 mutants containing 5
amino acid insertions at distinct positions. Thiités of these mutants to complement the
DNA packaging and growth defects of a virus lackaniginctional copy of UL32 (the null
mutanthré4) were examined and 15 of the mutants retainectifunality in both assays. A
complete correlation was found between the allitjnutants to support growth and DNA
packaging, suggesting that the key functions of 2Ja& confined to the DNA packaging
pathway. There was also good correlation with thgrele of amino acid conservation
within UL32, with most of the mutants which abokshfunctionality being located in the
highly conserved regions, and the functional m@amtess conserved regions. A number
of site-specific mutants were also created, in Wil paired cysteine residues were
replaced with serines (i.e. CxxC to SxxS). Mutatdthe first and third cysteine pairs
(from the N-terminus) completely abrogated growtd packaging, whereas significant
functionality was maintained following mutagenesishe central pair. Finally, removal of

the C-terminal 4 amino acids also resulted in gainar of a non-functional protein.

Generation of an HA-tagged UL32 construct and thduction of this into HSV-1
allowed the localisation of UL32 in infected ceitsbe studied. In contrast to previous
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reports, | detected UL32 predominantly in the nuafenfected cells, co-localising with
ICP8 in replication compartments. DNA packaging passiously been shown to occur
within the replication compartments and a numbehefother packaging proteins also
localise to these sites. It was previously repotied UL32 played a role in the localisation
of capsids to the replication compartments. Howewerk presented in this thesis shows
this not to be the case, and that capsid proteRis &d VP19C were correctly localised in
replication compartments during infections with thie32 mutanthré4. |1 found no
evidence of UL32 interaction with the UL6, UL25@t17 DNA packaging proteins in
HSV-1 infected or transfected cells, or using imapnecipitation from baculovirus-

expressed cells.

Immunofluorescence studies of co-transfected séltsved that UL15 could direct the
partial re-localisation of UL32 from the cytoplasoithe nucleus. The addition of the other
terminase subunits UL28 and UL33 caused the compdelocalisation of UL32 to the
nucleus, suggesting that UL32 might interact whih terminase complex. Fifteen of the
insertional mutants were completely re-localiseth®nucleus in the presence of UL15,
UL33 and UL28, with eleven further mutants showamgintermediate phenotype of partial
nuclear localisation. The ability to at least iy co-localise with the terminase complex
appeared necessary for the ability of the mutanssipport virus growth and DNA
packaging, suggesting that this interaction maggsential for the function of UL32.
However, no interaction could be demonstrated betmiél 32 and any of the individual

terminase subunits using immunoprecipitation frosect cells.

A series of experiments was undertaken to furtharacterise the UL32 protein. A new
UL32 mutant virus A32EP) was generated by insertion of a kanamycisteage cassette
in place of a large portion of the UL32 gene. Thistant had an indistinguishable
phenotype fronir64, confirming that the main function of UL32 istiin DNA
packaging. The functional conservation between HSW-32 and the homologues from
HCMV and VZV was examined, but neither protein cbslipport the growth &f32EP.
DNA fragments from replicated concatemeric DNA fraB2EP infected cells behaved
similarly to wt HSV-1 fragments in PFGE, suggestihgt UL32 is not involved in the
resolution of branched structures within the genpni@ to packaging

UL32 had previously been reported to bind zinc, taslwas confirmed using a zinc-
release colourimetric assay. The amount of zinatdda soluble baculovirus-expressed

UL32 was quantified, showing that UL32 bound zin@il:1 molar ratio. UL32 does not



Abstract iv

share all of the characteristics of a zinc fingetimbut the results of the mutagenesis

experiments suggest that the outer CxxC/CxxxC matidy be important for zinc binding.

Because of its zinc-binding properties and potémttaraction with the terminase
complex, the DNA binding properties of UL32 weresainvestigated. It was found that
UL32 did not bind to dsDNA containing either thenimal packaging sequence (Uc-DR1-
Ub) or an unrelated non-HSV-1 sequence using artrefghoretic mobility shift assay
(EMSA).
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1 Introduction

The work presented in this thesis is concerned thighcharacterisation of the herpes
simplex virus type 1 (HSV-1) UL32 protein and itder within the viral DNA cleavage and
packaging process. This introduction discussegédineral properties of herpesviruses and
gives an outline of the viral life cycle. The preseof DNA packaging in herpesviruses and
related bacteriophage is also described in détailjding an outline of our current

knowledge of the UL32 protein. Finally the aimgluf project are introduced.
1.1 Herpesviruses

The herpesviruses comprise an abundant groupge wuble-stranded DNA (dsDNA)
viruses infecting a wide range of hosts. Morphatally, herpesviruses have a unique
virion architecture and historically the definitioha herpesvirus was based upon this. A
large linear dsDNA genome of between 124 kbp (simi&ricella virus) and 295 kbp
(cyprinid herpesvirus 1) is tightly packed within @osahedral capsid, which is encased in
an amorphous protein layer known as the tegumémd.i$ surrounded by the host-derived

lipid envelope containing virus encoded membrarsaeated glycoproteins.

Over 100 herpesviruses have been identified, imget wide range of vertebrate hosts
including mammals, birds, amphibians and fish. Meeently a single herpesvirus has
been described that infects a number of marind\@vepecies (Arzuét al, 2001; Davison
et al, 2005). Despite the varied host range within #raify, each individual herpesvirus
appears to infect very few host species (often only natural host). Herpesviruses are
very well adapted to their natural hosts, and sewrdection is usually observed only in the
very young, the foetus or the immuno-compromisadudés can, however, occasionally
cross species and here more severe disease magrbeéAs example of this is B virus
(Macacine herpesvirus 1, previously Cercopithebiegpesvirus 1) which is endemic in
macaques and causes no disease, although zoarfetittan of humans can result in
encephalitis with a fatality rate of over 70% iftieated (Huff & Barry, 2003).

Many herpesviruses have the ability to establipkraistent infection (latency) in the host.
During latency, the genome exists in a ‘dormaatests a circular episome within cells

and can persist for the lifetime of the infectediwidual, evading detection by the immune
system. Reactivation from latency leads to prodedtfection and recurrence of disease.
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1.1.1 Classification of herpesviruses

Recently the International Committee on TaxonomYiofises (ICTV) has accepted a new
taxonomy of herpesviruses, whereby the former famérpesviridaehas been split into
three families ilerpesviridae AlloherpesviridaeandMalacoherpesviridag which are

now incorporated into the new ordertdérpesviralesThis new classification was
proposed by thelerpesviridaestudy group (Davisogt al, 2009) and is based on
phylogenetic data. New genera have also been fomwitach families by the transfer of
species from previously established genera andifab@tion of new species, along with

the renaming of some herpesviruses infecting nanamuprimates to reflect the host genus

rather than the host sub-family.

The first group within thélerpesviralesthe familyHerpesviridag encompasses viruses
infecting birds, mammals and reptiles. This istdplio three subfamilies of

AlphaherpesvirinagBetaherpesvirinaandGammaherpesvirinae

The Alphaherpesvirinasub-family includes, among others, herpes simpiaxses 1 and 2
(genus:Simplexviruy and varicella-zoster virus and pseudorabies \(gesus:
Varicellovirug. TheAlphaherpesvirina@re neurotropic and establish latency in neuronal
ganglia innervating the site of initial infectiohhey replicate relatively rapidly and

efficiently in a number of cell lines in tissue tuk.

TheBetaherpesvirinaecludes human cytomegalovirus (gendgtomegalovirusand
human herpesviruses 6 and 7 (gemaseolovirus This sub-family also now includes a
newly created genus, tiRroboscivirus- the only representative of which is a herpesviru
infecting elephants (Richmaat al, 1999). TheBetaherpesvirinaare characterised by a
slower replication and more restricted host ramgeuiture and the establishment of
latency in cells of the monocyte lineage.

The Gammaherpesvirinagub-family includes Epstein-Barr virus (genus:
lymphocryptovirusand Kaposi's sarcoma-associated herpesvirus gg&madinoviru$.
Two new genera, thilacavirusandPercavirushave been created within the
Gammaherpesvirinad his sub-family of viruses are lymphotrophic, hvé variation in
replication cycle length. They have a more restddiost rangan vitro than either of the

other sub-families and establish latency in T dyBphocytes.
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The estimated number of protein-coding genes itHémpesviridaevaries from 70 in VZV

to 165 in HCMV. 43 genes, which are denoted ‘cgexies, are present in each of the sub-
families, providing evidence of a common evolutignancestor (McGeoch & Davison,
1999). Many of these core genes are involved irgpication or packaging of the viral
DNA, or encode proteins that are present in thiewir

The newly-formedilloherpesviridagamily consists of herpesviruses infecting amnilsi
and bony fish. These form a group that are essgntiarelated to thélerpesviridaeby
analysis of amino acid conservation and as sughlihee been classified as a separate
family in the new taxonomy (Davisaat al, 2009). However, their identification as a
family of theHerpesviralexan be demonstrated by similarity in virion morjagy and

maturation (Booyet al, 1996; Davison & Davison, 1995).

The third family is thevlalacoherpesviridagwhose only member is a herpesvirus
infecting invertebrates, named Ostreid herpesvir(®@sHV-1) (Davisoret al, 2005).
Again, theMalacoherpesvirida@re very distantly related to thierpesviridaeand
sequence analysis did not demonstrate any sinyilagiween the structural proteins of
OsHV-1 and other herpesviruses. Despite theseréifées in amino acid sequence, the
virions of OsHV show the characteristic herpes vmorphology and OsHV-1 was first
identified as a herpesvirus by the presence otthig®ns in lesions of infected oysters
(Farleyet al, 1972). Studies of the virion by cryo-electron mgcopy (cryo-EM)
confirmed the structural similarity between OsH\dbpsids and other herpesviruses
(Davisonet al, 2005).

As mentioned, there is very little sequence sintjidretween the three families of
herpesviruses and genetically they are only terlyoakated to each other. Although many
core genes can be identified as conserved witmniliess, only one protein has an amino
acid sequence that is conserved among the thrakefsim a way to suggest a common
ancestor. This gene, which encodes the ATPaseed)MA packaging complex, also has
relatives in T4-like bacteriophage (Davison, 199ayison, 2002; Rao & Black, 1988). It

is therefore not completelferpesviralesspecific, although similarities in capsid assembly
and the DNA packaging process between herpesviarsegdsDNA bacteriophage suggest
that they too have a common evolutionary ancestor.

Phylogenetic trees of herpesviruses show similavitls the phylogeny of the

corresponding host organisms, which is taken ade@e for co-evolutionary development
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of virus and host lineages (McGeoehal, 1995). This co-evolution may also explain the

restricted host-range of many herpesviruses.

1.1.2 Human Herpesviridae

Eight herpesviruses have been identified that tfieman hosts (Human herpesviruses
[HHV] 1-8), encompassing all three subfamiliesttéierpesviridae In general, these
viruses do not cause serious illness upon prinrdection of immuno-competent hosts,

and infections can often be asymptomatic.

Herpes simplex virus type 1 (HSV-1, HHV-1) is thetptype in theAlphaherpesvirinag
and as such has been extensively studied. Primfagtion occurs in the epithelial cells of
the skin and mucosa near the mouth, and life-latgnkty is established in ganglia
innervating the site of primary infection (Stevén€ook, 1971). HSV-2 (HHV-2) is very
similar to HSV-1 in its pattern of infection, bt primarily associated with infections of
the genitalia. The third human alphaherpesvirvaigella-zoster virus (VZV, HHV-3).
This is the causative agent of chickenpox in ckitdgvaricella), which is characterised by
a vesicular skin rash. Later reactivation of thewifrom the neurons in which VZV

establishes latent infection results in the adiskase shingles (zoster).

Three members of tHeetaherpesvirina@also have human hosts. Human cytomegalovirus
(HCMV, HHV-5) is most widely studied of this familynfection is asymptomatic in most
individuals and acute disease is mainly seen iaghleho are immuno-compromised or
immuno-suppressed. HCMV can establish latent ildadh blood monocytes (Sinclair &
Sissons, 2006). HCMV is also a major cause of ndéease through congential
infection, often resulting in damage to the braid aervous systenluman herpesviruses
6 and 7 (HHV-6 and HHV-7) are lesser-studied visug®t are the causative agents of
exanthema subitum (Roseola), a near-universaltubild disease associated with the

appearance of a rash.

Two viruses within th&ammaherpesvirinaare known to infect humans, and these have
both been associated with various tumours. TheifirSpstein Barr virus (EBV, HHV-4).
EBV is one of the most prevalent herpesvirusesnaany individuals become infected in
childhood, showing no symptoms. When primary intettvith EBV occurs during
adolescence or young adulthood, it can cause intecmononucleosis (glandular fever),

characterized by fever, sore throat and fatigue/ EBtablishes latency in B-lymphocytes
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and can transform B-lymphocytesvitro. It has been implicated in nasopharyngeal
carcinoma, Hodgkin’s disease and Burkitt's lymphealthough establishment of these
cancers is also dependent on many other factosgfho 1999). Human herpesvirus 8,
otherwise known as Kaposi's sarcoma-associateceheinos (KSHV), again causes very
few symptoms in healthy individuals. In AIDS pati®rhowever, KSHV is the causative
agent of Kaposi's sarcoma, a tumour characterigdddions on the skin, respiratory tract

or intestinal tract.

1.2 Herpes simplex virus type 1

HSV-1 is the prototype member of tAphaherpesvirinagand has been one of the most
intensely studied herpesviruses. Primary infectith HSV-1 of healthy individuals is not
a serious global health issue, as it is normaljyrggomatic. It is estimated, however, that
between 60 and 95% of adults are latently infeetid either HSV-1 or 2 (although HSV-
1 is predominant) (Brady & Bernstein, 2004). Tiveis can then lie dormant for the
individual’s lifetime, periodically reactivating isseminate viral particles. Symptoms
occur when the virus is reactivated, caused noyniigllphysical trauma, stress or nerve
damage. A variety of symptomatic diseases areceged with primary HSV-1 infection
or reactivation (Dwyer & Cunningham, 2002), incluglimost commonly orolabial lesions
(coldsores) and genital ulcers (although HSV-2ilstee main cause of genital herpes).
More serious manifestations can include herpetiatkes (leading to keratoconjuctivitis
and corneal scarring), herpes encephalitis caugeedbcation of HSV-1 in the brain, and
neonatal infection. Some correlational evidencediso implicated HSV-1 infection with
Alzheimer's disease, when combined with a partrcallale of the gene encoding
apolipoprotein E. However, the full importance loé virus in the disease and the

mechanisms by which it contributes to Alzheimeré&ssdill unclear (Itzhaki, 2004).
1.3 HSV-1 virion

As with all herpesviruses, the mature infectious/HSvirion is composed of four distinct
structural components. The dsDNA genome is enclositin an icosahedral capsid,
which is surrounded by a proteinaceous tegumenthastiderived lipid envelope. An
electron micrograph along with diagrammatic repnéstgon of the HSV-1 virion is shown

in figure 1.1
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glycoproteins\

envelope

tegument

capsid

DNA-filled core

Figure 1.1: The HSV-1 virion.
Electron micrograph of a negatively stained HSMriom and cartoon representation,

showing the components comprising the virion. A DNlked icosahedral capsid is
surrounded by a proteinaceous tegument and a kastd lipid envelope studded
with glycoproteins. Scale bar is 100 nm. (Adaptednf Roizman and Knipe, 2001)
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1.3.1 Genome

The HSV-1 genome is a linear double-stranded DNAemde, approximately 152 kbp in
length. The genome comprises two covalently lingaehponents, designated as L (long)
and S (short), each containing a unique sequencar(tl U respectively). Inverted
repeats flank the unique sequences, wittilahked by TR (terminal repeat long) and R
(internal repeat short), andsflanked by TR (terminal repeat long) and ¢Rinternal
repeat short). The Uegion is 107.9 kbp anddis 12 kbp and together these encode about
72 proteins. The long and short repeat sequenee®.2akb and 6.6 kb respectively and
encode a further three proteins, RL1 (ICP34.5)Rb#A (ICPO) within R and RS1 (ICP4)
within Rs. The gene organisation and nomenclature of HS¥shown in figure 1.2.
Historically, the proteins of HSV-1 were assignétion protein (VP) or infected cell
protein (ICP) numbers, but sequencing of the genloaseallowed identification of the
corresponding genes for these proteins. The geth@ratein nomenclature for proteins

discussed in this thesis is shown in table 1.1

A direct repeat of 250-500 bp (thesequence) lies at the genomic termini and alsmin
inverted orientation at the junction between L &s#gments. There can be multiple
copies of the sequence at the L terminus and junction, with @xyngle copy at the S
terminus. The remainder of TRR,. and TR/IRs excluding thea sequence are referred to
as theb andc sequences respectively. Therefore the full streadfithe genome can be
represented a&,-b-U -b-a'r-c'-Us-c-a, where ' indicates inverted orientation anandm
are the number & sequence repeats (see figure 1.3A). It is witheatsequence that the

cis-acting sequences required for packaging of themenie (see sectioh5.3).

The repeat sequences allow inversion of the twquenregions relative to one another,
generating four isomers of the genome, as shoviigune 1.3B. The significance of these
inversion events in the replication of herpesvisuiseunknown, but populations of virions

have equimolar ratios of these isomers (Hayvedral, 1975)

The HSV-1 genome also includes thogeacting sequences that act as origins of
replication for the genomic DNA. One copyaf, is present in the Uregion, lying

between ORFs UL29 and UL30 (Spaete & Frenkel, 19B&Y identical copies airis are
found in the repeat regions flanking between genes RS1 and either US1 or US12 (Stow,
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1982). The two types of origin share considerablmdlogy and many features, including
binding sites for the viral UL9 protein on eithélesof a central A/T rich region. It is
unclear why the HSV-1 genomes contain multipleinsgThere is some redundancy as a
virus deleted in both copies ofis could replicate DNA in a tissue culture system,
although the rate of DNA synthesis was slower tihah of wt HSV-1 (Igarastet al,

1993). Furthermore, the singdei,. has also shown to be dispensible in tissue culture
(Polvino-Bodnaret al, 1987).
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Figure 1.2: Gene organisation within HSV-1.

The organisation and nomenclature of genes witlerHSV-1 genome is shown,
with the shaded arrows indicating protein codirgjors (showing the direction
of transcription). The genes encoded within theégjion have the prefix UL
(UL1-UL56), and those encoded within; dre denoted US1-US12. The thicker
sections show the repeat regions (TR_, IRs and TR), which encode a further
three genes, RL1, RL2 and RS1. The position offkE transcript within R is
marked, as are the locations of the origins oficapibn (ri. andoris). The
vertical arrows indicate possible polyadenylatida ®r mRNAs. (Adapted from
Davison & Clements, 1997)



Chapter 1

Protein name (if
Gene applicable) Function

Glycoproteins

uL1 gL Membrane fusion and entry — interacts with gH

UL10 gM Secondary envelopment

uL22 gH Membrane fusion and entry — interacts with gL

uL27 gB Initial attachment to cells and membrane fusion

usé gD Receptor binding, membrane fusion and entry

uL44 gC Initial attachment to cells

uss gE Acquisition of viral envelope during secondary envelopment

Capsid and tegument proteins

UL19 VP5 Major capsid protein
UL18 VP23 Triplex protein
uUL38 VP19C Triplex protein
UL35 VP26 Minor capisd protein bound to hexons
UL26.5 VP22a Major scaffolding protein
UL26 VP21* Minor scaffolding protein
UL26 VP24* Maturational protease
VP16 Tegument protein — transactivator of IE gene expression
uL41 vhs Tegument protein — virion host shut-off protein
UL36 VP1/2 Tegument protein —involved in nuclear entry and egress

Infected cell proteins

RL2 ICPO Transcriptional activation and de-repression of genome
RS1 ICP4 Transcriptional regulator

Usi1 ICP22 Trasncriptional activator

UL54 ICP27 Transcriptional activator and inhibition of mMRNA splicing
RL1 ICP34.5 Neurovirulence factor

uUsi12 ICP47 TAP transporter inhibitor

DNA replication proteins

UL30 DNA polymerase catalytic subunit

uL42 DNA polymerase processivity subunit

UL5 Helicase subunit of helicase-primase complex
UL52 Primase subunit of helicase-primase

uLs Helicase-primase subunit (processivity factor)
UL29 ICP8 Single stranded DNA binding protein

uL9 Origin binding protein

Table 1.1: Nomenclature of genes and proteins dedloed within this thesis.
* VP21 and VP24 are derived from the N and C teahportions of the full-length
UL26-encoded precursor.
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Figure 1.3: HSV-1 genome structure and isomers.

A.

The structure of the HSV-1 genome is represeabeve (not to scale). The
unique regions Pand W are shown as single horizontal lines with theliiag
repeats, Rand R, shown as rectangles. The regions pBRd R; lacking the
a sequence are denote@ndc, respectively. Terminal (TlRand TR) and
internal (IR and IR) repeats are inverted with respect to each weir th
relative orientations indicated by arrows. Ehgequence, required for DNA
cleavage and packaging, is present at each terramdigh an inverted
orientation &’) separating IRand IR. m andn indicate that there can be
multiple copies of the a sequence at the L termangsthe L-S junction.

The unique regions of the genome can invertivegldo each other, giving rise
to four isomers of the genome. P = prototyge; inverted U; I, = inverted
UL I.s = inverted Y and W.
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1.3.2 Capsid

As with all herpesviruses, the HSV-1 capsid is 4@ &osahedral shell, with the genomic
DNA packed tightly into the capsid in a liquid-ctgine array (Booyet al, 1991). The
capsid structures of widely diverged members ohirgesviruses are similar, even when
there is no sequence similarity between the prsteiaking up the capsid (for example
HSV-1 and CCV) and despite a wide variation of geadengths, alHerpesviridaehave a
capsid diameter between 125 nm (HSV-1) and 130Hh@MV) (Butcheret al, 1998). In
agreement with this, electron microscopy has shinahHCMYV (the largest genome in the

Herpesviridag is more densely packed than the HSV-1 genomeli@étal, 2000).

The HSV-1 capsid is 125 nm in diameter and apprasety 15 nm thick (Boogt al,

1991) A reconstruction of the HSV-1 capsid has beenrdeted to 8.5 A and is shown in
figure 1.4. It consists of 162 capsomers made upemajor capsid protein VP5,
comprising 150 hexons and 11 pentons. The hexentharfaces of the icosahedron,
showing 6-fold rotational symmetry, with the pentamtices showing the 5-fold
symmetry. The final vertex is the portal for DNAtgn(discussed further in sectidn6.1).
Hexons and pentons are connected in groups of bhyreemplexes known as triplexes
(320 in total). In HSV-1 the triplexes are heterodrs comprising two copies of VP19C
and one copy of VP23. The final protein making lup ¢apsid shell is VP26, with one
molecule of this bound to each hexon-associated VP26 is believed to play a role
tegument attachment, however it is not requireccémsid assembly. The capsomers are
assembled around a proteinaceous scaffold madéthp wviral protease (encoded by the
UL26 gene) and pre-VP22a (encoded by the UL26.8)gdre structure of the HSV-1
capsid is reviewed by Homa and Brown (1997).

Four species of capsid have been identified bytreleenicroscopy within HSV-1 infected
cells, as shown in figure 1.5. The first speciefotm are the procapsids, which are
spherical in shape and contain the internal safiouring infection, the maturation of
procapsids due to cleavage of the internal scatfafdgive rise to A-, B- and C- capsids,
distinguishable by electron microscopy and sucgvadient centrifugation (Gibson &
Roizman, 1972). A-capsids are empty structures motlDNA or scaffold inside. B-

capsids have a proteinaceous core which is theadefarm of the protein scaffold, but no
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Figure 1.4: 3D reconstruction of HSV-1 capsid.

Cryo-electron microscopy and 3D reconstruction 8MHL B capsid at 8.5 A
resolution. A shaded surface view showing the chpsnsisting of 160 capsomers,
showing the 150 hexons in blue. The 12 verticed) @ee 11 pentons and the portal.
However, because of symmetry imposed during imagenstruction, the portal
cannot be distinguished. The triplexes are showgreen. (adapted from Zheu al,
1999)
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Figure 1.5: Capsid types found in HSV-1 infected dis.

Four capsid species have been identified in HSktdcted cells. The first of these is
the spherical procapsid, comprised of major capsitein VP5 arranged in hexons
and pentons, coordinated by triplex proteins VP48@G VP23. Procapsids also
contain one unique vertex made up of a dodecamiéyeqgiortal protein UL6. The
procapsid contains an internal scaffold made uprateins encoded by genes UL26
and UL26.5. Successful maturation of the procapesdlts in the formation of
angularised C-capsids which lack the internal st@ffout instead contain the
genomic DNA. A- and B- capsids are formed as deatproducts of the maturation
process, with B-capsids containing cleaved scafbotdein and A- capsids containing
neither scaffold nor DNA. (Adapted from Trasal.,2007)
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DNA. Both of these capsid types are dead-end ptscafdche DNA packaging pathway.

C-capsids, however, contain viral DNA and can matoto infectious virions.

The processes of capsid assembly and maturatidreieved to resemble that in

bacteriophages, and are discussed further in secdot.

1.3.3 Tegument

All herpesviruses have a layer of protein callezltdgument that lies between the virion
envelope and the capsid. The tegument consistaltifphe, virus-encoded proteins that
can account for nearly half the total virion prateh recent proteomics analysis suggested
23 potential tegument proteins in HSV-1 (Loeetl, 2008) . Historically, the tegument
has been described as amorphous, but there isrgg@wvidence for an ordered addition of
tegument during assembly, with multiple interacsi@iniving tegumentation and virion
formation (Mettenleiter, 2006). Although the tegurhis not highly structured, the inner
tegument does show a small degree of icosahedrahsyry where it interacts with the
pentons of the capsid (Zhat al, 1999). The highly conserved inner tegument pnotei
UL36 has been shown to interact with VP5 and thiisraction may act as the link that
binds the capsid to the tegument in the infectioen. The use of cryo-electron
tomography has suggested that the tegument masyb@nzetrically distributed around the
capsid (Grunewal@t al, 2003), and yeast-two-hybrid screens have beehtosgetermine
interactions between tegument proteins (Vittehal, 2005). Tegument proteins enter the
cell as part of the incoming virion and are invalve many processes both before and
after viral protein synthesis, for example targgtir virus components to the nucleus,
transactivation of viral gene expression, regutatibhost cell gene expression. Other
tegument proteins are involved in DNA packaging assembly of virions at a later stage
of infection (Kellyet al, 2009).

1.3.4 Envelope

The outer layer of the HSV-1 virion is a host-adlived envelope. This envelope is a
lipid-bilayer studded with virally-encoded glycopems, visible in negatively-stained
electron microscope preparations as short spikesatie non-randomly distributed. The
precise number of envelope glycoproteins variesrani@rpesviruses, with 13 described
in HSV-1 (Loretet al, 2008). The glycoproteins have roles in attachraedtentry into
the cell (discussed in sectidm.1).
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The viral envelope is acquired through a two-stegding process, whereby the virus
acquires a primary envelope whilst budding throtighinner nuclear membrane, is de-
enveloped when budding from the lumen of the nualeambrane into the cytoplasm, and
is re-enveloped (secondary envelopment) at thes-4gaigi network (TGN) before exit
from the cell (discussed in sectib.7).

1.4 HSV-1 replication cycle

The Iytic replication cycle has been studied moshgrehensively in HSV-1, and appears
to be similar in all herpesviruses. It is summatisefigure 1.6 and each stage is described

in more detail in the following sections.
1.4.1 Attachment and entry

Alphaherpesviruses most commonly infect epithel@ls of mucosal membranes and the
sensory neurons that innervate those epitheliaykmtolves attachment to specific and
non-specific receptors on the surface of cellsgitiie glycoproteins in the viral
membrane. Of the 13 or more HSV-1 viral glycopnugeinfection in cell culture requires

the co-ordinated action of at least four of thegfBgD, and a heterodimer of gH/gL.

The initial attachment to cells involves bindingtibé virion to the heparin sulphate (HS)
moieties of the cell-surface proteoglycans, arradion that can be mediated
independently by either glycoprotein gC or gB. Huer this binding has been shown to
be reversible, and although it significantly entemthe efficiency of HSV-1 infection, it is
not essential in cell culture. Viruses either lagkgC, or with a mutation in gB which
abolishes its interaction with HS are still infects, albeit at a much reduced level.
However, deletion of both gB and gC together comabfeabrogates infectivity (Herolet
al., 1994; Laquerret al, 1998). Recently it has been suggested that anbtst receptor
may also mediate interaction with gB, since a delfitorm of gB was shown to interact
with different cell types independent of HS (Bendeal, 2005).

The next stage of entry involves the interactiogDfwith one of several potential entry
receptors. Three classes of receptors have beetifiele on mammalian cells by virtue of
the fact that addition of these proteins allowsizientry into infection-resistant CHO cells.
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Figure 1.6: The lytic replication cycle of HSV-1.

(1) The virion attaches to the cell plasma membraaspecific interactions between
the viral glycoproteins and cellular receptors. Vhi®n envelope then fuses with the
plasma membrane, releasing the capsid and teguypraeins into the cytoplasm. (2)
The capsid is translocated to the nuclear porenitaotubules, where the viral
genome is released into the nucleus via the nuple@:. (3) The virion host shut-off
(vhs) protein causes degradation of host messé&igar(mRNA). (4) The tegument
protein VP16 localizes into the nucleus where it aat to transactivate the cascade of
viral gene expression. (5) The viral DNA circul@szprior to DNA transcription and
replication. (6) There is temporal expression eftiiree classes of viral genes,
transcribed by host RNA polymerase Il. Firstly thenediate earlyd) genes are
transcribed and five of the sixproteins act to regulate subsequent viral gene
expression in the nucleus. (7) The IE proteinssaativate earlyfl) gene
transcription. (8) Th@ genes encode proteins required for replicatiomefviral
genome. (9) Viral DNA synthesis stimulatesyl. §ene expression. (10) The
proteins are mainly structural proteins involvedasembly of the procapsid in the
nucleus. (11) The concatemeric replicated DNA&aekd into unit length genomes
and packaged into the preformed procapsid, gengr&ticapsids. (12) The filled
capsid acquires a primary envelope when buddirautir the inner nuclear
membrane and is de-enveloped as it buds from therwf the nucelar membrane
into the cytoplasm. This capsid acquires tegumestems in the cytoplasm. The
tegumented capsid then forms a final envelopedvipp budding into the trans-golgi
network and the virion exits from the cell througle secretary pathway (Adapted
from Roizman & Knipe, 2001)
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These are the TNF family member Herpes Virus Eltegliator (HVEM) (Montgomeret
al., 1996), Ig superfamily members nectin-1 and -2ré@ketyet al, 1998), and a 8-
modified form of heparin sulphate (Shuldaal, 1999).

Following initial attachment and binding to thelc#ie process of fusion occurs. Three
different pathways for entry of HSV-1 into cellsvieabeen proposed, depending on the
type of host cell. The first route identified waa fusion at the plasma membrane and this
route can be visualised by electron microscopyeumrons and is well documented in Vero
and Hep?2 cells. Although this was long considehedanly route of entry, in many other
cell types, HSV-1 virions are endocytosed. Fusidh the endosomal membrane has been
shown to occur via two possible entry mechanisra) pH-dependent and pH-
independent (Nicolat al, 2003; Wittels & Spear, 1991).

In all three routes of entry, binding of gD to arfats receptors is thought to cause a
conformational change in gD and trigger fusionha viral envelope with the appropriate
cellular membrane, as reviewed by Garner (2003idAurequires gB and a heterodimer of
glycoproteins, gH/gL, as deletion of these prot@rsiuces mutant viruses that can bind
to cells but not internalise. The key role in fusie thought to be played by glycoproteins
gB and gH, which are both conserved in lttexpesviridae whereas gL is required for

correct trafficking of gH to the viral envelope (tdbinsonet al, 1992).

Fusion of the viral envelope with a cellular menm@&aeleases the capsid and tegument
into the cytoplasm. Some tegument proteins renmathe cytoplasm but the capsid and
other associated inner tegument proteins are toatezpto the nucleus via microtubules. It
has been shown that agents that de-stabilise mbutds block this transport of capsids in
different cell types (Toppt al, 1996; Toppet al, 1994). This microtubule transport is
mediated by the retrograde motor dynein, whichnievin to transport organelles towards
the nucleus (Dohneat al, 2002). The viral proteins mediating this interactwith dynein
have not been identified, but VP26 is thought tanvelved, and it has been shown that
some inner tegument proteins are needed for céisidport along microtubules in vitro
(Andréet al, 2006).

Once the capsids have reached the nucleus, th&yatitite nuclear pore and release the
genome into the nucleus. This process of unco#ti@genome is thought to involve
cellular factors Ran-GTP and imporfi(Ojalaet al, 2000). Viral proteins including

UL36 and UL25 are also essential for these eamytsvfollowing infection, as certain
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virus mutants with lesions affecting these protéailsto release viral DNA into the cell
nucleus (Prestoat al, 2008; Robertst al, 2009). An interaction has been described
between UL25 and a component of the nuclear pargtex, CAN/Nup214, and
furthermore, depletion of CAN/Nup214 delayed tHeaee of viral DNA into the nucleus
(Pasdelougt al, 2009). The portal protein UL6 is cleaved upo@MDNA exit from the
capsid (Newcomlet al, 2007).

1.4.2 Localisation of HSV-1 DNA in infection

Upon entry into nucleus, incoming viral genomes loarseen as discrete spots surrounded
by small nuclear substructures known as ND10 dosn&iD10 domains comprise the
major organising protein, PML, and several othdlutaa components including Daxx and
Spl100, and their SUMO-modified isoforms (NegoreW&ul, 2001). These domains are
also found in uninfected nuclei, and have a vamétiunctions including regulation of

gene expression, chromatin dynamics, DNA repairthadnterferon repsonse. It has been
shown that ND10 are dynamic structures that mowatamulate around incoming
genomes, rather than genomes localising to exi®tD@0 sites (Everett & Murray, 2005).
ND10 are thought to make up part of an intrinsituéa defence against viral infection

formed around the viral DNA that act to represswingl genome and restrict transcription.

Very soon after infection with wt HSV-1, these NDd@mains are disrupted in a process
that requires the viral immediate early protein 0GMaul et al, 1993). ICPO is an E3
ubiquitin ligase which induces the proteosome-ddpandegradation of PML and
subsequent breakup of the ND10 domains (Evetedt, 1998). This disruption of ND10
and associated de-repression of the genome allmugtruitment of cellular and viral
factors needed for transcription of viral proteiresulting in the formation of small pre-
replicative sites. Initial transcription and replion of HSV-1 DNA occurs in these small

pre-replicative sites adjacent to the original N3ie.

After repeated rounds of transcription and DNA iegilon, the pre-replicative sites form
into larger replication compartments (RCs). Itésehin the replication compartments that
DNA replication, late gene expression, capsid abfeand DNA packaging take place.
Proteins involved in DNA replication and packagiag,well as virus capsids, have been
shown to localise to RCs, (de Bruyn Kagisal, 1998; Lamberti & Weller, 1998; Phelan
al., 1997; Yu & Weller, 1998a). These replication camments are often defined by the
presence of the HSV-1 single stranded DNA bindirgggin ICP8 (Quinlaret al, 1984).
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Many different cellular proteins have also beemtdied within or close to RCs, including
those involved in DNA damage repair and chromaimadelling (which interact with
ICP8), and chaperones involved in the heat shagorese and protein folding (Burch &
Weller, 2004; Taylor & Knipe, 2004).

1.4.3 Circularisation of DNA

Soon after entry into the nucleus, the linear dewtlanded DNA viral genome circularises
and it is this circular DNA which is thought to thee template for DNA replication (Garber
et al, 1993; Poffenberger & Roizman, 1985). Endless mdés can be detected as early
as one hour post infection and these endless mekhave been shown to be circularised
genomes rather than simply genomes that are j@nddo end. (Strang & Stow, 2005). It
Is thought that circularisation may occur via dirggation of the termini, although this has
not been demonstratéavitro, and so it is possible that homologous recombination
between terminal repeats is involved. This cirdaiion of the genome does not require
viral DNA replication or protein synthesis, indizag that the process is mediated by
cellular factors (Strang & Stow, 2005). The regottaif chromatin condensation 1 (RCC1)
has been implicated in genome circularisation, iafettion of cells lacking RCC1 led to a
block in virus replication, due to a reduction wtho genome circularisation and DNA
synthesis (Strang & Stow, 2007; Umene & Nishimd@96). RNAi-mediated knock down
of DNA ligase IV and its cofactor XRCC4 also redsitiee formation of endless genomes
(Muylaert & Elias, 2007). It has been suggestetioha of the viral immediate early
proteins, ICP4 is essential for genome circulansatSuet al, 2006), although this
conflicts with the earlier data showing thatadenovaprotein synthesis is required for

genome circularisation.

1.4.4 HSV-1 gene expression

All herpesviruses have a controlled temporal cascddjene expression, with three classes
of genes, designated immediate early {E early (E,), and late (Ly) (Honess &

Roizman, 1974). Neither IE nor E genes are re@anDNA replication for their

expression, and all three classes of genes argctibad by the host RNA polymerase |l

utilising viral and host transcription factors.

The IE genes begin to be expressed very sooniaféstion. Many of these genes encode
regulatory proteins needed for early gene exprasanal are activated by viral and cellular
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transcription factors. The viral transactivator \6R4 brought into the cell as a component
of the tegument and associates with the host prét€F. This interaction of VP16 with
HCF is required for the entry of VP16 into the raud (La Boissieret al, 1999). This is
followed by association of these two proteins wité host protein Oct-1 to form the
immediate early transcription initiation complekhis complex can then bind to conserved
TAATGARAT motif (where R = purine) in the IE genegmoters to stimulate

transcription of the IE genes, encoding proteinrBACICP4, ICP22, ICP27, ICP47 and
US1.5

The IE protein ICPO acts as a promiscuous transdoti which can induce expression
from all classes of herpesvirus genes. In tranggptession assays, ICP0 was shown to
act co-operatively with another IE protein, ICR3tattivate many cellular and viral genes

(reviewed by Hagguland (2004).

ICP4 is involved in both positive and negative degan of viral gene expression, and is
required for efficient expression of all post-IEngs at the transcriptional level (Watson &
Clements, 1980). In the absence of ICP4, all pggidne expression is blocked. It has
been shown to bind to DNA (both consensus and eosensus sequences) (Kristie &
Roizman, 1986; Michaaedt al, 1988). ICP4 also interacts with multiple trangtian

factors (TFs) and is thought to increase gene sspe by facilitating the binding of TFs
to the TATA box on viraP andy promoters and enhancing formation of the preatan
complex (Grondin & DelLuca, 2000).

As well as stimulating viral gene expression amatgin production, a number of the IE
genes act to decrease host protein expressioroamgptove the cellular environment for
the viral life cycle. ICP27 is required for postaiEal gene expression, but also inhibits
transcription of many host genes, reviewed by S&@05). It can also act at a later stage,
post-transcriptionally, to inhibit RNA splicing apdomote the export of unspliced
MRNAs (Hardwicke & Sandri-Goldin, 1994). This rdsuh decreased host protein
synthesis as the host intron-containing mMRNAs ateerported into the nucleus for
translation As only four lytic HSV-1 genes are spliced, thasta minimal effect on viral
gene expression. Three of the four spliced HSV+ilegare expressed from IE promoters
before maximal splicing inhibition, and the fourthi, 15, is expressed as a layg) (
transcript. It is not yet certain how UL15 escatpes splicing inhibition, although it may

be spliced using a different mechanism.
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The ICP47 protein has no known role in regulatiigl\gene expression but is also
involved in subversion of cellular processes. ICBd{& to downregulate the host immune
response by inhibiting the processing of viral pigd through the TAP pathway. This
blocks the presentation of the viral peptides on@Atfass | molecules to T cells and the
establishment of an anti-viral T cell response (Fetial, 1995).

Production of IE genes stimulates the next claggeaoks in the cascade — the edly (
genes. The E genes reach peak expression at 59 st infection. These encode the
proteins responsible for viral DNA replication, até appearance of these early gene
products signals the onset of viral DNA syntheslgs stimulation of E gene expression is
accompanied by a decrease in the transcriptio& gehes, through a number of
mechanisms. ICP4 negatively regulates its own ega by binding to DNA near the
promoter. Some E genes (for example ICP8) also degulate IE gene expression
(Honess & Roizman, 1974).

The late, owy, genes are divided into two classes depending@nexpression kinetics.
Leaky late {1) genes are expressed at low levels prior to DiAhesis, but true latgZ)
genes have an absolute requirement for DNA syrgh€&hbie late genes encode components
of the viral particle and proteins involved in capassembly, encapsidation and virion
maturation. As with the early genes, their expasss dependent on the presence of

earlier viral proteins, for example ICP4.

1.4.5 DNA replication

DNA replication takes place in replication compaetits after the expression of immediate
early and early genes, using the circularised DNA g&emplate. As described earlier, the
genome contains two relates-acting sequencesri. andoris, that act as origins of
replication.

The DNA is replicated using a virally-encoded realion complex comprising the
proteins UL9, UL29 (ICP8), UL42, UL30, UL5, UL8 ant 52. These proteins were
identified by studies which found that plasmidsteamng the viral origins of replication
could be efficiently replicated upon co-transfectiwith cloned HSV-1 fragments
encoding these genes (V@ual, 1988). Studies using both temperature sensitidevaal

null mutants targeted to each of these genes coadirtheir essential role in the replication
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of DNA. The function of each of these genes isused below and reviewed by Lehman
(1999).

UL9 encodes the origin binding protein (OBP) whéotists as a homodimer and can bind
to two inverted repeats withoris in a co-operative fashion (Elias & Lehman, 1998)is
DNA-binding activity resides in the C-terminal port of the protein (Arbuckle & Stow,
1993). The N-terminus of UL9 possesses ATP-depdrusitase activity, which enables
the protein to unwind up to 1 kbp of DNA from thegin for replication.

The UL29 gene encodes ICP8, the single-stranded DIN&ing protein that is used as a
marker for replication compartments. ICP8 bindglrstranded DNA very effectively and
cooperatively, with no sequence specificity. ICR@iacts with the extreme C-terminus of
UL9, greatly stimulating its ATPase and DNA heleastivities (Boehmeet al, 1993). In
conjuction with UL9, ICP8 can open up the DNA arduhe viral origin of replication,
allowing access to the remaining replication enzymor to the creation of a replication
fork. ICP8 has been shown to stimulate the actwitijoth the DNA polymerase and the
helicase-primase complexes (Hamatakal, 1997; Ruyechan & Weir, 1984). The effect

on the helicase-primase is mediated through araictien between ICP8 and ULS.

The viral DNA polymerase exists as a heterodiméhiwicells, made up of subunits UL30
and UL42. The interaction of these two proteinsssential for viral replication (Digaset
al., 1993; Stow, 1993). The polymerase activity i9asged with the UL30 subunit and
this protein shares extensive homology with otlediutar and viral DNA polymerases
(Blancoet al, 1991). UL30 also shows 3'-5' exonuclease acfiwiyaning that is has an
intrinsic proof-reading ability (Knopf, 1979). Th#.42 subunit binds to DNA and
increases the processivity of the catalytic subli2 binds to the polymerase through

multiple interactions.

The HSV-1 helicase-primase (primosome) consistsfl:1 association of the UL5, UL8
and UL52 gene products. A sub-assembly of UL5 ab824vas shown to possess
ATPase, primase and helicase activity and so datesithe core enzyme (Calder & Stow,
1990; Dodson & Lehman, 1991). UL5 specifies thechsk activity which uses either
ATP or GTP to unwind DNA in the 5'-3' direction, areas UL52 confers the primase
activity of the complex. The UL8 subunit has noegdétble enzymatic activities but has

been shown to enhance both the helicase and priacéisdy of the UL5-UL52 complex.
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DNA synthesis is proposed to be initiated by thenaction of UL9 and ICP8 and
unwinding of the DNA at the origin of replicatiolCP8 then coats the single stranded
DNA and this allows the polymerase and helicasexasie complex to access the DNA and
establish a replication fork. DNA replication preds via leading and lagging-strand
synthesis.

The current widely held model for the mechanisrii8-1 DNA replication is that it
initially progresses by a UL9- and origin-dependi&eta mechanism to amplify the
circularised viral genome and produce multipleuc templates. This is then followed by
a switch to a rolling circle mode of replicatiorhi$ model and the structure of the
replication forks are shown in figure 1.7. Attesfd reconstitute the origin-dependent
HSV-1 theta DNA replication in a cell-free systeavh not been successful; however a
number of factors are consistent with replicaticowring via this mechanism. Genome
circularisation is a pre-requisite for DNA replicat, and UL9 is required at an early stage
of DNA synthesis in HSV-1 infected cells (BlumelMatz, 1995). Viral DNA also
accumulates with non-linear kinetics at early ssagéhich cannot be accounted for by
rolling circle replication alone. Furthermore, segishow that addition of a topoisomerase
inhibitor can terminate DNA replication, presumabBcause the topoisomerase is needed
for decatenation of circular molecules (Hammarsteal, 1996). The rolling circle

method of replication has been demonstrated usitigas from insect cells infected with
recombinant baculoviruses expressing the seven HOWA replication genes (Skaliter &
Lehman, 1994). This study also confirmed that meithL9 nor the origin of replication is
required for this later stage of DNA replicationdademonstrated that addition of UL9 can
inhibit rolling circle replication in the presenoéoris. Rolling circle replication generates
long concatemers of the genome in head-to-taiidmsiand these are the substrates for
DNA packaging.

It is not yet clear what the mechanism is by whitah replication switches from theta to
rolling circle replication. This may require a redoinational event such is seen in the

switch from theta to rolling circle replication loacteriophagé.

Recombination during DNA replication leads to theation of highly branched structures
which need to be resolved before packaging. Thistfan is carried out by the alkaline

nuclease, UL12, discussed further in seclidgh4.
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Figure 1.7: Model of HSV-1 DNA replication:

A. HSV-1 DNA synthesis is thought to originatia bi-directional theta
replication, before switching to rolling circle fegation to generate
concatemeric genomes.

B. Model of a replication fork. The helicase—primasenplex, consisting of
viral proteins UL5, UL8 and UL52, unwinds HSV DNAtae replication
fork and primes both lagging-strand and leadingrstrDNA synthesis (wavy
grey lines). The single-stranded DNA binding pmotéCP8, binds to single-
stranded template DNA. HSV DNA polymerase (UL30J &B accessory
protein, UL42, promote leading- and lagging-strandADsynthesis (wavy
black lines). The arrows indicate the directiommadvement of the DNA
replication proteins. Adapted from Crumpacker anda®fer (2002)
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1.4.6 Capsid assembly and DNA packaging

Following repeated rounds of DNA synthesis, contatéc genomes accumulate within

the replication compartments. After the onset ofADdynthesis, the synthesisypfienes
encoding the proteins making up the capsid inceasethese capsid proteins accumulate,
they also localise to replication compartments iwithe nucleus, where DNA packaging
occurs. A complicated network of interactions colstthe nuclear localisation of these
proteins, with both preVP22a and VP19C containingear localisation signals and
between them recruiting the other capsid proteitsthe nucleus (Rixoat al, 1996).

Within the replication compartments, the capsidgire are assembled into spherical
procapsids with an internal scaffold (see sectiéh?).

Recombinant baculoviruses have been a very ussfutd study the process by which
procapsids are assembled and allow identificatidheproteins that are absolutely
essential for this. Infection of insect cells withculoviruses encoding the six capsid
proteins (VP5, VP19C, VP23, VP26, preVP22a andth26-encoded protease) results in
formation of capsids that are morphologically inidiguishable from B capsids. However,
it has also been found that the minimal numberofgins needed for assembly of capsids
is four — VP5, VP19C, VP23 and one of either preXd&@JL26.5) or the protease (UL26)
(Tatmanet al, 1994). Omission of the UL26 protease resultethénformation of large-
cored B capsids, containing the uncleaved formreYp22a. In cells expressing preVP22a
alone, a large number of core-like structures iewed, indicating that the scaffold
protein can self-assemble, and this property migh¢ssential for the process of capsid

assembly.

Capsids have also been assembled in a cell-fréensyssing extracts from cells infected
with five recombinant baculoviruses expressing WAB19C, VP23, preVP22a and the
protease (Newcomét al, 1996). Different stages of capsid assembly weea by
electron microscopy including partial capsids (thngular wedges), procapsids and
angularised capsids, as illustrated in figure Tt8s provided the first evidence that the
spherical procapsids were the progenitors to tigellansed icosahedral capsids. This
confirmed that assembly begins with a small padagdsid containing these five proteins,
which grows by progressive addition of small amewftshell and core to form a larger
partial capsid and then a full procapsid. Furthedies with purified components
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confirmed that no cell proteins were required feseanbly of capsids (Newconah al,
1999).

The portal, made up of UL6, is the only unique eervithin the capsid, and it appears to
be the point at which assembly is initiated. Theriaction between UL6 and the scaffold
protein is essential for its incorporation (Singeal, 2005). Although capsids can be
assembled in the absence of portals, these amngietent for DNA packaging and the
addition of the portal at a later stage did natwllts incorporation into the partially-
assembled capsids (Newcormioal, 2005).

The packaging of herpesvirus DNA into the preformpestapsid is accompanied by
maturation of the capsid and the cleavage of tadding proteins encoded by genes
UL26 and UL26.5. These two proteins are encodeoMeylapping transcripts and share
identical C-termini which are where they both iatrwith the capsid floor (Honef al,
1996). Both proteins are cleaved within the C-taahportion by the UL26 protease upon
maturation of the capsid, releasing them from #qesw floor. Auto-cleavage of UL26
generates the protease VP24 and scaffold protefi Mrhilst cleavage of preVP22a
releases the major scaffolding protein VP22a. Vig¢dains within the capsid whereas
VP22a and VP21 are expelled. The cleavage of tieenal scaffold is essential for DNA
packaging and production of infectious virus. Thies shown by studies using the
temperature sensitive HSV-1 mutasit201 which has a lesion in the UL26 gene, resulting
in an inactive protease. At the non-permissive &nmpire this mutant fails to cleave the
scaffold and results in the accumulation of largead B capsids in the nucleus, with no
production of C capsids (Prestenal, 1983). It has also recently been shown that the
processes of scaffold cleavage and expulsion anél pa¢kaging stabilise the capsid
(Rooset al, 2009).

Capsid maturation overlaps with viral DNA packagargl the successful end product is
the mature angularised C-capsid containing thddualyith viral genome. These are the only
capsid type able to undergo nuclear egress artefumaturation. As previously discussed,
A and B capsids are both formed by abortive atterappackaging and as such are dead
end products. B-capsids are thought to be angataskells containing cleaved scaffold
that have not undergone a DNA packaging event, @dseempty A-capsids are found in
cells infected with viruses able to initiate DNAggaging (e.g. wt HSV-1 and mutants in
the UL12 and UL25 genes), but not in cells infeatgith other DNA packaging mutants.
The process of DNA packaging is discussed in detaéctionl.5.2.



Chapter 1 28

'ﬁ VP5
1 VP19C + VP23 % & 1':" o
uL26 | | hd >
early partial -

T UL26.5 (prevP22a) cap)s/ig vt i
late partial
capsid

;7
= | =l
v

structural

A

transformation

procapsid

polyhedral capsid

Figure 1.8: In vitro assembly of the HSV-1 capsid.

Assembly begins with an early partial capsid cosipg proteins VP5, VP23,
VP19C and the scaffolding proteins encoded by Ua2é UL26.5. Subsequent
addition of VP5-preVP22a wedges forms a late pacipsid which finally closes,
forming the spherical procapsid. This procapsidtb&m mature to form a
angularised polyhedral capsid. No further protairesrequired for the structural
transformation. (adapted from Newcomb et al., 1996)
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1.4.7 Maturation and egress

The current widely-accepted model for the maturaéind egress of capsids is that of
envelopment, followed by de-envelopment and a stcerenvelopment step. In this
model, DNA-filled C capsids undergo a process ahpry envelopment at the inner
nuclear membrane and translocate across the lufrte ouclear membrane. This is
followed by deenvelopment at the outer nuclear ntamdand release of the capsids into
the cytoplasm where they obtain inner tegumentemet The capsids then acquire
secondary tegument and envelope in a secondaryopnvent process before exiting the

cell by exocytosis (reviewed by Mettenleiter (202209).

In support of this model, stages of the envelopraedtde-envelopment pathway have
been visualised by electron microscopy of infectelds (Granzowet al, 2001) and
nuclear egress has been reconstitutedtro (Remillard-Labrosset al, 2006).
Furthermore, structural examination of the prim&gument of capsids within the lumen
of the nuclear membrane has revealed it to be guferent to that of mature virions. The
same is true of the primary envelope obtained filoenINM, which has a different
composition to the final envelope, containing amotiwer proteins, UL34, but not any of

the spike glycoproteins seen in the mature virBairfeset al, 2007; Fucht al, 2002).

In order to exit the nucleus DNA-filled capsidsstihave to reach the nuclear membrane,
which may be done by utilising actin filamentshds been shown that nuclear actin is
induced in PrV-infected cells at late times po&ation, and that capsids associate with
these actin filaments (Feierbaehal, 2006). The first budding/envelopment step oceittirs
the inner nuclear membrane and requires both tH#ldnd UL34 proteins. Homologues
of these proteins are well conserved throughouhHtrpesviridagand HSV-1 or PrV
mutants deleted in UL31 or UL34 do not undergo priyrenvelopment (Fuctet al,

2002; Kluppet al, 2000; Rolleret al, 2000). These two proteins interact to form a
complex which can break down the nuclear laminathadayer of host chromatin at the
periphery of the nucleus, possibly by interactimgctly with nuclear lamins and recruiting
cellular protein kinases as well as the viral protenase US3 (Mot al, 2008; Park &
Baines, 2006; Simpson-Hollet al, 2004).This disruption of the lamina allows the
capsids to bud into the perinuclear space gainimgnaary tegument and envelope. The
capsid then translocates across the lumen of tbeaumembrane and the primary
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envelope is lost by fusion with the outer nucle@mmbrane (ONM), releasing the capsid
into the cytoplasm. Little is known about the mallac mechanisms of this fusion, but it
appears to have a mechanism distinct from that<bh during entry. A number of reports
have suggested differing requirements for the giBgith glycoproteins in the nuclear exit
fusion of HSV-1 and PrV (Farnsworét al, 2007; Granzovet al, 2001). US3 is also

important for efficient nuclear exit.

An alternative pathway has been suggested for auebdat whereby nucleocapsids can
also gain access to the cytoplasm through nucler@spvhich are grossly enlarged during
HSV-1 infection (Leuzingeet al, 2005). However, other groups have demonstrated th
the morphology of nuclear pores is not affected wety late in infection, and no electron
microscopy images of capsids in transit througHeargpores have been published.
Overall, the great majority of the biochemical andrphological evidence supports the
envelopment and de-envelopment pathway, as dedaiibave.

After nuclear egress, the capsids have to acquéréutl complement of tegument proteins
in order to exit the cell. The acquisition of tegemhis controlled by a complex network of
protein-protein interactions. Numerous physicaiattions have been identified which
appear to have significant redundancy, as revidwddettenleiter (2006), but only a few
have been demonstrated during infection using niviauses. The highly conserved inner
tegument protein, UL36, is essential for egresstasdbeen shown to interact with both
the major capsid protein, VP5, and another compoofathe inner tegument, UL37. UL36
is a multifunctional protein involved in intracebwm transport and vesicular transport of
enveloped virions. Both UL36 and UL37 are esseifiaformation of virions, as deletion
mutants of either of these proteins results in@umulation of unenveloped C capsids
within the cytoplasm (Desait al, 2001; Desai, 2000; Robegsal, 2009). Addition of
UL36 to capsids may also be dependent on the capsidin UL25 as these have been
shown to interact following transient expressiod ano-immunoprecipitation (Collet al,
2007). UL36 and UL37, along with US3, constitutaramer tegument layer which coats
the nucleocapsid first during tegumentation indj®plasm.

Secondary envelopment is driven by proteins linklmginner tegument to the outer
tegument/glycoprotein complexes. One of these prois VP16 (UL48), which is
essential for outer tegument addition (Mossratal, 2000). Yeast-two-hybrid studies
have identified interactions between VP16 and abmrof inner tegument and capsid
proteins, including UL36, VP26 and VP19C. VP16 &s® been shown to interact with
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outer tegument proteins and the cytoplasmic tditsrmumber of glycoproteins. A
complicated network of interactions has been deedrbetween the outer tegument and
glycoproteins which may be responsible for secopdavelopment. However, many of
these interactions show considerable redundancyt adot yet clear which are of

functional significance in viral assembly.

As discussed earlier, herpesvirus entry requireitlymediated microtubule transport,
and conversely, virus egress requires kinesin-nadljplus-end transport (Lyman &
Enquist, 2009). It is still unclear as to whethergesviruses use the cellular ESCRT
pathway and how exactly intracytoplasmic capsiésdamected to sites of secondary
envelopment. The viral envelope is thought to révdd from the trans-Golgi network
(TGN). HSV-1- glycoproteins are synthesised inéhdoplasmic reticulum and then travel
to the TGN for the final envelopment. The conserg®tiglycoprotein may play a role in
accumulation of viral glycoproteins at the TGN lmjlecting viral glycoproteins at the
budding site or preventing their transport to tlesma membrane (Crungt al, 2004).
However, gM is not required for virion formatione\&ral herpesvirus glycoproteins also
contain endocytosis motifs in their cytoplasmidstarhis allows them to be endocytosed
and so may play a role in their incorporation itite virus envelope (reviewed by Brideau
(2000)). Up to 49 distinct host proteins have &sen identified within HSV-1
extracellular virions, which are presumably incagied during the packaging,

tegumentation and envelopment processes (letra, 2008).

Once tegumentation and secondary envelopment laered, the vesicles containing
enveloped virions are transported to the plasmabmame and infectious virus released by
exocytosis. Evidence suggests that cell-to-cekagiis also important in virus
dissemination. This process requires gE/gl glyctgins in addition to those needed for
extracellular spread (reviewed by Johnson (2002)).

1.4.8 Latent infection

As well as the lytic replication cycle describedad, herpesviruses also have the ability to
establish latency, which in HSV-1 is in the ganghaervating the site of primary
infection(Stevens & Cook, 1971). The key factorshia establishment of latency are the
repression of the HSV-1 genome and the failuraiteate productive immediate early

gene expression.
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This absence of IE gene expression is due to adbtrlnscriptional activation, as
evidenced by the fact that 'quiescent’ infecticesestablished by viruses defective in the
major |E transactivators (Preston & Nicholl, 1997his may be due to the activation
complex of VP16, Octl and HCF not forming in themomal cell bodies. It has been
shown that HCF is located in the cytoplasm in nesr@and can sequester VP16, thereby
preventing it from entering the nucleus of the wewind activating gene expression
(Kristie et al, 1999).

The latent genomic DNA is present as circular apisoand there is variation in latent
DNA copy number in neurons (Rock & Fraser, 1983yt8H, 1997). Chromatin structure
and modifying enzymes appear to play a role intttescriptional activation and
repression of regions of herpesvirus DNA. Duringdurctive infection, VP16 is thought to
recruit activating histone acetylases and chronratimodelling enzymes to IE promoters
to allow gene expression. However in latency, teogne is maintained in a repressed
state and the lytic gene promoters show a decresssetiation with acetylated histones
(Kubatet al, 2004).

During latency, only one set of viral gene produstexpressed. These are the latency
associated transcripts (LATS), a series of splRBIAs expressed from the LAT gene
transcription unit, which maps to the repeat seqegflanking the Uregion. The LATs
are stable non-polyadenylated RNAs and no protmi@sranslated from these transcripts.
Despite much research, the precise role of the Ldursg latency is still unclear. It has
been suggested that LAT null viruses have redueadivation from latency, although this
may also be due to decreased establishment otlaterthese situations (Jones, 2003). A
number of studies have also implicated LATs in @ctihg infected neurons from death.
This may be by reducing lytic viral gene expressamexpression of LATs can reduce
viral gene expression and replication in culturellisc LATs have also been found to have
an anti-apoptotic function in tissue culture calt&l promote the survival of infected

neuronsn vivo (Ahmedet al, 2002).

The control of the lytic-latent switch and the ridaation of latency is very complex, and

not yet fully understood. As the establishmentabéihcy is due to repression of the genome
and the lack of immediate early gene expressi@n donversely, reactivation from

latency requires de-repression of the genome Mieltbby IE gene expression. In both

tissue culture systems and infected individuals Mus is reactivated after an external
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stimulus; for example physical trauma to tissués light, or physical or emotional stress

to the infected individual.

Cellular mechanisms must be involved for the ihdie-repression of the genome, and
HCF has been implicated in initiation of transdoptafter latency, as it is recruited to the
IE promoters during reactivation (Whitlow & Kristi2009). After de-repression of the
genome, IE gene expression needs to be activatetC&®9 may be involved through its
transactivating ability and degradation of celldamponents. This has been supported by
studies confirming that ICPO null mutant viruseswslgreatly reduced reactivation from
latency (Halford & Schaffer, 2001). LATs have alssen widely accepted to play a role in
this process as LAT negative viruses reactivate ééigciently than wt HSV-1. It has
recently been suggested that after the initialtreatoon, de novoexpression of VP16 also

regulates entry into the lytic cycle (Thompssiral, 2009).

1.5 DNA cleavage and packaging

DNA packaging represents the convergence of twepaddent pathways taking place in
the infected cell, those of DNA replication and sidpassembly. The replicated
concatemeric DNA and preformed procapsids are Ihtotegether at RCs within the cell.
Packaging signals in the DNA are recognised amalvelg by a protein complex known as
a terminase and a unit genome is actively insentecthe capsid through a channel at one
of the capsid vertices. The processes of DNA clgeaand packaging are very tightly
coupled. As described previously, DNA packagingdsompanied by cleavage of the

internal scaffold of the procapsid, and associategllarisation of the capsid.
1.5.1 Bacteriophage DNA packaging

Many parallels have been drawn between HSV-1 abdNdsbacteriophage, and
similarities between capsid architecture and thek@ging process have led to suggestions
of a possible common ancestry between them (Betkal, 2005; Booyet al, 1991,

Davison, 1992; Trust al, 2004). Bacteriophage therefore represent a usgddel for the
study of DNA packaging within the herpesviruses.
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The dsDNA phage can be split into three groupspralieg to differences in their
genomes; 1.) Linear genomes with unique nucleaidgience at the termini (for example
A, T7 and T3); 2.) Linear genomes with a non-uniqueleotide sequence at the ends (for
example T4 and SPP1); 3.) Genomes with a covalatihed terminal protein which
primes DNA replication (for exampl29).

Despite these differences in genome organisatiamyroentral features of DNA

packaging and the proteins involved are consermsahgst most dsDNA phage. These are
discussed in more detail below and have also bmeewed (Fujisawa & Morita, 1997;

Rao & Feiss, 2008).

The prohead in phage is the equivalent structutleegrocapsid in herpesviruses and is
assembled separately prior to DNA packaging. Tlsaged has one unique vertex, the
portal, made up of a connector protein. To datesadnectors have been identified as a
ring of 12 subunits surrounding a central chanmedugh which the DNA is inserted. This
similar structure is conserved despite very Igiailarity between the amino acid
sequences of the different connector proteins. rhoma’stalk’ domain protrudes outside
the prohead, which provides the surface for dockimgjassembly of the packaging motor.
The prohead ob29 is unusual in that it also contains a small pgokg RNA (pRNA).

This pRNA has short complementary sequences tlatiethe formation of an oligomeric
ring on the portal (Guet al, 1987). This pRNA is required for the docking loé t
packaging complex onto the portal. As with herpesas, assembly of the prohead is
initiated around the portal structure. In some ghalge proheads can assemble in the

absence of the portal protein, but these proheelissire not competent for DNA uptake.

A packaging enzyme, known as the terminase, is@atér the encapsidation of DNA by
all phage (and herpesviruses). This terminasevigvid in the recognition and cleavage of
viral DNA and the active translocation of the gemo@NA into the prohead. Terminases
exhibit a DNA-dependent ATPase activity that isutlot to provide the energy necessary
to drive the thermodynamically unfavourable packggirocess. In all bacteriophage
studied so far, the terminase consists of a hetaeydomprising a large and small
subunit. The two subunits of the terminase have Ientified as encoding the different
activities needed to cleave and package the DNA.smhall subunit is needed for
recognition of the packaging signal on the DNA aiemer, wherease the large subunit is
required to bind to the connector protein on trehpad, and is responsible for cleavage

and translocation of the DNA.
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Several conserved motifs have been identifiedeldhge subunits of all bacteriophage
studied thus far. This includes a consensus seguarmvn as a Walker motif (amino
acids GXXXXGKT/S), which can be found in many enagcapable of ATP binding and
hydrolysis (Walketet al, 1982). Mutational analysis in bacteriophage T4 ¢ée@monstrated
the importance of these motifs for functional papkg (Kondabagikt al, 2006). The
terminase complex also binds to the phage protsatby doing so, brings together the
replicated DNA and the prohead shell for the patig@grocess. A recent paper has
described the crystal structure of the small (DNAagnition) terminase subunit of phage
SP6, gpl. The gpl protein exists as an octameringdike structure with a channel
through which the DNA is presumably translocatelda@et al, 2010). These authors
suggest that the terminase may stack directly protahe portal vertex to allow DNA

packaging to occur.

The different classes of dsDNA phage, based ogé¢heme structures described above,
employ slightly different methods of initiation atetmination of DNA packaging. The
group one phage use a sequence specific methadiafion and termination, whereby
packaging is initiated by the recognition of a spepackaging signalgacor cog on the
DNA. This is followed by an initial cleavage eveatgenerate the genomic termini and
unidirectional packaging of the genome. Packagsrtgriminated by a second site-specific
cleavage at the packaging signal and one exachgefength of DNA is packaged. The
situation in phage with group 2 genomes with noique terminal sequences (for example
P1, P22 and T4) is slightly different. Initial cle@me occurs near to packaging signpbsc(
sites) in the genome and the DNA is packaged ubi@game mechanism as above.
However, the termination event is not sequencergrd, and instead occurs only when
the prohead is full and approximately 102% to 11fi%e genome has been packaged
(dependent on the phage). This results in genomie ienvirions being non-identical and
terminal redundancy of packaged DNA. Group 3 gersoraplicate their DNA as
monomers and in this case, there is no need fodA €leavage reaction. The protein
covalently attached to the genomiC-terminus fumdilke the small terminase subunit,
and this, the pRNA sequences and a large termsdzseit are essential for packaging
(Bjornstiet al, 1982; Gucet al, 1987).

In all phage that replicate their DNA as concatesptite termination of packaging is
closely linked to the capsid filling. Even thoseagk which make precise sequence-
specific cleavage events (for examp)ewill ignore the termination sequences if
significantly less than one genome length has lpaekaged (Catalaret al, 1995). It has
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been proposed that DNA packaging causes a confama&thange in the portal, and the
portal acts as a "sensor" to detect the fillinghef phage head and activate cleavage by the
terminase. Specific mutation of the portal in SRRtls to packaging of less than unit-
length DNA (Tavaregt al, 1995).

Packaging is accompanied by an expansion in thegpband rearrangement of the major
capsid protein to generate the mature shell. Th& BNproposed to be cylindrically
spooled around the axis of the portal channel. @fgotron microscopy has been used to
examine the structural organisation of the encapstiDNA and the DNA was found to
form layers around the inside of the icosahedrall & erritelli et al, 1997). The DNA is

under very high pressure within the phage headsapresent in a liquid-crystalline state.

The phage that generate concatemers package tN@igbnomes in a processive manner.
After the termination cleavage, a second packaguamt can be initiated from the cleaved
genomic end. The terminase therefore disassodratesthe DNA-filled head but remains
associated with the DNA concatemer. This DNA/teascomplex is now free to bind to

the next empty prohead and repeat the packagirapgso

Many phage also encode proteins not directly inedln the translocation of DNA but

with other roles in the packaging process. Theskde proteins required at a later stage of
encapsidation, which are involved in retentionhaf packaged DNA within the phage
capsid. Some phage (for example P22 and SPP1)ehead completion proteins that act
to plug the portal after the full genome has besrkpged. The addition of the head
completion proteins may also cause release oktimeinase from the phage head and form
a binding site for the tail. Other phage have $taiion proteins which bind to various

sites on the external surface of the phage heaéxtomple Soc of phage T4 (Qahal).

DNA packaging is accompanied by an expansion irptbaead, revealing binding sites

for these proteins.

Some phage depend on other accessory proteinerf@ct assembly of the prohead prior
to DNA packaging. Th&. colihost GroES-GroEL chaperone complex is required by
many phage for growth and folding of their struatyproteins (Tillyet al, 1981, Zeilstra-
Ryallset al, 1991). However, phage T4 encodes its own chapergp31, homologous to
the GroES protein, which is required for corredtliiog the T4 major capsid protein (van
der Vieset al, 1994).
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As in HSV-1, phage DNA replication can generateglbead-to-tail concatemers which
can undergo recombination, creating complex brashshreictures. These branches need to
be resolved before the genome can be packageded$ed have been identified in a
number of bacteriophage, including endonucleaseiphage T4 and endonuclease | of
phage T7, where they are involved in the resolutiblboranches and junctions in double
stranded DNA genomddge Massyet al, 1987; Kemper & Janz, 1976). These nucleases
are not absolutely essential for the process of [pidékaging, but can greatly increase the

generation of viable virus.

1.5.1.1 Bacteriophage lambda DNA packaging

The packaging process in bacteriophage lambdagi®bthhe most extensively studied and
is reviewed by Feiss & Catalano (2005). Since #r@ognic termini are generated from
concatemers by signal-specific cleavage, as odaurerpesviruses, it represents a good
model for DNA packaging in HSV-1. The incoming pkagenome is circularised by
ligation of its cohesive ends. TheDNA is replicated by a bi-partite mode of DNA
synthesis, as in HSV-1, initially via the theta re@hd then proceeding to rolling circle
replication. The packaging signal is the 20Qcbpsite found at the junction between
genomes in viral concatemers. Within this is¢beN site, where cleavage occurs. Other
sequences within this site have also been showe tmportant, wittco$B required for
initiation and termination cleavage evermssB contains a series of repeat elements and a
binding site for the host protein IHF (integratioost factor). A further site&09Q, is

located upstream from cosN and is needed for tin@itation cleavage.

The terminase is made up of the large subunit, goéd,small subunit, gpNul. A
recombinant terminase has been purified, showiadnthoenzyme has the stoichiometry
of one gpA to two gpNul (Malwgt al, 2005). gpNul is essential for the recognition of
concatemeric DNA and assembly of the terminase texgi the portal. The N-terminal
portion of gpNul can recognise and bind todbsB site, whereas the C-terminal section is
involved in binding to gpA. gpA encodes the enzymattivities and has been shown to
have endonuclease, ATPase and helicase propédtiien( & Feiss, 1996). As with all
other identified terminase large subunits, gpA aorg a conserved Walker motif.

Lambda packaging is initiated by the binding ofogtiprotein, integration host factor
(IHF), to the phage DNA, which induces a bend mdhplex, allowing recruitment of

gpNul tocosB. gpA, through its interaction with gpNul and tepeat elements cbB,
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then binds to theoN site. This complex nicks the two DNA strands witbos\ to

produce cohesive termini. The viral gpFI| proteiamsaccessory protein that is directly
required for the packaging process and is thougimdrease the transition of the terminase
from a complex that is stably bound to ttlessequence to a DNA packaging machine
(Catalano & Tomka, 1995). ATP-dependent translocatif the DNA through the portal

can then occur. Packaging occurs in a unidirectiovaner with concurrent hydrolysis of
ATP. Packaging is terminated when the terminasehe=athe nextossite. The genome
must again be nicked, the cohesive strands sedaatethe terminase dissociates from the
phage shell. Itis thought thedQ promotes a rearrangement of the terminase twallo

cleavage of the DNA and termination of packagingi¢f & Catalano, 2005).

1.5.2 HSV-1 DNA packaging

Although far less is known about HSV-1 packagihgré are many clear similarities
between the processes in dsDNA phage and HSV-1HB\e1 procapsid and phage
prohead share many structural similarities and ra#itin is thought to proceed via similar

pathways. HSV-1 DNA packaging is reviewed by Homd Brown (1997).

All herpesviruses encode packaging signals at gexiomic termini, in a similar manner to
bacteriophage cos and the initiation and termination cleavage evamé performed in a
sequence-specific manner. Several of the protempsined for HSV-1 packaging perform
similar roles to those in phage packaging, for g¥arthe portal and terminase enzyme.
HSV-1 also encodes a protein thought to be involaestabilisation of filled capsid

(UL25) and a nuclease, analogous to those in bapteage, that acts to resolve branched

structures following DNA replication (UL12).

A model for herpesvirus DNA packaging, consisteithwhe current literature, is
presented in figure 1.9. Concatemeric DNA is geteeray repeated rounds of DNA
synthesis and preformed procapsids localise togplkcation compartments by an as-yet
unknown mechanism. Packaging is thought to initidten a packaging signal on the
concatemeric DNA is recognised by the viral termm@deading to the assembly of a
functional packaging complex of terminase, DNA @nocapsid. The duplex is cleaved
and DNA translocated through the unique portalerenmto the preformed procapsid. A
second cleavage event to terminate packaging oates a unit length genome has been
translocated. As previously mentioned, DNA packggiaccompanied by cleavage and
expulsion of the scaffold protein, and angular@atf the capsid. As with bacteriophage,
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Figure 1.9: DNA packaging by HSV-1.

A.

DNA packaging is initiated when the terminase pter (UL15, UL28 and
UL33) recognises the minimal packaging sequencd)Rg-Ub (blue) on the
replicated concatemeric DNA.

The terminase in turn can interact with the doréaitex (UL6) of a nascent
procapsid. The terminase cleaves the DNA within 2Rd releases the S
terminus (which is thought to be degraded). Thssiits in a complex of the
terminase with the L terminus of the genome, wincinserted into the
procapsid.

Unidirectional packaging occurs, with the coneatrhydrolysis of ATP. This
is accompanied by cleavage and loss of the pratagsiffold and
angularisation of the capsid.

When the terminase reaches the next Uc-DR1-Ubesexg, the termination
cleavage releases the packaged genome insidedhpsitl. Packaging is
thought to be processive and the terminase remagsciated with the L-
terminus of the concatemer, where is can initiatlzer round of packaging by
interacting with another procapsid.
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herpesvirus packaging is thought to be proceswaiith,multiple packaging events along a
concatemer being initiated by a single terminage Jackaged DNA within the HSV-1 C-
capsids also adopts a liquid-crystalline confororatesembling that of packaged DNA

within bacteriophage heads.

The concatemeric DNA may also be undergoing acgeembination and transcription
and so is likely to be associated with numeroualand cellular protein complexes. HSV-
1 DNA in infected cells is also associated withthoscleosomes, and these protein
complexes all need to be removed from the DNA f@ooor concurrent with, the
packaging process, as no protein is associatedtinatbNA inside the capsid. The
packaged DNA within the capsid is coated with speeywhich has been proposed to
partially neutralise the negatively charged DNAK&iIn & Roizman, 1971). Itis unclear
how protein complexes are removed from the DNA ibotay be that the spermine is
involved in this "stripping" of DNA prior to packagy.

The following sections discuss in greater detadl¢brrent knowledge of the processes

involved in herpesvirus DNA packaging and charasagion of the proteins involved. This
information has mainly come from studies using HE\but work on homologous proteins
in other herpesviruses, for example HCMV and Pra5 also been invaluable in furthering

the understanding of herpesvirus cleavage/packaging

1.5.3 Encapsidation signal

Thecis-acting DNA sequences required for packaging oHB&/-1 genome are located
within thea sequences, which are present as direct repeids genomic termini and in
inverted orientation at the junction of the L andejuences (Stoet al, 1983). In HSV-1,
thea sequence is 200-500 bp, depending on the viramgavison & Wilkie, 1981)

The structure of tha sequence is shown in 1.10B. Eacbequence is flanked by direct
repeats known as DR1 and tandasequences are separated by a single DR1. Thalcent
region of thea sequence comprises multiple repeats of one oother short repeat
sequences, DR2 and/or DR4. Tdheequence also contains quasi-unique sequences of
approximately 80 bp termed Ub and Uc. In virion DNRBe Uc element is adjacent to the

L terminus and Ub adjacent to the S terminus.
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Figure 1.10: Structure of the HSV-1 packaging sequee.

A. Structure of the HSV-1 genome showing the contpmsiand position of the
repeat sequences. The orientations ofthequences are indicated by arrows.

B. Circularisation of the genome by ligation of teemini brings together the two
a sequences (indicated by the dashed arrows), seddrgta DR1 repeat. This
gives rise to the novel minimal packaging signaliR1-Ub (highlighted in
the blue box). The site of genome cleavage is atdit by the red arrow.

C. Motifs within the Uc-DR1-Ub minimal packaging eaj, indicating thgacl
andpac2 regions. The site of cleavage is indicated byrélaearrow. Adapted
from Hodge and Stow (2001).
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Within the Ub and Uc regions are two regiopa¢l andpac respectively, which
comprise sequences necessary for cleavage ofrddegenome (Deisst al, 1986). These
regions contain sequences that are highly conseéhvedghout the herpesviruses and it
has been demonstrated that the HS&skquence can be functionally replaced by
sequences encompassing the L-S junction of HCM\&é&p& Mocarski, 1985). The
compositions opacl andpac are shown in figure 1.10@acl comprises a highly
conserved T rich element flanked by proximal areadiCG elements wherepa has a

consensus CGCCGCG motif with T-rich and GC-richmedats and an unconserved region.

The cleavage event occurs towards one end of tHerBpeat, creating genomic termini
containing incomplete DR1s with a single nucleotd@erhang at the 3’ end (Mocarski &
Roizman, 1982). The majority of the DR1 sequen@ssociated with the L terminus. It
has been suggested that the position of this afgargasolely governed by the distance
from the fixedpacl andpa sequences (possibly the T elements) and thati3BILis

not essential (Smilegt al, 1990; Varmuza & Smiley, 1985). However, it haserly
been shown that the sequence of DR1 is also imiddainitiation of cleavage, but
possibly dispensable for termination (Tong & St@@10). Circularisation of the genome
upon entry to the cell by direct ligation of thenesive DR1 ends fuses thsequences at
each terminus and therefore recreates a compleleadd® generates a novel fragment, Uc-
DR1-Ub, spanning the two end of the genome. This@pmately 200 bp sequence has
been identified as the minimal packaging signaldg#& Stow, 2001; Nasseri &
Mocarski, 1988). It has been shown that a singlbBd.-Ub is sufficient for the
packaging of viable HSV-1 genomes (Strang & Stod05).

A number of different approaches have been takatiaer detailed mutational analysis of
the packaging signal and identification of thosgussmces within Ub and Uc that are
essential for genome encapsidation. The first esehinvolves the transfection of
amplicons (bacterial plasmids encoding an origirepfication and minimal packaging
signal) into mammalian cells. The provision of @itelper functions, either through
superinfection with virus particles or co-transfextof viral DNA, allows amplicon DNA
to be replicated and packaged so long as a furadtmackaging signal is present (Stetv
al., 1983). A second assay introduces an additiora} obthe packaging signal at an
ectopic site within the viral genome. The replica®NA can then be examined to
determine whether novel termini have been createdal cleavage and packaging at the
ectopic site. A more recent approach involved nmgahe packaging signal in the context
of the viral genome, cloned as a recombinant batt@ntificial chromosome (BAC). A
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cloned HSV-1 BAC from which all copies of thesequence had been previously deleted
(Saekiet al, 1998) was used for this. Single copies of wtpmc#ically mutated Uc-DR1-
Ub fragments were introduced into an ectopic site TK locus) by recombination in
bacteria. The resulting recombinant BACs were fented into mammalian cells and
analysed for their ability to be cleaved at theR1-Ub fragment and generate infectious
progeny. This avoided the potential problem of rebmation between ectopic and
existinga sequences, and unlike the amplicon assays, thieatgul DNA is viral and so
will have a more typical frequency of packagingsilg with concatemers (Tong & Stow,
2010). The most comprehensively studied packadggmats are those of HSV-1 and the
murine cytomegalovirus MCMV, which have been anadlyby the introduction of
deletions and substitutions throughout plael andpac2 regions (Hodge & Stow, 2001;
McVoy et al, 1998; McVoyet al, 2000; Tong & Stow, 2010; Varmuza & Smiley, 1985).
These studies have suggested the following generahanism by which concatemers are

cleaved and packaged.

The pac?2 region is critical for DNA cleavage tdiate packaging in both HSV-1 and
MCMV. Within pac2 the sequence of the T elememsisential. Other important signals
involved in initiation are located within the DRIement and at or near the consensus
region. The sequences of the elements flanking&ic2 T element are not important since
extensive substitution mutations are toleratedefmh of these regions, however, severely
impaired packaging, suggesting that the positiothefT element relative to the DR1 and
consensus signals is important in initiation ofkzapng and that all these motifs may
function together. Following cleavage the pac2 isridserted into the procapsid which
means that in the case of HSV-1 the directionalitgackaging is from the L to S end. In
contrast, the pacl region is important for the &v@énolved in the termination of DNA
packaging. All HSV-1 pacl mutants package DNA bose affecting the proximal and
distal pacl elements, or deleting the pacl T el¢@e@nimpaired in the termination of
packaging, and fail to generate an S terminus. Exeats with MCMV suggest that the
important sequences within the two GC-rich regiaresthe conserved G and C tracts that
immediately flank the T element. The behaviourh& T element deletion suggests that the
relative positioning of these tracts may also heied. More recent work has also indicated
a crucial role for the DR1 element in the initiaticdeavage (Tong & Stow, 2010).
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1.6 HSV-1 packaging proteins

In addition to thecis-acting DNA sequences and those proteins makinfeprocapsid,
six additional viral proteins are absolutely esggidr DNA packaging. These are UL15,
UL17, UL25, UL28, UL32 and UL33. All of these prate are expressed from late genes
and none are required for viral DNA replicationcapsid assembly. UL15, UL17, UL28,
UL32 and UL33, as well as the portal protein, Ua& essential for the initiation of DNA
packaging. The UL25 protein, however is not reqlfigg initiation, but appears to play a
role later in the packaging process. One furthetgim, UL12, is indirectly involved in
packaging and increases its efficiency but is heblutely essential. The roles of these
proteins in DNA packaging have been elucidatedchieycreation of mutant viruses using
complementing cell lines, and their subsequentatdtarisation in non-complementing
cells. The packaging-negative viruses are chaiaeteby an accumulation of endless

DNase sensitive concatemers and B capsids witkimticleus.
1.6.1 UL6

The UL6 protein is now known to form the portalttbacupies the space of a penton at a
single unique vertex of the capsid. Although im@t essential for the formation of capsids,
it is found on all three mature capsid types amdpitocapsid, suggesting it is an integral
part of the capsid shell (Patel & Maclean, 199%d@teret al, 2001) In the absence of
UL6, no viral DNA is cleaved or packaged, resultingaiccumulation of endless
concatemers of viral DNA, with no production of DNilled C capsidgPatelet al,

1996a). ULG is able to localise to the nucleushefdell in the absence of any other viral
proteins. Knock-down of the expression of the Ulonielogue in HCMV (UL104) also

led to a decrease in virus growth and C capsid &tion, confirming the importance of

ULG6 in the packaging process (Dittmer & Bogner, @00

Many lines of evidence indicate that UL6 forms peetal for entry of DNA in a very

similar fashion to those portals identified in laphage. Immunogold labelling of HSV-
1 B capsids showed UL6 present at only one vertéieocapsid (Newcomet al, 2001).
This study also demonstrated by electron microstbatyUL6 purified from insect cells
infected with a recombinant baculovirus could fatngsin vitro. The majority of these
structures comprised of 12 copies of UL6. The $tmecof the rings was found to resemble
those of the portals from bacteriophages P22, B49, and had a central channel of

approximately 5 nm diameter through which the DN/Aviioposed to enter the capsid.



Chapter 1 46

Further examination of UL6 expressed from baculesAnfected insect cells revealed that
these rings are polymorphic, exhibiting 11-, 13- dnd 14-fold rotational symmetry and
it was suggested that it is the dodecameric fortm@icomplex that is incorporated into
procapsids (Trust al, 2004) This correlates with the situation in bacteriophatyere
portal variants with different numbers of subuiés be found but the only form
competent to be inserted into capsids consisti@membered ring. A leucine zipper
motif within UL6 is essential for its self-asso@mat into stable ring structures and

therefore successful DNA packaging (Nellissetyal, 2007).

Much work has been carried out using cryo-electnicroscopy and tomographic
reconstructions to visualise the portal within tiag@sid shell, but there have been
conflicting results. One study of A capsids idgatifthe portal as projecting outwards
from the shel{Cardoneet al, 2007). However, another study analysing ureaaeted
capsids (to remove the pentons) identified moshefdensity inside the capsid shell in a
similar configuration to that seen in bacteriophg@@ and:15 (Changet al, 2007).
Figure 1.11 shows a tomographic reconstruction feteotron cryo-microscopy of the
HSV-1 capsid and the 2 nm resolution cryo-electrocroscopy of P22 bacteriophage,
indicating the positions of the portals within eaapsid shell. This inward-protruding
model is also in agreement with the position offibgal as identified in KSHV (Denet
al., 2007).

By analogy with dsDNA bacteriophage, the portalssumed to form the docking site for
the viral DNA and terminase on the capsid. Indeechunofluorescence and
immunoprecipitation studies have revealed that @hé the terminase subunits UL15 and
UL28 interact (Whiteet al, 2003). UL6 is also required for correct assooiatf UL15

with B capsids (Yu & Weller, 1998b).

1.6.2 UL17

The UL17 protein is dispensable for capsid asseribtyviral DNA replication but
required for DNA cleavage and packaging. Infectbiells with a UL17-null mutant
results in an accumulation of B capsids (Salrabal, 1998).

UL17 was first identified as a component of theutegnt, being the only packaging
protein that is present in L particles (aberramtipi@s containing tegument and envelope

with no capsid). It was subsequently found to @ls@resent in the procapsid and all types
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20nm

Figure 1.11: Comparison of herpesvirus and bacterghage portal locations.

Tomographic reconstruction of the HSV-1 capsid At comparison, the 2 nm
resolution electron microscopy map of bacterioph@@2 is shown (B). The protal
structures are indicated in pink. These figures@aszale. (Changt al, 2007)
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of angularised capsid as well as the mature vifltve presence of UL17 in the procapsid
suggests an early role in packaging, but it is &dsad in much greater amounts in virions,

and so also may be important at a later stagerioivimaturation (Thurlovet al, 2005)

It has been suggested that UL17 may play a ralleanntracellular localisation of capsid
components. As previously discussed, DNA packagoayrs in replication compartments
(RCs) and in wt HSV-1 infected cells the major ¢dpsoteins are found in these RCs.
However, in cells infected with a UL17-null mutacapsid proteins VP5 and preVP22a no
longer co-localised with ICP8 in RCs, but insteadrfed dense aggregates at the edges of
infected cell nucle{Tauset al, 1998).

Immunogold staining found UL17 at multiple points wildtype B and C capsids, and it
has been shown that UL17 is required for the aationi of another packaging protein,
UL25, with capsids. In B capsids of viruses lackanfynctional UL17, the levels of UL25
were greatly decreased. This relationship appedns teciprocal, because capsids lacking
UL25 also had reduced amounts of UL17 (Thurketval, 2006). The localisation of both

of these proteins at multiple points on the capesicto the hypothesis that they may play

an indirect role within the packaging process.

1.6.3 UL25

The UL25 gene encodes a protein with roles encosipgslifferent stages of life cycle. In
contrast to the other proteins essential for DNAkpging, disruption of the UL25 gene
results in an accumulation of both A and B capsit$icating a role at a distinct stage of
the packaging proce¢sicNabet al, 1998; Stow, 2001). Original studies found that
during infection with a UL25 null virus, KUL25NShe viral genome was cleaved into unit
lengths with the same efficiency as wt HSV-1, lmmained DNase sensitive, indicating
that it was not packaged, and there was no praztucti C capsids. This led to the
suggestion that UL25 may act to aid retention efNA in the capsid (McNaét al,

1998)

Stow (2001) furthered these studies and foundomrast to the results from McNab, that
KUL25NS could package DNA, albeit with reduced @fncy. Furthermore, there was no
evidence for genomes that had been cleaved bytactiaged. Analysis of total viral DNA
in cells revealed that the S terminus was signifiyaunder-represented and the L terminus

over-represented in packaged KUL25NS DNA compavdtie ratios seen in wt HSV-1
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DNA. This provides support for the model of HSV-NA packaging occurring in an L to
S direction, and implicates UL25 at a late stageiim packaging process. Pulsed-field gel
analysis of packaging of both KUL25NS and ampli€ivA revealed that the packaging
of full-length genomes was impaired to a largerrdedhan the packaging of shorter DNA
molecules (Stow, 2001).

UL25 is a minor component of all capsid types anfbund in greatest amounts in capsids
containing DNA, with the most found in virions a@dcapsids, and decreasing amounts in
A, B and then procapsids (Newcorabal, 2006; Sheaffeet al, 2001). This, together with
the phenotype of UL25 null viruses, has led to ggjgns that UL25 acts to aid retention
of the packaged genome in the same way as mangrimptiage proteins, either by acting
as a 'plug’ or to stabilise the DNA-filled cap<ithe study reported that UL25 has the
potential to bind double stranded DNA, supportimg theory that UL25 may act as a 'plug’
at the portal (Ogasawaed al, 2001). However this DNA-binding activity of UL2f&s not
been replicated by other laboratories and UL2®tgmought to be a portal plug.
Interestingly, similar to UL25, protein gpD of pleagis required for correct packaging of
full-length genomes, but gpD deletion mutants wigmomes less than 80% of wt length
are viable. gpD is known to act as a head stabdisgrotein, and, like UL25, is required
at the late stages of packaging as the internabpre increases as packaging nears

completion.

As previously mentioned, the binding of UL25 to sigig is reliant on the presence of
UL17, and this is a reciprocal interaction (Thurletxal, 2006) The association of UL25
with capsids is also mediated through interactigitls other capsid proteins, VP5 and
VP19C (Ogasawarat al, 2001) The N-terminal 50 amino acids have been shown to be
essential for the binding of UL25 to capsi@ockrellet al, 2009).Cryo-

electromicroscopy has identified an extra mass ea3ids but not B capsids which is
also absent from the A capsids of a UL25 null vimugich has been termed the C-capsid
specific component (CCSC). This is proposed to betarodimer of UL17 and UL25 and
Is present around the vertices of the capsid (&tud, 2007). It was suggested that as with
bacteriophage, as the capsid becomes filled with Dddnformational changes occur. This
may expose sites on the capsid surface that alioghriy of the CCSC. More recent work
has shown UL25 to be positioned distal to the perttex, contacting two triplex
complexes and one adjacent hexon (Coneteal, 2010). A recent mutational analysis
study identified some UL25 mutant proteins whickildgackage full-length DNA but the
resultant C capsids failed to be transported iméoclytoplasm (O'Harat al, 2010). This
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suggests that UL25 has a role in nuclear egressape through interactions with the

UL31/UL34 components during primary envelopment.

UL25 is the only packaging protein that has hadnystal structure determined (Bowman
et al, 2006). A truncated version lacking the N-termiregion was crystallised and
showed a stable core with numerous flexible loagsch may be involved in the binding
of different partners during the virus life cyches well as its interactions with proteins on
the capsid, UL25 has also been reported to bitkdedegument protein UL36. It was
suggested that UL25 may therefore have a rolegunentation as it is essential for the
recruitment of UL36 to the capsid (Colletral, 2007) A recent study has also identified a
role for UL25 that is very distinct from that of \cleavage and packaging. A
temperature sensitive UL25 mutant (ts1249) showsaaly block in infection, which was
found to be due to a defect in uncoating of thal\genome at the NP(Prestoret al,
2008).

1.6.4 UL12

Unlike the other proteins discussed here, UL12tsabsolutely essential for DNA
cleavage and packaging, but it does greatly inerdas efficiency of this process. The
UL12 protein functions as a deoxyribonuclease WiB' exonuclease and endonuclease
activities, and is referred to as the viral alkalimuclease (AN) as it is optimally effective
under high pH conditions. A number of different H&Vnutants have been characterised
with a disruption of the UL12 gene, and they athsta significant reduction in virus yield
of 100-1000 fold (Patedt al, 1996a; Welleet al, 1990). However, no large decreases
were seen in any one part of the virus life cyctather small reductions were observed in
DNA replication, DNA packaging and egress of cap$idm the nucleus (Martine al,
1996b; Shaet al, 1993; Welleret al, 1990). Pulsed-field gel analysis of concatemeric
DNA sythesised in the absence of UL12 showed ti@DiINA replication intermediates
had a more complex structure than that found iM8¥-1 infection, with an increased

frequency of branches (Martinet al, 1996a).

As discussed earlier, during HSV-1 DNA replicattbe concatemeric DNA generated can
undergo recombination events, creating complexdbrash structures. By analogy with
dsDNA bacteriophage, which encode nucleases tdveetitese branches before DNA
packaging, it would be expected that HSV-1 wouljuree a mechanism to remove the
branches and junctions in the replicated DNA.
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This function appears to be provided by the ULXKalate nuclease of HSV-1, and work
on a further UL12 mutant supports this. The efficie of both DNA replication and
packaging was decreased in cells infected with Bt2Umutant compared to wt HSV-1,
and the released virus had a far greater parbgbeftu. ratio. Furthermore, gel analysis
revealed abnormalities in the packaged DNA and@DiN#& was of reduced infectivity in
transfection assays (Porter & Stow, 2004b). UL12 dao been shown to interact with the
single stranded binding protein, ICP8, and thisriattion mediates strand exchange

vitro and enhances the nuclease activity of UL12 (Reevah, 2003; Reuven & Weller,
2005). However, no difference in intermolecularorbination was observed in cells
infected with the UL12 mutant suggesting that Ulid 8ot required for recombination to

occur during infection (Porter & Stow, 2004a)

Together, this data has led to the proposals thidte absence of UL12, the branched
structures in replicated DNA are not correctly fresd and that this results in a reduction
in DNA replication and packaging. However, somehatson of branches presumably
occurs by an aberrant, possibly cellular procesistlais results in the generation of DNA

containing virions which exhibit reduced infectiuit

1.6.5 Terminase — UL28, UL15, UL33

As in bacteriophage, HSV-1 has a multi-subunit tease directly involved in the
translocation of DNA into the capsid. Three proseidL15, UL33 and UL28 make up the
putative terminase and much work has been donéaafyig the roles of each of these
proteins in the packaging process. There are maay bf evidence now supporting the

hypothesis of a three-subunit terminase in HSVsIdiacussed below.

The importance of each of these proteins in DNAagsmation has been examined in null
mutant viruses, isolated on complementing celldingruses disrupted in any one of these
putative subunits fail to cleave or package comnatee DNA and result in an
accumulation of B capsids (Bainesal, 1997; Pateét al, 1996a; Tengelseet al, 1993,

Yu et al, 1997).

The first indication that UL15 was involved in DN#ackaging came from limited
sequence similarity to the gp17 large subunit eflihcteriophage T4 terminase (Davison,
1992). It has since been shown that mutationsisncttnserved ATP binding site of UL15
render it unable to support DNA cleavage and paokgru & Weller, 1998a).
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Furthermore, mutation of residues conserved betwkdd and the large subunits of
phage terminases also destroyed the function oBUPizechet al, 2003). A direct
requirement for ATP in packaging has also been shaw depletion of ATP in infected
cells prevented the encapsidation of DNA (Dasgé@ptilson, 1999). These findings led
to the proposal that UL15 is analogous to the latgainit of the terminase and provides
the ATPase activity required for translocationte DNA into the capsid. These results
have been further substantiated by studies of ttiEsSlhomologue in HCMV, UL89.
Electron microscopy of UL89 has shown it to haveraidal structure in common with a
number of DNA-metabolising proteins, and it hasrbfeeind to possess nuclease activity
(Scheffcziket al, 2002).

The UL28 protein is also thought to be a membehefterminase complex, possibly
involved in the recognition and binding of viral BINKoslowski and colleagues first
demonstrated by immunofluorescence that UL15 an#8Jhteract in the absence of other
proteins and that UL15 could direct the localisatid UL28 from the cytoplasm to the
nucleus in co-transfected cells (Koslowskial, 1999). Furthermore, UL15 and UL28
could be co-purified as a 1:1 heterodimer from HEMfected cells, suggesting that these
two proteins functionally interact and that UL28gimi form part of a terminase complex.
Mutational analysis of UL28 indicated that at lemgh separate regions are involved in its
interaction with UL15 (Abbottgt al, 2000).

UL28 has been demonstrated to bind to novel sisigégnded DNA structures formed by
thepacl region within thea sequence (Adelmaet al, 2001). This, however, has not been
confirmed, and appears to conflict with the findirigatpacl is required for termination
but not initiation of packaging. Mutants lacking 2B _are defective in the initiation of
packaging and as such it might be expected thaBW@uld bind to thgpa2 sequence.
Recently, it was found that the regiongafl to which UL28 was reported to bind are
defective in termination of packaging and so passible that UL28 is additionally

involved in this process (Tong & Stow, 2010).

Studies on the UL28 homologue in HCMV, UL56, supbe hypothesis that this subunit
Is involved in the recognition and binding of viNA. UL56 has been shown to bind
bothpaclandpac within the HCMV packaging signal, an interacttbat is dependent on
the AT rich core regions of these DNA sequences@lvas also able to convert a
supercoiled DNA molecule containing tasequence into a linear form, indicating that it

encodes a nuclease activity, although the exacb$itleavage was not mapped in this
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study (Bogneet al, 1998). UL56 has also been demonstrated to ha\asd activity, a
function that is enhanced by UL89 (Hwang & Bogrf02).

In contrast to the heterodimeric terminase com@edentified in bacteriophage, the HSV-
1 terminase is proposed to have a third subunipded by the UL33 gene. The first
indication that UL33 was also a member of the taasé came from data showing that a
complex of the three proteins (UL33, UL28 and UL&8&Yld be precipitated from HSV-1
infected cells or cells infected with recombinaatbloviruses expressing these proteins
(Beardet al, 2002). However, it has also been reported the83JAnd UL15 interact only
indirectly, and require UL28 to mediate this int#ian (Yang & Baines, 2006). An
analysis of the UL33 protein showed that mutatitvas destroyed binding to UL28 also
abrogated cleavage and packaging, indicating lieaUL.33-UL28 interaction is essential
but not sufficient for a functional terminase (B&ginet al, 2009). Far less is known about
the role of UL33 in the packaging process thareeitt the other two terminase subunits.

All three terminase proteins show the same lodatisan wt HSV-1 infected cells,
colocalising with the single stranded binding piotéCP8, in replication compartments
(RCs). As previously discussed, DNA packaging tagkase in these RCs, and it has been
shown that UL15 is essential for localisation of33Land UL28 to the RCs (Higgs al,
2008). Yang and colleagues (2006) also demonsttagtdhe tripartate terminase complex
forms in the cytoplasm and is then transported tionucleus using the nuclear
localisation signal (NLS) of UL15. Once in the rnewe$, the terminase can interact with the
viral DNA and procapsids, bringing these togetloertie DNA packaging process. UL28
and UL15 have both been demonstrated to interdhbttive portal, UL6, in

immunofluorescence and immunoprecipitation ass@jrste et al, 2003).

By analogy to bacteriophage terminases, it woulehyeected that the terminase complex
would have a transitory association with capsidsnduthe packaging process. In
agreement with this, none of the terminase subtiave been detected within the mature
virion. UL28 and UL15 have both been identifiedaasomponent of procapsids and A, B
and C capsids (Sheaffet al, 2001). The association of UL15 with B capsiddependent
on UL6 and UL28, while, UL28 is able to associatthwapsids independently of UL15.
UL33 has also been shown to associate with all $asfrangularised capsids and this was
not dependent on UL15 or UL28 (Beard & Baines, 2084udies quantifying the amounts
of these proteins on the different capsid typesisnown that as the capsid matures,

decreasing amounts of UL28, UL15 and UL33 can lheatied, with each protein present
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at only low levels on C capsids (Beard & Bainef)£2Galmon & Baines, 1998; Sheaffer
et al, 2001; Taus & Baines, 1998; Yu & Weller, 1998iisTis consistent with the
transient nature of the interaction between thaitesse and the capsid, and packaging
being a highly processive event. Further analysdifterent types of capsid suggested that
UL15 is present on A capsids, whereas UL28 is Beti(det al, 2004). This suggests that
UL15 remains associated with the capsid after amtizle packaging event, whereas UL28

dissociates along with the viral DNA.

In summary, although no biochemical activities (&8P, nuclease) have been
demonstrated for the HSV-1 terminase proteins and ritro packaging system yet
exists, a significant body of evidence supportshiyygothesis that UL28, UL15 and UL33
do form the terminase for packaging of HSV-1 DNA.

1.7 Role of UL32 in HSV-1 DNA packaging

1.7.1 Properties of UL32

The UL32 open reading frame encompasses nucled@fies? to 67372 of HSV-1 and
encodes a 596 amino acid protein expressed welklaetics (McGeoclet al, 1988).

The first indication that UL32 was involved in tB&A packaging process was from the
studies of temperature sensitive viruses. Vishi20 (which has a lesion in the UL32 gene)
was generated by UV irradiation of HSV-1 strain K&#%#l found to have a yield of over
1000 fold lower than wt virus at the NPT and alst®e¢ defective in nucleocapsid
assembly, althougthe levels of DNA replication were not affectedl{Sefferet al, 1973;
Schaefferet al, 1974). This virus was further characterised bgr8tan and

Bachenheimer. They found that upon infection wsti20 at the NPT the accumulated
viral DNA was "endless", indicating it had not bedeaved (Sherman & Bachenheimer,
1987). Furthermore, characterisation of the capsidduced irtsN20 infected cells

showed that only B capsids were produced at the (#€rman & Bachenheimer, 1988).

The requirement for UL32 in the cleavage and packpgf HSV-1 DNA was further
confirmed by the generation of a UL32 null mutdm&4. hr64 was isolated on
complementing cell lines expressing UL32, and dosta lacZ cassette inserted in an
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inverted orientation into the UL32 gene at codod,2fereby disrupting this gene
(Lamberti & Weller, 1998). The characterisatiortlus virus confirmed that in the absence
of UL32, viral DNA is still synthesised at near levels but the genome is not cleaved or
encapsidated. This phenotype is the same as seathinull mutants of the packaging
proteins UL6, UL15, UL17, UL28 and UL33. UL32 couldt be detected as a component
of B capsids or virions. Furthermore, UL32 was meofuired for the expression or capsid
association of the other DNA packaging proteins JUWB15, UL25 and UL28, or the
protease and scaffold proteins.

An initial characterisation of the UL32 protein waaried out by Chang and colleagues.
Sequence analysis identified a number of intergstintifs, including hydrophobic
domains and a short sequence similar to that afragproteases. It was postulated that
UL32 may be a membrane protein due to these hydtoplstretches; however, it did not
fractionate with known membrane proteins. FurtheemtlL32 does not show any
protease activity, despite its similarity to sorataviral aspartyl proteases (Chagtcal,
1996).

The sequence of UL32 is very cysteine rich witlc@&eines, 7 of which are conserved
throughout alHerpesviridag and a further 4 conserved within thiphaherpesvirinae
(figure 1.12). These include three CxxC/CxxxC nsoifhere x represents any amino acid
other than cysteine) that are completely consefw#tiin the exception of two
betaherpesvirus sequences) and are reminiscenitds found in many zinc finger
domains. Changt al.therefore investigated the zinc binding activityd. 32 using an
indirect zinc blot assay. UL32 protein expresseih oo HSV-1 infected cells and from a
recombinant baculovirus was blotted onto membraresh were then incubated with
®5ZnCl,. The radioactive zinc bound specifically to regiam the blot where UL32 was
present, indicating that UL32 does indeed bind.zinc

There have been differing accounts of the locatisadf UL32 within HSV-1 infected
cells. Chang and colleagues produced antiseradraganst UL32 and in
immunofluorescence studies found that UL32 locdlisainly to cytoplasm of infected
cells, possibly indicating a function separatehiat ©f other cleavage/packing proteins,
which are all found in replication compartments §8get al, 1996). Lamberti and Weller
(1998) examined the localisation of UL32 by transt of cells with a plasmid encoding
an EE epitope-tagged UL32 construct, followed kyyesinfection withhr64. They found,
in contrast to Chanet al, that although UL32 localised predominantly in tiy¢oplasm of



56

‘pauliapun
ale (066T) “'Ie 18 BueqPpaquosap sHow JXXXD/OXXD ayl ‘usaib ul sessdwsseydie ayl uiylim AJUO PaAIBSUOD 3SOY] pue ‘pal
upepuInsadiaHaYKIMmIY) paAIasSuU0d sanpisal auldlsAd ayl buimoggdud Ze1N T-ASH Ul Jo aduanbas pioe oulwe 965 ayl

‘utaj0id 2€1N T-ASH a1 Jo 89uanbas :ZT°T ainbiy

AALD11HS

ISTISISHAITTIVOVIHUAL LY IVLANAAIAOA LI LAITVAISHAIN OOV INVYIHITIIAdHLYddHO4TIAMAAATNT L

IV AMNEDIH VI OVVH TISAFHDDADdO 1IdAVITOANGN ISINNISAUAASYH THH TV IMAVHATTIND TICHD

D 1HDHDHDHNIALYNTdDT1ATAdOVAGHAIL VO HHYIMSOHA LY HIVIVYVHT10dOSIMAVALOVITTIATAVA
VM 1AdSIATdIHADVALIITONHYVYVYH LTRKIHH OATTHIVOANMNNIVLLISAOLOSOVYSOVOIADOSYILOITVHLY
SOV 14SANSAOANYYOASASANdONOVHEYDAAD DA LBHIAAHIHIANILTVAHVASOATLYMA LY TIHIAWAAASTIVVAL
ISVYVH VO TONW¥IVAAYAMO IS THA LOMNA TTIHITNYA LAIVVYVYSHdO1AT19TDIdAdddNHdODHDDSDDDAD

990dVISAVINAVYVAAIATLOADAADINESROVIN TV 1T1SdA4VAAVHIIVOVIMSSOdSIIOAVASY INOAAS LVIN

Cha%t:er 1



Chapter 1 57

infected cells, a portion was also present in thdaus, co-localising with ICP8 at

replication compartments.

As discussed earlier, Lamberti and Weller also meglothat cleavage and packaging of the
genome occurs in replication compartments. Thegdttat inhr64 infected cells, the
capsids were instead localised throughout the nsckespecially at the periphery, leading
them to speculate that UL32 was essential for coftoealisation of capsids for DNA
packaging. However, these results have not beesegukntly confirmed, and an

interaction between UL32 and capsids or virionsr@syet been demonstrated.

The CxxC/CxxxC motifs have also led to proposad th.32 may act as a redox
chaperone to aid the folding or localisation ofesthroteins. The CxxC motif is one of the
most common redox motifs and is involved in therfation, isomerisation and reduction
of disulphide bonds in target proteins (Fomenko l&dygshev, 2003). This can promote
correct folding of target proteins and preventftirenation of aggregates of mis-folded
proteins.Disulphide bonds have been shown to be importargtébility of a number of
virus capsids, and disulphide bonds have also tsorted in HSV-2 capsids, which have
very similar morphology to HSV-1 capsids (Zweigal, 1979). Other viruses have been
found to encode viral chaperones required for cofidding and localisation of capsid
and/or envelope proteins, for example gp31 of bagibage T4, as previously discussed.
Some of these proteins also contain conservedingstesidues, used in the folding of
their target proteins, for example E3 of Sindbrsisiwhich is required for correct folding
of the virus glycoprotein spike (Parrettal, 2009). A number of chaperones have also
been identified within African Swine Fever Virus ieh are required for folding of the
major capsid protein and other structural proté@sbboldet al, 2001; Rodrigueet al,
2006). All of these proteins use formation and isasation of disulphide bonds to direct
the correct folding of proteins needed for assembifeir respective virions. It has been
suggested that UL32 may be involved in the locabsaand folding of the triplex protein
VP19C as it was found that a portion of VP19C wéaslonalised in cytoplasmic
aggregates in cells infected whh64 (S. Weller, personal communication). However,
these observations have not been subsequentlyteeead no disulphide bonds have been
reported in HSV-1 capsids.

Recently, it has been reported that UL32 has aimaterrect localisation of UL25 to the
nucleus of infected cells (Scholtes & Baines, 2008gse authors found that in cells

infected withhr64, significant amounts of UL25 were present indi@plasm. They also
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found that in the absence of UL32, the ratio obtibte UL25 to UL17 was increased. No
interaction between UL32 and UL25 has yet beentifiea.

Homologues of UL32 in other herpesviruses have laésm studied in an effort to
elucidate its function in the viral life cycle. TRL.32 homologue in HCMV, UL52, is also
essential for cleavage and packaging, as in itsredgsno cleaved genomes or DNA-filled
C capsids could be seen (Boestal, 2008). In contrast to HSV-1 UL32, the majority of
UL52 was found to localise in the nucleus, surrongdhe nuclear replication
compartments but not co-localising with them, ppehiadicating a slightly different role

in the packaging process. It was also suggestedhisdocalisation was dependent on the
integrity of the C-terminus of UL52, as inserticinam HA tag between the final and stop

codons resulted in the protein being detected tjivout the cytoplasm of the cell.

The UL32 homologue of the alphaherpesvirus pselgsairus (PrV) is also essential for
cleavage and packaging of viral DNA (Fuaisal, 2009). UL32 was found to localise in
the nucleus of transfected cells, but could naddtected in large enough amounts in PrVv
infected cells to analyse its localisation. Intéregy, HSV-1 UL32 was able to
complement the growth of a UL32 null PrV mutanusirbut the reciprocal
complementation was not seen. This suggests sifuilations of the UL32 protein in both
viruses, but that UL32 of HSV-1 may execute addaidunctions that cannot be fulfilled
by Prv UL32. Alternatively, the incomplete complemtetion could simply be due to the
PrV UL32 being unable to interact with viral protgartners that are essential for the
correct function of UL32 (Fuchst al, 2009).

In summary, the requirement for UL32 for HSV-1 DigAckaging is now well
established, but the exact role it plays in thmcpss is still very poorly understood.
Studies have shown that it is not required for@crexpression of the packaging proteins
UL6, UL15, UL17, UL28, UL33 or the scaffold or peatse. Unlike the other packaging
proteins it cannot be detected as a componentoaipBids. However, the different
localisation of UL32 in infected cells comparedhe other cleavage/packaging proteins
has led to suggestions that it has a functionrdisfrom those proteins already
characterised. More work is required to fully uredend the role of UL32 within the viral
life cycle and to resolve some of the conflictinzgservations seen to date.
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1.8 Aims of my project

The major aims of my project were to further chtgase HSV-1 UL32 and investigate its

role in DNA packaging.

The following four main approaches were used, aediata obtained are discussed in

separate chapters of the results section.

(i) Expression and purification of the UL32 protaind the generation of new rabbit

antisera.

(i) Generation and characterisation of a pandJib82 mutants to identify regions of the
protein important for function. This included ramadmsertional mutagenesis and also site-
directed mutagenesis targeted at the conserved /Cxx&€C motifs and the extreme C-

terminus.

(iif) Examination of the localisation of UL32 in NS1 infected cells, and investigation of
the possible interaction of UL32 with other packagand capsid proteins, including the

terminase complex.

(iv) Characterisation of the UL32 protein, inclugidirect measurement of bound zinc,
analysis of potential DNA binding properties and #bility of herpesvirus UL32

homologues to functionally substitute for HSV-1 (2.3
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2 Materials and methods

2.1 Materials

2.1.1 Chemicals and reagents

All chemicals and reagents were purchased from &igidrich Co Ltd., except where

listed below:

BDH Laboratory supplies - Dimethyl sulphoxide (DMBO
- Dimethyl formamide (DMF)
Bio-Rad Laboratories - 40% Acrylamide solution
- 40% Acrylamide solution: N, N'-methylene-bis
acrylamide 19:1
- Ammonium persulphate
- TEMED
- Coomassie brilliant blue
- PFGE certified agarose
- LGT agarose
- CleanCut Agarose
Citiflour - AF1 mounting agent
GE Healthcare - High-range rainbow molecular werghtkers
- Hybond-P membrane
- Hybond-XL membrane
- G-50 Microspin columns

- Ribonuclease A (Gel filtration calibration Kit)

Invitrogen Ltd. - Lipofectamine 2000 reagent
- Optimem

Kodak - X-omat film

Fujifilm - Phosphorimager screens

Finnzymes - Mutation Generation Sysf&hkit

Promega - pPGEM T vector

Roche - Complete mini EDTA-free protease inhib@ocktail
tablets

- Random primed DNA labelling kit
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- dNTPs

- Proteinase K

MWG

Pierce

2.1.2 Buffer solutions

- Oligonucleotides
- Surfact-Amp¥' NP40

Buffer A

20 mM Tris-HCI, 50 mM NaCl, 10% (v/v) glgcol,
0.05% NP40, pH 7.5

Acid glycine wash

0.14 M NacCl, 0.1 M glycine, pH3.

Alkaline transfer buffer

0.4 M NaOH, 0.6 M NaCl

B-galactosidase fix

PBS containing 2% (w/v) formaldehyde and 0.2% (w
gluteraldehyde

B-galactosidase stain

PBS containing 5 mM potassium ferricyanide, 5 mM
potassium ferrocyanide, 2 mM MgCD.5 mg/ml X-gal.

Buffer B

20 mM Tris-HCI, 1 M NacCl, 10% (v/v) glgcol, 0.05%
NP40, pH 7.5

Blocking solution

TBST containing 5% (w/v) MarvalQ% (v/v) glycerol
and 10% (v/v) FCS

STET buffer

8% (w/v) sucrose, 0.1% (v/v) TritonIR9, 50 mM
EDTA, 10 mM Tris-HCI, pH 8

Chloroform:lsoamyl alcohol

24 parts chloroform:Itgaoamyl alcohol (v/v)

Cell lysis buffer (CLB) (2X)

20 mM Tris-HCI, 2 mMIETA,
1.2% (w/v) SDS, pH 7.5

Destain

10% (v/v) methanol, 5% (v/v) glacial acetoid

DNA loading buffer (4X)

0.1 M EDTA, 0.25% (w/v) bnoophenol blue,
50% (w/v) sucrose

ECL | 0.4 mM coumaric acid, 2.5 mM luminol,
100 mM Tris-HCI, pH 8.5
ECL I 0.02% H0,100 mM Tris-HCI, pH 8.5
EZ buffer 100 mM KCI, 10% (v/v) glycerol, 1% (v/i§P40,

100 mM Tris-HCI, pH 8.0,. 1 mini protease inhibito

V)
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cocktail tablet per 10 ml buffer

Formaldehyde fix

5% (w/v) formaldehyde, 2% (w/viguse in PBS

HEPES-buffered saline
(HeBS)

137 mM NaCl, 5 mM KCI, 0.7 mM NajPQ,, 55 mM
D-glucose, 21 mM HEPES, pH 6.95-7.15

L-Broth (LB) Medium

170 mM NacCl, 1% (w/v) Bactopepie, 0.5% (w/v)
yeast extract

LB-agar

L-broth plus 1.5% (w/v) agar

Loening’s buffer (1 X)

40 mM NapP Oy, 36 mM Tris, ImM EDTA

Membrane wash buffer

0.2 X SSC, 0.1% (w/v) SDS

Buffer M

20 mM HEPES, 5mM MgGJ 1 mM DTT, 10% (v/v)
glycerol, 100 mM NaCl, 0.5 mM EDTA

Neutralising solution

0.5 M Tris-HCI, pH 7.0

Polyacrylamide gel
electrophoresis (PAGE)
buffer

52 mM Tris-HCI, 53 mM glycine, 0.1% (w/v) SDS

Phosphate-buffered saline
(PBS)

170 mM NacCl, 3.4 mM KCI, 10 mM N&IPO;, 1.8 mM

PBS/1% FCS

PBS containing 1% (v/v) foetal calf seru

Permeabilisation solution

0.5% (v/v) NP40, 10% (wsucrose in PBS

PFGE cell suspension buffef

20 mM NacCl, 50 mM EDTIB,mM Tris-HCI, pH 7.2

PFGE WASH

50 mM EDTA, 20 mM Tris-HCI, pH 8.0

Phosphate buffer (10 X)

58 mM pHPQO,, 17 mM NaHPO,, 68 mM NaCl, pH
7.5

Protease

20 mg/ml grade XIV protease

Proteinase K reaction buffer

100 mM EDTA, 0.2% (Wwsadium deoxycholate,

1% (w/v) sodium lauryl sarcosine

Resolving gel buffer (RGB)
(4 X)

0.4% (w/v) SDS, 1.5 M Tris-HCI, pH 8.8

RNase mix (200 X))

1 mg/ml RNaseA, 100,000 unitdRiNlase Tin TE

SDS PAGE sample buffer
(3X)

6% (w/v) SDS, 30% (v/v) glycerol, 0.3% (w/v)

bromophenol blue, 210 m@mercaptoethanol

Stacking gel buffer (SGB)
(4 X)

0.4% (w/v) SDS, 488 mM Tris-HCI pH 6.8,
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Southern hybridisation buffef 7% (w/v) SDS, 0.5 dtimim phosphate buffer, 0.01
mg/ml denatured sheared calf thymus DNA, pH 7.4
Southern prehybridisation | 7 (w/v)% SDS, 0.5 M sodium phosphate buffer, pH 7.4
buffer
Tris-borate-EDTA (TBE) 90 mM Tris base, 89 mM baoaicd, 1 mM EDTA
Tris-buffered saline (PBS) 137 mM NaCl, 5 mM KCI7 onM NaHPQ,, 5.5 mM
glucose, 25 mM Tris-HCI, pH 7.4

TBS-Tween (TBST) TBS with 0.25% (v/v) Tween-20

Tris-EDTA (TE) 10 mM Tris-HCI, 1mM EDTA pH 8.0

Towbin buffer 25 mM Tris, 192 mM glycine, 20% (v/jethanol
Versene 0.6 mM EDTA, 0.002% phenol red in PBS
X-gal stock solution 20 mg/ml X-gal in dimethyl foamide

2.1.3 Cells and culture media

Baby hamster kidney 21 clone-13 (BHK) cells (MaaBba & Stoker, 1962) were
obtained from the Unit’s cytology department. Thbhit skin cell-derived complementing
cell line UL32-5 was created by J. Thurlow (unpsbé&d) and contains the HSV-1 UL32
gene under the control of the HSV-1 ribonucleotielfuctase large subunit promoter.

Spodoptera frugiperdésSR1) cells were obtained from the Unit’s cytologydgment.

The following tissue culture media were used irtication of these cells:

Invitrogen Ltd. - Glasgow modified Essential Medi¢@MEM)
- Dulbecco’s modified Eagle’s medium (DMEM)
- TC100
- Foetal calf serum (FCS)
- Newborn Calf Serum (NBCS)
- Penicillin/Streptomycin (P/S)
MP Biomedicals LLC - Human Serum (HS)
Sigma-Aldrich Co. Ltd. - Trypsin
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The compositions of the tissue culture media usedisted below:

ETC10 - GMEM plus 10% NBCS, 7% tryptose phosphabtéhb
and 1% P/S

EC5 - GMEM plus 5% NBCS and 1% P/S

EPS - GMEM plus 1% P/S

EC2Hu3 - GMEM plus 3% HS, 2% NBCS and 1% P/S

EFC10 - DMEM plus 10% FCS and 1% P/S

EFPS - DMEM plus 1% P/S

EFC2Hu3 - DMEM plus 3% HS, 2% FCS and 1% PS

SR1 growth medium - TC100 plus 5% FCS and 1% P/S

SR1 overlay - SP1 growth medium with a 1:50 dilution of neutradire

2.1.4 Viruses

Viruses used in this work are listed below:

HSV-1 strain 17 syn+ (McGeoddt al, 1988)
hr64 (HSV-1 UL32 null mutant) (Lamberti & Weller, 18P
amibJUL12 (HSV-1 UL12 null mutant) (Pateit al, 1996b)

2.1.5 BAC genomes

Three bacterial artificial chromosomes containirgMHl genomes were used in the course

of this work:

fHSV-1Apac - BAC of HSV-1 genome withsequences deleted
(Saekiet al, 1998)

fHSV-1pac+ - fHSV-Apac witha sequence re-inserted ad
restriction site (Saelat al, 1998)

BAC O - fHSV-1Apac containing the rpsL-neo cassette (Tong &

Stow, 2010)
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2.1.6 Baculoviruses

The following baculoviruses were used in the cowfdhis work.

AcUL6 Expressing the wt HSV-1 UL6 protein (Pag¢lal, 1996a)
AcUL15 Expressing the wt HSV-1 UL15 protein (Ablsatt al, 2000)
AcUL17 Expressing the wt HSV-1 UL17 protein (Dr Rteston, unpublished)
AcUL25 Exopressing the wt HSV-1 UL25 protein (Trawlet al, 2005)
AcUL28 Expressing the wt HSV-1 UL28 protein (Ablsatt al, 2000)
AcUL32 Expressing the wt HSV-1 UL32 protein (Dr Ratel, unpublished)
AcUL33 Expressing the wt HSV-1 UL33 protein (Bedlistet al, 2009)
AcUL12 Expressing the wt HSV-1 UL12 protein (Dr 8tow, unpublished)
pac6 Parental baculovirus encoding ffhgalactosidase gene (Bishop,
1992)

2.1.7 Bacterial strains

Transformations were performed using XL-1 Blue sopmpetent cells, (Stratagene:
catalogue number 200236) or electrocompetent Ddé¢ll® (One Shot Electrocomp
GeneHogs, Invitrogen Ltd.).

2.1.8 Antibiotics

The antibiotics used in this study are listed belmgether with their suppliers.

SmithKline Beecham Research - Ampicillin (Penbjitin
Sigma-Aldrich Co. Ltd. - Chloramphenicol

- Kanamycin

- Tetracyclin

Invitrogen Ltd. - Penicillin/Streptomycin (P/S)
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2.1.9 Enzymes

All restriction enzymes and their appropriate brgfeere supplied by Roche Diagnostics
Ltd. or New England Biolabs. Other enzymes aredidielow.

Sigma-Aldrich Co. Ltd.: - RNase, T
- RNase A
- DNase |
- Lysozyme
- Protease XVI

New England Biolabs: - DNA polymerase |
- DNA polymerase | Large (Klenow) fragment
- T4 DNA ligase

Promega: - GoTaq DNA polymerase (PCR)

2.1.10 Plasmids

Plasmids used in this work are listed below. Plasmiere supplied by Dr N. Stow unless
otherwise stated. Nucleotide co-ordinates for ieseHSV-1 fragments are taken from
McGeochet al., (1988).

pPAT153 Vector derived from pBR322 containing amipiiciand
tetracycline resistance loci (Twigg & Sherratt, Q28

pCMV10 Mammalian expression vector specifying amipicresistance,
and containing a MCS flanked by the HCMV major Hémoter
and splicing/polyadenylation signals from SV40 (Ackle &

Stow, 1993)

pAS30 The HSV-1 UL6 gene (nucleotides 15120 to By 3&serted into
the MCS of pCMV10 (Patedt al, 1996a)

pE12 The HSV-1 UL12 gene (nucleotides 24755 to 2y@iserted into
the MCS of pCMV10 (Porter & Stow, 2004a)

pElacz pCMV10 containing th&. colilacZ gene

pIM96 The HSV-1 UL25 gene cloned into tBanH| site of p)CMV10

(Dr V. Preston, MRC Virology Unit)
pJM9 A cDNA fragment equivalent to the spliced mRBAUL15 in
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pJM19

pPMH19

pSA1l

puUL28

puUL28-GFP

puUL32

pUL33

pUL33-Hiss

pGX2

pVZV-Kpnl f

pHCMV-
Hindlll f

2.1.11

a->*P dCTP and-**P dGTP used were purchased from GE Healthcare aUKQuCi/pl

pCMV10 (Abbottset al, 2000).

pJM9 with the pp65 epitope (ERKTPRVTGG) adtiethe C-
terminus of the UL15 ORF (Abbotet al, 2000).

The HSV-1 UL17 gene inserted into pCMV10 (flbw et al,
2005).

pAT153 with an HSV-1 agifragment cloned into thBamH site,
and the HSV-1 minimum packaging signal Uc-DR1-Uipment

cloned between thecoR| andHindlll sites (Abbottset al, 2000).

The HSV-1 UL28 gene (nucleotides 58182 to@5 €loned into
the Sma site of pPCMV10 (Abbottst al, 2000).

pUL28 with a GFP tag inserted at the iateus of the UL28
ORF (Beilsteiret al, 2009).

The HSV-1 UL32 gene (nucleotides 69159-67204¢rted into
the MCS of pCMV10 (Dr A. Patel, MRC Virology Unit).

The HSV-1 UL33 gene (nucleotides 69110 to/A)<loned into
theBanHlI site of pPCMV10 (Beilsteiret al, 2009).

pUL33 with a Hig tag inserted at the C-terminus of the UL33
ORF (Dr G. Reid, MRC Virology Unit).

The HSV-1BanHI K fragment spanning L-S junction inserted
into theBanHI site of pAT153 (Stow, 2001)

Kpnl f fragment of VZV, spanning nucleotides 4394316984 of
the VZV genome inserted into tist site of pAT153 (Davison
& Scott, 1983).

Hindlll f fragment of HCMV, spanning nucleotides 658b3
86163, inserted into pAT153.

Radiochemicals

(3000 Ci/mMole).

67
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2.1.12 Antibodies

The following antibodies were used in this work.

Antibody: Immunogen: Source/reference:

Rabbit polyclonal antibodies:

RC12 UL32 — peptide corresponding to Dr A. Patel, MRC Virology
amino acids 580-594 Unit

R605 UL15 - amino acids 551-917* Dr V. Preston, MRC

Virology Unit

R148 UL33-Hig purified from inclusion Dr V. Preston, MRC
bodies* Virology Unit

R123 UL28 — amino acids 138-785* (Abbottsal, 2000)

R1218 UL17 - amino acids 154-703* (Thurlewal, 2006)

R335 UL25 - amino acids 342-580 * (Thurlewal, 2006)

R992 UL6 - amino acids 379-676 * (Thurlatv al, 2006)

Anti-capsid HSV-1 C capsids Gift from Dr D. Pasdgdp

MRC Virology Unit

*these immunogens were bacterially expressed fratgne

Mouse Monoclonal antibodies:

M7381 HSV-1 ICP8 (UL29) (Everett al, 2004)
M2040 HSV-1 VP19C (Adamsoet al, 2006)
DM165 HSV-1 VP5 (UL19) (McClellanet al, 2002)

Q1 HSV-1 UL12 (Banket al, 1983)
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Epitope-specific mouse monoclonal antibodies:

Mouse anti-pp65 HCMV pp65 epitope Capricorn Products
(ERKTPRVTGG)
Mouse anti-HA  Eleven amino acid peptide derived Santa Cruz Biotechnology
(F-7) from influenza protein haemagglutininLtd
(YPYDVPDYA)
Mouse anti-actin  Synthetic actin C-terminal epitope Sigma-Aldrich Co. Ltd
(AC-40) (SGPSIVHRKCF)

Secondary antibodies:

Protein A-horseradish peroxidase conjugate Signuaiét Co. Ltd
Goat anti-mouse IgG-horseradish peroxidase corgugat Sigma-Aldrich Co. Ltd
Goat anti-mouse IgG-Cy5 conjugate (m-Cy5) GE Healté

Goat anti-rabbit IgG-FITC conjugate (r-FITC) Sigrlrich Co. Ltd
Goat anti-mouse IgG-FITC conjugate (m-FITC) Sigmidrish Co. Ltd
Goat anti-rabbit IgG Cy5 conjugate (r-Cy5) GE Healthcare
AlexaFluor goat anti-rabbit IgG-555 (A21428) Invitrogen Ltd
AlexaFluor goat anti-mouse 1gG-633 (A21050) Invitrogen Ltd

2.2 Methods

2.2.1 Cell culture

2.2.1.1 Mammalian cell culture

BHK cells were grown and passaged in 175 tissue culture flasks containing ETC10
(section2.1.3). Confluent monolayers were washed in vergeyesinised with 1 x trypsin
in versene and resuspended in 10 ml fresh ETC Bt flasks containing 50 ml fresh
growth medium were seeded with 5% 1@lls and incubated at 37°C in an atmosphere

containing 5% C@until confluent.
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RSC-derived cell lines were grown and passagednchrf tissue culture flasks as above,
but the growth medium used was EFC10.

2.2.1.2 Insect cell culture

SP1 cells were grown and passaged in 175 ftasks containing®21 growth medium.
Confluent monolayers were washed in TC100 and elis suspended by gentle agitation
into 10 ml medium. Approximately 2xi@ells were seeded into new flasks containing 50
ml freshSR1 growth medium and incubated at 28°C without.CO

2.2.1.3 Transient transfection of BHK cells by the calcium phosphate

procedure

Monolayers of 1x1OBHK cells in 35 mm dishes were set up the day fieefiansfection.
Transfection mixtures were made up of 0.5 ml Hdpg$ered saline (HeBS), 10 pg carrier
calf thymus DNA (3 mg/ml) and 1 pg plasmid. 35 IMZCaClb was added, the mixture
vortexed and left for 5 minutes for the calcium gpitate precipitate to form, and added to
the cell monolayers from which the medium was reegov he cells were incubated at
37°C for 45 minutes and 2 ml EC5 added. After 4rbat 37°C, the cells were washed and
22.5% DMSO in HeBS added to boost the transfectiong minutes (Stow & Wilkie,
1976). The cells were washed once again in EPR anldEC5 added. Incubation was

continued overnight at 37°C.
2.2.1.4 Transfection of BHK cells using Lipofectami  ne 2000

Glass coverslips in 24 well plates were seeded Wit BHK cells per well the day
before transfection. Transfections were carriedusirig Lipofectamine 2000 according to
the manufacturer's instructions. The indicated amotiplasmid was mixed with 25 pl
optimem for 5 minutes at room temperature. A mixtof 21 pl optimem and 4 pl
Lipofectamine 2000 was added and incubated fortadu20 minutes at room
temperature. Cells were washed twice with GMEM aweflaid with 200 ul GMEM,
before addition of 50 ul of the transfection mixuAfter 3 hours at 37°C, 1 ml ETC10
was added and the cells incubated for 18 hourg°&.3
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2.2.1.5 Staining for B-gal expression

To determine the efficiency of transfection by #t®ve methods, monolayers of BHK
cells were also transfected in parallel witHgaZ. 18 hours post transfection, cells were
washed in PBS and 1 rplgalactosidase fix added for 5 min. Cells were tashed twice
with PBS before addition of 1 rfilgalactosidase stain. The plates were incubatdd°at
for 4-12 hours until blue-stained cells were evid&elative transfection efficiency was
calculated by determining the average number atigegblue) cells from 5 fields of view

(each field was 1 mfi

2.2.2 Maintenance and manipulation of  E. coli

2.2.2.1 Transformation

For transformation of supercompetent XL1 BEiecoli (Stratagene), 2 ul ligation mixture
was mixed with 20 ul bacterial cells (as suppliaddl incubated for 30 minutes on ice,
followed by a brief heat shock (42°C for 45 secomutsice for 2 minutes), and the addition
of 200 ul LB without antibiotics. Bacteria were kba at 37°C, 225 rpm for one hour. The
reaction was diluted 10 fold in LB and 100 ul pthteto LB-agar plates containing the
appropriate antibiotics and incubated overnigl87&C. A selection of colonies was
picked, inoculated into 5 ml LB (with appropriatetiiotics) and incubated at 37°C, 225

rpm, overnight. DNA was purified and analysed ascdbed in sectio.2.3.

For transformation of electrocompetent DHALOcoli (OneShot Electrocomp GeneHogs,
Invitrogen Ltd.), 10 pl of a 1:10 dilution of ligah was added to 50 ul bacterial cells (as
supplied) and transferred to a chilled electroponatuvette. The cells were electroporated
using a Hybaid CellShock CS-100 at 1.8 kV. 250fubom temperature LB without
antibiotics was added and the cells incubated 4 3225 rpm for one hour. The
transformation was then diluted 100 fold in LB,tpkhonto LB-agar plates with the
appropriate antibiotics and incubated at 37°C aghitnA selection of colonies was

picked, cultured and DNA purified as described.
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2.2.2.2 Storage of E. coli

5 ml LB containing the appropriate antibiotics vimaculated withE. coliand incubated at
37°C overnight, 225 rpm. 900 pul of the culture wedded to 100 pul sterile glycerol and
stored at -70°C.

2.2.3 DNA manipulation

2.2.3.1 Small scale DNA preparation (Qiagen)

DNA was purified from overnight 5 ml cultures usitig Qiagen QIlAprep Spin Miniprep
kit according to the manufacturer's instructionsefdy, cells were harvested by
centrifugation and resuspended in buffer P1 (remusipn buffer), before alkaline lysis and
neutralisation and incubation on ice. The debris reanoved by centrifugation and the
supernatant adsorbed to a silica membrane, waahddlasmid DNA was eluted using
30-50 pl HO.

2.2.3.2 Boiling lysis DNA preparation

Cells from 5 ml overnight bacterial cultures weeaested by centrifugation and DNA
prepared by boiling lysis preparation (Holmes & §dey, 1981). The cells were
resuspended in 350 pul STET buffer. 25 pl 10 mgjsdsyme was added and the sample
vortexed for 20 sec, boiled for 45 sec and theidebmoved by centrifugation for 10 min
at 14,100 x g. The supernatant was transferredsterde eppendorf tube, NaOAc added
and nucleic acids precipitated by isopropanol &edstimple centrifuged for a further 10
min. The pellet was washed in 70% ethanol and peswded in 100 pl TE + RNase. DNA

samples were stored at -20°C.
2.2.3.3 Large scale DNA preparation

Large scale DNA preparations were carried out f&&ml bacterial cultures using the
Qiagen Midi Kit (Tip 100) according to the manuiamer's instructions. Briefly, cells were
harvested by centrifugation and resuspended ireb&ft (resuspension buffer) before
addition of P2 (an NaOH/SDS buffer) and precipaaton ice with buffer P3 (a high salt
buffer with acidic pH). Precipitated material wasnoved by two centrifugation steps and

the supernatant applied to a Tip 100 column armh@&itl to enter the resin by gravity flow.
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The column was washed and DNA was eluted, pretgoiteith isopropanol and pelleted
by centrifugation. The DNA pellet was then washed@(% ethanol and resuspended in
300-500 pul HO.

2.2.3.4 Restriction enzyme digests

Typically, restriction enzyme digests were set simg 10 units of the specified enzyme, 1
x enzyme buffer and where appropriate, 100 pg/m B@th the indicated amount of
DNA in a total volume of 20 ul (unless otherwisdicated) and incubated at 37°C for 2

hours.

If further modification of the digested DNA was teepd, the DNA was purified using the
Qiagen QIAquick PCR Purification Kit according teetmanufacturer’s instructions. Five
volumes buffer PB was added to the DNA and mixdek DNA was adsorbed onto the
silca membrane, washed and eluted in 50 pul 10mBHHEI, pH 8.5.

2.2.3.5 Agarose gel electrophoresis

Loening's Buffer (0.5 x) or TBE buffer (1 x) comag the desired percentage of agarose
was boiled and allowed to cool. Ethidium bromidesvadded to a concentration of 0.5
png/ml and the agarose poured into a mould contgiaiwell-forming comb and allowed to
set. Once set, the gel was placed in a tank congpihe appropriate buffer. DNA samples
containing 1 x loading dye were added to individuealls and separated by electrophoresis
at a constant voltage of 100 V for one hour or 20V€rnight. The DNA bands were
visualised using UV light.

2.2.3.6 Purification of DNA fragments

Plasmid DNA was digested with the appropriate ret&in enzymes to release the desired
fragment of DNA (sectio2.2.3.4). The fragments were separated by agarise g
electrophoresis and viewed using long wave UV |ightl the desired fragment excised
from the gel. The DNA was purified using the Qiag@Aquick Gel Extraction Kit
according to the manufacturer’s instructions. Byighe gel slice was weighed, 3 gel
volumes buffer QG added, and incubated at 50°Q ®amin with occasional vortexing.

When the agarose had completely dissolved, 1 dem@isopropanol was added and the
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DNA adsorbed to the silca membrane. The membrasenaahed, and the DNA eluted
using 50 pl 10 mM Tris-HCI pH 8.5.

2.2.3.7 Ligation

Gel purified DNA fragments were ligated using T4 ANgase, using a molar ratio of 1:3
vector:insert. Ligations were set up in a finalatean volume of 10 pl including 1 pl T4

DNA ligase and 1x ligase buffer, at 16°C overnight.

2.2.3.8 Polymerase Chain Reaction (PCR)

PCR reactions were carried out in a volume of 5@&qhtaining final concentrations of
approx 1 ng DNA, 0.2 mM each dNTP, forward and regerimers at 0.2 uM, and 1 U
Taq polymerase in 1 x buffer (supplemented with My®.5 M betaine was included

where specified. PCR reactions were as follows:

95°C for 5 minutes—» 25 cycles of (95°C fors@é@onds—» X°C for 60 seconds

—»  72°C forY seconds)>  72°C for 7 nb@su

X (re-annealing temperature) was calculated asog?@wv the melting temperature (Tm) of
the primers. Tm for each primer = 2°C x (A+T) + &XQG+C).

Y (extension time) was calculated at the rate o$&fonds per 1000 bp.

Small aliquots of PCR products were run on 0.8%@gmgels to check that theDNA had
been amplified. PCR fragments were then purifiedguthe Qiagen QIAquick PCR

purification Kit.

2.2.3.9 Sub-cloning of DNA fragments

Purified PCR products were inserted into the swaoiolg vector pGEM T (Promega) to
facilitate further cloning steps. Ligation reacsomere set up with 1 pl T vector, 1 pl PCR
fragment, 2 ul T4 DNA ligasand 5 pl 2 x rapid ligation buffer in a total volaraf 10 pl
and left at room temperature for one hour. 2 |dtlan reaction was used to transform 20
pl XL1-blueE. colias described in secti@2.2.1. After incubation for one hour, IPTG

was added to the cultures (at 1% w/v) which weagepl onto LB-agar plates containing
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amp (100 pg/ml) and 2% (w/v) X-gal and incubatedraight at 37°C. White colonies
were picked and used to inoculate 5 ml culturdsB# amp. The bacteria were cultured
overnight at 37°C, 225 rpm. DNA was prepared frbese overnight cultures by Qiagen
Spin MiniPrep (sectio2.2.3.1). An aliquot of DNA was screened by refiiitenzyme
digestion or sequencing for presence of the PCgtrfeant. The PCR fragment was then
excised from the T vector by cleavage with suitabktriction enzymes on either side of

the insertion site and gel purified (sect®@.3.6) prior to further cloning steps.
2.2.3.10 Insertional mutagenesis

Transposon mutagenesis was carried out using timezyines Mutation Generation System
according to the manufacturer’s instructions. 2g@WL32 plasmid was incubated with
the MUA transposase and the M1-Rdintransposorin 1 x reaction buffer at 30°C for one
hour. The reaction was stopped by heat inactivaifdhe transposase at 75°C for 10 min.
The reaction was diluted 1:10 inn®Mand four aliquots (of 10 pl each) were transfame
into DH10E.coli by electroporation as described in secdh?2.1. Bacteria were plated
onto four LB plates containing amp (100 pg/ml) &ad (50 pg/ml) and incubated
overnight at 37°C.

Colonies were picked and inoculated into 5 ml LBunes overnight, and DNA isolated

by small scale boiling lysis (secti@?2.3.2). Clones containing tlstransposomwithin

the UL32 gene were identified by restriction digastwith Xba andKpnl. An aliquot of

each such clone was digested vl to remove the transposon. This DNA was then self-
ligated and retransformed into DH10 cells (sect®12s3.7 and®.2.2.1). Colonies were
picked, inoculated into 25 ml LB containing the egpiate antibiotics and plasmid DNA
isolated by large scale DNA preparation (secfdh3.3).

2.2.4 Virus techniques

2.2.4.1 Growth of HSV-1 virus stocks

Typically, 5 x 175 crhflasks of BHK cells at a confluency of approximgt®0% were
infected with wt HSV-1 at a multiplicity of 0.01fpu./cell in 40 ml EC5. Cells were
incubated at 31°C for 4-7 days until they showedmathic effect. The infected cells were
tapped into the media, pooled and centrifuged &b8@§ for 10 min. The pellets were
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resuspended in 5 ml EC5 and repeatedly freeze-thawe sonicated to prepare the cell-
associated virus stock (CAV). The supernatant veasrifuged again at 21,860 x g for 3
hours and the resulting pellet resuspended in E@4 and sonicated extensively to
prepare the cell-released virus stock (CRV). Bodlss of virus were tested for sterility
on blood agar plates and titrated as describedideez:2.4.2). Stocks of HSV-1 were
stored at -70°C in aliquots, to avoid repeatedzieethawing. Stocks of the UL32 null
mutants (3AEP andhr64) were similarly prepared following infection 0f.32-5 cells

except that EFC5 medium was used.
2.2.4.2 Titration of HSV-1

To determine the titre of virus preparations, li@Hgerial dilutions were made in EC5.
Duplicate 35 mm dishes of BHK cells were inoculateth 100 ul diluted virus for 1 hour
with gentle rocking of dishes every 15 min. 2 mE&2Hu3 was added and the
monolayers incubated at 37°C for 3 days. The ayexias removed and 1 ml Geimsa stain
added for 30 min. The Geimsa stain was washedndftlae number of plaques in each
dilution counted. The titre was determined as trexage of the duplicate plates using the

calculation:
Titre = number of plaques on 1@ilution x 1¢' x 10 p.f.u./ml

The UL32 null mutant virus stocks were titratedoobi_32-5 cells in the same way, except
that the serial dilutions were made in EFC5 andctiks overlaid with EFC2Hu3.

2.2.4.3 Infection of BHK cells

BHK cells were seeded at 1X1¢ells per 35 mm plate or 1x16ells per linbro well (on
glass coverslips) the day before infection. Virwswliluted to achieve a multiplicity of 5
p.f.u./cell in an inoculum of 100ul (unless othesgvstated) and adsorbed for one hour at
37°C. During adsorption, plates were gently rookeery 15 min. 2 ml EC5 was then
added and the cells incubated at 37°C for 6 oralB8sh(as specified).

2.2.4.4 Growth of baculovirus stocks

Typically, 175 cm flasks ofSR1 cells at approximately 50% confluency were itédat a
multiplicity of 1 p.f.u./cell in 20 mB21 growth medium. Cells were incubated at 28°C for
four days and harvested by shaking into the medCeiis were pelleted at 835 x g for 5
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min. To obtain concentrated virus stock, the sugtamt from this spin was centrifuged at
38,725 x g for 90 min and the resultant pellet spemded in 4 nb21 growth medium.
Baculovirus stocks were sonicated extensively, kbedor sterility on blood agar plates
and stored at -70°C.

2.2.4.5 Determination of baculovirus stock titres

To determine the titre of baculovirus stocks, 1l@Hserial dilutions were made 821
growth medium. Duplicate 35 mm dishesS#t1 cells were inoculated with 100 pl diluted
virus for 1 hour. 1.5% LGT agarose$f®1 growth medium was melted and 2 ml of this
overlaid onto the monolayers. After the agarosededl.5 mS21 growth medium was
added to each dish and the cells incubated at #8°f0ur days. To visualise plaques, the
medium was removed from the plates and 0.5 n8ff overlay containing 1:50 dilution
of neutral red was added to the plates for 24 h&lesjues could then be counted and

titres determined as above.

2.2.5 Complementation yield assay

BHK cells were transfected using the calcium phaspmethod (as described in section
2.2.1.3) with 1 pug each test plasmid. Six hourg prassfection, the cells were infected
with the appropriate virus at a multiplicity of 5.p./cell (sectior2.2.4.3) and returned to
37°C. One hour after infection the cells were wdsbrece with 0.14 M NaCl, exposed to
acid glycine wash for one minute, then washed ®(@% (Rosenthadt al, 1984). The

cells were then incubated in 2 ml fresh EC5 at 33%€rnight. 18 hours post infection, the
cells were scraped into the medium, sonicated @aatiprogeny titrated on the
complementing cell line, UL32-5, for 4 days at 37%€ction2.2.4.2).

2.2.6 Amplicon packaging assay

2.2.6.1 Transfection and superinfection of BHK cell s

Monolayers of BHK cells were transfected usingdhkium phosphate method (section
2.2.1.3), with 1 pg test plasmid and 0.5 pg pSAskplid. 6 hours post transfection, the
cells were infected with the appropriate virus g@tfou./cell (sectior?.2.4.3) and returned
to 37°C for 18 hours.
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2.2.6.2 Preparation of total and DNase resistant DN A

The cells were scraped into 2 ml TBS and each saspit into two equal portions for the
preparation of total DNA (sample A) and DNase ttesisDNA (sample B). The cells were
pelleted and each A sample resuspended in 184 Bld&Btaining 0.5% NP40, followed
by addition of 184 ul of 2 x CLB containing 1 mg/prbtease, and incubated at 37°C for
one hour. Each B sample was resuspended in 18%RId&ntaining 0.5% NP40 and 200
png/ml DNase and incubated at 37°C for 20 minuték wccasional vortexing. This was
followed by addition of 184 pl of 2 x CLB with 1 rirgl protease for one hour at 37°C. 32
pl4 M NaCl/0.5 M EDTA was added to all samplesaf#d B) which were sequentially
extracted with phenol and chloroform:isoamyl-aldaodnad precipitated in 1 ml EtOH for 1
hour at -80°C or overnight at -20°C. The DNA walgted by centrifugation and the
pellets resuspended in 120 ul (A samples) or B jsamples) TE+RNase. One sixth of
the A samples and one third of B samples (20 pt)eaere digested with 5 BcoRl and 5
U Dpnl in a total reaction volume of 40 pl for 4 hout3&°C. The reaction was stopped
by addition of 5 x loading dye and the samples ispd by electrophoresis on a large
0.8% agarose gel containing 0.5 pg/ml ethidium bdenm 0.5 x Loening's buffer at 20 V
overnight.

2.2.6.3 Southern Blotting

Agarose gels were examined by UV light to confirigedtion had occurred and DNA had
been efficiently recovered, and photographed. T@ievgs shaken in alkaline transfer
buffer for 30 minutes, and blotted onto a nitrogelbe membrane (Hybond-XL) by
capillary transfer in alkaline transfer buffer f2-20 hours at room temperature
(Sambrook & Russell, 2001b). The membrane was vebish@.5 M Tris pH8 for 15
minutes and the DNA crosslinked by exposure torhdafcm of 254 nm UV light.

The membrane was incubated in a Hybaid rotating @¢&8°C in Southern pre-
hybridisation buffer for 1-3 hours, followed by blang of non-specific binding by
incubation in 20 ml Southern hybridisation buffer 2-5 hours. Specific fragments were
detected by addition 6fP labelled probe (sectidh2.6.4) to the hybridisation buffer and
overnight incubation at 68°C. The blot was washsmkan Southern prehybridisation
buffer (45 minutes) and twice in membrane washdyyfdne hour each) before being
rinsed in water and exposed to a phosphorimagerscide screen was processed using a

Personal Molecular Imager (BioRad) and analysedgu@uantity One software.
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2.2.6.4 *P labelling of probe by random priming

The probe for Southern blot hybridisation was ltkusing the Roche Random Primed
DNA Labelling Kit, following the manufacturer’s itrsictions. The appropriate plasmid to
be used as a probe was linearised by restrictiaynea digestion and purified using the
Qiagen QIAquick PCR Purification Kit. Reactions weset up containing approximately
500 ng denatured linearised DNA (boiled 10 minutiesn incubated on ice 10 minutes), 2
pl each of dTTP and dATP (0.5 mM), 2 ul hexanudteomix, 5 U Klenow enzyme, and

2 pl each of-**P dCTP and-**P dGTP (20 uCi each) in a final volume of 20 pleTh
reaction was incubated at 37°C for one hour, amglbsd by addition of 5 pl 0.2 M EDTA,
followed by 25 pul 10 mM Tris-HCI, pH 8.0. The unorporated nucleotides were removed
by purification through a G-50 Microspin column ahé probe denatured by addition of
40 pl 10 mM Tris-HCI, pH 8 and 20 pl 1 M NaOH. Afte minutes, the solution was
neutralised with 20 pl 1M HCI and the entire pr¢b20 ul) added to the tube containing
the hybridisation buffer and membrane (secfdh6.3).

2.2.7 Analysis of proteins

2.2.7.1 SDS-PAGE

BHK cells were transfected or infected as previpuagscribed (sectiors2.1.3 and
2.2.4.3) orSR1 cells infected with recombinant baculovirusethatindicated m.o.i.s.
Cells were harvested by scraping into 1 ml PBSeiieted. The pellets were washed 3
times in PBS and 60 ul 1 x SDS PAGE sample bufieied. The samples were boiled for

10 minutes in a water bath prior to loading ondkke

Gels used were minigels consisting of an 8% rungelgunless otherwise specified)
made with 39:1 acrylamide:bisacrylamide, and 5%kstey gel with 19:1
acrylamide:bisacrylamide. 20 pl protein samplesawesolved by electrophoresis at 200 V
for 45 min using a BioRad Mini-protean Il kit inXLPAGE buffer. 10 pl high-range

rainbow molecular weight markers were run on tHeagea molecular size marker.
2.2.7.2 Coomassie staining of proteins

Proteins were separated by SDS-PAGE as descrilmee @nd the gel incubated in 0.2%

Coomassie in destain for 30 min with gentle agitatiThe gel was then washed
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extensively in HO and boiled in a microwave oven in(Hor 10 min to remove a large
proportion of the stain. The gel was washed inaiesintil the protein bands were readily

visible, and photographed.
2.2.7.3 Western blotting

Protein samples were separated by SDS-PAGE aslt@bove and gels blotted onto a
Hybond-P PVDF membrane using a BioRad transfefoki2 hours at 250 mA in Towbin
buffer. The membrane was blocked by shaking imlLBlocking solution for 2 hours at
room temperature. The primary antibody was dil@#saddicated in 5% Marvel in TBST
and shaken with the membrane for 1 hour at roonpéeature, or overnight at 4°C,
followed by 3 x 5 min washes in TBST. The membrasas then incubated in a 1:1000
dilution of HRP-conjugated secondary antibody in B#rvel in TBST for 1 hour at room
temperature. Following 3 x 5 min washes in TBS¥Ec¥fic bands were detected by
addition of 1 ml ECL mix (freshly mixed ECL | ancCE Il) for 1 min and exposure of the

membrane to auto-radiographic film.

2.2.8 Immunofluorescence of transfected and infecte d cells

Glass coverslips within 24 well plates were seeslitd 1x10F BHK cells per well and the
next day transfected for 18 hours with 0.5 pg iatkd plasmids by lipofection (section
2.2.1.4). Alternatively, coverslips of cells wenddcted with 5 p.f.u./cell of the indicated

virus (sectior.2.4.3) for 6 hours.

Cells were washed twice in PBS and then fixed @brmilnutes in 1 ml formaldehyde fix.
The monolayers were thoroughly washed in PBS amdl dermeabilisation solution added
for 10 min. The cells were washed again in PBScawerslips that had been infected with
HSV-1 blocked for 30 minutes with 10% human serarRBS (to block IgG binding).
Coverslips were placed cell-side down on to appab@primary antibodies, diluted to the
indicated concentrations in PBS/1% FCS, for onea howoom temperature. The coverslips
were then washed 3 x 5 min face-down and 3 x 5fage-up in PBS/1% FCS with very
gentle agitation. The appropriate FITC- or Cy5-jagated secondary antibodies were
added in the same way and the coverslips incubfateddown for one hour at room
temperature. After 6 further washes in PBS/1%F&& coverslips were rinsed in® and
air-dried. Dry coverslips were mounted on glasgesliusing AF-1 mounting agent and

examined using a Zeiss LSM 510 confocal microscbpser lines with excitation
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wavelengths of 488 nm, 545 nm and 633 nm were tesddtect the FITC, TRITC and

Cy5 fluors respectively and images were compileddobe Photoshop.
2.2.9 Purification of the UL32 protein

2.2.9.1 Infection of Sf21 cells

175 cnf flasks ofS21 cells at approximately 50% confluency were itédaat a
multiplicity of 5 p.f.u./cell in 20 mB£21 growth medium and incubated at 28°C for two
days. The cells were pelleted at 835 x g for 5 amd then resuspended in 1 ml buffer A
(containing protease inhibitor tablets) per fldsisoluble protein was removed by ultra-
centrifugation at 44,000 x g for 20 minutes at 4P@e supernatant (soluble protein) was

collected and stored at -70°C.
2.2.9.2 MonoQ ion-exchange chromatography

All chromatography was carried out using the AKT@0Qurification system. Soluble
extracts of protein were filtered through a 0.45ilter and separated by anion exchange
chromatography using a 1 ml MonoQ 5/50 GL colummgksham). The column was
prepared by equilibration with 5 column volumesfeuf at a flow rate of 1 ml/min. The
protein was loaded onto the column and washed Svatblumn volumes buffer A. Proteins
were eluted with a salt gradient by gradually iasiag the proportion of buffer B applied
to the column so as to increase the NaCl concémtrdfom 50 mM to 1 M over a 60 ml
gradient. Fractions of 0.5 ml were collected armdest at -70°C. 20 ul each fraction was
added to 10 pl 3 x SDS PAGE sample buffer and tbtejms separated on an 8% SDS-
PAGE gel which was stained with Coomassie (sec2o?g.1 an®.2.7.2) or western

blotted (sectior2.2.7.3) to identify peak fractions containing UL32
2.2.9.3 Measurement of protein concentration

The concentration of total protein in the fracti@mediected from the MonoQ column was
determined by Bradford assay (Bradford, 1976). Bach sample was mixed with 250 pl
protein dye (BioRad) in the wells of a 96-well gl@nd the absorbance measured at 560
nm. The concentration of protein was calculatedhfeostandard curve for BSA samples of

known concentration.
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2.2.9.4 Superose 12 size exclusion column

A 24 ml Superose 12 HR 10/30 column (Amersham) weasl to determine the size of
UL32. Buffer A was used to equilibrate the colunia dlow rate of 0.2 ml/min for 10
column volumes. 1gG (160 kDa), BSA (67 kDa) andnbcleaseA (13.7 kDa) were used
as molecular markers, and these were pooled antédito a final concentration of 2
mg/ml each in buffer A and filtered. A further @@lumn volumes buffer A were added to
the column, and a 200 pul aliquot of the diluted kees was applied to the column at a flow
rate of 0.25 ml/min and eluted in 1 column volunuéféx A. The elution point of each
marker was identified from the UV trace. Peak i from the MonoQ column were
then pooled and 200 pl injected onto the Super@smlumn and fractionated using
identical conditions to the markers. 0.5 ml fragtiavere collected and stored at -70°C,

before being analysed by SDS-PAGE and Coomassiengiar western blot as before.

2.2.10 Generation of UL32 rabbit antisera

2.2.10.1 Preparation of immunogen and immunisation

UL32-containing fractions from multiple MonoQ framtations were pooled and the total
protein quantified (sectioR.2.9.3). The protein used as an immunogen hat@odration
of approximately 1.5 mg/ml (total protein) in bufi®&. The purity of the UL32 protein in
this sample was estimated as approximately 40%ehgity analysis of the protein bands
from a Coomassie stained gel (using BioRad Quabtieysoftware). The total protein
sample was emulsified in Freund’s complete adjuya@tA) for immunisation by Dr
Susan Graham (MRC Virology Unit), and two rabbier&vimmunised and sera collected
by Colin Hughes (University of Glasgow). A pre-imnaubleed was taken from each
rabbit prior to immunisation. The primary immunisatcontained 50-100 pg total soluble
protein in FCA. This was followed by a boost aftaur weeks and then two further boosts
at two week intervals, all containing 50-100 pgtero emulsified in Freund’s incomplete
adjuvant (FIA). Sera from test bleeds collected week after the third boost were
prepared as in sectidh2.10.2 and tested along with the pre-immune Isgraestern
blotting for reactivity to the UL32 protein (seat®2.2.7.1 and®.2.7.3). The rabbits were
then given a final fourth boost of 100 pg proteirFHiA and bled one week later for the

final antisera.
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2.2.10.2 Collection and preparation of antisera

Final bleeds of approximately 50 ml were taken fraobits R1 and R2 and allowed to
clot at 4°C overnight. The serum was removed froendot and centrifuged at 835 x g for
10 min to remove any remaining red blood cells. Siygernatants were kept and used as
the UL32 antisera, named R1 and R2. These weredstoraliquots at -20°C and were

tested for reactivity against UL32 by western l@lot immunofluorescence.

2.2.11 Co-immunoprecipitation of baculovirus-expres sed

proteins

2x10 SP1 cells were infected with the appropriate bacuimses at 2.5 p.f.u./cell in
suspension in a total volume of 2 mIS21 growth medium and plated out into 35 mm
dishes. After 48 hours at 28°C, cells were scrapedthe medium and harvested by
centrifugation at 835 x g for 5 min. Cells wereugsended in 1 ml PBS, pelleted in a
microfuge for 10 sec and the supernatant discarfbeel pellets were resuspended in 500 pl
EZ buffer by vortexing and incubated on ice forr2idutes. Insoluble protein was

removed by ultra-centrifugation at 44,000 x g fOrr@in and the supernatant (soluble
protein) retained. 40 ul of this supernatant wasachiwith 40l HO and 40ul 3 x SDS
PAGE sample buffer (total extracted protein samgey the immunoprecipitation, 150 pl
of the soluble supernatant protein was incubatel 2l appropriate antibody, rotating
end-over-end at 4°C for 2 hours. 50 ul protein-phsgose beads (50% slurry in PBS) was
added and incubated on a rotator at 4°C for adutibur. Inmune complexes were
collected by centrifugation at 14,100 x g for 360 aed washed four times with 0.5 ml EZ
buffer (the final wash being in a fresh tube).Trested beads were resuspended in 60 pl 1
x SDS PAGE sample buffer and boiled for 10 min imaderbath. 20 pl each sample (and
20 ul of each total extracted protein sample) wedysed by SDS-PAGE and western
blotting (section®.2.7.1 an®.2.7.3).

2.2.12 Generation of HSV-1 recombinant expressingH  A-
tagged UL32

The approach taken involved the rescue of the UllBPmutanthr64 with a DNA
fragment encoding UL32 tagged near to its N-termiwith a tag derived from the

influenza haemagglutinin (HA).
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22121 Preparation of hr64 genomic DNA

175 cnf flasks of UL32-5 cells were infected with64 at 5 x 18 p.f.u./flask and
incubated at 31°C for 3 days. The infected cellsavi@pped into the medium and
centrifuged at 835 x g for 10 min. The supernatead centrifuged again at 21,860 x g for
3 hours and the pellet containing the cell releases particles was resuspended in 1 ml
TE+RNase by pipetting and sonication. 40 pl 0.2&DTA, 25 pl 20% SDS and 50 pl 20
mg/ml proteinase K were added and incubated fan80at 50°C. DNA was purified
following the addition of 32 ul 4 M NaCl/0.5 M EDTBy sequential extraction with
phenol and chloroform:isoamyl alcohol. The aqugausse containing the viral DNA was
dialysed once against 1 litre 1 x TE for 16-20 Iscair4°C, followed by further dialysis

against 1 litre 1 x TE for 2 hours.
2.2.12.2 Transfection

The construction of plasmid p33-HA-32 is describedection5.3.1. p33-HA-32 was
digested witiNdd andXhd and the fragment containing 33-HA-32 was gel foedi
(section2.2.3.6). 35 mm plates of BHK cells were transféatéh 0.5 pghr64 genomic
DNA and 0.5 pug 33-HA-32 fragment by the calcium gbtwate method as described in
section2.2.1.3. Cells were incubated in EC5 at 37°C fda$s to allow recombination and
replication to occur. Once infection was evidenthe plates, cells were scraped into the
media, sonicated, and the virus progeny titrateBldK cells as described in section
2.2.4.2.

2.2.12.3 Plaque purification and growth of HA-HSV-1  stock

Serial two-fold dilutions of the above harvestedisiwere made and each was used to
infect 12 wells of a 96-well plate of BHK cells,\aing the range 128 p.f.u/well to
3.9x10° p.f.u./well. The plate was incubated at 37°C fatags and then the cells from
four wells each containing a single plague weresed into the medium. 50 pul from each
of these wells was used to infect a 35 mm disht@KEBells overnight. The infected cells
were then scraped into the medium and dividedtimtsamples. One sample was lysed,
separated by SDS-PAGE and checked for expressiBiid@bgged UL32 by western
blotting using mouse anti-HA antibody (sectiéh2.7.1 an®.2.7.3). Once presence of the
HA tag had been confirmed for a single plaque ather half of this sample was used to
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infect 175 cr flasks of BHK cells to generate a virus stock ndtHA32EP (section
2.2.4.1).

2.2.13 Generation of a HSV-1 UL32 null mutant by

recombination in E. coli

The new HSV-1 UL32 null mutanAUL32EP, was generated using the Counter-Selection
BAC modification kit (GeneBridges), which utilisése Red/ET homologous

recombination enzymes. The kit was used accordirilge manufacturer's instructions.

2.2.13.1 Growth of DH10B E. coli and expression of recombination

enzymes

E. coliDH10B cells (GeneHogs) containing the BAC, fHSXphc, and pSC101-BAD-
gbaA*® (encoding the Red/ET recombination enzymes) weltered overnight in LB
containing tetracycline (3 pg/ml) and chlorampheh(&0 pg/ml) at 30°C, 225 rpm and
used to inoculate 30 ml fresh LB + cam/tet. Thewelwas incubated at 30°C, 225 rpm
for approximately two hours until the @fgreached 0.3. The expression of the genes
mediating the Red/ET recombination was induceddajteon of 3 ml 30% L-arabinose
and a temperature switch to 37°C. After one ho@&7acC, the cells were made competent
for transformation as follows. The culture was cémged at 835 x g for 15 min at 4°C and
the pellet resuspended gently in 30 ml ice-col@,knd centrifuged again. This was
repeated three times, reducing the volume of idd4dg0 by half each time. Finally, the
cells were resuspended in 0.5 ml 10% ice-cold gbland used for electroporation of

rpsL-neo-32, as described below.
2.2.13.2 Insertion of rpsL-neo-32 PCR cassette into BAC

The cassette for recombination was the rpsL-nemfemt flanked by homology arms to
UL32 gene. This cassette was generated by PCRoséci2) and was designed so that
the rpsL-neo sequences replaced nucleotides 2029® of UL32. 2 pl of the rpsL-neo-32
PCR product were transformed into 40 ul of the abelectrocompetent DH10B cells
containing fHSV-Apac (as in sectiod.2.2.1). 1 ml LB was added and the cells incubated
at 37°C and 225 rpm for 70 min before plating amldB-agar plate containing cam (50
pg/ml) and kan (15ug/ml) overnight at 37°C.
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The resulting colonies picked were also plated am'éam/strep plates for 48 hours to
confirm they had the stréphenotype expected from successful insertion offihe-neo

containing cassette.

2.2.13.3 Preparation of BAC DNA and confirmation of  the disruption of
the UL32 gene

BAC DNA for screening was prepared from 5 ml ovghicultures of clones with the
phenotype caff karf and strp by the alkaline lysis method (Sambrook & Russell,
2001a). Two aliquots of each DNA sample (approxgXgch) were digested with 5 U
EcoRI each for 6 hours at 37°C. The reactions wenepsd by addition of 5 x loading dye
and the samples were run on duplicate 0.8% aggeisen 0.5 x Loening's Buffer at 20 V
overnight. The gels were Southern blotted (secttoB$.3) and probed for the presence of
either the kanamycin cassette or the UL32 gengy{élabelled probes generated by
random priming (sectiof.2.6.4).

One clone with the correct kanamycin positive Seuitblot profile (UL32 negative and
kanamycin positive) was identified and BAC DNA waspared for transfection into
mammalian cells using the Qiagen Midi Kit (Tip 1@8¢ction2.2.3.3). After isopropanol
precipitation the DNA pellet was resuspended in 2DB,0. 1/10 volume 3 M NaOAc and
2 ¥ volumes EtOH were added and the DNA was pitatgal at -20°C overnight. Finally,
the DNA was pelleted and resuspended in 50 pl TEadRN

2.2.13.4 Transfection of mutated BACs into UL32-5c¢ ells

35 mm dishes of UL32-5 cells were set up the ddgrbdaransfection. 2 pg mutated BAC
DNA and 2 pgBanHlI cleaved pGX2 DNA (containing the HSVBanmH| K fragment to
repair thea sequence deleted from fHS\Aiac) were transfected using the calcium
phosphate method (secti@r2.1.3). The cells were incubated in EC5 for 3sdayd then
scraped into the medium and sonicated. One halfeo$onicate was added to a new 35
mm dish of UL32-5 cells and incubated for 48 hatr87°C. Once CPE was established,
after 3 days, the cells and virus from this platgenscraped into the medium and stored at
-70°C before titration of the viral yield and largeale production of virus stock, named
A32EP (section2.2.4.1 an®.2.4.2).
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2.2.14 Pulsed Field Gel Electrophoresis

2.2.14.1 Preparation of agarose embedded cell suspe nsions

Duplicate 35 mm plates of BHK cells were infectéa anultiplicity of 5 p.f.u./cell as
described in sectio.2.4.3 and harvested after 18 hours by scrapiogie medium and
centrifugation at 835 x g for 5 min. Pelleted céltsn each plate were resuspended in 200
ul PFGE cell suspension buffer, pooled, and equailéxd to 50°C. 200 pl melted 2%
CleanCut Agarose was added, mixed well and 4 xd@&amples from each infection were

added to BioRad plug moulds and set at 4°.

2.2.14.2 Preparation of total DNA and restrictions  enzyme digestion in

agarose blocks

Agarose blocks were incubated at 50°C overnigptateinase K reaction buffer
containing 1 mg/ml proteinase K. Blocks were thexsined 4 x 30 min in 0.5 ml PFGE
WASH

The agarose blocks were washed twice in 0.1 x PBR@ESH to reduce the EDTA
concentration and incubated for 30 min in 200 thefappropriate 1 x restriction enzyme
buffer at 37°C. The blocks were then digested wWitiJ of enzyme in fresh restriction
buffer overnight, and washed twice in 0.5 ml PFGEIM.

2.2.14.3 Electrophoresis and Southern blotting of P FGE samples

One gram of PFGE certified agarose was melted @mi00.5 x TBE, allowed to cool and
poured into the CHEF-DR Il casting mould. Each agarblock was placed in one well of
this gel, ensuring there were no air bubbles. Takswvere then sealed by filling with 1%
CleanCut Agarose. The gel was placed in the CHERiRRctrophoresis tank containing
2 litres of 0.5 x TBE pre-cooled to 14°C. DNA v&eparated using run parameters of 6
V/cm for 16 hours at 14°C with a ramped switch timhé& — 15 sec. After electrophoresis
the gel was stained in 0.5 pg/ml ethidium bromiddHh,0 for 20 min, examined by UV
light and photographed.
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The gel was soaked in 0.25 M HCI for 15 min anahttiee DNA Southern blotted as
described in sectioR.2.6.3. HSV-1 DNA was detected by hybridisatiofiH&V-1pac+
BAC DNA, *%P labelled by nick-translation (Riglet al, 1977; Sambrookt al, 1989).

2.2.15 Electrophoresis Mobility Shift Assay for DNA binding

Simultaneous large scale infectionsSt1 cells with AcUL32 and pac6 were carried out
in 175 cnf flasks and extracts prepared (sec8dh9.1). Equivalent fractions were
collected following MonoQ column fractionation dieise extracts (secti@2.9.2) and
used for the DNA binding experiments described weld 20 pul sample of each fraction
was analysed by SDS-PAGE and Coomassie stainiiigmaify fractions containing UL32
(section2.2.7.1 an®.2.7.2).

2.2.15.1 3’ end-labelling of double-stranded DNA

DNA fragments were excised from plasmids by restnicenzyme digestion and purified
from agarose gel2(2.3.6). The sticky ends of these fragments witlegl in using DNA
pol | Klenow fragment and a radiolabelled nucleetas follows. Approximately 400 ng
DNA was incubated in a 30 pl total reaction withl Klenow, 1 x polymerase buffer, 0.3
ul each of dATP, dTTP, dGTP (1 mM stocks) and 2201 Ci)a->*P dCTP for 15 min at
37°C. The enzyme was inactivated at 75°C for 15anuththe DNA stored at -20°C.

2.2.15.2 Gel Electrophoresis

The labelled DNA was diluted inJ@ and approximately 4 ng DNA incubated in a total
reaction volume of 30 pl with 1 x buffer M and 10ONIlonoQ column fraction for 30 min

at room temperature. 6 pl loading buffer was adatetithe samples resolved by
electrophoresis on a large 8% non-denaturing pojyauide gel in 0.5 x TBE at 200 V

for 5 hours. The gel was then dried onto a piedeE81 for 2 hours at 80°C. The dried gel
was exposed to a phosphorimage screen which wasgs®d using a Personal Molecular
Imager (BioRad) and analysed using Quantity Onenvsoé.
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2.2.16 Zinc binding assay

2.2.16.1 Preparation of protein samples

Simultaneous large scale infectionsS#t1 cells with AcUL32 and pac6 were carried out
in 175 cnf flasks with the addition of 10 pM zinc acetatette growth medium, and
harvested after 48 hours (sect2.9.1). Soluble protein extracts were prepared an
dialysed 4 times for one hour each against buffat A°C to remove unbound zinc. These
samples were fractionated through the MonoQ colanthequivalent fractions from the
two infections collected (sectidh2.9.2). A 20 pl sample of each fraction was asedyby
SDS-PAGE and Coomassie staining to identify thasgasning UL32 (section2.2.7.1
and2.2.7.2). Protein concentrations of the fractiomsendetermined using the Bradford
assay (sectio.2.9.3).

2.2.16.2 Zinc binding

Zinc binding was measured by release of boundinilocsolution upon addition of p-
chloromercuribenzoic acid (PCMB) as follows. Dugtie 200 ul protein fractions were
mixed with 100 uM 4-(2-pyridylazo) resorcinol (PARyith and without 2 mM (PCMB)

in a total volume of 300 pl. These were transfetcethe wells of a 94-well microtitre

plate and absorbance measured at 492 nm usingréeKkiMultiskan Plus plate reader. The
difference in absorbance between the samples withwathout PCMB is indicative of the
amount of zinc released by each protein sample Zifftereleased was determined by
comparison with a standard curve for known zinccemtrations processed in the same

way.

2.2.17 Computer software

PSlpred (Jones, 1999) - http://bioinf.cs.ucuktpsipred/
Expasy Translate (Gasteigetral, 2003) - http://www.expasy.org/tools/dna.html

PSORT (Nakai & Horton, 1999) - http://psort.ims$okyo.ac.jp/
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3 Generation of rabbit antisera reactive with the
UL32 protein

3.1 Introduction

The planned experiments for the initial charactios of UL32 had a requirement for a
UL32 antiserum, particularly one which could detgtB82 from samples of HSV-1
infected and transfected BHK cells on western @lbts chapter describes the testing of
four already available sera and subsequent parr#ication of the UL32 protein and
generation of new polyclonal rabbit antisera. Theastesera were then employed in many

of the experiments described later in this thesis
3.2 Testing of UL32 anti-peptide antibodies

Four UL32 anti-peptide sera already available anlt#boratory were first tested for their
ability to recognise UL32. These had been genetayddr. Arvind Patel (MRC Virology
Unit), from rabbits immunised with branched pepsifi®m either the N- or C- terminus of

UL32. The sequences of these peptides are listedvbe
Antibodies N9 and N10: peptide 1025B — MATSPPGVLA®SX/(residues 1-14 of UL32)
Antibodies C11 and C12: peptide 1017D — RHSISLLSIEHresidues 580-592 of UL32)

The ability of the anti-peptide antibodies to remisg UL32 was examined by western
blotting. Firstly, UL32 expressed from recombinbatulovirus-infected cells was
analysed to confirm the size and expression otUth&? protein. A recombinant
baculovirus expressing the UL32 protein (AcUL32swpaovided by Dr. Patel. AcUL32
contains the UL32 ORF (HSV-1 nucleotides 691594203) and expressed under the

control of the polyhedrin promoter.

SP1 cells were infected with 5.p.f.u/cell AcUL32tbe parental baculovirus pac6, which
Is identical to AcUL32 except that it expressesl#oZ protein rather than UL32. The cells
were harvested after 48 hours and lysed by boitirtge presence of SDS (1 x SDS PAGE
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sample buffer). Samples were separated by eleairepis on 8% polyacrylamide gels and
proteins detected by staining with Coomasgi@.7.1 an®.2.7.2). The resultant gel is

shown in figure 3.1A.

A strong band of slightly larger than 66 kDa wassent in the AcUL32 infected lane (lane
2) which was absent from the pac6 infected samaie(1). This band represents the
UL32 protein, as the reported size of UL32 is 6 aKBhanget al, 1996). The pac6
infected sample in contrast, showed a strong sigiband corresponding to the lacZ

protein expressed by the pac6 baculovirus (whichah@eported size of 116 kDa).

To examine whether UL32 could be detected by wedilatting using the anti-peptide
antisera, BHK cells were transfected with 1 pg pRIu3ing the calcium phosphate
method (sectio.2.1.3) or infected with 5 p.f.u./cell wt HSV-11m64 (sectior2.2.4.3)

for 18 hoursSR1 cells were infected at a multiplicity of 5 p.faell with AcUL32 or the
parental baculovirus pac6 as described above. @llewere harvested and lysed and
samples were separated by electrophoresis on ditgBeo polyacrylamide gels before
being transferred onto PVDF membranes and blocketjublocking solution (section
2.2.7.1). The membranes were incubated with thepaptide antibodies (diluted 1:500).
This was followed by incubation with HRP-conjugatedtein-A (1:1000) and the proteins
detected using an ECL substrate (secBidh7.3).

Representative membranes of samples immunobloftedawtibodies C12 and C11 are
shown in figure 3.1, panel B. Both C12 and C11 gaxsed a protein in the lysate from
AcUL32 infectedSR1 cells (lane 1), which was absent from pac6 tefcells (lane 2).
This band corresponded in size to the UL32 bartdenCoomassie stained gel in figure 3.1
A. Thus both antibodies are capable of specificabpgnising UL32. Although UL32 was
readily apparent in AcUL32-infected cells it comlot be detected in transfected BHK cells
(lane 3). This is likely to result from a combirmatiof the lower efficiency of transfection
compared to infection, and that the polyhedrin pstandrives higher level expression
than the HCMV major immediate early promoter. Thasfection efficiency in these
experiments was approximately 20% as determinddagfection with pEacZ and

counting blue-stained cells, expressfiagalactosidase (sectiéi2.1.5). In addition,

neither C11 nor C12 could detect the UL32 exprefssd wt HSV-1 infected cells (lane
4). Similarly both N9 and N10 specifically detectéd32 fromSR1 but not transfected or
HSV-1 infected BHK cells (data not shown).
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Figure 3.1: Testing UL32 anti-peptide antibodies irwestern blot.

A. SP1 cells were infected with 5 p.f.u./cell AcUL32mac6 and harvested at 48
hours post infection. Cell lysates were preparetisaparated by electrophoresis
on 8% polyacrylamide gels and stained with Cooneassi

B. BHK cells were transfected with 1 pg pUL32 by tiadcium phosphate
procedure (lane 3), or infected with 5 p.f.u./edllHSV-1 orhr64 (lanes 4 and
5) and harvested after 18 hous®21 cells were infected with 5 p.f.u./cell
AcUL32 or pac6 and harvested at 48 h.p.i. (lanasdL2). Cell lysates were
prepared and separated on polyacrylamide gelsransférred to a PVDF
membrane. The membranes were probed with eithel€CA1 antibodies at
1:500 followed by HRP-conjugated protein-A (1:1006)d developed with
ECL. The positions of markers are indicated (kDa).



Chapter 3 93

| therefore concluded that the anti-peptide ardisegre probably insufficiently potent to
be useful in further experiments and decided tegee an antiserum against the full-

length native protein.

3.3 Expression of UL32 protein from baculovirus

The expression levels and solubility of UL32 in A@2-infectedS21 cells were analysed
at different time points to optimise infection catrmhs for the production of protein for
use as an immunoge®P1 cells were infected with 5 p.f.u./cell AcUL3®y 24, 48 or 72
hours. After the specified time, the cells werevkated and resuspended in buffer A. An
aliquot of the resuspended cells was retainedeasothl protein sample. The remainder
was centrifuged to obtain a soluble extract (sugt@mt fraction). Samples of the total
proteins and soluble extracts were analysed by BBGE and the gel stained with

Coomassie.

Figure 3.2 shows that UL32 was undetectable aoBdstpost infection (lane 2) but a
strong band corresponding to UL32 was detectedrgelamounts at 48 and 72 hours post
infection (lanes 3 and 4). In addition, UL32 waficggntly recovered in the soluble
extracts at these later times (lanes 6 and 7) sligletly greater amount of soluble UL32 at
72 hours post infection was not reproducibly obsdnand it was decided to use a 48 hour

infection to minimise problems with possible pratbreakdown products.

3.4 Partial purification of UL32 using anion exchan  ge

chromatography

Anion exchange chromatography was used in an attengmrich the extract from
AcUL32-infected cells for the UL32 protein prior tmmunisation. This procedure
separates proteins based upon their charge arbatdsallow partial purification of UL32
from a number of other baculovirus-expressed afidlaeproteins with different

properties.

Five 175 cm flasks ofS21 cells were infected with 5 p.f.u. per cell AclLand
harvested 48 hours post infection into 5 ml tot&fdr A (containing protease inhibitors)
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Figure 3.2: Expression of UL32 protein from AcUL32infected Sf21 cells at 24-72
hours post infection.

SP1 cells were infected with 5 p.f.u./cell AcUL32daharvested at 24, 48 and 72 hours
post infection. Total proteins were harvested adide extracts prepared by
centrifugation. The samples were separated on aa@d¥tamide gel and stained with
Coomassie. The position of the UL32 protein iséatikd. Lane 1 contains marker
proteins of the indicated sizes (kDa).
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(section2.2.9.1). Insoluble proteins were removed by utegatrifugation and the samples
filtered through 0.4@m filter. 20 pl soluble protein extract was anatyby SDS-PAGE
followed by Coomassie staining to confirm good esgion of the UL32 protein (data not

shown).

The chromatography was carried out using the AKDA Purification system and a 1 ml
MonoQ 5/50 GL column (Amersham). The column wasléyated with buffer A and the
filtered protein sample applied to the column. Tokimn was washed and the protein
eluted with a salt gradient from 50 mM NaCl to IN@CI over 60 ml (sectiof.2.9.2). 0.5
ml fractions were collected throughout the gradient

Figure 3.3 shows a representative trace of the hBoibance, corresponding to protein
concentration, for the purification. The large pbakween 0-10 ml contains the flow-
through proteins that did not bind to the MonoQuoah. SDS-PAGE analysis and
Coomassie staining showed no detectable UL32 setfractions (data not shown),
confirming that UL32 protein bound efficiently toet MonoQ column. Various peaks can
be seen as proteins are eluted at different sattezdrations. All fractions were analysed
by SDS-PAGE and Coomassie staining, which demaestitaat the UL32 peak was
eluted over fractions B13-C6, at approximately.8laCl. Figure 3.4A shows the
Coomassie stained gel of these peak fractions, dsimading the presence of UL32 in
these fractions. The identity of UL32 was confirnigdwestern blotting using the C12
antibody (figure 3.4B). Inspection of figures 3.4Ad B revealed that fractions B15-C2
were most highly enriched for the UL32 protein. équivalent MonoQ fractionation of
soluble proteins expressed from the pac6 baculswhowed an almost identical elution
profile with the exception that the peak correspogdo UL32 at 27 ml was absent (data

not shown).

This experiment confirmed that UL32 could be susfigly enriched using anion
exchange chromatography. However, as the UL32 avhs injected into rabbits, any toxic
compounds needed to be removed. Therefore, thigation was repeated in the absence
of the detergent, NP40. Soluble protein from AcUliBectedSR1 cells was prepared and
applied to the MonoQ column as before, but NP40 avagted from the buffers used for
washing and elution. Examination of the resultiragfions yielded results essentially

indistinguishable from those obtained in the presesf NP40 (data not shown).
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Figure 3.4: Confirmation of the presence of UL32 irpeak fractions from anion
exchange purification.

SP1 cells were infected with AcUL32 and the cellraxt purified through a MonoQ
column (see figure 3.3). Fractions were collected analysed by SDS PAGE and
either Coomassie staining (A) or western blottinthvanti pgptide antibody C12
(1:500) followed by HRP @njugated protein  AL:00QB). Only fractions B13 C6,
corresponding to the UL32 peak, are shown. Positafrsize marker proteins are
indicated (kDa).
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3.5 Production of UL32 antisera

Three separate samples of protein were applidaetdtionoQ column in the absence of
NP40 and the peak fractions from each (seven @nasftin total) pooled for use as
immunogen. The total protein concentration wasrdateed by Bradford assay as
approximately 1.5 mg/ml (sectidh2.9.3). The purity of UL32 in this sample was
estimated following SDS-PAGE analysis and Coomassiging. Analysis of the gel
using the "lane” function (Bio-Rad Quantity Onejicated that the UL32 peak

corresponded to approximately 40% of the protegs@nt in the whole lane.

The protein sample was emulsified in adjuvant bySursan Graham (MRC Virology
Unit) and two rabbits immunised and sera collettg€olin Hughes (University of

Glasgow). The immunisation schedule is describadethods, sectiol.2.10.1.

3.6 Testing pre-immune and test-bleed sera

A pre-immune bleed was taken from each rabbit ggommunisation to confirm that the
rabbits had no pre-existing antibodies that reaatginst proteins of a similar size to
UL32 that may interfere with the recognition of L#,2nd also to act as a negative control

for the recognition of UL32 by the immune sera.

A test bleed of 5ml was taken from each rabbitweek after the third UL32 protein boost

to ensure that the antisera produced after immtioisaas able to recognise UL32.

Both the pre-immune and test-bleed sera were had/&y clotting overnight at 4°C,
removing the serum and then separating this fropramaining red blood cells by
centrifugation (sectio.2.10.2). These sera were split into small alig@wid stored at -
20°C, and the pre-immune named R1-Pl and R2-Ph té test bleeds named R1-TB and
R2-TB. All of these were then examined for reatyivdgainst UL32 in western blots. The
pre-immune sera were used at a much higher coatemti(1:6) than the antisera to ensure
that even low levels of pre-existing reactivity eeletected.
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3.6.1 Western blot using R1 and R2

BHK cells were transfected with 1 ug pUL32 or pCMMising the calcium phosphate
method and harvested after 18 hours. AlternatiélK cells were infected with wt HSV-
1 orhr64 at a multiplicity of 5 p.f.u. per cell or moakfécted for 18 hours. For further
testing of the pre-immune sef@R1 cells were also infected with 5 p.f.u. per éallUL32
and harvested 48 hours post infection. 20 pl sasngdleach were separated by
electrophoresis on an 8% acrylamide gel and tramsféo PVDF membranes. The
membranes were immunoblotted with either R1-PlI 2#HR pre-immune sera at a 1:6
dilution, or R1-TB or R2-TB antisera at a 1:50Qutidn. This was followed by incubation
with HRP-conjugated protein-A and detection usimg ECL substrate. The results are
shown in figure 3.5.

The pre-immune serum R1-Pl (panel A) recognisedgmdein bands of between 45 and
66 kDa in all lanes. However, these proteins ath bmaller than UL32, which migrates at
67 kDa, and so should not interfere with the redommof UL32 by the final antisera.
Furthermore, there are no extra bands seen imatheles containing UL32 (lanes 3, 4 and
6), confirming that R1-Pl doesn't react against RILIB contrast, antiserum R1-TB (shown
in figure 3.5, panel B) clearly reacts against@gin corresponding to the reported size of
UL32 of 67 kDa in the sample from cells transfeatgtth pUL32 (lane 11), but not in cells
transfected with pCMV10 (lane 12). R1-TB also detecspecific band of the same size in
wt HSV-1 infected cells (lane 9), that is not prade cells that are infected with UL32

null mutanthr64 (lane 8) or mock infected (lane 7). This confirthat antiserum R1 reacts

specifically against the UL32 protein in westeratbl

Pre-immune serum R2-PI (figure 3.5C) again showexddands between 45 and 66 kDa in
all lanes, but showed no reaction against the Uirt®#in in lanes 14 and 15. R2-PI did
however, react against a number of extra proteirise baculovirus-infected sample (lane
17) at least one of which was a similar size to RILBntiserum R2-TB (figure 3.5D)
reacted similarly to R1-TB, recognising UL32 protéiom cells transfected with pUL32
(lane 22) and infected with wt HSV-1 (lane 20) bobwing no reaction to the samples not
containing UL32. However, the recognition of the32kcontaining samples by R2-TB
was somewhat weaker than that of R1-TB. Thesetseshibw that both antisera can

specifically recognise the UL32 protein in westblot.
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Figure 3.5: Testing pre-immune sera and test-bleeaintisera for reaction against
UL32.

BHK cells were infected with 5 p.f.u./cell wt HSV orhr64 or mock infected, or
transfected with 1 pg pUL32 or pCMV10 and harvestiter 18 hoursSR1 cells were
infected with AcUL32 at 5 p.f.u./cell for 48 houisll samples were separated by SDS
PAGE and immunoblotted using a 1:6 dilution of Ri(APor R2 R(C), or a 1:500
dilution of R1 B(B) or R2 B(D) as indicated. iSlwas followed by incubation

with HRP @njugated protein  A1:1000) and detectising ECL. Positions of size
markers are indicated (kDa)
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3.6.2 Immunofluorescence using R1 and R2

The two antisera were next tested for their abibtyecognise UL32 by
immunofluorescence in transfected cells. Duplicgdéess coverslips of BHK cells were
transfected with 0.5 pg pUL32 or pCMV10 using Lipctamine 2000 (sectich2.1.4). 18
hours post transfection the coverslips were treaiddformaldehyde fix and
permeabilisation solution (secti@2.8). The cells were incubated with antibodiesTis1l
or R2-TB (1:500 dilution) followed by r-FITC (FITCenjugated goat anti-rabbit IgG)
(1:200) and examined by confocal microscopy. Regmadive images are shown in figure
3.6.

Both R1-TB and R2-TB antisera showed bright fluoezxe in the cytoplasm of cells
transfected with pUL32. In contrast, when the ce#se transfected with the vector
control pCMV10, no fluorescence was seen in anig e@gthin a whole field of view, even
thoughp-galactosidase expression from cells transfectéid pitLacZ confirmed a high
transfection efficiency. This indicates that bottigera can specifically detect UL32 in an

immunofluorescence assay.

As the test bleeds showed good reactivity to Ulg2h rabbits were given one final boost
before final bleeds of approximately 50 ml werestakThese were harvested as previously
described and named R1 and R2. These antiseraawalgsed for reactivity against UL32
in the same assays as the test bleeds. Both feedi®reacted in an identical way to the
test bleeds, specifically recognising the UL32 gioin both western blot and
immunofluorescence. Again, R1 showed a strongeatigaagainst UL32 than R2 in the

western blots. The antisera were stored in aligabt20°C.

3.7 Titration of R1 antiserum in western blot

Since R1 appeared to give a stronger UL32 signdl@mer background than R2 it was
chosen as the main antiserum against UL32, aradeitrto find the optimum concentration

for use in western blots.
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pCMV10

Figure 3.6: Testing R1 and R2 antisera for their allity to recognise UL32 by
immunofluorescence.

0.5 pg pUL32 or pCMV10 was transfected into BHKITeh glass coverslips using
Lipofectamine 2000. 18 hours post transfectionisagére fixed with formaldehyde
and permeabilised with NP40. Coverslips were threbgd with R1 (A) or R2 (B) at
1:500 dilution followed by ¥ HTC (1:200) and exarad by confocal microscopy. All
images represent the same exposure.
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R1 dilution 1:500 1:1000 1:2000

Figure 3.7: Titration of R1 antibody in western bld.

A. BHK cells were transfected with 1 ug pUL32 or p€l using the calcium
phosphate method. 18 hours post transfection, welle harvested and lysed
and samples separated by SDS FAGE and westeradldMembranes were
incubated with R1 at the indicted dilutions, follesvby HRP conjugated

protein Asepharose. The positions of size markezgndicated and UL32 is
denoted with an arrow.

B. SP1 cells were infected with 5 p.f.u./cell pac6 alA.32 recombinant
baculoviruses for 48 hours. Soluble protein extraetre prepared and
separated by electrophoresis on an SDS PAGE gdahamdnoblotted with R1

at the indicated dilutions. The positions of sizarkers are indicated and UL32
is denoted with an arrow.
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BHK cells were transfected with 1 pg pUL32 or pCMWVAnd harvested after 18 hours.
Samples were separated by SDS-PAGE and westetedbntd the membranes
immunoblotted using R1 at the concentrations irtditan figure 3.7A. A band
corresponding to UL32 was detected at all fourkanaty concentrations. This band was
most prominent at the 1:250 and 1:500 dilutionsl, much weaker when the antiserum
was diluted to 1:1000 and 1:2000. However, a diyghigher background signal was
present at the 1:250 dilution (as seen in the sasnpansfected with pCMV10). It was
therefore decided to use R1 at a 1:500 dilutiowestern blots of transfected cells for the

remainder of this work.

The reactivity of R1 with extracts of baculovirugected insect cells was also examined.
SP1 cells were infected with 5 p.f.u. per cell AcWL8r pac6 for 48 hours. Soluble
extracts were prepared as previously describedlaplicate samples separated by SDS-
PAGE and western blotted. Membranes were then inoimlotted with R1 at the
concentrations indicated in figure 3.7B. The Rllmuy recognised a number of bands in
the AcUL32 sample, many of which were also presetite pacé samples. This is not
surprising since the UL32 preparation used for imisation was known to contain many
other proteins of cellular and/or baculovirus ariga proportion of which were likely to
have been recognised as foreign antigens by thetsabhese additional proteins were
most prominent at the higher concentrations of R300 and 1:100 dilution). The UL32
protein is the largest band unique to the AcUL32da, corresponding to the reported
size of 67 kDa. A number of smaller bands can béseeen between the sizes of 30-50
kDa in the UL32 samples that are not present irptt® samples. These are likely to be
breakdown products of the UL32 protein, which dse aecognised by the R1 antiserum.
At the 1:2000 dilution, full-length UL32 was readdetected, with a reduction in the
intensity of some of the other bands, and theratusedilution was chosen for western

blots of baculovirus-expressed UL32.

3.8 Discussion

This chapter described the partial purificatiordaf32 and the production of two new
antisera raised against UL32.



Chapter 3 105

These new antisera were required because theeptidp antibodies against UL32
available in the laboratory were very weak, angdamounts of protein were required for
detection on western blot. Thus baculovirus-exgeéssotein but not UL32 from
transfected or HSV-1 infected cells could be deict

Anion exchange chromatography provided a convemethod for the partial purification
of UL32 from other baculovirus-expressed and catlpkoteins on the basis of charge.
This method did not completely remove other pratebut resulted in a protein preparation
that was approximately 40% pure, with UL32 as tfeglpminant protein, which was

suitable for use as an immunogen.

Two antisera were produced, both of which spedlficga@acted against UL32 in western
blots and were potent enough to achieve the iratral of detecting UL32 in transfected
and HSV-1 infected cells. The R1 antibody was setetor main use due to its stronger
reactivity against UL32 relative to background sigiWwhen used in western blots of
baculovirus-expressed UL32, the antibodies showadtivity against many other proteins,
although this may be expected as other proteine yersent in the immunogen sample
injected into the rabbit. However, by using thegpéal control baculovirus, pacé, it was
easy to identify bands corresponding to full-lengttB2 and its breakdown products in a

western blot.

The new antisera also recognised UL32 in immunoflscence assays and showed that
UL32 localises to the cytoplasm of transfectedscélhis is not surprising since HSV-1
UL32 lacks any obvious nuclear localisation seqediNLS) and is too large to be able to
diffuse through the nuclear pore. A putative NLS haen identified within HCMV UL52
which does localise to the nucleus of transfecadls ¢Borstet al, 2008), and the PSORT
Il sub-cellular localisation prediction program mdiéies a putative NLS in a number of
other UL32 homologues within thigetaherpesvirina@Nakai & Horton, 1999). However,
such a sequence is absent from HSV-1 UL32 and krmmmologues within the

Alphaherpesvirinae

The recognition of UL32 in immunofluorescence aisfected cells by the new antisera
confirms that these polyclonal antisera can res®gthe native form of UL32 as well as
the denatured form in western blots. These antisenatherefore be useful for other

techniques using native proteins, such as immucgptation (IP).
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4 Mutagenesis of UL32

4.1 Introduction

Although previous work has identified UL32 as atpno essential for genomic DNA
packaging, its precise role within this pathwagti unclear. Furthermore, no large-scale
mutagenic analysis of the protein has been caougdo identify essential regionshus

far, bioinformatic analysis of the UL32 sequencs hat yielded any information about the
potential function of UL32 based on sequence snityl#o other known proteins, whether

viral or non-viral.

This chapter describes the generation and chaisatien of a panel of insertional mutants
throughout the length of the UL32 protein. The ipdf each mutant to support the
growth and DNA packaging of a virus lacking UL3264) was investigated in order to

identify regions of the UL32 protein essential fianction.

Further data presented in this chapter describedgiécted mutagenesis of conserved

amino acids within UL32 and a similar analysiste mutated proteins.

4.2 Generation of UL32 insertional mutants

4.2.1 Transposon-mediated mutagenesis

Random transposon-mediated insertional mutagerseaisextremely useful tool for
studying relatively uncharacterised proteins. Hldas rapid generation of a panel of
mutants with insertions scattered throughout tloégom to allow identification of regions
essential for growth and function.

The mutagenesis of UL32 was carried out using théakibn Generation System kit from
Finnzymes. This kit employs the transposition maehyi of the bacteriophage Mu to insert
a 1,131 bp artificial transposoBrftransposopencoding a kanamycin resistance (Ran
gene into the target plasmid at random sites igllefree reaction (figure 4.1). The DNA is
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Notl Notl
kanR ' target gene

1 kb Entransposon

UA transposase

In vitro transposition

kanR

ampR

Select with kan and amp

—\\transposon
kanR
Notl digest and re-ligate, select with amp
ampR \

«— 15bp insertion

——— sequence

Figure 4.1: Principles of the Mutation Generation §stem.

An in vitro reaction catalysed by the MuA transposase resuttgeiinsertion of a
1,131 bpEntransposorfencoding kaRand containindNotl sites at either end) into the
amp target plasmid. This insertion may be within th@ét gene (as indicated here)
or the plasmid backbone. Colonies are selecteédigtance to kanamycin and
ampicillin and plasmid DNA isolated from individuedlonies. This DNA is digested
with Notl and re lgated to remove the bulk of the transpdsaving a 15 bp insertion.
The plasmid DNA is retransformed back iftocoliand amf colonies selected.
Plasmid DNA from individual colonies is analysedregtriction digest and DNA
sequencing to determine the position and natutieeoinsertions.
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then transformed into bacteria and those plasrhigishiave th&ntransposorselected by
growth in the presence of kanamycin. The DNA isat and the kanamycin resistance
gene excised usingotl sites situated at each end of E@ransposonThe DNA is
recircularised resulting in a 15 bp insert consgstf 10 bp derived from tHentransposon
(encoding a novellotl site) and a 5 bp duplication of the target sigufe 4.2).

Insertions of 15 bp will not disrupt the readingrfre of the protein and the resultant
product should be identical to the wildtype protextept for the insertion of 5 amino
acids. The inserted sequences do not encode aadop in any of the three frames,

ensuring that none of the mutated proteins willrbacated.

4.2.2 Mutagenesis of UL32 protein

Plasmid pUL32 was generated by Arvind Patel (MR@Migy Unit). It contains an HSV-
1 fragment comprising nucleotides 69159 to 6720hed as aiNcad to Ecod7Ill fragment
into theSmd site of pPCMV10. Within pUL32, the UL32 ORF is edtted by 1791
nucleotides (69162 — 67372 of HSV-1) and is undercontrol of the HCMV major

immediate-early promoter.

pUL32 was incubated in a cell-free transposasdioeafor one hour as described in
section2.2.3.10 and the reaction transformed into eleotrgmetenE. coli DH10 cells
(GeneHogs; Invitrogen Ltd.). Plasmids containing titaRnsposon were selected by growth
in the presence of ampicillin and kanamycin. 29@mes were picked and DNA prepared
by the boiling lysis method (secti@i2.3.2).

As the insertedEntransposoris 1,131 bp, digestion witkba andKpnl, which cleave near

to either end of the UL32 gene, was used to somdwther the insert was within the UL32
gene or the plasmid backbone. Figure 4.3A showpdkéions of th&Kpnl and Xbal sites

in pUL32. Integration of th&ntransposornto the backbone should generate fragments of
4954 and 1973 bp, whereas integration into the Uid@®aining fragment should result in
fragments of 3823 and 3104 bp.

Figure 4.3B is a representative gel of this sceamhthe different restriction profiles
obtained upon insertion of the Entransposon irtweeithe plasmid backbone or the UL32

gene. Of these nine plasmids, the two marked vethrisks (lanes 3 and 9) generated
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A_ Randomly selected target site
5’ NNN NNN 3’
3’ NNN NNN 5’

!

Duplication of target site

\
5" NNN TIGCGGCCGCA NNN 3’
3’ NNN ACGCCGGLGA NNN 5’

10 bp remains of Entransposon

B.
Framel: | N 16c | cec | cec | A NNN
X X Cys Gly Arg A X X
Frame 2: | NN ¢ | cae | cce | ca NN
Leu
X X Met Ar Pro His X X
9 GIn
Val
Frame 3: | NNN T | e | cec | cca N
X X X* Ala Ala Ala X X

A = lle, Met, Thr, Asn, Lys, Ser, Arg
X = any amino acid
X* = any amino acid except GIn, Glu, Lys, Met, Trp

Figure 4.2: Sequence of insertions generated by th4GS.

A. The randomly selected 5 bp target site is showsramge and is duplicated
during the transposition reaction. Aftdotl digestion, 10 bp of the
Entransposomemains forming the short insert (blue). The bakidates the
insertedNotl site, with the arrows indicating where the enzyteaves and the
DNA is re lgated.

B. The frame in which th&ntransposoris inserted and the sequence of the target
DNA will determine the precise sequence of amindsamserted. This table
shows the 15 bp insert and translation of this lithake frames.
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A.

uL32

Kpnl-Xbal = 1973bp

Xbal

Remainder of vector = 3823bp

6000bp
<«—— pCMV10 +t

vector (3823bp) —» (4954bp)
UL32 +t (3104bp)—»
2000bp
<+— UL32
(1973bp)

1000bp

Figure 4.3 : Screening for transposon insertions whin pUL32.

A. Plasmid map of pUL32, showing the positions<tfal andKpnl sites and the sizes
of fragments generated in a double digest withaleeszymes.

B. A representative 0.8% agarose gel of transposataming plasmid DNAs
digested wittKpnl and Xbd, showing two populations, in agreement with the
fragments predicted above. The size and identigach fragment is indicated and
the positions of DNA markers are shown.
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fragments consistent with the predicted of size&38® and 3104bp, for the 1131bp
transposon inserted within the UL32 gene. The ramgiseven plasmids generated
fragments consistent with the transposon inseriddmthe vector. In total 39 plasmids
were identified with thé&ntransposomserted within the UL32 fragment. An aliquot of
each of these 39 plasmids was digested Wdth to excise th€entransposorand then re-
ligated before being transformed irfo coliDH10 cells. Colonies were selected with
ampicillin, picked and final DNA plasmid preparatgomade by boiling the lysis method
as before.

4.2.3 Position of insertions within UL32

The approximate positions of insertions within the32 gene were first determined by
digestion of the transposon-containing plasmid& Wbt andXba. The Xbal site is 176

bp downstream from the 3' end of the UL32 ORF. Tgest should generate 3 fragments;
the 1,131 bp transposon, a fragment of up to 2élcating the distance of the insertion
from theXba site near the 3' end of the UL32 fragment, atlgiral fragment of between
3.8 and 5.8 kb containing the vector backbone.riéigu4 shows a representative gel of 15
mutants digested witkba andNotl. Lane 1 shows pUL32 which is linearised withal

but not cleaved biotl. TheEntransposortan be seen in all other lanes and the location
of the transposon relative to the 3' end of the 2Jg8ne is shown by the smaller of the two
other fragments, with the larger being the vectmiibone. This enabled the approximate
position of all 39 inserts to be determined.

Six primers (5240, UL32F1, UL32F2, UL32F3, UL32k#Ad UL32R1) were designed to
span the entire length of the UL32 gene and th&ipos and sequences of these primers
are shown in figure 4.5. The appropriate primer usedd to sequence the region of each
final mutant plasmid from which tientransposornad been excised. Once it had been
established that each mutant contained the expé&étég insertion, the full UL32

sequence of each mutant was determined usingaksiuencing primers.

In each case a 15 bp insertion was present cargsistia duplication of the target sequence
and the 10 bp sequence TGCGGCCGCA derived frorktitlansposonThe position and
sequence of each insert within the UL32 gene isvaha figure 4.6. For consistency the
first nucleotide of the 15 bp insertion is consatkas the T residue of the sequence
TGCGGCCGCA with the target sequence duplicationdpat the 3' end of the insert.
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Figure 4.4: Mapping the position of insertion of tansposon into pUL32 mutants.

Plasmid DNA of pUL32 and all mutants prior to exaisof the transposon was
digested withXbal andNotl and fragments separated on a 0.8% agarose gel and
visualised under UV light. This is a representageéshowing the position of the
transposon within a selection of clones. The pmsdiof the transposon is shown and
positions of size markers are indicated.
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. 5240
UL32F1
UL32F2
UL32F3
UL32F4
UL32R1

5'- 3' sequence
5240 CCATTGACGCAAATGGGC

UL32F1 | CGTATGTGGCCTTCGATCC

UL32FR | TCTCTGTGCCAAATGCCTGG

UL32F3 | GCTGATGAACTGGAAGGATTGC
UL32F4 | GTTTGTGAGCCTGCTTCG

UL32R1 | CACCACAGAAGTAAGGTTCC

Figure 4.5: Position and sequence of primers usedrfsequencing of UL32 mutants.

A. Plasmid map of pUL32 showing the positions of sheprimers used to sequence
the whole of the UL32 gene for all of the UL32 sposon mutants

B. 5’ — 3’ sequences of these sequencing primersprithers give reads
corresponding to the sense strand except UL32Rithvidncomplementary.
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Apart from the 15 bp insert, the full DNA sequent@ach clone was identical to that of
the wt UL32 gene of pUL32.

Each DNA sequence was next translated using thagyxpranslate program and
compared to the wt UL32 protein sequence usingthstalX alignment programme to
identify the position and sequence of each 5 araod insertion. As the insertion can be
in any of the three frames and also involves th@idation of part of the target sequence,
there is variation between the inserted amino doidsfferent mutants. The sequence of
the amino acid insertion within each mutant protsishown in table 4.1. Each mutant was
named according to the last unaltered amino admé&¢he insertion and will be referred
to as such for the remainder of this thesis. Cldieand 77, and 117 and 277 had identical
insertions at the same points in the protein arig @me clone of each pair (17 and 277
respectively) was selected for further characteasaThe positions of each insertion
within the UL32 protein are shown in figure 4.7.

After sequencing of all of the mutants, 1 pg ofreaas again digested witihotl and Xbal
and separated on a gel to confirm that the ins@taidsite was in the expected position
and that the transposon had been excised. FigBishdws the digest patterns for a
selection of clones with inserts between aminosa8itB and 485. As expected, the nearer
the insertion to the C-terminus of UL32 the smaihexNotl- Xba fragment.

4.2.4 Expression of UL32 mutant proteins

Having verified the DNA sequences of the insertionatants, it was important to check

that the encoded proteins were of a similar siaettdL.32 and expressed at similar levels.

1 ug each plasmid was transfected into BHK cells leydhlcium phosphate method as
described in sectioR.2.1.3. 18 hours post transfection, cells weredsied and lysed and
the proteins separated on an 8% polyacrylamidelgelse were transferred to PVDF
membranes which were reacted with R1 antibody ag&lh32, followed by HRP-coupled
protein-A and developed using ECL as previousledesd. To verify similar amounts of
sample were loaded in each well, the membranes stepped and reprobed with a
monoclonal antibody recognising actin (AC-40), daed by HRP-conjugated goat anti-

mouse IgG.
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Clone number JInserted amino acids |Mutant designation

21 PAAAP in5
163 AAAAV in12
131 CGRIL in40
81 VAAAH in55
56 CGRNE in67
121 GAAAR in93
256 CGRRG in95
123 CGRKL in136
166 VRPHC in155
113 CGRMY in177
281 NAAAK in187
20 AAAAF in198
288 VAAAG in220
130 LRPQP in232
249 VRPOR in302
248 MRPHC in309
174 DAAAP in328
45 VRPQP in332
274 CGRNA in338
116 GAAAR in376
11 CGRSG in377
17 CGRSG in378
77 CGRSG NONE
34 DAAAP in398
140 TAAAA in407
206 CGRSR in414
19 LRPHW in435
182 DAAAS in449
49 CGRTG in475
102 AAAAA in486
8 CGRTE in490
138 CGRIK| in494
253 CGRIC in498
33 VRPHW in512
277 VRPHQ in558
117 VRPHQ NONE
95 CGRIR in572
238 HAAAR in580
292 CGRTL in592

Table 4.1: Position of each insertion and sequencéamino acid insertion.

The position of the inserted DNA sequence for edche was determined by sequencing
and compared to the sequence of the UL32 gene ir3pfigure 4.6). The full DNA
sequences for each clone were then translatee fortiiein sequence using Expasy
Translate program. The inserted amino acids for ebmte are listed. Each protein mutant
was renamed according to the last unaltered aatith Those shown in red contained
exactly the same insertion in the same positicenasher mutant.
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in378
in398
in407
in413
in435
in449
in475
in485

6000 bp >
4000 bp >

800 bp
600 bp

Figure 4.8: Position of insertions within UL32 mutar plasmids.

A representative gel showing the positions of tieeition in mutant plasmids in378 to
in485. 1 pg each plasmid was digested Wil andNotl and separated on a 0.8%
agarose gel. The small fragment liberated in eash Indicates the distance between the
insert and the end of the UL32 gene, with decreasirgyshowing the insertion lies further
towards the 3’ end of the gene. Positions of sizekara are indicated.



Chapter 4 120

Figure 4.9 shows the western blots of cells trastetewith each of the 37 mutants. As
previously seen, R1 reacts with a protein of appnately 67 kDa, which is not seen in the
cells transfected with pCMV10 empty vector. AlltbEe insertional mutants produced a
protein of the expected size and accumulated tdasifevels to wt UL32 in transfected
cells, indicating that their stability is not sifjoantly affected. The actin staining confirms

that similar amounts of protein were loaded in eaeh.
4.2.5 Localisation of UL32 mutant proteins

The localisation of transfected wt UL32 and altlod mutants was examined by
immunofluorescence to determine whether any ohthtants differed in their localisation
compared to wt UL32. BHK cells on coverslips wesnsfected with 0.5 pg puUL32,
pCMV10 or each mutant plasmid using Lipofectamif8®(sectior?.2.1.4). 18 hours
post transfection the coverslips were fixed andnaablilised with formaldehyde and
NP40 as previously described. The cells were inatbaith antibody R1 followed by r-
FITC (FITC-conjugated goat anti-rabbit IgG) and mxaed by confocal microscopy.
Images are shown in figure 4.10. As previously smomt UL32 localises to the cytoplasm
of transfected cells. No fluorescence was seehdarcells transfected with the empty
vector, pPCMV10 (figure 4.10A). Again, each of thetant plasmids clearly expressed
protein and all of these showed similar cytoplasimialisation to wt UL32 (figure 4.10B).

4.3 Ability of mutants to complement growth of hr64

The functionality of the mutated proteins was fassessed by analysis of their ability to
complement the growth of the mutant vitu$4 in a transient complementation assay
(section2.2.5). BHK cells were transfected with 1ug of pteds pUL32, pCMV10 or the
insertional mutants using the calcium phosphatédatetSix hours post transfection, the
cells were superinfected with 5 p.f.u. per ¢eB4. After one hour, the virus that had not
penetrated the cells was neutralised with an dgrge wash. 18 hours post infection, the
cells and media were harvested and sonicated. ifélepvogeny were titrated on the
complementing cell line, UL32-5. The plates wereuimated for 4 days at 37°C, stained
and plaques counted. This assay was repeateddomaatant and the ability of each to

complement the growth &fr64 determined by comparison of the yields obtatoethat
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Figure 4.9: Expression of insertion mutants.

BHK cells were transfected with 1 pug puUL32, pCM\WiOplasmids encoding the insertional
mutants by the calcium phosphate method. 18 hasst@mnsfection cells were harvested and
the lysates resolved by electrophoresis on 8% poliamide gels. Samples were transferred
to PVDF membranes and blotted with antibody R1q@)3ollowed by HRP-couple protein-

A (1:1000), and developed with ECL. Membranes vikes stripped and reprobed with a

monoclonal antibody recognising actin (AC-40; 1:p80d HRP-conjugated goat anti-mouse
IgG (1:1000) to confirm equal loading in each lane.
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Figure 4.10: Localisation of UL32 insertion mutantswithin transfected cells.

0.5ug the indicated plasmid DNA was transfected into Bé#ls using Lipofectamine 2000.
18 hours post transfection, cells were fixed withnrfaldehyde and permeabilised with NP40.
Coverslips were then probed with antibody R1 (1)36Dowed by r-FITC (1:200) and were
then examined by confocal microscopy. Scale bab gi8.
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obtained with pUL32. The mean value for each mutashown in figure 4.11, expressed

as a percentage of the mean yield obtained with32UL

The empty vector pCMV10 was not able to supporiviincof hr64 on BHK cells, giving
very low background titres of viruBlasmid pUL32 complemented the growtthos4
efficiently, giving titres ranging from 1.3 x 1@ 9.2 x 10 p.f.u., which were over 100

fold greater than those with pCMV10. 15 of the 3ntamts showed clear complementation
of hr64, all giving yields of over 10% compared to pULBEne of these, mutants in5,
in12, in93, in95, in302, in328, in376, in377 an@78 gave values between 20-100% of wt
UL32. Six of the mutants (in67, in187, in220, in288332 and in475) gave titres that were
above those seen with pUL32, but none of theseréifices were greater than two-fold and
are probably insignificant. The remaining 22 musasiti not complement the growth of
hr64, having titres of less than 10% of that of pULBRese were mutants in40, in55,
in136, in155, in177, in198, in309, in338, in39840i7, in414, in435, in449, in486, in490,
in494, in498, in512, in558, in572, in580 and in5BRis lack of complementation was
unlikely to be due to low levels of UL32 expressamthe repeat experiments were
performed on different occasions with differentdbats of cells, which should rule out any

differences in expression levels.

These results show, that there is variation irathiéty of the mutants to complement the
growth ofhr64 and identify essential regions throughout tloégin. Of the 10 insertions
within the N-terminal portion of the protein (res&b 1-177), 5 generated functional
proteins. 9 of the 12 insertions in the centratipar(residues 187 — 378) were tolerated. In
contrast, only 1 of 15 mutations (in475) in thee@atinal portion (residues 398 — 592) was
functional in this assay. This suggests that ther@vinal third of the protein is particularly
critical for its function, although mutants thasdipted function were present in other parts
of the molecule.

4.4 Ability of mutants to complement DNA packaging

4.4.1 Amplicon packaging assay

The ability of each mutant UL32 protein to supdoNA encapsidation was next tested

using an amplicon packaging assay. This assay medeesf an amplicon plasmid (pSA1)
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containing a minimal packaging signal (Uc-DR1-Uh§l&dSV-1 origin of replication ogi
(Stowet al, 1983). These features allow the amplicon to péa&ted as a concatemer and
packaged in the presence of wt HSV-1 helper viflag amplicon plasmid is transfected
into cells, and wt or mutant HSV-1 superinfectegtovide the helper functions. Total and
DNase resistant DNA samples are harvested frone tbets, digested, Southern blotted
and probed for the presence of the amplicon u&Rdabelled DNA. All of the replicated
amplicon DNA will be detected in the total DNA sdeg whereas only packaged
amplicon DNA, which is protected from DNase treatirigy the viral capsid and so will be
present in the DNase-treated samples.

In addition, unreplicated input pSA1 can be cleawvead small fragments bpnl since the
plasmid DNA is fullydammethylated. Following replication in mammalianisehis
methylation is lost and the DNA becomes resistatgnl thereby allows essentially zero
background signal levels from input molecules tob&ined (Hodge & Stow, 2001,
Nasseri & Mocarski, 1988).

Figure 4.12 shows the result of a packaging assafjrming that provision of wt UL32 is
required for packaging of amplicon DNA hy64. BHK monolayers were transfected with
1 pg pUL32 or pCMV10 along with 0.5 pg pSA1 usihg talcium phosphate method as
described. Six hours post transfection the cellewdected with 5 p.f.u./celir64 or wt
HSV-1. Total and DNase resistant DNA were harveatedescribed in secti@?2.6.2.
These samples were digested véttoRl andDpnl and separated on a 0.8% agarose gel.
The gel was Southern blotted and probed u&Rdabelled pAT153, which is the parental
vector for pSAL. Th&caRl digestion linearises pSAL, producing a bandppraximately
4.4 Kbp.

Lane 1 shows cells that were transfected with pUh32not superinfected, and therefore
neither replication nor packaging of pSA1 is sdefection with wt HSV-1 allowed both
replication and packaging of the amplicon DNA (I&)e As expected, pSA1 was
replicated to equivalent levels in the54 infection in the presence of either the empty
vector or pUL32, confirming thditr64 does not have a defect in DNA replication (laBes
and 4). In contrast, packaged amplicon DNA wasaletkin the cells that received pUL32
but not the empty vector pCMV10.
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Figure 4.12: Packaging of amplicon DNA in the presere ofhr64.

BHK cells were transfected with 0.5 pg pSAL1 alorithv pg either puUL32 or pCMV10
using the calcium phosphate method. The cells wepersifected with 5.p.f.u./cell wt
HSV-1 orhr64, harvested 18 h.p.i., and total and packaged phépared. DNA was
digested withEcdRl andDpnl and separated by agarose gel electrophoresisebbéing
Southern blotted. pSA1 was detected by probing #RHabelled pAT153.



Chapter 4 129

4.4.2 Ability of mutants to support amplicon DNA pa ckaging in

hr64 infected cells

The ability of the mutants to support packagingumiplicon DNA was tested as above and
the results are shown in figure 4.13. The amoupSA1 packaged by each mutant was
determined by densitometric analysis of the bamdhe phosphorimage and compared to
that packaged in the presence of wt UL32, and #hgeg of repeated experiments are

shown in table 4.2.

As before, packaged amplicon DNA was detectduat@4 infected cells transfected with
pUL32 but not pPCMV10 in each experiment. DNA regation was not affected in cells
transfected with any of the UL32 mutants. 15 ofrth@ants supported packaging of the
amplicon DNA, with values of packaged pSA1 over 50Rthat shown with pUL32.

These were the mutants in5, in12, in67, in93, im¥B37, in220, in232, in302, in328,
in332, in376, in377, in378 and in475. The remairf@gnutants did not support DNA
packaging (values of less than 10% of wt UL32). 8anutants showed a faint band of
DNase resistant DNA, for example mutant in309 andd7, due to the long
phosphorimage. However, when quantified, theseegalere very low (less than 10% of
that seen with pUL32) and repeated experiments tivéke mutants showed no significant

packaging of DNA.

These results show there is complete correlatitwedsn the ability of mutants to support

viral growth and their ability to package amplidONA.

4.4.3 Dominant negative inhibition of packaging in wt HSV-1
infected cells

It was possible that one or more of the mutantswiesie unable to package amplicon DNA
or complement viral growth might act as a dominaegative inhibitor of the DNA
packaging pathway.

To investigate this possibility, BHK cells wererisdected with 1 pg each UL32 plasmid
and 0.5 pg pSA1 as before, but superinfected dtib per cell with wt HSV-1. Total and
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Figure 4.13: Ability of insertional mutants to package amplicon DNA.

BHK cells were transfected with 0.5 pg pSA1 andylofithe indicated plasmid using the
calcium phosphate procedure. Cells were superiedeagith 5p.f.u./celhr64, harvested 18
h.p.i. and total and packaged DNA prepared. DNA digested wittEcaRI andDpnl and

separated by agarose gel eletrophoresis before Beiatpern blotted. pSA1 was detected by
probing with32P labelled pAT153.



% packaged compared to pUL32
mutants Experiment 1 | Experiment 2 |[Mean

pUL32 100 100 100.00
pCMV10 0.28 2.0 1.14
in5 99.3 109 104.15
in12 168 184.6 176.30
in40 6.9 6.6 6.75
in55 0.5 1.41 0.96
in67 45.2 100 72.60
in93 55.1 82 68.55
in95 56.4 136.6 96.50
in136 9.5 0.8 5.15
in155 1.1 0.2 0.65
in177 3.7 3.9 3.80
in187 183.3 189.3 186.30
in198 4.67 0 2.34
in220 187 80 133.50
in232 103 83.8 93.40
in302 51.5 108 79.75
in309 8.1 0 4.05
in328 56.9 59.7 58.30
in332 96 83.8 89.90
in338 7.5 0.8 4.15
in376 87 120 103.50
in377 110.4 85.6 98.00
in378 248.6 78.1 163.35
in398 4.95 2.05 3.50
in407 9.6 0.6 5.10
in414 8.3 2.4 5.35
in435 6.7 4 5.35
in449 2.3 8.4 5.35
in475 85.5 51.7 68.60
in486 0 4.55 2.28
in490 0.8 8.7 4.75
in494 1.15 0 0.58
in498 3.8 2.5 3.15
in512 1.45 0 0.73
in558 0.1 0 0.05
in572 0.4 0.8 0.60
in580 6.9 4.8 5.85
in592 0 0 0.00

Table 4.2: Quantification of the ability of mutantsto package amplicon DNA.

Phosphorimages from 2 separate amplicon packagperienents were quantified using
Quantity One software. The amount of pSA1 packageach experiment was quantified
according to total counts/n#m each band of DNase resistant DNA. Each of these w
expressed as a percentage of the values obtainemd pi#lL32 was used to support DNA
packaging.

132
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DNase resistant DNA was prepared and the sampbesgsed, Southern blotted and
probed with*’P-labelled pAT153 as above.

As shown in figure 4.14, transfection of the UL3Rtants did not greatly affect the
replication levels of pSA1. Amplicon packaging vé&®n in cells infected with wt HSV-1,
and addition of the plasmid encoding wt UL32 hackffect on packaging of pSA1.
Although there was some variation in the leveltotdl and packaged amplicon it is clear
that none of the mutant proteins is a potent inbitof the function of wt UL32 expressed

by the superinfecting virus.

4.5 Site specific mutagenesis of conserved CxxC/Cxx  xC

motifs

4.5.1 CxxC/CxxxC motifs

As discussed in the introduction, HSV-1 UL32 iseayvcysteine rich protein with 22 Cys
residues throughout its length. Many of these &bkl conserved within the
Herpesviridagwith seven being completely conserved), includimge CxxC/CxxxC
motifs which are present in almost all currentlypwm herpesvirus UL32 sequences. The
first of these motifs has the sequence CLVC in HISVL32 and corresponds to amino
acids 127-130. The two cysteine residues are cdaipleonserved in all herpesvirus
sequences, and the residue at position three &yalwaline, leucine or isoleucine. The
second CxxC motif has the sequence CLLC at amiits @22-425 in HSV-1 UL32, and
the cysteines and second leucine are completelsecoad. The final motif is found at
amino acids 497-501 in HSV-1 and has the sequeBd&ML. The first cysteine is
conserved with the exception of murid herpesvirdsaad 2. The aspartic acid and second
cysteine are completely conserved, as is the @oliith the exception of the VZV
homologue in which it is a leucine. The high degreeonservation of all of these residues
suggests an important role in the function of th&® protein.

This section describes the site-specific mutagsrdsach of these conserved

CxxC/CxxxC motifs in turn and the functional anadysf these mutants.
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Figure 4.14: Ability of insertion mutants to act asdominant-negative packaging
inhibitors.

BHK cells were transfected with pSA1 along with ea@aticated plasmid using the calcium
phosphate method. Cells were superinfected witl.6.fzell wt HSV-1, harvested 18 h.p.i.,

and total and DNase resistant DNA prepared. Samyges digested, separated on an agarose

gel and Southern blotted as described previouSiplpwas detected by hybridisation’&®
labelled pAT153 probe.
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4.5.2 Construction of CxxC/CxxxC mutants

In order to easily create specific mutations inheaicthe CxxC/CxxxC motifs, a PCR-

based approach was used, summarised in figure 4.15.

Two pairs of primers were designed for each mufifich encoded serines in place of the
cysteines (SxxS/SxxxS), and introduced a novetiotisin enzyme site to facilitate
screening. These primers also spanned uniquectestrsites at either end of the fragment
for use in subsequent cloning steps (UL32Cxx@ill andNhd, UL32CxxC2:Xhd and
Nhd, UL32CxxxC3:Xhd andPst). The sequences of these primers are shown e 48
below. First round PCRs using primer pairs F1-Rd B2-R2 generated two fragments for
each motif which overlapped at the mutated sequeefideese fragments were annealed
and amplified using the outside primers (F1 andt@2jenerate a large fragment
containing the mutated sequences. The large PClRigi®were inserted into pPGEM T
sub-cloning vector to facilitate further cloningydawhite colonies (containing the PCR
product) selected (secti@2.3.9). These colonies were screened for theepeesof the
inserted novel restriction site. The fragments wikem excised from the sub-cloning
vector by cleavage with the appropriate restriceiamymes and ligated into pUL32
digested with the same enzymes. Plasmid DNA wagsapeel using a Qiagen QlAprep
Spin Miniprep kit, screened for presence of theahogstriction enzyme site and
sequenced to confirm that only the desired nuadeaibstitutions were present.
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Excision from T vector by
digestion with enzymes X and Y

X SxxS Y

Ligation into pUL32 digested with
enzymes X and Y

Figure 4.15: Generation of site-specific CxxC/CxxxCnutants.

Site specific mutations were introduced into th&xCKCxxxC motifs by a two-step PCR
approach. The first round of PCR used primer galriR1 and F2-R2. Primers F2 and R1
specified the mutated sequence to be inserted (Sxx$S), and a novel restriction site (Z).
Primers F1 and R2 incorporated unique restrictitas @t each end (X and Y). Two PCR
products were generated which overlapped at thatenisequences. These were dentaured
and reannealed and amplified by PCR using the augsidhers (F1 and R2) to produce a
complete fragment with the mutated site. The PGRIpet was inserted into a sub-cloning
vector (pGEM T vector) which was transformed iitocoliand colonies with the PCR insert
distinguished by blue-white screening. The PCR pecodvas then excised from the T vector
by digestion with enzymes X and Y and ligated iptd_ 32 digested with the same enzymes.
This was transformed back inEo coliand plasmid DNA from individual colonies prepared,
screened for presence of the novel restrictionasitbsequenced.
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5'- 3' sequence
UL32CxxC1 inserted
site
CxxC1F1 CACGTGATAGGTGTGCCGCCCGTC
CxxC1R1 GGTGCGGGAGACCAGGGAGGGCCGGTCTAGAGCGAAGGTGTCGA Xbal
TGGCCGC
CxXC1E2 GCTCTAGACCGGCCCTCCCTGGTCTCCGGCACCATCGAGCTGTAC Xbal
AAGCAAACC
CxxC1R2 CACGAAGATGCTAGCGGCGCAGTG
UL32CxxC2
CxxC2F1 CCCACTGCGCCGCTAGCATCTTCGTGGCC
CxxC2R1 CAGGTTGGACAGCAGGGATTCTCCGCCGCTGCGCCCGCG Hinfl
GGAGAATCCCTGCTGTCCAACCTGTTACTGGTGCGTGCTTAC .
CxxC2F2 TGGCTGGERE Hinfl
CxxC2R2 GGGTCAGCCTCGAGCTGGTCGACGACGGG
UL32CxxxC3
CxxxC3F1 CGACCAGCTCGAGGCTGACCCCGA
CxxxC3R1 AATGGCGGACATGGGATCCGAGAACATGTGCTTAAAGATGGCC BamHI
TCGGGCCC
ATGTTCTCGGATCCCATGTCCGCCATTACGGAGATGGAGGTT
GCGATLL BamHI
CxxxC3F2 GACCCCTGG am
CxxxC3R2 GATCCCAAGCTTGCATGCCTGCAGGTCGAC

Table 4.3: Sequences of primers used for generatifgxxC/CxxxC mutants.

5’-3’ sequences of the primers designed for germaratf CxxC/CxxxC mutants. The
sequences encoding the mutated serine residush@sm highlighted in red. The novel
restriction sites used for screening of the proslaceé underlined and denoted in the right
hand column. The unique restriction sites neaetiteof the PCR fragments used for
further cloning are indicated in blue.

4.5.3 Expression and localisation of CxxC/CxxxC mut  ants

As with the transposon mutants, the expression t#veach CxxC/CxxxC mutant was
compared to wt UL32 in a transfection assay. BHkSagere transfected with 1 pg each
plasmid by the calcium phosphate method and hadedt18 hours. The samples were
analysed by western blotting with antibody R1 aRP-conjugated protein-A as before
and the results shown in figure 4.16A. All thredle CxxC/CxxxC mutants express
similar levels of polypeptides that are recognisgdR1l. Re-probing the blot with the actin

antibody confirmed that similar levels of proteien& loaded in each case.

The localisation of these mutant proteins in traafd cells was also examined compared

to wt UL32. Coverslips of BHK cells were transfetigith 0.5 pug each plasmid and
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Figure 4.16: Transfection of CxxC/CxxxC mutants.

A.

BHK cells were transfected with 1 pg pCMV10, plZL8r mutant plasmid DNA
using the calcium phosphate method. 18 hours parséfection, cell lysates were
prepared and samples were separated by SDS-PAGEvistern blotted as
previously described. Membranes were probed wittbady R1 (1:500) followed by
HRP-conjugated protein-A (1:1000). Blots were te&tpped and reprobed for actin
as a loading control.

0.5ug plasmid DNA was transfected into BHK cells usirigdfectamine 2000. 18
hours post transfection, cells were fixed with fatdehyde and permeabilised with
NP40. Coverslips were then probed with R1 (1:500p¥ed by r-FITC (1:200) and
examined by confocal microscopy. Scale bar = 20 um.
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processed at 18 hours post transfection as dedquifegiously. The coverslips were
incubated with R1 followed by r-FITC, and analys®gdconfocal microscopy. The results
are shown in figure 4.16B. Again, there seems toddifference in the localisation of any
of the CxxC/CxxxC mutants compared to wt UL32, vathfour proteins localising
throughout the cytoplasm.

4.5.4 Ability of CxxC/CxxxC mutants to complement g rowth of
hr 64

The ability of the CxxC/CxxxC mutants to suppos tirowth ofhr64 virus was examined

using the complementation yield assay as previaldessgribed in sectioh.3.

The results of duplicate experiments are showiguré 4.17A. The values for each
mutant are a mean of the duplicate experimentsaendxpressed as a percentage of that
obtained with pUL32.

pUL32 complemented the growth lmf64, giving a mean titre of 6 x 1p.f.u., compared
to a value of 7x1bwith the empty vector pPCMV10. Mutants UL32CxxCXHan
UL32CxxxC3 were not able to support viral growtgrsficantly better than the empty
vector, resulting in yields that were 1.1% and 1@&0hat obtained with pUL32,
respectively. Interestingly, mutant UL32CxxC2 retad some function in this assay,
giving titres of almost 18% of that obtained witdlB2.
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Figure 4.17: Function of CxxC/CxxxC mutants.

A.

Complementation yield assay. BHK cells were tfao®d and superinfected as
described in the legend to figure 4.11. 18 h.prbgeny was harvested and titrated
on UL32-5 cells for 4 days. Plagues were countetitéires expressed as a
percentage of those obtained with wt UL32. Thesaushres and blue triangles show
the results from duplicate independent experimemd,the light blue bars show the
mean values.

Amplicon packaging assay. Cells were transfeutitid the indicated plasmids and
superinfected as described in the legend to figut2. Total and DNase resistant
DNA were prepared and processed as described iors@c2.6.2 and pSA1 was
detected by hybridisation 8P labelled pAT153.
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4.5.5 Ability of CxxC/CxxxC mutants to support ampl icon DNA

packaging in hr64 infected cells

The three cysteine mutants were also tested farfthectionality in the amplicon DNA
packaging assay as previously described. The pbosmge results are shown in figure
4.17B, and the mean values for two replicate paokgassays expressed as a percentage
of the packaging in the presence of pUL32 are shoslow:

% packaged compared to wt UL32

Experiment 1 | Experiment 2 | Mean
puUL32 100 100 100
pCMV10 0.2 15| 0.85
UL32CxxC1 0 11.5] 5.75
UL32CxxC2 12.5 35.8 [ 24.15
UL32CxxxC3 0 0.3| 0.15

Table 4.4: Quantification of the ability of CxxC/CxxxC mutants to package amplicon
DNA.

The amounts of packaged DNA from two separate @éxeerts were quantified according
to total counts/mfin each DNA band from the phosphorimage. Eachexasessed as a
percentage of the values of packaged DNA seereicehls where pUL32 was used to
support DNA packaging.

As expected, DNA packaging occurred following infe with wt HSV-1 orhr64

infection in the presence of pUL32 but not pCMV@@nsistent with the complementation
yield assay results, neither UL32CxxC1 nor UL32Q2&xsupported DNA packaging. In
contrast some packaged DNA was observed with ULRPR2x Quantitation of these
results showed that UL32CxxC2 packaged pSAl teel l&f approximately 25% of that
obtained with pUL32. This is consistent with themgdementation yield results indicating
that a protein mutated in the central CxxC motidires limited function, suggesting that
these highly conserved cysteine residues are molatlly essential for UL32 function.

4.6 Deletion of the C-terminus of UL32 — UL32 AC

One further site specific mutant was created, whmfttained a deletion of the C-terminal

four amino acids of UL32. The extreme C-terminus pigeviously been implicated as
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essential for the function of the homologous HCMWtpin UL52 (Borset al, 2008).

These workers constructed a BAC genome with anagAnserted immediately following
the last codon of UL52 and found that the resuld@A was non-infectious. In addition,
this tagged UL52 protein had an altered localisatipon transfection of the BAC DNA

into cells. Whilst wt UL52 was found to localiseegominantly to the nucleus, the
disruption of the C-terminus resulted in localisatthroughout the cell, leading the authors
to hypothesise that the C-terminus of HCMV UL52equired for its correct sub-cellular
localisation. | therefore wanted to examine whetherextreme C-terminus of HSV-1

UL32 was essential for its function.

4.6.1 Construction of UL32 AC

The UL32AC mutant was constructed by a two-step PCR mutagenesing a similar
method to that used for the CxxC/CxxxC mutants,resansed in figure 4.18. Primer pairs
were designed that were complementary to the UegRance except with deletion of the
12 nucleotides that encode the final four amindsoif the protein (CTYV). These
primers also introduced a novel restriction enzite Hinfl) for ease of screening. The
sequences of the two primer pairs are shown iret4ldI8C. The first round PCR used
primer pairs F1-R1 and F2-R2 to generate two sfraadiments containing the mutated
sequence in the overlap region. These were annaattdmplified in a second round of
PCR using the outside primers (F1 and R2). Theumiodas a 600 bp fragment flanked
with Hindlll and Xhad sites which had a deletion of the final four coddut retained the
TGA stop codon. This PCR product was inserted tiopGEM T sub-cloning vector and
screened for the presence of the naviefl restriction site. The fragment containing the
Hinfl site was excised by digestion withindlll and Xhd, gel purified and inserted into
pUL32 digested with the same enzymes. This plastii@2AC was sequenced to confirm

deletion of the final four codons.

4.6.2 Expression and localisation of UL32 AC

The expression and localisation of U2 was compared to wt UL32 in transfected cells
(figure 4.19). The western blot shows that UNB2produced a polypeptide recognised by
antibody R1 that was expressed at similar levelsttdL32 protein. There was no visible
size difference between wt UL32 and UIAZ2, but this is not surprising, as the deletion of
four amino acids is predicted to only reduce théemudar weight from 63.9 kDa to 63.6
kDa (figure 4.16A). In the immunofluorescence stisdbf transfected BHK cells, the
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A.
ACF1 7 . ACF2.
TLCTYV - Hinfl
ACC CTG TGT ACC TAT GTATGA CAC CGACTC CCA
TGG GAC ACA TGG ATA CAT ACT GTG GCT GAG GGT
~ ACR1 N 7 Hinfl <_IACR2
\\ ,,
\\’/
B.
T L -
ACC CTG TGA CAC CGACTC CCA
TGG GAC ACT GTG GCT GAG GGT
C.
5'- 3'sequence
ACF1 CGACCAGCTCGAGGCTGACCCCGA
ACR1 TGGGAGTCGGTGTCACAGGGTGTGCTCCAGGGACAGGAGCGA
ACF2 TCGCTCCTGTCCCTGGAGCACACCCTGTGACACCGACTCCCA
ACR2 GAGCACACCCTGTGACACCGACTCCCATCGCCGLCGGLTCCCC

Figure 4.18: Primers used for generation of UL3&C.

A. The positions of primer paisCF1 AR1 andACF2 /CR2 relative to the 3’
end of UL32, showing the nucleotides deleted inphmer sequences. The
positions of the introducedinfl sites are indicated in red.

B. The product generated by the PCR mutagenesis,Minhucleotides (coding
for amino acids CTYV) deleted.

C. 5 3sequences of primers designed for generaifddL32AC. The
nucleotides complementary to the UL32 sequencstawn in blue and the
introducedHinfl sequences underlined.

144
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Figure 4.19: Expression and localisation of UL3&C in transfected cells.

A. BHK cells were transfected with 1 pg pCMV10, pl8r UL32AC plasmid DNA
using the calcium phosphate method. 18 hours parséfection, cell lysates were
prepared and samples were separated by SDS-PAGEvéstern blotted as
previously described. Membranes were probed witibady R1 (1:500). Blots were
then stripped and reprobed for actin as a loadimgrob

B. 0.5ug plasmid DNA was transfected into BHK cells usirigdfectamine 2000. 18
hours post transfection, cells were fixed with fatdehyde and permeabilised with
NP40. Coverslips were then probed with antibody(R%00) followed by r-FITC
(1:200). These were then examined by confocal ret@py. Scale bar = 20 pm.
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localisation of UL32AC was indistinguishable from that of wt UL32, bbiking
distributed throughout the cytoplasm (figure 4.16B)

4.6.3 Ability of UL32 AC to complement the growth and DNA
packaging defects of hr64

UL32AC was then tested for functionality in the two gssaxamining the
complementation of growth and DNA packagindhtg4.

Figure 4.20A shows that ULAZ was incapable of supporting virus growthne4
infected BHK cells. Furthermore, ULAZ did not support DNA packaging, and
quantitation of duplicate experiments showed tHa82AC packaged DNA to a level of
4.78% of that obtained with wt UL32, not signifitlgmore than the value of 3.15%
obtained with the empty vector pCMV10 (figure 4.20B

These results indicate that the C-terminal foumanaicids of UL32 are essential for DNA

packaging and virus replication.

4.7 Discussion

4.7.1 Creation of UL32 insertional mutants

Firstly, a panel of 37 insertional mutants was eaising a random transposon based
mutagenesis system. This approach was selectédefanitial studies of UL32 because no
previous work has been attempted to identify regiointhe protein essential for its
function. The identity of the mutants was confirniigdDNA sequencing and each
expressed a full-length protein at similar levelsvt UL32. Like wt UL32, each protein
localised to the cytoplasm of transfected cellse Tisertions are generally well-spaced
giving good coverage throughout the UL32 protextept for a relatively small region
between amino acids 232 and 301 with no insertions.

A further set of site specific mutants were creatédl 32CxxC1, UL32CxxC2 and
UL32CxxxC3. These substituted the highly conseiesieine residues in each of these
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4.20: Functional analysis oAC mutant.

Complementation yield assay. BHK cells were tfacted and superinfected as
previously described. 18 h.p.i., viral yields weddlected and titrated on UL32-5
cells for 4 days. Plaques were counted and titkpeessed as a percentage of those
obtained with wt UL32. The red squares and blungies represent duplicate
independent experiments and the light blue baresshe mean values.

Amplicon packaging assay. Cells were co-transfigtith pSA1 and either
pCMV10, pUL32 or UL32AC and superinfected with wt HSV-1 w64 as
previously described. Total DNAse resistant DNA evprepared and processed as
described in section 2.2.6.2 and pSA1 was detdmtétybridisation t¢?P labelled
pAT153.
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CxxC/CxxxC motifs with serines. Finally, the extrei@-terminus of UL32 (final four

amino acids) was deleted, generating the ING2nutant.

4.7.2 Analysis of functionality of the UL32 mutants

The mutants were examined in two functional assay®ir ability to complement the
growth of the UL32 mutant virusr64 and their ability to support DNA packaging by
hr64.

An exact correlation was found between the abditynutants to support viral growth and
their ability to package DNA, both for the insern& mutants and the site-specific
CxxC/CxxxC and UL32C mutants. This suggests that the key functionld2Jin the
viral life cycle is in initiation of DNA packagingVere UL32 required at a later stage of
the viral life cycle, another class of mutants nbigh expected that support DNA
packaging but fail to complement growth of the mitarus. This phenotype has been
reported during mutational analysis of the UL25tgirg which is not required for the
initiation of packaging, but is important for tregmination of packaging and nuclear

egress (O'Harat al).

4.7.3 Correlation between functionality of the muta  nt protein and

conservation of the UL32 protein

Figure 4.21 shows a similarity plot (generated byeNStow) constructed by extracting the
UL32 protein sequences for tAdphaherpesvirinaédrom the RefSeq database. These were
aligned with ClustalW and analysed using PlotSintg GCG). The graph shows
similarity plotted against amino acid number, viltle peaks indicating regions of high
conservation throughout these sequences and tighsondicating poor conservation.
Differences between the lengths of the proteinstaadntroduction of padding characters
results in the alignment length being 720 amindsicompared to the 596 aa length of
HSV-1 UL32. The positions of all of the insertiomalitants are indicated on this
alignment with the functional mutants (those givovgr 10% packaging or growth
complementation compared to wt UL32) shown in grah the non-functional (less than
10% of the values of wt UL32) in red. From the dat@ad regions of the UL32 protein
can be identified which have differing susceptil@B to disruption, which correlate with
their conservation. The C-terminal portion of tletpin shows a high degree of similarity

and contains many highly conserved residues (Chbedrthird). This region is intolerant
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of disruption, with all but one of the insertiorfsea amino acid 398 generating a non-
functional protein. The central portion (centrajioa) of the protein is less well conserved
and is much more tolerant of insertions, with 9tbiet 12 mutants between amino acids
187 and 378 retaining functionality. The N-termittatd has two distinct regions of highly
conserved residues and again, these correlatdivatfunctionality of the mutants, with the
mutants between amino acids 40 and 55 (N term A)1&6-177 (N term B) not
supporting virus growth or DNA packaginglaf64.

Figure 4.22 shows another alignment of UL32 proseiguences from the
Alphaherpesvirinagthis one created by aligning the same sequersieg ClustalX. This
gives a more detailed view of the conservatiomdhiidual amino acids within UL32 and

also indicates completely conserved residues witasterisk (*).

Again, the positions of all insertional mutants idicated on this alignment with the
functional mutants shown in green and the non-fanet in red. A number of mutants
have the insertion directly preceding or followmgesidue that is completely conserved
within the Alphaherpesvirinaémutants in40, in136, in155, in398, in435, in4i&4,98

in558, in580 and in592) or that is conservativelgdituted (mutants in55, in177, in407
and in572). Furthermore, mutant in498 has the Bseriion within the third conserved
CxxxC motif immediately after the first cysteinell Af these mutations render the protein
non-functional, consistent with the completely camed residues being essential for UL32

activity.

In contrast, mutant in475, which has an insertioaady before an aspartic acid (D) that is
almost completely conserved within these sequefwaiés the exception of Suid
herpesvirus 1), is fully functional. It is intergsf to note that this aspartic acid is not well
conserved in the UL32 sequences ofBle¢ga-andGamma- herpesvirina&Vith the
exception of mutant in475, the remaining mutanés thtained function in the packaging

and growth assays are all found within less coregeregions of UL32.

In general, insertions within those regions of UltBat are the most highly conserved
were non-functional, whereas the regions of lovegrservation were more tolerant to the
insertion of 5 amino acids. When looking at theikinty plot, 20 out of the 22 non-
functional insertions were in regions above them@milarity level of the UL32 protein,

with 13 of the 15 functional insertions in regiafdower than average similarity.
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4.7.4 Correlation between function and predicted se  condary

structure

As there is no crystal structure of HSV-1 UL32 #&aalie, the position of mutants was
compared to the secondary structure of UL32 predibly the PSIPRED program
(McGuffin et al, 2000). The predicted secondary structure of Uikk3hown in figure
4.23, with positions of the functional mutants dexalan green and non-functional in red.
The majority of mutants with insertions within preted helices are non-functional,
probably because they disrupt the structure oh#lx. Conversely, most of the functional
mutants lie within predicted unstructured regionthe protein. However, there are some
mutants that do not follow this pattern, and mwan12, in376, in377 and in378 all lie

within helical regions but are able to compleméet growth and packaging bf64.

4.7.5 Site-specific mutants

Four further mutants were created to analyse higbihserved regions of the UL32
protein. The first set comprised three independahstitution mutations of the
CxxC/CxxxC motifs replacing the cysteines with ses. Serine was chosen as the
replacement amino acid because it has the san@stas cysteine apart from
replacement of the —SH group with an —OH. This &hbowever abolish the ability of the

mutated residue to participate in disulphide bardhition and to coordinate zinc ions.

Mutation of the first and third CxxC/CxxxC motif€i(VC and CDMPC) completely
abrogated protein function, but substitution of ¢katral pair of cysteines with serines
resulted in a protein that retained partial abiidysupport growth and DNA packaging in
cells infected witthr64. This was an unexpected result, as the CxLCesexguof this
motif is completely conserved throughout all heyres sequences.

CxxC motifs have been identified in a wide rang@miteins, both viral and non-viral,
which perform a variety of different functions. BHeemotifs are found in proteins involved
in formation and isomerisation of disulphide borfds,.example the thioredoxin
superfamily, some of which can act as chaperonegittolding of other proteins (Berndt
et al, 2008). It has previously been suggested that LHc32 a redox chaperone, being

involved in the correct folding and localisationtbé VP19C capsid protein (S. Weller,
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presented at International Herpesvirus Workshop52@&lthough these data have not been
published. CxxC/CxxxC motifs are also importantzimc binding proteins and C%-C
sequences are found in many zinc finger (ZnF) éoimig proteins. ZnFs also often contain
conserved histidines, and are divided into diffedasses based upon the organisation of
the Cys and His residues and the secondary steucfuhese motifs. Many zinc binding
proteins contain multiple zinc fingers throughduwit length. Herpesvirus UL32
sequences do not contain these conserved histielidues in the characteristic ZnF
arrangement, but HSV-1 UL32 has previously beeonted to bind zinc (Chanet al,

1996) and this is likely to be through the CxxC/&@&xmotifs. Zinc binding proteins are
implicated in a wide range of functions, includinteractions with other proteins,
folding/assembly of other proteins and interactianth nucleic acids. None of these
functions has yet been assigned to UL32, but lessiroDNA packaging could involve
interactions with other capsid or packaging prcein

The results presented here indicate that the de@wrseC motif is not as critical for protein
function as the first and third motifs. It is pdsdsithat the outer motifs function in zinc
binding activity and the central motif is not invet in this activity. It could be envisaged
that the first and third motifs, although far aparthe primary sequence of the protein, are
in close proximity in the native protein, whereytheight be involved in zinc co-
ordination. Alternatively, there may be a degreeesiundancy, so that when the central
CxxC is mutated, one of the other conserved motitdd partially overcome this

mutation. However, this does not seem to be the fraghe other CxxC/CxxxC motifs
which are completely essential, and would presuynagjuire changes to the overall

conformation of the protein.

The other site specifically targeted was the ex¢ré&rterminus of UL32 with a deletion of
the C-terminal four amino acids (ULBZ). This deletion includes the C-terminal 2 amino
acids which are completely conserved within Aighaherpesvirinagand not surprisingly,
the mutation destroyed protein function. This iagistent with previous data showing that
the extreme C-terminus is essential for proteircfiom and correct localisation in UL52 of
HCMV (Borstet al, 2008). This is also in agreement with the phepetyf the insertional
mutant in592, which has the insertion directly pesting these four amino acids, and is
non-functional. The final four amino acids of HSMJ1.32 (CTYV) are found to fit the
consensus for PDZ domain-binding sites (X-S/T-X-RZ domains are among the most
common domains found in proteins are involved wigin-protein interactions and the

clustering and localisation of proteins, commonlyding consensus sequences at the C-
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terminus of proteins (van Ham & Hendriks, 2003)remains to be determined whether
the C-terminus of UL32 is involved in PDZ domaimdiing within the context of HSV-1

infection.

4.7.6 Inhibition of wt UL32 function

Each of the non-functional mutants was also testedransient packaging assay to
determine whether they inhibited the function ofllt32. A dominant negative phenotype
Is often seen if a mutated protein can still perfqrart of its function, for example binding
to an interaction partner, but cannot carry ouepfhinctions. In this way, the mutated
protein can sterically or otherwise inhibit the ¢tion of the wildtype protein. This
property has been demonstrated with the HSV-1 D&fAication proteins, where mutant
forms of the origin binding protein, ICP8 and UUBiahibit wt HSV-1 infection (Barnard
et al, 1997; Chen & Knipe, 1996; Stoet al, 1993). Recently, it was also demonstrated
that deletion of a NLS from the packaging proteirlb created a dominant mutant able to
inhibit HSV-1 replication (Yangt al, 2007).

None of the UL32 mutants tested showed potent daminegative inhibition of the
packaging of wt HSV-1 in these assays. There maytn@mber of possible reasons for
this. The UL32 protein may act as a monomer in H3ackaging, for example having an
enzymatic activity, so that as long as a wildtypent is present in cells, the mutant form
has no effect. Alternatively the wt form of the @o may compete for binding of any
potential partners more efficiently than the muganatteins, or any interaction may be
transient enough that the wt UL32 is still ablentieract with its binding partners briefly

even in the presence of the mutant protein.

One further possible reason why none of the mutsimgsved dominant-negative activity in
this assay is that for some reason mutant UL32esged from a plasmid was unable to
compete effectively with the wt protein expressgdvwb HSV-1. An alternative approach

to this assay might be to transfect three plasmith® amplicon, pUL32 and the insertional
mutant - and superinfect witlr64, to ensure that wt and mutant UL32 are similarly
expressed in cells. A subset of the mutants hage tested again using this method and no
dominant-inhibitory activity was seen, confirmirgetprevious results (Dr Nigel Stow;

data not shown)
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4.7.7 Conclusions

This chapter describes the generation of a largelpe mutants within UL32, allowing
functional characterisation of a substantial portod the protein. Thus far, the precise role
of UL32 within the DNA packaging pathway is not kg so the explanation for some of
these mutants being non-functional remains unchevertheless, once specific functions
for UL32 begin to emerge, these mutants shouldgnovaluable in identifying regions of

the protein that contribute to such activities.
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5 Investigation of potential interactions of UL32
with other HSV-1 proteins

5.1 Investigating the effect of UL32 on the localis  ation of

HSV-1 capsids and capsid proteins in infected cells

HSV-1 DNA cleavage and packaging occurs in repgbcatompartments (RCs) within
infected cells, and many proteins involved in cbgarand packaging have been shown to
localise to these sites. Lamberti and Weller (1988prted that UL32 was required for the
correct localisation of capsids to RCs in HSV-Z utéd cells. They found that capsids
were mis-localised throughout the nuclei (excludimg RCs) in cells infected with the
HSV-1 UL32 mutanthr64. However, these results have not been subsédgeentirmed,
and UL32 appears to be absent from B capsids mmngi(Lamberti & Weller, 1998). |
therefore decided to repeat these experimentsamiee whether UL32 does have an

affect on the localisation of capsids or capsideins.
5.1.1 The effect of UL32 on capsid localisation

Firstly the localisation of capsids was investigatising a rabbit anti-capsid antibody
kindly provided by Dr David Pasdeloup (MRC Virologhit). This antibody was raised
against cytoplasmic capsids and as such recogragssd and some tegument proteins (Dr
Pasdeloup, personal communication). The presenR€sfwere visualised with an

antibody recognising ICP8, the HSV-1 single strahB&lA-binding protein.

BHK cells on coverslips were infected with 5 p.foer cell wt HSV-1 ohr64 for six
hours. Cells were then fixed and permeablilisedgiformaldehyde and NP40 and
blocked with human serum (secti@ar2.8). Coverslips were incubated with the antiso@p
antibody (1:1000) and M7381 (mouse-anti ICP8 Ig&@Q0Q). The cells were washed and
then incubated with r-FITC (FITC-conjugated goai-azbbit IgG; 1:200) and m-Cy5
(Cyb5-conjugated goat anti-mouse 1gG; 1:500), tovalsimultaneous detection of both
ICP8 and capsids within infected cells. The cowessivere examined by confocal
microscopy using lasers with excitation lines & 4& and 633 nm, corresponding to the
excitation wavelengths of the FITC and Cy5 fluaspectively. The two channels were
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scanned separately and the same settings maintaieedyhout. The results are shown in

figure 5.1.

In both infections, the replication compartments @vident, as indicated by the staining of
ICP8 within the nucleus (images B and E). As hanlgeviously reported, capsids in wt
HSV-1 infected cells localised predominantly to B@s where they co-localised with
ICP8 (images A and C). In contrast to the data ftammberti and Weller, there was no
significant difference in capsid localisation iretir64 infected cells, with the majority of
the capsids again colocalising with ICP8 in the Ri@sges E and F). In both infections, a
small portion of capsid staining can be seen abther edge of the cell, which may
represent input capsids or cross-reactivity ofahbody with HSV-1 glycoproteins on the

surface of the cell.

5.1.2 The effect of UL32 on the localisation of VP5 and VP19C

These results were furthered by examining the isa@bn of two specific capsid proteins,
VP5 and VP19C, in the presence and absence of UIBR.is the major capsid protein
making up the hexons and pentons. VP19C is a xripmletein which has also been
reported to be partially mis-localised and aggregat the cytoplasm of cells infected with
hré4 (S. Weller, presented at International Herpesw\orkshop, 2005), although these

results have not been published

BHK cells were infected and coverslips fixed andpeabilised as above. Coverslips were
incubated with R515 (rabbit anti-ICP8 1gG; 1:508y¢ther with either DM165 (mouse
anti-VP5 IgG; 1:500) or M2040 (mouse anti-VP19C jd&00) antibodies. This was
followed by incubation with r-FITC and m-Cy5 antihes and examination of the
coverslips by confocal microscopy. Resultant imagesshown in figure 5.2. In all
infections, ICP8 staining could be clearly seethmnucleus, indicating that RCs had
formed (images A, D, G and J). In agreement withgrevious results using the anti-
capsid antibody, VP5 showed the same localisatiarells infected with wt HSV-1 (image
B) andhr64 (image E), colocalising with ICP8 in both ingtas (images C and F). VP19C
also co-localised with ICP8 within RCs in cellsaafed with both wt HSV-1 (images H
and ) anchr64 (images K and L).
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wt HSV-1

hr64 HSV-1

Figure 5.1: UL32 does not affect the localisation afapsids in HSV-1 infected cells.

BHK cells on coverslips were infected with 5 p.fcell wt HSV-1 orhr64. 6 h.p.i. cells
were fixed with formaldehyde and permeablilisedwitP40, followed by blocking with
human serum. Coverslips were incubated with M738L6aanti-ICP8; 1:200) and
rabbit anti-capsid (1:1000) antibodies. This wdkfeed by incubation with m-Cy5
(Cy5-conjugated anti-mouse; 1:500) and r-FITC (FHdadjugated anti-rabbit; 1:200)
and the examination of cells by confocal microsc&sale bar = 20 um.
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A.

wt HSV-1

hr64 HSV-1

wt HSV-1

hr64 HSV-1

Figure 5.2: UL32 does not affect the localisationfa@apsids proteins in HSV-1
infected cells.

BHK cells on coverslips were infected with 5 p/fcell wt HSV-1 orhr64. 6 h.p.i.,
cells were fixed, permeabilised and blocked. Cdiparsvere incubated with R515
(rabbit anti-ICP8 1gG; 1:500) and either DM165 (mewnti-VP5 IgG; 1:500, panel
A) or M2040(mouse anti-VP19C IgG; 1:500, panel B)ese were then incubated
with r-FITC and m-Cy5 and examined by confocal msmopy. Scale bar = 20 pum.



Chapter 5 161

Together, these data suggest that UL32 is not medj@ior the correct recruitment of
capsids or the individual capsid proteins VP5 od Y@ to replication compartments prior

to DNA packaging.

5.2 Generation of an HA-tagged UL32 construct

To further aid the studies examining the potentidractions of UL32 with other HSV-1
proteins, a plasmid expressing a tagged versidiL8R was generated. The tag used was
the HA tag, which is a nine amino acid peptide witifrom the haemagglutinin protein of
influenza virus. High quality mouse monoclonal baties are available for the HA tag,
which would allow this tagged version of UL32 tobsualised in immunofluorescence
assays along with other HSV-1 proteins for whidbbraantisera are available in the

laboratory.
5.2.1 Generation of plasmid pHA-UL32

It was decided to clone the HA-tag at the N-termintiUL32 to avoid disruption of the
very highly conserved extreme C-terminus. Furtheenattempts by another group to add
an HA tag to the C-terminus of the HCMV UL32 hongple, UL52, resulted in a non-
functional protein. These authors were able tossgfolly introduce the tag at the N-
terminus of the protein and generate a functionabtruct (Borset al, 2008). Another
important factor to be considered when designiegidéigged construct was the
arrangement of UL32 and surrounding genes withenlHBV-1 genome. The start codon
(ATG) of UL32 overlaps in the opposite orientatiwith the start codon of the UL33 gene,
as shown in figure 5.3A. UL32 is encoded by HSWitlaotides 69162 to 67372 with
UL33 encoded on the opposite strand from nuclest@8d61 to 69553. Therefore, if the
tag was placed at the extreme N-terminus of ULBB,would interrupt the first codon of
the UL33 gene. Instead, the tag was inserted betéteesecond and third codons of
UL32. This also ensured the Kozak consensus segudenthe initiation of translation of
UL33 was not disrupted, and that tHed site was conserved, which could then be used
for further cloning steps (secti@n3.1). In addition, the positioning of the tag Wballow
this construct to be used to introduce a taggesioneiof UL32 into the HSV-1 genome
without disrupting the UL33 gene.
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Figure 5.3: Primers used to generate pHA-UL32.

A. HSV-1 nucleotides 69175 to 69133 showing the layeof the 5’ termini of
the UL32 and UL33 genes. The N terminal amino acfd$L32 are shown in
blue and UL33 in green.

B. Plasmid map of pUL32 indicating the positiondla# primers HA-F and HA-
R used to generate the HA-UL32 construct.

C. 5’-3’ sequences of primers used to generate pHA2JI'he blue nucleotides
show those that are complementary to the UL32 gedehe red nucleotides
show those encoding the HA tag. The black nuclestate complimentary to
the plasmid backbone. Tikgnl andPmll restriction endonuclease sites used
for the cloning are underlined.

D. The nucleotide sequence of the 5’ end of the Hfgéal UL32 gene in
plasmid pHA-UL32 and the corresponding protein sege. Amino acids are
shown in blue for the UL32 sequence and red foiHAdag. TheKpnl
restriction endonuclease site is underlined.
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A.
nt69162 UL32
MA T S PP G V L A
CTCCCGCCCAGCCATGGCAACTTCGCCCCCCGGGGTCCTGGCG
GAGGGCGGGTCHGTACCGTTGAAGCGGGGGGCCCCAGGACCGC
GGWPM
nt 69161
UL33
B. Ncol
/ Kpnl
C.

5" GCTCGGTACCCCATGGCATACCCTT
HA-F: ACGACGTGCCTGACTACGCTACTTCGCCCCCCGGGGTCCTGGCG 3

HA-R: 5" ACCTATCACGTGACTGGCCGTCAGGAGCTCGGC 3

MAY PYDVPDY AT S PP GV L A
—— GG TAC CCC ATG GCA TAC CCT TAC GAC GTG CCT GAC TAC GCT ACT TCG CCC CCC GGG GTC CTG GCG
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The tag was introduced into pUL32 using a PCR aggroTwo primers were designed as
shown in figure 5.3B and C. Primer HA-F encodedfits two codons of UL32, followed
by the HA tag and then eight more UL32 codons (amaicids 3-11). This primer also
included a&Kpnl restriction endonuclease site that was useduidhér cloning. Primer HA-
R was completely complimentary to the UL32 sequepproximately 150 nucleotides
downstream from HA-F, and includedPanll restriction site for further cloning. PCR using
primers HA-F and HA-R generated a product of appnaxely 150 bp, flanked biymll
andKpnl restriction sites. The pUL32 plasmid was digestéth these enzymes and the
large fragment purified following gel electrophdsed his was then ligated to the PCR

fragment (also digested wiPmll andKpnl) to generate plasmid pHA-UL32.

5.2.2 Expression and localisation of HA-UL32 protei nin

transfected cells

It was essential to verify that the plasmid pHA-2L&id indeed express the HA-tag fused
to the UL32 protein and that HA-UL32 could be d&tdausing a commercial anti-HA
antibody. This was done using western blots andunuofiuorescence of cells transfected
with pHA-UL32.

BHK cells were transfected with 1 ug pUL32 or pHA32 using the calcium phosphate
method. Cells were harvested 18 hours post infechoiled in the presence of SDS and
separated by electrophoresis on an 8% polyacrykugetl Samples were transferred to
PVDF membranes and immunoblotted using a mousd-stantibody (F-7; 1:500)
followed by HRP-conjugated goat anti-mouse IgG @0) and developed using ECL
substrate. The resultant gel is shown in figuré5ldane 1 shows a band of the expected
size for HA-UL32, indicating that the tag is albbelte recognised by this antibody. A
corresponding band was not present in the celisteated with the untagged pUL32 (lane
2) confirming that this recognition is specificttee HA tag. The membrane was stripped
and re-probed using R1 (anti-UL32) to confirm thail.32 reactive protein migrated at
the same position as the product recognised bgritheHA antibody (lanes 3 and 4).

To investigate the localisation of HA-UL32 in tréésted cells, BHK cells on coverslips
were transfected with 0.5 pg pUL32 or pHA-UL32 gsinpofectamine 2000. 18 hours
post transfection, cells were fixed and permeagldiwith formaldehyde and NP40 and
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Figure 5.4: Expression and localisation of HA-UL32.

A. BHK cells were transfected with 1 pg pHA-UL32pmdL32 using the calcium
phosphate method. 18 hours post transfection)yseites were prepared and
samples were separated by SDS-PAGE then westetadkrs previously
described. Membranes were probed with F-7 (mousdHay) 1:500), followed
by HRP-conjugated goat anti-mouse IgG (1:1000). mkenbranes were then
stripped and re-probed with R1, followed by HRPled protein-A.

B. 0.5ug plasmid DNA was transfected into BHK cells usirigdfectamine 2000.
18 hours post transfection, cells were fixed antngabilised. Coverslips were
then probed with F-7 (mouse anti-HA; 1:500) follaAzy m-Cy5 (1:500) and
examined by confocal microscopy. Scale bar = 20 pm.
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incubated with F-7 (1:500) followed by m-Cy5. Thwverslips were analysed by confocal
microscopy and the images are shown in figure 5T4®. anti-HA antibody shows bright
fluorescence in the cytoplasm of those cells testsfl with pHA-UL32 (image A) but no
fluorescence was seen in the cells transfectedpitt82 (image B), again confirming the
specificity of the antibody. HA-UL32 has the sarmedlisation as untagged wtUL32
(figure 3.6), indicating that the addition of a $htag does not affect the localisation of the
UL32 protein.

5.2.3 Functional analysis of pHA-UL32

It was also necessary to confirm that the taggetepr expressed from pHA-UL32
retained functionality. This was done by testingdpHL32 in the two assays already
described in chapter 4 examining the complememtatiggrowth and DNA packaging of
thehr64 virus.

5.2.3.1 Complementation yield analysis

BHK cells were transfected with 1 pg pUL32, pCMVWIGpHA-UL32 and superinfected
with hr64 as previously described (sect#®B). 18 hours post infection, the cells and
media were harvested and viral progeny were tdratethe complementing cell line,
UL32-5. Cells were stained and plaques countedffamgields are shown in figure 5.5A.
The value for pHA-UL32 is a mean of duplicate expents and is expressed as a

percentage of that obtained with pUL32.

As in previous experiments, pUL32 successfully clemented the growth defect 64,
giving a mean titre of 6 x 2@.f.u., compared to a value of 4.6%Miith the empty vector
pCMV10. pHA-UL32 supported viral growth as efficignas the untagged protein, with a
mean titre of 6.6x10p.f.u., 110% of that obtained with pUL32.

5.2.3.2 The ability of pHA-UL32 to support amplicon DNA packaging by hr64

The HA-tagged UL32 construct was also tested foaltility to support the DNA
packaging ohr64 in the amplicon packaging assay. BHK cells vieresfected with 1 ug
pUL32, pCMV10 or pHA-UL32 along with 0.5 pg pSAldsuperinfected with wt HSV-1
or hr64 as described in secti@®.6. Cells were harvested at 18 hours post inieend

total and DNase resistant DNA samples prepared DI samples were separated by
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electrophoresis, Southern blotted and pSA1 wastietdy hybridisation t&P-labelled
pAT153 probe as described previously.

Figure 5.5B shows that pSAL replication occurredlirsamples. As expected, DNA
packaging occurred following infection with wt HSMflane 1) ohr64 infection in the
presence of pUL32 (lane 2) but not pCMV10 (laneX)nsistent with the
complementation yield assay results, pHA-UL32 wale # support DNA packaging of
hr64 (lane 4). Quantification of the data from thigla repeat experiment revealed that
pHA-UL32 supported pSA1 packaging to 80% and 105%elevels observed with
puUL32.

These results together confirm that a constructsmasessfully created that expressed the
UL32 protein containing an HA tag and that thistpio was indistinguishable from wt

UL32 in assays examining its ability to supporavgrowth and DNA packaging bif64.

5.3 Generation of an HSV-1 recombinant virus

expressing HA-tagged UL32

An HSV-1 recombinant virus expressing the same H&82Jwas then generatethe

method used for this is described in secfdh12.

The approach taken was to rescueht@l mutation with a fragment containing the HA-
UL32 gene. Since the HA tag lies very close toghe of the UL32-containing fragment in
pHA-UL32, a plasmid, p33-HA-UL32, containing addital sequences from the UL33

gene to facilitate homologous recombination, west Gionstructed.
5.3.1 Generation of plasmid p33-HA-32

Figure 5.6 shows the cloning strategy used to geaglasmid p33-HA-32. Since the
UL32 and UL33 initiation codons overlap within Bligd restriction site (recognition
sequence CCATGG) (figure 5.3A), thikkd site can be used for convenient linking of the
UL33 gene and the HA-tagged UL32 gene. Firstly, pHIA32 was digested usinfgcd
andNdd, the fragments separated by agarose gel eledrepis and the large fragment

(containing HA-UL32 and a large section of the plasbackbone) purified from the gel.
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Figure 5.5: Functional analysis of pHA-UL32.

A. Complementation yield assay. BHK cells were tfac®d and superinfected as
previously described in figure 4.11. 18 h.p.i.avlyields were collected and titrated
on UL32-5 cells for 4 days. Plagues were countetitities expressed as a
percentage of those obtained with pUL32.

B. Amplicon packaging assay. Cells were co-transfietith pSA1 and either
pCMV10, pUL32 or pHA-UL32 and superinfected with MSV-1 orhr64 as
previously described in figure 4.12. Total and Dé&lessistant DNA were prepared
and samples digested wiitadRl andDpnl. DNA was separated by agarose gel
electrophoresis and Southern blotted, and pSAldetected by hybridisation P
labelled pAT153.
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D.

UL32

MAY PYDVUPDYATSUPPGVLA
CTCCCGCCCAGCCATIZGACCCTTACGACGTGCCTGACTACGCTACTTCGCCCCCCGGAEEICCTGG
GAGGGCGGGTCGGTBTATGGGAATGCTGCACGGACTGATGCGATGAAGCGGGGGGCORICAGGACC

4+—

Figure 5.6: Generation of p33-HA-32

A. pHA-UL32 was digested withicd andNdd and the fragments separated by
agarose gel electrophoresis. The large fragmertiaoong the plasmid
backbone and HA-UL32 was purified.

B. pUL33 was digested witHindlll and blunt-ended. AiNdd linker was added
this was re-digested witdcd and Ndel. The fragment containing UL33 was
purified to yield a fragment containing the UL33hgdlanked byNcd at its 5’
end and\dd downstream of the 3’ end

C. The UL33 and pHA-UL32 fragments were ligatedthiaNdd andNcd
restriction enzyme sites to generate plasmid p3332Acontaining HA-UL32
(blue) and UL33 (green) encoded in the oppositendation to one another.

D. The nucleotide sequence of the 5’ termini of UlaB@l HA-UL32 within
plasmid p33-HA-32. The start codon of each genethedrientation are
indicated by arrows. The amino acids of the UL3&qin are shown in green
and UL32 in blue, with the HA tag shown in red. Hmared\cd restriction
site is underlined
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As pUL33 does not contain &dd site, the cloning strategy used to excise UL33 wa
slightly different. pUL33 was digested wiktindlll and blunt-ended. AiNdd linker was
added, the product re-digested witdd andNcad and the UL33-containing fragment
purified. This generated a fragment encoding UL&B wheNcd site at the 5' end of the
gene, and aNdd site downstream of the 3' end of the gene. Tleeftagments (the UL33
fragment and the plasmid backbone containing HA-2JL\8ere then ligated and
transformed into XL-1 blue cells. DNA of a resuffiplasmid, p33-HA-32, was prepared
using a Qiagen QIAquick Spin Miniprep kit and tleggence of the junction between
UL33 and HA-UL32 confirmed by sequencing. The segeevas identical to that of wt
HSV-1 except for the 45 nucleotide insertion codimgthe HA tag. The insertion does not
place any additional ATG codons upstream of the 3J&tart codon and so should not
affect the UL33 protein. The 33-HA-32 fragment \lasn excised from the plasmid by
restriction digest usinijdd andXhd to promote recombination wittwr64 DNA in the

marker rescue.
5.3.2 Marker rescue of hr64

For the marker rescubr64 genomic DNA was first prepared from infected Qi3 cells
as described in sectidh2.12.1. 0.5 pgr64 DNA and 0.5 pg gel-purified 33-HA-32
fragment were co-transfected into duplicate 35 netep of non-complementing BHK
cells, as described in secti@r2.12.2. One plate showed evidence of infectioer af
incubation at 37°C for 3 days, and the cells andien@ere harvested. The progeny were
titrated onto BHK cells to confirm that the virusutd successfully replicate on non-

complementing cells and to obtain a titre of thisial harvest.

Plaque purification of the initial harvested vimas performed, as described in section
2.2.12.3. Samples of two-fold serial dilutions cdwe the range 128 p.f.u/well to 3.9x10
p.f.u./well and used to infect microtitre wellsBifiK cells. After 4 days incubation at
37°C, four wells were chosen containing single p&sjwere used to infect 35 naishes

of BHK cells overnight. These virus-infected cellsre harvested, the proteins separated
by SDS-PAGE and the membranes were screened bgmwdsbtting using F-7 (anti-HA)
to confirm that they expressed HA-UL32. Figure ghéws that each harvested viral
progeny produced a protein of the correct sizevlzat recognised by the anti-HA
antibody. Clone G7 was selected for use and theebted cells used to infect 175 fMm
flasks of BHK cells and generate a stock of vimsich was named HA32EP. This stock

was also tested for the absence of the oridiréd virus by staining of infected cells for
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Figure 5.7: Screening of marker rescuants for the gression of HA-UL32.

Single wells from the serial dilution of marker-caant virus progeny were chosen
and used to infect 35 mm dishes of BHK cells owgrhiCells were harvested and
protein separated by electrophoresis on 8% poljyatige gels and western blotted.
The membranes were probed with F-7 (mouse anti-kFpwed by HRP-coupled
goat anti-mouse IgG. The positions of size markeesndicated (kDa).
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B-galactosidase expression (from the lacZ cassetteted intdir64). Nop-galactosidase
activity was seen, confirming that the virus stooktained only HA32EP HSV-1.

5.3.3 Growth curve of HA32EP on BHK cells

The above isolation of HA32EP confirmed that thrsis was able to replicate in non-
complementing BHK cells, and its growth was nexnpared to wt HSV-1 ankr64. 35

mm dishes of BHK cells were infected with 10 p.per cell wt HSV-1hr64 or HA32EP.
One hour after infection the cells were washed anitie 0.14 M NaCl, exposed to acid
glycine wash for one minute, then washed with BGowed by continued incubation in
EC5 at 37°C. Cells were harvested at 4, 8, 122Q&nd 24 hours post infection and the
cells and media sonicated before being titrated 8K cells for 3 days (sectich2.4.2).
Plaques were counted and virus yields determinled. Single-step growth analysis (figure
5.8) demonstrates that HA32EP replicates with sinkinetics to wt HSV-1, in contrast to
hr64, which did not show any growth in BHK cells.

5.3.4 Investigating the ability of HA32EP to packag e HSV-1 DNA

The DNA packaging ability of HAS2EP was investightey using a viral DNA packaging
assay. Duplicate monolayers of BHK cells were itddavith 5 p.f.u. per cell wt HSV-1 or
HA32EP. After one hour, cells were washed once @ifl4 M NaCl, exposed to acid
glycine wash for one minute, then washed with EQ&%e of each sample was harvested
after this acid glycine wash and the cells pelleted stored at -20°C (input). The other
sample was incubated in EC5 at 37°C and harve$ed1® hours (18 hour). Total and
DNase resistant DNAs were prepared from both iapdt 18 hour samples as described in
section2.2.6.2. These samples were digested #@tR| and separated by electrophoresis
on a 0.8% agarose gel. The gel was Southern blattedhybridised t6°P labelled

pGX153, which contains tHganH| P fragment of HSV-1 inserted into pAT153. Prabin
with pGX153 should detect 2 bands correspondirtheddSV-1EcaR|l N (2.4 kbp) and G
and F fragments (16.1 and 16.2 kbp respectivelychmvmigrate as one band).

Figure 5.9 shows that the amount of viral DNA ie thput samples was insufficient to be
detected in a short exposure (lanes 1, 3, 5 anld ¢pntrast, wt HSV-1 and HA32EP

DNA was readily detected at 18 hours post infecf{lanes 2 and 4). Furthermore, both wt
HSV-1 and HA32EP packaged the replicated viral DA similar level (lanes 6 and 8).
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Figure 5.9: Packaging of viral DNA by wt HSV-1 andHA32EP.

BHK cells were infected with 5 p.f.u./cell wt HSVet HA32EP and harvested at
either 1 h.p.i. (input) or 18 h.p.i (18 hour). Tosald packaged DNA were prepared
and digested witkEcaRl. DNA was separated by agarose gel electrophgyresi
Southern blotted, and the membrane probed $%tHabelled pGX153.The positions
of theEcdRI F, G and N fragments are indicated.
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The above assays confirmed that HA32EP replicatdgpackages DNA with similar
efficiency to wt HSV-1 in BHK cells.

5.4 Localisation of HA-UL32 in HA32EP infected cell s

Previous work concerning the localisation of UL3i2hm HSV-1 infected cells has
yielded conflicting results. Chang et al (1996)ared that UL32 localised predominantly
to the cytoplasm of infected cells in infectioningsa rabbit antisera directed against
UL32. Lamberti and Weller (1998) examined the |@zlon of UL32 by transfection of
an epitope-tagged UL32 construct and superinfeatginghr64. They found that although
UL32 was predominantly cytoplasmic, there was digothat localised to the replication
compartments in the nucleus, colocalising with ICH& R1 antisera generated earlier in
this work (see section 3) was incapable of spatlfidetecting UL32 in HSV-1 infected
cells by immunofluorescence and gave very highlseokbackground staining throughout
cells infected witthr64 (data not shown). Therefore HA32EP was usedvestigate the
localisation of HA-UL32 in HSV-1 infected cells.

BHK cells on coverslips were infected with 5 p.jaer cell HA32EP or wt HSV-1 for 6
hours. Cells were fixed and permeablilised andk#daising human serum, and the
coverslips were incubated with F-7 (anti-HA) andlB%rabbit anti-ICP8; 1:500)
antibodies, followed by r-FITC and m-Cy5. The coligs were examined by confocal

microscopy and the images are shown in figure 5.10.

In the HA32EP infected cells, ICP8 staining wasdievisualised within the nucleus
(image A). The HA-UL32 staining co-localised wit@R8 (images B and C). No HA
staining was seen in cells infected with wt HSMriigge E), even though the ICP8
staining showed that the cells were efficientlyetted (image D), confirming the

specificity of the anti-HA antibody. Therefore,dontrast to other reports, this study shows
that the UL32 protein localises entirely to theliegiion compartments within the nucleus
of HSV-1 infected BHK cells.
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HA32EP

wt HSV-1

Figure 5.10: Localisation of HA-UL32 in HSV-1 infeded cells.

Coverslips of BHK cells were infected with 5 p.fagll HA32EP (A-C) or wt
HSV-1 (D-E) for 6 hours. Cells were fixed and peaiiéised using
formaldehyde and NP40 and blocked with human se@owerslips were
incubated with F-7 (mouse anti-HA; 1:500) and R&H&bbit anti-ICP8; 1:500),
followed by r-FITC (1:200) and m-Cy5 (1:500). Cosigrs were mounted and
examined by confocal microscopy. Scale bar = 20 um.
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5.5 Investigation of the interaction of UL32 withH  SV-1
packaging proteins UL6, UL17 and UL25

No direct interactions have yet been reported betidl 32 and any other HSV-1 protein,
although it has recently been reported that UL3$ aiect the localisation of UL25 in
HSV-1 infected cells (Scholtes & Baines, 2009Wwéis therefore decided to analyse
whether UL32 could interact with any other HSV-1 DNleavage/packaging protein. This
section describes results obtained for UL6, UL1d @h25. The analysis of possible
interactions with the three components of the tease is described in the following

section §.6).

5.5.1 Localisation of UL6, UL17 and UL25 in HSV-1i nfected cells
in the absence of UL32

As UL32 and all other packaging proteins localseeplication compartments in infected
cells (along with the capsid proteins), | first ewaed whether UL32 plays a role in the
correct localisation of UL6, UL17 and UL25 in HSVrffection .

BHK cells were infected with 5 p.f.u. per cell wEM-1 orhr64 and fixed at 6 hours post
infection. Cells were processed as before and steabwith R335 (rabbit anti-UL25;
1:500), R992 (rabbit anti-UL6; 1:500) or R1218 @alanti-UL17; 1:500), together with
M7381 (mouse anti-ICP8). This was followed by inatibn with m-Cy5 and r-FITC and
examination by confocal microscopy. Representathages are shown in figure 5.11.

All cells infected with wt HSV-1 showed clear ICB&ining in the nucleus, indicating that
replication compartments had been formed (imagé4$ &)d N). As previously reported,
all three proteins UL6, UL17 and UL25 were seerdpminantly within the nucleus in
these cells (images A, G and M) (Scholtes & Baigé99; Taust al, 1998) and co-
localised with ICP8, confirming that they localigereplication compartments during
wildtype infection (images C, | and O). In the54 infected cells, ICP8-stained replication
compartments could again be visualised within th@eus (images E, K and Q). UL6 and
UL17 co-localised with the ICP8 foci, as in wt H3\Mnfection (images D and F; J and L).
In contrast to the report from Scholtes and Baittes)ocalisation of UL25 ihr64
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Figure 5.11: UL32 does not affect the localisatioof packaging proteins UL6, UL17
or UL25 in HSV-1 infected cells.

Coverslips of BHK cells were infected with wt HS\VeLhr64 at 5 p.f.u./cell for 6 hours.
Cells were fixed and permeabilised and incubateld Wi7381 (mouse anti-ICP8) along
with either R992 (rabbit anti-UL6; 1:500), R121&lgbit anti-UL17; 1:500) or R335
(rabbit anti-UL25; 1:500). This was followed by i€ and m-Cy5. The cells were
examined by confocal microscopy. Scale bar = 10um.
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infected cells was also indistinguishable fromseaifected with wt HSV-1, with UL25

again colocalising with ICP8 (images P and R).

These results suggest that UL32 is not requirethitocalisation of UL6, UL17 or UL25
to the replication compartments in infected cells.

5.5.2 Co-localisation analysis of UL32 with UL6, UL 17 or UL25 in

transfected cells

To analyse whether UL32 might interact with UL6,17L.or UL25 in the absence of other
viral proteins, a co-transfection assay was usedttis assay, plasmids pAS30, pMH19
and pIM96 were used, encoding UL6, UL17 and ULZXpeetively, each under the control
of the HCMV IE promoter.

BHK cells were transfected with 0.5 ug pAS30, pMHitPIM9I6, either alone or in
combination with 0.5 png pHA-UL32, using Lipofectamai2000. Cells were fixed and
permeabilised 18 hours post transfection. Covesslipre reacted with F-7 and either
R992, R1218 or R335, followed by staining with FEland m-Cy5, as described above.
Cells were examined by confocal microscopy andesgmtative results are shown in
figure 5.12.

As previously observed, HA-UL32 localised to théopfasm of transfected cells when
expressed alone and no background signal was apparthe FITC channel (images A-
C). When expressed alone, UL6 was present solely indbkei of cells (images D-F),
consistent with published results (Whéeal, 2003). In cells co-expressing both proteins,
UL6 remained in the nucleus while HA-UL32 remairmgtbplasmic (images G-1). UL25
was present throughout the cell when expresse@ apsadominantly in the cytoplasm, but
also with a portion entering to the nucleus (ima@}&3. In co-transfected cells, neither
UL25 or HA-UL32 was altered in its localisation @ges M-O). The failure of UL25 to
transport UL32 into the nucleus suggests the laeksirong interaction between these
proteins. Like HA-UL32, UL17 was found to localiseclusively to the cytoplasm when
expressed alone (images P-R). In the co-transfeetis] both proteins remained diffusely
distributed throughout the cytoplasm, and it idiclilt to interpret whether any observed

co-localisation is indicative of an interaction ages S-U).
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Figure 5.12: Interaction of HA-UL32 with packagingproteins UL6, UL25 and
UL17 in transfected cells.

BHK cells on coverslips were transfected with Og af the indicated plasmids
using Lipofectamine 2000. 18 hours post transfactells were fixed and
permeabilised with formaldehyde and NP40 and inmdwith either R992, R335
or R1218 (all at 1:500) along with F-7. This wakdeed by incubation with r-
FITC and m-Cy5. Coverslips were mounted onto slalas examined by confocal
microscopy. Scale bar = 20 um
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These results suggest that UL32 does not interilctpackaging proteins UL6 or UL25 in
the absence of other HSV-1 proteins in transfeatathmalian cells, although it remains

possible that an interaction with UL17 may occur.

5.5.3 Co-immunoprecipitation analysis of UL32 with UL6, UL17 or
UL25

Possible interactions of UL32 with these three ginst were also examined using co-

immunoprecipitation (co-IP) of recombinant bacutagtexpressed proteins.
5.5.3.1 Immunoprecipitation from baculovirus-infect ed cells

As no interactions have previously been reportedd32, | first carried out a co-IP using
two DNA packaging proteins with a well-establishetkraction as a positive control for
the assay. For this, baculoviruses AcUL28 and Acd(gixpressing proteins UL28 and
UL15 respectively) were use8R1 cells were mock infected or infected with 2.5uyp.per
cell of each baculovirus alone, or together. Feaight hours post-infection cells were
harvested and lysed, and insoluble proteins rembyexntrifugation (sectio®.2.11). An
aliquot of each soluble extract was incubated witabbit antibody specific to UL28
(R123). Immune complexes were collected by furtheubation with protein-A-sepharose
followed by centrifugation and extensive washingluBle and immunoprecipitated
samples were boiled in the presence of SDS andatepaon an 8% polyacrylamide gel.
The proteins were transferred to PDVF membranaegtedavith antibodies specific to
UL28 (R123) or UL15 (R605) followed by HRP-conjugatprotein-A and detected using
the ECL substrate. The resultant blots are shoviigume 5.13.

UL28 was not detected in mock infected cells osthmfected with AcUL15 alone, but
was expressed in cells receiving either AcUL28 aJamw together with AcUL15 (panel A;
lanes 1-4). Similarly, UL15 was absent from cdilattwere mock infected or infected with
only AcUL28, but could be detected in cells recaegvAcUL15 both in the presence and
absence of UL28 (panel A; lanes 5-8). UL28 wasdfitly precipitated from cells
infected with AcUL28 by its appropriate antibodyl@3) (panel B; lanes 11 and 12).
Furthermore, UL15 was co-immunoprecipitated by Rib?&lls infected with both
baculoviruses (panel B; lane 16). This was depenalethe presence of UL28, as no
UL15 was precipitated in cells infected with AcULaBne (panel B; lane 14). These
results confirm previous published reports that 8ahd UL28 interact in the absence of
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Figure 5.13: Immunoprecipitation of UL28 and UL15 fom recombinant baculovirus-
infected cells.

A. SP1 cells were mock infected or infected with 2.Buyp/cell of the indicated
recombinant baculoviruses. 48 h.p.i., soluble pno¢atracts were prepared.
Samples of these extracts were separated on apdy#crylamide gel and
western blotted. The membranes were incubatedeititer R123 (anti-UL28;
1:500) (lanes 1-4) or R605 (anti-UL15; 1:500) (Ia®e8). This was followed by
incubation with HRP-conjugate protein-A and detattising (ECL substrate. The
positions of size marker proteins are indicatedalkD

B. Samples of the soluble protein extract were imopuecipitated with R123 and the
immune complexes harvested by incubation with mmetesepharose. These
immunoprecipitated samples were separated by SO&E#nd immunoblotted as
above with either R123 (lanes 9-12) or R605 (lak846). The positions of size
marker proteins are indicated (kDa).
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other proteins (Abbottst al, 2000) and indicate that this protocol is apprayerior the

detection of interaction between baculovirus-exgedsroteins.

5.5.3.2 Co-immunoprecipitation of UL32 with UL25, U  L17 or UL6

The above assay was then used to investigate wHell32 interacts with UL25, UL17 or
UL6, using the recombinant baculoviruses AcUL17UAR5 and AcULG6.

SP1 cells were mock infected or infected with AcUIE&UL25 or AcUL17, either alone

in the presence of AcUL32. Soluble extracts wespared 48 h.p.i and an aliquot of each
incubated with the appropriate antibody R335, R1&1R992. The immune complexes
were harvested and soluble extracts and immungptated samples separated by SDS-
PAGE and western blotted as above. Membranes weubated with either R1 (anti-
UL32) or R335, R1218 or R992, followed by HRP-cagted protein-A, and the resultant
blots are shown in figure 5.14.

As shown in figure 5.14A, UL25 was expressed itsaefected with AcUL25 alone or in
combination with AcUL32 (panel A; lanes 3 and 4)eTanti-UL25 antibody R335
successfully precipitated UL25 from these cellsa@a; lanes 7 and 8). UL32 was
detected in cells infected with AcUL32 alone, origfected with AcUL25 (panel A; lanes
10 and 12). However, UL32 did not co-precipitatewL25 from cells that were dually
infected with AcUL32 and AcUL25 (panel A; lane 16).

Similarly, both UL17 and UL6 could be specificafiyecipitated from baculovirus infected
cells using their cognate antibodies, but not fraock infected cells or those receiving
UL32 alone (panels B and C; lanes 1-4). Again, U3 not co-precipitated from the
dually infected cells (panels B and C; lane 1@halgh probing of the soluble extracts

confirmed that UL32 was efficiently expressed iagh cells (panels B and C; lane 12).

In summary, the results of the co-localisation eadmmunoprecipitation experiments

provide no evidence for an interaction between Uaga UL25, UL6 or UL17.
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Figure 5.14: Immunoprecipitation of UL32 and UL25,UL17 or UL6 from
recombinant baculovirus-infected cells.

SP1 cells were mock infected or infected with 2.6ydcell of the indicated
recombinant baculoviruses. 48 h.p.i., soluble pnod&tracts were prepared.
Immunoprecipitations were carried out with R335 (R},218 (B) or R992 (C) and
the immune complexes harvested by incubation wibhem-A-sepharose. The
soluble extracts and immunoprecipitated sampleg weparated by electrophoresis
on 8 % polyacrylamide gels and western blotted. mleenbranes were
immunoblotted using the antibodies indicated betawh filter (all at 1:500 dilution),
followed by HRP-conjugated protein-A and detectsishgt ECL substrate. The
positions of size marker proteins are indicatedakD
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5.6 Investigation of the interaction of UL32 witht  he

terminase components

Similar experiments were next performed to examihether UL32 could interact with the
components of the HSV-1 terminase UL15, UL28 an@8IL

5.6.1 Localisation of the terminase components in i nfected cells

in the absence of UL32

Like the other packaging proteins, the terminasepanents localise to the replication
compartments of infected cells. It has been redddiel5 is essential for the recruitment
of UL33 and UL28 to RCs (Higgst al, 2008; Yanget al, 2007). Firstly, it was
investigated whether UL32 might also have any tolglay in the correct localisation of

these proteins during HSV-1 infection.

Coverslips of BHK cells were infected with 5 p.fper cell wt HSV-1 ohr64. Six hours
post infection, cells were fixed, permeabilised biwtked. Coverslips were incubated
with M7381 to detect ICP8 along with R605 (anti-U)1R123 (anti-UL28) or R148 (anti-
UL33) rabbit antibodies. This was followed by inatibn with r-FITC and m-Cy5 and

examination of the cells by confocal microscopyagias are shown in figure 5.15.

In each infection with either wt HSV-1 br64, ICP8 staining was visible in the nucleus,
confirming efficient infection and that replicaticompartments had formed (images B, E,
H, K, N and Q). In agreement with published resiis15, UL33 and UL28 all
predominantly localised to the nuclei of wt HSVnteicted cells (images A, G and M). In
all instances, this staining co-localised with IQi®Bages C, | and O). In the64 infected
cells, the localisation of UL15, UL33 and UL28 wessentially unchanged, colocalising
with ICP8 in RCs within the nuclei (images D andJgnd L; P and R). This suggests that
UL32 is not involved in the localisation of therténase components UL15, UL33 and
UL28 in infected cells.
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Figure 5.15: UL32 does not affect the localisatioaf terminase subunits UL15,
UL33 or UL28 in HSV-1 infected cells.

Coverslips of BHK cells were infected with 5 p.fagll wt HSV-1 orhr64 for 6
hours. Cells were fixed and permeabilised and iatedwith anti-ICP8 (M7381)
along with either R605 (anti-UL15; 1:500), R148t{a#L33; 1:200) or R123
(anti-UL28; 1:500) antibodies. This was followedblyITC and m-Cy5
antibodies. The cells were examined by confocalt@smopy. Scale bar = 20 um.
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5.6.2 Co-immunoprecipitation analysis of UL32 andt  he terminase

components

To investigate whether UL32 could interact with arfighe terminase components in the
absence of other proteins, immunoprecipitationsifb@culovirus infected cells were

carried out.

SR1 cells were co-infected with AcUL32 and baculasi&s expressing UL15 (AcUL15),
UL33 (AcUL33) or UL28 (AcUL28). Forty-eight hoursgt infection, cells were lysed and
soluble protein extracts prepared. Extracts weraumoprecipitated using the appropriate
rabbit antibody recognising UL28 (R123), UL15 (Rp0BUL33 (R148). Immune
complexes were collected by incubation with prot#&isepharose and the soluble extracts
and immunoprecipitated proteins separated by eleltresis on 8% polyacrylamide gels
(or 15% gels for the UL33 samples) and westerrntddiotDuplicate membranes were
probed with anti-UL32 antibody (R1) and R123, R603:148 as appropriate.

As shown in figure 5.16, UL33 was expressed insdeflected with AcUL33 alone or
dually infected with AcUL32, but could not be ddtztin cells that were mock infected or
infected with only AcUL32 (panel A; lanes 1-4). U2 8as detected only in cells infected
with AcUL32 alone or in combination with AcUL33 (pal A; lanes 10-12). The anti-
UL33 antibody R148 successfully precipitated ULBS cells in which this protein was
expressed (panel A; lanes 7 and 8). However, UL&2 not co-precipitated from the cells
that were dually infected with AcUL32 and AcUL33 (el A; lane 16).

Similarly, both UL15 and UL28 could be specificatlsecipitated from baculovirus
infected cells using their cognate antibodies,mitfrom mock infected cells or those
receiving UL32 alone (panels B and C; lanes 5-8jaiA, UL32 was not co-precipitated
from the dually infected cells (panels B and Cgld®), even though the soluble extracts
confirm that UL32 was efficiently expressed in theslls (panels B and C; lane 12).

These results suggest that UL32 does not interiisttiae indicated proteins of the

terminase complex in recombinant baculovirus-irddatells.
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Figure 5.16: Immunoprecipitation of UL32 and UL33,UL15 or UL28 from
baculovirus-infected cells.

SR1 cells were mock infected or infected with 2.6ydcell of the indicated
recombinant baculoviruses. 48 h.p.i., soluble pnot&tracts were prepared.
Immunoprecipitations were carried out by incubatioth R148 (A), R605 (B) or
R123 (C) and the immune complexes harvested byatan with protein-A-
sepharose. The soluble extracts and immunopretggdisamples were separated on
8% or 15% polyacrylamide gels and western blofiéd membranes were
immunoblotted using the antibodies indicated betawh filter (all at 1:500 dilution),
followed by HRP-conjugate protein-A and detecteidg&CL substrate. The
positions of size marker proteins are indicatedalkD
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5.6.3 Immunofluorescence analysis of the interactio n of wt UL32

and the terminase components in transfected cells

Finally the ability of UL32 to interact with thertainase components both individually and

together was analysed by immunofluorescence usiriganisfection assays.
5.6.3.1 Co-transfections with single terminase comp  onents

Coverslips of BHK cells were transfected as desctiin sectiorb.5.2 with pUL33 or
pUL28 (encoding the UL33 and UL28 proteins respety) either alone or in conjunction
with pHA-UL32. Coverslips were fixed and permeagll and incubated with F-7 along
with R148 or R123, followed by FITC and Cy5-coupsstondary antibodies as before.

The images from confocal microscopy are showngarg 5.17.

As previously noted, HA-UL32 localised entirelyttee cytoplasm of cells when
transfected alone (images A-C). In contrast, UL2® Vocalised throughout the cell, both
in the cytoplasm and nucleus when expressed alovagés D-F). In cells transfected with
plasmids expressing both proteins, UL33 was ageieatied throughout the cell, whereas
HA-UL32 remained within the cytoplasm (images Gllherefore, UL33 does not appear
able to transport UL32 into the nucleus; howeJss may not be significant if the
presence of UL33 in the nucleus is simply a resiis ability to diffuse into the nucleus

due to its small size.

UL28 showed a cytoplasmic localisation when tractsig alone, similar to that seen with
HA-UL32 alone (images J-L). It is difficult to interet the result from the co-transfected
cells, as both proteins remained in the cytoplasmdes M, N and O).

To investigate the interaction of UL32 with UL15HR coverslips were similarly
transfected with pJM9 (encoding UL15) along withAsHL32 and processed as above.
Coverslips were incubated with F-7 and R605, fo#tdvby r-FITC and m-Cy5 secondary
antibodies. The images are shown in figure 5.18.

As in previous experiments, when expressed alondJH32 localised in the cytoplasm of

transfected cells (images A-C). UL15 was detectatusively in the nuclei of cells when
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pUL33

HA-UL32
pUL33 +
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Figure 5.17: Interaction of HA-UL32 with terminase proteins UL33 and UL28 in
transfected cells.

BHK cells on coverslips were transfected with Ogbqgi the indicated plasmids using
Lipofectamine 2000. 18 hours post transfectiorisagére fixed and permeabilised
and incubated with either R148 (anti-UL33) or R1&8ti-UL28) along F-7 (anti-HA)
antibodies. This was followed by incubation witRIFC and m-Cy5. Cells were
mounted onto slides and examined by confocal micqmg. Scale bar = 20 um.



Chapter 5 197

transfected alone, in agreement with published (k&talowskiet al, 1999). When the

two proteins were expressed together, the resattsd/considerably. A small proportion
of the cells (approximately 10%) showed the stgmpattern seen in figure 5.18 panel 2,
where UL15 remained in the nucleus (image G) andlHA2 was predominantly in the
cytoplasm (image H). However the majority of thésc@approximately 60%) showed
patterns similar to panel 3. In these cells, thd BJktaining remained within the nucleus
(image J), whereas HA-UL32 was patrtially relocalig&o the nucleus where it appeared
to co-localise with UL15 (images K and L). Appromately 20% of cells showed complete
recruitment of HA-UL32 to the nucleus, where itstained with the UL15 signal as
shown in figure 5.18 panel 4 (images M-O). FiguE85anel 5 shows the staining pattern
seen in the small remainder of the cells, wherelH&82 remained throughout the
cytoplasm (image Q), while UL15 also appeared toet@ined in the cytoplasm where it
extensively co-localised with the HA-UL32 proteimégges P and R).

To exclude the possibility that the partial colasation seen between HA-UL32 and UL15
might be due to some unexpected effect of the HjAttee co-transfections were repeated
using a tagged form of UL15 and untagged pUL32. glaesmid pJM19 encodes UL15
tagged with the pp65 epitope at the C-terminusyalig the localisation of UL15 to be
detected using an anti-pp65 antibody. CoverslidBHIK cells were transfected with
pUL32 and pJM19 and processed as before. Covermépsincubated with R1 and a
mouse anti-pp65 antibody (1:500) followed by FITi@l&£y5 conjugated secondary
antibodies. The results are shown in figure 5.19.

As can be seen in panel 1, the pp65 tag did netffie localisation of UL15, as UL15-
pp65 was still detected solely in the nuclei ofeihen transfected alone (images A-C).
UL32 was detected in the cytoplasm of cells, asipusly noted (images D-F). When cells
were co-transfected with both plasmids, there vgasnaa variation seen in the localisation
of the proteins. In a small proportion of cells,interaction was apparent between the two
proteins with UL32 remaining in the cytoplasm andlB-pp65 in the nucleus, as shown
in figure 5.19 panel 2 (images G-I). Approximat2B+30% of cells showed the pattern
represented in figure 5.19 panel 3, where UL15-pp&%ained in the nucleus, whereas
UL32 was distributed throughout the cell. As witle previous transfections using HA-
UL32 and UL15, the majority of the cells showed satkegree of nuclear colocalisation of
the two proteins. Approximately 70% of cells shovpaditerns similar to panels 4 and 5. In

these cases, UL15-pp65 was localised in the natleslls (images N and Q) with UL32
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Figure 5.18: Interaction of HA-UL32 with UL15 in tr ansfected cells.

BHK cells on coverslips were transfected with Ogp of either pHA-UL32 or pJM9 or the
two plasmids together using Lipofectamine 2000hd8rs post transfection, cells were
fixed and permeabilised and incubated with R60Bl{taanti-UL15; 1:500) along with F-
7 (mouse anti-HA; 1:500). This was followed by ibation with r-FITC and m-Cy5. Cells
were mounted onto slides and examined by confo@abstopy. Scale bar = 20 um.
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Figure 5.19: Interaction of UL32 with UL15-pp65 intransfected cells.

BHK cells on coverslips were transfected with Oghgf either pUL32 or pJM19 (1) or
the two plasmids together (2-5) using Lipofectan2080. 18 hours post transfection,
cells were fixed and permeabilised and incubated Ri (1:500) along with mouse
anti-pp65 antibody (1:500). This was followed bgubation with r-FITC and m-Cy5.
Scale bar =20 pum.
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either predominantly or completely relocalisedhe huclei (images M and P). When in
the nucleus, UL32 co-localised extensively with tHel 5-pp65 signal (images O and R).

These data confirm that the colocalisation of HA32land UL15 was not an artefact of
the tags added to the proteins and suggest that heome form of interaction between
UL32 and UL15 in co-transfected cells. This int¢éiatwas not seen in all cells, and so it
could be that other proteins are required to strergor stabilise the interaction between

the two proteins.

5.6.3.2 Colocalisation of UL32 with the terminase i  n transfected cells

As UL15 is already known to be a component of érmtnase along with UL28 and
UL33, it was next examined whether UL32 could iatemwith the terminase complex and

whether the presence of the other terminase psotright influence its localisation.

Firstly, BHK cells were co-transfected with pUL38M19 and pUL28-GFP (encoding the
UL28 protein with a GFP tag inserted at the N-tewns) in the absence of UL32, to
confirm that these proteins did indeed form a caxplithin the nucleus. Cells were
processed as above and coverslips incubated wiB Rihti-UL33) and anti-pp65. This
was followed by incubation with AlexaFluor antibediA21428 (555-goat anti rabbit IgG;
1:1000) and A21050 (633-goat anti-mouse IgG; 1:1008ese were analysed by confocal
microscopy using the laser wavelengths FITC (tectdt/L28-GFP), Cy5 (to detect 633)
and TRITC (to detect 555). A representative imagehiown in figure 5.20 panel A.

UL28-GFP, UL15-pp65 and UL33 all completely co-ligad in the nuclei of co-
transfected cells (images A-D). This was obsen@tsistently and it should be noted that
in every cell where UL28 was relocalised to theleus by UL15, UL33 was also found in
the nucleus. This confirms that the three protsincessfully form a complex which
localises to the nuclei of cells. In the followiagperiments, four plasmids were co-
transfected but only three of the proteins couldié&ected at any one time. Therefore, the
localisation of UL33 was not examined, and the gmes of both UL15-pp65 and UL28-
GFP in the nucleus was taken to indicate thatdhmihase complex had been correctly

formed and translocated to the nucleus of theds. cel

The effect of all three terminase components tageath the localisation of UL32 was then
examined. Cells were transfected as above with BJ&EP, pJM19 and pUL33 along
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A. pUL28-GFP, pJM19 (UL15-pp65), pUL33

FITC Cy5 (633nm)  TRITC (555nm) merge

UL28-GFP @ B UL15-pp6sllC uL33

B. pUL28-GFP, pJM19 (UL15-pp65), pUL33, pUL32
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UL28-GFP F UL15-pp65 G UL32

Figure 5.20: Interaction of UL32 with the putativeterminase in transfected cells.

A. Coverslips of BHK cells were transfected with g pUL28-GFP, pJM19 and
pUL33 using Lipofectamine 2000. Cells were fixed germeabilised and
incubated with mouse anti-pp65 and R148 (anti-ULB8&)bodies followed by
A21428 (AlexaFluor 555 goat anti-rabbit IgG; 1:10@d)3d A21050 (AlexaFluor
633 goat anti-mouse 633; 1:1000). Note the diffeceftour for the Cy5 channel
to that used in previous figures

B. BHK cells were transfected with 0.5 pg pUL28-GBP\M19 and pUL33 along
with pUL32. Cells were fixed and permeabilised araibated with anti-pp65
and R1 (anti-UL32) antibodies, followed by the setary antibodies specified
above. Scale bar = 10 pum.
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with pUL32. They were incubated with anti-pp65 & followed by A21428 and
A21050 secondary antibodies. A representative réguital of virtually every cell
expressing these proteins is shown in figure 5&tepB. In these cells, UL32 was
completely relocalised to the nucleus (image G)reliteco-localised with the UL28-GFP
and UL15-pp65 staining (image H). This result sagig that UL32 can interact with the

terminase complex resulting in its direction to thueleus of transfected cells.

5.6.3.3 Which components of the terminase are essen tial for this

interaction?

As the co-transfection of UL32 with all three tenase components resulted in the
complete relocalisation of UL32 to the nucleus datransfection with UL15 alone
resulting in only partial re-localisation of UL3Rnext decided to determine which of the
terminase components are essential for the completiear relocalisation of UL32. These
experiments were carried out by transfecting BHHKsagith 0.5 pg each of plasmids
pUL28-GFP, pUL33, pHA-UL32 and pJM19 in various donations. Cells were
processed as above and incubated with rabbit ahébeither recognising UL33 (R148)
or UL32 (R1) along with either F-7 (mouse anti-H&X)mouse anti-pp65 antibodies as
appropriate. This was followed by incubation witd1428 and A21050.

As seen in figure 5.21, transfection of pUL28-Gp#V19 and pUL32 resulted in all three
of these proteins colocalising in the nucleus dsqemages A-D). This pattern was
observed in all cells. In the absence of UL15, hdit28-GFP and UL33 were distributed
throughout the cell (images E and G). This is cstesit with UL33 and UL28 interacting
directly, with UL15 required for the complete reddisation of the proteins to the nucleus
(Beardet al, 2002; Koslowsket al, 1999; Yanget al, 2007). UL32 was found solely in
the cytoplasm of these cells (image F). In celldéraasfected with pUL33-GFP, pJM19
and pHA-UL32, UL15 was entirely nuclear and UL33sviargely localised in the nucleus,
probably by virtue of its interaction with UL15 (ages | and J). In addition, UL32 was
partially relocalised to the nucleus, with a snpalition remaining in the cytoplasm (image
K), similar to the predominant phenotype observednuco-transfection of just UL15 and
UL32 (figure 5.18).

Together these results confirm the observationsenradectiorb.6.3.1 that UL15 can
influence the localisation of UL32, and indicatattbL15 is essential for the partial re-

localisation to the nucleus. UL28 also plays anartgmt role since its inclusion increases
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Figure 5.21: Localisation of the terminase proteingnd UL32 in transfected
cells.

UL28-GFP

UL28-GFP

UL28-GFP

BHK cells were transfected with the indicated platsnsing Lipofectamine 2000.
18 hours post transfection cells were fixed andngabilised and incubated with
primary antibodies anti-pp65, R1, F-7 (anti-HA) &t48 (anti-UL33) as
appropriate. This was followed by incubation witlexaFluor antibodies A21428
and A21050. Scale bar = 20 pm.
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the efficiency of nuclear uptake of UL32. UL33 agpeto have little effect on this

process.

5.6.4 Interaction of mutated UL32 proteins with the terminase in
transfected cells

The experiment described in sectm6.3.2 was next used to investigate whether the
insertional or site-specific mutants generatecertion 4 interacted with the terminase in
transfected cells. To do this, cells were transiéets above with 0.5 pg each of pUL28-
GFP, pJM19 and pUL33 along with one of the UL32antg. Cells were processed and
incubated with antibodies as in sectmf.3.2 to detect the localisation of UL15-pp65 and
the mutated UL32 proteins along with UL28-GFP. lemghowing a selection of the
UL32 mutants are presented in figure 5.22. Whemstexted alone each of these
insertional mutants showed a cytoplasmic localsatas reported in section 4.2.5 and
figure 4.10. In the text below, those mutants #ieiwed a positive result in the
complementation yield and packaging assays in@edtihave been underlined.

Fifteen of the mutant UL32 proteins exhibited amstgpe similar to that of wt UL32, as
represented by in30@nd_in95 with UL32 almost completely relocalised to theleus

along with the terminase components. These weramsiin5 inl12, in67, in93 in95
in187, in22Q in232 in302 in332 in377, in378and_in475 This group also included the

non-functional mutants in338 and in398 (also shawiigure 5.22). Eleven mutants

showed an intermediate phenotype, with some UL3ctied in the nucleus but a portion
remaining in the cytoplasm, as represented by initd%5 and in558. These also included
mutant proteins in55, in309, in328376 in414, in449, in494 and in498. Eleven
insertional mutants were not affected by co-tractgfa with the terminase proteins and
remained entirely cytoplasmic, suggesting that thdynot interact with the terminase
proteins. This phenotype is represented by in40i@hd7 in figure 5.22, and also included
mutants in198, in407, in435, in486, in490, in51%42, in580 and in592.

The site-specific mutants were similarly analysadtiieir ability to interact with the
terminase components in this assay. As can beisdgre 5.22, UL32CxxC1 largely
remained within the cytoplasm, whereas both UL32CXand UL32CxxxC3 were almost
completely and partially relocalised to the nucleaspectively. The mutant deleted at the
extreme C-terminus, UL3XC, also showed partial nuclear co-localisation \iliida

terminase.
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Figure 5.22: Interaction of UL32 mutants with the putative terminase in
transfected cells.

BHK cells on coverslips were transfected with 0gppgUL28-GFP, pJM19, pUL33
and the indicated UL32 mutant plasmids using Lipte#fmine 2000 and processed as
in the legend to figure 5.19 B. Scale bar = 20 pum.
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Comparison of these results with the functionarabi@risation of these proteins carried
out in sections 4.3 and 4.4 revealed that eacheoirtutants that could support the growth
and DNA packaging dfir64 co-localised either partially or completely witte terminase
components in this assay. However, there was vamiat the localisation of the non-
functional mutant proteins, with two still showisgynificant colocalisation with the
terminase, nine showing partial colocalisation Hredremaining eleven being unaffected

in their localisation.

5.7 Discussion

This chapter describes the investigation of po#éimieractions between UL32 and

various other HSV-1 DNA packaging proteins.

Many HSV-1 processes occur within replication cortrpants (RCs) in the cell nucleus,
including DNA replication, late gene transcriptiand the cleavage and packaging of viral
DNA. Many of the HSV-1 cleavage and packaging prsteas well as HSV-1 capsids
have previously been reported to localise to the B@ing HSV-1 infection. A single
report had additionally proposed that UL32 is eBakfor the correct localisation of
capsids to RCs (Lamberti & Weller, 1998). | therefattempted to repeat these
experiments but found that the presence or abs&nde32 had no effect on the

localisation of capsids or capsid proteins VP19W85.

To further investigate the localisation and intéats of UL32, an HA-tagged UL32 gene
was constructed allowing expression both from asfiected plasmid and a recombinant
HSV-1 virus. The HA tag, consisting of nine amirmads from influenza haemagglutinin,
was added near to the N-terminus of UL32 to avasdugtion of the highly conserved C-
terminus. Due to the overlapping arrangement ofth82 and UL33 genes in HSV-1, the
HA tag was inserted between the second and tholdreoof UL32 so that UL33 would

also remain intact and its translation should beffected when the tag was introduced into
virus. Functional analysis of both the plasmid, pdA32, and the virus, HA32EP,
confirmed that addition of the HA tag at the N-ta@ras of UL32 did not affect the ability

of the protein to support viral growth and DNA pagkg.
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As previously discussed, there have been conftjataports of the localisation of UL32 in
infected cells, with different groups finding ULB&alised either entirely within the
cytoplasm (Chanet al, 1996) or predominantly cytoplasmic with a portlonalising to
RCs within the nucleus (Lamberti & Weller, 1998hig reported localisation is somewhat
surprising given the known role of UL32 in DNA paging and led Lamberti and Weller
to suggest that UL32 may have an alternative/amtitifunction. The UL32 homologue in
HCMV, UL52, has been found to have a exhibit yaithar pattern, being present within
the nuclei of infected cells, but surrounding taplication compartments and not co-
localising with them (Borsgt al, 2008).

My analysis using the HA-tagged UL32 protein expeekby the virus HA32EP
demonstrated that HA-UL32 was localised entirelthia nuclei of infected cells at 6 hours
post infection, where it co-localised with ICP8REs. UL32 therefore shows the same
sub-cellular localisation as all other packaging eapsid proteins. These results differ to
those previously published, but there may be a murabexplanations for this. Firstly, in
contrast to Changt al, my work used an epitope-tagged UL32, and it ssfie that the
reactivity of the anti-HA antibody to its epitopemuch stronger than that of their
polyclonal antiserum to the UL32 protein. This ntighow nuclear UL32 to be more
readily detected (as reported by Lamberti and Weli@98) whilst decreasing the
background signal. However, unlike Lamberti and Mfd studies, | introduced the HA-
tagged protein into virus and employed a normaddtibn, rather than a transfection-
superinfection assay. Therefore, the levels of H&2Jexpressed in my experiment
should be comparable to the normal levels of UL82nd) HSV-1 infection, rather than
expression driven from the strong ICP8 promotex plasmid. Furthermore, the other
groups both examined the localisation of UL32 aVate times (18 hours and 20 hours)
post infection, considerably after peak titres hbbgen reached and when the cells exhibit
considerable cytopathic effect. However, DNA pachkggs readily detected much earlier,
with DNase resistant DNA present, and the putdgwainase subunits localised to RCs, at
6 hours post infection (Higgt al, 2008; Lamberti & Weller, 1998). My experiments
were therefore carried out at early times (6 hoposy-infection to examine the
localisation of UL32 while DNA packaging was occang, and this may also account for

some of the observed differences.

It is unlikely that the HA-epitope tag affected tbealisation of UL32 since both the HA-
UL32 plasmid and HA32EP virus behaved indistingaigiz from corresponding
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constructs expressing wt UL32 in functional ass&ysthermore, the proteins expressed

from pHA-UL32 and pUL32 showed the same localisatiotransfection assays.

My observations that UL32 is localised to the RGhwv infected cells but is found solely
within the cytoplasm when transfected alone, suggethat other HSV-1 proteins are
involved in the correct localisation of UL32 durimgection. The most obvious candidates
for this were the other cleavage/packaging protdihe potential interactions between

UL32 and these proteins were therefore investigated

At the commencement of my studies, no data indieadf an interaction between UL32
and any other HSV-1 protein had been published.é¥ew a recent paper suggests that
UL32 affects the localisation of UL25 during infiext (Scholtes & Baines, 2009). These
authors found that during infection in the absenfddL32, although UL25 was
predominantly nuclear, significant levels were dedd in the cytoplasm. They also noted
that the ratio of soluble UL25 to UL17 was increhselysates from these cells, but did
not examine whether UL25 and UL32 might co-locatisphysically interact. However,
the data presented in this chapter fail to proendeence that UL32 interacts with the
packaging proteins UL6, UL17 or UL25. In contrasBScholtes, | found that UL32 had no
discernable effect on the localisation of UL25nfected cells (figure 5.11). It is not clear
why these results should differ, but my conclusi@s supported by the failure to detect an
interaction between UL32 and UL25 using either draasfection or co-
Immunoprecipitation assay. Similarly, UL32 did sbibw any interaction with either
UL17 or UL6 in these assays.

Experiments witthr64 also showed that UL32 is dispensable for theecbtocalisation of
the putative terminase components UL15, UL28 an83Jduring infection. UL32 showed
no evidence of an interaction with either UL28 dr33 alone, however, UL32 and UL15
influenced each others’ localisation in co-trangfdacells in the absence of other viral
proteins. This is the first evidence indicativeaafinteraction between UL32 and a
member of the putative terminase compks.the effect was not seen in every cell, and
many cells showed only a partial colocalisatiotJafl5 and UL32, it may represent a
weak or transient interaction between the two pmstel he interaction could not be
confirmed by co-immunoprecipitation of baculovirespressed proteins, which again
suggests that it may be an indirect, weak or teamsnteraction. The UL15-UL32
interaction appears to be stabilised or strengthéydhe addition of the other two putative

terminase subunits, UL28 and UL33, as co-transiaaif all four proteins consistently



Chapter 5 210

caused almost complete relocalisation of UL32 torthicleus. Co-transfection of UL32
with all possible combinations of the terminase pornents suggested that UL28 and
UL15 were essential for maximum relocalisation &f32 to the nucleus. These data also
indicated that UL33 is probably not involved in anteraction between UL32 and the

terminase complex.

The interactions between the putative terminasepooients are now well-established and
it has been shown previously that UL15 is necesfarpcalisation of UL28 and UL33 to
replication compartments during infection (Higgsal, 2008). It has also been shown that
these three proteins first form a complex in thplasm and then the nuclear localisation
signal (NLS) within UL15 directs their localisatiom the nucleus (Yanet al, 2007). It is
therefore possible that UL32 could bind stablyne assembled terminase complex in the
cytoplasm and thereby be co-transported into tloéens. In the context of an HSV-1
infection, this would provide a mechanism by whielhi32 is localised to the RCs for
correct DNA cleavage and packaging to occur. Theselts suggest that UL32 binds to
UL15 weakly, but may also interact with the UL2&snit, so that when these two
proteins are assembled within the terminase comple82 makes contact with both
proteins, thereby stabilising the interaction. Altively, the binding of UL15 to UL28
may alter the conformation of UL15, allowing UL32kind more stably, possibly by
exposing other binding sites within UL15.

It is important to note that although the immunofescence data indicate that UL15 (and
potentially UL28) influence the localisation of UR3it does not necessarily demonstrate a
direct interaction. There are a number of ways lictv one protein may influence the

other in the absence of a direct physical inteoa¢tior example, an interaction may be
mediated by other (cellular) proteins or the presesf DNA. Alternatively, one protein

may affect the localisation of another by altenouogt-translational modifications or signal

sequences on the target protein.

Since a panel of mutants had previously been gte(ehapter 4), each of these was
analysed to determine whether they could interattt the terminase complex. The ability
of each mutant UL32 protein to support viral regfion and DNA packaging and to
interact with the terminase is summarised in t&lhle The interactions were classified into
three types. In class 1 interactions, UL32 wagelytnuclear and completely co-localised

with the terminase, in class 2, UL32 was distriduteoughout the cell and appeared to
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Table 5.1: The ability of UL32 mutants to interactwith the terminase proteins in
an immunofluorescence assay

The ability of UL32 mutant proteins to co-localiséh the terminase proteins in the
immunofluorescence assay is displayed, along wikiipus data showing their ability
to support DNA packaging and virus growth.

= Functional; ability to support growth and packapio over 10% that obtained
with pUL32.

N = Non-functional; ability to support growth and gaging to less than 10% of
puUL32.

= complete colocalisation with the terminase (UleB@rely nuclear).
= partial colocalisation with the terminase (UL3&lear and cytoplasmic).
3 = no colocalisation with the terminase (UL32 eryireytoplasmic)
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partially co-localise, and in class 3, UL32 remdirgtoplasmic and its localisation was

not affected by co-transfection of the terminase.

Virtually every mutant that supported the growtld &NA packaging ohr64 behaved
indistinguishably from wt UL32 (class 1), being qaletely transported to the nucleus in
the presence of the terminase. The only excepti@ne mutants in328 and in376 which
showed a partial nuclear localisation (class Zilarly, all mutants that failed to interact
with the terminase (class 3) were defective inftimetional assays. Nearly all of the other
non-functional mutants exhibited only a partiabialisation in the presence of the
terminase (class 2; mutants in55, in136, in155)M&414, in449, in494, in498, in558
and UL32CxxC3). The observation that all the migal®fective in the interaction with the
terminase components were also defective in grawthpackaging suggests that this
interaction is essential for the function of UL3&hn the DNA packaging process.
However, the interaction is not sufficient to allpackaging to occur. Two particularly
interesting mutants (in338 and in398) showed tineeslacalisation as wt UL32 but were
non-functional, and therefore may have a furthéeatehat prevents these from supporting
viral growth and DNA packaging. The twelve mutathigt were only partially re-localised
by the terminase (class 2) may have weaker interectvith UL15 and/or UL28, or may
exist in different forms or conformations, only sewf which can interact with the

terminase.

The regions of UL32 important for the interactioithithe terminase do not map to a
particular part of the protein, but are spreadubhmut. This perhaps supports the theory
that UL32 binds to both UL15 and UL28, with diffateegions of the UL32 protein
required for different interactions. Alternativetie folding of UL32 may be such that
these different regions are close to each oth#rdamative protein, or some of the
mutations may have long-range effects on the straaif the protein.

Ideally, the interaction between UL32 and the texse needs to be confirmed within the
context of virus infection, for example by co-imnapmecipitation of UL32 along with one
or more of the terminase components from HSV-1cifé cells. The generation of
HA32EP should prove useful for this, as the anti-&tAibody is extremely potent and can
be used for immunoprecipitation. Furthermore, iulgddoe interesting to examine the
localisation of UL32 in infected cells in the abserof UL15, to determine whether the
UL15-UL32 interaction is necessary for the coritectlisation of UL32 in replication

compartments. Unfortunately, the current lack pbgent antibody capable of specifically
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recognising untagged UL32 in HSV-1 infected celsams that this is presently difficult.
The introduction of a UL15 deletion into HA32EP ahlibcircumvent this problem.
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6 Characterisation of the UL32 protein

This chapter describes a number of experimentsrtaia@m to further characterise the
UL32 protein, and attempt to identify its role wittHSV-1 DNA packaging. Firstly, a

new recombinant HSV-1 was created with an exterd@etion within UL32, to confirm
the packaging defect oi64. The ability of UL32 homologues from other hesyeuses to
substitute for HSV-1 UL32 was also analysed. Th&®protein itself was then examined
in greater detail, to investigate the nature ofgtaein in solution, analyse and quantify its
zinc-binding ability and investigate whether UL32sxcapable of interacting with DNA.

6.1 Generation of a new UL32 null mutant

The UL32 mutant virus used in these studies ug oatv, hr64, was constructed by the
insertion of an ICP6:lacZ cassette at amino acdl&@MJL32. None of the UL32 sequence
was deleted from this virus, ahd64 was shown to express a 30 kDa protein
corresponding to the N-terminus of UL32 (LambertiMeller, 1998). It is possible that
this N-terminal fragment may affect the phenotyparé4 and therefore it was decided to
generate and analyse a new mutant HSV-1, with ahmasi possible of the UL32 gene
deleted. Furthermoréy64 is HSV-1 strain KOS mutant, whereas the pardhtd? gene
used in my mutagenesis is derived from HSV-1 stidin. | therefore considered it would

be useful to generate the new mutant in a strainbbtkground.
6.1.1 Red/ET recombination

The approach to generating the new UL32 deletiotanttemployed the Counter-
Selection BAC modification kit from GeneBridges,iatnutilises the Red/ET
recombination enzymes. This kit induces homologeasmbinatiorin vivoin E. colito
introduce mutations into Bacterial Artificial Chraisomes (BACs). BACs are DNA
constructs based on the fertility plasmid (F-plajnaind so can replicate stablyincoli.
These BACs can harbour up to 300 kbp foreign DN& sm are suitable for cloning long
DNAs such as the full-length 152 kbp HSV-1 genoiffee BAC used in this study was
fHSV-1Apac, containing the complete HSV-1 strain 17 syeragne, but lacking the
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packaging signals (Saeét al, 1998). The BAC vector also includes the seleetabl

chloramphenicol resistance gene (Eam

In the Red/ET system, homologous recombinationadiated by two phage proteins RRed
and Re@, which act as an exonuclease and DNA annealingiproespectively. The
plasmid pSC101-BAD-gb& expresses the Rgp operon under the control of the

arabinose inducible BAD promoter and confers tgictige resistance (8t

This recombination is used to recombine a spedyicanstructed cassette containing the
rpsL and neo genes flanked by short regions of hogyanto the desired locus. By
choosing homology arms corresponding to eitheradride UL32 gene, the bulk of the
gene will be replaced by DNA encoding the rpsL aad genes. The presence of neo
confers resistance to kanamycin (Rawhilst rpsL results in sensitivity to streptomyci

(strep’) which allow identification of the desired recomént BAC.
6.1.2 Generation of mutant rpsL-neo cassette

In order to target the recombination to the UL38aa fHSV-1Apac, a PCR product
(rpsL-neo-32) containing the rpsL-neo cassettekBdrby sequences homologous to UL32
was generated (figure 6.1). As UL32 overlaps whith %' ends of both the UL33 and UL31
genes, the entire UL32 ORF could not be removem fiaSV-1Apac without disrupting
these genes. It was therefore decided to retairoappately 200 bp at each terminus of
UL32, so that upstream regulatory sequences thatsmaeeded for expression of UL33
or UL31 should not be affected. The sequenceseoptimers used to amplify the rpsL-neo
cassette are listed in figure 6.1C. PCR was exgdotproduce a 1.4 kbp fragment, with
nucleotides 151-201 and 1600-1650 of UL32 at eigmel. The rpsL-neo cassette replaced
nucleotides 202 to 1599 of UL32.

6.1.3 Insertion of rpsL-neo cassette into fHSV-1  Apac BAC DNA

E. coliDH10B cells containing fHSVApac and pSC101-BAD-gbAwere cultured at
30°C overnight, and the Re@dnd Refl recombination enzymes induced by addition of L-
arabinose and a temperature switch to 37°C (se2tih3.1). The cells were made
competent for transformation and the rpsL-neo-3R P@duct transformed into the cells
using electroporation (secti@?2.13.2). To allow recombination to occur, thdscelere
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Figure 6.1: Generation of rpsL-neo cassette with hmology arms for
recombination.

A. rpsL-neo cassette. The 1319 bp cassette, enctugngsL and neo genes, was
used as a template for PCR, using primers BAC-PGReéFBAC-PCR-R. Each
primer consisted of sequences complementary tgodleneo cassette (shown
in orange) and sequences homologous to the UL32 (pue).

B. PCR generated the rpsL-neo-32 cassette, of 1420His contained the rpsL-
neo cassette with 50 bp homology to UL32 at the & 3irends (shown in
blue) . The nucleotides positions of those sequendtin the UL32 ORF are
indicated. These homology arms then allowed the-reo-32 cassette to be
recombined with fHSV-Apac DNA, with the rpsL-neo cassette replacing 1399
nucleotides of the UL32 gene.

C. 5’ — 3’ sequences of PCR primers used, indicatiogdlsequences
complementary to the rpsL-neo cassette in oranddhase complementary to
the UL32 gene in blue.
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A
BAC-PCR-F
e PSL (StrpS) s NEO (kanR) ——
h 1319 bp " BAC-PCRR
addition of UL32 homology
arms to rpsL-neo cassette
v
B.
I I rpsL (strps) s Neo (kanR) I I
151 201 1600 1650
h 1430 bp -
recombination into fHSV-1Apac
C.
5'- 3' sequence
BAC-PCR-F TGACGGCCAGTCACGTGATAGGTGTGCCGCCCGTCGGTACGCTCGA
CGAGGGCCTGGTGATGATGGCGGGATCG
BAC-PCR-R TGAGGGCACGCAACGCTATGCAGACACGCCCCTCGAACTCGTTCCCG
CAGGTCAGAAGAACTCGTCAAGAAGGCG
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incubated at 37°C for 70 min. Bacteria with theLrpg0-32 cassette integrated into fHSV-
1Apac should be cditkar/strp® and so the bacteria were plated first onto LB-gites
containing cam and kan. Ten colonies were pickefith@ese were each further plated onto
cam/kan/strp plates to confirm that the rpsL-ne@@&sette was intact and conferred the
strp sensitivity. Two coloniesApacC andApacG) showed the expected antibiotic

resistance phenotype of c3tkarl*/strp>, and therefore were analysed in further detail.

BAC DNA was prepared from overnight cultures ofshelones and each was screened
for the presence of the kanamycin resistance ggi@bthern blotting as follows. The
BAC DNA was digested witkcoRlI, along with two other samples of BAC DNA to ast
controls; BAC fHSV-Apac (the parental BAC) and BAC O (an fHSXghac derivative
with the rpsL-neo cassette inserted into gene UI2®g & Stow, 2010)). The DNA was
separated by agarose gel electrophoresis and Soutlo¢ted. The inserted rpsL-neo
cassette was detected usifig labelled rpsL-neo, provided by Lily TongApflacC and
fHSV-1Apac BAC DNA was also similarly screened to confitra deletion of the UL32
gene, but usingfP labelled pUL32 as a probe.

Figure 6.2A shows thEcadRl sites around the UL32 locus in fHSWjdac and ApacC/G
(with the rpsL-neo cassette inserted), and indsctite expected sizes of fragments
recognised by the kanamycin and pUL32 prokesRI cuts the HSV-1 genome at
nucleotides 64130, 68201 and 69697, and so pULBaldybridise to two fragments of
approximately 4.1 kb and 1.5 kb if the UL32 genmiact (as expected in fHSVApac).

In this case, the kanamycin probe should not hid®jds the rpsL-neo cassette has not
been inserted. If, however, the UL32 gene has bef@aced by the rpsL-neo cassette
(which does not contain afcaRl restriction sites), then only one fragment & kb is
expected from this region. This should be detebieboth the kanamycin and pUL32
probes due to the presence of the rpsL-neo cassetteesidual UL32 sequences at either

end of the gene respectively.

The two Southern blot membranes are shown in figu2B and C. The kanamycin probe
did not hybridise to the fHSVApac DNA in lane 2, confirming that the parental BAC
does not contain the kanamycin resistance gene Laontaining BAC O DNA, showed
a single band of approximately 5 kbp, corresponttintipe karfi gene inserted intBcaRl|

N (Tong & Stow, 2010). The kanamycin probe alsorldybed to a fragment of 5.6 kb
from both ApacC andApacG, confirming that the rpsL-neo-PCR cassetteblesd
successfully inserted into these constructs. Whiehgal with pUL32, fHSV-Apac (lane
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Figure 6.2: Confirmation of the insertion of the rpsL-neo-32 cassette, and
corresponding deletion of UL32 ORF in Apac DNA.

A. Diagrammatic representation of the region of fH&Apac and ApacC/G
surrounding the UL32 gene. The UL32 gene is shawsiue with the HSV-
1 nucleotides indicated above. The orange box septs the expected
position of the rpsL-neo-32 cassette withhpéacC/G . The red arrows show
the positions at which the genome is cleave&btgRI, and the expected
sizes of fragments generatedBgoR| digestion of the two BACs are
indicated.

B. BAC DNA was prepared from bacteria containingitigicated BACs. The
DNA was digested witlecoR| and separated by agarose gel electrophoresis.
Samples were Southern blotted and the inserte@ttasssualised by
probing witha-32P labelled rpsL-neo. The positions of size miarkieb)
are indicated.

C. BAC DNA from fApacC and fHSV-Apac was digested and separated by
electrophoresis as above. The samples were praiegP labelled
pUL32 and the sizes of fragments generated areatel.



Chapter 6
A.
67372 uL32 69162
Y MT—[ fHSV-1Apac
< b >
64130 4.1 kb 68261 °KP  goso7
rpsL-neo
Y M—‘r fApacC/G
64130 56 kb 69697
B. Q C.
i :
O o
o3 9 9 o 3
O n 8 § o 3
5 £ & £ S
= I L
6>
6>
L e Rl -
5> .. (5.6kb) 5> 5.6 kb
4> 4> - <«—4.1kb
-
3> 3> |
2> | 2> |
D>
1.5 1.5>| - <«—15kb
1 2 3 4 5 6

probed with rpsL-neo probed with pUL32

221



Chapter 6 222

6) and ApacC (lane 5) show the patterns expected for &wbime and one in which the

rpsL-neo cassette has been inserted into the UeB&,gespectively.

6.1.4 Isolation of UL32 mutant virus

BAC DNA was prepared from clonapacC for transfection into mammalian cells for
generation of the UL32 mutant HSV-1. Monolayershef UL32 complementing cell line,
UL32-5, were transfected using the calcium phosphatthod with 2 pgApacC BAC
DNA together with 2 p@anHl cleaved pGX2 (containing the HSVBlanHI K fragment
which is needed to repair the packaging signalstdélfrom fHSV-Apac). The cells were
incubated at 37°C for 3 days, the cells and medradsted and then used to infect fresh
plates of UL32-5 cells. After 48 hours, the pldtewed clear evidence of CPE. The cells
and media were harvested, and a stock of this YA\B2EP) prepared.

6.1.5 Characterisation of A32EP

The newly created32EP virus was next characterised, to determineghen¢he

phenotype was the samelag4.

6.1.5.1 Growth curve for A32EP

The replication oA32EP on complementing and non-complementing cedkliwas
compared to wt HSV-1 arfit64 in a single-step growth curve. 35 mm dishesiKEBind
cells were infected with 10 p.f.u. per cell wt H3VAr64 orA32EP, and UL32-5 cells
infected withhr64 orA32EP. One hour post infection, the cells were waigimee with
0.14 M NaCl, exposed to acid glycine wash for omeute, then washed with EC5 or
EFC5 as appropriate, followed by continued incudrain EC5 or EFC5 at 37°C. Cells
were harvested at 4, 8, 12, 16, 20 and 24 houtsfestion and the cells and media
sonicated before being titrated on UL32-5 cells¥atays. Plaques were counted and virus
yields determined. This growth analysis (figure)6n@licated than32EP did not replicate
on non-complementing BHK cells, producing very Igelds, comparable to those of
hr64. However, provision of UL32 in the UL32-5 complenting cell line allowed32EP
to grow to titres comparable to wt HSV-1 am®4 in these cells.
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6.1.5.2 Amplicon packaging assay

The ability ofA32EP to support DNA packaging was also testedtiaresient amplicon
packaging assay. BHK cells were transfected wigig pCMV10 or pUL32 along with 0.5
Hg pSAL, and superinfected with 5 p.f.u. per ceélH8V-1,hr64 orA32EP. Cells were
harvested 18 hours post infection and total and4@Nasistant DNAs prepared. The DNA
samples were digested wiitdRl andDpnl and separated on a 0.8% agarose gel. The gel
was Southern blotted and probed usifiylabelled pAT153, and the membrane is shown
in figure 6.4. wt HSV-1 was able to efficiently teate and package amplicon DNA, but
as previously showrr64 could package DNA only in the presence of pU{l@8es 1-3).
A32EP replicated DNA at levels similar to wt HSVLt was not able to package the
replicated DNA in the presence of pCMV10 (laneAx)dition of pUL32 restored the

DNA packaging ability oA32EP (lane 4).

Together, these results all confirm tAS2EP has a phenotype indistinguishable from
hr64. The virus cannot replicate on nhon-complementgity, or cleave and packaged

DNA, but the provision of exogenous UL32 can replagse defects.

6.2 Testing the UL32 homologues of VZV and HCMV for
their ability to complement A32EP

A number of reports have investigated the abilitthe pseudorabies virus (PrV) and
HSV-1 packaging proteins to functionally complemeath other. It was found that HSV-
1 UL32 was able to support the growth of a UL32ateg PrV, but this functional
complementation was not reciprocal (Fuehsl, 2009).

| therefore examined wheth&B2EP could be complemented by the homologues oPUL3
encoded by two other human herpesviruses, varizebter virus (VZV; another
alphaherpesvirus) and HCMV (a betaherpesvirus).ViZi¢ homologue is a 585 amino
acid protein, encoded by gene 26 (referred to aené¢ZV26). The HCMV homologue is a
668 amino acid protein, named UL52 (referred tefeer HCMV52), and has previously
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Figure 6.4: Amplicon packaging byA32EP.

BHK cells were transfected with 1pg pCMV10 or pULang with 0.5 pg pSAl
using the calcium phosphate method, followed byesafection with 5 p.f.u./cell
wt HSV-1,hr64 orA32EP. 18 h.p.i., cells were harvested and totalRiNdse
resistant DNA prepared. The DNA was digested &EitbR| andDpnl and
separated by agarose gel electrophoresis and Soutlo¢ted. pSA1 was detected
by probing the membrane witfP labelled pAT1583.
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been characterised as essential for virus grondHf@ncleavage and packaging of HCMV
DNA (Borstet al, 2008).

6.2.1 Generation of plasmids expressing HA-tagged v ersions of
VZV26 and HCMV52

As no antibodies were available in the laboratq@scsic for VZV26 or HCMV52,
constructs encoding HA-tagged proteins were geeeétay PCR. As with the generation of
HA-UL32 (section5.2), the primers were designed such that the igAMas encoded
between the second and third amino acids of VZRBHCMV52, generating constructs
named HA-VZV26 and HA-HCMV52 respectively. The f@awd primers for each

construct contained an introdudédnl site which was used during subsequent cloning as
described below. The reverse primers for HA-VZV2@ &lA-HCMV52 introducedXbal
andHindlll sites respectively, again used for further ahmn The primer sequences are
listed in table 6.1.

The template for the PCR construction of the HAge®d)VZV-UL32 was plasmid pVZV-
Kpnl f, which contains th&pnl f fragment of VZV, spanning nucleotides 4394316984

of the VZV genome, with gene 26 specified by nuttiss 44506 to 46263 (Davison &
Scott, 1986). The template for the PCR construatiodA-HCMV52 was plasmid
pHCMV-Hindlll f containing theHindllll f fragment of HCMV strain AD169. This
fragment spans nucleotides 65813 to 86163 with Udriébded from nucleotides 75087 to
77093.
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inserted

5'- 3' sequence site
HA-VZV26
HA-VZV-F | GGGCGGTACCCCATGGATTACCCTTACGACGTGCCTGACTACG Kpnl

CTCGGGTAGAATCAGAAGAACC

VZV-R CCGGCAGCTCTAGACCTAGACATACTTCGATAGGGTGTG Xbal
HA-
HCMV52
HA- GGGCGGTACCCCATGAATTACCCTTACGACGTGCCTGACTAC Kpnl
HCMV-F GCTCCGAGTACCCACGTGAGC
HCMV-R gCGGGGTCGCCCAAGCTTGGGACGCTAGACATACTTGTCTACAC Hindill

Table 6.1: Sequences of primers used for generatitA-VZV26 and HA-HCMV52.

5'-3' sequences of the primers used for generafibtA-VZV26 and HA-HCMV52,
showing the sequences encoding the HA tag in rddreose complementary to the VZV26
and HCMV52 genes in blue. The introduced restnictides are listed and underlined in
the primer sequences.

Each PCR was carried out using the forward andsevarimers as described in section
2.2.3.8. The PCR fragments were then digestedthwtlappropriate restriction enzymes
(Kpnl andXbd in the case of HA-VZV26Kpnl andHindlll in the case of HA-HCMV52)
and ligated into pCMV10 digested with the same eres;, to generate pHA-VZV26 and
pHA-HCMV52.

6.2.2 Functional analysis of pHA-VZV26 and pHA-HCMV 52

Firstly, it was essential to verify that pHA-VZV2hd pHA-HCMV52 did indeed express
the appropriate HA-tagged proteins. This was dognedstern blotting of transfected cells
with F-7 (anti-HA). Figure 6.5A confirmed that egolasmid expressed a protein
consistent with the predicted size of 64 kDa fon2B and 75 kDa for HCMV52.

The two proteins were next tested for their abiiitcomplement the growth and DNA
packaging of the UL32 null mutanB2EP, using a complementation yield assay and

transient amplicon packaging assay as previousgrided.

As before, pUL32 supported the growthA#2EP in the complementation yield assay,
giving a mean titre of 4.3 x f0whereas pCMV10 did not, giving a titre of 40 @.bf the
pUL32 value). Similarly, neither pHA-VZV26 nor pHACMV52 could complement
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Figure 6.5: Expression of HA-VZV26 and HA-HCMV52, and analysis of their
ability to support packaging of amplicon DNA byA32EP.

A. BHK cells were transfected with 1 pg pHA-VZV26 @iHA-HMCV52 using the
calcium phosphate method and harvested after 1&hGells were lysed and
proteins separated by SDS-PAGE. Proteins were mweltetted and the
membranes immunoblotted with F-7 (anti-HA) followeyl HRP-conjugated
anti-mouse IgG and developed using ECL substrate.

B. BHK cells were transfected with 1 pg pCMV10, pl2l.pHA-VZV26 or pHA-
HCMV52 along with 0.5 pg pSA1 using the calcium gpioate method,
followed by superinfection with 5 p.f.u./ceiB2EP. 18 h.p.i., cells were
harvested and total and DNAse resistant DNA preparnel analysed as in the
legend to figure 6.4.
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A32EP, giving mean titres which were 0.1% and 0.b5%at obtained with pUL32

respectively.

The results of the amplicon packaging assay aresihofigure 6.5B. All samples showed
similar levels of total (replicated) DNA, with paadied DNA seen in the samples
containing pUL32 (lane 1) but not pCMV10 (lane I2gither pHA-VZV26 nor pHA-
HCMV52 supported detectable packaging of amplicdkAdflanes 3 and 4), with mean
values from duplicate experiments of less than Coi¥at packaged in the presence of
puUL32

These results together demonstrate that neithergB¥26 nor pHA-HCMV52 can
substitute for HSV-1 UL32 and functionally complermhéhe defect oA32EPR

6.3 Investigation of a possible interaction of UL32 with
UL12

As previously discussed, the HSV-1 UL12 gene ensdlde alkaline nuclease, a protein
involved in the resolution of branched structuresancatemeric viral DNA resulting from
recombination during genome replication. Many bdapihage also encode nucleases
performing this function. One of these is endonasteVIl of phage T4, which is required
at late points during infection to resolve brandhfobefore packaging of DNA into the
phage head (Kemper & Garabett, 1981; Kemper & JEZ5).

Endonuclease VIl has been shown to have a modridganisation of structure and
function, with the C-terminal portion providing teaedonuclease and the N-terminal
portion thought to be involved in the DNA bindingpperties of the protein (Giraud-Panis
et al, 1995). The N-terminal region contains four cys¢eiesidues distributed in a CxxC
pattern reminiscent of that in HSV-1 UL32. Endomade VIl was also found to
coordinate zinc atoms. This similarity betweenNaterminal portion of endonuclease VII
and UL32 led me to speculate whether UL32 couldkwoiconcert with UL12 to perform
a similar function in HSV-1. For example, UL32 miggncode the DNA binding subunit
(analogous to the N-terminus of endonuclease Vit WL12 being equivalent to the C-

terminus and performing the nuclease function.
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6.3.1 Co-immunoprecipitation analysis of UL32 and U L12 from

baculovirus-infected cells

The possibility of a direct interaction between 2Lahd UL12 was investigated by
immunoprecipitation from insect cells infected withculoviruses expressing these
proteins.SR1 cells were mock infected or infected with AcUL&21 AcUL12 (expressing
the UL12 protein) either alone or together. Foiighehours post infection, soluble protein
extracts were prepared. An aliquot of each of tles®immunoprecipitated using
monoclonal antibody Q1 (anti-UL12), followed by utmation with protein-A-sepharose.
Soluble extracts and immunoprecipitates were sé&htay SDS-PAGE and
immunoblotted using R1 or Q1 (1:500), followed biRPtconjugated protein-A. The

resultant western blot is shown in figure 6.6.

As shown in panel A, UL12 was expressed in cefisated with AcUL12 either alone
(lane 3) or together with UL32 (lane 4), but natcehat were mock infected or infected
with AcUL32 alone (lanes 1 and 2). Similarly, UL8Quld be only detected in cells
infected with AcUL32 alone or dually infected wititUL12 (lanes 5-8). As would be
expected, the UL12 antibody Q1 successfully préaigd the UL12 protein from infected
cells (lanes 11 and 12). However, Q1 did not caipitate UL32 from the dually infected
cells (lane 16). The reciprocal experiment, usidgfét the immunoprecipitation, gave the
same result (data not shown). This indicates th&2hnd UL12 do not form a complex in

baculovirus-infected cells.

6.3.2 Pulsed-field gel analysis of the structure of replicated DNA
in A32EP infected cells

Gel electrophoretic techniques have previously hesed to analyse the structure of
replicative concatemers of HSV-1 DNA, and while wemtional gel electrophoresis can
resolve fragments of only approximately 40 kbp spdkfield gel electrophoresis (PFGE)
enables resolution of much larger DNA moleculesjmto 2000 kbp in size. Previous
work showed that replicative intermediates gendratewt HSV-1 remain in the wells of a
pulsed-field gel, due to their branched structudeereas the cleaved unit-length genomes
can enter the gel. Restriction enzyme digestidoviad by PFGEnalysis of DNA from

cells infected with a UL12 null mutant demonstrdteat the replicative intermediates



Chapter 6 231

A. Soluble protein extracts

o~ o~
— —
+ +
= 8 N EEEER
220> 2205
97> ¥
-
97>

~ e =z
o6 i U2
-

= - =
45> ; . 4 B
1 2 3 4 5 6 7 8
Q1 (anti-UL12) R1 (anti-UL32)

B. Immunoprecipitation with Q1

‘32+12
32+12

NN
= ™ «
-

220> s

o 220> ¢ ’

97>
66>} "—ULlZ
: 66>
45> _
9 10 11 12 13 14 15 16
Q1 (anti-UL12) R1 (anti-UL32)

Figure 6.6: Immunoprecipitation of UL12 and UL32 from recombinant baculovirus-

A.

infected cells.

SP1 cells were mock infected or infected with 2. Buyp/cell of the indicated
recombinant baculoviruses. 48 h.p.i., soluble pnog¢atracts were prepared.
Samples of these extracts were separated on apdy#crylamide gel and
western blotted. The membranes were incubatedeititier Q1 (anti-UL12; lanes
1-4) or R1 (anti-UL32; lanes 5-8). This was follaley incubation with HRP-
conjugated protein-A which was detected using Edlisgrate. The positions of
size marker proteins are indicated (kDa).

Samples of the soluble protein extract were imopuecipitated with Q1 and the
immune complexes harvested by incubation with jmmetesepharose. These
immunoprecipitated samples were separated by SO&E#nd immunoblotted as
above with either Q1 (lanes 9-12) or R1 (lanes @B-Ihe positions of size marker
proteins are indicated (kDa).
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produced by this virus wemeore complex than those of wt HSV-1, and apparently

contained higher level of branched structures (Martieeal, 1996a).

It was therefore decided to carry out pulsed-fggtlanalysis of the replicated DNA
produced by32EP, to determine whether UL32 may, like UL12jlved in the

resolution of branched structures.

Duplicate plates of BHK cells were infected witlp5.u. per cell wt HSV-1A32EP or
amibJUL12, which contains an amber stop codon at pasiti?9 of the UL12 ORF (Patet
al., 1996b). 18 hours post infection, cells were hstie@ into the medium and the cells
from each plate embedded in agarose blocks (asilbedan2.2.14.1), so that the DNA
could be manipulateith situto avoid shearing high molecular weight moleculexal
DNA was prepared by incubation in proteinase K, #edplugs (corresponding to
approximately 6.5 x T0cells each) were incubated with eitlsgre, Xbal, Hindlll or left
undigested. The DNA was then separated by eleatregls in a 1% PFGE agarose/0.5 x
TBE gel at 6 V/cm for 16 hours at 14°C with a rachpwitch time of 1 — 15 sec (section
2.2.14.3). The DNA was Southern blotted and HSVNADIetected by hybridisation to
3%p |abelled fHSV-1 pac+ BAC DNA (a recombinant BAGteding the entire HSV-1
genome). The Southern blot is shown in figure 6.7.

As previously reported (Martinet al, 1996a), undigested DNA from wt HSV-1 infected
cells produced two bands corresponding the releasiédength genomes of 152 kbp and
the high molecular weight DNA that failed to entiee gel (lane 1). NeitheamBdJL12 nor
A32EP produced detectable genomic length DNA, witistnof the undigested DNA
remaining in the wells (lane 2 and 3). This is ¢stent with the known inability of UL32
mutant HSV-1 to cleave concatemers and the redp@aekbging of “poor quality” DNA

by amibUL12 (Porter & Stow, 2004b; Sherman & Bachenheirt887) .

Spé cleaves the HSV-1 genome once. Complete digestia@oncatemeric DNA with this
enzyme is expected to produce three fragmentzes$ 4i86 kbp, 152 kbp and 118 kb, due
to the potential isomerisation of the genome (Maziet al, 1996a). These bands could be
very faintly seen in the wt HSV-1 DNA sample, alomgh four prominent smaller bands
generated from unit length genomes containing teedment in either orientation. These
were 80 and 70 kbp from the prototype orientatiod 200 and 50 kbp from the inverted
orientation (lane 4). In contrast to wt HSVSpe cleavedamiJL12 DNA was fully

retained within the well, as the more branched neatdithe DNA prevented fragments
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Figure 6.7: PFGE analysis of viral DNA from cells inécted with wt HSV-1,A32EP
or ambUL12.

BHK cells were infected with 5 p.f.u./cell wt HSV-A32EP oramlJL12 for 18 hours.
Cells were harvested and embedded in agarose blbated DNA was prepared in
situ. The DNA within each block was digested wh tndicated restriction
endonuclease or left undigested. The samples we@ated by PFGE using the
following parameters: 1% PFGE agarose/0.5 x TBEagélV/cm for 16 hours at 14°C
with a ramped time of 1-15 sec. The gel was Southletted and the membrane
probed with??P labelled fHSV-1 pac+ BAC DNA (encoding the HSVé&ngme). The
positions of molecular markers are indicated (ip)kb
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from entering the gel or running as discrete bdledse 6). The DNA produced in the
A32EP infection generated the three fragments pestlfior wt concatemeric DNA,
indicating that in this case tl8pe fragments generated from concatemers could dmeer

gel (lane 5).

Cleavage of unit length DNA witKba is predicted to produce seven fragments from the
four possible isomers (11, 34, 25, 29, 55, 36 &hlll#). Concatemers should lack four of
these, corresponding to terminal fragments (1136%nd 29 kbp), but yield three novel

fragments (65, 84 and 47 kbp) resulting from L segiinversion within the concatemer.

The 84, 65, 55 and 11 kbp bands are clearly visdyléhe wt HSV-1 DNA in lane 7, along
with an intense band falling within the predictézes of 25-47 kbp. Only a feint smear of
DNA could be seen frommidJL12 infected cells rather than discrete bandsinaga
showing that this DNA has a more complex structbem wt HSV-1 (lane 9). Th&32EP
DNA was similar to wt HSV-1, showing discrete banalshough the sizes were in some
cases different because only concatemeric DNA wesent in the\32EP infection (lane
8). A similar result was seen when the DNA was slige withHindlIIl, which is a more
frequent cutting enzyme. Again, the wt HSV-1 DNAvaled discrete bands of
approximate sizes 4 to 40 (lane 10), whesrabUL12 yielded fragments that were
somewhat smeared and poorly resolved (lane 12hefse, the DNA from tha32EP
infected cells behaved similarly to the wt DNA, Idieg a similar set of discrete bands
(lane 11).

This result confirms that the structureamhldJL12 is different to that of wt HSV-1 DNA,
and that the frequency of cross-links or other aradities is sufficiently high that even
when the DNA is cleaved into small fragments (bygHindlll) sharp bands are not
produced. In contrast, even though terminal fragmare not generated, the overall
structure oA32EP DNA appears much more similar to wt HSV-1 Dal#d discrete bands
result from digestion with each of the three enzymderefore, consistent with its lack of
interaction with UL12, UL32 does not appear tomeived in resolution of branched

structures prior to DNA encapsidation.
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6.4 Estimation of the size of UL32 by size exclusio n

chromatography

Previous work presented in chapter 3 showed thatlbeirus-expressed UL32 protein
could be partially purified from other baculovirasd cellular proteins using anion
exchange chromatography. It was decided to futtiisrchromatography work to
determine whether UL32 exists as a monomer or highaer structure in solution. This
was done using a 24 ml Superose 12 HR 10/30 co(dmersham).

Before the sizing of UL32, the column was firstilsedted with standard proteins of known
molecular weight; IgG (160 kDa), BSA (67 kDa) aitibnuclease A (13.7 kDa). The
Superose column was equilibrated with buffer A arfdtered sample of the three proteins,
each at a final concentration of 2 mg/ml was apipicethe column. The proteins were
eluted from the column with 24 ml buffer A. Examioa of the UV absorbance trace
showed that IgG, BSA and ribonuclease A eluted ftioencolumn at 11.41 ml, 11.98 ml
and 15.78 ml respectively (data not shown). Themedsaird sizes were then used as

molecular markers for the sizing of UL32.

For the sizing of UL32, five flasks &R1 cells were infected with 5 p.f.u. per cell
AcUL32. Forty-eight hours post infection, solubletein extracts were prepared and
filtered (sectior2.2.9.1). This extract was applied to the MonoQuool and the fractions
containing UL32 collected, as in secti®d. The UL32 containing fractions were pooled
and 200 ul applied to the Superose 12 column andalising exactly the same conditions
as the markers. 0.5 ml fractions were collectecafalysis. These samples were separated
by SDS-PAGE and western blotted. UL32 was detdayedcubation with R1 followed by
HRP-conjugated protein-A and detection with ECLe TV absorbance trace is shown in

figure 6.8A, with the positions of the markers frdime previous run marked.

This trace showed a number of discrete peaks. Aisabf all of the fractions on a
Coomassie stained gel revealed that the majorityld2 protein was in fractions B1-B11
(data not shown). A western blot of fractions A153Bmmunoblotted with R1 is shown in
figure 6.8B. Based on the elution of standard pnstenonomers and dimers of UL32
would be expected to elute at approximately fraxtiB10 and B8 respectively. Although
some UL32 is present in these fractions, it isgmés the largest amounts in fractions B1-

B3 (equivalent to the peak at 7.79 ml) which cquoesl to the exclusion volume of this
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Figure 6.8: Size exclusion chromatography of UL32.

UL32 protein was harvested from AcUL32-infect®fl1 cells and fractionated using
a MonoQ column, as in the legend to figure 3.3. pbak UL32-containing
fractions were pooled and 200 pl applied to a Sageefl2 column. Proteins
were eluted with 24 ml buffer A and 0.5 ml fractsocollected.

A. UV absorbance trace of the Superose fractionaibawing the positions at
which each peak was eluted from the column (mlg positions at which
standard molecular marker proteins were eluted ftmcolumn on an
identical run are marked by the red arrows.

B. 20 pul samples from fractions A15-B13 were boilethe presence of SDS and
separated by electrophoresis on an 8% polyacrykuged and western blotted.
The membrane was immunoblotted with R1. The posiioUL32 is marked
and the positions of size markers are indicatecjkD
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column. Since the exclusion limit of the Supero8¢HR 10/30 column is approximately
2x10 kDa, this suggests that the UL32 protein existslpminantly as higher order
multimers or aggregates which are too large toepasted by this column. However, a
heterogeneous range of smaller complexes (monoutersys, trimers etc.) also appears to
be present.

6.5 Analysis and quantification of the zinc binding

properties of UL32

UL32 has CxxC/CxxxC motifs reminiscent of thoseriany zinc binding proteins and has
previously been reported to bind to zinc (Chabhgl, 1996). However, the radioactive
zinc blot assay used in this study required thetedphoresis of UL32 using a denaturing
gel, transfer of the protein onto a blot, and reraton before the zinc-binding ability
could be analysed. It was therefore an indirectwivhich did not allow for
quantification of the zinc-binding. For this reasbdecided to investigate the binding of
UL32 to zinc in more detail and attempt to quarteithis interaction. This was done by
means of spectroscopic measurement of the zintadieg from UL32 by p-
chloromercuribenzoic acid (PCMB). The concentratibthe displaced zinc was
determined by chelation with 4-(2-pyridylazo) resool (PAR). PAR changes from a
yellow to orange colour with increasing zinc cortcations which can be measured by
absorbance at 492 nm (Giraud-Pagtial, 1995; Huntet al, 1985; Huntet al, 1984)

6.5.1 Titration of zinc standard solutions

Firstly, it was necessary to determine the rangaraf concentrations over which a linear
response was measured and also to confirm thaiitiéon of PCMB had no affect on
this reading. Duplicate samples of a range of zorcentrations were made up and PAR
added to a final concentration of 100 uM. One a@hesample also included 2 mM PCMB
(final concentration). 300 pl of each sample wasgferred to the wells of a 96-well plate
and read at 492 nm using a Titertek Multiskan Plage reader. Zinc concentrations were
tested in the range 0-1 M zinc (final concentrgtiamd it was found that the linear range
for detection was 0-8 uM. A representative expenneevering this range is shown in
figure 6.9.
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Figure 6.9: Titration of standard zinc chloride corcentrations with PAR.

Duplicate samples were made up containing 100 4R BAd the indicated final
concentrations of zinc chloride, with and withoun®1 PCMB. 300 ul of each was
transferred to the wells of a microtitre plate amel adbsorbance measured at 492 nm.
Those samples with PCMB are shown in blue, andetiothout are shown in pink.
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6.5.2 MonoQ fractionation of proteins expressed by AcUL32 and

pac6 baculoviruses

Peak UL32-containing fractions from the MonoQ fraication of baculovirus-expressed
UL32 were used for the zinc-release assay. Howesgethis purification is incomplete and
these fractions also contain other baculovirusaelidilar proteins, an appropriate control
needed to be included. This was the parental baicutopac6, which is indistinguishable
from AcUL32 except that it encodes lacZ rather tbdu32. Equivalent fractions eluted
from MonoQ purification of protein extracts from Bc32 and pac6 should differ only in
the UL32 orB-galactosidase protein content. Therefore, angudifice in zinc release
found between the two samples should be due tbitligng of zinc by UL32 protein. As
theSR1 growth medium used for culture of t821 cells contained no additional zinc, the

media was supplemented with zinc during the infedti

Ten 175 crhflasks ofSR1 cells were infected with either AcUL32 or pacl éancubated

in growth medium supplemented with 10 uM zinc aeetar 48 hours (sectioh2.16.1).
Cells were harvested and soluble protein extragigsgred as before, in a total volume of
10 ml buffer A. The protein samples were dialysgdimst buffer A to remove the unbound
zinc from the medium. The two protein extracts widtered and separately fractionated

on a MonoQ column, with 0.5 ml fractions collected.

Figure 6.10 shows the two superimposed UV absogbaaces from the MonoQ
fractionations. These are very similar in patteuhdclear peak can be seen in the UL32
sample (brown dashed line) eluted at approxim&e&yM NaCl (approximately 35 ml),
which is not present in the pac6 sample. The tawces are slightly offset relative to one
another and so the equivalent fractions from eaeded to be identified. This was done
by comparing the peaks in the UV absorbance trandsalso examination of the pattern of
eluted proteins on Coomassie-stained gels foradtibns collected each sample. 25
fractions surrounding and including the UL32 peaid the corresponding fractions from
the pac6 gradient, were renumbered 1-25 and a Cssieastained gel of these fractions is
shown in figure 6.11. The UL32 protein can be dieseen in fractions 13 to 21 with the
greatest amounts in fractions 13 to 16 (which gpoaded to the peak seen at 35 ml on

the UV absorbance trace).
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A. pac6
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B. AcUL32
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Figure 6.11: Coomassie gel of MonoQ fractionation gfac6 and AcUL32extracts.

UL32-containing fractions and the equivalent pae@tions eluted from the MonoQ
fractionation shown in figure 6.10 were collect2dul samples were boiled in the
presence of SDS and separated by electrophoresis 8% polyacrylamide gel.
Proteins were detected by staining with Coomagsie.positions of size markers
(kDa) and the UL32 protein are indicated.
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The total protein concentration of fractions 13f#t6n both gradients was determined
using a Bradford assay (secti®r2.9.3) and the concentration of UL32 proteinhiese
fractions estimated by subtraction. The UL32 proteas approximately 20% pure and
ranged between 100-300 pg/ml, equivalent to a noalacentration of approximately 1.5-
4.5 pM UL32.

6.5.3 Quantification of zinc binding of UL32

Work by other groups using similar zinc-releaseags$ias found that four molar
equivalents of PCMB are required to remove 1 moie from its bound protein if the zinc
is chelated by four cysteine residues (Giraud-Paingd, 1995; Huntet al, 1984; Wojtyra

et al, 2003). However, as it was not known how much mmas bound to the UL32

protein, or to any other proteins present in th&JIA82 and pac6 samples, | decided to use
an excess of PCMB in these experiments to ensatathof the zinc would be removed

from the proteins, and available to chelate the PAR

Duplicate 200 pul samples of each protein fractib@5, were mixed with 100 uM PAR,
with and without 2 mM PCMB in a total volume of 3QQ as described in section
2.2.16.2. The absorbance was measured at 492 anbatftinutes. The amount of zinc
released by each protein sample was determinedroparison with a standard zinc curve.
The results from fractions 1-25 are shown in figeirE2, with the zinc release from the
UL32 samples shown in blue and from the pac6 sasrghlewn in pink. A clear peak can
be seen in the zinc release from the UL32 gradrantions 13-16 that is not present in the
equivalent pac6 fractions. These are the fractimmsaining the greatest amount of UL32,
and confirm that UL32 does indeed bind to zinc. $teechiometry of zinc in the UL32

protein was calculated for each of these fractamgis listed in the table below:

Concentration of Concentration of Ratio
Fraction | UL32 protein zinc released L
zinc:UL32
(nmoles) (nmoles)
13 1.08 1.2 1.11
14 1.22 1.26 1.04
15 0.81 0.93 1.15
16 0.54 0.81 1.5

Table 6.2: Concentration of zinc released from UL32

The zinc released from samples collected from tthetibnation of AcUL32 and pac6 was
measured as described in figure 6.12. The zinaseld specifically from the UL32 protein
was determined by the difference between the Ul@Ppmc6 values for each equivalent

fraction.
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This zinc release assay was repeated, with simafarts. In the second experiment, the
peak fraction eluted from the MonoQ contained Gmles UL32, and 0.36 nmoles zinc

was released specifically from the UL32, givingaia of zinc:UL32 of 0.8.

These results from two independent experiments stroapproximate 1:1 ratio of zinc
release to UL32 protein, suggesting that each mtdeaf protein binds to one molecule of

zinc.

Fraction 16 from the first experiment has a slighilgher zinc:UL32 ratio, but further
examination of the Coomassie-stained gel (figutd)6showed that the pac6 fraction 16
had an additional band of between 38 and 52 kD&hnk not as prominent in the UL32
fraction 16. It is not known what this band is, listpresence may have led to a small
underestimation in UL32 concentration in fractidg Wsing a more highly purified
preparation of UL32 in these experiments would ésirdble to eliminate such problems,
however the attempts to further purify UL32 usin§uperose 12 column were

unsuccessful (sectidh4).
6.6 Investigation of the DNA binding properties of UL32

For a number of reasons, it was next decided tesitiyate whether UL32 was able to bind
to DNA. Firstly, many zinc-binding proteins havesbeshown to bind DNA, both sequence
specifically and non-specifically. Secondly, datagented in chapter 5 showed that UL32
co-localises with the terminase complex, whichdstplated to be directly involved in the
recognition, cleavage and packaging of DNA, andettoee UL32 might bind DNA as part
of this complex. To analyse the DNA binding profrtof UL32, an electrophoresis
mobility shift assay (EMSA) was utilised, in whicidiolabelled DNA and protein sample
are allowed to form protein-DNA complexes that separated by electrophoresis on non-
denaturing gels. This assay relies on the abifityound protein to reduce the mobility of
DNA in the gel, so that protein-DNA complexes vmilgrate more slowly than the ‘free’
DNA.

Simultaneous AcUL32 and pac6 infectionsS#f1 cells were carried out as in section
6.5.2, extracts were fractionated using a Mono@rool and equivalent 0.5 ml fractions
collected. 20 ul samples from fractions covering th.32 peak were analysed by SDS-

PAGE and Coomassie staining (as shown in figurg)6l1L32 was expressed and eluted
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A. pac6

225

B. AcUL32

+— uL32

Figure 6.13 : MonoQ fractionation of soluble proteirs expressed from AcUL32
and pacé.

SR1 cells were infected with 5 p.f.u./cell pac6 a@lA.32 and soluble proteins
harvested after 48 hours. Proteins were appliedMmnoQ column and fractionated
as described in the legend to figure 6.10uR€amples of fractions containing UL32
and the equivalent pac6 fractions were separat&¥opolyacrylamide gels and
proteins stained using Coomassie Brilliant bluee Phsition of size makers (kDa)
and UL32 are indicated. Note that these fractiorsat the same as those in figures
6.10-6.11.
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from the MonoQ column in fractions 4-9, with theegtest amount of UL32 in fractions 4-
7.

The protein concentration of fractions 1-9 (anddhaivalent fractions from the pac6
fractionation) was determined using a Bradford ys§he total protein concentration of
the fractions ranged from 200-300 pg/ml, with tlealpfractions (4-7) containing
approximately 20-30 pg/ml UL32. 10 pl of each profeaction was used in each
experiment, corresponding to approximately 20089WL32 protein.

6.6.1 Analysis of UL32 binding to the minimal packa  ging signal

Firstly, the ability of UL32 to specifically binatthe packaging sequences of HSV-1 was
analysed, using DNA encoding the minimal packagiggal, Uc-DR1-Ub, excised from
pPSAL. As previously discussed, the amplicon plagpd41 encodes an HSV-1 origin of
replication and also the minimal packaging sig@di{ottset al, 2000). The 200 bp Uc-
DR1-Ub sequence was excised from pSA1 by digestitnEcoRl andHindlll and

purified after separation using agarose gel elptivoesis.

400 ng of the double-stranded Uc-DR1-Ub DNA fraghweas 3' end-labelled using 20
UCio-**P dCTP as described in secti®®.15.1. This was diluted in;Bland 3 pl
(corresponding to approximately 4 ng DNA) usedanteDNA binding reaction. The
DNA was incubated with protein fractions to allowdiing to occur and protein-DNA
complexes were separated by electrophoresis on-al@waturing polyacrylamide gel
(section2.2.15.2). Gels were fixed and dried and exposedgbosphorimage screen. A

representative gel is shown in figure 6.14.

The free probe migrated predominantly as a shatpnfiggrating band, although some
label was detected near the top of the gel, whial have been pSA1 backbone
contaminant. The only fractions significantly diéat to this were 5 and 6 where a
complex of intermediate mobility was present. Tieigresents DNA that is present in a
protein-DNA complex, showing that proteins withirese fractions can bind to the Uc-
DR1-Ub DNA fragment. However, no difference wasmsbetween the DNA binding
ability of the equivalent UL32 and pac6 fractiomglicating that the DNA binding activity
seen was due to baculovirus-expressed or cellutaeips, rather than UL32. Longer
exposure of the gel to the phosphor screen digmmi any other DNA-protein

complexes.
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Figure 6.14: UL32 does not bind to the minimal packging sequence.

Equivalent protein fractions (10 each) from the MonoQ fractionation of AcUL32
and pac6 were incubated with 418 3’ end-labelled Uc-DR1-Ub for 30 minutes at
RT in the presence of buffer M. Samples were sépaiay electrophoresis on a non-
denaturing 8% polyacrylamide gel, fixed and dri€de gel was exposed to a

phosphorimage screen.
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This experiment was repeated with varied proteshRNA amounts, and varying the
concentrations of salt and zinc in the buffer, ioevidence of UL32 binding to the

minimal packaging signal Ub-DR1-Uc was seen.

An almost identical result was obtained when thieaexs were tested for their ability to
bind to a control non-HSV-1 DNA fragment of 200 dxrised from pCMV10 (data not
shown). This suggests that at least one protéiraations 5 and 6 binds non-sequence
specifically to dsDNA, but that UL32 itself doestrstiow any DNA binding properties.

6.7 Discussion

This chapter describes further experiments | paréat to characterise UL32, in an attempt

to better understand its role in the HSV-1 DNA pgikg process.

A new UL32 null mutant virusAS2EP) was constructed, in which all but 391 bphef t
UL32 gene was deleted. This is in contradtr®4, which retains all of the UL32 coding
sequence, disrupted by an ICP6:lacZ cassette (Ldingbe/eller, 1998).hr64 produces a
product of 30 kDa that is recognised by UL32 artasvhich presumably corresponds to
the 273 N-terminal amino acids of UL32, whereasdbreesponding product &f32EP
should contain only 67 N-terminal amino acids. Shgle step growth curves and
amplicon packaging assay showed th32EP is defective for viral growth and DNA
packaging, but confirmed the ability of exogenoysigvided UL32 to complement these
defects to levels near to that of wt HSV-1. Thidicates thah32EP has the same
phenotype akr64 and also that the defects seeN32EP were solely due to the deletion
of the UL32 gene. These results also confirm thatnserted rpsL-neo-32 cassette had no
detrimental effects on the virus. This work hasfrored the packaging-null phenotype for
an independently created UL32 mutant HSV-1, indicgthat it is unlikely that the N-
terminal fragment encoded by64 performs any function. Finally, the generatién o
A32EP also supports the UL32-null phenotype usiddfarent HSV-1 strain.

The GeneBridges Counter-selection system was aectevt method of generating the
UL32 mutant virus. By using homologous recombinati@etween the target gene and a
selectable marker, it overcomes many of the linatet associated with conventional
methods of cloning. It allows direct introductiohr@w sequences at any target site within
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a cloned full length HSV-1 genome. The mutantstban be easily recovered by
transfection of the DNA into mammalian cells. Then@Bridges Counter Selection kit is
also designed to allow a second step counter gmleethere the selectable marker (rpsL-
neo cassette) can be replaced by the original mé ge a copy carrying a specific
mutation. Thus, potentially any of the mutationsat#ded in chapter 4 could be
recombined into theApac C BAC (sectiol.1.4) and viruses generated for further study.

The abilities of UL32 homologues VZV26 and HCMV&Rdupport the growth and DNA
packaging oA32EP were analysed, but neither protein was aldehstitute for HSV-1
UL32 in these assays. There may be a number oheapbns for this which are discussed

below.

HCMV is a member of thBetaherpesviringeand the UL52 protein exhibits relatively
poor similarity compared to UL32, with only 17% mdeal residues, and some large
stretches of amino acids that are not present M-H®L32. UL52 has previously been
characterised and was shown to be essential fa¢hgage and packaging of HCMV
DNA (Borstet al, 2008). However, some differences were reportéaden HSV-1 UL32
and HCMV UL52. UL52 appears to have a different-salular localisation to HSV-1
UL32, being present in the nucleus but surrountiiegeplication compartments rather
than within them. This might possibly indicate drént functions for HCMV UL52 and
HSV-1 UL32 and explain the inability of UL52 to siitute for HSV-1 UL32. UL52 also
contains a putative nuclear localisation signalpresent in HSV-1 UL32 and can enter the
nucleus in the absence of other HSV-1 proteins, sangerhaps establishes different

protein-protein interactions.

VZV26 has not yet been characterised, but as eggdot two viruses belonging to the
same sub-family, the VZV and HSV-1 UL32 proteinswha much greater degree of
conservation. The two proteins show approximatéBb4amino acid identity and this is
distributed evenly throughout the protein. Despi#ég much more similar to HSV-1
UL32 than UL52, VZV26 was still not able to funatally substitute for the HSV-1
protein. A possible explanation is that interacsionth other viral proteins are required for
UL32 to participate in DNA packaging, and VZV26 mayt be able to form these
interactions. Although such interactions have rattbeen reported in the literature, the

possible interaction with the terminase complexcdbed in this thesis may be important.
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Previous studies by Mettenleiter's group analy#egfunctional conservation of some PrVv
and HSV-1 packaging proteins found that PrV UL32slnot complement the growth of a
UL32 mutant HSV-1, but that the HSV-1 UL32 can sssfully complement a PrV UL32
mutant virus (Fuchst al, 2009). PrV and HSV-1 UL32 proteins show approxehe40%
amino acid identity (close to the 45% shared by HSAd VZV). It might therefore be
interesting to do reciprocals of the experimeritave presented here and examine whether
HSV-1 UL32 can similarly support the growth of a8 VZV mutant.

| next investigated whether UL32 may have been mgrkn conjunction with the viral
alkaline nuclease, UL12, to contribute to the reBoh of branched structures in the
replicated HSV-1 DNA. However, the two proteins dimt interact in an
immunoprecipitation assay. Furthermore, the ref@at@oncatemeric DNA produced by
A32EP showed no evidence of being structurally abbabwhen analysed by restriction
digest and PFGE. Therefore the CxxC-containing UpR#2ein does not appear to
contribute towards the alkaline nuclease functibblal2 in an analogous function to the
CxxC domain to the phage T4 endonuclease VII pnofihis may not be too surprising in
view of the different phenotypes of the UL12 and3@2lmutant viruses in non-
complementing cells. Whil$tr64 andA32EP have a completely negative DNA packaging
phenotype, the UL12 mutaamidJL12 shows only a relatively small reduction in DNA
packaging but nevertheless exhibits a 200-1000rfaddction in virus yield compared to
wt HSV-1 (Porter & Stow, 2004b).

Sizing analysis of UL32 using a Superose colummyesied that the protein probably
forms heterogeneous multimers and aggregatesuticaol This also indicates that

Superose 12 chromatography is unlikely to be udefuurther purification of UL32.

The zinc-binding ability of UL32 was investigateadequantified using a zinc-release
colourmetric assay. Chang et al (1996) had prelyaeported that UL32 was able to bind
zinc, as evidenced by the specific binding of rltielled zinc to a membrane containing
virally-expressed UL32 or a baculovirus-expressesdtbigged UL32 protein. My approach
demonstrated the presence of zinc in UL32 morestiyreand unlike the zinc blot studies,
did not require denaturing and renaturing of thé8Pprotein. This was done by
measuring the amount of zinc released by protesoiution, and revealed a molar ratio of

close to 1:1 zinc:protein.
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No zinc finger (ZnF) can be identified within ULBBing prediction programmes,
although the region containing the most N-term@axC motif does show high similarity

to the classical Cyslis, (C;H,) ZnF motif, as shown below.

ZnE Oy, s CXKXXXXXODX K-~ HXXXOH
UL 32 CDPNCAITEMEVDRWME EHP P ATH

Figure 6.15: Conserved sequence of &8, classical Zinc finger motif.
The conserved cysteine and histidines residueliginighted in redd represents a
hydrophobic residue and the hydrophobic residué# B2 are highlighted in blue.

However, this motif within UL32 contains 14 residusetween the second cysteine and
first histidines (rather than the consensus 12),as0 there is a polar glutamate (E) in the
first hydrophobic position. Furthermore, theseidise residues are not well conserved
within UL32, with the first His present in only foother herpesvirus sequences, wralst
short stretch including this histidine has beertbdel from thdBeta andGamma
herpesvirin@. This suggests that these histidines are noheasisir the function of UL32
and so are unlikely to be part of a conserved fznger.

A number of other viral proteins have been ideadifcontaining conserved CxxC motifs
that are involved in zinc-binding, including the &6d E7 proteins of human papilloma
virus (HPV). The zinc atoms bound to E7 are cofmathkd by the cysteine residues within
the CxxC maotifs (Patricket al, 1992), showing that paired CxxC motifs alone barused
to coordinate zinc atoms, as may be the case irRUL® interesting to compare the zinc
binding results with my mutational analysis of ULg#wing that the first and third
CxxC/CxxxC motifs are absolutely essential for fume, whereas when the central CxxC
Is mutated the UL32 protein retains a degree oftfan. This might suggest that the zinc
atoms in UL32 are chelated by the outer CxxC/Cxrx@ifs, and this will be discussed
further in chapter 7. It would have been extrenielgresting to have examined the zinc-
binding ability of the CxxC/CxxxC mutants, but urttmately time constraints prevented
this. 4 moles of PCMB are required to release ehedated by 4 cysteine residues and my
results could be furthered by performing a titrated PCMB to determine how many

cysteines are involved in chelating the zinc.
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A common feature of zinc binding proteins is traility to bind DNA. Since the work
presented in chapter 5 suggested that UL32 may éocomplex with the terminase, and
this enzyme is known to be directly involved in theavage and packaging of DNA, the
ability of UL32 to bind to DNA was investigated. Wever an electrophoresis mobility
shift assay found no evidence that UL32 boundtteeeithe 200 bp HSV-1 minimal
packaging sequence (Uc-DR1-Ub) or a non-HSV-1 cbfiagment.

EMSAs provide a useful initial study of the DNA Hing properties of a protein.
However, the fact that these results were negates not completely eliminate the
possibility of UL32 being involved in DNA binding@he UL28 subunit of the terminase
was previously reported to bind to a novel DNA a@onétion formed by the heat treatment
of pacl, whereas it did not bind to the dsDNA segeqAdelmaret al, 2001). Although
these results have not been repeated, this réisgmssibility that the Uc-DR1-Ub
sequence may adopt a different structure withits eahich is required for protein binding.
In addition, the UL28 homologue in HCMV, UL56, hasen shown to interact with single
stranded DNA sequences bearing the pacl and paiif2 (Bogneret al, 1998). It might
therefore be interesting to determine whether U&g2bits DNA binding activity in the
presence of the terminase, or when alternative Biddments are examined. Another
method of detecting DNA binding that could be emyphbis using chromatin
immunoprecipitation (ChIP) which has the advantaig&gllowing anin vivo determination
of DNA binding activity. The epitope-tagged recomdmt HSV-1 HA32EP might prove
useful for testing whether UL32 interacts with DNAvivo and, if so, to which sequences
it binds.

Several of the experiments described in this cnapbelld have benefitted if the UL32
protein was of a higher purity than that achievedtmnoQ column fractionation. This
might be possible to achieve by employing additi@edumns for example hydrophobic
interaction chromatography. Alternatively, prot&iom a different source could be used,
for example a bacterially-expressed protein thatacbe purified by virtue of a suitable
cleavable affinity tag (e.g. GST or 6xHis tag). Ewailability of more highly purified
UL32 would also allow alternative zinc-binding ags#o be employed, for example
atomic absorption spectroscopy or Extended X-ragofstion Fine Structure spectroscopy
(EXAFS). EXAFS has been used along with biochemaggroaches for examining the
zinc binding properties of HPV E7 (Patriekal, 1992) and a number of other proteins.
These techniques, along with examination of the@&xxxC mutant proteins, could give
a more accurate determination of how the zinc edatbd within the UL32 protein.
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7 Discussion

Previous work had identified UL32 as a predominaagtoplasmic HSV-1 protein
essential for the growth of HSV-1 and DNA packagiaghough dispensable for viral

DNA replication (Changpt al, 1996; Lamberti & Weller, 1998; Sherman &
Bachenheimer, 1987; 1988). The work presentedigtiiesis has in some parts supported
this previous characterisation, providing cluescathie function of UL32 within HSV-1

DNA packaging, and also characterising other progseof UL32.

Chapter 4 described the isolation of a panel ah8értional mutants and four site-specific
mutants of the UL32 protein, in an attempt to cbimase the structure-function
relationship of UL32 and provide some insight ingorole in HSV-1 DNA packaging. The
ability of each mutant to support DNA packagingretated precisely with their capacity
to complement the growth of a UL32 mutant vidw§4. This suggests that the only
essential function of UL32 involves the DNA packagpathway. Perhaps unsurprisingly,
the functionality of mutants in these two assags abrrelated with the degree of
conservation within the UL32 protein, with thosetemis in the most conserved regions
being non-functional and those in areas of low eoration being more tolerant of
insertions. The site-specific substitution of tlysteine residues within the conserved
CxxC/CxxxC motifs showed that whilst the outer rfeotiere absolutely essential for the
function of UL32, mutation of the central CxxC doex completely abrogate DNA
packaging. This is discussed later in greater dietéhe context of the zinc-binding
properties of UL32. The deletion of the extremee@rtinus (four amino acids) also

generated a non-functional protein.

The generation of a recombinant HSV-1 expressingaagged UL32 protein allowed
analysis of the localisation of UL32 within virugected cells and it was found that UL32
localised entirely to the replication compartmgREs) at 6 hours post infection. As
discussed in section 5.7, this is in contrast &vijous reports in which UL32 was found to
be either entirely cytoplasmic or predominantlyopfasmic with a small portion within
the RCs. My results indicate that UL32 shows alsinbocalisation to the other packaging
proteins and capsids during infection, as woul@X@ected for a protein involved in DNA
packaging. As UL32 is cytoplasmic when expressedalthere must be a mechanism by
which it is directed to the RCs during HSV-1 infeat One possibility was identified by
examination of the interactions between UL32 arm@ioHSV-1 proteins.
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Immunofluorescence data presented in chapter Sestgggjthat UL32 may interact with
the terminase complex, as UL32 was relocalisetigmticleus in the presence of the three
putative terminase subunits, UL15, UL28 and UL38-tfansfection with UL15 alone also
caused the partial relocalisation of UL32 to thelaus, indicating that these two proteins
might interact with each other perhaps weakly angrently. It was found that UL15 and
UL28 together are sufficient for the complete ral@ation of UL32 to the nucleus, with
UL33 appearing to play a minor or no role. The regquent for UL28 suggests that UL32
may also bind to UL28 (possibly using differentiogg of the protein for interacting with
UL15 and UL28), or that the addition of UL28 alténe conformation of UL15, allowing

it to interact more strongly with UL32. Co-immunepipitation analysis from baculovirus-
infected insect cells demonstrated no interactetwben UL32 and any of the terminase
components proteins alone, supporting the ideantioa¢ than one of these subunits are
required for stable interaction with UL32.

A recent paper from Yang (2007) showed that thaiteaise complex forms in the
cytoplasm of cells and then is directed into thelews by virtue of the NLS within UL15.
This might provide the mechanism for the localsa®f UL32 to RCs as well, if UL32
can bind to the cytoplasmic terminase complex anttdnsported into the nucleus. This
could be tested by the introduction of a UL15 detetnto HA32EP, to visualise the

localisation of UL32 in the absence of UL15.

The localisation of each of the mutants generatethapter 4 was then examined in this
assay and the colocalisation of the mutant UL32gmme with the terminase proteins
correlated almost exactly with their functionalityith 13 of the 15 functional mutants
showing complete relocalisation to the nucleus,thedemaining two (in328 and in376)
showing partial relocalisation. These data sugthedithe interaction with the terminase is
essential for UL32 function. Interestingly, howevwautants in328 and in376 were not
impaired at all in the complementation and packag@issays. It may be that in these
transfection/superinfection assays, enough of thegant UL32 proteins is localised to
the nucleus to allow full functionality. The preserof UL32 in the nucleus is nevertheless
not sufficient for packaging to occur, as two migaim338 and in398) were both able to
completely co-localise with the terminase, butmidd support viral growth or DNA
packaging. It would be interesting to examine alirfof these mutants in the context of a

full viral infection to compare their phenotypevio UL32.
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If UL32 does indeed form part of the terminase claxpa number of possibilities can be
envisaged for what role it might play. These inelu@) it may ensure that the terminase
complex is correctly folded and assembled; (ijh&y mediate the interaction of the
terminase with the DNA (iii) it may mediate theardaction of the terminase/DNA complex
with the capsid; (iv) it may have an enzymatic noée se (v) it may regulate the
enzymatic activities of the terminase. | consithat imy results are more consistent with

possibilities (iv) or (v), as discussed below.

The three terminase components UL28, UL15 and WHa8& been shown to interact using
immunoprecipitation of proteins expressed by redoant baculoviruses (Beagt al,
2002). This shows that they can form a stable cerpl the absence of other HSV-1
proteins and that UL32 is not required to allow tireninase proteins to associate. It may
of course be that the situation in infected calldifferent, but it seems unlikely that UL32
Is required for association of the terminase corepts Furthermore, my
immunofluorescence data showed that UL33, UL283inth all localised to the RCs
duringhr64 infection. The terminase proteins UL15 and Ub28e been shown to interact
with the portal protein, UL6 and it was proposedtthis is the mechanism by which the
terminase interacts with the pre-formed capsid (@&t al, 2003). | found no interaction
between UL32 and UL6, suggesting that UL32 haswolvement in mediating the

terminase-capsid interaction.

Possibilities (iv) and (v) appear more likely, imieh UL32 either performs an enzymatic
activity itself, or in some way activates or regatathe enzymatic activity of the terminase.
Bioinformatic analysis failed to reveal any sequesitnilarity between UL32 and the

DNA packaging proteins of either bacteriophagetbeoDNA viruses excluding
herpesviruses. Indeed, BLAST analysis of the ULRR2gin sequence retrieved only
herpesvirus UL32 gene homologues from the RefSetgiprdatabase. These analyses
therefore provided no further clues regarding tirecfion of UL32 and any possible
enzymatic activities it might possess. The EMSAspreged in section 6.6 did not identify
any dsDNA binding activity of UL32, possibly inditag that UL32 does not play a DNA
binding role within the terminase. However, as pyasly discussed, the only DNA

binding reported for UL28 required a novel confotima of the DNA (Adelmaret al,

2001). Therefore, more work needs to be carrieduitht varying DNA substrates and
possibly investigating the DNA binding of UL32 imet context of the terminase before this

possibility can be completely rejected.
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A number of accessory proteins have been identifidrhcteriophage (especially phage
which are directly involved in regulating the pagiay process and act in concert with the
terminase, for which analogous proteins have nen li@entified in herpesviruses. One of
these is gpFIl in phade which is not required for DNA replication butassential for
cleavage at theossequence and DNA packaging. The exact role of gpéthknown but it
is thought to be required for the transition of theminase from a stable but inactive
complex to a packaging machine that is capableaostocation of the DNA into the
capsid (Catalano & Tomka, 1995). This involves\ation of the ATPase subunit (gpA in
phagel) and switching the terminase complex from a fonat s specifically bound toos
to one which can bind tightly but non-specificaitlyDNA to allow packaging. An
additional protein required in bacteriophageackaging is the host protein IHF, which
binds to a specific sequence of viral dAsDNA andohices a 180° bend into the DNA, to
bring the terminase binding sites into the corogntation (Ortega & Catalano, 2006). It
is possible that UL32 might play a role analogauserie of these proteins in HSV-1 DNA

packaging, as an accessory protein for the cleazadgackaging reaction.

Other possibilities do exist, for example UL32 ntigk required to make capsids
competent for DNA packaging to occur. ProcapsidsBucapsids are produced in the
absence of UL32, but these may be unsuitable fckggang. It might be that a transitory
association of UL32 with the procapsid is requifed .example to "activate" the portal. An
interaction between UL32 and the capsid has nat Heenonstrated making this seem
unlikely, but it could be investigated by determigithe structure of the capsids produced
during wt HSV-1 andhr64 orA32EP infections by cryo-electron microscopy, to iféeey

have an altered structure.

It has also previously been suggested that UL32 acags a chaperone protein involved in
the correct localisation of capsids or the capsadgins VP19C and VP23 to replication
compartments (Lamberti & Weller, 1998). CxxC moafe common in redox chaperone
proteins, where they are used for the formationraddction of disulphide bonds in target
proteins, and disulphide bonds have been repantetbV-2 capsids (Zweigt al, 1979).

As previously mentioned, a number of proteins Haaen identified in viruses such as
Sindbis virus and African swine fever virus (ASFWhich act as redox chaperones, using
conserved cysteine residues to aid the correciniglaf virion components (Cobbokt al,
2001; Parrotet al, 2009). However, unlike UL32, these proteins hae#-documented
interactions with their target proteins. Furtheredosoth of these viruses assemble their

capsids in the cytoplasm of cells, which is a mondre reducing environment than the
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nucleus, and so the requirement for redox chapsrovag be different. Sequence analysis
of UL32 using the BLAST programmes did not yield/darther similarities to proteins
involved in redox reactions. This is in contrasbiw of the chaperones from ASFV,
pB119L, which shows similarity to the Erv1p/Alrpnidy of sulfhydryl oxidases and so
could clearly be identified as a redox-chaperonad(iguezet al, 2006). In the work
presented here, | found no evidence of mis-lodadisaf capsids or capsid proteins in
hr64-infected cells. Furthermore, no disulphide bamalge been found within HSV-1
capsids, and capsid proteins VP19C and VP23 or CRitftl VP5 do not appear to be
disulphide-linked (Dr F. Rixon, personal communiga}. Taking all this data together, it
seems unlikely that UL32 acts as a chaperone @fdilding or localisation of capsid

components.

As discussed in section 5.7, there may be a nuofhgays in which one protein might
influence the localisation of another without aedirinteraction, and so it is essential to
verify the UL32-terminase interaction using an ipeledent assajrecent work in our
laboratory using insect cells multiply-infected lwiecombinant baculoviruses encoding
UL32, UL28, UL15 and UL33 has demonstrated that 2a8d UL28 can be co-
precipitated, although other possible interactioamse not yet been studied (Dr N. Stow,
personal communication). This supports the theloay YL.32 can stably interact with the
terminase but not its individual subunits. This kvaull be furthered to identify the direct

interactions between the four proteins.

Work presented in chapter 6 confirmed and quaditifie zinc-binding properties of
UL32. It was calculated that UL32 bound zinc abaproximate molar ratio of 1:1 zinc:
UL32. This work did not identify the residues invedl in the zinc chelation, but the
cysteine residues are likely to be involved. Asypresly discussed, many zinc binding
proteins chelate the zinc atom using a combinaifarysteines and histidines, with four
residues (Cys or His) often involved in the chelatof one atom of zinc. As discussed in
section 6.7, UL32 does not correspond to a clasSigdy, zinc finger (ZnF) protein, but it
does show similarity to some;€ontaining ZnFs. These encompass a wide range of
proteins that chelate the zinc atoms using 4 aysgedistributed within two CxxC motifs,
as reviewd by Grant (200:hlowever, a number of factors appear to separa@2Uiiom
these identified ZnF proteins. These proteins comyncontain the cysteines residues
within close proximity, whereas the CxxC/CxxxC nf®in UL32 are much more widely
separated. Many of these proteins also containiplesEnF motifs chelating multiple zinc
atoms, whereas UL32 encodes only three conserve@/CxxxC motifs. A fourth motif
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(CAKC in HSV-1 UL32) is separated from the N-teradi€xxC by only 23 aa, but this
fourth motif is not conserved within the herpesses, possibly indicating that it is not
essential for the function of UL32. However, cantraust be applied when using relative
conservation in interpreting the zinc-binding pndigs of UL32, as none of the other
herpesvirus UL32 homologues have yet been showmtbzinc.

The mutational analysis of the CxxC/CxxxC motifeg@nted in chapter 4 provided
information on which residues might be importantZmc binding. Although the second
and third CxxC/CxxxC motifs are reminiscent of tadsund in ZnFs, the functional
analysis indicates that the central CxxC is nobhlisly essential for a functional protein.
Instead, knock-out of either of the outer motifswgafficient to abrogate function,
suggesting that these are the more important residiithe zinc-binding ability of UL32 is
essential for its function, it may be that thistcehCxxC motif is not involved. A situation
can be envisaged in which the native structuréefprotein is such that the two terminal
regions loop round in close proximity to each otterhis case, the cysteines within the
two outer motifs might be involved in zinc chelatj@xplaining why these are absolutely
essential for function of the protein. It wouldib&eresting to introduce the panel of CxxC
mutations into baculovirus so that the zinc-bindahgities of these mutated proteins could
be examined, in order to determine whether thikescase. Mutational analysis of T4
endonuclease VIl revealed that the outer cysteiisn the paired CxxC/CxxxC motifs
were essential for the zinc-binding(Giraud-Paetial, 1995), and a similar more detailed
mutational analysis could be carried out with Ult82letermine which individual cysteine

residues are essential for the function of UL32.

7.1 Future perspectives

While the work presented in this thesis has pravi@@umber of interesting insights into
the function of UL32, it also raises many futuresgbilities to further this work.

A number of other experiments can be designedderdo verify whether there is a direct
interaction between UL32 and the terminase compaled,if this is required during normal
HSV-1 infection, many of which can be performedchgsieagents generated in this thesis.
The generation of a functional HA-tagged UL32 pirmtand its introduction into virus
provided a sensitive way to examine the localisatibUL32 during infection. Deletion of
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UL15 and/or UL28 from this virus would allow theaudy of whether the terminase proteins
are essential for the correct localisation of ULBRe HA-tag could also be used for
immunoprecipitation from HSV-1 infected cells, tcaenine whether UL32 can interact
with the terminase. Some of the non-functional mistahat did not co-localise to the
nucleus of transfected cells with the terminasegins could also be introduced into virus
using the Red/Et counter selection method, to aealyeir localisation during normal

virus infection.

It would be extremely useful to generate a moréllgigurified preparation of UL32
protein than that which was achieved by MonoQ foaettion. The size exclusion
chromatography did not allow for further purificati due to the aggregation of UL32, but
as mentioned in section 6.7, other chromatograppyo@ches could be used, or affinity
purification by use of a tagged-UL32 protein. Tiemeration of the rabbit antisera
described in chapter 4 show that by nature, thed fir8tein is immunogenic. A panel of
mouse monoclonal antibodies could therefore batedl(using the immunogen from
MonoQ fractionation) which might be useful sengtreagents. These might possibly
provide further information on structurally impantaegions, for example by testing
whether they can block the UL32/terminase inteoacti

If a large enough amount of purified UL32 coulddixained, it might be possible to
determine the crystallographic structure, which ldqarovide useful insights into the
analysis of my mutagenesis experiments by indigatihich residues lie near to each other
in the native protein. This would allow functiomabions of the proteins to be more easily
identified, and further site-specific mutagenesisld be carried out. The crystallographic
structure would also provide important informatamto where the cysteines lie and how

the zinc is chelated.

A major step forward would be the development oélrfree system for HSV-1 DNA
packaging similar to those reported for severalNi&acteriophage, although this will
not be easy because of the poor solubility of sewarthe HSV-1 proteins. Development
of such a system might allow the role of each tease protein to be confirmed and could
also provide a useful assay to investigate wheth&?2 is directly required for the
cleavage of DNA, or has an alternative role in paokg.
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