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Abstract
Gammaherpesviruses are associated with a number of serious diseases of man. 

Unfortunately, these human viruses are intractable in laboratory models but infections 

of mice with murine gammaherpesvirus-68 (MHV-68) can be used to study natural 

infections of these viruses. Open reading frame (ORF) 37 of MHV-68 is predicted to 

encode an alkaline nuclease. Alkaline nucleases have been found in all herpesviruses 

sequenced to date, suggesting that the enzyme plays an important role in the lifecycle 

of the virus. The aim of this study was to characterise the putative alkaline nuclease 

encoded by MHV-68. This was approached by using a variety of methods to examine 

ORF 37 from the RNA to the functional protein level.

ORF 37 mRNA was found to be expressed as early as 2 hours (h) post-infection (p.i.) 

and forms part of an overlapping family of mRNAs as seen in herpes simplex virus 

(HSV). Anti-alkaline nuclease monoclonal antibodies were produced and 

characterised. Alkaline nuclease was found to be produced by 6h p.i. and was 

localised in the nucleus of MHV-68-infected NIH-3T3 cells. MHV-68 bacterial 

artificial chromosome (BAG) alkaline nuclease mutant and revertant viruses were 

characterised in vitro. Alkaline nuclease mutations caused a growth deficiency 

phenotype which was confirmed by complementation with the alkaline nuclease gene 

in trans.

An alkaline nuclease activity assay was optimised and used to purify and characterise 

the MHV-68 enzyme. The nuclease was partially purified from infected cells. It was 

then expressed in Escherichia coli, both with and without a 6xHis-tag, and large 

quantities of highly purified protein were obtained. ORF 37 was found to be an active 

alkaline nuclease with similar biochemical properties to other studied alkaline 

nucleases. The secondary structure of the protein was studied with dynamic light 

scattering and circular dichroism and attempts were made to crystallise the protein.

This study has advanced research in the areas of both alkaline nuclease and MHV-68 

by characterising a previously unstudied protein. A large amount of pure protein has 

been produced and monoclonal antibodies generated against this protein are the first 

monoclonal antibodies directed against a specific MFTV-68 protein. This study also 

presents one of the first characterisations of a gammaherpesvirus with a mutated 

alkaline nuclease gene.
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Restriction endonuclease

Foetal bovine serum

New Zealand foetal bovine serum
Food and Drug Administration

Fast performance liquid chromatography
Glycoprotein B
Green fluorescent protein
Growth medium (10% FBS/NCS)

Glasgow modified Eagle’s medium 
Guanosine phosphorybosyltransferase 

GlaxoSmithKline 

Hours

HEPES buffered saline 

Human cytomegalovirus

4-(2-hydroxyethyl)-1 -piperazineethanesulphonic acid

Hypoxanthine-guanine phosphorybosyltransferase

Human herpesvirus

Histidine-tagged alkaline nuclease

Horse-radish peroxidase
Herpes simplex virus

Herpesvirus saimiri
Ionic strength
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Idoxuridine 5 -iodo-2 ’ -deoxyuridine

IPTG Isopropyl p-D-thiogalactopyranoside
LB broth Lennox L broth

MALDI TOP Time of flight matrix assisted laser desorption and ionisation

MCMV Murine cytomegalovirus
mDBP Major DNA binding protein

MDV Marek’s disease virus

MES 2-Morpholinoethanesulphonic acid

MHC Major histocompatability complex

MHV-68 Murine gammaherpesvirus-68

MM Maintenance medium (2% FBS/NCS)

MMLV Maloney murine leukaemia virus

MOI Multiplicity of infection

MOPS 3-[N-morpholino]propanesulphonic acid

mRNA Messenger RNA

MWCO Molecular weight cut off

NCBI National Centre for Biotechnology Information

NCS Newborn calf serum

Ni-NTA Nickel-nitriloacetic acid

NPC Nasopharyngeal carcinoma

nt Nucleotides

GBP Origin binding protein

oligo Oligomer

OPD Orthophenyldiamine

ORF Open reading frame

p.i. Post-infection

p.t. Post-transfection

PAA Phosphonoacetic acid

PBS Phosphate buffered saline

PCNA Proliferating cell nuclear antigen

PCR Polymerase chain reaction

PEG Polyethylene glycol

PFGE Pulsed field gel electrophoresis

pfu Plaque forming units

PI Propidium iodide

pi Isoelectric point



PML

PMSF

PRV

PSI-BLAST

Q

RFP

Rh

RNA

RNase

rpm

RPMI

rRNA

RT
RT-PCR

SAP

SDS
SDS-PAGE
SFM

SP
SSC
ssDBP

ssDNA

T broth

TBS

TCA

TEMED

THV

ts

U

UCL

U l

Us
Ut-AN

uv
vzv
X-gal

Promyelocytic leukaemia protein 

Phenylmethanesulphonyl fluoride 

Pseudorabies virus

Position-specific iterated-basic local alignment search tool

Quaternary ammonium

Red fluorescent protein

Hydrodynamic radius

Ribonucleic acid

Ribonuclease

Revolutions per minute

Roswell Park Memorial Institute

Ribosomal RNA

Reverse transcription
Reverse transcription polymerase chain reaction 

Shrimp alkaline phosphatase 

Sodium dodecyl sulphate
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

Serum free medium

Sulphopropyl
Saline sodium citrate
Single stranded DNA binding protein

Single stranded DNA

Terrific broth
Tryptose phosphate broth solution or Tris buffered saline 

Trichloroacetic acid
N,N,N’ ,N’-T etramethylethylethylenediamine 

Turkey herpesvirus 

Temperature sensitive 

Units

University College London 

Unique long 

Unique short

Untagged-alkaline nuclease 

Ultraviolet 

Varicella-zoster virus
5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside
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Chapter 1: Introduction
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1.1 The Biological Sequencing Era

1.1.1 Genomics and proteomics

The post genomic era has arrived and there is now a wealth of information that must 

be annotated, collated and cross referenced in order to begin to define the physiology 

of organisms. The vast amount of sequence data generated by the human genome 

project and other sequencing quests has allowed the identification of many genes that 

encode proteins with homology to proteins of known fimction. However, sequencing 

has also revealed a huge number of ORFs encoding putative proteins of unknown 

fimction (reviewed by James [1997]).

The need to characterise these ORFs has led to a rapid expansion in the field of

proteomics. This field, which began over twenty years ago with the use of 2D gels, is

accumulating many new techniques that are devised to analyse the total protein 

complement (proteome) of the newly sequenced organisms. Emerging techniques 

designed to illuminate proteomes include new mass spectrometry methods such as 

time of flight matrix assisted laser desorption and ionisation (MALDI TOF, reviewed 

by Aebersold and Mann [2003]), protein arrays which can be tested in functional 

assays [Grayhack and Phizicky, 2001], systematic localisation of novel proteins by 

green fluorescent protein (GFP) tagging (reviewed by Simpson et al. [2001]) and 

computational methods to map multi-subunit assemblies and functional pathways 

(reviewed by Sali [1999]).

Whilst these new techniques can provide an insight into the biochemical function of 

many proteins simultaneously, they rarely fully explain the role of an individual 

protein in an organism’s lifecycle.

1.1.2 Viral genomes and protein conservation

There are high hopes for the level of understanding of human biochemistry,

physiology and pathology that will be achieved from studying the human genome and

proteome. Although eukaryotic genomes have only recently been completely

sequenced, scientists have been working with complete viral genomes for twenty five

years. However, even for these relatively small genomes, and despite a great deal of

research, functions have not been mapped to all viral genes and not all protein

interactions have been fully characterised. It would therefore be naive to expect that
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broad surveys of the human genome and proteome could provide the complete 

understanding that is aspired to by some.

The first complete genome sequence, that of the virus bacteriophage ([)X174, was 

published in 1977 [Sanger et al., 1977]. By the 15̂  ̂of March 2003, sequences of the 

complete genomes of 1034 viruses, 109 bacteria and nine eukaryotes had been 

deposited in the National Center for Biotechnology Information (NCBI) database. 

There were also nine maps of eukaryotic genomes, including Homo sapiens, and 

sequences from archae, organelles and plasmids. The Epstein-Barr virus (EBV, 

human herpesvirus 4 (HHV-4)) and varicella-zoster virus (VZV, HHV-3) genomes 

were the first complete genomes of herpesviruses to be deposited in the NCBI 

database. They were deposited in 1983 and 1987 respectively, over ten years before 

the genomes of Mus musculus and H. sapiens which were deposited in 1999 and 

2001, respectively.

By comparing viral genomes it became apparent that many proteins were conserved 

wdthin a virus family and that often, domains of these conserved proteins could be 

found in proteins encoded by other virus families. Protein homology, i.e. similarity 

due to common origins, has been one of the keys to decoding genome sequence data. 

For example, 40-60% of new bacterial ORFs can be assigned a potential function 

based on homology searches [James, 1997]. However, there is frequently a large gap 

between designation of the biochemical function of a protein and an understanding of 

the role of that protein in an organism’s lifecycle. This problem is exemplified by the 

conserved herpesviral protein alkaline nuclease, the activity of which was discovered 

forty years ago.

Although extensive characterisation has taken place, there is still not a complete 

understanding of alkaline nuclease’s role in the herpesvirus’ lifecycle. It is thought 

that the protein functions in the replication and/or packaging pathways. In order to 

explain the context in which it acts, a brief introduction to the Herpesviridae and, in 

particular, their replication and packaging is given in the following section.
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1.2 The Hemesviridae

1.2.1 Introduction

The Herpesviridae is a large family of viruses. The hosts of this family are spread 

'widely throughout the animal kingdom and inclusion in the Herpesviridae family is 

based on virion architecture. Herpesviral genomic material (approximately 130-200kb 

of double stranded DNA (dsDNA)) is encased in an icosadeltahedral capsid that is 

approximately 100-125nm in diameter. The capsid is formed by the interaction of 162 

capsomers (both pentameric and hexameric) and is surrounded by a layer of material 

called the tegument. A lipid membrane forms the boundary of the virus particle, or 

virion. This membrane is termed the envelope; it is derived from cellular membranes 

and contains glycoprotein spikes (reviewed by Davison [2002]). Recently there has 

been a question as to whether inclusion in the Herpesviridae family should also be 

based on sequence similarity. This would exclude some viruses isolated from 

poïkilothermie animals which have a similar architecture but very dissimilar 

genomes.

1.2.2 Classification

Approximately 130 herpesviruses have been identified to date and the majority of 

these have been categorised within three subfamilies: alpha-, beta-, and gamma- 

herpesviruses, by the International Committee on the Taxonomy of Viruses. An 

exception is the channel catfish virus, one of the herpesviruses of poïkilothermie 

animals mentioned previously [Davison, 1992]. The original divisions were made 

before whole genome sequences were available and were based on biological 

properties, but sequence data has helped to classify recent virus isolates. One of the 

biological properties used to classify herpesviruses is their latent phase of infection. 

During latency, no infectious virus is produced and the circularised viral genome is 

found in the nucleus. A specific and limited pattern of viral transcription occurs and 

few, if any, viral proteins are produced. Reactivation, in which lytic replication is 

triggered, initiates the production of infectious virus.

Alphaherpesviruses, such as HSV, have a variable host range. They have a short 

replicative cycle and spread rapidly in culture. In general, latency is maintained in 

neuronal tissue. The genera Simplexvirus, Varicellovirus, Infectious
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laryngotracheitis-like virus and Marek’s disease-like virus are included in the 

Alphaherpesvirinae subfamily. Most betaherpesviruses, such as cytomegalovirus 

(CMV), have a narrow range of hosts and with a long replicative cycle they spread 

slowly in culture. Latent virus is found in a variety of tissues including kidneys, 

secretory glands and cells of the monocyte/macrophage lineage. The genera 

Cytomegalovirus, Muromegalovirus and Roseolovirus are included in the 

Betaherpesvirinae subfamily. Gammaherpesviruses, such as EBV and MHV-68, only 

infect experimental animals in the same order as the natural host. All 

gammaherpesviruses infect lymphoblastiod cells in vitro and latent virus is usually 

found in lymphoid tissues. The Gammaherpesvirinae subfamily consists of the genera 

Lymphocryptovirus (gamma-1) and Rhadinovirus (gamma-2), (reviewed by Roizman 

and Pellet [2001]).

1.2.3 Genome structure

Approximately thirty herpesviruses have now been completely sequenced and this 

data has confirmed and expanded the classification system for herpesviruses 

[Davison, 2002]. It has also elucidated their sequence arrangements and shown that 

the majority contain repeats of terminal sequences that are more than 100 base pairs 

(bp) in length. The herpesviruses can be split into six groups by the arrangement of 

these repeats (including one group that does not have any repeats). For example, the 

linear HSV genome consists of two regions, the unique long (U l) and the unique 

short (U s)  domains [Sheldrick and Berthelot, 1975]. At one end of the Ul domain are 

multiple copies of the sequence ‘a’, followed by the ‘b’ sequence. At the other end of 

the domain a second copy of the ‘b’ sequence is inverted, followed by repeats of the 

‘a’ sequence. The inverted ‘c’ sequence then precedes the Us domain and a second 

copy of ‘c’ is found at the other end of the domain, next to a single ‘a’ sequence 

(Figure 1). During replication, recombination results in the production of four 

isomeric arrangements of the HSV genome (reviewed by Roizman and Pellet [2001]). 

The MHV-68 genome is simpler; at each end there are long repeat regions of a 

1213bp sequence that can vary in number. There are also two internal repeats of 40bp 

and lOObp elements but there are no inverted repeats and there is no evidence that 

genome isomérisation occurs (Figure 1) [Virgin et al., 1997].
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Figure 1. Repeat sequences in HSV and MHV-68

The top diagram represents HSV and the bottom diagram represents MHV-68 as described in the text. 

In the HSV diagram ( ’) indicates inversion o f a sequence. In the MHV-68 diagram, TR indicates the 

terminal repeat region and IR indicates an internal repeat region.

1.2.4 Genes, proteins and nomenclature

The commonly used nomenclature for the genes of most herpesviruses is based on 

their positions in the viral genome. For example, most HSV genes have the prefix UL 

or US, whilst most MHV-68 genes have the prefix ORF for conserved genes or M for 

MHV-68-specific genes. Other systems of nomenclature, based on molecular weight 

(Vmw) or initial detection of protein expression (ICSP, ICP), have been developed 

but the sequence-based nomenclature will be used throughout this thesis for 

simplicity.

Expression of herpesviral genes occurs in a cascade [Honess and Roizman, 1974]. 

Original terms for the groups in this cascade were alpha, beta, gamma 1 and gamma 2 

but they are also called the immediate early (IE), early (E), delayed early (E-L) and 

late (L) groups, respectively. During HSV lytic replication, alpha genes are 

transcribed first, without the need for de novo protein production. The transcription of 

beta genes requires the presence of at least the alpha protein a4 (1CP4) but not viral 

replication. Maximal expression of gamma genes occurs after the initiation of viral 

DNA synthesis and levels are enhanced by viral replication (reviewed by Roizman 

and Knipe [2001]).

The herpesviral genes can be split into two categories: fundamental and accessory

systems. The fundamental system contains 43 core genes that are thought to have

been inherited from a common ancestor and are involved in the replication of viruses.

The accessory genes are thought to have developed more recently and these help

viruses to adapt to their hosts [Davison et al., 2002]. Herpesviruses cause a variety of
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diseases and a number of drugs have been developed to ameliorate symptoms, usually 

by inhibiting the action of core genes in lytic replication. The core proteins function 

in a number of universal processes in the reproductive cycles of herpesviruses and 

knowledge of these processes can help in the determination of new drug targets.

1.2.5 Replication and packaging pathways

The general mechanisms of reproduction are thought to be conserved throughout the 

Herpesviridae. The linear genome circularises and is replicated in the cell nucleus, 

forming large branched concatamers. These are processed, cleaved into individual 

genomes and packaged into procapsids (capsid precursors) which consist of capsid 

shell and scaffolding proteins. The replication and packaging processes of HSV-1 are 

depicted in Figure 2.
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DNA

Removal of branches, UL12
DNA replication & 
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Figure 2. Diagrammatic representation of the replication and packaging of HSV-1 DNA

(adapted from [Davison et al., 2002])
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After packaging has taken place, the DNA-containing capsids mature. The maturation 

of the tegument and addition of an envelope occurs to create mature virions. This 

reproduction process has been most fully characterised in HSV-1, the prototypic 

alphaherpesvirus (reviewed by Boehmer and Lehman [1997]).

As this thesis concerns one of the proteins that is probably active during the 

replication and packaging sections of the herpesvirus lifecycle, these processes will 

be outlined as understood for HSV-1. Emphasis Avill be placed upon the processes 

and proteins that are important with relation to alkaline nuclease. The differences 

between gammaherpesvirus and HSV-1 replication will also be briefly discussed.

1.2.5.a HSV replication proteins

Reproduction of viral DNA is thought to begin with theta replication but very little is 

knovm about this stage (reviewed by Stow [2000]). HSV DNA accumulates in 

globular nuclear replication compartments from 3-4h p.i. and there is probably some 

unidentified switch from theta replication to a rolling circle mechanism. This 

produces head to tail|concatemeric genomes and is origin independent so does not 

require an origin binding protein (OBP, reviewed by Roizman and Knipe [2001].

An assay was developed in which plasmids containing HSV origins of replication 

were replicated in cells by proteins encoded by transfected fragments of HSV DNA. 

This is known as the Challberg assay. Seven proteins were found to be essential for 

origin dependent DNA synthesis by this method [Challberg, 1986; McGeoch et al, 

1988; Wu et al., 1988]. Only two of these proteins had known functions from 

temperature sensitive mutant studies, the DNA polymerase (UL30, [Purifoy et al., 

1977; Chartrand et al., 1979a]) and the major DNA binding protein (mDBP, UL29, 

[Bayliss et al., 1975; Purifoy and Powell, 1976; Weller et al., 1983b]). The other five 

genes were termed UL5, UL8, UL9, UL42 and UL52 and functions were suggested 

by comparison with eukaryotic replication systems. Later, biochemical purification 

and genetic analysis determined that UL5, UL8, and UL52 formed a helicase-primase 

complex [Crute et al., 1989], UL42 was a processivity factor for the DNA polymerase 

[Vaughan et al, 1985; Gottlieb et al., 1990] and UL9 was an OBP [Olivo et al.,

1988].

Much research has been undertaken to characterise the individual proteins involved in 

the process of replication, partly because of their promise as potential drug targets. 

Attempts have been made to describe their mechanisms of action as well as the
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effects of the interactions between the seven proteins and the temporal regulation of 

these interactions. There are also other proteins which, whilst not required in tissue 

culture, participate in replication and post synthesis DNA modification to some extent 

and may be important in vivo. These proteins include: alkaline nuclease, 

ribonucleotide reductase, uracil N-glycosylase, deoxyuridine triphosphatase and 

thymidine kinase. Thymidine kinase has been intensively studied because its broad 

substrate specificity has resulted in it being used to activate many antiherpetic drugs. 

Although it is not essential in vitro it is thought to provide nucleoside triphosphate 

residues for DNA synthesis in resting cells, such as neurons, and appears to be 

essential for reactivation from latency in vivo [Coen et al., 1989]. It is thought that 

some cellular enzymes which do not have viral homologues may also be involved in 

replicating viral DNA, including a ligase and a topoisomerase.

1.2.5.b Protein interactions during HS V replication

Most replication proteins are produced by beta genes and their cellular localisation 

and interactions have been studied in tissue culture. When cells are infected with 

HSV-1, beta proteins are produced from 3h onwards. Levels peak at 5-7h p.i. and 

DNA synthesis occurs concurrently from 3h p.i., extending until 15h p.i. (reviewed 

by Boehmer and Lehman [1997] and Roizman and Knipe [2001]).

DNA replication occurs in globular structures called replication compartments, which 

form near cellular NDIO domains (defined by the presence of promyelocytic 

leukaemia protein (PML) and other cellular proteins involved in growth control and 

gene expression). It has been proposed that replication compartments form in a series 

of stages [Burkham et al., 1998]. After infection, cellular NDIO domains are 

disrupted and UL29 is found spread diffusely through the nucleus. Foci containing 

the UL5, UL8, UL9, UL29 and UL52 proteins then form. A proportion of these foci 

are the precursors of replication compartments [Lukonis et al., 1997]. A scaffold of 

the five proteins is required for the recruitment of the DNA polymerase (UL30) 

which is mediated through its interaction with the accessory protein UL42 [Liptak et 

al., 1996; Carrington-Lawrence and Weller, 2003]. UL30 is required for the 

recruitment of some PML isoforms to the foci [Burkham et al., 2001].

HSV-1 has three origins of replication, two OriS sequences and one OriL sequence. 

The significance of this apparent duplication of function is unknown as neither the 

OriS nor the OriL sequence is specifically required [Polvino-Bodnar et al., 1987;
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Igarashi et al., 1993], but replication is initiated by the binding of the OBP, UL9, to 

one of these origins [He and Lehman, 2000]. UL9 functions as a homodimer which 

has optimal activity at pH 8.5-9.5, approximately 25mM MgCl2 and 45°C, and is 

inhibited by NaCl concentrations above 50mM [Boehmer et al., 1993; Dodson and 

Lehman, 1993]. This protein begins to unwind the DNA, using 3’-5’ helicase activity, 

and translocates along the DNA in an ATP dependent manner, producing single 

stranded regions suitable for the binding of UL29 [Marintcheva and Weller, 2003]. In 

the absence of UL29, UL9 is only capable of un^vinding approximately 200bp of 

DNA [Boehmer et al., 1993]. Recruitment of UL29 increases the rate of unwinding, 

contributes to destabilisation of the DNA helix and maintains the single stranded 

regions [Makhov et al., 1996; Makhov et al., 2003].

UL29 is a highly abundant viral protein which binds preferentially to single stranded 

DNA (ssDNA), with a five-fold higher binding activity than to dsDNA. Binding 

probably occurs via an encoded Zn^  ̂finger motif [Bayliss et al., 1975; Ruyechan and 

Weir, 1984; Lee and Knipe, 1985]. Zn^  ̂ions are required for structural integrity and 

DNA binding occurs via contacts with sulphydryl groups and surface lysine and 

tyrosine residues [Ruyechan, 1988; Ruyechan and Olson, 1992]. The protein displays 

optimal binding activity at pH 7.6 and 150mM NaCl. It binds cooperatively, coating 

regions of ssDNA, and can promote strand transfer, thereby contributing to the high 

frequency of recombination in infected cells [Boehmer and Lehman, 1997]. It has 

been shown by electron microscopy studies that the presence of UL29 makes 

approximately 15-18 nucleotides (nt) of the origin accessible to the replication 

complex by distorting the DNA [Makhov et al., 1996]. This change in conformation 

of the DNA also causes the dissociation of UL9 but it is thought that before this 

happens, UL9 may recruit the helicase-primase complex, UL5/8/52. This complex 

further unwinds DNA, initiates primer synthesis and also promotes dissociation of 

UL9. The human DNA polymerase alpha-primase may be involved at this point 

(reviewed by Boehmer and Lehman [1997] and Stow [2000]). UL29 has multiple 

roles including DNA binding and nuclear localisation of UL30/42. It has been found 

to interact with several of the replication proteins and stimulates not only UL9 but 

also the UL5/8/52 helicase activity [Gallo et al., 1988; Gao and Knipe, 1989; Bush et 

al., 1991; Roizman and Knipe, 2001].

Next, the DNA polymerase (a heterodimer of UL30 and UL42) is recruited, possibly 

by the production of primers by the helicase/primase [Carrington-Lawrence and
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Weller, 2003]. UL30 is a DNA polymerase with intrinsic 3’-5’ exonuclease activity 

involved in proofreading [Hall et aL, 1995]. It was initially thought that the protein 

also had 5’-3’ exonuclease activity, but this activity is now attributed to a 

contamination by the UL12 alkaline nuclease protein because it was inhibited by 

immune serum directed against UL12 [Knopf, 1979; Knopf and Weisshart, 1990]. 

UL42 has dsDNA binding activity and increases processivity of the polymerase 

[Gallo et al., 1988; Gallo et al., 1989; Chow and Coen, 1995]. It is a functional 

homologue of the cellular protein proliferating cell nuclear antigen (PCNA) which 

acts as a DNA clamp, its ring-like structure preventing dissociation of eukaryotic 

polymerases. Whereas PCNA cannot bind DNA itself and requires clamp loaders, 

UL42 binds the primer template junction. Binding of dsDNA is optimal at pH 8-8.5 

and O.IM NaCl [Boehmer and Lehman, 1997].

The replication fork is unwound with priming of the leading and lagging strands by 

the helicase/primase and the extension of both strands by UL30/42. Replication of 

HSV-1 DNA produces highly branched DNA structures through the initiation of 

many replication forks, which are probably caused by genome isomérisation and 

homologous recombination [Severini et al., 1994; Severini et al., 1996]. It is thought 

that UL12, alkaline nuclease, plays a role in processing the highly branched DNA 

into a form suitable for packaging [Shao et al., 1993].

1.2.5.C HSV packaging and egress of capsids

The processes of genome cleavage, DNA packaging and capsid maturation are tightly 

linked and mutations of the protease associated with scaffold proteins block these 

processes [Gao et al., 1994; Robertson et al., 1996; Church and Wilson, 1997]. 

Procapsids are immature, unstable structures that can mature toj enveloped 

capsids. They have recently been isolated from cells infected with an HSV-1 

virus that was deficient in the protease UL26 that is required for maturation 

[Newcomb et al., 2000] and studies by sucrose density gradients have found three 

distinct types of stable nuclear capsids (A, B and C capsids) in herpesvirus-infected 

cells [Gibson and Roizman, 1972; Perdue et al., 1975]. C capsids contain DNA and 

can become mature particles. B capsids do not contain DNA but are filled with 

cleaved scaffold proteins whilst A capsids contain neither DNA nor cleaved scaffold 

proteins. It is now thought that both A and B capsids are dead-end products (reviewed 

by Homa and Brown [1997] and Sheaffer et al. [2001]).
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Genome encapsidation occurs in replication compartments and involves seven genes: 

I UL6, UL15, UL17, UL25, UL28, UL32 and UL33 [Sheaffer et a l, 2001]. It is 
likely that branched concatamers are processed by UL12 and then fed into the 

procapsid though a portal created by the UL6 protein, displacing the scaffolding. The 

DNA is cleaved into genome-length units at specific sites, probably by a terminase 

that is composed of UL15 and UL28 subunits. This terminase transiently associates 

with capsids, docking at the UL6 portal [Nev^comb et a l, 2001; Sheaffer et al,

2001]. The majority of capsids produced by a UL25-null mutant are unstable and 

contain DNA can be digested with deoxyribonuclease I (DNase I), indicating that it is 

not packaged properly. The UL25 protein may therefore have a role in sealing the 

DNA inside capsids and is involved in the latter stages of packaging, perhaps after 

scaffold loss I [McNab e ta l 1998; Stow, 2001].

Capsids bud through the inner nuclear membrane and acquire a tegument before they 

reach the cell membrane. Two pathways have been proposed for the route capsids 

take to obtain a membrane and leave the cell: the reenvelopment and luminal 

pathways. In the first of these, capsids lose their membrane obtained at the inner 

nuclear membrane by fusing with the outer nuclear membrane. Free capsids then bud 

into the Golgi apparatus and the enveloped particles are transported to the cell surface 

by vesicular transport. Recent immunogold labelling experiments support this 

pathway [Skepper et a l, 2001]. In the proposed luminal pathway, the enveloped 

capsids obtain a second envelope by budding out of the outer nuclear membrane. 

These then fuse with the Golgi apparatus and the virions are transported to the cell 

surface by vesicular transport (reviewed by Roizman and Knipe [2001]).

Several proteins have been shown to have roles in primary envelopment and nuclear 

egress of capsids, including UL31, UL34 and US3 which are localised on nuclear 

membranes and perinuclear virions. US3 was also found on cytoplasmic membranes 

and extracellular virions and a US3-null mutant displayed accumulation of virions in 

the nuclear membrane, delayed virus production and reduced virus titres [Reynolds et 

al, 2002]. The absence of the ULl 1 protein resulted in a similar phenotype [Baines 

and Roizman, 1992].

1.2.5.d Replication and packaging of other herpesviruses

These methods of virus reproduction are thought to be similar in other herpesviruses, 

because many of the genes involved are conserved throughout the family. Replication
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methods are also similar to those found in eukaryotic systems. One major difference 

between the scheme described for HSV-1 and gammaherpesvirus replication is that 

only alphaherpesviruses and the Roseolovirus genus of the betaherpesviruses encode 

the OBP and OBP sites. As this thesis concerns a gammaherpesvirus protein, some 

other features of gammaherpesvirus replication are noted below with reference to 

EBV.

Most EBV research has been directed towards latency rather than lytic infection.

EBV latently infects approximately 10% of primary B cells in vitro [Henderson et al., 

1977] and there are several different types of latency with characteristic gene 

expression profiles (reviewed by Masucci and Emberg [1994]). A true in vitro lytic 

infection system does not exist for EBV so lytic infection is studied by either 

chemically inducing latently infected B lymphocytes [Luka et al., 1979] or by 

superinfecting Raji cells [Biggin et al., 1987]. Raji cells were derived from an EBV- 

containing Burkitt lymphoma and contain a high copy number of a defective EBV 

genome that cannot replicate or express late genes. The cells are infected with the 

P3HR-1 strain of EBV, cultures of which contain defective genomes in which genes 

that initiate the lytic cycle are under the control of a promoter that is activated in the 

latently infected Raji cells. This method results in a more rapid and synchronous lytic 

cycle than chemical induction. However, in these systems lytic gene expression is not 

exactly reproducible and functions of many genes involved in replication were 

originally putatively ascribed because of homology to genes of other herpesviruses.

An EBV in vitro replication system, similar to the Challberg assay, has been 

developed [Fixman et al., 1992]. It has been found that the following genes are 

essential: the core polymerase (BALF5), the abundant ssDNA binding protein 

(ssDBP) with homology to UL29 (BALF2), the processivity factor (BMRFl), the 

helicase/primase (BSLF1/BBLF4), a spliced primase/helicase complex component 

(BBLF2/3) and the uracil DNA glycosylase (BKRF3). Cellular topoisomerases 1 and 

2 are also necessary. Other EBV genes with homology to HSV-1 replication proteins 

include the thymidine kinase (BXLFl) and alkaline nuclease (BGLF5) homologues.

EBV and other lymphocryptoviruses encode duplicated regions near the left end of

U l (D l) and near the right end of U l (D r) which include the origins of lytic viral

replication. Induction of the lytic cycle results in the production of very large,

probablyiconcatemeric DNA molecules. Although packaging has not been studied in

similar detail to that of HSV-1, some evidence points to a similar reenvelopment
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pathway for egress (reviewed by Kieff and Rickinson [2001]). Recent analysis of 

HHV-8 capsid species suggests that gammaherpesvirus capsid production is similar 

to that seen in HSV infections [Nealon et al., 2001].

1.2.6 Pathogenesis of human herpesviruses

There are nine human herpesviruses, including HHV-6A and HHV-6B which have 

recently been designated as different species rather than strains of the same species 

(reviewed by Roizman and Pellet [2001]). Infections can be sub-clinical to life 

threatening and cause a variety of diseases including cold sores, encephalitis and 

herpetic keratitis (HSV-1), genital sores (HSV-2), chicken pox and shingles (VZV), 

infant rash (HHV-6B, HHV-7), febrile illnesses (HHV-7), infectious mononucleosis 

or glandular fever, Burkitt’s lymphoma and nasopharyngeal carcinoma (NFC, EBV). 

HHV-8 is associated with Kaposi’s sarcoma, primary effusion lymphoma and 

multicentric Castleman’s disease.

Lytic replication is responsible for the majority of disease caused by alpha- and beta

herpesviruses. It was thought that latent gene expression by gammaherpesviruses 

(EBV and HHV-8) was primarily responsible for their pathogenesis, however, it has 

now been shown that replicating HHV-8 is present in tumours associated with the 

virus, so lytic genes may also play a role in disease promotion and progression 

[Jenner and Boshoff, 2002].

The major features of gammaherpesvirus disease are the latent infection of 

lymphocytes and the induction of lymphoproliferative disease. This is seen in the 

close association of infection with a variety of lymphoid and non-lymphoid tumours. 

For example, EBV is strongly linked to seven types of malignancies in humans 

including post transplantation-like lymphoma, Hodgkin’s disease and 

leiomyosarcoma (reviewed by Rickinson and Kieff [2001]). HHV-8 is found in all 

Kaposi’s sarcoma tissues and primary effusion B cell lymphoma [Moore and Chang, 

1995; Brooks et al., 1997; Cesarman and Knowles, 1999]. However, infection with 

these viruses does not necessarily cause disease; EBV is endemic in most populations 

and disease associated with gammaherpesviruses is most common in 

immunocompromised hosts.

The primary current treatment for herpesvirus infections consists of drugs which

target replicating herpesviruses. Some of these have been available for over thirty

years and have revolutionised patient prognosis.
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1.2.7 Treatments for herpesviral infections

In the late 1940s and early 1950s, scientists began to explore the possibilities of 

antiviral drugs. The first antiviral to be licensed by the American Food and Drug 

Administration (FDA) was the nucleoside analogue 5-iodo-2’-deoxyuridine 

(idoxuridine, reviewed by Whitley [1993]). Idoxuridine was used in the treatment of 

HSV and VZV skin infections [MacCallum and Juel-Jensen, 1966; Juel-Jensen et al, 

1970]. Although this drug was effective, it was too toxic to give orally and so could 

only be applied topically. One of the key challenges in the search for antiviral drugs is 

to develop drugs with a high degree of specificity towards viral proteins so that they 

are well tolerated by the human body.

A number of other drugs, including phosphonoacetic acid (PAA), phosphonoformate 

and vidaribine, were developed but suffered problems with solubility, toxicity and 

potency (personal communication, K Powell, Arrow Therapeutics, UK). Less toxic 

analogues of idoxuridine were also produced [Cheng et al., 1975]. However, in 1974, 

discovery of the more potent drug acyclovir (AC V) changed the field of antiviral 

research. This drug is very selective and specific in its actions, targeting replicating 

herpesviruses with very little apparent cellular toxicity. It is most potent against HSV- 

I and HSV-2 but is also active against VZV and has some activity against human 

cytomegalovirus (HCMV) and EBV. As a nucleoside analogue, ACV is converted to 

a nucleotide monophosphate in infected cells by the viral thymidine kinase (it is not 

recognised by host cell thymidine kinases). Incorporation of the triphosphorylated 

ACV into DNA causes chain termination and the viral polymerase has a higher 

specificity for ACV triphosphate than the cellular polymerase (reviewed by Elion 

[1993]).

The first form of the drug became available in 1982 for topical treatment of

herpesvirus-induced keratitis. Subsequently, ACV was produced for oral and

intravenous use and was adopted for use in treating herpesvirus infections in

immunocompromised patients. Although HSV lesions are recurrent they tend to be

self limiting in immunocompetent hosts whereas they are often chronic and

disseminated in immunocompromised patients. ACV is now used to treat disease in

both types of patients and is given prophylactically to patients with severe and

frequently recurring genital herpes. ACV has poor bioavailability via the oral route so

the prodrug valaciclovir was developed to cross the gut and become activated in the

blood stream. Other nucleoside analogues have been developed; penciclovir and its
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prodrug famciclovir are very similar to ACV. Ganciclovir has a broader activity 

spectrum and is used primarily to treat HCMV infections. However, it has low 

bioavailability and is more toxic than ACV (personal communication, E Littler, 

Medivir, UK).

As the majority of antiherpetic drugs are primarily active against alphaherpesviruses, 

there are ongoing attempts to discover new antiherpetic drugs that are directed against 

beta- and gamma- herpesviruses or, preferably, that have broad specificity across the 

Herpesviridae. It is desirable that these exhibit similar or improved levels of toxicity 

and efficacy compared to ACV. Some other reasons for this sustained effort include:

i) toxicity of drugs used to treat HCMV infections in immunocompromised patients,

ii) ineffective or toxic treatments for patients with gammaherpesvirus-induced 

disease, iii) the high incidence and lack of treatment for post herpetic neuralgia 

associated with VZV infection, iv) shedding of HSV by patients with genital herpes 

that is not prevented by antiviral therapy and v) viral resistance to current antiviral 

drugs.

The first cases of clinical ACV-resistant HSV strains were published in 1982 [Bums 

et a/.]. Although ACV resistance is very uncommon in immunocompetent patients (0- 

0.6%), it is seen in approximately 5% of immunocompromised patients. This 

phenomenon can be recreated in cell culture and studies have shown that resistance is 

usually caused by mutations in the thymidine kinase which prevent recognition of 

ACV as a substrate. Although there has been no increase in the overall proportion of 

patients affected by ACV-resistant HSV, some groups of patients are much more 

affected by resistant strains (approximately 30% of allogenic bone marrow transplant 

patients). These ACV-resistant strains are usually also resistant to other thymidine 

kinase-dependent drugs and although patients can be treated with the dmgs cidofovir 

or foscamet, these dmgs are more toxic [Morfm and Thouvenot, 2003].

At a concentration of approximately l-2pM ACV, HSV-1 growth is inhibited by 50%

(IC5o=l-2pM, [Kleymann et al., 2002]). This means that ACV is around 100-fold less

potent than more recent antivirals, such as azidothymidine (AZT), which tend to have

potencies in the nanomolar range (personal communication, K Powell). A more

potent dmg might be able to prevent asymptomatic HSV shedding by further

inhibiting viral replication. This would help to reduce transmission rates of HSV from

patients with genital herpes [Wald et al., 1995; Koelle and Wald, 2000]. It might also

reduce the rate of generation of resistant vimses.
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Efforts have been made to identify promising novel targets for drug development, 

usually with emphasis on proteins that are involved in the replication cycle. As yet, 

no non-nucleosidic antiherpetic drugs have been introduced [Kleymann et aL, 2002], 

but recently a number of new drugs and novel drug targets have been explored. 

WAY-150138, a thiourea compound that inhibits HSV-1 replication, appears to 

prevent encapsidation by depriving capsids of packaging proteins, such as UL6 and 

ULl5 [Newcomb and Brown, 2002]. Although this drug is not active against VZV, 

other thiourea compounds are able to inhibit VZV infection by a similar mechanism 

[Visalli et a l, 2003]. At least two pharmaceutical companies, Bayer and Boehringer 

Ingelheim, have been studying helicase-primase (UL5/UL52) inhibitors in animal 

models and these show very promising data related to efficacy and tolerability [Crute 

et aL, 2002; Kleymann et al., 2002].

Vaccine research is another major area of research into the treatment of herpesviral 

infections but there are a number of challenges to the development of effective 

vaccines against herpesviruses. These include the young age at which primary 

infection often occurs, the latent phase of viral infection, the duration of immune 

responses elicited by vaccines and the possibility of recombination of live attenuated 

vaccine strains with wild-type herpesviruses (reviewed by Inglis [1995]).

Since the 1970s, chickens have been vaccinated against Marek’s disease which is 

caused by Marek’s disease virus (MDV). Live attenuated vaccines are derived from 

MDV and turkey herpesvirus (THV) and are directed against the three serotypes of 

the virus. This is very effective for prevention of disease but chickens still become 

infected. There is concern that birds will not remain asymptomatic in the future as the 

virus is evolving towards more virulent strains. To counteract this, work is 

proceeding on recombinant vaccines expressing MDV antigens and live attenuated 

vaccines produced by targeted mutagenesis (Reviewed by Venugopal [2000] and 

Witter [1997]).

As yet, there have not been similar successes in the treatment of human herpesviral

infections by vaccination. Live attenuated vaccines for VZV are the only effective

herpesvirus vaccines currently available. These have been produced since the early

1970s [Weibel et aL, 1984] and a Merck vaccine was licensed by the FDA in 1995.

This vaccine is approximately 95% effective at preventing severe disease (reviewed

by Watson [2002]). However, it has been shown that exposure to varicella (chicken

pox) inhibits the symptoms of VZV reactivation (herpes-zoster, shingles) and it has
38



been proposed that mass vaccination would cause an epidemic of herpes-zoster 

[Brisson et aL, 2002].

Progress has been made recently in the development of vaccines against other 

herpesviruses, particularly in the area of an anti-HSV-2 vaccine. A glycoprotein D- 

adjuvant HSV-2 vaccine was found to be capable of preventing genital herpes but not 

HSV-2 transmission. This was effective in 74% of women who were seronegative for 

both HSV-1 and HSV-2 at the start of the trial [Stanberry et aL, 2002; Cole, 2003; 

Crum, 2003]. Although this is a promising result, the vaccine will clearly only be 

suitable for a minority of people, as less than 30% of people are seronegative for both 

HSV-1 and HSV-2 [Xu et aL, 2002], and so further avenues must be explored.

Although prevention of human herpesvirus’ latency is an attractive prospect, this does 

not appear to be clinically likely in the near future. Data showing that replicating 

HHV-8 is present in tumours associated with the virus indicates that there may be a 

role for anti-replication drugs in treatment of gammaherpesvirus infections. An 

alternative route has been taken by Faller et aL [2001] who have promising early 

clinical trial results for reactivating latent EBV in patients and then treating with 

ganciclovir. In the replicative system there are a number of genes that are both 

conserved throughout the Herpesviridae and well characterised but have not been 

intensively explored as drug targets. As yet, no antiviral agents have been found with 

a broad specificity across the range of human herpesviruses; there remains the 

capacity for development of novel therapeutic agents in this category.

Alkaline nuclease is one of the proteins that are conserved throughout the 

Herpesviridae [Davison et aL, 2002] and as such may be one of these possible 

antiviral targets [Cheng et aL, 1979a; Chiba et aL, 2000; Bronstein and Weber, 2001].
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1.3 Alkaline Nuclease

1.3.1 Introduction

Alkaline nuclease is one of the names for the protein encoded by ULl 2 of HSV.

Other names include DNase, alkaline DNase, alkaline exonuclease and alk exo. The 

activity of this protein was first identified by Keir and Gold [1963] in cultured cells 

infected with HSV. Morrison and Keir [1968] later characterised the enzyme as a 

DNase with a high optimal pH, hence the name alkaline nuclease. Since then, 

homologues have been identified in every other herpesvirus sequenced [Davison et 

aL, 2002] and also in baculovirus [Li and Rohrmann, 2000]. Although the majority of 

research has been carried out on the HSV alkaline nucleases, homologues from 

several other herpesviruses, including EBV, CMV and pseudorabies virus (PRV), 

have also been studied.

Advances have been made in the understanding of alkaline nuclease’s actions in the 

process of genome encapsidation. However, how this relates to earlier findings of 

interactions with replication proteins remains undetermined and although this protein 

was identified forty years ago, the complete role of alkaline nuclease in the 

herpesvirus’ life-cycle has remained elusive.

Non-herpesviral alkaline nucleases have been discovered in a variety of locations 

including rat liver mitochondria [Tamura et aL, 1979], the microplasmodia of 

Physarum polycephalum [Waterborg and Kuyper, 1979] and the digestive tract of the 

spruce budworm [Schemthaner et aL, 2002]. Although all these enzymes have a high 

optimum pH there is no evidence that they are closely related to the herpesvirus 

alkaline nucleases. In fact, there are some distinct differences in their properties 

compared to those of the herpesviral alkaline nucleases. The properties of the 

herpesviral alkaline nucleases are described more fully in section 1.3.6 but briefly, 

they possess both endonuclease and exonuclease activities, digest native and 

denatured DNA and require the presence of a divalent cation, preferably Mg^  ̂or 

Mn^ .̂ Conversely, the alkaline nuclease purified from rat liver mitochondria does not 

digest native DNA, even with a Ih incubation period [Tamura et aL, 1979]. The P. 

polycephalum alkaline nuclease is a Zn^^-metallo protein that is inhibited by Mn̂ "̂  

and Mĝ "̂  [Waterborg and Kuyper, 1979] and the budworm alkaline nuclease has only 

endonuclease, not exonuclease activity [Schemthaner et aL, 2002].
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1.3.2 Protein homology

Many herpesviruses have been completely sequenced and this has allowed the 

comparison of alkaline nuclease genes by their DNA and protein sequences. Alkaline 

nucleases now form a defined protein family (herpesvirus alkaline exonuclease, 

herpes alk exo) that is recognised by the position-specific iterated-basic local 

alignment search tool (PSI-BLAST) [Altschul et aL, 1997].

The level of overall identity between alkaline nuclease proteins from different 

herpesvirus subfamilies is relatively low. For example, the alkaline nuclease of 

MHV-68 has an identity of 17% (37% similarity) with that of alphaherpesvirus HSV- 

1 and 24% identity (48% similarity) with that of Human herpesvirus 6 (HHV-6, a 

betaherpesvirus), compared to 43% identity (66% similarity) with the alkaline 

nuclease encoded by HHV-8, a closely related gammaherpesvirus. However, the 

proteins share seven highly conserved sequence motifs [Goldstein and Weller, 1998b] 

(Figure 3). These regions of similarity do not encompass the N-terminus of the 

protein which is highly variable and proline rich in HSV. It may be involved in 

activity modulation by binding to other proteins [Henderson et al., 1998]. The 

baculovirus homologue was found to contain only four of these motifs with no 

sequences homologous to motif numbers 4, 5 or 7 [Li and Rohrmann, 2000]. As the 

biochemical properties of the protein were found to be similar to those of the 

herpesvirus alkaline nucleases, the authors suggested that motifs 1, 2, 3 and 6 were 

most likely to be involved in enzyme activity whilst motifs 4, 5, and 7 contributed 

towards other functions.

Figure 3. Sequence alignment of the alkaline nuclease proteins of human herpesviruses and 

MHV-68

The protein sequences o f alkaline nucleases from eight human herpesviruses and MHV-68. The nine

herpesviral sequences, obtained from whole genome sequences on NCBI, were aligned in BioEdit. The

seven conserved motifs are outlined, with the four motifs also encoded by baculovirus outlined in red.

These are numbered 1-7 from N- to C-terminal (left to right on sequence aligiunent). The dotted box 
(••••) marks the ENase-like catalytic domain ((S/N)XDXio-3oE(I,L,C,V)K). Residues shaded blue are

identical; those shaded yellow are similar in terms of their biochemical properties.
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1.3.3 Structural analysis

Although no direct structural analysis of the alkaline nuclease protein has been 

undertaken, a complex series of modelling procedures were recently used to identify a 

remote similarity between alkaline nuclease and bacteriophage lambda exonuclease 

[Bujnicki and Rychlewski, 2001]. The authors classified alkaline nuclease, like 

lambda exonuclease, as a member of the restriction endonuclease (ENase)-like PD- 

(D/E)XK superfamily. These proteins have little sequence similarity but share the 

ENase-like catalytic motif ((S/N)XDXio-3oE(I,L,C,V)K, see Figure 3) and a 

structurally common catalytic domain consisting of a five-stranded beta sheet flanked 

by two alpha helices. The herpesvirus alkaline nuclease/lambda exonuclease group is 

thought to originate from a common ancestral enzyme and encompasses five 

subgroups: three herpesvirus lineages (similar to the alpha, beta and gamma 

subfamilies), the baculovirus lineage and then a more diverse group including the 

phage exonucleases and ORF 14L of African swine fever virus (ASFV). ORF 14L 

predominantly displays endonuclease activity that is specific for ssDNA and has an 

optimum pH of 7 [Barros et aL, 1986]. Recent experimental evidence shows that 

mutations of the EBV alkaline nuclease residues in the motif homologous to the 

ENase catalytic centre reduce DNase activity significantly [Liu et al., 2003]. The 

protein sequence of the catalytic core is predicted to produce mainly strand structures.

Structural determination of alkaline nuclease would be valuable because it would

provide information on the enzyme’s mechanism of action and could also allow

intelligent structure-based drug design or drug optimisation. Although alkaline
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nuclease shows homology to lambda exonuclease it is likely that the complete 

structures are somewhat different as the toroidal structure of the bacteriophage 

enzyme precludes the endonuclease activity that alkaline nuclease exhibits [Kovall 

and Matthews, 1997].

1.3.4 Gene expression

Initially, alkaline nuclease activity was shown to be HSV-induced [Morrison and 

Keir, 1968] and the enzyme was classified as a beta gene [Powell and Courtney,

1975; Banks et aL, 1985]. However, production of the protein could not be 

categorically attributed to the virus; the formal possibility remained that it could be a 

cellular protein that was up-regulated by virus infection. Preston and Cordingley 

[1982] proved that the HSV enzyme was encoded by the viral genome by injecting 

viral messenger ribonucleic acid (mRNA) and DNA into oocytes and measuring 

subsequent DNase synthesis. From sequence data it is now known that HSV alkaline 

nuclease is encoded by ULl2.

Morrison and Keir [1968] suggested that the mRNA for HSV-1 alkaline nuclease was 

produced from 2-3h p.i. It was then shown that the 2.3kb ULl2 mRNA was one of 

four partially overlapping mRNAs exhibiting early (beta) kinetics. In vitro translation 

followed by immunoprécipitation with an anti-alkaline nuclease antibody confirmed 

that alkaline nuclease was a viral protein that was produced from the 2.3kb mRNA 

that initiated downstream of a beta promoter [Costa et aL, 1983]. The other 

overlapping mRNAs, of lengths 1.9, 3.9 and 4.5kb (UL12.5, UL13, ULl4, 

respectively), were designated late mRNAs and it was noted that the 1.9kb mRNA 

shared the same frame as ULl2. Building on this work. Draper et aL [1986] found 

that ULl 1 mRNA (0.9kb) was also within the family of partially colinear mRNAs 

and that the five transcripts had coterminal 3'-polyA tails. The authors also stated that 

although the 1.9kb transcript had an atypical ‘promoter’, it was transcribed with 

similar kinetics to the 2.3kb, ULl2, transcript thereby classifying it as an early 

transcript.

It has since been shown that ULl2 homologues lie within 3’-coterminal sets in 

several herpesviruses, although the number of transcripts varies. UL98 encodes the 

HCMV alkaline nuclease and its 2.6kb mRNA has been identified within a 3’- 

coterminal set that encodes eight transcripts from UL93-UL99 [Wing and Huang, 

1995]. This set includes the transcripts for homologues of the HSV-1 genes ULl 1,
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ULl2, ULl3, ULl4, ULl6 and ULl7, and also a transcript for the UL96 gene of 

unknown function. The UL99 gene encodes two transcripts. Expression of the UL98 

transcript was sensitive toj cycloheximide and required DNA replication for maximal 

expression, classifying it as a delayed early gene. Although Adam et al. [1995] found 

similar results, they classified UL98 as an early gene. The transcript was expressed at 

early times after infection and also in the absence of viral DNA replication but 

required DNA replication to reach maximal levels .

Hsiang et al. [1996] detected three transcripts when they probed northern blots of 

PRV-infected cells with DNA that overlapped the 5’- and 3'-ends of PRV UL12. The 

UL12 transcript was produced from 1.5h p.i. suggesting that it was an early transcript. 

Four Bovine herpesvirus 1 (BHV-1) 3’-coterminal transcripts were detected in BHV- 

1-infected cell RNA with a probe complementary to BHV-1 ULl2 [Desloges and 

Simard, 2001]. Surprisingly, BHV-1 ULl 2 was not transcribed in the absence of viral 

DNA synthesis, classifying it as a late gene.

Recently, it has been shown that the US 11 protein binds a region of the HSV-1 ULl 2, 

ULl3 and ULl4 mRNAs [Attrill et aL, 2002]. This binding causes down-regulation 

of both the mRNA and protein of UL13. It apparently also up-regulates ULl 4 protein 

at a post-transcriptional level and down-regulates ULl2 mRNA without affecting 

protein levels. The mechanism for this range of effects is unknown.

1.3.5 Purification

In order to examine the biochemical properties of alkaline nuclease, many groups 

have purified the enzyme and a variety of methods have been used in an attempt to 

obtain large quantities of highly purified protein. HSV-1 and HSV-2 have been most 

exploited for both purification of alkaline nuclease and analysis of the enzyme.

Initially, the common strategy was to infect cells and then to purify alkaline nuclease

with several chromatographic columns, usually including ionic exchange,

phosphocellulose and DNA-cellulose columns. The presence of the enzyme was

detected by DNase activity. In early purification procedures, the amount of purified

protein was not quantified nor the purity analysed by sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) analysis, probably because only

very small quantities of protein were recovered [Hoffmann and Cheng, 1978; Tan

aL, 1982]. However, using this method it was possible to obtain a single polypeptide

which co-purified with DNase activity jfrom HSV-2-infected cells [Banks et aL,
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1983]. This allowed the generation of a range of monoclonal antibodies, including the 

widely used Ql, which can detect HSV-2 alkaline nuclease and also cross-react with 

the HSV-1 protein [Banks et aL, 1983].

There are inherent problems in purification from infected cells, including large scale 

cell culture, infectious material, copurification of viral proteins such as the viral 

polymerase and the small quantities of purified protein. It is also necessary to use a 

chromatographic protocol with several steps to obtain sufficiently pure protein and 

this increases the likelihood of protein degradation. Several other expression systems 

and purification protocols have been tested with varying degrees of success.

As would be expected, over-expression has usually resulted in the purification of 

larger quantities of pure protein but these methods have been beset by toxicity and 

solubility problems. HSV alkaline nuclease has been expressed in Escherichia coli 

[Bronstein and Weber, 1996], baculovirus [Kehm et aL, 1998a], vaccinia virus and 

Semliki Forest virus [Kehm et aL, 1998b]. Purification from these systems has varied 

from chromatographic methods similar to those used to purify the enzyme from 

herpesvirus-infected cells, to methods of inclusion body solubilisation. The alkaline 

nuclease proteins encoded by HCMV, PRV and EBV have also been purified using 

similar methods [Tan et aL, 1982; Stolzenberg and Ooka, 1990; Baylis et aL, 1991; 

Sheaffer et aL, 1997; Hsiang et aL, 1998].

There have been some reports of toxicity, for example EBV alkaline nuclease was 

toxic to E. coli [Baylis et aL, 1989]. HSV-1 alkaline nuclease, however, was not toxic 

to E. coli [Bronstein and Weber, 1996] or insect cells [Kehm et aL, 1998a] but was 

found to be toxic to vaccinia virus replication [Kehm et aL, 1998b].

In general, the purification procedures that produced the highest quantities of protein, 

required resolubilisation of insoluble alkaline nuclease expressed in E. coli. For 

example, Hsiang et aL [1998] purified 5mg of recombinant PRV alkaline nuclease per 

100ml of bacterial culture and Bronstein and Weber [1996] obtained 50-60mg of 

recombinant HSV-1 alkaline nuclease from 400ml of bacterial culture. 

Resolubilisation can lead to problems with mis-folded proteins, as illustrated by the 

protein purified by Bronstein and Weber [1996], approximately half of which was 

inactive.

Baylis et aL [1991] found that baculovirus expression was most successful for 

expression of soluble EBV alkaline nuclease (10-20mg per 1 x 10̂  cells). They stated

46



that this expression of alkaline DNase was ten-fold more efficient than expression 

from recombinant vaccinia virus, 100-fold more than expression in E. coli, and 1000- 

fold more than expression from chemically-induced EBV in transformed B-cell lines.

The purified proteins have been used to characterise enzyme activity, to produce 

antibodies and to screen possible inhibitors, but as yet no structural characterisation 

has taken place. This may be because those protocols which have produced large 

quantities of protein have involved resolubilisation of protein and this can result in 

the creation of large quantities of mis-folded inactive enzyme which may not be 

conducive to protein crystallisation.

1.3.6 Biochemical analysis

Although alkaline nuclease is classified as an enzyme that degrades nucleic acid, the 

details of this activity are still somewhat contentious. This is partly due to the 

standard assay used to assess alkaline nuclease activity. Confusion in the data may 

also be caused by variations in assay conditions, by the differing methods of protein 

purification and by the extents to which the enzymes were purified.

The standard DNase assay was originally developed by Morrison and Keir [1968]. 

DNA was labelled randomly by growing bacteria in the presence of radioactive 

orthophosphate. The degradation of this DNA was measured by the level of acid- 

soluble radioactivity after incubation with enzyme. Exonuclease and endonuclease 

activity on the most commonly used substrate (linear, randomly labelled DNA) 

combine to produce acid-soluble radioactivity. A low level of endonuclease activity 

will greatly increase the levels of acid-soluble radioactivity if the enzyme is in excess, 

by increasing the number of free ends of DNA for the exonuclease to degrade. This 

means that it is not easy to characterise optimum conditions as these may be specific 

to either the endonuclease or exonuclease activity. HSV-1 alkaline nuclease is the 

prototypic enzyme and while most aspects of enzymatic activity appear to be similar 

it must be borne in mind that there may be differences between species.

Alkaline nuclease activity has a high optimum pH in vitro. This was thought to be 

specific to the enzymatic properties of the protein [Strobel-Fidler and Francke, 1980] 

but a more recent study suggests that it is due to melting of dsDNA at high pH 

[Knopf and Weisshart, 1990]. The authors suggested that alkaline nuclease activity is 

higher for ssDNA substrates and it is this preference that governs the increase in 

DNase activity at high pH.
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There are also differing reports about the nature of the DNase activity. Hoffmann 

[1981] studied the effect of the HSV enzymes on dsDNA and demonstrated both 3’- 

5’ and 5’-3’ exonuclease activity. More recently it has been proposed that the enzyme 

acts processively and solely in a 5’-3’ direction [Knopf and Weisshart, 1990; Kehm et 

al., 1998a]. EBV alkaline nuclease has been reported to act distributively on ssDNA 

and to possess a 3’-5’ activity which is ten-fold weaker than the 5’-3’ activity [Lin et 

aL, 1995]. The PRV DNase also has both 5’-3’ and 3’-5’ activity [Hsiang et aL,

1998] and the PRV DNA binding protein (DBP) has been demonstrated to enhance 

activity of the DNase protein (particularly exonuclease activity) and to alter its mode 

of action from processive to distributive on ssDNA. [Hsiang, 2002].

The exonucleolytic activity of HSV alkaline nuclease on a DNA substrate generates 

predominantly mono-nucleotides but the enzyme is also capable of degrading RNA 

and RNA/DNA hybrids, resulting in the production of short degradation intermediate 

oligonucleotides in addition to mono-nucleotides [Kehm et aL, 1998a]. A weaker 

endonucleolytic activity, which is strongest on supercoiled templates, has also been 

observed [Hof&nann and Cheng, 1979].

In general, recombinant proteins have been found to possess similar properties to 

virus-expressed alkaline nucleases. However, Kehm et aL [1998b] found that 

recombinant HSV-1 alkaline nuclease expressed by baculovirus exhibited a 5’-3’ 

exonuclease activity with a stronger preference for DNA substrate than had been 

shown for the viral enzyme.

In the standard DNase assay, herpesvirus alkaline nucleases have a high optimum pH 

and an absolute requirement for divalent cations; Mĝ "̂  addition results in the highest 

activity but Mn^  ̂can be substituted. High concentrations of salt are inhibitory 

[Morrison and Keir, 1968]. The activity of a baculovirus alkaline nuclease was found 

to be similar with an optimum pH of 10 or above, a requirement for Mĝ "̂  with a 

broad optimum from 2-lOmM, and inhibition by KCl and NaCl [Li and Rohrmann, 

2000].

1.3.7 Interactions with other proteins

Antibody affinity chromatography with a [^^P]-labelled extract of infected cells

demonstrated that HSV-2 alkaline nuclease is a phosphoprotein [Banks et aL, 1985;

Thomas et aL, 1988] and it has since been shown that the US3 protein kinase is

capable of phosphorylating the protein in vitro [Daikoku et aL, 1995]. This
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phosphorylation may direct the interactions of alkaline nuclease with other proteins or 

alter its activity. However, active HSV-1 ULl2 produced by in vzTro-translation in 

rabbit reticulocyte lysates is not phosphorylated [Henderson et aL, 1998], indicating 

that phosphorylation is not essential for activity, at least in vitro. It is also notable that 

no phosphorylation of EBV alkaline nuclease has been detected in EBV transformed 

lymphoid cells or recombinant baculovirus-infected cells [Baylis eta!., 1991].

Interaction of alkaline nuclease with the mDBP has been well documented. In 1983, 

studies on temperature sensitive (ts) HSV-2 mDBP mutants found that one effect of 

mutations in the protein was to destabilise both the DNA polymerase and alkaline 

nuclease [Littler et a!., 1983]. The use of immunoabsorbent columns with monoclonal 

antibodies specific for alkaline nuclease or mDBP showed that the two proteins could 

be affinity purified from infected cells by antibodies directed against either alkaline 

nuclease or mDBP. The use of a mDBP polyclonal antibody prevented the association 

with alkaline nuclease [Vaughan et a!., 1984; Thomas et a!., 1988].

Alkaline nuclease was shown to be localised in the nucleus at 5h p.i. [Banks et al., 

1983] but specific localisation of the protein within the nucleus is somewhat 

contentious. Randall & Dinwoodie [1986], analysing viral replication proteins, stated: 

“The majority of alkaline exonuclease was diffusely distributed throughout the 

nucleus during virus DNA replication but did not localize at specific foci within the 

nucleus”. This was counter-intuitive if the interaction with the mDBP occurred in 

vivo, and was contradicted by Thomas et al. [1992] with the use of 

immunofluorescence to show that at 6h p.i. alkaline nuclease was localised in the 

nucleus, mainly in the replication compartments where the mDBP was found. 

However, Puvion-Dutilleul and Pichard [1986] found that although HSV alkaline 

nuclease accumulated in foci from 2.5h p.i., the mDBP was localised in different 

structures. Goldstein et al. [1998b] found diffuse nuclear staining vdth anti-alkaline 

nuclease antibodies and have been unable to detect preferential localisation of 

alkaline nuclease in replication compartments. It may be that only a proportion of the 

nuclear alkaline nuclease interacts with the mDBP in infected cells.

Further investigations of the interaction of alkaline nuclease with DNA binding 

proteins in vitro have provided different views on the outcome of the interaction. As 

described previously (1.3.6), PRV DBP has been shown to physically interact with 

the DNase and stimulate its activity (particularly exonuclease activity) in vitro,

although it also promotes dissociation of the enzyme fi*om DNA [Hsiang, 2002].
49



Conversely, N-terminally truncated EBV mDBP (NAmDBP) inhibits EBV DNase 

activity in vitro, indicating that the interaction of NAmDBP may cause a 

conformational change in alkaline nuclease resulting in the loss of DNA binding 

ability and thus activity [Lin et al., 1995]. In the case of baculovirus, a His-tagged 

recombinant alkaline nuclease of Autographa calif arnica (AcMNPV) copurified with 

LEF-3, the baculovirus ssDBP [Mikhailov et al., 2003]. The proteins were found to 

predominantly form heterodimers and degrade DNA solely in the 5’-3’ direction. The 

addition of excess LEF-3 inhibited degradation of ssDNA.

Zeng et al. [1997] confirmed that the interaction of the EBV mDBP and DNase 

completely inhibited DNase activity. They also found that the mDBP (BALF2), 

formed a complex with the alkaline nuclease, early D antigen (EA-D) and DNA 

polymerase. A number of different combinations of the proteins were found but most 

of the mDBP was complexed with EA-D. This concurred with the results of Daibata 

and Sairenji [1993] that showed an interaction between EBV EA-D and alkaline 

nuclease.

1.3.8 Function

Two HSV mutant viruses (tsl3 and AN-1) have played major roles in studying the 

function of alkaline nuclease. The ts HSV-2 alkaline nuclease mutant tsl3 [Francke et 

al., 1978], gave conflicting results concerning whether or not the enzyme was 

essential in tissue culture. This virus exhibited residual nuclease activity at the non- 

permissive temperature, which made analysis difficult. In addition, it was discovered 

that the virus harboured two mutations, a DNase lesion and a second lesion affecting 

virion stability [Chartrand et al., 1979b]. Francke and Garrett [1982] studied tsl3 

revertants and concluded that alkaline nuclease was not essential for viral replication. 

After further mapping analysis and data review, however. Moss [1986] concluded 

that the HSV-2 enzyme was in fact essential for viral replication and gro^wth in 

culture. By 1988, seven HSV-1 genes, which did not include alkaline nuclease, had 

been identified as essential for origin-dependent replication by the Challberg in vitro 

replication assay (1.2.5.a). It was proposed that these seven genes comprised the set 

of genes whose products were directly involved in, and necessary for, viral DNA 

synthesis.

To avoid the problems associated with the temperature sensitive mutants, an HSV-1 

alkaline nuclease lacZ insertion mutant (AN-1) was constructed [Weller et al., 1990].
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The initial characterisation of AN-1 showed that the HSV-1 gene was not essential 

for viral DNA synthesis in tissue culture, confirming the Challberg assay result. 

However, AN-1 had severely restricted growth in Vero cells; plaques were small and 

asymmetric and recovery of infectious virus was only 0.1-1% of wild-type virus 

levels. More recently, a similar phenotype has been shown for murine 

cytomegalovirus (MCMV) in which the alkaline nuclease gene, M98, was disrupted. 

This MCMV BAC virus (TclO) had a transposon insertion approximately two thirds 

of the way into the sequence of M98 and transfection of fibroblasts with TclO was 

found to produce small slow-growing plaques [Brune et al., 1999]. The disagreement 

of these results with those of Moss [1986] could be explained if tsl3 also had a leaky 

mutation in one of the replication genes close to alkaline nuclease. The fragments of 

DNA used in the marker rescue of the mutants were large and contained coding 

regions for several genes including replication genes UL5, UL8 and UL9. Mutations 

of some ts mutants have been physically mapped [Weller et al., 1983a] but the viruses 

have not been completely sequenced, allowing for the possibility of phenotypes being 

caused by more than one mutation.

As the AN-1 mutant had low infectivity but did not exhibit a complete block of viral 

DNA processing it was suggested that, rather than playing a direct role in viral 

replication, the enzyme might be involved at some stage of maturation or packaging 

of viral DNA. Shao et al. [1993] demonstrated that near wild-type levels of specific 

cleavage of concatemeric DNA occurred in AN-1-infected cells. The existence of 

DNase I resistant DNA indicated that this viral DNA was also encapsidated. The 

authors suggested that maturation of the AN-1 capsids and transport from the nucleus 

to the cytoplasm were defective on the evidence that: i) only very small amounts of 

staphylococcal nuclease resistant DNA was found in the cytoplasm, ii) few C capsids 

were found in the cytoplasm by electron microscopy or sucrose gradient 

sedimentation and iii) there was an elevated ratio of A to B capsids as shown by 

sucrose gradient analysis.

Pulsed field gel electrophoresis (PFGE) was used to examine the differences between 

replicative intermediates of wild-type HSV-1 virus and the AN-1 mutant [Martinez et 

al., 1996a]. It was discovered that whilst linear monomeric genomes could travel 

through the gel, replicative intermediates from both viruses remained in the well. 

After digestion with restriction endonucleases that cleaved once in the viral genome.
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the wild-type DNA was resolved as monomers whilst the AN-1 DNA remained in the 

well. This indicated that the AN-1 DNA had a more complex non-linear structure.

To look in more detail at the role of alkaline nuclease in processing replicative 

intermediates, Goldstein and Weller [1998a] engineered cruciform DNA structures 

which would be expected to be processed into linear forms by resolvases. It was 

found that the protein did not act as a resolvase but instead degraded the structures. 

Although it also degraded virion DNA to completion, it digested replicative 

intermediate DNA into molecules that were smaller than the length of one genome 

and migrated in PFGE as a smear. The enzyme did not appear to show any sequence 

specificity or inhibition at particular sequences. Analysis of the replicative 

intermediates revealed that they contained no accessible double stranded ends but did 

contain nicks and gaps. It was suggested that alkaline nuclease may have a role in 

repairing or processing replicating genomes to allow efficient encapsidation.

Another possible fimction for alkaline nuclease is the provision of nucleotides for 

viral replication from host DNA [Keir and Gold, 1963; Hoffinann and Cheng, 1978]. 

Nutter et al. [1985] have shown that some viral dTMP residues are derived from host 

DNA, particularly when ribonucleotide reductase is blocked. Host chromosome 

damage which occurs during HSV-1 infection might be linked to any utilisation of 

host nucleotides [Peat and Stanley, 1986]. It has also been shown that when Raji cells 

are superinfected with EBV, host cell DNA is degraded and some nucleotides are 

reutilised in EBV DNA [Feighny et al., 1981]. However, host DNA is not a major 

source of precursors for HSV DNA and the fact that the AN-1 mutant has near wild- 

type levels of DNA synthesis means that provision of nucleotides for viral replication 

is unlikely to be a significant function of the enzyme.

It has also been suggested that alkaline nuclease may play a role in recombination.

The enzyme is capable of producing 3’-overhangs for strand exchange and it has been

proposed that the baculovirus alkaline nuclease homologue acts with LEF-3 in

homologous recombination of the genome [Mikhailov et al., 2003]. The biochemical

similarity of PRV alkaline nuclease to the E. coli RecBCD protein also led Hsiang et

al. [1998] to suggest that alkaline nuclease might function in recombination of the

herpesvirus genome. However, there is no evidence that this occurs in vivo. Earlier

studies showed that genomic inversions could occur in AN-1 viruses and that the

virus was capable of carrying out homologous recombination between inverted

repeats on plasmids [Martinez et al., 1996a]. There may be new evidence to the
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contrary as Martinez et al. [2002] cite a paper submitted for publication by Reuvan, 

Staire, Myers and Weller: “The herpes simplex virus-1 alkaline nuclease and single

strand DNA binding protein mediate strand exchange in vitro.''"

It is the exonuclease function specifically that appears to be necessary for in vivo 

function. Mutations in motif 2 of HSV-1 UL12 (D340E and G336A/S338A) resulted 

in proteins that did not exhibit exonuclease activity but localised correctly to the 

nucleus. G336A/S338A also appeared to exhibit little or no endonuclease activity. 

When expressed from amplicon plasmids in AN-1-infected cells, these proteins could 

not complement the AN-1 phenotype, signifying that loss of exonuclease activity 

correlates with loss of in vivo function [Goldstein and Weller, 1998b; Henderson et 

al, 1998].

There has been further investigation of the possible active sites of the enzymes.

Single site mutations that cause inhibition of DNase activity have suggested that parts 

of motifs 2 and 3 are most likely to form the catalytic site. For example, Liu et al. 

[2003] mutated residues D203, E225 and K227 of EBV. All three substitutions 

caused loss of DNase activity as would be expected from homology to the lambda 

exonuclease D.. .EXK motif (described in section 1.3.3). The homologous motif in 

alkaline nuclease stretches from the end of motif 2 into motif 3. Interestingly, the 

PRV enzyme does not contain the equivalent D, E or K residues in motifs 2 and 3. It 

shows much less homology to the human herpesvirus alkaline nucleases than the 

MHV-68 alkaline nuclease does. Work with the PRV enzyme indicated that a 

histidine residue in motif six is an essential active site residue for DNase activity [Ho 

et a l, 2000].

In conclusion, it is likely that alkaline nuclease acts to process DNA into a form 

suitable for encapsidation, perhaps by removing complex branched structures. How 

this relates to the interaction with the mDBP is unknown. Perhaps the enzyme has 

multiple functions which are carried out at different times in the virus lifecycle. The 

HSV enzyme has no sequence specificity and its exonuclease activity is essential for 

in vivo function. It is interesting to note that HCMV alkaline nuclease can 

complement the growth of AN-1, demonstrating a functional conservation of the 

enzyme [Gao et a l, 1998; Henderson et a l, 1998].
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1.3.9 HSVUL12.5

Costa et al. [1983] noted the presence of a 1.9kb mRNA which shared the 

translational reading frame of alkaline nuclease when characterising transcripts 

encoding HSV-1 alkaline nuclease (1.3.4). However, they could not detect any 

polypeptide encoded by this transcript with the use of monoclonal antibodies directed 

against alkaline nuclease. This gene was later termed UL12.5 and was found to 

encode a 60kDa protein that contained all seven conserved motifs of alkaline nuclease 

[Martinez et al., 1996b]. This truncated form of alkaline nuclease has not been 

identified in any other herpesvirus.

A mutant which abolished expression of alkaline nuclease but left the UL12.5 product 

intact was produced (AN-Fl). AN-Fl exhibited the same defects as AN-1, indicating 

that UL12.5 could not substitute for alkaline nuclease [Martinez et al., 1996b].

Further analysis of the UL12.5 gene product initially demonstrated it to be a capsid- 

associated nuclease with similar properties (once solubilised) to alkaline nuclease 

[Bronstein et al., 1997]. More recently, however, it was found that during sucrose 

sedimentation UL12.5 was present in fractions across the gradient, even when capsids 

were not formed [Martinez et al., 2002]. In the same report, the authors created an 

HSV-1 virus in which the initiation codon of UL12.5 was altered so that the virus 

could produce UL12 but not UL12.5. This virus had normal growth properties 

indicating that UL12.5 was dispensable for lytic infection in tissue culture.

1.3.10 MHV-68 alkaline nuclease

In the genome of MHV-68, ORF 37 has been identified as a putative alkaline 

nuclease homologue, but no analysis of this ORF has been undertaken. The gene 

encodes the seven conserved motifs and the ENase-like catalytic motif but lacks the 

proline rich N-terminal sequence found in the prototypic alkaline nucleases of HSV-1 

and HSV-2. ORF 37 is a suitable target for investigation as it may prove to be a more 

amenable candidate for purification and crystallisation since it is thought that proline 

rich sequences form flexible regions which may not be favourable for crystallisation.

There is already a BAC mutation system available to allow the rapid production of

MHV-68 alkaline mutants [Adler et al., 2000]. These mutants can easily be tested in a

natural infection system as MHV-68 infects murid rodents and, therefore, laboratory

mice. The virus also replicates in many cell types, allowing simple analysis of

infected tissue cultures. MHV-68 is discussed further in the following section.
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1.4 Murine Gammaherpesvirus-68

1.4.1 Origins and ciassification

In 1976, five strains of herpesviruses were isolated from two species of small rodents 

(Apodemus flavicollis and Clethrionomys glareolus) by a team of scientists in 

Czechoslovakia [Blaskovic et al., 1980]. Electron microscopy of rabbit embryo 

fibroblasts infected with these isolates confirmed that the viruses were from the 

Herpesviridae family and revealed ultrastructural development resembling that of 

HSV-1. However, there were morphological changes similar to those seen in cells 

infected with CMV, such as the formation of intranuclear tubular structures and the 

formation of intracytoplasmic dense bodies [Ciampor et al., 1981]. The growth 

characteristics of the viruses were examined and they were classified as members of 

the Alphaherpesvirinae subfamily on the basis of induced cytopatbic changes and 

growth characteristics in different cell cultures [Svobodova et al., 1982a]. Later, 

complement fixation and virus neutralisation tests confirmed that these five viruses 

were either antigenically identical or very closely related [Svobodova et al., 1982b].

One virus isolate from the bank vole, C. glareolus, was named MHV-68 and its 

pathogenesis in acute and persistent infections was studied by the same 

Czechoslovakian group. They noted that MHV-68 persisted in both lung tissue and 

the trigeminal ganglion in a productive form and that it spread by the haematogenous 

route during acute infection. The pathogenesis of MHV-68 was found to be 

significantly different from that of MCMV. This fact, along with its wide host range, 

a relatively short replication cycle, and rapid spread in culture, supported the previous 

classification of MHV-68 as an alphaherpesvirus rather than a betaherpesvirus. 

However, the predominantly haematogenous spread, the absence of neurological 

disease, and the sites of latency raised doubts over this classification [Rajcani et ah, 

1985].

It was only after sequencing of the MHV-68 genome began in 1990, that the virus

was conclusively classified as a gamma-2 herpesvirus [Efstathiou et al., 1990;

Mackett et al., 1997; Virgin et al., 1997]. Although it has some biological properties

of the alphaherpesviruses, its sequence shows most similarity to the gamma-2

herpesviruses [McGeoch et al., 1995]. The Gammaherpesvirinae subfamily was

originally split by whether the virus remained latent in B cells (gamma-1) or T cells

(gamma-2) but this has been replaced by genomic classification as it has been found
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that latency tropism can include both B and T cells, as well as other cell types [Simas 

and Efstathiou, 1998].

1.4.2 Pathogenesis

Some features of MHV-68 pathogenesis in infected mice are similar to those seen in 

infectious mononucleosis caused by EBV in man [Sunil-Chandra et al., 1992a; Plano 

et al., 2002]. Intranasal introduction of MHV-68 is believed to be the closest route to 

natural infection and this usually results in pneumonia. The lung is the main tissue 

infected; here the virus is found to be associated with alveolar epithelium and 

mononuclear cells [Rajcani et al., 1985; Sunil-Chandra et al., 1992a]. The productive 

infection lasts ten to twelve days with lymphoproliferative accumulations observed in 

germinal centres in the lung. Infectious virus can also be recovered from the heart, 

and adrenal glands which suggests haematogenous spread [Simas and Efstathiou, 

1998].

The main site of persistence is the spleen, which retains latently infected cells for the 

life of the animal. It is generally believed that B cells are a major target for latent 

infection [Sunil-Chandra et al., 1992b; Week et al., 1999a], but it has been argued 

that the virus also persists in macrophages and lung epithelium [Stewart et al., 1998; 

Week et al., 1999b]. Latency establishment is characterised by splenomegaly and 

lymph node enlargement that peak at two to three weeks p.i. This corresponds to 

infection of maximal numbers of splenocytes. After this period, the number of 

infected splenocytes declines and remain steady at about one in 10 -̂10  ̂cells, as 

determined by infectious centre assay [Nash and Sunil-Chandra, 1994]. Chronic 

infection with MHV-68 was shown to cause lymphoproliferative disease in 

approximately 10% of inbred mice over a period of three years. Immunosuppresssion 

with cyclosporin A significantly increased disease frequency [Sunil-Chandra et al., 

1994]. Although this work has not been repeated by others, this is similar to the 

increased risk of EBV- or HHV-8 -induced disease caused by immunosuppression.

1.4.3 MHV-68 as a model gammaherpesvirus

Research into some human herpesviruses has been hindered by the lack of small 

animal models. For example, research into natural infections of EBV has proved 

difficult and has been largely restricted to clinical cases. This is because of its 

restricted cell tropism, lack of fully permissive cell lines and absence of an amenable
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animal model. Many facets of HHV-8 infection, such as primary infection and 

latency, also remain unclear because the virus, like EBV, is species-specific.

The considerable homology of MHV-68 to other gammaherpesviruses, its 

pathogenesis and its ability to replicate in epithelial cells and infect laboratory mice, 

mean that MHV-68 is suitable for studying the biological characteristics of 

gammaherpesviruses [Simas and Efstathiou, 1998]. Animal models are powerful tools 

in the study of pathogenesis, allowing the course of infection to be followed 

throughout the body and studied at both organ system and molecular levels [Brahic,

2002]. Gene-knockout mice strains and our ability to manipulate the immune 

response enable the investigation of the immunological and virological elements of 

infection; whilst the relative ease of constructing viral mutants affords the opportunity 

to target different genes in the viral repertoire. One further advantage of animal 

models is that they can be used as test systems for antiviral drugs and therapies, both 

to aid our understanding of the viral mechanisms and to assess the therapeutic value 

of agents.

Both alpha- and beta- herpesviruses have small animal models, although these differ 

in their similarity to the infections for which they are models. Infections of mice and 

guinea pigs with HSV, a neurotropic alphaherpesvirus, are used as models for human 

HSV infections such as herpetic keratitis and genital herpes. HCMV is species- 

specific, however, MCMV resembles the human form in some aspects of its genome 

and pathogenesis and has been used as a model for betaherpesvirus infection. Before 

the identification of MHV-68 there was no equivalent small animal model for 

gammaherpesvirus infection. There are some important differences of this model 

system compared to infections with other gammaherpesviruses; for example, viral 

replication is similar to that of alpha- and beta- herpesviruses and the latent phase is 

not identical to EBV latency with several different programmes, although there are 

some similar proteins. However, although each of the gammaherpesviruses is 

uniquely adapted to its host, MHV-68 is the best small animal model for 

gammaherpesvirus infection that is available at this time. There are important lessons 

that can be leamt from the model system with respect to its conserved genes and in 

many aspects of infection (reviewed by Flano et al [2002]).

The ability of MHV-68 to replicate in mice and many cell types in tissue culture,

combined with a rapid mutagenesis system [Adler et al., 2000; Adler et al., 2001] and

the availability of sequence data (NCBI accession numbers NC001826, [Virgin et al.,
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1997], and AF105037 [Nash et al., 2001]) should allow the dissection of many viral 

processes. To date though, research on MHV-68 has focussed either on pathogenesis 

and the immune system (helping to define the model system) or on a gene by gene 

approach, looking primarily at unique genes and cellular homologues. Although 

global transcription patterns have been analysed [Ahn et al., 2002; Ebrahimi et al.,

2003], there has been little attempt to describe protein interactions involved in other 

viral processes such as replication, packaging or virion trafficking. This may be 

because it is assumed these processes will be very similar to those shown for other 

herpesviruses or because of lack of supporting data and tools; there are currently no 

published monoclonal antibodies directed against specific MHV-68 proteins. In the 

remainder of the introduction, some of the genes encoded by MHV-68 and some of 

the current research efforts focussed on this virus will be outlined.

1.4.4 Genome and encoded proteins

The MHV-68 genome consists of 118kb of unique sequence DNA, with a G/C 

nucleotide content of 46%, flanked by multiple copies of a 1.2kb terminal repeat. This 

arrangement is characteristic of gamma-2 herpesviruses. Subsequent to the complete 

sequencing of the genome, it has been estimated that the virus encodes at least 80 

genes and is largely colinear with HHV-8 and herpesvirus saimiri (HVS), the 

prototypic gamma-2 herpesvirus [Virgin et al., 1997; Nash et al., 2001]. Comparisons 

of the genomes of gamma-2 herpesviruses reveal that they all exhibit conserved gene 

blocks, which are interspersed with virus-specific ORFs (Figure 4). The four 

conserved gene blocks contain mostly lytic replication-associated genes, whilst the 

remaining ORFs are concerned with latency, modulation of the immune response and 

cell transformation. These virus-specific ORFs are expected to determine the 

biological properties of the virus and have been shown to include cellular gene 

homologues, captured by the viruses relatively recently in evolutionary time 

(reviewed by Simas and Efstathiou [1998]).

Cellular gene homologues number at least 12 in HHV-8 and include genes which 

function in apoptosis, cell cycle regulation, immune system regulation and cytokine 

signalling. MHV-68 encodes a smaller subset that includes ORF 4, a functional 

complement activation inhibitor [Kapadia et al., 1999]; ORF 72, an oncogene with 

homology to cellular D type cyclins that induces cell cycle progression and regulates 

reactivation from latency [van Dyk et al., 1999; Hoge et al., 2000; van Dyk et al.,
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2000]; Ml 1, a protein with remote similarities to the bcl-2 family that inhibits 

apoptosis [Wang et al, 1999; Roy et al, 2000] and ORF 74, a G protein-coupled 

receptor that is expressed at the cell surface and is thought to enhance cell growth and 

survival [Wakeling et al., 2001]. ORF 74 is also required for efficient reactivation of 

latent MHV-68 [Lee et al., 2003; Moorman et al., 2003].

Several of the unique genes have also been studied, including M3 which sequesters a 

broad range of chemokines [Parry et al., 2000; van Berkel et al., 2000] and alters host 

antiviral inflammatory responses [Jensen et al., 2003]. After intranasal infection, an 

M3 mutant was ineffective in establishing a normal latent load [Bridgeman et al.,

2001] but van Berkel et al. [2002] could not repeat this by infection either via the 

intranasal or intraperitoneal route. K3, which has a homologue in HHV-8, down- 

regulates the expression of the major histocompatibility complex (MHC) class I by 

catalysing its ubiquitination and thus targeting it for degradation [Boname and 

Stevenson, 2001; Stevenson et al., 2002].

IV

M 1-M 4

4, 6-11 17-27 29-40 42-50 73,74,75abc

K3,M 5,M 6 M7 M8 M9 M IG  M i l  
a.b.c

M 12-M 14

Figure 4. Genomic structure of MHV-68

Blocks I-IV denote the gamma-2 herpesvirus conserved genes with numbers for relevant ORFs. A 

contains ORFs 52-56, B contains ORFs 57-64, C contains ORFs 66-69, D represents ORF 72. Block I 

contains ORFs 4-11, block II contains ORFs 17-50, block III contains ORFs 52-69, block IV contains 

ORFs 72-75a,b,c. MHV-68-specific genes are labelled M. K3 is a homologue o f  the HHV-8 K3 gene. 

Adapted from [Simas and Efstathiou, 1998].

1.4.5 Proteins involved in the replication pathway

The published sequence of MHV-68 [Virgin et al., 1997] and the virus database Vida 

2.0 [Alba et al., 2001] confirm the presence of putative genes coding for homologues 

of the essential replication proteins of EBV. There have also been two published 

analyses of the MHV-68 transcriptome [Ahn et al., 2002; Ebrahimi et al., 2003]. 

These studies provide a valuable overview of the global regulation of transcription 

and confirm the expression of mRNAs predicted to encode the DNA polymerase
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(ORF 9), polymerase processivity subunit (ORF 59), mDBP (ORF 6), 

helicase/primase (ORF 40/ORF 44/ORF 56), uracil DNA glycosylase (ORF 46), 

thymidine kinase (ORF 21) and alkaline nuclease (ORF 37), among others.

ORF 21 has been analysed to some extent and has been shown to encode a functional 

thymidine kinase [Pepper et al., 1996]. A nucleoside analogue (2’-deoxy-5-ethyl- 

beta-4’-thiouridine) which is thought to be activated by MHV-68 thymidine kinase, 

has been shown to inhibit MHV-68 replication both in 'vitro and in vivo and to delay 

establishment of latency [Barnes et al., 1999]. MHV-68 mutants with a disrupted 

thymidine kinase gene grow normally in vitro but are severely attenuated during lytic 

replication in vivo. They can still establish latency, although this is delayed [Coleman 

et al., 2003].

One of the few papers that has been published on gammaherpesvirus replication notes 

that the investigation of this area has been hindered by the lack of a suitable model 

system [Coleman et al., 2003]. The authors suggest that MHV-68 provides an 

opportunity to increase knowledge of this area but it is primarily the MHV-68- and 

gammaherpesvirus- specific genes of MHV-68 that have been studied to date (as 

described in 1.4.4). There have not been any in-depth investigations into the 

mechanisms of MHV-68 replication or packaging and no data has been published on 

the putative alkaline nuclease.

60



1.5 Project Objectives

At this time much work is being undertaken to identify novel proteins and categorise 

their interactions and functions, however, there are numerous proteins which were 

identified many years ago, but for which clear functions have yet to be eissigned. One 

such protein is alkaline nuclease.

The herpesviral protein alkaline nuclease has been studied for forty years, primarily 

the prototype in HSV and its homologue in EBV. Although some of the biochemical 

properties of the enzyme have been determined and there has been progress in 

understanding the enzyme’s function, the detailed mechanism of action is unknown 

and the role of the protein in the herpesvirus’ lifecycle is not fully understood. The 

structure of the enzyme has not been determined and no examination of the protein’s 

role in vivo has been carried out.

MHV-68 infection of laboratory mice is a characterised model infection system 

which can be used to examine the role of MHV-68 alkaline nuclease in vivo. First, 

however, there is a need to characterise alkaline nuclease in this system and to 

compare its properties to those of previously investigated homologues.

The primary objective of this study was to confirm that MHV-68 encoded a 

functional alkaline nuclease and to characterise this protein. A number of approaches 

were taken and characterisation was carried out at various levels. This included 

studying the transcriptional pattern of ORE 37 and then expressing and purifying the 

enzyme. The production of large quantities of pure protein allowed the study of its 

biochemical and biophysical characteristics as well as attempts to crystallise alkaline 

nuclease. The purified protein also enabled the production and testing of monoclonal 

antibodies which were used to characterise cellular localisation of alkaline nuclease. 

Finally, mutant viruses were used to characterise the phenotype of alkaline nuclease- 

null viruses during infection in vitro.
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Chapter 2: Materials and Methods
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2.1 Cell Culture and Storage

2.1.1 Cell media and supplements

A number of standard cell media and supplements were used for the growth and 

maintenance of cell lines, as well as for specialised applications such as hybridoma 

fusion. These have been listed in Table 2.1 with details of usage and suppliers. 

Abbreviations are as shown in the list of abbreviations.

Table 2.1 Cell media and supplements

mmgm

GMEM - BHK21 - Sigma G5154

DMEM (low 
glucose) DMEM- L

NIH-3T3
Vero

- Invitrogen 31855

DMEM (high 
glucose) DMEM-Hy

Hybridomas
SP2/0-Agl4

- Invitrogen 52100

DMEM (high 
glucose) DMEM-H COS-7 - Invitrogen 41966

RPMI 1640 RPMI Hybridomas - Invitrogen 31870

PBS - All - Invitrogen 14190

Penicillin/
streptomycin - All lOOU/ml,

lOOpg/ml Sigma P4333

L-glutamine - All 2mM Invitrogen 25030

TBS - BHK21 2.68g/l Sigma T8159

FBS-
European FBS

All except 
NIH-3T3 

and 
hybridomas

2-10%
Insight

Biotechno
logy

IB15-
548

FBS-New
Zealand. FBS-NZ Hybridomas 10%

Invitrogen
or

Autogen
Bioclear

Batch
tested

NCS - NIH-3T3 2-10% Invitrogen 16010

Hypoxanthine - Hybridomas 0.1 mM Sigma H9636

Methotrexate - Hybridomas 0.4pM Sigma M4087

Thymidine - Hybridomas 16pM Sigma T1895

Oxaloacetate - Hybridomas ImM Sigma 07753
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Sodium
bicarbonate - Hybridomas 12pM Sigma S8636

Sodium
pyruvate - Hybridomas ImM Sigma S8761

PEG - Hybridomas - Sigma P2906

- as referred to in this thesis, - cell lines that were grown and maintained in the relevant media,

- catalogue number to identify specific products

2.1.2 Cell growth

All cells were grown in growth medium (GM) consisting of the appropriate medium 

supplemented with 10% serum (foetal bovine serum (FBS), New Zealand FBS (FBS- 

NZ) or newborn calf serum (NCS)) and standard concentrations of L-glutamine, 

penicillin and streptomycin as listed in Table 2.1. Cells were grown in 37°C 

humidified incubators with 5% CO2. The cell lines used during this work are listed 

below with details of appropriate serum type and any media supplements additional to 

L-glutamine, penicillin and streptomycin. Dulbecco’s Modified Eagle’s Medium 

(DMEM) and Glasgow Modified Medium (GMEM) were the media most commonly 

used for cell growth.

NIH-3T3D4 cells (mouse embryo cells, European Collection of Cell Culture 

(ECACC) #85111801), were grown in GM consisting of DMEM -L  supplemented 

with 10% NCS. BHK 21 (clone 13) cells (Syrian baby hamster kidney cells, ECACC 

#85011433), were grown in GM consisting of GMEM supplemented with 10% FBS 

and tryptose phosphate broth (TBS, 2.68g per litre of medium). Vero cells (African 

Green Monkey kidney cells, a kind gift from GlaxoSmithKline (GSK)), were grown 

in GM consisting of DMEM-L supplemented with 10% FBS. COS-7 cells (SV40 

transformed African Green Monkey kidney cells, also a kind gift from GSK), were 

grown in DMEM-H supplemented with 10% FBS. SP2/0-Agl4 cells (mouse 

hybridoma, non-immunoglobulin producing cells, ECACC #85072401), were grown 

in DMEM-Hy prepared according to the manufacturer’s instructions but without the 

addition of sodium pyruvate or sodium bicarbonate. The medium was supplemented 

with 10% FBS. All other hybridomas were grown in DMEM-Hy prepared according 

to manufacturer’s instructions. The medium was supplemented with 10% FBS-NZ 

(heat inactivated at 56°C for 30min). Hypoxanthine, methotrexate, thymidine and 

oxaloacetate were added during the selection of hybridomas at the concentrations 

listed in Table 2.1, producing Hy-HMT medium.
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Adherent cells (all cell lines except hybridomas) were revived from vials containing 

5x10^-1x10^ frozen cells (2.1.4). A vial was thawed at 37°C until the cell suspension 

was partially liquid but with a core of ice. The contents were then transferred into 

20ml of GM (pre-warmed to 37°C) in a T75 flask and the flask was placed in a 37°C 

humidified incubator at 5% CO2. The medium was replaced with fresh GM 4-8h later 

when the cells had attached to the plastic. Aliquots of SP2/0-Agl4 cells (5x10^-1x10^ 

cells) were thawed in the same way as adherent cells but were transferred into 15ml 

of GM (pre-warmed to 37°C) in a T25 flask. Aliquots of other hybridoma cells 

(5x10^-1x10^ cells) were thawed in the same way as adherent cells but were 

transferred into 30ml of GM (pre-warmed to 37°C) and then aliquoted at 2ml per well 

into a 24-well plate.

2.1.3 Sub-culturing of cells

2.1.3. a Adherent cell lines

Cells were usually grown in T175 flasks (Falcon) and passaged when they had 

reached 70-90% confluency. Medium was removed and the monolayer was washed 

twice with 10ml of Dulbecco’s phosphate buffered saline (PBS), without calcium and 

magnesium. Cells were detached by the addition of 2ml of trypsin- 

ethylenediaminetetraacetic acid (EDTA) followed by incubation at 37°C for 2-5min. 

Cells were resuspended in 8-3 8ml of GM and a proportion of the suspension was 

introduced into a new T175 flask. GM was added to obtain a total of 40ml in the 

flask.

Occasionally, Vero cells and BHK 21 cells were grown in 850cm^ roller bottles. Cells 

were trypsinised from one T175 flask and were transferred to a roller bottle in a total 

of 200ml (split approximately 1:5). They were grown at 37°C, 5% CO2 at 1.5 

revolutions per minute (rpm). Cells were passaged (usually split 1:8) in the same way 

as for flasks but using 50ml of PBS and 20ml of trypsin-EDTA.

A range of seeding densities was used for the different cell types. In general, cells 

were split in the following ratios: NIH-3T3 (1:8-1:15), BHK 21 (1:3-1:20), Vero (1:3- 

1:20), COS-7 (1:3-1:5).

2.1.3.b Hybridomas

SP2/0-Agl4 cells were grown in 15ml of GM in T25 flasks and maintained at 

approximately 3-9x10^ cells/ml. To passage these cells, they were resuspended in the
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15ml of GM and centrifuged at ISOg for lOmin. The medium was removed and the 

cell pellet was resuspended in 6-12ml of fresh GM and split 1:3-l :6 into a new T25 

flask. The GM was increased to a total volume of 15ml.

Other hybridoma cell lines were grown in 24-well plates with 2ml of GM per well. 

Cells were passaged either when the medium was acidic, judged by change in colour 

from red/orange to yellow/orange, or when the cells had covered the bottom of the 

well. Cells were passaged by removing 3-20pl from the bottom of the well and 

transferring these cells to new wells containing 2ml of GM.

2.1.4 Cryopreservation of cells

2.1.4. a Counting cells

A volume of cell suspension (usually lOOpl) was mixed 1:1 with Trypan blue stain 

(0.4% prepared in 0.85% saline, Invitrogen #15250). A coverslip was adhered to an 

Improved Neubauer Haemocytometer (depth 0.1mm, l/400mm^, Weber) and the 

counting chamber was then filled with the dye/cell suspension using a P20 pipette. 

Cells were viewed at a magnification of x50 to x200 (Axiovert 25, Zeiss) and cell 

concentration was determined using the formula: cell concentration (cells/ml) = 

dilution factor x average number of cells in marked Imm^ x 10̂ .

2.1.4.b Adherent cell lines

To prepare adherent cells for storage in liquid nitrogen, cells from a T175 flask were 

trypsinised and then resuspended in 8ml of GM as described in 2.1.3. Cells were 

counted and then centrifuged at 150g for lOmin. Pellets were resuspended at 5x10^- 

1x10  ̂cells/ml in GM with 10% dimethyl sulphoxide (DMSO) and a final 

concentration of 20% FBS/NCS.

Vials were placed in a StrataCooler Cryo Presevation Module (Stratagene) that had 

been pre-cooled to 4°C. This was then moved to a -80°C freezer, where the 

StrataCooler controlled the rate of temperature change to 0.1 °C per minute, to 

increase cell survival rates. The vials were transferred to liquid nitrogen 24h later.

2.1.4.C Hybridomas

SP2/0-Agl4 cells were grown in several T25 flasks before storage. To prepare

hybridomas other than SP2/0-Agl4 cells for storage, the cells from one well of a 24-

well plate were transferred to one well of a 6-well or 12-well plate which was then

filled with the maximum permitted volume of GM. The cells from this well were then
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split into two or three wells when they had covered the bottom of the well. Cells from 

a 12-well or 6-well plate were usually frozen down as one batch.

Hybridomas were resuspended in GM and counted using a haemocytometer. They 

were centrifuged at 150g for lOmin and resuspended at 5x10^-1x10^ cells/ml in 90% 

FBS-NZ, 10% DMSO. The suspension was aliquoted at 0.5-lml/vial and frozen as 

described for adherent cells.

2.2 Virus Growth and Titration

During virus growth and titration, cells were maintained in maintenance medium 

(MM) which was the same as the GM for that cell line but with 2% rather than 10% 

serum. Virus-infected cells were kept in 37°C humidified incubators at 5% CO2.

2.2.1 Stocks of MHV-68

The master stock of MHV-68 (g2.4 strain) was a kind gift from S. Efstathiou 

(Cambridge University, UK). Statements about the sequence of MHV-68 refer to the 

NCBI accession number NC 001826.

Working stocks of MHV-68 were prepared in BHK 21 cells. The cells were grown in 

850cm^ roller bottles as described in 2.1.3.a. When the cells were 80-90% confluent 

they were washed with MM and then incubated with MHV-68 at a multiplicity of 

infection (MOI) of 0.001 in 20ml of MM for Ih (37°C, 5% CO2, l.Srpm). The virus 

was removed and the cells were washed with MM before a final volume of 100ml of 

MM was added and the cells were returned to the incubator. The cells were scraped 

off the roller bottles on day 3-5 p.i. when cytopathic effect (c.p.e.) was about 90% 

complete. Cell-associated virus was separated by centrifugation at 3000xg (Avanti J- 

201 centrifuge, JLA-16.250 rotor, Beckman Coulter). Pellets were resuspended in 

PBS (0.5ml per roller bottle), transferred to glass universal bottles and sonicated in 

ice cold water (Sonicleaner, Dawe Instruments Ltd.). Sonication was continued for up 

to 5min until cells had lysed; this was checked by examining some of the suspension 

under a microscope (Axiovert 25, Zeiss), using a slide and coverslip. The suspension 

was centrifuged at 4°C at 1600xg (Falcon 50ml tube, refrigerated centrifuge PK131R, 

ALC) to remove cellular debris and the supernatant was aliquoted and frozen at 

-80°C. To obtain extra-cellular virus, the supernatant from the first centrifugation step 

was centrifuged at 4°C at 16000-25000xg (Avanti J-20I centrifuge, JLA-16.250 rotor,
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Beckman Coulter) and the pellet was resuspended in PBS (lOOpl per roller bottle) 

before it was aliquoted and stored at -80°C.

2.2.2 Stocks of HSV-1

The master stock of HSV-1 (SC-16 strain) was a kind gift fi*om GSK. Statements 

about the sequence of HSV-1 refer to the NCBI accession number NC_001806. 

Working stocks were prepared as described for MHV-68 (2.2.1), but Vero cells were 

infected with an initial MOI of 0.01 and virus was harvested on days 2-4 p.i.

2.2.3 Virus titration

Infectious MHV-68 was assayed by plaque titration using BHK 21 cells or NIH-3T3 

cells as monolayers, or in a suspension assay. HSV-1 was assayed by suspension 

assay with Vero cells.

2.2.3. a Monolayer plaque titration

6-well plates were seeded with 6-7x10^ cells/well. Once cells were 90-100% 

confluent, cells in each well were infected with lOOpl of ten-fold serial MHV-68 

dilutions in MM (usually from 10’̂ -10'̂ ®). Two wells were infected with each virus 

dilution and the plates were then placed in a humidified incubator at 37°C, 5% CO2. 

Plates were agitated approximately every 15min over a Ih period to prevent 

dehydration of the cells. The cells were then washed with MM before being overlaid 

with 4-6ml of 0.8% agarose (Invitrogen) in MM. After five days of incubation the 

monolayers were fixed for 15min with formal saline (10% formaldehyde, 0.85% 

NaCl) and stained for 5min with 0.1% crystal violet (in 1:1 methanol:water) to allow 

plaques to be counted.

2.2.3. b Suspension assay

Ten-fold serial dilutions of virus in MM (2ml volumes) were incubated with 8x10^ 

cells and shaken at 37°C for 30min to allow virus absorption. Medium viscosity 

carboxymethyl cellulose (CMC, Sigma, 8ml of 0.8% in MM) was then added and the 

suspension split equally between two 60mm Petri dishes. The cell dishes were 

incubated (3 days for HSV-1 or five days for MHV-68), fixed and stained as 

described in 2.2.3.a.
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2.3 DNA Cloning Techniques

The molecular biology techniques described in this section were commonly used 

during any procedure requiring DNA cloning and were carried out as described here 

unless stated otherwise. In particular, these techniques were used during the creation 

of plasmids encoding northern blotting probes and plasmids for expression of alkaline 

nuclease in E. coli and mammalian cells.

2.3.1 Bacterial culture and storage

Bacteria were grown in the presence of appropriate antibiotics (Table 2.2 and Table 

2.3). Antibiotics were added to broth or 55°C agar at the following concentrations: 

ampicillin, 50pg/ml (lOOpg/ml for bacteria containing pCR T7/NT-TOPO); 

chloramphenicol, 34pg/ml; tetracycline, 15pg/ml; kanamycin, 50pg/ml. If both the 

bacterial strain and the plasmid encoded antibiotic resistance genes, transformed 

bacteria were grown in the presence of both antibiotics.

Table 2.2 Competent cells used in this study

NovaBlue Plasmid propagation Merck
Biosciences Tetracycline

JM109 Plasmid propagation Promega -

TOPI OF’ Plasmid propagation Invitrogen Tetracycline

DHIOB BAC propagation Invitrogen -

T uner(DE3 )pLacI Protein expression Merck
Biosciences Chloramphenicol

BL21 Star (DE3) Protein expression Invitrogen -

BL21-CodonPlus
(DE3)-RIL Protein expression Stratagene Chloramphenicol

BL21(DE3)pLysS Protein expression Invitrogen Chloramphenicol
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Table 2.3 Plasmids used in this study

pGEM-T Easy Northern blotting 
probe Promega Ampicillin

pCR T7/NT-T0P0 His-AN expression 
in E. coli Invitrogen Ampicillin

pETBlue-1 Ut-AN expression in 
E. coli

Merck
Biosciences Ampicillin

pDsRed2-C 1 DsRed37 expression 
in mammalian cells

BD
Biosciences Kanamycin

BACs MHV-68 BACs H Adler Chloramphenicol

Bacteria were grown at 37°C in liquid culture by inoculating either Lennox L broth 

(LB broth, Sigma #L7275 or Invitrogen #10855) or Terrific broth (T broth, Invitrogen 

#22711) with bacteria from glycerol stocks, agar plates or other liquid cultures. 

Individual bacterial colonies were isolated on agar plates. These were prepared by 

melting agar (Imperial #7-877-14) in a microwave. The agar was cooled to 55°C and 

antibiotics were added before the molten agar was poured into Petri dishes and 

allowed to set. Plates were stored in an inverted position at 4°C but before being 

inoculated with bacteria they were warmed and dried for 30min at 37°C. Plates were 

inoculated with either liquid culture (5-50pl), using a sterile L shaped spreader, or 

part of a colony, using a sterile inoculation loop to streak out the bacteria. Bacteria 

were grown at 37°C.

For short term storage of up to two weeks, bacteria were stored at 4°C on agar plates 

or in liquid cultures. For longer periods, bacteria were stored as glycerol stocks. To 

prepare these, bacteria were grown at 37°C in 8ml of broth for 6-12h and then 2ml of 

sterile 80% glycerol was added and mixed. The stock was aliquoted into 250-500pl 

volumes and stored at -80°C.

2.3.2 Bacterial transformation

In general, the Merck Biosciences transformation protocol was followed. Aliquots of 

competent bacteria (20pl or 50pl, Table 2.2) were thawed on ice for 2-5min and then 

DNA was gently mixed into the bacteria. The DNA was either plasmid DNA (Ipl as 

supplied by manufacturers, see Table 2.3 or ligation mixture (l-2pl after incubation
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period, 2.3.6.d). The bacteria were kept on ice for 5min and then heat shocked at 

42°C for 30sec. They were again placed on ice for 2min before the addition of SOC 

medium (80pl or 250)0,1, Merck Biosciences). Outgrowth steps were achieved by 

shaking for 30-90min at 200rpm, 37°C. Agar plates which contained the appropriate 

antibiotics (2.3.1) were then spread with volumes of 5-250pl.

This protocol was followed for the transformation of JM109 competent bacteria 

except that the 50pl aliquot of bacteria was kept on ice for 20min after the DNA was 

added, then heat shocked at 42°C for 50sec.

The pETBlue-1 and pGEM-T Easy vectors allowed the use of blue/white screening. 

Ligation of polymerase chain reaction (PCR) products into these vectors prevented 

the production of functional P-galactosidase (which can cleave the chromogenic 5- 

bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal) substrate to give 

colonies a blue phenotype). This produced white colonies in the presence of X-gal 

and isopropyl p-D-thiogalactopyranoside (IPTG). Agar plates were spread with 1- 

1.75mg of X-gal in dimethyl formamide and 2-lOnmoles of IPTG in water and 

allowed to dry before they were inoculated with transformed bacteria. White colonies 

were checked by PCR and restriction digests for the presence and orientation of 

inserted PCR fragments (2.3.2a, 2.3.6.b).

2.3.3 Plasmid preparation from bacterial cultures

QIAprep kits (Qiagen) were used to obtain up to 20pg of plasmid from l-5ml of 

overnight bacterial culture, following the manufacturer’s protocols. Bacteria were 

lysed under alkaline conditions and then the suspension was adjusted to the 

conditions required for binding of plasmid DNA to silica-gel membranes. After 

centrifugation, the clarified solution was loaded onto membranes and washed before 

DNA was eluted in 30pl or 50)0,1 of low salt buffer or double distilled water (DDW). 

Plasmid DNA was stored at -20°C or used in enzymatic reactions (2.3.6).

2.3.4 Agarose gel electrophoresis

Gels were prepared with 0.4-2% electrophoresis grade agarose in TAE buffer (40mM 

Tris-HCl, ImM EDTA, adjusted to pH 8.5 with glacial acetic acid to dissolve 

EDTA). Ethidium bromide was added to molten gel at a concentration of 10.15)ig/ml 

and approximately 30ml of gel was poured into a level casting tray which had a comb 

inserted (Gibco BRL). Once set, the gel was covered with TAE buffer in a horizontal
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electrophoresis tank (Gibco BRL) and the comb was removed. Samples (usually 

diluted to 8pi and containing approximately 20-1000ng DNA) were mixed at a ratio 

of 5:1 with Type I Gel Loading Solution (Sigma) and loaded into gel wells. The DNA 

markers Hyperladder I (200bp-10kb, Bioline) and 1Kb Plus DNA Ladder (lOObp- 

12kb, Invitrogen) were loaded to estimate the molecular weight of DNA fragments. 

Gels were electrophoresed at 70-100V for 30-60min until the bromophenol blue band 

had migrated two thirds of the way through the gel. The DNA bands were visualised 

by illuminating the gel with ultraviolet (UV) light for periods of up to 30sec on a UV 

transilluminator (Chromato-vue model TM-36, Ultraviolet products). Alternatively, 

images were collected using a UV transilluminator attached to a camera and a 

computer with the Grab-it annotating image capture system (Darkroom model GDS 

7500, Ultraviolet products).

2.3.5 DNA quantification

DNA was quantified by measuring absorbance of DNA at 260nm (A260) in a lOOpl 

quartz cuvette, compared to that of a buffer blank, in a spectrophotometer (UVmini 

1240 UV-VIS spectrophotometer, Shimadzu). A260 readings were converted to 

concentrations with the knowledge that one A260 unit of dsDNA is equivalent to 

50pg/ml of DNA. Samples were diluted in DDW to obtain readings between 0.05 and 

2.5. The A280 reading of the same sample was often taken and A260/A280 was 

calculated to give a measure of purity. Pure DNA gives a result of 1.8; contamination 

with protein results in a lower number and contamination with RNA produces a 

higher number. DNA was also quantified by electrophoresis on agarose gels and 

comparison with Hyperladder I (2.3.4)

2.3.6 Enzymatic reactions

2.3.6.a PCR

The standard constituents for a 25pi PCR reaction with Taq polymerase (Invitrogen) 

were: MgCl2(l-3mM),| deoxyribonucleotide triphosphates (dNTPs, 50pM), primers 

(0.8pM), Taq polymerase (0.2U) and DNA template in Ix enzyme buffer 

(Invitrogen). The type of template varied; to amplify bacterial DNA, bacteria from a 

single colony were added to the reaction, otherwise 0.1-500ng of plasmid, eukaryotic 

or viral DNA was added. The thermal profile of a PCR reaction consisted of an initial 

denaturing period of 5min at 94°C followed by thirty cycles each containing three
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30sec periods: denaturing at 94°C, primer annealing at 50-70°C and then an extension 

period at 72°C. There was also a final extension period of 7min at 72°C. MWG 

Biotech Primus 96 plus machines were used. Advantage Taq polymerase (BD 

Biosciences) was used for high fidelity copying of ORF 37 with extension periods of 

up to 2min at 68°C. The conditions for this enzyme were as for Taq polymerase but 

35mM Mg^  ̂was included in the lOx enzyme buffer. PCR reactions were examined 

for the presence of DNA products of the correct size by electrophoresis on agarose 

gels and comparison of bands with molecular weight markers as described in 2.3.4. 

PCR amplified DNA was purified as described in 2.3.7 and then used in ligations 

(2.3.6.d), restriction digests (2.3.6.b) or to produce probes for northern blotting 

(2.4.3.c); the remainder was frozen at -20°C.

Details of primers can be found in the Materials and Methods, Appendix. Usually, 

forward PCR primers were exact copies of approximately 20bp of the 5’^ 3 ’DNA 

sequence to be amplified and the reverse primers were 20bp complementary 3’—>5’ 

copies of the same strand of DNA. To produce an ORF 37 fragment that could be 

cloned into pDsRed2-Cl (2.16), however, restriction sites were engineered into the 

centre of longer (approximately 30bp) primers. This required the use of a higher 

annealing temperature (60°C) and the resulting PCR product contained novel 

restriction sites.

2.3.6. b Restriction digests

Restriction digests were used to prepare vectors and inserts for ligation by producing 

compatible DNA ends (details are given later in the context of specific examples). 

They were also used as a diagnostic tool to check orientation of DNA inserted into 

vectors. Either one or two restriction endonucleases were chosen that would cut at 

least once within both vector and insert, producing products of different sizes 

depending on the orientation of the insert.

Restriction endonucleases from New England Biolabs and Roche were used 

according to the manufacturer’s instructions. A typical 25pi or 50pl reaction 

contained l-5units (U) of enzyme and Ipg of DNA (plasmid or PCR product) in Ix 

enzyme buffer. Reactions were incubated for l-3h at 37°C and aliquots were 

electrophoresed on agarose gels alongside uncut DNA to check that full digestion had 

occurred. Digests with two enzymes were carried out in the same reaction of 50pl if 

there was a buffer with which both enzymes were compatible. DNA was purified by
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gel extraction or PCR purification (2.3.7), then it was either dephosphorylated 

(2.3.6.c), used in ligations (2.3.6.d) or frozen at -20°C.

2.3.6. c Alkaline dephosphorylation

To prevent re-ligation of digested vectors, free ends of DNA were dephosphorylated. 

Shrimp alkaline phosphatase (SAP, Promega) was incubated at a concentration of 

lU/pmol of vector DNA in Ix buffer (50mM Tris-HCl, lOmM MgCl], pH 9.0) for 

15min at 37°C and then inactivated at 65°C for 15min. DNA was purified by the PCR 

purification method (2.3.7) to remove enzymes prior to ligation.

2.3.6.d Ligation

A  standard method of ligation was used except for two instances: the cloning of a 

285bp ORF 37 fragment into the pGEM-T Easy vector (Promega) for use as a probe 

in northern blotting (2.4.3.c) and the cloning of ORF 37 into pCR T7/NT-T0P0 

vector (Invitrogen) for the production of His-AN (2.9.2.a).

The pGEM-T Easy vector was supplied linearised with single thymidine 3’- 

overhangs designed to accept PCR products with single deoxyadenosine overhangs 

produced by Taq polymerase. The lOpl ligation reaction contained pGEM-T Easy 

vector (50ng), T4 DNA ligase (3 Weiss units, Promega) and the purified PCR product 

(~75ng, see 2.3.7) in Ix Rapid Ligation Buffer (Promega). This was incubated 

overnight at 4°C.

The pCR T7/NT-T0P0 vector (Invitrogen) was also supplied linearised with single 

thymidine 3’-overhangs. Topoisomerase I is covalently bound to the vector and this 

performs the ligation reaction. A 5pi reaction containing pCR T7/NT-TOPO (lOng), 

and purified PCR product (~70ng, see 2.3.7) in salt solution (200mM NaCl, lOmM 

MgCli, Invitrogen) was incubated at room temperature for 5min.

In all other instances (cloning with pETBlue and pDsRed2-Cl), molar ratios of 1:1- 

1:9 of vector DNA to insert DNA were ligated using Clonables 2x Ligation Premix 

(Invitrogen). Reactions of 10-45pi total volume contained vector DNA (~0.025pmol), 

insert DNA (purified PCR product or restriction digest fragment, 0.025-0.225pmol) 

and 5-17pl of Clonables 2x Ligation Premix. The reaction was incubated at 16°C or 

22°C for 15min-2h.
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After the incubation period, ligation mixtures were used to transform bacteria in order 

to propagate the plasmids (2.3.2). The DNA was then purified as described in 2.3.3 

and insert orientation was checked by restriction digest (2.3.6.b).

2.3.7 DNA fragment purification

QIAquick spin columns (Qiagen) were used to purify products from enzymatic 

reactions and the manufacturer’s instructions were followed. The system is based on 

principles similar to those for the QIAprep kits; DNA binds the silica-gel membranes 

under conditions of high chaotrophic salt concentrations and low pH. Slight 

alterations in these conditions affect the size of the DNA molecules that are retained 

by the membrane. The manufacturer’s gel extraction protocol was used to isolate 

DNA fragments after restriction digests (2.3.6.b). The restriction digest was 

electrophoresed through an agarose gel (2.3.4) and the required DNA band was cut 

out with a clean scalpel (on a UV transilluminator), prior to following the gel 

extraction protocol to purify the DNA. The manufacturer’s PCR purification protocol 

was used to retain DNA fragments of lOObp or larger whilst removing primers or 

DNA less than 40bp in length from enzymatic reactions.

2.3.8 Sequencing

All plasmid inserts were sequenced at least twice with the CEQ 2000XL DNA 

analysis system (Beckman Coulter) to confirm the DNA sequence. This was carried 

out either by an in-house service (UCL) or at Arrow Therapeutics, London.

2.4 Working with RNA

All equipment used in RNA protocols was cleaned before use either with O.IM 

NaOH or by UV irradiation for 5min with the Stratalinker UV Crosslinker 

(Stratagene) to remove ribonucleases (RNases). All DDW was diethyl pyrocarbonate 

(DEPC)-treated to remove RNases. DEPC (VWR international) was added to a total 

of 0.1% of the volume of DDW, mixed and left overnight. The solution was then 

autoclaved to destroy the DEPC. Gloves were worn throughout all RNA procedures.

2.4.1 RNA quantification

RNA was quantified by measuring absorbance at 260nm of RNA in a lOOpl quartz 

cuvette compared to a buffer blank in a spectrophotometer (UVmini 1240 UV-VIS
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spectrophotometer, Shimadzu). A260 readings were converted to concentrations with 

the knowledge that one A260 unit is equivalent to 40pg/ml of RNA. Samples were 

diluted in DDW to obtain readings between 0.05 and 2.5.

2.4.2 Reverse transcription PCR (RT-PCR)

2.4.2. a RNA isolation

Monolayers of BHK 21 cells in 6-well plates were infected with MHV-68 (an MOI of 

10, as described in 2.2.3.a). At time-points from 0-24h p.i. cells were lysed by 

incubation in TRIzol reagent (1ml per well, Invitrogen) for 5min at room temperature 

with repetitive pipetting. Samples were then stored at -80°C. Thawed samples were 

vortexed before the addition of 0.2ml of chloroform. The mixture was vortexed for 

30sec and then kept at room temperature for 2-3min. Phases were separated by 

centrifugation at lOOOOxg for 15min at 4°C. The upper aqueous phase was removed 

and an equal volume of phenol/chloroform/isoamyl alcohol (125:24:1, pH 4.7,

Sigma) was added to it. The mixture was vortexed for 30sec and then kept at room 

temperature for 2-3min. Phases were separated by centrifugation at lOOOOxg for 

15min at 4°C. The upper aqueous layer was removed and the RNA was precipitated 

by the addition of 0.5ml of isopropyl alcohol. After incubation at room temperature 

for lOmin, samples were centrifuged at lOOOOxg for 15min, at 4°C. The RNA pellets 

were washed with 0.5ml of 75% ethanol before being air dried. RNA from each well 

was resuspended in 30pl of DEPC-treated DDW and heated to 55°C for lOmin to 

dissolve the RNA.

2.4.2.b RT-PCR reaction

First-strand complementary DNA (cDNA) synthesis was carried out using Maloney 

murine leukaemia virus (MMLV) reverse transcriptase (Invitrogen). RNA (1/15 of 

the total RNA isolated from 1x10  ̂cells (2.4.2.a), approximately Ipg) was incubated 

at room temperature for lOmin vdth an anchored oligomer (oligo) d(T) primer 

(17mer, 50pM), MMLV reverse transcriptase (200U), dNTPs (ImM), RNase 

inhibitor (RNaseOUT, 40U) and dithiothreitol (DTT, 5mM) in 20pl of Ix First Strand 

Buffer (all from Invitrogen). The reaction was incubated for Ih at 42°C, then the 

enzyme was inactivated by heating to 94°C for 5min. Ten percent of the cDNA from 

this reaction was used in PCR amplification with Taq polymerase (as described in 

2.3.6a). An annealing temperature of 58°C was used for both the ORF 37 and beta-
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actin primers. Primers for MHV-68 ORF 37 (ORF37 F 55239 and ORF37 R 55524) 

produced a 285bp length of DNA corresponding to the MHV-68 sequence 55239 -  

55524bp. Primers for mouse beta actin (b-actinRTF and b-actinRTR) produced a 

436bp length of DNA (further details in Materials and Methods, Appendix).

2.4.3 Northern blotting

2.4.3. a Initial RNA isolation

Monolayers of NIH-3T3 cells in 6-well plates were infected with MHV-68 (an MOI 

of 10, as described in 2.2.3.a). At time-points from 0-24h p.i., cells were lysed by 

incubation in TRIzol reagent (1ml per well, Invitrogen) for 5min at room temperature 

with repetitive pipetting. Samples were then stored at -80°C. Thawed samples were 

vortexed and kept on ice for 5-lOmin before the addition of 0.2ml of chloroform. The 

mixture was vortexed for Imin and then kept on ice for a further 5min. Phases were 

separated by centrifugation at lOOOOxg for lOmin at 4°C. The aqueous phase was 

removed and the RNA was precipitated by the addition of one volume of isopropyl 

alcohol. After incubation on ice for lOmin, samples were centrifuged at lOOOOxg for 

15min at 4°C. The RNA pellets were washed with 0.5ml of 80% ethanol before being 

air dried. RNA from each well was dissolved in 85|il of DEPC-treated DDW and 

heated to 55°C for lOmin.

2.4.3. b DNase treatment and RNA isolation

The RNA was incubated at 37°C for Ih with DNase I (20U, Roche) in lOOpl of 

lOmM NaCl, 6mM MgClz, 40mM Tris-HCl, pH 7.5. Termination buffer (lOpl of 

lOOmM EDTA, pH 8) was added to stop the reaction. DEPC-treated DDW (400pl), 

then 0.5ml of phenol/chloroform/isoamyl alcohol (125:24:1, pH 4.7, Sigma) were 

added and the mixture was vortexed. After incubation on ice for 2min, the phases 

were separated by centriftigation at lOOOOxg for lOmin at 4°C. The upper aqueous 

phase was removed and 0.2ml of chloroform was added to it and vortexed. The 

mixture was kept on ice for 2min and then the phases were again separated by 

centrifugation. The aqueous phase was removed and the RNA was precipitated by 

adding 10% volume of sodium acetate (3M, pH 5.2) and 250% volume of ice cold 

ethanol and incubating at -80°C for 2h. The RNA was centriftiged at lOOOOxg for 

5min at 4°C, then the pellet was washed in 0.5ml of 80% ethanol and again 

centrifuged at lOOOOxg for 5min at 4°C. The supernatant was removed and the pellet
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was air dried then resuspended in lOpl of DEPC-treated DDW. RNA was quantified 

by diluting 1/100 in DDW and measuring absorbance at 260nm (2.4.1).

2.4.3. c Probe templates

Northern blots were hybridised with radioactive probes for MHV-68 ORF 37, murine 

ubiquitin B and murine beta-actin. Templates for these probes were produced before 

the RNA was electrophoresed and were stored either at 4°C for one to two days or at - 

20°C for longer periods of time. Cloning and PCR were carried out as described in 

2.3 with primers detailed in the Materials and Methods, Appendix.

A fragment of MHV-68 ORF 37 was PCR amplified (2.3.6a) from viral DNA (kindly 

donated by J W Ahn, UCL, UK) using primers ORF37 F 55239 and ORF37 R 55524 

with an annealing temperature of 58°C. The 285bp product was ligated into the 

pGEM-T Easy vector as described in 2.3.6.d, creating pGEMT-37, and this plasmid 

was then transformed into JM109 competent cells (2.3.2). Blue/white screening was 

employed (2.3.2) and DNA from a white colony was sequence verified (2.3.8). Probe 

templates for northern blotting were produced in PCR reactions using 12ng of 

pGEMT-37, 0.8pM primers (ORF37 F 55239, ORF37 R 55524), 50pM dNTPs, 0.2U 

of Taq polymerase and 2mM MgCli in 25pi of Ix buffer (Invitrogen) with an 

annealing temperature of 58°C (2.3.6a).

Probe templates for mouse beta-actin (NCBI accession number X03672) and 

ubiquitin B (NCBI accession number NM_011664) were produced using plasmids 

(pGEMT-b-actin and pGEMT-UbB, respectively) and the appropriate primers (b- 

actin F, b-actin R, UbB F, UbB R) kindly supplied by J W Ahn, see Materials and 

Methods, Appendix for primer details. The pGEMT-b-actin and pGEMT-UbB 

plasmids were produced by J W Ahn in the same way as pGEMT-37 except that 

sequences were amplified by RT-PCR (2.4.2) from cellular RNA using the relevant 

primers for beta-actin or ubiquitin B. Probe templates for northern blotting were 

produced in PCR reactions containing 12pg of plasmid, 0.8pM relevant primers, 

50pM dNTPs, 0.2U of Taq polymerase and 1.5mM MgCh in 25pl of Ix buffer 

(Invitrogen) with an annealing temperature of 58°C (2.3.6a).

The PCR products were gel purified (2.3.7) and quantified by comparison with 

Hyperladder I (2.3.4).
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2.4.3, d Electrophoresis of RNA

A 1% denaturing agarose gel was prepared by melting 0.5g of agarose in 37ml of 

water and 5ml of lOx 3-[N-morpholino]propanesulphonic acid (MOPS) buffer (0.2M 

MOPS, 50mM sodium acetate, ImM EDTA, altered to pH 7 with glacial acetic acid 

to dissolve EDTA). The agarose was cooled to ~40°C at room temperature and then 

8ml of 37% formaldehyde was added, swirling continuously to prevent agarose from 

solidifying. The gel (approximately 30ml at final concentrations: 1% agarose, 5.9% 

formaldehyde in Ix MOPS buffer) was poured into a level casting tray with comb 

inserted. Once set, the gel was submerged in Ix MOPS buffer in a horizontal tank 

(Gibco BRL).

Samples were prepared by adding 200% of 1.5x sample buffer to each RNA sample 

(7pg of RNA at ~2pg/pl). 1.5x sample buffer consisted of 9% formaldehyde, 60% 

deionised formamide, 1.5x loading dye (0.06% bromophenol blue, 0.06% xylene 

cyanol) and 1.5x MOPS buffer (30mM MOPS, 7.5mM sodium acetate, 0.15mM 

EDTA, pH to 7.0 with acetic acid). Samples were heated to 65°C for 15min and then 

chilled on ice.

Gel wells were loaded with samples in sample buffer and an RNA ladder (0.24-9.5kb, 

Invitrogen) was also loaded to allow size estimation. The gel was pre-run for 5min at 

70V and then electrophoresed at 50V for 2-3h until the bromophenol blue was two 

thirds of the way down the gel. The RNA was transferred overnight onto a charged 

nitrocellulose membrane (Hybond N+, Amersham Biosciences) by capillary transfer.

2.4.3. e RNA transfer to nitrocellulose membrane

A gel support was placed in a reservoir containing 20x saline sodium citrate (SSC) 

buffer (3M NaCl, 0.3M sodium citrate, pH 7). 3MM Whatman filter paper, soaked in 

20x SSC, was then placed on the support with edges in the 20x SSC and acted as a 

wick. The region of gel above the wells was removed with a clean scalpel, then the 

gel was placed face-up on this filter paper. It was carefully overlaid with the 

nitrocellulose membrane (which had been cut to the size of the gel). Attempts were 

made to prevent formation of air bubbles and the membrane was aligned with the top 

of the gel. Saranwrap (Terinex) was laid around the edges of the membrane (not 

covering RNA) to ensure that all liquid had to pass through the membrane. Further 

sheets of 3MM paper, then stacks of paper towels (-15cm in depth) were placed on 

top on the membrane and held down with a weight of approximately 0.5kg. After 12-
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16h, the membrane was carefully removed, and placed RNA side up in the 

Stratalinker (UV Crosslinker, Stratagene). The RNA was cross-linked to fix it to the 

membrane.

2.4.3. f  Probing northern blots

Probe templates (see 2.4.3.c) were labelled vdth [^^P]-dCTP (Redivue deoxycytidine 

5'-[a -^^P]-triphosphate, triethylammonium salt, -110 TBq/mmol, -370 MBq/ml, 

Amersham Biosciences, #AA0005) using the High Prime DNA labelling kit (Roche), 

a method of random primed DNA labelling. Probe templates (25ng) were diluted to 

11 pi by the addition of DEPC-treated DDW, then mixed with 4pl of High Prime 

Reaction mix (4U of Klenow polymerase, 5x random primer mixture, 5x stabilised 

reaction mixture in 50% glycerol, Roche), Ipl of each non-labelled 

deoxyribonucleoside-triphosphate (final concentrations of 25pM dATP, dGTP and 

dTTP) and 2pl of [^^P]-dCTP. The reaction was incubated at 37°C for 30min. The 

labelled probes were purified using Nick columns (Amersham Biosciences). These 

are packed with Sephadex G-50 and separate DNA probes (>20 bases in length) from 

unincorporated nucleotides by gravity-flow gel filtration. Columns were washed with 

2ml of TE buffer (lOmM Tris-HCl, ImM EDTA, pH 8) and then the labelling 

reaction was added before washing three times with 0.4ml of TE buffer and collecting 

each fraction. Fractions were tested with a Geiger counter and the most active 

(usually the second fraction) was used as the probe. It was denatured at 100°C for 

lOmin and then placed on ice.

All blot incubations were carried out in Hybaid hybridisation bottles. Blots were 

blocked with Img of sheared salmon sperm DNA (Sigma) in 10ml of Expresshyb 

solution (Invitrogen) at 68°C for 30min. The probe was then hybridised to blots at 

68°C for Ih in 10ml of Expresshyb solution. After hybridisation, the blots were 

washed. The initial three washes were each for ISmin at room temperature ^vith 2x 

SSC (2.4.3.e) and 0.05% SDS. Next, there were three washes at 50°C with O.lx SSC, 

0.1% SDS. Bands on blots were visualised using phosphor screens and the Cyclone 

phosphor imager (both from PerkinElmer).

Blots were stripped of radioactivity by incubation with 100ml of 0.5% SDS in DEPC- 

treated DDW at 65°C for 5-6h. The blots were checked for radioactivity by exposure 

to phosphor screens which were then scanned by the Cyclone. Blots were only reused 

if most of the radioactivity had been removed. After further hybridisations, these blots
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were only visualised at a lower sensitivity level than that at which residual 

radioactivity could be detected.

2.5 Measuring Alkaline Nuclease Activity

Alkaline nuclease activity was measured in a DNase assay that used radiolabelled 

DNA as a substrate for the enzyme.

2.5.1 Genomic DNA labelling and extraction

Vero cells were grown in medium from which thymidine had been depleted and 

replaced with tritiated thymidine. To deplete the thymidine content of FBS, 50ml was 

clamped in Visking tubing and dialysed against 11 of PBS for 2h with one change of 

PBS. The PBS was then replaced with 21 of fresh PBS and the sample was dialysed 

overnight. It was then added to DMEM-L (5% or 15% volume) that was 

supplemented with standard concentrations of L-glutamine, penicillin and 

streptomycin. The medium was passed through a 0.22pm filter before being added to 

cells.

Vero cells were grown in four 850cm^ roller bottles to near confluency in medium 

containing 5% dialysed FBS. The medium in each roller bottle was then replaced with 

100ml of medium containing 15% dialysed FBS and 9.25MBq of [methyl-^H]- 

thymidine (#TRA120,185 GBq/mmol, Amersham Biosciences). After incubation for 

22h, the cells were scraped off the roller bottles and harvested according to the 

Qiagen genomic DNA protocol for cultured cells. Nuclei were isolated and then lysed 

with detergent. Proteins were denatured and degraded with guanidine-hydrochloride 

and Qiagen protease before the sample was loaded onto eight Qiagen ionic exchange 

columns. DNA was washed with medium salt buffer, eluted from each colunrn in 

30ml of 50°C high salt buffer and then sheared with a 23-gauge, 25mm length needle 

(1ml volumes passed through the needle 25 times). The DNA was precipitated by the 

addition of 70% volume room temperature isopropyl alcohol. A 30min centrifugation 

at 15000xg (Avanti J-20I centrifuge, JA-25.50 rotor, Beckman Coulter) was used to 

pellet the DNA. The pellets were washed with 4ml of 80% ethanol and then each 

pellet was resuspended in lOOpl of DDW and dissolved at 55°C for 2h.

A phenol-chloroform extraction method was also tested. Cells (2x10^) were 

resuspended in 10ml of extraction buffer (150mM NaCl, 15mM sodium acetate, 0.6%

81



SDS, 0.5mg/ml pronase) and incubated at room temperature for 22h. The DNA was 

extracted with one phenol and two chloroform extractions. Sodium acetate (3M, pH 

4.8, 1ml) and 25ml of absolute ethanol were then added before freezing at -80°C for 

30min to precipitate the DNA. The DNA was pelleted by a 15min centrifugation at 

ISOOOxg (Avanti J20I centrifuge, JA-25.50 rotor, Beckman Coulter). It was then 

washed with 4ml of 80% ethanol and air dried for 5-lOmin before being dissolved in 

lOOpl DDW. This method was found to produce significant quantities of low 

molecular weight DNA so the Qiagen protocol was used in all genomic DNA 

extractions.

2.5.2 DNase activity assay

The assay is a modification of that developed by Morrison and Keir [1968]. A variety 

of samples were tested for DNase activity including virus-infected cell extracts, 

bacterial extracts and alkaline nuclease purification fractions from fast performance 

liquid chromatography (FPLC). Bacteria and virus-infected cells were resuspended in 

DDW or buffer and then sonicated to release proteins. Either whole cell extract or the 

soluble fraction was tested in the assay. FPLC fractions were added directly to the 

assay without sonication. The lOx Tris buffer that was used in the assay was prepared 

with Tris.HCl and adjusted to pH 9 with NaOH, except when the optimum NaCl 

concentration was determined. In this case, the buffers were prepared with Tris base 

and adjusted to pH 7-11 with HCl.

The sample was added to an assay mixture containing 3-lOpg of radiolabelled 

genomic DNA, 0-5pg of salmon sperm DNA, 2-3mM MgCb, lOmM beta- 

mercaptoethanol (2-mercaptoethanol) and 50mM Tris-HCl pH 9, in a total volume of 

50pl or 200|xl. The assay was incubated at 37°C for 10-30min and then quenched by 

the addition of 1ml of ice-cold 5% trichloroacetic acid (TCA). Bovine serum albumin 

(BSA, 250|ig) was added as a carrier protein. The mixture was kept on ice for 30min 

before centrifugation at 7400xg for lOmin to sediment TCA-insoluble material. 

Aliquots of supernatant (200pl) were transferred to a 24-well opaque optiplate and 

mixed with 1.8ml of Microscint 40 (PerkinElmer). Scintillation counting (Imin 

counting periods) was carried out using the Topcount NXT (PerkinElmer). Sample 

preparation, 37°C incubation period, assay volume and DNA content for each 

experiment are specified in the Results section.
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The standard assay used for testing FPLC fractions from purification of alkaline 

nuclease from infected cells had a total volume of 200pl, sample volume of 50pl, 4pg 

of radiolabelled DNA, 4pg of salmon sperm DNA, 2mM MgCli for HSV-1 or 3mM 

MgCb for MHV-68, lOmM 2-mercaptoethanol, 50mM Tris-HCl pH 9 and a 30min 

incubation at 37°C.

In a linear response assay (where the activity of the sample in counts per minute 

(cpm) was directly related to the quantity of DNase present, see 3.2.2), the cpm varied 

between 3770cpm and 22370cpm under the following conditions: 200pl total volume, 

3|ig of radiolabelled DNA, 5pg of salmon sperm DNA, lOmM 2-mercaptoethanol, 

3mM MgCli, 50mM Tris-HCl pH 9, 40mM NaCl, 30min incubation at 37°C. FPLC 

fractions from purification of alkaline nuclease from E. coli were tested with this 

assay.

2.6 SDS-PAGE

Protein separation by SDS-PAGE was used to analyse the protein content of bacteria, 

cells and FPLC fractions.

2.6.1 Sample preparation and markers

To prepare infected cell samples, the cells were resuspended at 1x10  ̂cells/ml in 

Triton X-100 extraction buffer (20mM Tris-HCl, 5% Triton X-100, 0.5mM DTT, pH 

7.5), then an equal volume of high salt buffer (20mM Tris-HCl, pH 7.5, 3.4M KCl, 

lOmM EDTA) was added to give final concentrations of 1.7M KCl, 5.0mM EDTA. 

The mixture was left on ice for 40min and then centrifuged at 35000xg for 20min at 

4°C. Samples were dialysed against DE buffer (50mM Tris-HCl, pH 7.5, 0.5mM 

DTT, 0.2% NP40, 20% glycerol) as described in 2.8.2. Bacterial samples were 

prepared by sonication as described in 2.9.2.ci and 2.9.3.c. FPLC fractions were 

mixed directly with 2x solubilisation buffer (20mM Tris-HCl, pH 6.8, 10% SDS, 

2mg/ml bromophenol blue, 20% glycerol, 10% 2-mercaptoethanol).

Samples were mixed 1:1 with 2x solubilisation buffer and then heated to 95°C for 

4min. Once cooled to room temperature, 2-20pl was loaded onto gels. The remainder 

was frozen at -20°C for up to one year and was occasionally thawed and re-loaded 

onto gels.
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The following markers (2-10|il) were used to estimate protein size: Rainbow Ladder 

(10-250kDa, Amersham Biosciences #RPN 800), Benchmark Prestained Protein 

Ladder (9-187kDa, Invitrogen), lOkDa Protein Ladder (10-200kDa, Invitrogen) and 

Perfect Protein (15-150kDa, Merck Biosciences). The markers were not equivalent; 

bands supposedly marking the same molecular weight did not migrate to the same 

position when markers were run on the same gel, so reference is made to which 

marker was used.

2.6.2 Gel preparation and electrophoresis

Mini Protean 2 and Protean 3 vertical gel electrophoresis apparatuses (Bio-Rad) were 

used for SDS-PAGE. Glass plates were cleaned and assembled according to the 

manufacturer’s instructions. Separating gels contained 10% or 12.5% 

acrylamideibisacrylamide (usually 19:1 but 37.5:1 where noted, Invitrogen), 0.3M 

Tris-HCl, pH 8, 0.1% SDS, 0.04% ammonium persulphate and 0.1% N,N,N’,N’- 

tetramethylethylethylenediamine (TEMED). The gel was poured between plates to 

approximately 2.5cm from the top of the lower plate and was overlaid with water. 

Once the separating gel had set (30-45min) the water was poured off and residual 

water was removed with blotting paper. Stacking gel (4% acrylamide:bisacrylamide, 

0.05M Tris-HCl, pH 6.8, 0.04% SDS, 0.02% ammonium persulphate, 0.04%

TEMED) was then poured up to the level of the lower plate. A comb (usually with ten 

wells but combs with one minor and one major well were used when testing 

hybridoma supernatants by western blotting) was inserted between the two plates. 

When the stacking gel had set (20-3 Omin) the combs were removed and the wells 

were washed with DDW. The apparatus was then transferred to the corresponding 

electrophoresis tank and running buffer (25mM Tris-HCl, 192mM glycine, 0.1%

SDS) was poured between the two sets of plates (the inner chamber) to a level 

between the lower plates and upper plates. The outer chamber of the tank was filled to 

the same level. Samples and markers (2-20pl, see 2.6.1) were loaded into the wells. 

Gels were electrophoresed at 200V for 45-90min. Protein migration was observed by 

the bromophenol blue margin and the progression of pre-stained markers through the 

gel. Gels were used in western blotting (2.13) or stained, either by Coomassie 

staining (2.6.3) or by silver staining (2.6.4).
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2.6.3 Coomassie staining

Gels were stained with Coomassie blue dye (0.25% Coomassie blue, 45% methanol, 

45% H2 0 , 10% glacial acetic acid) for 30-45min and then destained (30% methanol, 

10% acetic acid). They were soaked in gel drying solution (3% glycerol, 30% 

methanol), or occasionally 10% glycerol, overnight and dried in gel drying film 

(Promega).

2.6.4 Siiver staining

Two methods of silver staining were employed. Initially the European Molecular 

Biology Laboratory (EMBL) method [Shevchenko et al., 1996] was used but the Bio- 

Rad method was found to be more reliable and sensitive. After staining, gels were 

dried by the method described for Coomassie blue-stained gels.

2.6.4. a EMBL method

Gels were fixed in 50% methanol, 5% acetic acid for 20min and then washed, first in 

50% methanol for lOmin, then in water for at least 2h. Gels were sensitised in 0.02% 

sodium thiosulphate for Imin before washing twice with 50% methanol for Imin. 

Following a 20min incubation at 4°C in 0.1% silver nitrate, gels were washed with 

DDW and then developed in 0.04% formalin and 2% sodium carbonate. The reaction 

was terminated with 5% acetic acid.

2.6.4. b Bio-Rad method

According to the manufacturer’s instructions the gels were fixed for 20min in fixative 

enhancer solution containing 50% methanol, 10% acetic acid and 10% fixative 

enhancer concentrate. Gels were washed with water and then the staining solution 

was added. After sufficient staining, the reaction was terminated with 5% acetic acid.

2.7 Protein Concentration Estimation

The Bio-Rad protein assay, based on the method of Bradford [1976], was used to 

determine concentrations of solubilised protein. When Coomassie dye binds to 

protein the absorbance maximum shifts from 465nm to 595nm and this can be 

measured with a spectrophotometer. The Bio-Rad protocol used most often was the 

standard procedure in microtitre plates. The dye concentrate was diluted 1:4 with 

DDW. Sample volumes of lOpl were mixed with 200pl of diluted dye in each well of
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96-well microtitre plates and incubated at room temperature for 5-3Omin before 

absorbance at 595nm was read. The linear range of this assay is 50-500pg/ml.

Two other dye reagent methods were used once for comparison: the Bio-Rad 

Detergent Compatible assay and the Pierce Bichinonic Acid (BCA) assay. The 

standard procedure in microtitre plates protocol was followed for the Bio-Rad 

Detergent Compatible assay. Sample (5pi) was mixed with 25pl of reagent A, then 

200pl reagent B in a 96-well microtitre plate. The plate was incubated at room 

temperature for 15min and then absorbance at 750nm was measured. The linear range 

of this assay is 0.1-2mg/ml. For the BCA assay, lOpl of each sample was mixed with 

200pl of reagent solution (0.4ml of reagent B plus 20ml of reagent A) in each well of 

a 96-well microtitre plates. The plates were incubated at 37°C for 3Omin. This assay 

has a linear range of 20pg/ml-2000pg/ml.

All assays were carried out according to the manufacturer’s protocols. Four to six 

standards were produced using BSA (Sigma) or 2mg/ml BSA standards (Pierce) and 

assayed at the same time as samples. All samples and standards were assayed in 

duplicate or triplicate. The Spectramax plus plate reader (Molecular Devices) and 

SOFTmax Pro software were used to measure absorbance of samples in microtitre 96- 

well plates. The absorbance of samples in cuvettes was measured with the UVmini 

1240 UV-VIS spectrophotometer (Shimadzu).

The A280 reading was also used as a measure of protein concentration. The extinction 

coefficient of MHV-68 alkaline nuclease is estimated to be between 0.996 and 1.006 

at 280nm in pH 6.5, 6.0M guanidium hydrochloride, 0.02M phosphate buffer 

(ProtParam, http://us.expasy.org/tools/protparam.html), so it was assumed that an 

A280 reading of 1 was equivalent to 1 mg/ml of protein.

2.8 Alkaline Nuclease Purification - Infected Cells

This purification protocol is a modification of that used by Banks et al. [1983]. For 

HSV-1 alkaline nuclease purification, Vero cells were infected at an MOI of 10 and 

harvested at 12h p.i. For MHV-68 alkaline nuclease purification, BHK 21 cells were 

infected at an MOI of 2 and harvested at 26h p.i. The ACTA FPLC system 

(Amersham Biosciences) was used for all purification procedures in this thesis unless 

otherwise stated.
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2.8.1 Sample preparation

Infected cells (3.5x10^-1.6x10^) were scraped from roller bottles, pelleted by 

centrifugation at 4°C (1200xg, refrigerated centrifuge PK131R, ALC) and frozen at 

-80°C. Pellets were then thawed and resuspended at 1x10  ̂cells/ml in extraction 

buffer (20mM Tris-HCl, pH 7.5, 0.5mM DTT). Cells were subjected to ultrasonic 

disruption for 2min in 5ml volumes in glass universals, using an ice cold sonicating 

water bath (Sonicleaner, Dawe Instruments Ltd.). Some of the suspension was 

examined under a microscope (Axiovert 25, Zeiss) using a slide and coverslip to 

check that cells had been lysed. An equal volume of high salt buffer was then added 

to give final concentrations of 1.7M KCl, 5.0mM EDTA, 500pg BSA/ml. The 

mixture was allowed to stand on ice for 40min before DNA and protein precipitates 

were removed by centrifugation at 35000xg for 20min at 4°C (Avanti J-201 

centrifuge, JA-25.50 rotor, Beckman Coulter). The crude extract was dialysed against 

DE buffer (50mM Tris-HCl, pH 7.5, 0.5mM DTT, 0.2% NP40, 20% glycerol) for two 

Ih periods, then an overnight period. It was then clarified by centrifugation at 

120000xg (L8-M ultracentrifuge, SW28 rotor, Beckman) for Ih at 4°C. The solution 

was finally passed through a 0.22pm filter and then loaded onto the anion exchange 

column (2.8.3) within l-2h.

2.8.2 General methods

These methods were used during the FPLC purification of alkaline nuclease from 

infected cells. All FPLC procedures for purification of alkaline nuclease from 

infected cells were carried out at 4°C. All the liquid that passed through columns after 

sample loading was collected, either in 5ml fractions (ionic exchange), 3 ml fractions 

(phosphocellulose) or 1ml fractions (DNA-cellulose). Aliquots (50pl) from a range of 

column fractions were assayed for DNase activity (2.5.2). Those fractions containing 

more than 20% of the peak of activity were termed the peak fractions and were 

pooled and dialysed. Dialysis consisted of two Ih periods of dialysis followed by 

dialysis overnight, each time at 4°C and against fresh buffer. Volumes of 1-31 of 

dialysis fluid were used depending on the sample volume.

Columns were cleaned by washing with at least four column volumes of the

appropriate buffer containing IM KCl and then re-equilibrated in low salt buffer (DE

or DNA-Cellulose buffer as appropriate). The HiPrep 16/10 Diethylaminoethyl

(DEAE) Sepharose FF column and 6ml Resource quaternary ammonium (Q) column
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were stored in 20% ethanol and reused but the phosphocellulose and DNA-cellulose 

columns were freshly made for each purification run.

2.8.3 Anion exchange chromatography

A HiPrep 16/10 DEAE Sepharose FF column or 6ml Resource Q column (Amersham 

Biosciences) was equilibrated with DE buffer and the cell extract (2.8.1) was applied. 

The DEAE column was washed with 60ml of DE buffer and then the alkaline 

nuclease was eluted with a 150ml gradient of 0-0.3M KCl in DE buffer. The 

Resource Q column was washed with 25ml of DE buffer and then the alkaline 

nuclease was eluted with a 70ml gradient of 0-0.4M KCl in DE buffer. A flow rate of 

2ml/min was used throughout. Aliquots of column fractions were assayed for DNase 

activity (2.5.2). The peak fractions were pooled and dialysed against DE buffer 

(2 .8.2).

2.8.4 Phosphocellulose chromatography

An HR 16/10 column (-20ml volume, Amersham Biosciences) was packed with PI 1 

phosphocellulose (Whatman) in 20% glycerol, 0.5mM DTT and 200mM pH 8 

phosphate buffer (20mM KH2 PO4 , 180mM K2 HPO4 ). A small amount of G25 

Sephadex (Amersham Biosciences) was included at each end. The column was 

equilibrated in DE buffer and then washed with 60ml of DE buffer containing 

500pg/ml BSA to prevent non-specific binding of the sample. After further washing 

with 40ml of DE buffer, the dialysed DNase-containing solution from the ionic 

exchange column was applied. After washing with 40ml of DE buffer, the DNase was 

eluted with a 120ml gradient of 0.1-0.4M KCl in DE buffer (HSV-1) or a 260ml 

gradient of 0-0.4M KCl in DE buffer (MHV-68). A flow rate of 2ml/min was used 

throughout. Aliquots of column fractions were assayed for DNase activity (2.5.2).

The peak fractions were pooled, adjusted to 500pg/ml BSA and dialysed against 

DNA-cellulose buffer (20mM Tris-HCl, pH 7.5, 50mM KCl, ImM EDTA, 2mM 

DTT and 20% glycerol) with 500pg/ml BSA (2.8.2).

2.8.5 Denatured DNA- cellulose chromatography

An HR 5/10 column (-2ml volume) was packed with denatured DNA-cellulose

(Amersham Biosciences) and equilibrated in DNA-cellulose buffer before the

dialysed solution from the phosphocellulose column was applied. After washing with

8ml of DNA-cellulose buffer, protein was eluted with a 20ml gradient of 0.05-0.43M
88



KCl in DNA-cellulose buffer (HSV-1) or a 30ml gradient of 0.05-0.62M KCl in 

DNA-cellulose buffer (MHV-68). A flow rate of 0.2ml/min was used except for 

equilibration which was carried out at 0.5ml/min. Aliquots of column fractions were 

assayed for DNase activity (2.5.2). The peak fractions were pooled and dialysed 

against low salt buffer (20mM Tris-HCl, pH 7.5, ImM EDTA, 2mM DTT and 20% 

glycerol) (2.8.2).

2.9 Alkaline Nuclease Purification - E. coli

2.9.1 Overview of plasmids and bacterial stains

ORF 37 was PCR amplified (2.3.6a) from purified MHV-68 DNA (kindly donated by 

J W Ahn) using the ORF37 F and ORF37 R primers. Advantage Taq polymerase and 

an annealing temperature of 58°C (see Materials and Methods, Appendix for details 

of primers). This produced full copies of ORF37, from ATG to TAA (MHV-68 

location 54129-55589bp), with single A overhangs. These PCR products were 

purified and then cloned into both the pCR T7/NT TOPO plasmid (His-tagged 

protein) and the pETBlue-1 acceptor vector (untagged protein). The plasmids were 

transformed into TOPI OF’ and NovaBlue competent Æ coli, respectively. His-tagged 

alkaline nuclease (His-AN) was expressed in BL21-CodonPlus(DE3)-RIL BL21 Star 

(DE3) and BL21(DE3)pLysS cells. Untagged alkaline nuclease was expressed in 

Tuner(DE3)pLacI cells (2.3).

2.9.2 His-tagged alkaline nuclease (HIs-AN)

The work on His-AN was carried out in collaboration with R Sawa and The 

Bloomsbury Centre for Structural Biology, London, but all data presented in this 

thesis was collected personally.

2 9 .2 a  Cloning ORF 37 into pCR T7/NT TOPO

The ORF 37 PCR product was ligated into pCR T7/NT TOPO (2.3.6.d) producing

pHis-AN which was then transformed into TOP IGF’ competent cells (2.3.2). Insert

orientation was checked by restriction digests before sequencing (2.3.6.b, 2.3.8).

pHis-AN has the correct amino acid sequence but one base pair change at position

475bp in the ORF 37 sequence, encoding leucine with TTG rather than CTG. The

plasmid was transformed into BL21 Star (DE3), BL21(DE3)pLysS and BL21-

CodonPlus(DE3)-RIL cells for expression analysis (2.3.2).
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2.9.2. b Expression

Broth (2-10ml) was inoculated with E. coli and grown at 37°C overnight in order to 

inoculate cultures (lOml-11 of the same broth) to an A6oo reading of 0.05 the next 

morning. These cultures were allowed to reach an Aôoo of 0.5-1 before induction with 

0.001-ImM IPTG for 2-20h at various temperatures. The final induction conditions 

used for protein purification were: BL21-CodonPlus(DE3)-RIL E. coli grown in T 

broth with 1% glucose and induced at 20°C for 16-20h with O.lmM IPTG.

2.9.2.C Protein extraction

After induction the bacteria were pelleted by centriftigation at 3000xg for 15min 

(PK121,ALC).

/ Initial analysis

Pellets were frozen at -80°C. After thawing, bacteria from 10-50ml of culture were 

resuspended in up to 5ml of Tris buffer (50mM KCl, 50mM Tris-HCl, pH 7.5 or pH 

9) and normalised by Aeoo reading. The suspensions were sonicated for two periods 

(20x 1 sec at 10 amplitude microns, Soniprep 150, MSB), separated by 20sec on ice. 

The soluble and insoluble fractions were separated by centrifugation for 5min at 

lOOOOxg. The insoluble fraction was washed with 0.8-lml of buffer before 

centriftigation at lOOOOxg and resuspension of the pellet in 0.2-0.5ml of Tris buffer. 

Aliquots were analysed by SDS-PAGE (2.6) and the soluble fraction was also tested 

in the DNase activity assay (2.5.2).

// Samples for protein purification

Bacteria were resuspended in 20ml of phosphate lysis buffer (50mM NaH2P0 4 , 

300mM NaCl, lOmM 2-mercaptoethanol, pH 8) per litre of culture before being 

frozen at -80°C. After thawing, protease inhibitors were added: either Complete 

EDTA-free tablets (Roche, one tablet per original 500ml bacteria) or an inhibitor mix 

giving final concentrations of 2pg/ml antipain, lOmM benzamidine, O.lmM 

phenylmethanesulphonyl fluoride (PMSF), 2pg/ml aprotonin and 1 mg/ml soy bean 

trypsin inhibitor (all from Sigma). DNase I was added (lO-lOOpg/ml) before the 

suspension was processed at lOOOpsi in a French press and centrifuged at 4°C at 

48000xg for Ih (Avanti J-201 centrifuge, JLA-10.500 rotor, Beckman Coulter).

90



2.9.2. d Protein purification

All the liquid that passed through columns after sample loading was collected in 

either 5ml or 10ml fractions. A range of FPLC fractions were tested by DNase 

activity assay (2.5.2) and/or SDS-PAGE (2.6). Fractions that were not further purified 

were stored at 4°C.

/ Ni-NTA chromatography

An HR 16/10 column (Amersham Biosciences) was filled with 10ml of nickel- 

nitriloacetic acid (Ni-NTA) resin (Qiagen). This was equilibrated with 50-100ml of 

phosphate lysis buffer before the supernatant was loaded. It was then washed with 

steps of 3, 6 and 10% of elution buffer (50mM NaH2P0 4 , 300mM NaCl, lOmM 2- 

mercaptoethanol, 250mM imidazole, pH 8). Bound protein was eluted and the 

column was cleaned with 50ml of 100% elution buffer. The column was re

equilibrated in lysis buffer and stored in 20% ethanol. A flow rate of 2ml/min was 

used throughout, except for equilibration which was carried out at 4ml/min.

// Cation exchange chromatography

Preliminary analysis to determine correct pH for cation exchange chromatography 

was carried out with Vivapure carboxylmethyl (C) mini ionic exchange columns 

(Vivascience, Sartorius group). His-AN eluted from the Ni-NTA column was first 

desalted on four PD 10 columns (Amersham Biosciences). The four columns were 

equilibrated in buffers at pH 6 and 6.5 (25mM and 15mM 2- 

morpholinoethanesulphonic acid (MBS), respectively) and pH 7 and 7.5 (25mM and 

15mM MOPS, respectively). Samples (2ml of His-AN elution from Ni-NTA plus 

0.5ml of buffer) were loaded onto the columns and eluted with 3.5ml of buffer. 

Vivapure C columns were equilibrated with 0.4ml of the same buffers then each 

loaded with six 0.4ml fractions of the desalted samples (Imin centrifugation at 

3000xg after addition of each 0.4ml). Columns were washed twice with 0.4ml of 

buffer and then protein was eluted with two 0.4ml volumes of IM NaCl in the 

appropriate buffer, followed by 0.4ml of 2M NaCl in the appropriate buffer.

For full purifications, a 150ml sulphopropyl (SP) Sepharose column (Amersham 

Biosciences) was equilibrated with 300-450ml of wash buffer (15mM MOPS, pH

7.5). Alkaline nuclease from the Ni-NTA column was loaded. The column was 

washed and then protein was eluted with a 150ml or 300ml gradient of elution buffer 

(15mM MOPS, IM NaCl, pH 7.5). The column was cleaned with 200ml of 100%
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elution buffer, re-equilibrated in lysis buffer and stored in 20% ethanol. A flow rate of 

3ml/min was used throughout.

Hi Gel filtration chromatography

On one occasion, fractions from the Ni-NTA column were loaded onto a gel filtration 

column. A 150ml Superdex 200 column (Amersham Biosciences) was equilibrated in 

Tris buffer (20mM Tris-HCl, 50mM NaCl, lOmM DTT, pH 8). The Ni-NTA 

fractions containing alkaline nuclease activity were concentrated from 10ml to 6ml 

with a Vivaspin 20, 5K molecular weight cut off (MWCO, Vivascience, Sartorius 

group) and then applied to the column and washed through at 2ml/min. All liquid was 

collected in 5ml fractions.

2.9.3 Untagged alkaline nuclease (Ut-AN)

2.9.3.a Cloning ORF 37 into pETBIue-1 acceptor vector

The ORF 37 PCR product (2.9.1) was ligated into the pETBlue-1 acceptor vector 

(2.3.6.d) to produce pUt-AN. This was then transformed into Novablue competent 

cells (2.3.2). Blue/white screening was employed and DNA from white colonies was 

isolated. Insert orientation was checked by restriction digests before sequencing 

(2.3.6.b, 2.3.8). Plasmids were transformed into Tuner(DE3)pLacI cells. Bacteria 

were checked for the presence of the plasmid by colony PCR (2.3.6a).

2.9.3. b Expression

This was carried out as for pHis-AN (2.9.2.b). The final induction conditions used for 

protein purification were: Tuner(DE3)pLacI E. coli grown in T broth with 1% 

glucose and induced at 20°C for 16-20h with ImM IPTG.

2.9.3.c Protein extraction

Extracts were prepared as in 2.9.2.C, except that samples for protein purification were 

resuspended in 25ml of Tris lysis buffer per litre of culture (20mM Tris-HCl, 50mM 

NaCl, 10% glycerol, ImM PMSF, pH 8.6) before freezing at -80°C.

2.9.3. d Protein purification

All the liquid that passed through columns after sample loading was collected in 

either 10ml fractions (ionic exchange) or 4ml fractions (gel filtration). A range of 

FPLC fractions were tested by DNase activity assay (2.5.2) and/or SDS-PAGE (2.6). 

Fractions that were not further purified were stored at 4°C.
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/ Cation exchange chromatography

A 150ml SP Sepharose column (Amersham Biosciences) was equilibrated with 300- 

450ml of wash buffer (20mM Tris-HCl, 50mM NaCl, 10% glycerol, O.lmM PMSF, 

pH 8.6). The sample supernatant (2.9.3.c) was loaded and then the column was 

washed with 220ml of wash buffer. Proteins were eluted with a 550ml gradient of 0- 

100% elution buffer (20mM Tris-HCl, IM NaCl, 10% glycerol, O.lmM PMSF, pH

8.6). The column was cleaned with 220ml of 100% elution buffer, re-equilibrated in 

wash buffer and then stored in 20% ethanol. A flow rate of 4ml/min was used except 

during loading which occurred at 2ml/min.

// Gel filtration chromatography

A 300ml Superdex 75 prep grade column (Amersham Biosciences) was equilibrated 

in high salt cation exchange buffer (20mM Tris-HCl, 1.5M NaCl, 10% glycerol, 

O.lmM PMSF, pH 8.6). SP Sepharose column fractions containing alkaline nuclease 

activity were then applied and washed through at 2ml/min. A manual FPLC machine 

(Amersham Biosciences) was used for this step with the assistance of R Sawa, 

Birkbeck College, University of London, UK.

2.9.4 Protein concentration

Buffers were exchanged by dialysis at 4°C for l-4h, then overnight in at least 500x 

volume of exchange buffer. Solutions were concentrated in Vivaspin columns (500pl, 

5K MWCO, cellulose triacetate for His-AN; 2ml lOK MWCO, regenerated cellulose 

for Ut-AN Vivascience) using brief centrifugation periods of approximately Imin at 

lOOOOxg. Solutions were pipetted after each centrifugation step and visually inspected 

for precipitate. Protein concentration was determined by A280 reading (2.7) and SDS- 

PAGE with Coomassie staining (2.6).

2.10 Biophysical Characterisation

2.10.1 Structure and sequence predictions

A number of computer software packages were used to predict properties of MHV-68 

alkaline nuclease, including PSI-BLAST [Altschul et al., 1997] and 3D-PSSM 

[Kelley et al., 2000]. These are cited where relevant.
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2.10.2 Circular dichroism

This work was carried out in collaboration with R Sawa and M Richards, Birkbeck 

College. The circular dicroism spectrophotometer used was the 62DS AVIV 

upgraded to 202 status and running on AVIV 202 software. Purified His-AN (in 

lOOmM NaCl, lOmM DTT, 50mM Tris-HCl, pH 9) was concentrated by 20% using a 

500pl Vivaspin (5K MWCO, cellulose triacetate, Vivascience, Sartorius group) to a 

concentration of 0.5mg/ml by Azso reading. The sample was centrifuged at lOOOOxg 

before being aliquoted into a cuvette (1mm path, 40pl volume). Three 0.2nm scans 

were taken of the sample and the buffer blank at 10°C. The SUPERS package 

[Teeters C.L.& Wallace B.A., 1986] was used to process data. Dichroweb [Lobley et 

ai, 2002] was used to analyse the results; this includes the use of the secondary 

structure algorithms CDSSTR [Manavalan and Johnson, Jr., 1987; Sreerama and 

Woody, 2000] and K2d [Andrade et al., 1993]. The 3D-PSSM package [Kelley et ah,

2000] was used to further analyse protein secondary structure.

2.10.3 Dynamic light scattering

This work was carried out in collaboration with D.K. Stammers, C.E. Nichols and K. 

Leslie, University of Oxford. The Protein Solutions Dynapro MS/X machine was 

used with Dynamics software for data analysis. Each sample was aliquoted into a 

12pl quartz cuvette and placed in the temperature controlled chamber (4°C for His- 

AN, 4°C or 10°C for Ut-AN) for data collection. Scattered photons were measured at 

a 90°C angle. Final data was regularised and intensities were plotted with logarithmic 

correction such that peak area oc mass. Solvent peaks (radii <lnm) were suppressed 

so mass calculations were not distorted.

The His-AN sample was purified by ionic exchange (Fractions 41 and 43, Figure 30). 

Final product concentration was 0.4mg/ml (by Aiso reading) in 15mM MOPS, pH7.5, 

~0.8-lM NaCl. A refi-active index of 1.3333 and a viscosity setting of 1.019 (suitable 

for aqueous buffers) were used for subsequent analysis. The Ut-AN sample was 

purified by gel filtration (Fractions 37 and 38, Figure 36). Final product concentration 

was 0.053mg/ml (by A280 reading) in gel filtration buffer (20mM Tris-HCl, 1.5M 

NaCl, 10% glycerol, O.lmM PMSF, pH 8.6). The solution was adjusted to ImM 

EDTA with a 1:1 ratio of DNA oligomer (MWG Biotech,

GGCAGGAATCTCGAGTTAGGGG) to protein. A refractive index of 1.3448 and a
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viscosity setting of 1.291 (suitable for 1 0% glycerol) were used for subsequent 

analysis.

2.11 Production of Monoclonal Antibodies

2.11.1 Mice and cells

Four BALB/c mice were used to obtain spleen cells which could be fused with cells 

from the SP2/0-Agl4 cell line.

2.11.2 Solutions

Hybridoma medium: SP2/0-Agl4 cells and other hybridomas were grown as 

described in 2 .1 .

Roswell Park Memorial Institute (RPMI) 1640 medium: RPMI supplemented with 

10% FBS-NZ (heat-inactivated) and standard concentrations of penicillin and 

streptomycin was used in some wash steps. During fusion, RPMI supplemented with 

only penicillin and streptomycin was used.

Polyethylene glycol (PEG) solution: PEG (3000-3700kDa) was melted at 100°C. A 

volume of 1ml was mixed with 0.85ml of RPMI (supplemented only with penicillin 

and streptomycin) and 0.15ml DMSG with a warm pipette. The pH was adjusted to 

approximately neutral with NaHCOs and the solution was kept molten at 37°C.

2.11.3 Immunisation schedule

All licensed procedures were carried out by D Alber. On day 1, mice were immunised 

intraperitoneally with 42pg of protein in lOOpl of cation exchange elution buffer 

(>95% His-AN, see Figure 30), mixed 1:1 with Freund's incomplete adjuvant 

(Sigma). A second injection was given on day 12 before test tail bleeds were carried 

out on day 26. The final boost was given on day 33. Four days later, a mouse was 

bled out by cardiac puncture whilst under terminal anaesthesia. Its spleen was 

removed aseptically and the serum was collected. Blood was spun at 3000xg for 7min 

at 4°C to pellet cells; the top serum layer was removed and briefly spun at 13000xg 

before collecting the serum. The three mice that were not used for spleen cell fusion 

were immunised again on day 148. They were then sacrificed 159 days after the 

initial immunisation and their sera were collected.
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2.11.4 Fusion

The fusion protocol is based upon that in the PhD thesis of J Greensill [1995], which 

was based upon that developed by Killington et al. [1981]. The fusion of cells to 

produce antibody-secreting clones was originally described by Kohler and Milstein 

[1975].

The spleen was washed in RPMI (without FBS-NZ) before being passed through a 

70mm nylon cell strainer (Falcon) into 10ml of RPMI (with FBS-NZ). This was then 

transferred to a 15ml conical tube. Cellular debris was allowed to settle for Imin and 

then the supernatant was transferred to a new tube and under laid with 1ml of FBS- 

NZ before being centrifuged at 150g for 5-7min. The cell pellet was resuspended in 

5ml of cold ammonium chloride solution (0.17M) and left at room temperature for 

3min until red blood cells had lysed. The cells were then under laid with 2ml of FBS- 

NZ and white cells were pelleted at 150g for lOmin. The cells were washed with 

RPMI (with FBS-NZ) and resuspended in RPMI without FBS-NZ. SP2/0-Agl4 cells 

in the exponential growth phase were centrifuged at 150g and washed in RPMI 

(without FBS-NZ).

The concentration of both spleen cells and SP2/0-Agl4 cells was calculated using a 

haemocytometer and Trypan blue dye (2.1.4a). The cells were then mixed at a ratio of 

seven spleen cells to one SP2/0-Agl4 cell and pelleted at 150g for 5min. The 

supernatant was discarded and 1ml of PEG solution was slowly added to the cells to 

induce fusion. Next, 1ml of RPMI (without FBS-NZ) was slowly added before a 

further 9ml was added. The cells were centrifuged at 150g for Smin before being 

washed again in RPMI (without FBS-NZ) and pelleted at 150g for lOmin. The cells 

were then resuspended in Hy-HMT (2.1) at a concentration of 1x10  ̂spleen cells/ml 

and aliquoted at 1 ml/well into 24-well plates. The plates were kept in a humidified 

incubator at 37°C, 5% CO2 and a further 1ml of Hy-HMT medium was added to each 

well several hours later.

2.11.5 Monocloning

Enzyme-linked immunosorbant assays (ELISAs) (2.12), and sometimes western

blotting (2.13), were used after each round of monocloning to test for alkaline

nuclease-specific antibodies. Initial screening for positive wells took place 9-13 days

after fusion. On the day of the screening, individual colonies of cells from positive

wells (picked under a microscope, Axiovert 25, Zeiss) were transferred to 2ml of
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fresh Hy-HMT in new wells and two-fold limiting dilutions of cells from these were 

set up in 96-well plates. When cells had formed easily visible colonies (1-2 weeks) 

they were resuspended in the medium and grown for a further period (2-7 days) 

before the supernatants were tested by ELISA. Cells in positive wells from the lowest 

limiting dilution were transferred to 24-well plates and grown before being seeded at 

a concentration of 1 cell/1 OOpl (1 cell/well) in new 96-well plates. The same protocol 

was followed as for limiting dilution and cells were finally seeded at a concentration 

of 1 cell/ml (1 cell/10 wells) in 96-well plates. Once grown, cells were again 

resuspended in media and then the supernatant was tested by ELISA. The positive 

cells from each stage were frozen (2.1.4.c). It was eight months after the initial fusion 

that cells from the final stage were frozen. FBS-NZ was used at a concentration of 

20% in media for 96-well plate steps.

2.11.6 Purification of antibodies

The protocol from Antibody Purification - Handbook [Amersham Biosciences, 2000] 

was used with a 1ml Hitrap protein G HP column (Amersham Biosciences). Protein 

G is produced by Streptococcus and binds immunoglobulins of the IgG subclass. The 

method was initially tested on the ACTA FPLC system using a flow rate of Iml/min. 

The column was equilibrated in 2-5ml of binding buffer (20mM NaH2P0 4 , pH 7). 

Hybridoma supernatant (12-16ml) was centrifuged at 3000xg (PK121, ALC) for 

lOmin and then passed through a 0.22pm filter before being loaded onto the column. 

The column was washed with 5-10ml of binding buffer and then antibodies were 

eluted with 3-8ml of elution buffer (O.IM glycine-HCl, pH 2.7). Re-equilibration 

involved washing the column with 5-10ml of binding buffer. Eluted fractions were 

adjusted to neutral pH by the addition of IM Tris basel.

The same method was also employed with a PI pump (Amersham Biosciences) at a 

flow rate of 2ml/min. To ensure a baseline Aiso reading was reached after all stages 

(i.e. there was no A280 output), 10ml volumes of buffer were used for washing, 

elution, and re-equilibration.

2.12 Indirect ELISA

ELISAs were used to test hybridoma supernatants for the presence of alkaline 

nuclease-specific antibodies and to isotype monoclonal antibodies.
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2.12.1 Screening hybridoma supernatants

Maxisorb 96-well plates (Falcon) were coated with SOpl of antigen in sensitising 

buffer (0.026M Na2C0 3 , 0.74M NaHCOg, pH 9.6) and incubated at 4°C overnight. 

They were then washed three times in wash buffer (0.85% NaCl, 0.05% Tween 20). 

Non-specific binding sites were blocked by incubating plates in 300pl/well blocking 

buffer (1% Marvel (non-fat milk powder) in PBS) at 37°C for 60min. Plates were 

washed three times to remove unbound protein. Occasionally, plates were frozen at 

-20°C if required. Hybridoma supernatant or primary antibody in diluting buffer 

(0.5% Marvel, 0.05%, Tween 20 in PBS) was added (100-200pl/well) and allowed to 

react at 37°C for Ih. Plates were then washed three times. The secondary antibody 

(rabbit anti-mouse. Sigma #A9044) was then added, 50pl/well diluted 1/300-1/1000 

in diluting buffer. This was incubated at 37°C for Ih, during which time the substrate 

solution (0.025M citric acid, 0.05M Na2HP0 4 , 0.5mg/ml orthophenyldiamine (OPD, 

Sigma #P5412), 0.006% H2O2) was prepared, omitting the H2O2. The plates were 

washed four or five times to ensure all unbound secondary antibody was removed. 

The substrate solution (with H2O2, 50pl/well) was then added. The reaction was 

allowed to proceed in the dark for 5-15min and stopped by the addition of 25pl/well 

of 4N H2SO4. Results were read on a plate reader (Spectramax plus plate reader. 

Molecular Devices) at 492nm and interpreted with SOFTmax Pro software.

Appropriate antigen concentrations were determined by preparing a plate with serial 

two-fold dilutions of antigen from row to row down the plate. The ELISA was then 

carried out with serial ten-fold dilutions of primary antibody (either mouse serum or 

hybridoma supernatant) from column to column across the plate. The results were 

analysed for the dilution of antigen which allowed sensitivity in detection of primary 

antibody whilst conserving stocks of antigen. The most commonly used antigens 

were a 1/20 dilution of the immunisation protein (His-AN, 2.11.3) and a 1/8 dilution 

of Ut-AN preparation. The Ut-AN was prepared as described in 2.9.3 and fractions 

containing Ut-AN from a cation exchange column were pooled and stored at -80°C 

for use in ELISA (Figure 35). The secondary antibody was HRP conjugated.

2.12.2 Monoclonal antibody isotyping

A mouse monoclonal antibody isotyping kit (Zymed Laboratories Inc #90-6550) was 

used to determine the class and subclass of antibodies in hybridoma supernatant. The 

kit follows the principles of the indirect ELISA. Rabbit anti-mouse class and subclass
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secondary antibodies were used with a peroxidase-labelled goat anti-rabbit IgG which 

produced a visible signal when the ABTS (2,2-azino-di[3-ethylbenz-thiazoline 

sulphonic acid]) substrate was added. The manufacturer’s protocol was followed but 

the washing and blocking buffers were prepared as described in 2 .1 2 .

2.13 Western Blotting

To detect specific proteins, samples were separated by SDS-PAGE (2.6) and then 

transferred onto membranes which were probed with appropriate antibodies.

2.13.1 Western blotting method

Gels were placed onto Hybond ECL nitrocellulose membrane (Amersham 

Biosciences) and enclosed in cassettes padded with blotting paper and transfer pads 

from the Mini Trans-Blot kit (Bio-Rad), according to the manufacturer’s instructions. 

Cassettes were placed into the Mini Trans-Blot Electrophoretic Transfer Cell (Bio- 

Rad) and covered with transfer buffer (25mM Tris base, 192mM glycine, 20% 

methanol). Proteins were transferred from gels to membranes at 150mA, 4°C for 

1.5h. Membranes were washed with PBS three times and then blocked with 5% 

Marvel in PBS for Ih at 37°C. All washes and incubations were carried out on a 

shaking platform. After a PBS rinse, the membrane was covered with 10ml of the 

primary antibody (diluted in PBS with 1% Marvel and 0.03% Tween 20) or 

hybridoma supernatant and left at 4°C overnight. After PBS washing, the membrane 

was covered with 1 0ml of the secondary antibody (usually anti-mouse 

immunoglobulin, diluted in PBS with 1% Marvel and 0.03% Tween 20) and 

incubated at 37°C for Ih. Blots were washed before being developed with the 

Amersham Biosciences ECL kit and captured on Hyperfilm according to the 

manufacturer’s instructions. Alternatively, or after rinsing off ECL reagents, a colour 

reaction was used. Substrate solution (5% methanol, 0.6mg/ml 4-chloro-1 -napthol, 

0.0002% H2O2 in PBS) was added to blots and incubated at room temperature or 

37°C in the dark for up to 3Omin. When blots had developed (purple bands showed 

presence of the protein detected by the primary antibody), the reactions were stopped 

by washing the blots with water.
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2.13.2 Use of antibodies in western biotting

Antibodies were diluted in dilution buffer (PBS with 1% Marvel and 0.03% Tween 

20) at the following dilutions. The Q1 anti-HSV-2 alkaline nuclease monoclonal 

antibody [Banks et al., 1983] was used at a dilution of 1/10  ̂for HSV-1 alkaline 

nuclease detection and up to 1/5000 for MHV-6 8  alkaline nuclease detection. 

Monoclonal anti-polyhistidine clone His-1 (Sigma) was used at a dilution of 1/2000 

(PBS, 1% BSA, 0.1% Tween 20). The monoclonal anti-beta-actin antibody (Sigma 

#A544) was used at a dilution of 1/10 .̂ Hybridoma supernatants were usually used 

undiluted. The secondary rabbit anti-mouse antibody (Sigma #A9044) was used at 

concentrations of 1/1000-1/5000. The polyclonal anti-HSV-2 alkaline nuclease 

antibody, 50-3 [Banks et al., 1983], was used at dilutions of 1/5000-1/1000 with the 

secondary swine anti-rabbit antibody (Sigma) at 1/1000. The serum from mice 

infected with MHV-6 8  was used at dilutions of around 1/30. Both secondary 

antibodies were conjugated with horse-radish peroxidase (HRP).

2.14 Immunofluorescence

Immunofluorescence was used to analyse alkaline nuclease production in virus- 

infected cells over time. Cells were seeded at 7x10^-1x10^ cells/well in 8 -well glass 

chamber slides (Lab-tek #177402), with a total volume of 400pl of medium per well. 

Cells were washed with MM 12-20h later and either infected with lOOpl of virus in 

MM per well (an MOI of 5-10) or mock-infected with lOOpl of MM. The slides were 

incubated at 37°C, 5% CO2 for Ih with occasional rocking and then washed with MM 

before cells were covered with 400pl of MM. Time-courses were carried out in 

reverse so that all chambers were fixed and stained at the same time.

Cells were fixed in 1-4% paraformaldehyde in PBS for 15-30min or methanol at 

-20°C for lOmin. The chamber was then removed leaving only the sealant attached to 

the glass. Slides were then washed three times in Tris buffered saline (TBS, 25mM 

Tris-HCl, 13.6mM NaCl, 2.7mM KCl, pH 7.6) before being permeabilised (O.IM 

sodium citrate, 0.1% Triton X-100) on ice for 2min. The slides were again washed 

three times. In some cases, well areas were covered in 50pl of Hoechst 33342 

(lOpg/ml in TBS) for 5min at room temperature to stain nuclei and then washed three 

times. To stain alkaline nuclease, 50pl of primary antibody (purified FM antibody, 

1/10-1/1600 in TBS) was applied to each well area for Ih at room temperature. Slides
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were washed three times before the addition of 50^1 of secondary FITC-labelled anti

mouse antibody (Vector labs, #FI-2001), diluted 1/200 in TBS, to each well area. The 

slides were incubated for Ih at room temperature in the dark before again washing 

three times in TBS. Finally, the sealant was removed with tweezers and Vectashield 

mounting medium (Vectorlabs) was added to prolong fluorescence and bind the 

coverslip. The slides were examined under a Leica DM RD microscope using the 

appropriate filters and images were captured using the JVC 3-CCD camera and Zeiss 

KS300 3.0 software. Slides were stored at 4°C in the dark.

2.15 MHV-68 BAG Mutant Production

Two recombinant viruses with mutations in ORF 37 and a revertant virus were 

produced by H Adler (Forschungszentrum fur Umwelt und Gesundheit (GSF), 

Munich, Germany) using MHV-6 8  cloned as a BAG [Adler et al., 2000]. In the first 

mutant virus (BAC A37), the sequence from 54849-54893bp of the MHV-6 8  genome, 

corresponding to a region including the whole of motif 3 of alkaline nuclease, was 

deleted by ET-cloning [Adler et al., 2000]. To this end, the target sequence was 

replaced by a tetracycline resistance gene flanked by FRT sites. The tetracycline 

resistance gene was then removed by Flp-mediated recombination. A second mutant 

virus (BAC 37 STOP) was constructed by insertion of a stop linker in the S a d  site at 

nucleotide position 54271. The 16bp stop linker contains a 7/pa/ site and stop codons 

in all possible frames [Lee et al., 2003]. A revertant BAC plasmid (BAC REV) to the 

first mutant was created by a two-step replacement procedure [Messerle et al., 1997] 

using a 4.077 kb EcoRV fragment of MHV-6 8  (nucleotide positions 53215-57292). 

All recombinant viruses expressed GFP as described [Adler et al., 2000], which 

allowed their growth to be monitored in living cells. The BACs were transformed 

into DHIOB bacteria (2.3.2, Invitrogen) and grown in LB broth in the presence of 

34pg/ml chloramphenicol. They were checked by restriction digest with Eco RI and 

then sequenced over the mutated region (2.3.6 .b, 2.3.8).

2.15.1 Purification of BACs

Bacteria containing BACs were inoculated onto an agar plate containing 34pg/ml of

chloramphenicol and then a colony was picked and grown in 1-10ml of LB broth for

6 -8h. This was then used to inoculate 11 of LB broth for overnight growth. The BAC

maxi kit (Merck Biosciences) was used to purify BAC DNA. The principle is similar
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to that described in 2.5.1 for genomic DNA. The kit protocol weis adhered to with the 

exception that DNA pellets were dissolved in 1ml sterile DDW overnight at 4°C as 

this was found to increase yields. The DNA was then concentrated in a vacuum drier. 

Cell lysates were centrifuged then filtered before they were loaded onto columns. The 

flow-through was then reloaded as suggested by the manufacturer. DNA 

concentration and purity was calculated using A260 and A280 readings (2.3.5).

2.16 Production of ORF 37 Plasmid for BAC Mutant 
Complementation

The complementation plasmid pDsRed37 was produced using techniques described in 

2.3. This expresses alkaline nuclease with an N-terminal red fluorescent protein 

(RTF) tag (DsRed37).

pDsRed2-Cl (~10pg) and pUT-AN (-lOjig) were incubated separately with 20U of 

each of the restriction endonucleases Bgl II and Eco RI in 50pl of Ix Buffer H 

(Roche) for 3h at 37°C (2.3.6.b). Aliquots of the reactions were electrophoresed on 

1% agarose gel (2.3.4) with uncut plasmids for reference. The linearised pDsRed2-Cl 

and the fragment containing ORF 37 from pUT-AN were purified by gel extraction 

(2.3.7). The linearised pDsRed2-Cl was then dephosphorylated with lOU of SAP at 

37°C for 15min. The enzyme was inactivated (2.3.6.c) and then the vector was 

purified by PCR purification (2.3.7). The ORF 37 fragment and linearised 

phosphatased pDsRed2-Cl vector (0.025pmol) were ligated using ratios of 1:2 ,1:5 

and 1:7, vector to insert. The reaction was carried out in 10-18pl of Ix Clonables 

ligase (2.3.6.d) for 15min at 16°C. The ligation mixture (Ipl) was used to transform 

20|xl of Novablue competent cells (2.3.2) with an outgrowth period of 90min. The 

cells were grown on LB agar with kanamycin (50pg/ml) and tetracycline (15pg/ml)

(2.3.1). The orientation of ORF 37 was determined by growing a colony in LB broth

(2.3.1), then purifying the plasmid DNA (2.3.3) and carrying out diagnostic digests 

with Eco RI (^3.6.h). Both plasmids that were checked contained the correct 

orientation of ORF 37.

ORF 37 was then PCR amplified (2.3.6a) from one of these plasmids (pDsRedstop37) 

using the primers pDSRED-37-BglII and pDSRED-37-EcoRI, Advantage Taq and an 

annealing temperature of 60°C. This produced a product containing ORF 37 with a 

Bgl //restriction site at the 5’-end and an Eco R/restriction site at the 3’-end.
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pDsRed2-Cl (~5|xg) and the PCR product (~4pg) were incubated separately with 20U 

of each of the restriction endonucleases Bgl II and Eco RI in 50pl of Ix Buffer H 

(Roche) for 3h at 37°C (2.3.6 .b). Aliquots of the reactions were electrophoresed on 

1% agarose gel (2.3.4) with uncut plasmids for reference. The larger vector fragment 

of pDsRed2-Cl was purified by gel extraction and the PCR product was purified by 

the PCR purification method (2.3.7). The linearised vector was then 

dephosphorylated with lOU of SAP at 37°C for 15min. The enzyme was inactivated 

(2.3.6 .c) and then the vector was purified by PCR purification (2.3.7). The ORF 37 

fragment and linearised phosphatased pDsRed2-Cl vector (0.0125pmol) were ligated 

using ratios of 1:5 ,1:7 and 1:9 of vector to insert. The reaction was carried out in a 

total volume of 45pi with 17pl of Clonables 2x Ligation Premix (2.3.6 .d) for 80min at 

22°C. The ligation mixture (5 pi) was used to transform 50pl of Novablue competent 

cells (2.3.2) with an outgrowth period of 60min. The cells were spread on LB agar

(2.3.1) with kanamycin (SOpg/ml) and tetracycline (15pg/ml). Colony PCR reactions 

(2.3.6a) were carried out on ten colonies of bacteria transformed with the 1:5 ligation 

mixture. The primers DsRed-F and DsRed-R were used with Advantage Taq and an 

annealing temperature of 53 °C. All plasmids were found to contain an insert of the 

expected size. One of the colonies was grown in LB broth (2.3.1) with kanamycin 

(50pg/ml) and tetracycline (15pg/ml). Glycerol stocks were produced from this and 

the pDsRed37 plasmid was purified (2.3.3) and sequenced (2.3.8)

2.17 Transfections

A variety of methods were tested to compare transfection efficiency of the BACs. 

Cells were transfected at a density of 40-80%. NIH-3T3 cells were predominantly 

used but BHK 21, Vero and COS-7 cells were also transfected using Lipofectin and 

Exgen 500. The BAC DNA used in transfections was purified as described in 2.15.1 

and the pDsRed37 plasmid was purified as described in 2.3.3. The Leica DM IRB 

inverted microscope was used to view transfected cells, using the appropriate filters. 

Images were captured with the JVC 3-CCD camera and Zeiss KS300 3.0 software.

On one occasion, the Axiovert 100 inverted microscope (Zeiss) was used with the 

Zeiss Axiocam camera and the AxioVision 3.0.6 software.
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2.17.1 Transfection reagents

2.17.1. a Fugene 6

Fugene 6  Roche) was added to 100|o,l of serum free medium (SFM) in a 1.5ml 

tube and inverted. DNA (l|ig) was then added and the tube was inverted before 

incubation at room temperature for 20min. The solution was then added drop-wise to 

one well of a 6 -well plate. Plates were rocked to mix and then placed in a humidified 

incubator at 37°C, 5% CO2.

2.17.1.b Effectene

DNA (Ipg) was added to 4pl of enhancer and lOOpl of buffer, vortexed briefly and 

left at room temperature for 5min. Effectene (lOpl, Qiagen) was then added. The 

mixture was vortexed for lOsec and left at room temperature for lOmin. GM (600pl) 

was added to the solution and then it was pipetted into one well of a 6 -well plate. 

Plates were rocked to mix and then placed in a humidified incubator at 37°C, 5%

CO2.

2.17.1.C  Lipofectin

DNA (l-5pg) was diluted in lOOpl of SFM whilst 20pl of Lipofectin (Invitrogen) was 

also added to lOOpl of SFM. Both were left at room temperature for 30min and then 

mixed gently before an incubation of lOmin at room temperature. Cell monolayers 

were washed with SFM, then 800pl SFM was added to the transfection mixture and it 

was added to one well of a 6 -well plate. Plates were rocked to mix and then placed in 

a humidified incubator at 37°C, 5% CO2. After 5-24h the SFM was replaced with GM 

or MM.

2.17.1.d Calcium phosphate

DNA (5pg) was made up to a volume of 450pl with sterile DDW and then SOpl of 

calcium chloride solution (2.5M CaCl2, lOmM 4-(2-hydroxyethyl)-l- 

piperazineethanesulphonic acid (HEPES)) was added and mixed. The solution was 

bubbled with a pipette as SOOpl of 2x HEPES buffered saline (HBS) solution (50mM 

HEPES, 280mM NaCl,1.5mM Na2HP0 4 , pH 6.96, kindly batch tested and donated by 

S Elliman, UCL) was added. The solution was then bubbled for a further 30sec and 

left at room temperature for 2 0 min before it was added to one well of a 6 -well plate. 

Plates were rocked to mix and then placed in a humidified incubator at 37°C, 5%

CO2. The medium was changed for fresh GM 12-24h later.
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2.17.1.9 Exgen 500

DNA (5|ig) was diluted in 300^1 of 150mM NaCl and vortexed gently. A range of 

equivalents of Exgen 500 (MBI Fermentas) was then added and the solution was 

vortexed immediately for lOsec. The transfection mixture was then incubated at room 

temperature for lOmin before being added to one well of a 6 -well plate. Plates were 

rocked to mix and then placed in a humidified incubator at 37°C, 5% CO2. The 

medium was changed for fresh GM or MM 6-24h later.

After optimisation, the standard conditions used were: 40-60% confluent NIH-3T3 

cells in one well of a 6 -well plate, 5pg of DNA, 300pl of 150mM NaCl, 9 equivalents 

of Exgen 500 (4.94pl per pg of DNA). The 4ml of GM per well was exchanged for 

4ml of MM after 24h.

2.18 Complementation of BAC mutants

Exgen 500 was used to transfect NIH-3T3 cells with BAC A37, BAC 37 STOP, BAC 

REV and pDsRed37 (2.17.1.e). Cells were grown to 40% confluency in 6 -well plates 

and then transfected in triplicate with 5pg of either BAC DNA or pDsRed37, or 5pg 

of each, using nine equivalents of Exgen 500 (24.68pl or 49.36pl). One well was 

transfected with 5pg of pF l’-AK (plasmid containing HSV-1 UL12 and packaging 

sequences, kindly donated by S Weller, [Goldstein and Weller, 1998b]) and 5pg of 

BAC 37 STOP and another was transfected with 5pg of both pFl ’-AK and BAC 

REV. Controls of Exgen 500 alone (24.68pl, mock transfection), 5pg of pDsRed37 

alone, 5pg of pF l’-AK alone and 5pg of pDsRedstop37 alone were carried out. The 

medium was changed for fresh MM 24h after transfection and plates were placed in a 

humidified incubator at 37°C, 5% CO2 for six days. Transfected cells were viewed 

under an inverted microscope and images were captured electronically (2.17).

2.18.1.9 Amplification of viral sequences

The ORF 37 gene in the BACs was sequenced to determine whether recombination 

with the complementing plasmid had occurred.

The virus from the co-transfection experiment was used to infect fresh NIH-3T3 

monolayers. On day 5 post-transfection (p.t.), the cells in each well were scraped off 

in the 4ml of MM and centrifuged at 3000xg. The supernatant MM was removed and 

both the pellets and the supernatant (‘extracellular virus’) were frozen at -80°C. The
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cell pellets were later thawed at 37°C, resuspended in 2ml of MM and reffozen at 

-80°C in 1ml aliquots (‘cellular virus’). Confluent NIH-3T3 cells in 6 -well plates 

were infected with a mixture of 200pl cellular and 200pl extracellular virus (2.2.3.a).

Cells were scraped from each well of the 6 -well plates (BAC REV + pDsRed37 at 

day 1 p.i., A37 BAC + pDsRed37 or BAC STOP + pDsRed37 at day 5 p.i.) and 

centrifuged at lOOOOxg for lOmin at 4°C. The pellets were frozen at -80°C and then 

thawed before the DNeasy protocol (Qiagen) was followed to isolate cellular and 

viral DNA from the infected cells. Cells from each well were lysed with proteinase K 

and then buffer conditions were adjusted to allow DNA binding to the silica-gel 

membrane of the Qiagen columns. The columns were washed, then the DNA was 

eluted in 200pl of DDW. PCR was then performed (2.3.6a) with Advantage Taq, 

0.5pg of DNA template, primers as detailed below (annealing temperature of 55°C, 

see Materials and Methods, Appendix for details). For the cells infected with material 

from co-transfection of A37 BAC, BAC STOP or BAC REV with pDsRed37, the 

MHV-6 8  53998F and 0RF37 54983R primers were used. For the BAC STOP and 

BAC REV viruses complemented by pFl ’-AK, the MHV- 6 8  53998F and 

UL12 25521R primers were used to attempt to amplify a region that might be present 

if UL12 had been incorporated in the location of ORF 37. The UL12 25521R primer 

was designed to anneal to the UL12 sequence encoding the alkaline nuclease region 

between motif 3 and 4. PCR products were purified (2.3.7) and then sequenced at 

Arrow Therapeutics (2.3.8).
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Materials and Methods, Appendix
Primers were purchased from Sigma Genosys or MWG Biotech.

Table 2.4 Oligonucleotides used in cloning, amplification and sequencing of DNA

ORF37F 55239 Northern probe, 
RT-PCR TACTTTTACCAGGTGGCGCT

ORF37 R 55524 Northern probe, 
RT-PCR CCTCAGCACACTGATTCCAA

UbBF Northern probe TCTTCGTGAAGACCCTGACC

UbBR Northern probe GCCTCCGATGGTGTCACTGG

b-actin F Northern probe GGACTCCTATGTGGGTGACG

b-actin R Northern probe ATCACAATGCCTGTGGTACG

b-actinRTF RT-PCR GACATGGAGAAGATCTGGCA

b-actinRTR RT-PCR GCTCGAAGTCTAGAGCAACA

ORF37F Amplification
ofORF37 ATGGAAGGGTCGATTATTCTG

ORF37R Amplification
ofORF37 TTAGGGGGTTATGGGTTTTCTT

pDSRED-37-EcoRI Amplification
ofORF37

TACCGTCGACTGCAGAATTCG-
ATTTTAGG

pDSRED-37-BglII Amplification
ofORF37

AAGAAGGAGATAAGATCTAT-
GGAAGGGTCG

ORF37M Sequencing GGTCCTCTAGCCTTTGGGAT

InvitrogenT7 Sequencing TAATACGACTCACTATAGGG

pETBlueT7Up#70725-3 Sequencing TCATAACGTCCCGCGAAA

pETBlueDOWNa#70603-3 Sequencing GTTAAATTGCTAACGCAGTC

DsRed-F Sequencing GACATCACCTCCCACAACG

DsRed-R Sequencing AACCACAACTAGAATGCAGTG

MHV-6 8  53998F BAC PCR AGCTGTGGCAGAAAAGGCTC

ORF37_54983R BAC PCR GTGGAACATATTCAACAGCG

UL12_25521R BAC PCR CTATTTAACTCCACCAAGGC
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3.1 Transcriptional Profile of ORF 37

3.1.1 Introduction

In the genomics era, microarrays have been commonly used to study global patterns 

of transcription or transcriptomes. Viruses are particularly amenable to investigation 

by this technology because they have fewer genes than prokaryotes or eukaryotes.

The number of genes is more of a limiting factor in cDNA based arrays rather than 

machine produced oligonucleotide arrays but with either type the data analysis 

becomes more complex as the number of genes increases. The transcriptome of 

MHV-6 8  has been analysed by both types of array [Ahn et al., 2002; Ebrahimi et al., 

2003]. When studying the transcription of one or a limited number of genes, however, 

traditional techniques can sometimes yield more information.

RT-PCR is a simple method that can provide data concerning the presence or absence 

of a specific mRNA transcript in a mixed population of RNA. As it includes a PCR 

amplification step, it is sensitive and can often detect RNA species that are present at 

a low level without the need to enrich for mRNA or produce large quantities of 

material. The amplification step means that the technique can only give an indication 

of relative levels of transcripts but real-time PCR can be applied to obtain quantitative 

results.

In the technique of northern blotting, RNA molecules are separated by electrophoresis 

through a denaturing gel and are then transferred to a nitrocellulose membrane by 

capillary action. Radiolabelled cDNA probes are incubated with the blot and these 

hybridise to corresponding mRNA transcripts. Bands are visualised by exposing the 

radioactive blot to either film or a phosphor screen. Relative levels of transcripts can 

then be quantified by comparing band intensities which have been normalised to 

account for differences in RNA loading. Northern blotting also has the advantage of 

providing a clear visual representation of the number of transcripts detected by a 

probe.

ORF 37 of MHV-6 8  has been identified as the gene encoding an alkaline nuclease 

homologue (1.3.10). Transcriptional analysis of this region was undertaken to 

confirm that ORF 37 was in fact transcribed, and to study the pattern of this 

transcription during viral infection. It has been shown that the alkaline nuclease
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transcripts of several herpesviruses lie within overlapping families (1.3.4) and 

northern blotting was used to determine whether a similar group of transcripts were 

produced by MHV-6 8 .

3.1.2 Analysis of infection time-courses by RT-PCR

BHK 21 cells were infected with MHV-6 8  at an MOI of 10 (one well of a 6 -well 

plate per time-point, infected as described in 2.2.3.a). The cells were harvested at 0, 2,

4, 6 , 12 and 24h p.i. RNA was isolated (2.4.2.a) and an RT-PCR amplification was 

performed using primers specific for mouse beta-actin and ORF 37 (2.4.2.b, see the 

Materials and Methods, Appendix for primer details). The results are shown in Figure

5. The following controls were included: i) mock-infected cells (Oh p.i. time-point) 

with both sets of primers (lane 1 ), ii) DDW instead of template during PCR with beta- 

actin primers (a, lane 9), iii) RNA was isolated from 1x10  ̂BHK 21 cells (1 well of a 

6 -well plate) that had been infected with MHV-6 8  (an MOI of 1) and incubated in 

MM overnight (control RNA). This RNA was used in RT-PCR with both ORF 37 

primers and beta-actin primers (lane 7). During the reverse transcription (RT) step 

this RNA was also incubated in a reaction from which the reverse transcriptase 

enzyme was omitted. It was then used in the PCR reaction with beta-actin primers (a, 

lane 8 ).

a)

b)

M

500 — 
400 —
300 — 

200  —  

bp 
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400 — 
300 — 
200  —
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Figure 5. RT-PCR amplification of ORF 37 from MHV-68-infected cells

BHK 21 cells were infected with MHV-68 (an MOI o f  10) and the RNA from 1x10^ cells was isolated 

at various time-points p.i. (time-course RNA). Control RNA was isolated from 1x10^ BHK 21 cells 

that had been infected with MHV-68 (an MOI o f  1) and incubated in MM overnight. RT-PCR was 

conducted with time-course RNA and control RNA then 5 pi o f  each reaction was loaded into lanes o f  a 

2% agarose gel. a) PCR with beta-actin primers (436bp band), b) PCR with ORF 37 primers (286bp
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band). M, lKb+ DNA marker; lanes 1-6, 0, 2 ,4 , 6, 12, 24h p.i., respectively; lane 7, control RNA; lane 

8, control RNA, no RT; lane 9, DDW replaced template in PCR reaction.

ORF 37 was transcribed as early as 2h p.i. (b, lane 2) and the results suggest that 

RNA levels increased until 12h (b, lane 5). Transcripts were still present at 24h p.i.

(b, lane 6 ) although the band appears smaller than the 12h p.i. band. Possible reasons 

for this include a lower level of transcription, less RNA in the RT reaction and a 

greater degree of cell loss due to fragility caused by viral infection. The 24h p.i. beta- 

actin band is also slightly smaller (a, lane 6 ) and this could also be because of cell 

loss or because the gene was down-regulated during viral infection. However, as 

previously discussed, the RT-PCR method is not quantitative and only provides an 

indication of relative levels of transcripts because of the amplification step.

Although the bands are probably saturated. Figure 5a gives an indication that similar 

amounts of beta-actin PCR products were produced and therefore suggests that 

similar amounts of RNA were isolated from each time-point. The control reactions 

produced the expected results. Although beta-actin was present, ORF 37 was not 

being transcribed at Oh p.i. (b, lane 1). Both ORF 37 and beta-actin could be detected 

in cells infected with MHV-6 8  overnight, even though approximately 35% of these 

cells were uninfected as calculated by the Poisson distribution (a, b, lane 7). When 

reverse transcriptase was omitted from the RT step and subsequently PCR was carried 

out, beta-actin primers did not produce any bands (a, lane 8 ). This showed that there 

was no DNA contamination of the RNA. When no template was included in the PCR 

reaction then no product was produced (a, lane 9) with beta-actin primers, indicating 

that there was no non-specific, contaminating DNA present.

3.1.3 Analysis of infection time-courses by northern biotting

Northern blotting was performed in an attempt to investigate whether ORF 37 was 

transcribed as part of a family of overlapping transcripts and, if so, to compare both 

the number of transcripts and their quantities at various times p.i. BHK 21 and NIH- 

3T3 cells were infected and RNA was harvested at 0-24h p.i. Northern blotting was 

carried out with a radiolabelled ORF 37-specific 286bp probe produced from the 

same primers used in the RT-PCR (2.4.3).

An initial experiment investigated the ORF 37 transcripts in MHV-6 8 -infected BHK 

21 cells at 20h and 24h p.i. (Figure 6 a). A second experiment was then carried out to
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compare ORF 37 transcripts in BHK 21 cells with those in NIH-3T3 cells, 24h after 

infection of each cell line with MHV-6 8  (Figure 6 b). NIH-3T3 cells are murine cells, 

and as such are more similar than the hamster-derived BHK 21 cells to the cells 

naturally infected by MHV-6 8 .

a) 1 2 B

—  1

P, — 2
28S -  «Hi - 3

— 4
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18S —
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—  5
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28S — 28S —
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Figure 6. Northern blotting analysis of ORF 37 transcripts in MHV-68-infected BHK 21 and 

NIH-3T3 cells

Cells were infected with MHV-68 and RNA was isolated from 1x10^ cells at 20 or 24h p.i. Half o f  

each o f  the RNA samples was electrophoresed on a 1% RNA denaturing agarose gel (bottom panels). 

RNA was transferred to a nitrocellulose membrane by blotting overnight. ORF 37 probes were PCR- 

amplified from viral DNA with primers ORF37 F 55239 and ORF37 R 55524. Probes were 

radiolabelled by random primed DNA labelling and then hybridised to the blots. Blots were exposed to 

a phosphor screen and bands were visualised with a Cyclone (top panels). Markers show the positions 

o f the 28S and 18S rRNA bands which are 4.71 kb and 1.87kb, respectively, in murine cells, a) RNA 

from MHV-68-infected BHK 21 cells (an MOI o f 20), lane 1, 20h p.i.; lane 2, 24h p.i.; B, numbering 

o f  bands produced by northern blotting, b) RNA from MHV-68-infected cells (an MOI o f  50) at 24h 

p.i.; lane 1, NIH-3T3 cells; lane 2, BHK 21 cells

Figure 6 a (B, 1-5) shows that five major ORF 37 transcripts, ranging in size from 

approximately l-8kb, were present in MHV-6 8 -infected BHK 21 cells at 20 and 24h
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p.i. The five transcripts are less distinct in lane 2 of Figure 6 b but the pattern is 

clearly comparable. The probing of RNA from infected NIH-3T3 cells shows similar 

bands (Figure 6 b, lane 1), even though there is less RNA present in lane 1 than in lane 

2 (bottom panel). Earlier time-points showed that low to medium molecular weight 

bands (bands 3-5) appeared before the higher molecular weight bands (data not 

shown).

To further investigate the transcriptional profile of ORF 37, NIH-3T3 cells were 

infected with MHV-6 8  (an MOI of 10) and then lysed and fi'ozen in TRIzol at time- 

points ranging from 0-24h p.i. Total RNA was isolated and DNase treated, then RNA 

firom each time-point was separated on a denaturing gel alongside an RNA marker 

(Figure 7a). Northern blotting was then carried out and blots were hybridised with a 

radiolabelled ORF 37 probe (2.4.3, Figure 7b).

The agarose gel (Figure 7a) gives an indication that similar quantities of RNA were 

loaded in each lane. The sample from 4h p.i. was partially degraded, as can be seen 

by the smearing in lane 4, but the 28S and 18S ribosomal RNA (rRNA) bands are still 

clearly visible. The positions of the 28S and 18S bands relative to the marker are 

approximately correct (murine 28S rRNA is 4.71kb long and 18S rRNA is 1.87kb 

long [Roche, 2000]), but the 28S band electrophoresed further though the gel than the 

4.4kb marker, showing that the marker only gives an indication of RNA length. 

Accurate size estimation was more difficult for longer RNA transcripts because there 

was less separation of higher molecular weight species of RNA.

No transcripts were detected at 2h p.i.; they were first detected at 4h p.i. (Figure 7b). 

The pattern of five major bands was similar to that shown previously (Figure 6 ) with 

the medium to low molecular weight bands appearing first. This pattern of five bands 

indicates that ORF 37 transcripts are produced as part of a set of overlapping 

transcripts. The peak of transcriptional activity occurred at 12h p.i. with significant 

amounts of ORF 37-containing mRNA still present at 24h p.i. The sizes of bands 2-4 

were estimated to have lengths of approximately 6 .6 kb, 3.6kb and 1.7kb, respectively, 

by plotting the migration distances of the bands and the markers. The lengths of the 

longest and shortest transcripts were more difficult to estimate. By direct comparison 

with the marker bands, band 1 appears to be greater than 9.49kb and band five is 

between 240bp and 1.35kb.
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Figure 7. Northern blotting analysis of ORF 37 transcripts during a time-course of MHV-68 

infection of NIH-3T3 cells

Total RNA was isolated and DNase treated, then 7|xg o f  RNA from each time-point was separated on a 

1% RNA denaturing agarose gel alongside an RNA marker a) agarose gel: M, RNA marker; lanes 1-7, 

0, 1,2,  4, 8, 12, 24h p.i., respectively; B, positions o f  28S and 18S rRNA bands. RNA was then 

transferred to a nitrocellulose membrane by blotting overnight. An ORF 37 probe was PCR amplified 

from the pGEMT-37 vector with primers ORF37 F 55239 and ORF37 R 55524. The probe was 

radiolabelled by random primed DNA labelling and then hybridised to the blot. The radioactive blot 

was exposed to a phosphor screen and the results were visualised with the PerkinElmer Cyclone, b)
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northern blot produced from agarose gel. Labelling is the same as (a), with the exception of B, 

numbering of bands produced by northern blotting. The image in (b) resulted from a two day exposure 

of the phosphor screen to the blot but the same pattern of bands could be seen clearly after a Ih 

exposure.

The blot was also probed for ubiquitin B and beta-actin transcripts to check that RNA 

loading was equal in all lanes. The blot was stripped and then probed for murine 

ubiquitin B transcripts with a radiolabelled probe corresponding to a 296bp region of 

the M. musculus ubiquitin B gene (NCBI accession number NM Ol 1664). The 

radioactive blot was exposed overnight to a phosphor screen and the bands were 

visualised with a Cyclone (Figure 8 a).

Three major and two minor species of RNA were detected by the ubiquitin B probe. 

The sizes for the three higher molecular weight bands were estimated as 5.6kb, 3.4kb 

and 2.2kb. The two shortest RNA transcripts ran further than the 1.35kb marker band. 

The ubiquitin B mRNA with NCBI accession number NM_011664 is 1174bp in 

length. The 296bp probe also had significant alignments with numerous mRNA 

sequences of different lengths by basic local alignment search tool (BLAST) 

comparison with the NCBI nucleotide database [Altschul et al., 1997]. There is 

significant homology with M musculus ubiquitin C mRNA (e.g. AF288I62 complete 

CDS 4.2kb) and some homology with M musculus ubiquitin D mRNA. These three 

forms of ubiquitin could account for the three major bands in Figure 8 a.

The blot was stripped again and exposed to a phosphor screen for 20h to ensure that 

the process had been effective. A probe template for beta-actin, corresponding to a 

309bp region of the M musculus beta-actin gene (NCBI accession number X03672), 

was then produced by PCR amplification. The probe was radiolabelled and hybridised 

to the blot. The radioactive blot was exposed to a phosphor screen for two days and 

the bands were visualised with the Cyclone (Figure 8b). The beta-actin probe detected 

only one transcript of approximately 2kb. The beta-actin mRNA with NCBI accession 

number X03672 is I892bp in length but two forms of murine beta-actin RNA were 

detected by Das et al. [2001] and Tsujimura et al. [2001]. Tsujimura et al. reported 

that the sizes of these transcripts were 2kb and 1.8kb. However, similarly to the 

current study, only one form of murine beta-actin RNA was detected in NIH-3T3 

cells by Arvand et al. [1998] and Ahn et al. [2002].
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Figure 8. Northern blotting analysis of ubiquitin B and beta-actin transcripts during a time- 

course of MHV-68 infection of NIH-3T3 cells

The blot in Figure 7 was stripped o f radioactive probes by incubation in 0.5% SDS at 65°C for 5-6h. 

The ubiquitin B probe template was produced using primers UbB F and UbB R to amplify a 296bp 

region o f the M  musculus ubiquitin B gene from pGEMT-UbB. The probe was radiolabelled by 

random primed DNA labelling and hybridised to the blot. The radioactive blot was exposed overnight 

to a phosphor screen and the bands were visualised with a Cyclone (a). The same pattern o f  bands 

could already be seen clearly after a 2h exposure. The blot was stripped again and exposed to a 

phosphor screen for 20h to ensure that the process had been effective. A probe template for beta-actin 

was then produced using primers b-actin F and b-actin R to amplify a 309bp region o f  the M. musculus 

beta-actin gene from pGEMT-b-actin. The probe was radiolabelled and hybridised to the blot. The 

radioactive blot was exposed to a phosphor screen for two days and the results were visualised with the 

Cyclone (b). The same pattern o f  bands could already be seen clearly after a Ih 45min exposure. All 

lanes are labelled as described in Figure 7, i.e. lanes 1-7, 0, 1 ,2 , 4, 8, 12, 24h p.i., respectively; B: 

numbering o f bands produced by northern blotting.

The patterns of bands seen with these two cellular mRNA-specific probes were very 

different to the transcripts detected by the ORF 37 probe. Although the quantity of 

ribosomal RNA appeared to be constant over time (Figure 7a), the quantity of the two 

cellular mRNAs decreased over the time-course. By 24h p.i., almost no ubiquitin or 

beta-actin RNA could be detected whilst, in contrast, there was a significant amount
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of RNA detected by the ORF 37 transcript. The major species of ubiquitin RNA 

(bands 1, 3 and 5) decreased gradually over the time-course but the strength of the 

beta-actin band remained constant until 12h p.i. Previous reports of beta-actin RNA 

presence during MHV-68 infection have been conflicting. Wakeling et al. [2001] 

showed that after infection of BHK 21 cells (an MOI of 5), beta-actin levels were 

similar at 4, 8,12 and 24h p.i. Ahn et al. [2002], however, showed that there was a 

definite decrease in the amount of beta-actin by 12h p.i. with MHV-68 infection of 

NIH-3T3 (an MOI of 10), using the same probe template described here.

Although down-regulation of the transcripts meant that these hybridisations could not 

confirm equal loading, they indicated that the initial pattern of five bands was specific 

to the ORF 37 probe and was not caused by non-specific hybridisation of probes to 

sequences such as ribosomal RNA.

3.1.4 Discussion

The data from both RT-PCR and northern blotting analysis shows that ORF 37 was 

transcribed as early as 2-4h p.i., consistent with the classification of alkaline nuclease 

as an early or delayed early gene. Although northern blotting detected ORF 37 RNA 

only from 4h p.i., RT-PCR could detect transcripts from 2h p.i. onwards, indicating 

an initially low level of transcription detected because of the amplification step in 

RT-PCR. Transcripts were still detected by both methods at 24h p.i.

3.1.4. a Detection of overlapping transcripts

The appearance of five ORF 37-specific bands on northern blots confirms that ORF 

37 mRNA lies within a family of overlapping transcripts. This is predicted in the 

annotated genome of MHV-68 (NCBI accession number AF105037, [Nash et al.,

2001]) which includes a putative poly(A) signal following ORF 38, forecasting a 3’- 

coterminal set including ORFs 34-38. The 285bp probe used in this study hybridises 

to the region 55239-55524bp on the MHV-68 genome and as such would be expected 

to detect mRNAs from ORFs 34-37 and probably ORF 38. A UL12.5 homologue 

would also be detected by the probe as UL12.5 shares the HSV alkaline nuclease 

(UL12) reading frame and encodes a truncated alkaline nuclease protein (1.3.9,

Figure 9b).
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Figure 9. Diagram of HSV-1 and MHV-68 overlapping transcripts in the region of the alkaline 

nuclease gene

Open boxes denote genes/ORFs, black box denotes relative position o f  ORF 37 probe used in this 

study, lines denote mRNA transcripts, arrow heads denote poly(A) sites and numbering refers to 

appropriate genome sequences. Diagrams are not exactly to scale but overlapping coding sequences 

have been depicted where appropriate. Lengths o f  M HV-68 transcripts from predicted initiation 

codons to the poly(A) site are: 4.3kb, 3.4kb, 2.9kb, 1.7kb, 0.25kb for ORF34 to ORF 38, respectively.

In HSV-1 and HSV-2 the 3'-coterminal sets are comprised of U Lll, UL12, UL12.5, 

UL13 and UL14 [Costa et aL, 1983; Draper et a l, 1986] (1.3.4, Fig;ure 9a). MHV-68 

ORFs 35-38 are homologous to HSV UL14-11, respectively. UL14 and UL13 have 

been found to have promoters responsible for late gene kinetics whilst UL12 and 

UL12.5 are expressed with beta gene kinetics. The transcripts have leader sequences
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of approximately 150bp and poIy(A) tails of approximately 200bp (typical of HSV 

genes), except ULl 1 which encodes a leader sequence of 400bp.

PRY ULl2 mRNA has also been discovered in an overlapping set. Hsiang et al 

[1996] found three transcripts of 3.2kb, 1.6kb and Ikb when they used DNA that 

overlapped the 5’- and 3’-ends of FRY ULl2 to probe northern blots of RNA from 

PRY-infected cells. The leader and poly(A) elements of the PRY ULl 2 transcript are 

not as long as those seen in HSY. The PRY ULl2 transcript is 1.6kb long with a 

transcriptional start site only 47-62nt upstream of the gene and a poly(A) cleavage 

site 15-16nt downstream of the typical poly(A) signal.

3.1.4.b Estimation of transcript lengths

In this study, bands 1-5 detected by northern blotting (Figure 7) vdth the ORF 37 

probe were estimated to be >9.49kb, 6.6kb, 3.6kb, 1.7kb and 240bp-1.35kb, 

respectively. The lengths of the MHY-68 transcripts from the initiation codons to the 

poly(A) site for ORF 34 to ORF 38 would be 4.3kb, 3.4kb, 2.9kb, 1.7kb and 0.25kb, 

respectively. It is likely that the transcripts are somewhat longer than this because of 

the poly(A) tails and leader sequences.

The estimated lengths of the higher molecular weight transcripts (bands 1-3) in Figure 

7 are significantly above the expected length for ORF 34 -  36 transcripts, even after 

consideration of a leader sequence and poly(A) tail. RNA transcripts of this length are 

found in herpesviral alkaline nuclease nested sets. The HCMY UL93-UL99 3’- 

coterminal set which includes the HSY ULl 1-ULl4 homologues (UL99, UL98, 

UL97, UL95, respectively) has transcripts ranging in length from 1.3kb to lO.Skb 

[Wing and Huang, 1995]. The sizes of these transcripts are close to those predicted by 

the distance from the initiation codons to the poly(A) signal after UL99 (NCBI 

accession number NC 001347), however, so it is more likely that the size estimates 

are incorrect in the case of the MHY-68 ORF 37 transcripts.

The calculated sizes of ORF 37 transcripts presented here are only estimates, partly 

because of errors incurred in measurement but also because the RNA ladder itself 

gives only an estimate of size; this is seen by the mobility difference between the 

4.4kb band and the 4.7kb 28S rRNA. In the current study, the RNA was 

electrophoresed on a 6x8cm agarose gel which probably resulted in inadequate 

separation of higher molecular weight species and contributed to errors in 

measurement.
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3.1.4.C Identification of northern blotting bands

It is most likely that the five bands in Figure 7 represent ORFs 34-38. The ORF 38 

initiation codon is at position 55544bp in the MHV-68 genome so the probe (55239- 

55524bp) probably detects the leader sequence of this mRNA transcript, yet it is 

possible, if this is not the case, that one of the bands represents a homologue of the 

HSV UL12.5 gene. There is a TATA motif at 54245bp which may be able to initiate 

transcription at 54275bp and initiate translation of a UL12.5 homologue at the ATG 

codon at 54308bp (neural network promoter prediction [Reese and Eeckman, 1995]). 

However, this is unlikely because the sizes of bands 3-5 are similar to those predicted 

for ORFs 36-38. Also, the transcript for any UL12.5 homologue would have to be 

approximately 1.1 kb long to encode all seven conserved motifs, i.e. it would produce 

a band with a higher molecular weight than band 5. As yet, no ULl2.5 homologues 

have been identified in other herpesviruses.

Bands 3 and 4, the ORF 36 (putative protein kinase) and ORF 37 transcripts, 

respectively, appeared by 4h p.i. and peaked 8-12h p.i. Band 5, the ORF 38 transcript, 

(putative myristylated tegument protein) was present by 8h p.i. and also peaked at 8- 

12hp.i. ORF 34 and ORF 35 (ULl4 homologue), bands 1 and 2, respectively, were 

transcribed from 8h p.i. but peaked from 12-24h p.i.

3.1.4.d Comparison of northern blotting data with array data

The time-course data presented in this section is in agreement with the published 

MHV-68 array data. In a cDNA based array, ORF 37 transcripts were detected at 3h 

p.i. but not by Ih p.i. and transcription peaked at 5-12h p.i. Time-course profiles were 

similar for ORFs 34, 35, 36 and 38 [Ahn et al., 2002]. ORF 37 transcripts were not 

produced in the absence of de novo protein synthesis and levels increased two-fold in 

the absence of DNA synthesis, indicating that ORF 37 is a beta or early gene. A 

second paper presenting data from an oligonucleotide array, however, showed a slight 

down-regulation of ORF 37 transcripts after PAA treatment to inhibit viral DNA 

synthesis and the gene was classified as delayed early [Ebrahimi et al., 2003].

The expression of HHV-8 ORF 37 peaks 48-72h after induction of lytic replication, 

according to an HHV-8 array system [Jenner et al., 2001]. The authors classified ORF 

37 as a tertiary lytic gene but replication and protein production were not inhibited to 

identify alpha, beta and gamma kinetic classes. Also, the data was normalised for
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cluster analysis of the genome and this is not ideal for quantitative analysis of 

transcripts.

The nature of these arrays is such that the signals for overlapping transcripts can be 

unreliable measures of transcript abundance. The signal for ORF 37 consists of 

combined signals for several different cDNAs, corresponding to the overlapping 

mRNAs to which the probe binds. Also, there are other artefacts in the signals caused 

by the production and labelling of cDNAs which are produced from mRNA in 

overlapping sets [Ahn et al, 2002]. This means that this type of array is not ideal for 

the analysis of nested sets and data should be confirmed by other means such as 

northern blotting.

3.1.4.6 Conclusions

RT-PCR and northern blotting were carried out to determine the pattern of ORF 37 

transcription during MHV-68 infection. It was found that transcripts were produced at 

early times during infection and were part of a family of overlapping transcripts. A 

number of techniques could be undertaken to further explore this family of 

transcripts. The RNA could be electrophoresed on different percentage agarose gels 

to allow greater separation of transcripts. Larger gels and different RNA ladders 

could be used to increase the accuracy of measurements. The blots could be probed 

for IBS rRNA to normalise band intensities and obtain quantitative data. Kinetic 

classes could be determined by inhibiting viral replication or de novo protein 

synthesis and then analysing the RNA by northern blotting with the ORF 37 probe.

The location of 5’-termini of transcripts could be mapped using the technique of 

primer extension, allowing accurate determination of transcript lengths. Primer 

extension could also be used to attempt to identify any ULl2.5 homologue. A probe 

designed to hybridise to ORF 38 could also be used in northern blotting to see 

whether the same pattern of bands is produced, therefore indicating whether the 

presence of a ULl2.5 homologue is likely.

In conclusion, the MHV-68 ORF 37 transcript is found within a set of overlapping 

mRNAs. It is produced from 2-4h p.i., peaks at 8-12h p.i. and is still present at 24h 

p.i. This is the first northern blotting analysis of the MHV-68 alkaline nuclease gene.
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3.2 Alkaline Nuclease Activity

3.2.1 Introduction

Having confirmed that ORF 37 mRNA was expressed, it was necessary to determine 

whether MHV-68 produced a functional alkaline nuclease. The DNase assay of 

Morrison and Keir [1968] was optimised with exonuclease III (Promega) and HSV-1 

alkaline nuclease. It was then used to ascertain whether MHV-68 infection of cells 

induced alkaline nuclease activity and whether ORF 37 encoded this activity.

Samples were incubated with radiolabelled Vero cell genomic DNA under conditions 

suitable for alkaline nuclease activity, then the reaction was quenched by the addition 

of cold 5% TCA. TCA-soluble radioactivity (degraded DNA) was quantified to give a 

measure of DNase activity in cpm.

3.2.2 Optimisation of the DNase assay

After conditions for the production and extraction of radiolabelled DNA had been 

determined (2.5.1), the assay was optimised with the use of exonuclease III. Although 

the enzyme was supplied with its own buffer, the reaction conditions for HSV-1 

alkaline nuclease (50mM Tris-HCl, pH 9, 2mM MgCl], lOmM 2-mercaptoethanol) 

appeared to improve the enzyme activity, allowing its use as a positive control (data 

not shown). Next, HSV-1-infected cells were used in the assay to ensure that it could 

detect the known activity of UL12 (Figure 10). DNase activity was found to be 

present in HSV-1-infected cells and the addition of extract from 9x10^ HSV-1- 

infected cells saturated this assay. Mock-infected cells were used as a negative 

control.

During the course of this project, the DNase assay was used to detect alkaline 

nuclease from a variety of sources including virus-infected cells, bacteria expressing 

ORF 37, and FPLC fractions containing alkaline nuclease at varying stages of purity. 

The assay was further optimised for use in each of these applications. For example, 

when testing FPLC fractions, the detection of activity rather than its quantification 

was the prime concern so the optimised conditions allowed the testing of a larger 

number of samples with higher sensitivity. Parameters that were altered included the 

assay and sample volumes, incubation time and ratio of radiolabelled DNA to salmon 

sperm DNA. Salmon sperm DNA was added to increase the total substrate for the
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enzyme, and thereby extend the time-course of the reaction without increasing the 

amount of radioactivity used for safety and economic reasons.
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Figure 10. Alkaline nuclease activity of HSV-l-infected cell extract

Vero cells were infected with HSV-1 at an MOI o f  20 for 18h then resuspended at a concentration o f  

IxlO’ cells/ml in DDW  and sonicated. For the zero extract point, 2.4x10^ mock-infected Vero cells 

were prepared in the same way. The extract from IxlO'*-1x10^ cells was produced by 1/10-1/100 

dilutions o f  the sonicate with DDW. Assays contained lOpg o f  radiolabelled DNA, 2mM MgCh, 

lOmM 2-mercaptoethanol, 50mM Tris-HCl, pH 9 in a total volume o f  50pl. Assays were incubated for 

20min at 37°C and reactions were quenched by the addition o f  1ml o f  cold 5% TCA. BSA  (250pg) 

was added, then the mixture was kept on ice for 30min before centrifugation at 7400xg for lOmin to 

sediment TCA-insoluble material. Acid-soluble radioactivity (200pl) was mixed with scintillation fluid 

(1.8ml) and the radioactivity was measured in cpm.

In order for the enzyme activity (as measured in the assay by cpm) to relate directly to 

the quantity of alkaline nuclease present, the assay parameters could be set so that the 

enzyme was not limited by time or substrate i.e. the linear phase of the graph. This 

was necessary when making comparisons relating to the quantity of alkaline nuclease 

such as viral production of the enzyme over time, biochemical characterisation or 

neutralisation of the enzyme by antibodies.
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In initial tests, purified bacterially expressed alkaline nuclease (100-800ng of His-AN 

from an SP Sepharose column (3.4.2.c)) was incubated in the assay for 5-40min (data 

not shown). It appeared that an incubation time of approximately 30min would give a 

linear response so 200-3500ng of alkaline nuclease was incubated for 30min in 

duplicate to assess the capacity of the modified assay over a range of alkaline 

nuclease concentrations (Figure 11). This data showed that the assay produced linear 

results between 200ng and 1200ng of alkaline nuclease (or 3770 to 22370cpm) under 

these conditions (incubation for 30min at 37°C in 200pl total volume, 3pg of 

radiolabelled genomic DNA, 5pg of salmon sperm DNA, 3mM MgCh, lOmM 2- 

mercaptoethanol, 50mM Tris-HCl, 40mM NaCl, pH 9).
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Figure 11. L inear response o f  DNase assay to alkaline nuclease

Purified, bacterially expressed His-tagged alkaline nuclease (74ng/gl, in 15mM MOPS, ~150m M  

NaCl, pH 7.5) was incubated for SOmin at 37°C in the DNase assay (3pg o f  radiolabelled genomic 

DNA, 5pg o f  salmon sperm DNA, 3mM M gCh, lOmM 2-mercaptoethanol, 50mM Tris-HCl, 40mM  

NaCl, pH 9). Reactions were quenched by the addition o f  1ml o f  cold 5% TCA. BSA  (250|xg) was 

added, then the mixture was kept on ice for 30min before centrifugation at 7400xg for lOmin to 

sediment TCA-insoluble material. Acid-soluble radioactivity (200pl) was mixed with scintillation fluid 

(1.8ml) and the radioactivity was measured in cpm. Each point is the mean o f  two samples. Linear fit: 

y= 50+18.6x, r^=0.99, p<0.0001
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3.2.3 Detection of MHV-68 alkaline nuclease activity

In order to determine whether MHV-68 induced a functional alkaline nuclease, 

extract from MHV-68-infected cells was tested in the DNase assay, similarly to HSV- 

1-infected cell extract (Figure 10). This confirmed that MHV-68 induced a functional 

alkaline nuclease (data not shown). Once linear response conditions had been 

determined for the assay (Figure 11), the production of the enzyme over a time-course 

of MHV-68 infection could be characterised. N1H-3T3 cells were infected with 

MHV-68 at an MCI of 10, then scraped off, pelleted and frozen at various time-points 

p.i. Cells were resuspended in Tris buffer (20mM Tris-HCl, 0.5mM DTT, pH 8) and 

sonicated before DNase activity and A280 were measured (Figure 12).
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Figure 12. MHV-68 alkaline nuclease activity from 0-24h p.i.

NIH-3T3 cells were infected with MHV-68 at an MOI o f  10. Mock-infected cells were used for Oh p.i. 

Cells were harvested at l-24h p.i., resuspended (20mM Tris-HCl, O.SmM DTT, pH 8) and sonicated. 

Extracts from 2.5x10^ and 5xlCf cells were tested under linear response assay conditions (Figure 11). 

All data within the linear range o f  the assay was normalised to the equivalent o f 5x10^ cells. Bars 

represent DNase activity with error bars showing the range o f  data for n=2. A 280 (A)  is a measurement 

o f protein concentration, samples were diluted to produce readings between 0.05-2.5 absorbance units.

The time-course study showed that MHV-68 induced alkaline nuclease activity in

infected cells between 4h and 8h p.i. DNase activity remained above the 8h p.i. level
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from 12 to 24h p.i. The protein concentration of the 8-24h p.i. samples was slightly 

higher than that of the 0-4h p.i. samples; this may have been an effect of viral 

replication. The protein concentration of the 24h p.i. sample was surprisingly high. 

This may reflect the presence of a greater number of cells, which would mean that the 

DNase activity for this time-point was slightly elevated with respect to the other 

samples. It may also represent an increase in viral protein expression. A second time- 

course with samples taken at 0,8, 16 and 24h p.i. was assayed for DNase activity 

(data not shown). This data confirmed that DNase activity was present by 8h p.i. and 

that activity was still above this level at 24h p.i.

To confirm that the protein with this activity was encoded by ORF 37, the gene was 

cloned and expressed in E. coli. Extracts from bacteria expressing the protein were 

tested in the assay and found to contain DNase activity which was absent from 

bacteria not expressing the enzyme. This work is covered in detail in 3.4.

3.2.4 Discussion

It has been shown that MHV-68 ORF 37 does encode a functional alkaline nuclease 

as predicted from protein homology. A DNase assay has been optimised and used to 

detect MHV-68 alkaline nuclease activity in a variety of samples including virus- 

infected cells, E. coli expressing ORF 37, and FPLC fractions. Northern blot analysis 

showed that the full set of ORF 37 transcripts were synthesised between 4h and 8h 

p.i., levels increased by 12h p.i. and remained high until 24h p.i. (Figure 7). The time- 

course activity data presented here is consistent with this northern blotting data and 

also with published results for other alkaline nucleases.

The activities of alkaline nucleases encoded by HSV and EBV have been studied 

intensively and more recently the HCMV, PRV and BHV-1 enzymes have also been 

investigated. Initially, alkaline nuclease activity in infected cells was characterised, 

sometimes during the time-course of infection; however, recently most of the data has 

been obtained from gene cloning and recombinant proteins. To date, all encoded 

alkaline nucleases that have been investigated have been found to produce functional 

enzymes with similar properties.

The alkaline nucleases of the alphaherpesviruses HSV-1, HSV-2, PRV and VZV have

been studied to varying degrees. HSV-1 and HSV-2 enzyme activity was found to

peak 12-18h after infection of Hep-2 cells [Powell and Purifoy, 1977] and HSV-1

DNase activity peaked around 12h p.i. in BHK 21 cells [Morrison and Keir, 1968].
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There was some variability in the time of initial induction and the longevity of 

alkaline nuclease activity seen and Hafher et al. [1987] found that HSV-1 alkaline 

nuclease activity was maximal by 8h p.i. or earlier. The UL12 gene of PRV was also 

shown to encode a functional alkaline nuclease, although its activity in infected cells 

was not characterised [Hsiang et al., 1996]. DNase activity was induced by VZV 

infection human foreskin fibroblast but this has not been examined further [Cheng et 

al, 1979b].

Fewer investigations have been carried out into the alkaline nuclease enzymes of the 

betaherpesviruses. HHV-6 virus-specific DNase activity has been measured in 

infected HSB-2 cells [Williams et a l, 1989] but more is known about UL98, which 

encodes the HCMV alkaline nuclease gene [Adam et ah, 1995]. This active enzyme 

was purified from infected cells six days p.i. [Sheaffer et al., 1997].

Comparison with expression of alkaline nuclease in cells infected with the 

gammaherpesvirus EBV is somewhat difficult as infection does not result in a fully 

lytic cycle but in different types of transformed cells. Non-producing Raji cells can be 

superinfected, producing an abortive lytic infection with few virions. A peak of 

alkaline nuclease activity was detected in these cells at 48h p.i., with levels at 72h p.i. 

similar to those measured at 24h p.i. [Cheng et al., 1980]. Producer P3HR-1 cells are 

persistently infected and produce mature virions. In these cells DNase activity peaked 

around 30h p.i. [Feighny er a/., 1981].

3.2.4. a Conclusions

In conclusion, all herpesviruses studied with respect to alkaline nuclease have been 

found to encode a functional alkaline nuclease and DNase activity is detected at early 

times during herpesvirus infection. In this study, it has been shown that MHV-68 

induces alkaline nuclease activity and the assay described has also been used to show 

that ORF 37 encodes the alkaline nuclease.

127



3.3 Purification of Alkaline Nuclease from Virus-
Infected Cells

3.3.1 Introduction

In order to determine the molecular weight of MHV-68 alkaline nuclease, to 

characterise its main biochemical and biophysical properties, and to assess the 

possibility of crystallising the protein, it was decided to purify the enzyme. Although 

purification of the protein from virus-infected cells was likely to obtain lower 

quantities of less pure alkaline nuclease than purification of recombinant protein from 

E. coli, this was the initial purification strategy chosen for several reasons. In order 

for experimental results with bacterially expressed protein to be purported as valid 

representations of the properties of the viral enzyme, it must first be shown that the 

properties of the bacterially expressed enzyme are similar to those of the viral 

enzyme. To characterise enzymatic properties it is necessary to at least partially 

purify the enzyme to remove the majority of the many cellular and viral proteins 

which may affect activity. It was intended that purification of MHV-68 alkaline 

nuclease from infected cells would also allow size determination of the protein. The 

use of a previously published method for HSV alkaline nuclease purification allowed 

characterisation of the chromatographic properties of MHV-68 alkaline nuclease in 

comparison to those of HSV-1 alkaline nuclease.

The purification scheme of Banks et al. [1983] was used to chromatographically 

purify HSV-1 and MHV-68 alkaline nucleases from virus-infected cells (Figure 13). 

After high salt extraction from infected cells, the dialysed and clarified protein was 

applied to ionic exchange, phosphocellulose and DNA-cellulose columns in turn. 

Bound proteins were eluted from the columns with potassium chloride gradients of 0- 

IM KCl. Purification was monitored by DNase activity assays and SDS-PAGE.

The fractions collected during FPLC purification of alkaline nuclease from infected 

cells were originally labelled with an alpha-numeric system (Figure 14). This has 

been converted to a continuous numbering system (sample numbers) for simplicity.
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Figure 13. Schematic representation of the purifîcation of alkaline nuclease from virus-infected 

cells

3.3.2 Purification of HSV-1 alkaiine nuclease

The purification protocol was first implemented with HSV-1-infected cell extract as a 

positive control (2.8) . A description of a typical HSV-1 alkaline nuclease purification 

follows.

Vero cells (3.5x10*) were infected with HSV-1 at an MOI of 10. At 12h p.i. the cells

were harvested and resuspended in extraction buffer (2x10^ cells/ml). After high salt

extraction, the sample was dialysed against DE buffer. It was then clarified by

centrifugation before it was loaded onto a DBAE Sepharose column. Proteins were

eluted with a 150ml gradient of 0-0.3M KCl in DE buffer. Figure 14 shows an FPLC

chromatogram of this purification step as an example of the data obtained from the
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ACTA FPLC system. Samples were taken from the collected fractions. These were 

tested in the DNase assay and the protein content was measured using the Bio-Rad 

protein assay (Figure 15a). Fractions containing over 20% of the peak of DNase 

activity (samples 10-15) were pooled.
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Figure 14. FPLC chromatogram for purification of HSV-1 alkaline nuclease by DEAE Sepharose

High salt extract from 3.5x10* Vero cells infected with HSV-1 was clarified and dialysed against DE 

buffer before it was loaded onto a DEAE Sepharose column. The column was washed with DE buffer 

and 5ml fractions (—  — ) were collected from this time onwards. Proteins were eluted with a two-step 

gradient o f  0-30%, then 30-100% o f buffer B (( ), IM KCl in DE buffer). Absorbance (mAU) at 

280nm, indicative o f protein content and shown on the left y-axis (— ), and conductivity (mS/cm), 

indicative o f  KCl concentration and shown on the right y-axis ( ), were measured. Samples were

taken from some fractions to be tested in the DNase assay and Bio-Rad protein assay as shown in 

Figure 15 (— ). The x-axis shows buffer volume passed through the column from the initiation o f  the 

wash phase.

Pooled fractions were dialysed overnight against DE buffer. Non-specific binding to a 

phosphocellulose column was reduced by washing with 500pg/ml ESA in DE buffer 

before the DNase-containing fractions were loaded onto the column. Alkaline 

nuclease activity was eluted with a 120ml gradient of 0.1-0.4M KCl in DE buffer and 

fractions were assayed for DNase activity and protein concentration (Figure 15b). The
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fractions relating to samples 7-9 were pooled, adjusted to 500|ig/ml BSA and then 

dialysed against DNA-cellulose buffer with 500pg/ml BSA.

The dialysed sample was next loaded onto a DNA-cellulose column that had been 

equilibrated in DNA-cellulose buffer. DNase activity was eluted with a 20ml gradient 

of 0.05-0.43M KCl in DNA-cellulose buffer. Figure 15c shows the results of the 

DNase assay with fractions from this column. Fractions relating to samples 11-13 

were found to have the highest DNase activity and were therefore pooled and 

dialysed against low salt buffer. The Bio-Rad microassay procedure was used in an 

attempt to measure the protein concentrations of the samples 6-10 and 14-16. This 

technique measures protein concentrations in the range 1.2-lOpg/ml. Only sample 14 

had a protein content above 1.2pg/ml (2pg/ml).

Figure 15. HSV-1 alkaline nuclease purifîcation on: a) a DEA E Sepharose colum n, b) a 

phosphocellulose colum n and c) a DNA-cellulose colum n

High salt extract from 3.5x10® Vero cells infected with HSV-1 (an MOI o f  10, harvested 12h p.i.) was 

clarified and dialysed against DE buffer before it was loaded onto a DEAE Sepharose column. The 

column was washed with DE buffer and DNase was eluted with a gradient o f  0-0.3M  KCl in DE buffer 

(equivalent to samples -4 to 25 (a)). Samples from some o f  the eluted 5ml fractions were tested in the 

DNase assay (□) and Bio-Rad protein assay (A)  (a). Fractions relating to samples 10 to 15 were 

pooled and dialysed against DE buffer before they were loaded onto a phosphocellulose column (non

specific binding sites previously blocked with BSA). DNase was eluted with a gradient o f  0.1-0.4M  

KCl in DE buffer (equivalent to samples 2 to 38 in (b)). Samples from some o f  the eluted 3ml fractions 

were tested in the DNase assay (□) and Bio-Rad protein assay (A)  (b). Fractions relating to samples 7 

to 9 were pooled and adjusted to 500pg/ml BSA. After dialysis against DNA-cellulose buffer with 

500pg/ml BSA, these eluted fractions were loaded onto a DNA-cellulose column. DNase was eluted 

with a gradient o f  0.05-0.43M  KCl in DNA-cellulose buffer (equivalent to samples 1 to 20 in (c)). 

Samples from some o f  the 1ml fractions were tested in the DNase assay (□) (c). To measure DNase 

activity, 50|il samples were added to DNase assays containing 4pg o f  radiolabelled DNA, 4pg o f  

salmon sperm DNA, 2mM MgCh, lOmM 2-mercaptoethanol, and 50mM Tris-HCl, pH 9. Reactions 

had a total volume o f2 0 0 p l and were incubated for 30min at 37°C. Reactions were quenched by the 

addition o f  1ml o f  cold 5% TCA. BSA  (250pg) was added, then the mixture was kept on ice for 30min 

before centrifugation at 7400xg for lOmin to sediment TCA-insoluble material. Acid-soluble 

radioactivity (200|xl) was mixed with scintillation fluid (1.8ml) and the radioactivity was measured in 

cpm.
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3.3.3 Analysis of HSV-1 alkaline nuclease purification

Sample 14 from the DEAE column and sample 8 from the phosphocellulose column 

were electrophoresed on an acrylamide gel and proteins were silver stained (Figure 

16a). Sample 11 from the DNA-cellulose colunm was also electrophoresed on the 

same gel but no bands were visible. Samples from FPLC fractions with peak DNase 

activity from all three columns were used in western blotting analysis with Q1 

(Figure 16b). Q1 is an IgG2a anti-HSV-2 alkaline nuclease monoclonal antibody that 

cross-reacts with HSV-1 alkaline nuclease [Banks, 1984]. Three bands were detected 

in the DEAE and phosphocellulose peak fractions (lanes 1-4). In the DNA-cellulose 

peak fraction only two bands could be seen (lane 5); the higher molecular weight 

band was more predominant. The strengths of the bands were similar in both the 

DEAE and phosphocellulose lanes.
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Figure 16. Analysis of HSV-1 alkaline nuclease purification by SDS-PAGE and western blotting

a) Proteins were separated by SDS-PAGE on a 12.5% acrylamide gel and silver stained by the EMBL 

method. Lane 1, sample 14 from the DEAE column; Lane 2, sample 8 from the phosphocellulose 

column. RL gives apparent molecular weights in kDa as determined by the rainbow ladder, b) Samples 

were separated by SDS-PAGE on a 12.5% acrylamide gel. Proteins were then transferred to 

nitrocellulose membrane at 150mA for 1.5h. The blot was probed with the monoclonal antibody Q l, an 

anti-HSV-2 alkaline nuclease antibody (1/10^ dilution). A secondary rabbit anti-mouse antibody was 

used at a dilution o f  1/5000 and then an ECL luminescence reaction was employed to visualise the 

results on ECL film. Lanes 1-2, lOpl and 5pi, respectively, o f  eluted DEAE column sample 13; lanes 

3-4, lOpl and 5pl, respectively, o f eluted phosphocellulose column sample 8; lane 5, 15pl o f  eluted 

DNA-cellulose column sample 12. RL gives apparent molecular weights in kDa as determined by the 

rainbow ladder, L gives apparent molecular weights in kDa as determined by the 1 OkDa ladder.
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3.3.4 Purification of MHV-68 aikaiine nuciease

Having followed the entire purification protocol for HSV-1, the same procedure was 

used for MHV-68. The gradients were initially extended from approximately 0-0.4M 

KCl in the case of HSV-1 to 0-1M KCl for MHV-68. This was in case the behaviour 

of MHV-68 alkaline nuclease was different to the HSV-1 enzyme. In addition this 

allowed the determination of more accurate elution gradients which could be used 

subsequently.

In contrast to HSV-1 alkaline nuclease purification, the DEAE column did not retain 

all the DNase activity and there was a substantial amount in the flow-though (data not 

shown). However, when this flow-though (vrith wash fractions and initial gradient 

fractions that had not been tested for DNase activity) was circulated overnight on the 

re-equilibrated DEAE column, no activity was recovered from the flow-through or 

eluted samples containing the peak of A280. It was not clear why this was so; possible 

explanations include degradation of the DNase or that other binding partners such as 

the mDBP were involved. The loading flow rate was decreased to test whether a 

greater proportion of active protein would bind to the column, but the level of activity 

in the flow-though was still high and a peak of activity was also found when the 

column was washed with DE buffer before elution.

The DEAE Sepharose column was replaced with a Resource Q column to see if a 

higher proportion of the active protein would bind to the column. The Amersham Q 

media is a strong anion exchanger whereas DEAE is a weak exchanger. Strong ion 

exchangers are ionised over a wider pH range and have an almost constant ionic 

capacity over this range. The Resource media consists of 15pm beads with a 

controlled pore structure which allow fast and high resolution separations vrith high 

capacity and high reproducibility.

Figure 17 shows data from the whole purification procedure. An upgrade to the 

ACTA FPLC software after the HSV purification allowed an auto-load facility for 

larger sample volumes. This allowed the analysis of flow-through fractions as they 

could be collected individually (not all of the analysed fractions are shown in Figure 

17). The methods are the same as those described for HSV-1 (3.3.2) unless stated 

otherwise in 2.8 and the legend of Figure 17.

BHK 21 cells were infected with MHV-68 (an MOI of 2) and harvested 26h p.i. In 

this particular purification run (Figure 17), the number of infected cells (1.6x10^) was
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twice that used in preliminary MHV-68 runs so the clarified extract was divided and 

each half applied separately to a Resource Q column. The two DNase activity peaks 

were then pooled and dialysed against DE buffer. This sample was then loaded onto 

the phosphocellulose column. The DNase activity in the flow-though of the Resource 

Q column was at background levels, thus eliminating one of the problems associated 

with the DEAE column. There was, however, still a peak of activity eluted by the DE 

buffer wash; this was also seen in the purification of HSV-1 alkaline nuclease by 

Morrison and Keir [1968]. Figure 17a shows the activity graph for one of the two 

Resource Q runs, the other was similar. Phosphocellulose and DNA-cellulose 

columns produced chromatographic profiles similar to those for HSV-1. Fractions 

relating to samples 6-9 of the DNA-cellulose column were found to contain the peak 

of DNase activity and were pooled and dialysed before analysis by SDS-PAGE.

Figure 17. M H V -68 alkaiine nuclease purification on: a) a Resource Q colum n, b) a 

phosphocellulose colum n and c) a DNA-cellulose colum n

High salt extract from 1.6x10^ BHK 21 cells infected with MHV-68 (an MOI o f  2, harvested 26h p.i.) 

was clarified and dialysed against DE buffer. This solution was split and it was loaded onto two 

Resource Q columns; the results from one o f  these are shown in (a). Loading occurred over the range 

equivalent to samples -2-4. The column was washed with DE buffer (equivalent to samples 5 to 9 (a)), 

and DNase was eluted with a gradient o f  0-0.4M  KCl in DE buffer (equivalent to samples 10 to 33 

(a)). Samples from some o f  the eluted 5ml fractions were tested in the DNase assay (□) and Bio-Rad 

protein assay ( À )  (a). Fractions relating to samples 9 and 17 to 22 were pooled with DNase peak 

activity fractions from the other Resource Q column. They were dialysed against DE buffer before they 

were loaded onto a phosphocellulose column (non-specific binding sites previously blocked with 

BSA). DNase was eluted with a gradient o f  0-0.4M KCl in DE buffer (equivalent to samples -36 to 49 

in (b)). Samples from some o f  the eluted 3ml fractions were tested in two DNase assays (□, ■) and the 

Bio-Rad protein assay (A)  (b). Fractions relating to samples 20 to 29 were pooled and adjusted to 

SOOpg/ml BSA. After dialysis against DNA-cellulose buffer with 500|xg/ml BSA, these eluted 

fractions were loaded onto a DNA-cellulose column. DNase was eluted with a gradient o f  0.05-0.62M  

KCl in DNA-cellulose buffer (equivalent to samples -7 to 21 in (c)). Samples from some o f the 1ml 

fractions were tested in the DNase assay (□). Samples were also tested in the Bio-Rad protein assay 

and all had concentrations below 1.2pg/ml (c). To measure DNase activity, 50pl samples were added 

to DNase assays containing 4pg o f  radiolabelled DNA, 4pg o f  salmon sperm DNA, 3mM MgCla, 

lOmM 2-mercaptoethanol, and 50mM Tris-HCl, pH 9. Reactions had a total volume o f  200pl and were 

incubated for 30min at 37°C. Reactions were quenched by the addition o f  1ml o f  cold 5% TCA. BSA  

(250pg) was added then, the mixture was kept on ice for 30min before centrifugation at 7400xg for 

lOmin to sediment TCA-insoluble material. Acid-soluble radioactivity (200pl) was mixed with 

scintillation fluid (1.8ml) and the radioactivity was measured in cpm.
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3.3.5 Analysis of MHV-68 alkaline nuclease purification

Proteins in FPLC fractions were separated by SDS-PAGE and gels were then silver 

stained (Figure 18). Figure 18b indicates that MHV-68 alkaline nuclease is 50-60kDa 

in size (the predicted size of the protein is 55.5kDa by amino acid analysis). This is 

because the density of a protein band of approximately 55kDa (*) correlates with the 

DNase activity in eluted DNA-cellulose column fractions 6-9 (compare Figure 17c 

and Figure 18b). The protein was still only partially purified, as shown by SDS- 

PAGE analysis (Figure 18a).

a)

RL 
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250 — 
160 — 

105 — 

75 —

50 —

35 —
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£ 2 :  »
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5 0 -

35 —

Figure 18. Analysis o f M HV-68 alkaline nuclease purification by SDS-PAGE

Purification o f  MHV-68 alkaline nuclease was analysed by SDS-PAGE on a 10% acrylamide gel. 

Proteins were silver stained by the Bio-Rad method (a). RL gives apparent molecular weights in kDa 

as determined by the rainbow ladder; Lane 1, Q-Sepharose column load (2|il); lane 2, phosphocellulose 

column load (5pi); lane 3, DNA-cellulose column load (15pl); Lane 4, Pooled peak activity fractions 

from DNA-cellulose column (samples 6-9, Figure 17c). Putative alkaline nuclease band is visible in 

lane 4 (*). The DNA-cellulose column fractions that contained DNase activity were analysed by SDS- 

PAGE. Proteins were separated on a 10% acrylamide gel and silver stained by the Bio-Rad method (b). 

RL gives apparent molecular weights in kDa as determined by the rainbow ladder; lanes 1-4, DNA- 

cellulose column samples 6-9, respectively, (15pl). Putative alkaline nuclease band is visible in lanes 

1-4 (*).

In an attempt to confirm that the 55kDa band was the MHV-68 alkaline nuclease, a 

polyclonal antibody raised against HSV-2 alkaline nuclease was tested for cross-
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reactivity with proteins in the DNA-cellulose fractions. As alkaline nuclease has 

highly conserved regions, antibodies raised against the enzymes expressed by other 

herpesviruses might be expected to cross-react with the MHV-68 protein [Littler et 

al., 1988]. Polyclonal antibodies usually contain a variety of antibodies that are 

directed against different epitopes of a particular protein so they are more likely to 

exhibit cross-reactivity than monoclonal antibodies. However, no cross-reaction was 

detected between the polyclonal anti-HSV-2 alkaline nuclease antibody 50-3 

(unpublished data, K Powell) and proteins in pooled DNA-cellulose column fractions 

6-9 from MHV-68 alkaline nuclease purification when a 1/1000 dilution of the 

antibody was used (data not shown). The antibody did react with the positive control 

on the same blot (purified HSV-1 alkaline nuclease from a DNA-cellulose column).

When antibodies had been raised against MHV-68 alkaline nuclease (3.6), western 

blots were carried out with samples from the purification of MHV-68 alkaline 

nuclease (Figure 19). Although there was some background binding, particularly with 

the BSA in the DNA-cellulose column load (lane 3, ♦), there was clearly a band 

representing alkaline nuclease (lane 4, *).

RL 1
Figure 19. Analysis of MHV-68 alkaline nuclease 

purification by western blotting

kDa ‘ Samples (lOpl) were separated by SDS-PAGE on a 10%

75 —  ^ acrylamide gel. Proteins were then transferred to

50 —  ' nitrocellulose membrane at 150mA for 1.5h. The blot

3 5   was incubated in supernatant from hybridomas producing

anti-MHV-68 alkaline nuclease antibodies. A secondary 

rabbit anti-mouse antibody was used at a dilution o f  

1/1000 and then an ECL luminescence reaction was 

employed to visualise the results on ECL film. RL gives 

apparent molecular weights in kDa as determined by the 

rainbow ladder. Lane 1, high salt extract; lane 2, phosphocellulose column load; lane 3, DNA-cellulose 

column load; lane 4, peak o f  DNase activity from DNA-cellulose column. Alkaline nuclease (*) and 

BSA (♦) bands are marked.
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3.3.6 Discussion

3.3.6.a HSV-1 alkaline nuclease purification

An attempt was made to purify HSV-1 alkaline nuclease following the previously 

published method of Banks et al. [1983]. Silver staining could not detect protein from 

the DNA-cellulose column but alkaline nuclease could be detected by western 

blotting and the DNase assay after the four day purification procedure. The DNase 

assay was not quantitative and results could therefore not be used to produce 

measurements of the extent of purification. However, the fact that the concentration 

of alkaline nuclease was similar in the DEAE and phosphocellulose fractions (as 

shown by western blotting) whilst the total protein concentration decreased after the 

phosphocellulose column (as shown by SDS-PAGE) indicates some purification of 

alkaline nuclease by the phosphocellulose column.

Previous purification schemes have identified a number of polypeptides that are 

associated with alkaline nuclease activity or that react with alkaline nuclease-specific 

antibodies. Strobel-Fidler and Francke [1980] described three main products (90, 85 

and 70kDa) from their purification of HSV-1 alkaline nuclease. They believed that 

the 85kDa protein was likely to be a breakdown product of the 90kb band because its 

relative amount increased later in purification at the expense of the 90kDa protein and 

addition of [^^S]-methionine to infected cells labelled the 90kDa protein exclusively. 

When Banks et al [1983] employed the protocol described here, they purified a 

single HSV-2 polypeptide of approximately 85kDa but two HSV-1 polypeptides, one 

of 85kDa and another of 80kDa, all of which reacted with the Ql antibody.

Western blots of extracts from HSV-1-infected cells that were incubated with BWpl2 

(a polyclonal antiserum produced in rabbits directed against a full length alkaline 

nuclease synthesised in E. coli) showed three bands, a main band of 86kDa, a second 

at 81 kDa and less dense band at 60kDa. The 60kDa protein was shown to be the 

product of UL 12.5 [Martinez et al., 1996b]. Bronstein and Weber [1996] noted that 

the appearance and quantity of the 81 kDa polypeptide was affected by the method 

used to prepare the infected cell lysates. They therefore concluded that the 81 kDa 

protein was a breakdown product of the 86kDa protein.

The two upper bands in Figure 16b are probably the bands of approximately 86kDa 

and 81kDa described by Martinez et al. [1996b], Banks et al. [1983] and Bronstein 

and Weber [1996]. It appears that the proportion of the lower band increased after the
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phosphocellulose column and then decreased in the final DNA-cellulose fraction. The 

third band is likely to be a degradation product such as those seen by Strobel-Fidler 

and Francke [1980] or those produced during in vitro translation of HSV-1 UL12, 

which produced one major protein of 89kDa and a number of minor species 

[Henderson et al., 1998]. These minor species were thought to be degradation 

products as they were not reactive to antibodies raised against an alkaline nuclease C- 

terminal peptide.

Although Ql is thought to bind to the central region of alkaline nuclease [Banks, 

1984], and so should be capable of binding to UL12.5, it did not detect a band for 

UL12.5 by western blotting in this study or in the work by Banks et al [1983]. There 

may be several reasons for this; the protein may not be soluble in high salt, it may not 

be purified by this protocol or there may not have been enough protein present to 

detect it. Martinez et al. [1996b] showed that the intensity of the UL12.5 band was 

less than 10% of the intensity of the band for the full length alkaline nuclease product.

3.3.6. b MHV-68 alkaline nuclease purification

MHV-68 alkaline nuclease was partially purified from infected cells. However, the 

DNase assay was optimised for high throughput of samples rather than quantifying 

DNase activity and this meant that it was not possible to produce accurate purification 

tables. Although MHV-68 alkaline nuclease was not purified to homogeneity, the 

aims of purifying MHV-68 alkaline nuclease from infected cells were achieved. The 

initial aims were to determine the size of the protein in eukaryotic cells and 

characterise its chromatographic properties. It was also intended that sufficient 

protein would be produced to enable characterisation of biochemical properties 

(3.5.2).

MHV-68 alkaline nuclease was found to be approximately 55kDa, as predicted by 

BioEdit [Hall, 1999] which estimated a molecular weight of 55.5kDa by amino acid 

sequence analysis. This is not the case for the HSV enzymes which are predicted to 

be 66kDa and 67.5kDa by amino acid composition but appear to be approximately 

85kDa by SDS-PAGE analysis. ORF 37 does not encode a proline rich region similar 

to that found at the N-terminus of HSV UL12 and it is thought that this region of the 

enzymes causes slower migration through acrylamide gels [Banks, 1984; Martinez et 

al., 2002]. The MHV-68 alkaline nuclease did not cross-react with a polyclonal 

antibody directed against HSV-2 alkaline nuclease. This suggests that although there
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is a high degree of sequence conservation within the seven conserved motifs, the 

immunogenic epitopes of the proteins are not well conserved.

The partially purified MHV-68 alkaline nuclease obtained in the current study was 

not as pure as the HSV alkaline nucleases obtained by a similar protocol [Banks et 

al., 1983]. This may have also been the case for the HSV alkaline nuclease that was 

partially purified in the current study but the protein in the DNA-cellulose fractions 

could not be visualised by silver staining. The protocol of Banks et al. [1983] was 

employed largely unchanged except that the authors used larger columns containing 

DEAE-cellulose and phosphocellulose so the effects of elution gradients may have 

been different. The DEAE-cellulose may have had slightly different binding 

properties to the DEAE-Sepharose used here. The same may be true for the denatured 

DNA-cellulose; this study used denatured calf thymus DNA whilst Banks et al 

[1983] used denatured salmon sperm DNA. A higher degree of purification may have 

been achieved if buffers with a range of pH values had been tested because the 

optimal pH conditions for purification of the enzymes may be different. This is 

discussed further in 3.4.4.

3.3.6. c Alkaline nuclease elution profiles

Peak fractions (those subsequently pooled and dialysed) were eluted from the 

columns at various concentrations of KCl. The range of KCl concentrations at which 

peak fractions were eluted was analysed by plotting graphs (Figure 20).

The HSV-1 and MHV-68 alkaline nuclease elution profiles are similar for the 

DEAE/Q columns but notably different for phosphocellulose and DNA-Cellulose 

columns. The phosphocellulose column is thought to purify DNA binding proteins 

not by acting as a cation exchanger but by mimicking the phosphates on DNA. 

Therefore, these results may indicate that HSV-1 and MHV-68 alkaline nuclease have 

different DNA binding properties. Under these conditions, MHV-68 alkaline nuclease 

has a higher affinity for denatured DNA than the HSV-1 enzyme. The effects, if any, 

this may have in vivo are unknovm.
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Figure 20, A comparison of the chromatographic properties of HSV-1 and MHV-68 alkaline 

nucleases on a) ionic exchange columns, b) phosphocellulose columns and c) DNA-cellulose 

columns

FPLC fractions containing the peak o f  DNase activity (that was subsequently pooled and dialysed) 

were eluted from the FPLC columns at various concentrations o f  KCl. The ranges o f  KCl 

concentrations at which these peak fractions were eluted were analysed by plotting graphs. MHV-68 

alkaline nuclease purifications are labelled M on the y-axis, HSV-1 alkaline nuclease purifications are 

labelled H on the y-axis. In (a), D on the y-axis represents purifications with DEAE columns whilst Q 

represents purifications with the Resource Q columns. Each bar signifies a different purification run.

Separate regions of EBV DNase are required for nuclease and DNA binding activity 

[Liu et al, 1998b], A number of DNase mutants were constructed and their ability to 

bind and degrade DNA was tested. The authors suggested many peptide regions of 

the protein interact and that a high degree of structural conformity is necessary for 

both DNA binding and DNase activity. In the PRV enzyme, however, the C-terminal 

region (274-492nt, including motifs 4-7) specifically was shown to be important in 

DNA binding [Ho et al., 2000], The binding of PRV DNase to DNA was found to be 

dose-dependent with an estimated ratio of one molecule of DNase to seven 

nucleotides [Hsiang et al., 1998],

Elucidation of the structure of alkaline nuclease may be fundamental to understanding 

how the enzyme binds DNA, In considering methods to inhibit the enzyme with
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drugs, it may be worth investigating the possibility of blocking DNA binding as well 

as, or instead of, blocking the active site. However, this could be difficult to achieve 

with small molecule drugs.

3.3.6. d Conclusions

Alkaline nuclease has been partially purified from MHV-68-infected cells. This 

protein has a molecular weight of approximately 55kDa and has similar 

chromatographic properties to HSV-1 alkaline nuclease, possibly with the exception 

of a slightly higher affinity for DNA. The amount of protein obtained by purification 

from infected cells was not sufficient for detailed biochemical analysis and 

crystallisation and it was also insufficiently pure for this purpose. However, that the 

enzyme could be partially purified by this protocol indicates that it has similar 

properties to other herpesviral alkaline nucleases that have been purified in this way, 

such as those from HSV [Banks et al., 1983] and HCMV [Sheaffer et al., 1997].

It was decided to undertake an expression strategy to produce greater quantities of 

purified enzyme (3.4) and to confirm that ORF 37 encodes the alkaline nuclease. The 

partial purification of alkaline nuclease from infected cells allowed the opportunity to 

gain knowledge of the biochemical properties of virally expressed alkaline nuclease 

which was necessary for comparison with the expressed forms (3.5). It is important 

that possible alterations of enzymatic properties caused by attaching a tag or by 

differences in eukaryotic and prokaryotic post-translational modifications can be 

recognised.
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3.4 Purification of Alkaline Nuclease from E. coli

3.4.1 Introduction

Sequence homology to other alkaline nucleases led to the prediction that ORF 37 

encodes the alkaline nuclease of MHV-68 [Virgin et a i, 1997]. In order to confirm 

that ORF 37 encodes the active alkaline nuclease that was purified from infected 

cells, the gene was expressed in E. coli. The other aim of cloning and expressing 

alkaline nuclease was to produce large quantities of protein that would be easier to 

purify than the virally expressed alkaline nuclease. This would then allow 

biochemical and structural analysis of the protein, as well as the production and 

testing of anti-alkaline nuclease monoclonal antibodies.

Two approaches were followed to increase the chances of producing pure protein that 

would be suitable for structural studies. ORF 37 was cloned into the pCR T7/NT 

TOPO vector for expression with an N-terminal 6xHis-tag (His-AN). His-AN was 

purified to a high degree and used for characterisation of the enzyme and 

immunisation of mice for monoclonal antibody production. ORF 37 was also cloned 

into the pETBlue-1 vector for expression of native or untagged alkaline nuclease (Ut- 

AN). Ut-AN was partially purified and used to test alkaline nuclease-specific 

antibodies. The samples collected during FPLC purification of alkaline nuclease from 

E. coli were originally labelled numerically and this has system has been maintained 

(FPLC fractions).

3.4.2 Purification of His-tagged alkaline nuclease (His-AN)

3.4.2. a Production of pHis-AN

ORF 37 was cloned into the pCR T7/NT TOPO vector to produce pHis-AN as 

described in 2.9.2.a (Figure 21). This vector encodes a 35 amino acid tag that is 

translated at the N-terminus of the inserted PCR product. The tag includes a 

polyhistidine (6xHis) region, the Xpress epitope and an enterokinase recognition 

sequence. pCR T7/NT TOPO was chosen because purification of His-tagged proteins 

is a rapid process which usually results in relatively pure protein. In addition, the 

enterokinase recognition sequence allows the potential for specific removal of the 

first 31 amino acids of the tag. The protein expressed from this plasmid is referred to 

as His-AN.
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Figure 21. Plasmid map of pHis-AN

This map shows the sequence landmarks in the plasmid pHis-AN which was produced by cloning ORF 

37 into the TOPO cloning site o f  pCR T 7/N T -T 0P 0. The expanded sequence above the main plasmid 

map shows the features o f  the ORF 37 N-terminal tag from the ATG. Where labels are abbreviated on 

the diagram, explanations are as follows: T7, T7 promoter and priming site; RBS, ribosome binding 

site; ATG, initiation codon for His-AN (ORF 37 plus tag); 6xHis, polyhistidine region; EK, 

enterokinase recognition site.

3.4.2. b Expression of His-AN

pHis-AN was transformed into three expression strains of E coli: BL21 Star (DE3), 

BL21(DE3)pLysS and BL21-CodonPlus(DE3)-RIL. The BL21 strain was designed 

for the expression of target genes by the T7 promoter; it does not produce two key 

proteases, Ion and OmpT, and this reduces protein degradation. All DE3 hosts carry 

T7 RNA polymerase under the control of the lacUYS promoter which is IPTG 

inducible.

A trial induction of 3h was performed at 30°C with ImM IPTG. Samples were 

processed by sonication as described in 2.9.2.ci and protein concentrations were
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normalised by Agoo reading. Samples were then analysed by SDS-PAGE (Figure 22) 

and western blotting with anti-polyhistidine antibody to determine expression levels 

of His-AN (data not shown).
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Figure 22. Analysis of His-AN expression in three strains of bacteria by SDS-PAGE

BL21 Star (DE3), BL21-CodonPlus(DE3)-RIL and BL21(DE3)pLysS E. coli containing pHis-AN  

were grown at 37°C in 500ml o f  LB broth to an Agoo o f  0.15-0.3 (BL21 Star (DE3) had an Â oo o f  

0.044) and then moved to 30°C. When cultures reached an Â oo o f  0.6-0.9 ((BL21 Star (DE3) had an 

Aôoo o f  0.121) they were induced with ImM IPTG for 3h. Â oo readings were taken before the bacteria 

were centrifuged and pellets (some from 10ml aliquots) were frozen at -80°C. Pellets from 10ml 

aliquots were thawed and resuspended in 0.7-4ml o f  Tris buffer (50mM Tris-HCl, pH 9, 50mM KCl) 

to normalise samples to number o f bacteria (A ôo o f 10 : 6ml buffer). Suspension (500pl) was sonicated 

to lyse bacteria and then centrifuged at lOOOOxg at 4°C for lOmin. Insoluble protein pellets were 

washed in 800pl o f Tris buffer, centrifuged and then resuspended in lOOpl o f  Tris buffer. Soluble and 

insoluble proteins were analysed by SDS-PAGE on a 10% acrylamide gel. Proteins were stained with 

Coomassie blue. Figure labels as follows: RL gives apparent molecular weights in kDa as determined 

by the rainbow ladder; lanes 1-2, BL21 Star (DE3) soluble and insoluble proteins, respectively; lanes 

3-4, BL21-CodonPlus(DE3)-RIL soluble and insoluble proteins, respectively; lanes 5-6, 

BL21(DE3)pLysS soluble and insoluble proteins, respectively; L gives apparent molecular weights in 

kDa as determined by the lOkDa protein ladder. His-AN is marked (*).

The BL21-CodonPlus(DE3)-RIL strain clearly produced the most His-AN although 

the majority of this was found in the insoluble fraction (lane 4). The BL21(DE3) 

pLysS strain produced the least His-AN (lanes 5 and 6) so further work did not 

involve this strain. His-AN had an apparent molecular weight of about 60kDa so the
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tag added an additional 3-5kDa to the molecular weight of alkaline nuclease as would 

be expected.

A number of induction conditions were tested to maximise expression of soluble His- 

AN in the BL21-CodonPlus(DE3)-RIL and BL21 Star (DE3) strains. Variations in 

the concentration of IPTG, the broth type and the induction temperature and time 

were assessed (2.9.2). The best conditions were as follows: BL21-CodonPlus(DE3)- 

RIL cells grown in T broth with 1% glucose and induced with O.lmM IPTG at 20°C 

for 16-18h. Figure 23 shows expression of soluble His-AN under these conditions 

(lane 1), compared to expression of soluble His-AN from the same bacteria grown in 

LB broth with 1% glucose. The identity of the AN band was confirmed by western 

blotting with an anti-polyhistidine antibody (data not shown).

RL 1 2 Figure 23. Expression of soluble His-AN in

CodonPIus(DE3)-RIL bacteria
105 —

75 —  CodonPlus(DE3)-RJL bacteria containing pHis-AN were grown

at 37°C in 20ml o f  LB broth or T broth with 1% glucose to an 

50 — Aôoo o f  0.4 or 0.48, respectively, then moved to 20°C. When

—...... cultures reached an Aôoo o f 0.62 or 0.67, respectively, they were

35 — induced with O.lmM IPTG for 16h. Â oo readings were taken

before the bacteria were centrifuged and pellets were 

resuspended in 1.5 or 7.6ml o f  Tris buffer, respectively, (50mM  

Tris-HCl, pH 9, 50mM KCl) to normalise samples to number o f  

bacteria (A^oo o f  10 : 6ml buffer). Soluble proteins were 

prepared and electrophoresed on a 10% acrylamide gel as 

described in Figure 22. Figure labels as follows: RL gives 

apparent molecular weights in kDa as determined by the 

rainbow ladder; lane 1, soluble protein from bacteria grown in T broth with 1% glucose; lane 2, soluble 

protein from bacteria grown in LB broth. His-AN is marked (*).

3.4.2. c Purification of His-AN

The testing of several chromatographic media for use in the purification of His-AN is 

described in this chapter. The final protocol employed an Ni-NTA column and an SP 

Sepharose column and is represented in Figure 24.
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Figure 24. Schematic representation of the purification of His-AN

The first step in the purification process was His-tag purification by Ni-NTA resin 

because this process is rapid and usually produces relatively pure protein.

Half a litre of BL21-CodonPlus(DE3)-RIL culture carrying the pHis-AN plasmid was 

induced as previously described (3.4.2.b). It was then processed by French press and 

clarified before the soluble protein was loaded onto an Ni-NTA column. The column 

was washed with increasing concentrations (7.5-25mM) of imidazole and His-AN 

was eluted with 250mM imidazole. The FPLC fractions were analysed by SDS- 

PAGE (Figure 25a). Fractions 18 and 19 (lanes 3 and 4) were found to contain the 

majority of protein eluted at 250mM imidazole and were pooled. This solution was 

tested in the DNase assay and was found to contain alkaline nuclease activity (Figure 

25b). Protein produced by induction of BL21 Star (DE3) bacteria under the same
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conditions was also purified by Ni-NTA but less His-AN was obtained (data not 

shown).
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Figure 25, Purification of active His-AN by Ni-NTA resin

BL21-CodonPlus(DE3)-RIL cells were grown in 500ml o f T broth with 1% glucose and induced with

O.lmM IPTG at 20°C for 18h. Bacteria were resuspended in 10ml o f  phosphate lysis buffer (50mM  

NaH2P0 4 , 300mM NaCl, lOmM 2-mercaptoethanol, pH 8) before being frozen at -80°C. After 

thawing, a Complete EDTA-free protease inhibitor tablet and DNase I ( 10-1 OOpg/ml) were added. The 

suspension was processed at lOOOpsi in a French press and centrifuged at 4°C at 48000xg for Ih. A 

10ml column o f  Ni-NTA was equilibrated with phosphate lysis buffer before the supernatant was 

loaded. It was then washed with 20ml steps o f  3% and 6% elution buffer (50mM NaH2P0 4 , 300mM  

NaCl, lOmM 2-mercaptoethanol, 250mM imidazole, pH 8) followed by 40ml o f  10% elution buffer. 

His-AN was eluted with 50ml o f  100% elution buffer. Fractions (5ml) were collected throughout and 

samples from these were separated by SDS-PAGE on a 10% acrylamide gel. The gel was stained with 

Coomassie blue dye (a). Figure labels as follows: RL gives apparent molecular weights in kDa as 

determined by the rainbow ladder; lane 1, column load (Ipi); lane 2, wash fraction (Ipl); lanes 3-6, 

fractions 18-21, respectively (lOpl), eluted with 250mM imidazole. His-AN is marked (*). To measure 

DNase activity (b), a lOpl sample from pooled fractions 18-19 (Ni-NTA elution) was added to a 

DNase assay containing 3pg o f  radiolabelled DNA, 5pg o f  salmon sperm DNA, 3mM MgCb, lOmM 

2-mercaptoethanol, and 50mM Tris-HCl pH 9. Reactions had a total volume o f  200pl and were 

incubated for 30min at 37°C. Reactions were quenched by the addition o f  I ml o f  cold 5% TCA. BSA  

(250pg) was added, then the mixture was kept on ice for 30min before centrifugation at 7400xg for 

lOmin to sediment TCA-insoluble material. Acid-soluble radioactivity (200pl) was mixed with 

scintillation fluid (1.8ml) and the radioactivity was measured in cpm. A negative control o f  lOpl o f  

DDW and a positive control o f  2000U o f exonuclease III were also tested.
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Gel filtration was employed in an attempt to remove contaminants of His-AN. A 

150ml Superdex 200 column was equilibrated in gel filtration buffer (20mM Tris- 

HCl, 50mM NaCl, lOmM DTT, pH 8). Pooled fractions 18 and 19 from the Ni-NTA 

elution were loaded onto the column and then eluted at 2ml/min in gel filtration 

buffer (Figure 26). The fractions were analysed by SDS-PAGE and the DNase assay 

for presence of His-AN (Figure 27).
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Figure 26. Chromatogram of an attempt to purity His-AN by gel filtration

A 150ml Superdex 200 column was equilibrated in gel filtration buffer (20mM Tris-HCl, 50mM NaCl, 

lOmM DTT, pH 8). Ni-NTA purified His-AN was loaded onto the column and then eluted at 2ml/min 

in gel filtration buffer. Fractions (5ml) were collected. The chromatogram displays measurements o f  

conductivity (— ) and protein concentration (— ). Fractions 20-31 are shown (— ).
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Figure 27. Analysis of His-AN purification by gel filtration with SDS-PAGE and the DNase assay

His-AN purified on Ni-NTA resin was applied to a Superdex 200 column and washed through with 

Tris buffer. Fractions (5ml) were collected and samples from these were analysed by SDS-PAGE (a) 

and the DNase assay (b). a) Samples (lOpl) were separated by SDS-PAGE on a 10% acrylamide gel. 

The gel was stained with Coomassie blue dye. Figure labels as follows: RL gives apparent molecular 

weights in kDa as determined by the rainbow ladder; lanes 1-6, fractions 20-25; lanes 7 and 14, 

column load; lanes 8-13, fractions 26-31 (except lane 11 is empty), His-AN is marked (*). b) To 

measure DNase activity, lOpl o f FPLC fractions were added to a DNase assay containing 3pg o f  

radiolabelled DNA, 5pg o f  salmon sperm DNA, 3mM MgCla, lOmM 2-mercaptoethanol, and 50mM 

Tris-HCl, pH 9. Reactions had a total volume o f 200pl and were incubated for 30min at 37°C. 

Reactions were quenched by the addition o f  1ml o f  cold 5% TCA. BSA (250pg) was added, then the 

mixture was kept on ice for 30min before centrifugation at 7400xg for lOmin to sediment TCA- 

insoluble material. Acid-soluble radioactivity (200pl) was mixed with scintillation fluid (1.8ml) and 

the radioactivity was measured in cpm. FPLC fractions relate to those in (a). The column load (L) was 

tested and fractions 28-30 were pooled and concentrated approximately 17-fold before they were tested 

in the assay. A negative control (-) o f  lOpl o f  DDW and a positive control (+) o f  2000U o f  exonuclease 

III were included.
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The gel filtration column did not significantly purify His-AN; some of the 

contaminating bands can still be seen in fractions 28 and 30 where His-AN was most 

concentrated (a, lanes 10 and 12). Active His-AN was found in over a third of the 

elution fractions and the major peak occurred just before elution of NaCl, after 

approximately 360ml of buffer had been pumped onto the column. Although there 

was a peak in the A280 reading after the NaCl peak (a), these fractions did not contain 

any protein detectable by Coomassie blue staining (data not shown). As this method 

did not significantly increase the purity of His-AN, it was decided to test another 

chromatographic technique and ionic exchange was used as an alternative method for 

the removal of contaminants.

Preliminary analysis was carried out to determine the pH that could be used to most 

effectively remove contaminants (2.9.2.dii). As most E. coli proteins have isoelectric 

point (pi) values below 7, the use of cation exchangers with high pH buffers should 

remove most E. coli proteins from bound target proteins [McAlister, 2000]. Purified 

His-AN that had been eluted from the Ni-NTA column was desalted on PD 10 

columns and loaded onto Vivapure C columns (cation exchange columns) pre

equilibrated in buffers of pH 6 -  pH 7.5. Columns were washed and then all protein 

was eluted in IM NaCl. It was found that although the pH 7.5 buffer allowed some 

leaching of His-AN during washing, it was the most effective for removal of high 

molecular weight contaminants (Figure 28).
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Figure 28. Removal of His-AN high molecular weight contaminants by cation exchange 

chromatography at pH 7.5

His-AN eluted from the Ni-NTA column was first desalted on a PD 10 column equilibrated in pH 7.5, 

15mM MOPS buffers. A Vivapure C mini ionic exchange column was equilibrated in the same buffer, 

then it was loaded with the desalted His-AN sample. The column was washed with buffer and then 

proteins were eluted in IM NaCl in pH 7.5 15mM MOPS buffer. Samples (lOpl) were separated by 

SDS-PAGE on a 10% acrylamide gel. The gel was stained with Coomassie blue dye. Figure labels as 

follows: RL gives apparent molecular weights in kDa as determined by the rainbow ladder; lane 1, 

Vivapure load; lane 2, wash fraction; lane 3, IM NaCl elution. His-AN is marked (*).

For large scale purification of His-AN, 1.81 of BL21-CodonPlus(DE3)-RIL was 

induced. The sample was processed by French press, clarified by centrifugation and 

applied to the Ni-NTA column. The eluted His-AN was then applied directly to an SP 

Sepharose column as it had been found that the 300mM NaCl content of the load 

prevented binding by some contaminants (data not shown). Purification was 

monitored by chromatograms produced by the FPLC machines and by SDS-PAGE. 

Chromatographic and SDS-PAGE data from a typical large scale purification by Ni- 

NTA and SP sepharose columns is shown in Figure 29 and Figure 30, respectively.

Fractions 34-46 from the SP Sepharose column contained over 16mg of His-AN, as 

determined by Aigo reading. This equates to approximately 9mg of purified His-AN 

(>95% purity) per litre of E. coli.
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Figure 29. Large scale purification o f His-AN by Ni-NTA

BL21-CodonPlus(DE3)-RIL bacteria transformed with pHis-AN were grown in 1.81 o f T broth with 

1% glucose and were induced with 0.1 mM IPTG at 20°C for ISh. The sample was resuspended in 

60ml o f  lysis buffer (50mM NaH2P0 4 , 300mM NaCl, lOmM 2-mercaptoethanol) with a mixture o f  

protease inhibitors and DNase I. The sample was processed by French press, clarified by centrifugation 

and applied to a 10ml Ni-NTA column that had been equilibrated with lysis buffer. The purification 

process was monitored by an FPLC chromatogram (a). The column was washed with 3%, 6% and 10% 

o f elution buffer ((—-) 50mM NaH2P0 4 , 300mM NaCl, lOmM 2-mercaptoethanol, 250mM imidazole, 

pH 8). His-AN was eluted with 100% elution buffer. Fractions (5ml) were collected throughout. A 280 

was measured as an indication o f protein concentration (— ). Fractions 38-41 are marked (— ). Samples 

(lOpl) from FPLC fractions were analysed by SDS-PAGE on a 10% acrylamide gel (b). The gel was 

stained with Coomassie blue dye. Figure labels as follows: RL gives apparent molecular weights in 

kDa as determined by the rainbow ladder; lanes 1-4, fraction 38-41, respectively; lane 5, pooled 

fractions 38-41 that were further purified. His-AN is marked (*).
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Figure 30. Large scale purification o f His-AN by SP Sepharose

A 150ml SP Sepharose column was equilibrated with wash buffer (15mM MOPS, pH 7.5). The pooled 

eluted His-AN from Ni-NTA purification o f 1.81 o f  culture (Figure 29b, lane 5) was loaded onto the 

column. The purification process was monitored by an FPLC chromatogram (a). The column was 

washed with 150ml o f  wash buffer, then His-AN was eluted with a 150ml gradient o f  0-100% of  

elution buffer ((— )15mM MOPS, IM NaCl, pH 7.5). Fractions (10ml) were collected throughout. A 280 

was measured as an indication o f  protein concentration (— ). Fractions 39-45 are marked (— ). FPLC 

fractions were analysed by SDS-PAGE (b, c). Samples (lOpl) were separated by SDS-PAGE on 10% 

acrylamide gels. The gels were stained with Coomassie blue dye. Figure labels as follows: RL gives 

apparent molecular weights in kDa as determined by the rainbow ladder, His-AN is marked (*). b) lane 

1, column load; lanes 2-4, fractions 2-4, respectively; c) lanes 1-7, fractions 39-45, respectively.
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3.4.3 Purification of untagged aikaiine nuclease (Ut-AN)

Alkaline nuclease was also expressed without a tag in E. coli. This was in order to 

determine whether monoclonal antibodies produced by immunisation of mice with 

His-AN (3.6) were directed against the alkaline nuclease protein or the tag of His- 

AN. Also, Ut-AN might prove more amenable to crystallisation than His-AN and it 

would be necessary if the activity of alkaline nuclease was altered by the addition of a 

His-tag.

3.4.3.a Production of pUt-AN

ORF 37 PCR products were cloned into the Eco RV  site of the pETBlue-1 vector to 

produce the plasmid pUt-AN (Figure 31) as described in 2.9.3.a. This vector was 

chosen because it allows tightly regulated, high level expression of untagged protein. 

Plasmids were transformed into Novablue cells and purified. The presence of ORF 37 

was confirmed by PCR amplification of ORF 37 with the primers ORF37 F and 

ORF37 R (see Materials and Methods, Appendix for details). Insert orientation was 

checked by restriction digest with4/? ///before the plasmid was sequenced. The 

protein expressed from pUT-AN is referred to as Ut-AN.

T7 promoter

pUC oiigiii

4944438

ORF 37
9873945

pU t-A N
4939 bp

14803452

Ampicilliii resktnnc

19732959

2466

^^dism pted  lacZ 

LncZ promoter

fl ongiii

Figure 31. Plasmid map of pUt-AN

This map shows the sequence landmarks in the plasmid pUt-AN which was produced by cloning ORF 

37 into the acceptor cloning site {Eco R V )o ï  pETBlue-1. This disrupts the coding sequence o f  the lacZ  

alpha-peptide. Expression o f  ORF 37 is driven by the T7 promoter.
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3.4.3. b Expression of Ut-AN

pUt-AN and pETBlue-1 were transformed into the Tuner(DE3)pLacI strain. Tuner 

strains are mutants of BL21 which allow ‘rheostat’ control with IPTG. pLacI strains 

carry plasmids encoding the lac repressor which suppresses basal expression of target 

genes under the T7 promoter (although other pET plasmids encode this, pETBlue 

does not). Bacteria were grown in LB or T broth with 1% glucose to an Â oo of 0.6- 

0.8 and induced with IPTG at 37, 26 or 20°C for varying periods of time. Separate 

fractions of soluble and insoluble proteins were produced by sonication and 

centrifugation of bacteria. Samples were analysed by SDS-PAGE to assess optimal 

conditions for expression of soluble Ut-AN. Figure 32 shows an example of SDS- 

PAGE analysis of soluble protein produced by some of the induction conditions 

tested.
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Figure 32. Expression of soluble Ut-AN in E, coli

Tuner(DE3)pLacI cells transformed with pUt-AN and pETBlue-1, were grown in LB or T broth (both 

with 1% glucose) to an Â oo o f -0 .6  and induced with ImM IPTG at 37°C or 20°C for varying periods 

o f  time. Bacteria were resuspended in 2.3-5.8ml o f  50mM Tris-HCl, pH 7.5 (buffer A) unless noted as 

buffer B (50mM Tris-HCl, pH 9, 50mM KCl). Samples were normalised by A ôo (Aeoo o f  10 : 6ml o f  

buffer). Soluble proteins were prepared and electrophoresed on a 10% acrylamide gel as described in 

Figure 22. Figure labels for various induction conditions as follows: L gives apparent molecular 

weights in kDa as determined by the lOkDa protein ladder; lane 1, pETBlue-1, LB broth, 4hrs, 37°C; 

lane 2, pUt-AN, LB broth, 4hrs, 37°C; lane 3, pUt-AN, LB broth, overnight, 20°C; lane 4, as lane 3 but 

buffer B; lane 5; pUt-AN, T broth, overnight, 20°C; lane 6, as lane 5 but buffer B; lane 7, pETBlue-1, 

LB broth, overnight, 20°C; lane 8, pETBlue-1, T broth, overnight, 20°C; RL gives apparent molecular 

weights in kDa as determined by the rainbow ladder. Ut-AN is marked (*)
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After induction with ImM IPTG, a band of approximately 55kDa could be seen in the 

soluble fractions of cells containing pUt-AN (lanes 2-6), but not in the pETBlue-1 

negative controls (lanes 1, 7, 8). Assessment of the gels indicated that an overnight 

induction in T broth at 20°C (lanes 5 and 6) produced similar yields per cell 

compared to a 4h induction at 37°C in LB broth (lane 2) or T broth (data not shown) 

but with a much higher final Agoo reading. The final conditions chosen were growth in 

T broth with 1% glucose and induction with ImM IPTG at 20°C for 16-20h.

Tuner(DE3)pLacI bacteria transformed with pUt-AN and pETBlue-1 were incubated 

under these conditions but with 0-ImM IPTG. Soluble proteins were analysed by 

SDS-PAGE (data not shown) and tested for DNase activity (Figure 33). Ut-AN was 

found to be an active alkaline nuclease and the DNase activity of soluble proteins 

from Tuner cells containing pUt-AN was significantly higher than that present in 

pETBlue-1 containing cells. The DNase activity correlated with the intensity of a 

band of approximately 55kDa on an acrylamide gel (data not shown).
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Figure 33. Expression from pUt-AN and pETBlue-1

Tuner(DE3)pLacI cells transformed with pUt-AN (black bars) or pETBlue-1 (grey bars), were grown 

in T broth with 1% glucose to an Â oo o f  -0 .6  and induced with 0-lm M  IPTG at 20°C overnight. 

Bacteria were resuspended in 50mM Tris-HCl, pH 9 with 50mM KCl and normalised by Â oo reading 

(Aéoo o f  10 ; 6ml). Soluble protein was prepared as described in Figure 22 and lOpl aliquots were then 

tested for DNase activity in assays containing 3mM MgCb, lOmM 2-mercaptoethanol, 50mM Tris- 

HCl, pH 9, 3pg o f  radiolabelled DNA, 5pg o f salmon sperm DNA. Reactions had a total volume o f
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200p.l and were incubated for 30min at 37°C. Reactions were quenched by the addition o f  1ml o f  cold 

5% TCA. BSA (250^ig) was added, then the mixture was kept on ice for 30min before centrifugation at 

7400xg for lOmin to sediment TCA-insoluble material. Acid-soluble radioactivity (200pl) was mixed 

with scintillation fluid (1.8ml) and the radioactivity was measured in cpm.

3.4.3. c Purification of Ut-AN

A  two-step purification scheme was employed to purify Ut-AN, using first an ionic 

exchange column and then a gel filtration column. This is depicted in Figure 34.
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Figure 34. Schematic representation of the purification of Ut-AN

A culture of Tuner(DE3)pLacI E. coli (21) containing pUt-AN was induced with ImM 

IPTG at 20°C for 20h and then processed as described in 2.9.3.c. Briefly, the bacteria 

were resuspended in 50ml of Tris lysis buffer (20mM Tris-HCl, pH 8.6, 50mM NaCl,
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10% glycerol, ImM PMSF), then processed by French press and clarified by 

centrifugation. A 150ml SP Sepharose column was equilibrated in wash buffer and 

then the soluble protein was loaded. The column was washed with 200ml of wash 

buffer and then proteins were eluted with a 0-100% gradient of elution buffer (20mM 

Tris-HCl, IM NaCl, O.lmM PMSF, 10% glycerol, pH 8.6). Fractions (10ml) were 

collected and proteins were analysed by SDS-PAGE, western blotting and the DNase 

assay (Figure 35).

Figure 35. Purification of Ut-AN by ionic exchange

Tuner(DE3)pLacI bacteria transformed with pUt-AN were grown in 21 o f  T broth with 1% glucose and 

were induced with ImM IPTG at 20°C for 20h. The sample was resuspended in 50ml o f  Tris lysis 

buffer (20mM Tris-HCl, pH 8.6, 50mM NaCl, 10% glycerol, ImM PMSF). The sample was processed 

by French press, clarified by centrifugation and applied to a 150ml SP Sepharose column that had been 

equilibrated with wash buffer (20mM Tris-HCl, pH 8.6, 50mM NaCl, 10% glycerol, O.lmM PMSF). 

The purification process was monitored by FPLC chromatograms (a). The chromatographic 

purification from the start o f  the wash step is shown in the small left-hand insert; the enlarged section 

shows the elution gradient. The column was washed with 200m l o f  wash buffer and then proteins were 

eluted with a gradient o f  0-100% o f  elution buffer ((— ) 20mM  Tris-HCl, pH 8.6, IM  NaCl, 10% 

glycerol, O.lmM PMSF). Fractions (10ml) were collected throughout. A 280 was measured as an 

indication o f  protein concentration (— ). Fractions 44-59 are marked (— ). Samples from FPLC 

fractions were analysed by SDS-PAGE (b), western blotting (c) and DNase assay (d). Samples (lOpl) 

were analysed by SDS-PAGE on two identical 10% acrylamide gels. One gel was stained with 

Coomassie blue dye. Proteins from the second gel were transferred to nitrocellulose membrane at 

150mA for 1.5h. The blot was incubated in supernatant from hybridomas producing anti-MHV-68 

alkaline nuclease antibodies. A  secondary rabbit anti-mouse antibody was used at a dilution o f  1/3000, 

then a colour reaction with 4-chloro-1 -napthol was used to visualise the results. Figure labels for (b) 

and (c) as follows: RL gives apparent molecular weights in kDa as determined by the rainbow ladder; 

lane 1, column load (Ipl); lane 2, fraction 1 (Ipl); lanes 3-9, fractions 38, 44, 47, 50, 53, 56, 59, 

respectively. His-AN is marked (*). lOpl aliquots o f  the FPLC fractions were tested for DNase activity 

(d) in assays containing 3mM MgC^, lOmM 2-mercaptoethanol, 50mM Tris-HCl, pH 9, 3pg o f  

radiolabelled DNA, 5pg o f  salmon sperm DNA. Reactions had a total volume o f2 0 0 p l and were 

incubated for 30min at 37°C. Reactions were quenched by the addition o f  1ml o f  cold 5% TCA. BSA  

(250|ig) was added, then the mixture was kept on ice for 30min before centrifugation at 7400xg for 

lOmin to sediment TCA-insoluble material. Acid-soluble radioactivity (200pl) was mixed with 

scintillation fluid (1.8ml) and the radioactivity was measured in cpm.
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Alkaline nuclease activity was eluted from the SP Sepharose column at 

approximately 0.5M NaCl, primarily in fractions 44-65 (Figure 35d). A band of 

approximately the correct size (55kDa) for Ut-AN was present in all the FPLC 

fractions that were analysed by SDS-PAGE (fractions 38-59, Figure 35b lanes 1-9). 

Whilst fraction 38 (Figure 35b, lane 1) appeared to have a large Ut-AN band on the 

acrylamide gel, it possessed very little DNase activity. To investigate this anomaly, 

western blotting was carried out with anti-His-AN antibodies (Figure 35c, lanes 1-9). 

This confirmed the DNase assay results and showed that the protein of approximately 

55kDa in fraction 38 (lane 1) was not Ut-AN as it was not recognised by antibodies 

directed against His-AN. The band in lane 1 could be distinguished from Ut-AN by 

electrophoresing samples for a longer time on acrylamide gels with a higher 

proportion of acrylamide to bisacrylamide to achieve a much greater separation. This 

showed that the protein in fraction 38 had a slightly higher molecular weight than Ut- 

AN. Fraction 38 was not included in further purification steps.

Fractions 47 to 56 were pooled and adjusted to 1.5M NaCl; this solution (100ml) 

contained 37.8mg of protein as determined by Aiso reading. Some of this solution was 

used to assess purification by DNA-cellulose and phosphocellulose and the remaining 

42.5ml was reduced to 11ml with a Vivaspin 20ml concentrator. Most of this solution 

(10ml) was then applied to a 300ml column of Superdex 75 prep grade that had been 

equilibrated in high salt cation exchange buffer. Proteins were washed through the 

column at 2ml/min with high salt cation exchange buffer. Results were analysed by 

SDS-PAGE, western blotting and the DNase assay (Figure 36).

Ut-AN was significantly purified by gel filtration (lanes 4 and 5), however, some of 

the Ut-AN was collected in fractions with high molecular weight proteins (fractions 

29-35). This would not be expected for a 55.5kDa monomer so the protein may have 

formed higher order structures or aggregated.
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Figure 36. Purification of Ut-AN by gel filtration

Ut-AN purified by SP Sepharose (~1 Img) was adjusted to 1.5M NaCl. A  300ml Superdex 75 prep 

grade column was equilibrated in high salt cation exchange buffer (20mM Tris-HCl, 1.5M NaCl, 10% 

glycerol, O.lmM PMSF, pH 8.6), then the SP Sepharose column solution was applied and washed 

through at 2ml/min. A  chart recorder was used to record measurements o f  Aggo and 4ml fractions were 

collected during the period 100-240ml (fractions 26-60) (a). The chart recorder A 280 measurement was 

set to sensitivity=0.5 and zeroed against high salt cation exchange buffer. The rate o f  movement was 

initially set to 0.02cm /ml but changed to 0.5cm/ml before fraction 30. FPLC fractions were analysed 

by SDS-PAGE (b), western blotting (c) and DNase assay (d). Samples (lOpl) were analysed by SDS- 

PAGE on two identical 10% acrylamide gels. One gel was stained with Coomassie blue dye. Proteins 

from the second gel were transferred to nitrocellulose membrane at 150mA for 1.5h. The blot was 

incubated in supernatant from hybridomas producing anti-MHV-68 alkaline nuclease antibodies. A  

secondary rabbit anti-mouse antibody was used at a dilution o f  1/3000, then a colour reaction with 4- 

chloro-1-napthol was used to visualise the results. Figure labels for (b) and (c) as follows: L gives 

apparent molecular weights in kDa as determined by the perfect protein ladder; lanes 1-8, fractions 34- 

41, respectively. His-AN is marked (*). Aliquots (lOpl) o f  the FPLC fractions were also tested for 

DNase activity (d) in assays containing 3mM MgCla, lOmM 2-mercaptoethanol, 50mM Tris-HCl, pH 

9, 3pg o f  radiolabelled DNA, 5pg o f  salmon sperm DNA. Reactions had a total volume o f  200pl and 

were incubated for 30min at 37°C. Reactions were quenched by the addition o f  1ml o f  cold 5% TCA. 

BSA (250pg) was added, then the mixture was kept on ice for 30min before centrifugation at 7400xg  

for lOmin to sediment TCA-insoluble material. Acid-soluble radioactivity (200pl) was mixed with 

scintillation fluid (1 .8ml) and the radioactivity was measured in cpm.
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Some of the Ut-AN eluted from the SP Sepharose column was applied to 

phosphocellulose and DNA-cellulose columns in an attempt to remove the 

contaminating bands that were still present after gel filtration. Samples from SP 

Sepharose column elution (3ml) were mixed with 45ml of cation exchange buffer 

without NaCl (20mM Tris-HCl, 10% glycerol, O.lmM PMSF, pH 8.6) to dilute the 

NaCl content to 0.1 M NaCl. Columns of phosphocellulose and DNA-cellulose (2ml) 

were equilibrated in cation exchange buffer with O.IM NaCl (20mM Tris-HCl, O.IM 

NaCl, 10% glycerol, O.lmM PMSF, pH 8.6), then samples were applied. The 

columns were washed with cation exchange buffer and then a 40ml gradient of 0.1- 

IM NaCl was applied. Fractions were collected and analysed by SDS-PAGE, 

alongside Ut-AN eluted from the gel filtration column (data not shown). It was found 

that these protocols did not achieve further purification of Ut-AN.

3.4.4 Discussion

The aim of expressing alkaline nuclease in E. coli was to produce large quantities of 

protein that could be easily purified to a high degree. This protein could then be used 

in biochemical and structural characterisation of alkaline nuclease, as well as in the 

production and testing of alkaline nuclease-specific monoclonal antibodies.

3.4.4. a Purification of His-AN

The expression and purification of His-AN described here resulted in the collection of 

large quantities of highly purified, active protein. The CodonPlus(DE3)-RIL strain 

expressed the most protein, showing that translation of mRNA was a limiting factor. 

The BL21-CodonPlus(DE3)-RIL strain encodes extra copies of genes for tRNAs 

rarely used inE. coli (argU, ileY, leuW) [Kane, 1995]. Isoleucine and leucine are the 

two most common amino acids in MHV-68 alkaline nuclease and together constitute 

over 16% of the protein. Of the codons in ORF 37, 6.8% are recognised by the tRNAs 

encoded by argU, ileY and leuW compared to only 1.1% of E". coli codons [Kane, 

1995]. The BL21 Star (DE3) strain also produced more His-AN than the 

BL21(DE3)pLysS strain, indicating that enhancing mRNA stability (with a mutation 

in the RNaseE gene) increased protein yields.

The majority of protein produced by these strains when Ut-AN production was

induced at 30°C for 3h was insoluble. A lower induction temperature was found to

increase His-AN solubility and the addition of 1% glucose, to limit basal expression,

also slightly improved yields. The BL21(DE3)pLysS strain produces a low level of
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T7 lysozyme which inhibits basal expression of T7 RNA polymerase and so reduces 

basal expression of the gene of interest. As BL21(DE3)pLysS produced the lowest 

yields of His-AN it was surprising that limiting basal expression in BL21- 

CodonPlus(DE3)-RJL E. coli with glucose should improve yields. It may be that 

reducing basal levels was only advantageous over a longer growth period and perhaps 

the BL21(DE3)pLysS strain produced enough lysozyme to significantly inhibit T7 

RNA polymerase even under induction conditions [Novy and Morris, 2001].

The Ni-NTA step showed the greatest purification, as would be expected, but the 

subsequent gel filtration that was performed was not effective for removal of the low 

molecular weight contaminants. His-AN was found in over a third of the fi*actions 

collected from the column before the NaCl peak and the highest concentration was 

found immediately before the elution of NaCl. Superdex 200 has a fractionation range 

of 10-600 kDa but the spread of the His-AN peak and the late elution indicates that 

there was some interaction with the matrix. MHV-68 alkaline nuclease contains more 

basic amino acids (14.4%) than acidic amino acids (10.8% ). The 35 amino acid tag is 

also slightly basic, containing nine basic amino acids and only six acidic amino acids. 

At low ionic strengths (<150mM) basic proteins may be retarded by Superdex so 

adsorption may have been preventable by the use of a higher NaCl concentration in 

the buffer. The second A280 peak did not contain any protein visible by Coomassie 

staining and may have been an artefact or could have been caused by nucleotides 

carried through the purification procedure by alkaline nuclease. Purification of the Ni- 

NTA eluted fractions by ionic exchange removed the major contaminants to yield 

highly pure His-AN (>95% purity).

3.4.4. b Purification of Ut-AN

The expression of Ut-AN was lower than that of His-AN (estimated by comparison of 

expression and purification using SDS-PAGE) and may have benefited from the 

testing of more bacterial strains. However, enough Ut-AN was produced to follow the 

purification process by SDS-PAGE analysis, although the use of antibodies was 

beneficial to exclude a similar sized protein from further purification.

The gel filtration method was more successful in purifying Ut-AN than His-AN. This 

is probably because a concentration of 1.5M NaCl was used in the column buffer, 

preventing charge interactions with the matrix. However, the results were not 

consistent with Ut-AN being a 55.5kDa monomer. Alkaline nuclease was collected
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from the void volume of the column and this suggests that the protein was either 

aggregated or in a higher order conformation.

Ut-AN was of approximately the same molecular weight as the band identified as 

alkaline nuclease purified from infected cells and the 55.5kDa predicted size for 

MHV-68 alkaline nuclease. Several other herpesviruses have been shown to encode 

alkaline nucleases of a similar size to their predicted molecular weight, for example, 

HCMV (predicted 65kDa, reported 58kDa [Adam et al., 1995]), EBV (predicted 

52.7kDa, reported 52.5kDa [Baylis et a l, 1989]) and PRY (predicted 53.4kDa, 

reported 53 [Hsiang et al., 1996]). However, HSV-1 and HSV-2 alkaline nucleases 

are predicted to be 67.5kDa and 66kDa, respectively, but appear to be approximately 

85kDa by SDS-PAGE, probably because of the proline-rich region as described 

previously (3.3.6.b). Although apparent molecular weight as determined by SDS- 

PAGE analysis may also be affected by post-translational modifications, there was no 

evidence of any size difference between dephosphorylated HSV-1 alkaline nuclease 

produced in rabbit reticulocytes and the phosphorylated protein produced in infected 

cells [Henderson <2/., 1998].

3.4.4. c General discussion

The expression studies confirm that MHV-68 ORF 37 encodes an alkaline nuclease of 

approximately 55kDa which is active in vitro without eukaryotic-cell post- 

translational modifications or interactions with any eukaryotic or viral proteins.

One anomaly noted during the purification of MHV-68 alkaline nuclease from both 

infected cells and from E. coli was the behaviour of the protein during ionic exchange 

chromatography. At pH values below its pi, a protein is positively charged and at pH 

values above its pi a protein is negatively charged. Substances begin to dissociate 

from ion exchangers about 0.5 pH units from their pi at an ionic strength of O.IM 

(1=0.1) and will adsorb strongly to anion exchangers (DEAE or Q) when the pH is at 

least one pH unit above the pi or to cation exchangers (C or SP) when the pH is at 

least one pH unit below the pi. This is represented in Figure 37 with data for alkaline 

nuclease.

The theoretical pi of MHV-68 alkaline nuclease (Ut-AN and viral alkaline nuclease) 

is 7.92 whilst the theoretical pi of His-AN is 7.06 as computed by ProtParam 

(http://us.expasy.org/tools/protparam.html). Most E. coli proteins have pi values 

below 7 so the use of cation exchangers with high pH buffers should remove most E.
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coli proteins from bound target proteins [McAlister, 2000]. His-AN bound to 

Vivapure C ion-exchange columns at pH 6-7.5. Although it was less strongly bound 

at pH 7.5, His-AN was successfully purified on SP Sepharose at pH 7.5 with the 

removal of the majority of E. coli contaminants. During purification from infected 

cells, MHV-68 alkaline nuclease bound anion exchangers at pH 7.5. Ut-AN bound 

more strongly to SP Sepharose than Q Sepharose at pH 8.7 (personal communication, 

R Sawa) and was partially purified by binding to SP Sepharose at pH 8.6. This is not 

unprecedented. HSV-1 alkaline nuclease has a pi of 6.56 and although it has often 

been purified by anion exchange at pH 7.5-8 as would be expected (DEAE, pH 8 

[Hoffinann and Cheng, 1978]; DEAE, pH 7.5 [Strobel-Fidler and Francke, 1980]; 

DEAE, pH 7.5 [Banks et al., 1983]) it has occasionally been successfully purified at 

pH 7.5-8 on cation exchange columns (Mono S, pH 7.5 [Henderson et al., 1998]; SP 

Sepharose, pH 8 [Goldstein and Weller, 1998b]).

pi of His- 
AN

pi of Ut- 
AN

Binding t o S / C  media

pH

Binding to Q /  D EA E media

H---------1----------1---------1---------h
6 6 .5  7 7.5  8

A
His-AN binding to C  

pH 6-7 .5

Viral protein - 
Q /D EA E

His-AN - SP  
sepharose

H  h
8.5 9

A

Ut-AN - SP  
Sepharose

Figure 37. Theoretical p i values and experim entally determ ined binding o f  alkaline nuclease to 

ionic exchange media

This diagram depicts the theoretical p i values for His-AN and Ut-AN and corresponding pH values at 

which the proteins should bind strongly to ionic exchange media (above pH line). Experimental data 

on protein binding is also noted (below the pH line). Black arrows denote His-AN, white arrows 

denote Ut-AN, the grey arrow represents both viral protein and His-AN.
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Herpesviral alkaline nucleases have been purified by many different schemes. 

Originally, the proteins were extracted from infected cells but more recently vaccinia 

virus and Semliki Forest virus systems, as well as the more common baculovirus, and 

E. coli systems, have been employed in attempts to increase yields. In general, the E. 

coli systems have been most successful in terms of yield but there have been 

problems with protein solubility. Hsiang et al. [1998], expressed recombinant PRV 

alkaline nuclease in the BL21(DE3)pLysS strain. Although 5mg of purified protein 

was obtained from 100ml of culture, this protein was insoluble and had to be purified 

under denaturing conditions. Once the protein was renatured, the His-tag appeared to 

be hidden inside the molecule, perhaps altering its structure. Also, the first ten 

residues of PRV alkaline nuclease were replaced by 34 amino acids of pET-28a(+) in 

the recombinant protein. The recombinant HSV-1 alkaline nuclease purified by 

Bronstein and Weber [1996] from BL21(DE3) was also insoluble. Once purified by 

complex non-chromatographic methods and solubilised, it was found to be inactive. 

Excess dénaturants and reducing agents had to be removed before any activity was 

seen and although 50-60mg was purified from 400ml of culture only 20-25mg was 

active. In this case, the first seven amino acids were replaced with the 22 amino acid 

pelB leader (cleaved after expression) and 17 amino acids from pET25b(+).

For EBV alkaline nuclease, the most successful method of expression has been 

recombinant baculovirus, which produced 10-20mg of highly soluble protein from 

1x10  ̂cells. This was 100-fold more protein than an E. coli system, 1000-fold more 

than EBV-transformed and chemically-induced B-cell lines and ten-fold more than 

recombinant vaccinia virus [Baylis et aL, 1991]. This protein, however, was not 

purified.

3.4.4. d Conclusions

There are several advantages of the expression and purification procedures presented 

here. The protein is soluble and active throughout, so there is no need for complex 

renaturation schemes that may result in large quantities of incorrectly folded protein. 

The protein has been expressed without any deletions at the N-terminus so that it can 

be studied in its entirety. Approximately 9mg of highly purified His-AN (>95% 

purity)was obtained per litre of E. coli culture. This is probably the most effective 

production of soluble pure alkaline nuclease to date.
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His-AN was used to characterise the biochemical and biophysical properties of 

alkaline nuclease (as described in the next section, 3.5) and in the production of 

monoclonal antibodies, which is discussed later (3.6). Ut-AN purified as described 

here was used to characterise the dynamic light scattering (DLS) properties of 

alkaline nuclease (3.5) and was also used in the testing of monoclonal antibodies 

(3.6).
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3.5 Characterisation of MHV-68 Alkaline Nuclease

3.5.1 Introduction

Alkaline nuclease has aroused the curiosity of herpes virologists for forty years. As an 

abundant protein expressed early in infection, it is a natural target of interest for 

virologists but a full understanding of its role in the herpesviral lifecycle has 

remained elusive. The conservation of alkaline nuclease throughout the herpesviruses 

and the phenotype of null mutant viruses suggest that the enzyme is important, whilst 

the high pH optimum is an intriguing issue. However, aspects of enzyme 

characterisation have been hindered by problems of protein quantity and solubility 

during protein purification. There is still no consensus on the exact molecular 

mechanism used by alkaline nuclease to process nucleic acids in vivo or how the 

protein’s structure enables it to carry out this fimction. The presence of seven 

conserved motifs in all the herpesviral alkaline nuclease proteins suggests that protein 

structure and enzymatic mode of action is conserved throughout the Herpesviridae.

The biochemical properties of herpesviral alkaline nucleases have been well 

characterised; in particular this family of proteins is noted for DNase activity at 

alkaline pH values and an absolute dependence on some divalent cations for activity. 

Those proteins studied most intensively (HSV, EBV and HCMV alkaline nucleases) 

have very similar activity profiles with relation to pH values, reducing conditions and 

concentrations of salt and divalent cations (1.3.6).

Although the biochemical properties of alkaline nuclease have been explored, very 

little data has been collected on its biophysical properties. This information could 

help to elucidate the secondary structure of the enzyme, determine its multimeric 

status and reveal its properties in solution. The data could also be of use in directing 

the choice of conditions for protein crystallisation and, if crystallisation was 

successful, the interpretation and confirmation of the X-ray crystallographic data. 

Structural determination provides information on the relative positions of residues 

within an enzyme. The catalytic mechanism can be revealed, particularly if the 

enzyme is crystallised in complexes with ligands. In addition, data analysis can 

determine the multimeric status of the protein and sites of interactions with other 

proteins. None of the alkaline nuclease proteins have been crystallised although
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Bujnicki and Rychlewski [2001] predicted the structure of the core of the HSV-1 

enzyme by comparison to the crystal structure of bacteriophage lambda exonuclease.

The aim of this study was to characterise MHV-68 alkaline nuclease by both 

biochemical and biophysical techniques. By establishing the biochemical properties 

of the enzyme it would be possible to ascertain whether the protein had similar 

properties to other alkaline nucleases. One of the aims of using biophysical 

techniques was to obtain data about the multimeric status and the secondary structure 

of the enzyme. Information gained about the properties of the protein in solution 

could be used to help direct attempts to crystallise the enzyme.

Initially, the optimal pH and MgCb concentration of the virally expressed protein 

were established in the DNase assay, in order to compare its properties with those of 

His-AN. The availability of large quantities of highly purified His-AN allowed 

further investigation and confirmation of the biochemical characteristics of MHV-68 

alkaline nuclease. Circular dichroism (CD) spectroscopy and dynamic light scattering 

(DLS) measurements were employed to study the physical properties of the protein. 

CD spectroscopy measures the difference between the absorption of left and right 

handed circularly polarised light and this data was interpreted to gain information 

about the secondary structure of MHV-68 alkaline nuclease. Structural features were 

also predicted, based on homology of alkaline nuclease to lambda exonuclease. The 

technique of DLS measures the scattering of light by samples over time and this 

allowed the examination of the protein in solution to study properties such as 

multimerisation, aggregation and monomeric molecular weight.

3.5.2 Biochemical characterisation

The DNase assay (2.5) was used to examine the effect of MgCb concentration and 

pH on the alkaline nuclease expressed by MHV-68 (Figure 38). The assay conditions 

used were the same as those for the linear response assay (3.2.2) except that a higher 

ratio of radiolabelled DNA to salmon sperm DNA was used (4pg of each, rather than 

3|ig and 5pg, respectively). This was because there was less viral enzyme than 

expressed enzyme (for which the original linear response assay had been optimised). 

These conditions (1:1 DNA) were found to be quantitative from approximately 

900cpm to at least 4500cpm with viral enzyme (data not shown).

Initial studies were carried out with extract from infected cells. BHK 21 cells were

infected with MHV-68 at an MOI of 10. Cells were harvested at 20h p.i. and frozen at
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-80°C. Samples were resuspended in DDW and sonicated. Extract from 4x10^ cells 

was tested in the DNase assay (linear conditions, 1:1 DNA, NaCl was not added to 

the assay as salt concentration was affected by cell extract) at pH values from 7-11 

(Figure 38a). Extract from 4x10^ infected cells and a negative control of extract from 

4x10^ uninfected cells were also tested at pH 9 with 40mM NaCl. The results of these 

assays were 11625cpm and 1130cpm, respectively.

Partially purified viral alkaline nuclease was used to determine the optimal 

concentration of MgCli. BHK 21 cells were infected at an MOI of 2 and harvested 

26h p.i. The enzyme was partially purified as described in 3.3.4 and pooled fractions 

from the peak of nuclease activity eluted from a DNA-cellulose column were stored 

at -80°C. Aliquots of 50pl from this solution were incubated in the DNase assay 

(linear conditions, 1:1 DNA) at MgCb concentrations from 0-8mM (Figure 38b). A 

negative control of 50pl of DDW at 3mM MgCl2 produced 925cpm.

These initial studies indicated that the MHV-68 enzyme had an optimum pH of 9-11 

and an optimal MgCli concentration of l-4mM in this assay. Over the period of this 

study, a variety of samples containing MHV-68 alkaline nuclease were tested in the 

DNase assay (standard conditions of 50mM Tris-HCl pH 9, 3mM MgCb and lOmM 

2-mercaptoethanol in a total volume of 200pl with a 30min incubation period).

DNase activity was detected in extracts from MHV-68-infected cells and E. coli 

expressing Ut-AN or His-AN, as well as in samples of partially purified viral alkaline 

nuclease, Ut-AN and His-AN. This indicates that these alkaline nucleases were active 

under the same conditions and, therefore, DNase activity of each of the expressed 

alkaline nuclease types was broadly similar.
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Figure 38. Biochemical properties of MHV-68-expressed alkaline nuclease

Samples containing alkaline nuclease expressed by MHV-68 were tested in DNase assays containing 

4pg o f  radiolabelled DNA, 4 |ig  o f  salmon sperm D NA, lOmM 2-mercaptoethanol, 50mM Tris-HCl 

pH 7-l 1 and 0-8mM MgCl: in a total volume o f  200pl with a 30min incubation. Reactions were 

quenched by the addition o f  1ml o f  cold 5% TCA. B SA  (250pg) was added, then the mixture was kept 

on ice for SOmin before centrifugation at 7400xg for lOmin to sediment TCA-insoluble material. Acid- 

soluble radioactivity (200pl) was mixed with scintillation fluid (1.8ml) and the radioactivity was 

measured in cpm. a) BHK 21 cells were infected with MHV-68 at an MOI o f  10. At 20h p.i., cells 

were scraped from flasks, pelleted by centrifugation and frozen at -80°C. Samples were resuspended in 

DDW  at 4xl0V m l and sonicated. Extract from 4x10^ cells was tested in the DNase assay at pH values 

from 7-11. NaCl was not added to the assay as salt concentration was affected by cell extract, b) BHK  

21 cells were infected at an MOI o f  2 and harvested 26h p.i. The enzyme was partially purified as 

described in 3.3.4 and pooled fractions from the peak o f  nuclease activity eluted from a DNA-cellulose 

column were stored at -80°C (for 11 months). Aliquots o f  50pl from this solution were incubated in the 

DNase assay at M gCl2 concentrations from 0-8mM with 40mM  NaCl. Duplicate samples were tested 

and error bars show the range o f  results.
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The effects of pH, MgCl] and NaCl on purified His-AN were then explored. The 

large quantities of highly purified enzyme meant that the assays could be repeated 

several times to confirm results. Measurements of absolute activities (in cpm) varied 

slightly from assay to assay; this could have been due to experimental errors such as 

minor differences in incubation temperature, radioactive content of substrate, quantity 

of substrate etc. To normalise the data, values from each assay were converted to 

percentages of the activity (in cpm) of the most active sample in that assay.

His-AN was expressed in E. coli and purified by Ni-NTA and SP Sepharose columns 

as described in 3.4.2.C. Samples containing 800ng of His-AN from the elution step of 

an SP Sepharose column (Figure 30c) were added to the DNase assay mixture under 

linear response conditions (Figure 39). Negative controls of an equivalent volume of 

SP Sepharose buffer were also tested during each assay and values ranged from 519- 

1610cpm (<10% of the cpm of the most active sample in each assay).

Figure 39. Biochemical properties of MHV-68 alkaline nuclease (His-AN)

The DNase activity o f  His-AN was determined by adding 800ng (purified by Ni-NTA and SP 

Sepharose) to an assay containing Spg radiolabelled DNA, 5 |ig  salmon sperm DNA, lOmM 2- 

mercaptoethanol, 50mM Tris-HCl, pH 6-11, 0-1 OmM M gCh, 8-408mM  NaCl. The total volume was 

200pl and samples were incubated for 30min at 37°C (linear response conditions). Reactions were 

quenched by the addition o f  1ml o f  cold 5% TCA. BSA  (250pg) was added, then the mixture was kept 

on ice for 30min before centrifugation at 7400xg for lOmin to sediment TCA-insoluble material. Acid- 

soluble radioactivity (200pl) was mixed with scintillation fluid (1.8ml) and the radioactivity was 

measured in cpm. Conditions were varied as follows: a) 50mM Tris-HCl, pH 6-11, 3mM MgCh, 

48mM NaCl, b) 5OmM Tris-HCl, pH 9, 0-1 OmM MgCh, 48mM  NaCl, c) 5OmM Tris-HCl, pH 9, 3mM  

MgClz, 8-408mM NaCl. Values from each assay are normalised as a percentage o f  the activity o f  the 

most active sample in that assay. n=3 (except where n=2: (a) pH 6, 7, (b) Mg 0-0.75 and Mg 10). Error 

bars show standard error.
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His-AN has an alkaline optimum pH (pH 10-11, Figure 39a) and an optimum NaCl 

concentration of around lOOmM with very little activity detectable above 300mM 

NaCl (Figure 39c). The enzyme has an absolute requirement for with an 

optimum MgCh concentration of approximately ImM (Figure 39b). The optimal 

MgCl% concentration for virally expressed alkaline nuclease appears to have a wider 

range (Figure 38b) but this could be due to the large error bars. The pH optimum for 

the viral enzyme (Figure 38b) is slightly lower but similar to that shown for His-AN. 

The assay conducted with the viral enzyme produced counts outside the linear range 

of the assay so values for pH 9-11 could be limited by the assay. In conclusion, the 

activity profiles for His-AN are similar to those produced by alkaline nuclease 

expressed by MHV-68. There is no evidence that expression of the protein in E. coli 

and addition of the tag has substantially altered the properties of MHV-68 alkaline 

nuclease.

3.5.3 Biophysical characterisation

3.5.3. a Circular dichroism spectroscopy

CD occurs when solutions absorb left and right handed circularly polarised light 

differently. CD spectropolarimeters are used to accurately measure these differences 

in absorption of light in the far UV range (around 190nm) and the traditional unit of 

CD is ellipticity which is measured in millidegrees.

Different secondary structural elements of proteins (helices, sheets, turns and coils) 

produce different characteristic CD spectra (Figure 40). A protein is made up of many 

discrete structural elements and the characteristic CD fi*om each element contributes 

towards the observed CD spectrum for the protein. This means that the CD spectrum 

for a protein is composed of a linear combination of the characteristic spectra, which 

are weighted according to the relative proportions of the structural elements. 

Unfortunately, there are no reference data for pure structural elements that behave 

similarly to structural elements in proteins, but it is possible to calculate the 

proportions of each of the secondary structure elements by comparison with a 

reference set of proteins. Each protein in the reference set has a known structure and a 

known CD spectrum. By this method, CD data can indicate whether a protein is 

folded and can provide information on its secondary structure.
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Figure 40. Characteristic CD absorption spectra of secondary structural elements

Protein secondary structural elements (helices, sheets, turns and coils) absorb left and right handed 

polarised light to different degrees, producing characteristic CD spectra. Reproduced from www. 

cryst.bbk.ac.uk/ BBS/whatis/cd website.

CD was used to check whether His-AN was folded and to determine some 

preliminary information on secondary structure. Data was obtained using soluble His- 

AN that had been expressed by E. coli and highly purified by Ni-NTA and SP 

Sepharose (3.4.2.c, Figure 30c). The sample was dialysed to exchange the buffer for 

one with a lower NaCl concentration (lOOmM NaCl, lOmM DTT, 5OmM Tris-HCl, 

pH 9) because chloride ions absorb light at low wavelengths. The sample was then 

centrifuged at lOOOOxg to remove aggregates before it was put into a cuvette (1mm 

path, 40pl volume). The CD spectropolarimeter was programmed to take three 0.2nm 

scans from light wavelengths 190-300nm, i.e. CD was measured at 0.2nm intervals, 

from 190-300nm, three times. Three scans of buffer were then recorded as a baseline.

The results were processed by the programme SUPER3 to average the scans, subtract 

the baseline and smooth the curve. Machine units (in millidegrees) measure the 

difference in molar extinction coefficients between left and right handed circularly 

polarised light and these units were converted to the measurement of molar circular 

dicroism (Ae, measured in mdeg M'* cm'^) to take into account the amount of protein 

in the sample. Data peaks for Ae are usually in the range of 0-10. Ae can be converted 

to mean residue ellipticity (the units in Figure 40) by multiplying by a factor of 3298 

[Lobley et al., 2002]. The smoothed CD spectrum for His-AN, with the baseline 

removed, is shown in Figure 41.
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Figure 41. Circular dichroism spectrum for His-AN

Soluble His-AN was purified by Ni-NTA and SP Sepharose (3.4.2.C, Figure 30c) and dialysed into 

lOOmM NaCl, lOmM DTT, 50mM Tris-HCl, pH 9. The sample was centrifuged at lOOOOxg and then 

aliquoted into a cuvette (1mm path, 40pl volume). Protein concentration was determined by A 280 

reading. Three 0.2nm scans were carried out from light wavelengths 190-300nm. Three scans o f  buffer 

were then recorded as a baseline. Data was averaged, the baseline subtracted and then the curve was 

smoothed (processed with SUPER3). Machine units (0) were converted to molar circular dicroism 

(Ae). Ae = 0 X 0.1 x mean weight residue/ (light path length x protein concentration x 3298) = 0.66710.

The CD absorption spectrum for alkaline nuclease was analysed by Dichroweb which 

is a web based interface that provides access to programmes for the analysis of CD 

data [Lobley et al., 2002]. These programmes run algorithms that calculate 

proportions of secondary structure, assuming that the CD spectrum is representative 

of a linear combination of the spectra for the structural elements and a noise term.

The NRMSD value (normalised standard deviation) is an indication of goodness of fit 

between the experimental CD data and the data produced by the calculation of 

secondary structure. Values below 0.1 indicate excellent agreement, 0.1-0.2 suggests 

a general similarity between the model and the data, and values greater than 0.2 

indicate that the calculated structure does not match the experimental data [Mao et 

al., 1982]. Both the CDSSTR and K2d methods of analysis produced significant fits 

with the experimental data (NRMSD <0.1, Table 3.1) and suggest that the protein has
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a higher proportion of helices than strands. These results are discussed further in 

relation to homology-based structural analysis (3.5.4).

Table 3.1 Predictions o f percentages o f His-AN secondary structure by CDSSTR and K2d 

analysis o f the CD data in Figure 41

Helix 50% 30%

Strand 23% 19%

Turn 9% N/A

Unordered/coil 16% 51%

NRMSD 0.01 0.089

3.5.3. b Dynamic light scattering

DLS is a technique that analyses the light scattering caused by molecules in solution. 

It provides information about the size of those molecules and data can be obtained 

about their properties in solution by examining the changes in DLS under different 

conditions.

A beam of laser light is focussed on the sample and the fluctuations in intensity of the 

scattered light are measured over a period of time. For a single population of 

molecules, over short periods of time (<lsec), there is a relationship between 

intensities measured at time 0 and at later times. This can be visualised as a 

correlation function which shows that correlation decreases exponentially over time. 

The fluctuations in intensity are related to the movement or diffusion of small 

particles in the solution (Brownian motion) and a correlation curve is an indirect 

measurement of a particle’s diffusion coefficient.

The data can be analysed to calculate the diffusion coefficients of mixed particle 

populations (which are based a combination of the correlation curves for each 

population) and the radii of molecules are then calculated. Although calculations are 

based on Brownian motion of spherical particles, in reality molecules are not 

perfectly spherical and their rate of movement is dependent on size, conformation and 

hydration. The term ‘hydrodynamic radius’ (Rh) is therefore used to indicate the
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apparent size of a hydrated particle in solution, as calculated from its diffusional 

properties. The Dynamics software that was used in interpretation of DLS results 

estimates molecular weights from hydrodynamic radii using calibration curves from 

protein standards of known molecular weight and size [Protein Solutions 

Incorporated, 2002].

The light scattering abilities of both His-AN and Ut-AN over time were studied to 

determine the properties of the proteins in solution and to assess the possibility of 

crystallisation under various conditions. A tendency of the proteins to precipitate at 

low NaCl concentrations had been previously noted (3.5.3.c) and samples were 

assessed for aggregation under various conditions. The light scattering data was 

analysed by régularisation. This is a mathematical technique that finds the size 

distributions for molecules in solution from the correlation function. It is designed to 

be used when there may be a number of populations of particles and calculates a 

complete distribution of Rh values with a polydispersity (spread of Rh values) for each 

peak (personal communication, U Nobbmann, Protein Solutions Inc., USA).

The régularisation data is shown as histograms where the area under each peak is 

proportional to that population’s percentage of the total mass of the sample. The main 

peak relating to Ut-AN or His-AN was often a very low percentage of the mass 

because the algorithm predicted that the bulk of the content was a species with a 

hydrodynamic radius of less than Inm. This could not be caused by the protein and is 

considered as insignificant solvent noise [Reinking J, 2003]. This solvent peak was 

suppressed and does not appear on graphs. There is no scale on the y-axis for % Mass 

because it was dependent on the size of the solvent peak.

A sample of Ut-AN was centrifuged at 13000xg for lOmin and filtered (0.22pm) to 

remove particulates. Samples or measurements (250) of DLS were then collected and 

analysed by régularisation (Figure 42).
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Figure 42. Régularisation histogram showing hydrodynamic radius data for Ut-AN

Ut-AN was purified by gel filtration (Fractions 37+38, Figure 36, 3.4.3c). Final product concentration 

was 0.053mg/ml (by A 280 reading) in 20mM Tris-HCl, pH8.6, 1.5M NaCl, 10% glycerol, O.lmM 

PMSF, ImM EDTA with a 1:1 ratio o f  DNA oligomer (GGCAGGAATCTCGAGTTAGGGG, MWG 

Biotech) to protein. The sample was aliquoted into a 12|il quartz cuvette and placed in the temperature 

controlled chamber at 4°C for data collection. Scattered photons were measured 250 times at a 90°C 

angle at 60% sensitivity with a 6 sec acquisition period, resulting in -50 ,000  counts. Final data was 

regularised and intensities were plotted with logarithmic correction such that peak area oc mass. 

Solvent peaks (radii <lnm ) were suppressed so mass calculations were not distorted

From the data shown as the peak in the histogram (Figure 42), the Dynamics software 

calculated an average hydrodynamic radius of 6.3nm for Ut-AN with a range of 

molecular weights from 250kDa to 430kDa. The spread of the peak in the histogram 

shows high polydispersity (the polydispersity value is 50% of the Rh) which means 

there were species present with a wide range of hydrodynamic radii. There were 

significant amounts of particles with a Rh above lOnm. This type of spread peak (high 

polydispersity) is indicative of low level protein aggregation that may lead to visible 

precipitation over time.

More dramatic aggregation was seen upon perturbation of solution conditions. 

Introduction of MgCl] to a final concentration of ImM had no effect on Rh of His-AN 

when added as a lOOmM solution in DDW but caused aggregation (Rh=154.4, no 

peaks present in the 1-10 nm range, molecular mass of >5xl0^kDa) when added as a 

5mM solution, causing a dilution of buffer constituents (data not shown). Some
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detergents had a similar effect, for example, the addition of 0.4% of the critical 

micelle concentration (CMC) of the ionic detergent benzyldimethyl dodecyl 

ammonium bromide (BAM) or 0.2% CMC of the non-ionic detergent 1-S-octyl-p-D- 

thioglucoside (ISOTP, Figure 43) to His-AN samples. It can be seen that the Rh peak 

is greater than lOOnm (calculated as 175nm) which is too large to represent individual 

protein molecules, i.e. it is caused by protein aggregation.

%
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Figure 43. Régularisation histogram showing aggregation of His-AN upon addition of 0.2%

CMC of the detergent ISOTP

His-AN was purified by ionic exchange (Fractions 41 and 43, Figure 30c, 3.4.2.c). Final product 

concentration was ~0.4mg/ml (by A280 reading) in 15mM MOPS pH7.5, -0 .8 - IM NaCl. ISOTP was 

added (0.2% CMC). The sample was aliquoted into a 12pl quartz cuvette and placed in the temperature 

controlled chamber at 4°C for data collection. Scattered photons were measured at a 90°C angle, 101 

samples were taken. Final data was regularised and intensities were plotted with logarithmic correction 

such that peak area <x mass. Solvent peaks (radii < lnm ) were suppressed so mass calculations were not 

distorted.

A variety of detergents (Hampton) were added to Ut-AN and His-AN in an attempt to 

compress the régularisation peak into a narrow peak that would be indicative of a 

monodisperse population of protein molecules. The addition of 0.25% CMC of the 

zwitterionic detergent Zwittergent 3-12 to Ut-AN produced a sharp peak 

(polydispersity 4.441 xlO'^^nm) at 3.2nm after incubation at 14°C for 20min (Figure
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44a). The detergent content was then increased to 0.75% CMC. After incubation for a 

further 50min, the peak was still sharp but had moved to 5.43nm (Figure 44b).

a) b)
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Figure 44. Régularisation histogram showing the effect of addition of Zwittergent 3-12 to Ut-AN

Ut-AN was prepared as described in Figure 42, then 0.25% CMC o f the zwitterionic detergent 

Zwittergent 3-12 was added and the sample was incubated at 14°C for 20min. DLS measurements 

(-100 ) were carried out at 10°C and results analysed as described in Figure 42 (a). The detergent 

content was then increased to 0.75% CMC and the sample was incubated for a further 50min. DLS 

measurements (-1 0 0 ) were again carried out at 10°C. Final data was regularised and intensities were 

plotted with logarithmic correction such that peak area oc mass. Solvent peaks (radii <lnm ) were 

suppressed so mass calculations were not distorted.

This data (Figure 44a) indicated that the monomeric size of the protein (Rh =3.2nm, 

51-56kDa) was similar to that shown by SDS-PAGE and the 55.5kDa molecular 

weight predicted by sequence analysis. The increase over time of hydrodynamic 

radius (Rh =5.43, 176-280kDa), combined with the maintenance of monodispersity, 

suggests the formation of multimeric species, possibly tetramers. Similar results were 

seen with the addition of 0.4% CMC of the ionic detergent cetyltrimethylammonium 

bromide (CTAB) to His-AN (data not shown). Tiny quantities of species with higher 

molecular weights were seen but each of these peaks constituted only 0.00098% - 

0.45% of the mass of the main peak.

The quaternary structure of His-AN in the absence of detergents was also explored. A 

hydrodynamic radius of 4.19nm (96.2-129kDa) with a polydispersity value of 

0.5343nm (12.8%) was determined suggesting that the protein was forming higher
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order structures (Figure 45). The % mass is calculated from % intensity data and is 

dependent on the radius of the particle. This means the % mass method may yield 

different estimates of Rh to data displayed as % intensity. In this case, the Rh 

calculated directly from the % intensity data is 4.4nm (approximately 100-150kDa). 

This data indicates that His-AN forms dimeric or trimeric structures. The Rh estimates 

for monomeric Ut-AN (Figure 44) are the same when calculated directly from % 

intensity data.

i
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Figure 45. Régularisation histogram showing the formation of multimeric His-AN

His-AN was purified as described in Figure 43. The sample was aliquoted into a 12pl quartz cuvette 

and 98 samples were collected at 4°C with acquisition period o f  Isec. Final data was regularised and 

intensities were plotted with logarithmic correction such that peak area o c  mass. Solvent peaks (radii 

<lnm ) were suppressed so mass calculations were not distorted.

3.5.3. c Crystallisation trials

Attempts were made to crystallise alkaline nuclease in order to calculate its structure 

by analysis of X-ray diffraction data. This information would help to determine the 

mechanism of action at a molecular level and co-crystallisation could elicit 

information about interactions with other proteins. Initially efforts were made to 

concentrate His-AN to appropriate levels for crystallisation. A number of screens 

were set up to test suitable conditions for crystallisation. As this was not very
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successfiil, attempts were made to concentrate Ut-AN in preparation for 

crystallisation trials.

/ Concentration of His-AN

High concentrations of protein (lO-lOOmg/ml) increase the probability of obtaining 

crystals [McPherson, 1990] so attempts were made to concentrate purified His-AN 

which was eluted from the SP Sepharose column at concentrations of around 0.2- 

1.5mg/ml. Various buffers (MOPS, Na2P0 4  and Tris-HCl at pH values of 6.5-9) and 

additives were tested to find conditions which would allow the existence of a highly 

concentrated solution. Solutions were exchanged by dialysis and proteins were 

concentrated using Vivaspin columns (2.9.4). Table 3.2 gives a summary of the 

conditions tested.

Although no conditions were found that allowed a greater His-AN concentration than 

that of samples eluted directly from the Ni-NTA or SP Sepharose columns (1- 

2mg/ml) , it was found that high concentrations of NaCl, reducing agents (particularly 

lOmM DTT) and pH 9 conditions increased solubility. Stolzenberg and Ooka [1990] 

noted that EBV DNase expressed in E. coli displayed higher solubility under high 

NaCl concentrations. Quantitative measures were often unnecessary in determining 

the suitability of a solution as His-AN would form visible precipitates during buffer 

exchange. Frequently, the decrease in volume of a sample was not equal to the 

increase in concentration, presumably because there was some adsorption of His-AN 

to the membrane or sample container.
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Table 3.2 Buffer conditions tested for the concentration o f His-AN

6.5 15mM MOPS

6.5 15mM MOPS 150

7 25mM MOPS

7 25mM MOPS 300

7 25mM MOPS 10

7 25mM MOPS 300 10

8 50mM Na2P0 4 300

8 50mM N&2P0 4 300 10

8 5 OmM Na2P0 4 200 10

8 50mM Na2P0 4 100 10

8 50mM Na2P0 4 300 10

8 50mM Na2P0 4 200 10

8 5 OmM Na2P0 4 100 10

8 50mM Na2P0 4 200 2

8 5 OmM Na2P0 4 200 10 10% glycerol

8 5 OmM Na2P0 4 200 10 0.1% Triton 
X-100

8 50mM Na2P0 4 200 10 0.1%NP40
8 20mM Tris-HCl 50

8.65 20mM Tris-HCl

8.65 20mM Tris-HCl 150

9 50mM Tris-HCl 200 10

9 50mM Tris-HCl 50 10

9 50mM Tris-HCl 100 5

9 50mM Tris-HCl 50 10 10% glycerol

9 50mM Tris-HCl 50 10 0.1% Triton 
X-100

9 50mM Tris-HCl 50 10 0.1%NP40
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// Attempts to crystallise His-AN

Crystal screens were set up with His-AN at approximately 0.5-lmg/ml in a number of 

buffers. Vapour diffusion chambers with hanging drops were used with several 

précipitants: PEG 4K (2-30%), PEG 400 (2-30%), NaCl (0.6-3M). The microbatch 

procedure was also used with 1:1 mixtures of His-AN and 5-50% PEG 4K under 

mineral oil.

The only method of crystal production that met with some success was sample 

dehydration. Crystals were produced by allowing His-AN (in high salt MOPS buffer) 

to dehydrate between cover slips, in capillary tubes or in open 15ml tubes (Falcon). 

These crystals did not disintegrate in saturated NaCl solution and were hard and 

regular in formation. This suggested that they were crystals of NaCl, perhaps with a 

protein covering. However, crystals that were washed in saturated NaCl solution and 

then dissolved in DDW and analysed by SDS-PAGE, were found to contain protein 

that stained with Coomassie blue dye (data not shown). Some of these crystals were 

analysed by X-ray diffraction and were found to contain neither salt nor protein 

crystal lattices but appeared to diffract like a powder (personal communication, R 

Sawa). A number of controlled vapour diffusion screens (detailed in Table 3.3) were 

set up to try to prevent total dehydration of crystals but these were not successful.

Details of the conditions tested for His-AN crystallisation are shown in Table 3.3; 

plates were stored at room temperature unless noted. Apart from dehydration 

experiments, these approaches did not produce any crystals and none of the 

conditions caused mass precipitation of the protein (over a ten day period) indicating 

that the His-AN solution was not sufficiently concentrated for crystallisation. The 

addition of detergents did not aid crystallisation, instead disorder was noted in the 

solutes formed by dehydration.
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Table 3.3 Conditions for His-AN crystallisation trials

15mM MOPS, -0.6M NaCl, 
pH 7.5 1

4pl and lOul drops of 
protein solution, 1:1 
with precipitant

2-30% PEG 
4K, 2-30% 
PEG 400, 
0.6-3M 
NaCl

15mM MOPS, -0.6M NaCl, 
pH 7.5 1 2pl drop of protein 

solution ^

2-30% PEG 
4K, 2- 30% 
PEG 400, 
0.6-3M 
NaCl

15mM MOPS, -0.6M NaCl, 
pH7.5 1 0.5-20 pl drops “ None

15mM MOPS, -0.6M NaCl, 
pH 7.5 1 1:1 with precipitant ^ 5-50% PEG 

4K

5OmM Na:P0 4 , pH 8, lOmM 
DTT, NaCl (100, 200 or 

300mM)
0.5-1 1-12 pl drops “ None

50mM Tris-HCl, pH 9, lOmM 
DTT, NaCl (50, lOOmM or 

200mM)
0.5-1 1-12 pl drops * None

5OmM Tris-HCl, pH 9, 5mM 
DTT, lOOmM NaCl 0.5-1 1-12 pl drops “ None,

50mM Tris-HCl, pH 9, lOmM 
DTT, 5 OmM NaCl plus 10% 

glycerol, 0.1% Triton X-100 or 
0.1%NP40.

0.5-1 1-12 pl drops * None

5OmM Na2P0 4 , pH 8, lOmM 
DTT, 200mM NaCl, plus 10% 
glycerol, 0.1% Triton X-100 or 

0.1%NP40.

0.5-1 1-12 pl drops * None

50mM Na2P0 4 , pH 8, lOmM 
DTT, NaCl (100, 200 or 

300mM)
0.5-1 1 -8 pl drops. Also 1 pl 

+ Ipl precipitant ^

None or 
50% PEG 

4K

5OmM Tris-HCl, pH 9, lOmM 
DTT, NaCl (50, lOOmM or 

200mM)
0.5-1 1-8 pl drops. Also Ipl 

+ 1 pl precipitant ^

None or 
50% PEG 

4K

5OmM Tris-HCl, pH 9, 5mM 
DTT, lOOmM NaCl 0.5-1 1-8 drops. Also Ipl + 

Ipl precipitant ^

None or 
50% PEG 

4K
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50mM Tris-HCl, pH 9, lOmM 
DTT, 50mM NaCl plus 10% 

glycerol, 0.1% Triton X-100 or 
0.1%NP40.

0.5-1 1 -8 pl drops. Also 1 pl 
+ 1 pl precipitant ^

None or 
40% PEG 

4K

50mM Na2P0 4 , pH 8, lOmM 
DTT, 200mM NaCl, plus 10% 
glycerol, 0.1% Triton X-100 or 

0.1%NP40.

0.5-1 1-8 pl drops. Also Ipl 
+ 1 pl precipitant ^

None or 
40% PEG 

4K

 ̂ -  hanging drops in 24-well crystallisation plates,  ̂ - 1ml o f  precipitant in well o f  24-well plate.

 ̂ - repeated at 4°C,  ̂ - under mineral oil in 96-well microbatch plates

Hi Concentration of Ut-AN

It was hoped that Ut-AN might have higher solubility than His-AN and so similar 

methods were employed to study the solubility of Ut-AN eluted from the gel filtration 

and ionic exchange columns (2.9.4). Ut-AN eluted from the SP Sepharose column 

(0.378mg/ml) was initially used because there was a much greater quantity of this 

than of gel filtration purified Ut-AN. Ut-AN was estimated to be approximately 40- 

50% of the total protein by Coomassie staining. The aim was to concentrate 

approximately 3ml of sample to a volume with a protein concentration of 

approximately lOmg/ml. The buffer conditions that were tested are shown in Table 

3.4.

Table 3.4 Buffer conditions tested for the dialysis and concentration of Ut-AN

lOmM DTT Precipitated at 
1.2ml

lOmM
mercaptoethanol 120pl 7.16mg/ml 4.54mg/ml

ImM MgClz lOOpl 6.34mg/ml 5.67mg/ml

1:1 20bp Oligo + 
ImM EDTA llOpl 15.76mg/ml 3.78mg/ml

DTT + MgCb Precipitated at 
800pl

DTT + Oligo + 
ImM EDTA

Precipitated at 
1.2ml

- these additives were added to the protein which was in 20mM Tris-HCl, 1.5mM NaCl, 10% 
glycerol, O.lmM PMSF, pH 8.6.
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Ut-AN was concentrated to approximately 3-6mg/ml as estimated by Coomassie 

staining. It was possible to concentrate protein eluted from the SP Sepharose column 

to 3-12mg/ml (as estimated by Coomassie staining of acrylamide gels, A280 reading 

and all protein assay methods in 2.7) in the presence of 1.5M NaCl with a 22bp 

oligomer (2.10.3) and ImM EDTA. However, it was not possible to repeat this with 

Ut-AN from the gel filtration column. It may be that the presence of other proteins 

stabilises the enzyme and allows a higher degree of concentration [Crane et al.,

1997].

3.5.4 Predictive methods

The protein sequence of MHV-68 ORF 37 was analysed by the 3D-PSSM (three 

dimensional, position specific scoring matrix) fold recognition server to see whether 

this secondary structure prediction program would support the CD analysis [Kelley et 

al, 2000].

3D-PSSM is based on similar iterative search processes to the PSI-BLAST 

programme which searches a database for sequences that are homologous to the input 

sequence [Altschul et a l, 1997]. The retrieved sequences are then aligned to create a 

weighted profile which is then used in many iterations to find more remote 

homologies. 3D-PSSM searches a database containing proteins of known secondary 

structure and can therefore produce predictions about the secondary structure of the 

input sequence.

Searches with the ORF 37 protein sequence retrieved bacteriophage lambda 

exonuclease as the known fold structure with the highest homology (>95% certainty 

as displayed by the 3D-PSSM program). The secondary structure of MHV-68 

alkaline nuclease was then predicted by comparison with the structure of 

bacteriophage lambda exonuclease (Figure 46a). A recent paper predicted the 

structure of the putative active site of EBV alkaline nuclease by comparison with 

bacteriophage lambda exonuclease [Liu et a l, 2003]. A comparison between the 

results from that paper and those from the current study is presented in Figure 46b 

and shows that the two predictions are very similar. It is also notable that four of the 

lambda exonuclease active site residues that are conserved in the type II restriction 

endonucleases Pvu //and Eco RV [Kovall and Matthews, 1998] are also conserved in 

alkaline nuclease (highlighted residues).
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Figure 46. Secondary structural elements of MHV-68 alkaline nuclease as predicted by 3D- 

PSSM

Figure (a) shows an alignment o f  the MHV-68 alkaline nuclease sequence (M-seq) with bacteriophage 

lambda exonuclease (L-seq). The secondary structure o f  bacteriophage lambda exonuclease (L-str) was 

used by 3D-PSSM to predict the secondary structure o f  MHV-68 alkaline nuclease sequence (M-str). 

Each residue is denoted as either a helix (H), strand (E), or random coli (C) forming residue. Four o f  

the lambda active site residues, and the corresponding identical MHV-68 residues, are highlighted (B). 

Figure (b) shows a region o f  the alignment for comparison with the structure predicted for the EBV  

DNase [Liu et al., 2003]. The sequence region for which structure was predicted is marked at the 

beginning and end by a star motif. Arrows represent residues that were predicted to form strands and a 

cylinder represents residues that were predicted to form helices.

a) Full length alignment

M - s t r  CCCCEEEECC CCCCHHHHHC CCCCHHHHHH HHHHHHHHHH CCHHHHHHHH
M - s e q  MEGSIILDFF EKDDLLEVLG NMARENQLES LATLNFSAFI RSPQVQELLA

M - s t r  HHCCCCCCCH HHHHHHHHHH HHHCCEECCC CHHHHHHHHC CCCCCHHHHH
M - s e q  TSKTSVRISD MRLTYYYFLF LRLNEYIGNT AIMGVFKDMM HLTDNSEVSA

M - str 

M - seq 

L - seq 

L - str

HHHHHHCCCH HHHHHHHHHH HHHCC.CCCC CHHHHHHHCC CCCCCCEECC 
VYAACRDVTP DIKYAVCQRI EALTR.GQQD NELWDILRDG MISSSKFQWA 
 SHMTP DI...ILQRT GIDVRAVEQG DDAWHKLRLG VITASEVHNV

CCCCH HH...HHHHH CCCHHHCCCC CHHHHHHCCC CEEHHHHHHC

M - str 

M - seq 

L - seq 

L - str

CCCC CCCCCCCCCH HHCCCCCHHH 
NPQP IKVNHYFAGP LAFGIRC|QT

CCCCCCCCCC C ...............
VKQHSINKKL F ...............
lAKPRSGKKW PDMKMSYFHT LLAEVCTGVA PEVNA...KA LAWGKQY|ND 
CCCCCCCCCC CHHHHHHHHH HHHHHHHCCC CCCCH...HH HHHHHHHHHH

M - s t r  HHHHHHHHCC CCCCCCCCCC CEEECCCCEE EECCCEEEEE ECCCCCEEEE
M - s e q  VKKILSELIH PNLPRFHDCG FLPSAIDGIF GVSLflTAFNV FTDSSGLVHF
L - s e q  ARTLFEFTSG VN...VTESP IIYRDESMRT ACSP|................ GLC
L - s t r  HHHHHHHHHC CC...EECCC CEECCCCCCE EECCC................ EEE
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M - str 

M - seq 

L - seq 

L - str

CCCCCEEEEE ECCCCCCCCC CCCCCHHHHH HHHHCC..CH HHHHHHHHHC
EPDSIVY|li SRYKYQFSKS EFDGLAKKYL DLYKNP..CE ATFIKFINCI
.SDGNGL|l| CPFTS RDFMKFRLG GFEAIKSAYM AQVQYSMWVT
•CCCCEEEEE CCCCH .HHHHHHHHH CHHHCCHHHH HHHHHHHHHH

M - str 

M - seq 

L - seq 

L - str

CCCCEEEECC CCCCCHHHHH EEECCCCCCC C ...... CCC CCCCCHHHHH
SRPAVEYVPH GKLPSESDYL ITHSMNWKTS
RKNAWYFA..............
CCCEEEEE..............

N ...... KRK RKITDSHICL
.NYDPRMKRE GLHYVVIERD EKYMASFDEI
.EECCCCCCC CEEEEEEECC HHHHHHHHHH

M - s t r  HHHHHCCCCC CEEEEEECCC CCCCCEEEEE EEEEEEEEEC CCCCCHHHHH
M - s e q  KKCLLHNMYQ QSTVYILSDP SETSGKITIK ASFPIDVFVN PAHNYFYQVA
L - s e q  VPEFIEKMDE ALAEIGFVFG EQWR......
L - s t r  HHHHHHHHHH HHHHHCCCCC HHHC......

M - s t r  HHHHHHHHHC CCCCCCCCCC CCCCCEEEEE EEEECCCCCC CEEEECCCCC
M - s e q  LQNMVVQDYI EFGQGVYKRL GHQKNFIASG FFRKRHFSDP AVCSIGNCGK

M - s t r  CCCCCCCCEE EEECCCEECC HHHHHHHHHH HHHHHHHHHH HHCCCCCEEE
M - s e q  LDTTDEIPVA LIITPVRIPS TVLHEYLKKA IDFWNQCAEA NFDHIPWGQL

M - str 

M - seq

CCCCCCCCCC

SDVARKPITP

b) Partial alignment

M - str 

M - seq 

L - seq 

L - str

M - str 

M - seq 

L - seq 

L - str

HHHHHHHHCC
VKKILSELIH
ARTLFEFTSG
HHHHHHHHHC

CCCCCEEEEE
e p d s i v y | i| 
.s d g n g l | l|
.CCCCEEEEE

CCCCCCCCCC

PNLPRFHDCG 
VN...VTESP 
CC...EECCC

> ŒD
ECCCCCCCCC
SRYKYQFSKS
CPFTS....
CCCCH....

CEEECCCCEE
FLPSAIDGIF
IIYRDESMRT
CEECCCCCCE

CCCCCHHHHH 
EFDGLAKKYL 
.RDFMKFRLG 
.HHHHHHHHH

EECCCEEEEE
g v s l D t a f n v

ACSP|....
EECCC....

HHHHCC..CH 
DLYKNP..CE 
GFEAIKSAYM 
CHHHCCHHHH

=>ECCCCCEEEE
FTDSSGLVHF
....... GLC
....... EEE

HHHHHHHHHC
ATFIKFINCI
AQVQYSMWVT
HHHHHHHHHH
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The proportion of each type of secondary structure as predicted by 3D-PSSM was 

calculated and compared with the CD data (Table 3.5). The proportions of structural 

elements predicted by 3D-PSSM are very similar to those produced by the K2d 

analysis. Although the NRMSD value of the CDSSTR analysis was lower than that of 

K2d, the Dichroweb website warns that the prediction with the lowest NRMSD value 

is not always the most correct. Greenfield [1996] also notes that whilst the fit between 

the experimental data and the CD curves calculated by K2d is often poor, the 

predictions may be very good. All three methods predicted that MHV-68 alkaline 

nuclease had a higher proportion of helices than strands, although the proportion of 

unordered or random coiled structure varied (Table 3.5).

Table 3.5 A com parison o f the secondary structure o f M HV-68 alkaline nuclease predicted by 

sequence hom ology (3D-PSSM ) or by CD (CDSSTR, K2d), with the secondary structure of 

bacteriophage lambda exonuclease

Helix 0.51 0.35 0.5 0.3

Strand 0.14 0.17 0.23 0.19

Turn - - 0.09 -

Unordered/coil 0.36 0.48 0.16 0.51

NRMSD N/A N/A 0.01 0.089

Other fold recognition programmes were run to confirm the CD and 3D-PSSM 

predictions. Four of the six fold recognition methods (PSI-BLAST, GONP, 

SEQPMPRF, PRFSEQ) on the bioinbgu website [Fischer, 2000] also found the 

highest homology between ORF 37 and bacteriophage lambda exonuclease. Although 

the GONPM and SEQPPRF methods selected alignments with human bleomycin 

hydrolase and alpha-1,2-mannosidase from Saccharomyces cerevisiae, respectively, 

as the most significant, all of the alignments predicted a prevalence of helical over 

strand structure in alkaline nuclease. The PIX program from the UK human genome 

research project resource centre (http://www.hgmp.mrc.ac.uk) predicted 30.5% helix 

and 12.1% strand (DSC) and 43.2% helix and 10.1% strand (Simpa96).
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3.5.5 Discussion

3.5.5. a Biochemical characterisation

The production of large quantities (approximately 9mg per litre of culture) of highly 

purified His-AN (see 3,4 for details) allowed accurate biochemical characterisation of 

MHV-68 alkaline nuclease. Purified His-AN was found to have similar properties to 

the alkaline nuclease expressed by the virus. This meant that interactions with viral or 

cellular proteins were not required for DNase activity and an absence of post- 

translational modifications specific to eukaryotic cells did not fundamentally alter the 

properties of the enzyme. Additionally it indicated that the His-tag had not altered the 

properties of the enzyme. The activity profiles were similar to those of other 

characterised herpesviral alkaline nucleases with relation to pH values and 

concentrations of salt and Mĝ "̂ .

The MHV-68 enzyme was found to have an alkaline optimum pH around pH 10.5. 

Most alkaline nucleases characterised in similar DNase assays have optima between 

pH 8 and pH 11. As much variation has been found between samples of protein 

prepared by different purification schemes or in different laboratories as between 

alkaline nucleases of different herpesviruses. For example, HSV-2 alkaline nuclease 

was found to have a pH optimum of 8.2 by Hoffmann and Cheng [1978] but of above 

pH 10.5 by Banks et al [1983]. Similarly, the HSV-1 enzyme purified from infected 

cells has been found to have a pH optimum of pH 9-10 [Strobel-Fidler and Francke, 

1980], pH 8-8.6 [Hofftnann and Cheng, 1978] and pH 8-8.5 [Keir and Gold, 1963], 

compared to an optimum of approximately pH 10 for bacterially expressed enzyme 

[Bronstein and Weber, 1996]. The HCMV alkaline nuclease has a optimum pH of 9 

[Sheaffer et a l, 1997].

Chen et al. [1993] found that the optimum pH of bacterially expressed EBV DNase 

was around pH 8-9, with activity decreasing approximately 60% at pH 9.5, whilst 

Baylis et al. [1989] found that a recombinant EBV protein they purified from E. coli 

exhibited virtually no activity at pH 7.5 and below, peaked at pH 9, and had similar 

levels of activity from pH 8 to pH 11. Clough [1979] found the optimum pH of 

purified EBV alkaline nuclease to be pH 8.3 with activity decreasing by pH 9.5.

Some of the reasons for this range may be the variation in purity of the DNases and 

the variations in assay conditions. It may also be caused by the fact that there are few 

buffering systems that work well at pH 8-11 and different studies have used different
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systems. Clough [1979] and Hoffinann and Cheng [1978] noted that the DNase they 

purified was highly unstable. SDS-PAGE analysis of samples was not carried out, 

probably because of insufficient quantity of protein, and so it is probable that 

proteases were present. Other preparations of HSV-1 alkaline nuclease were stable for 

over five years at -70°C (personal communication, K Powell).

Strobel-Fidler and Francke [1980] suggested that the high optimum pH was specific 

to the enzymatic properties of the protein as the pH optimum of DNase activity Avith 

an ssDNA template was not lower than that with dsDNA. However, Knopf and 

Weisshart [1990] found that exonuclease activity of HSV-1 alkaline nuclease was not 

pH dependent but endonuclease activity was higher at alkaline pH values and it was 

preference for single ssDNA substrates that governed the increase in DNase activity 

at high pH, due to melting of dsDNA. If this is the case, then assay conditions that 

affect the endonuclease activity, possibly including the Mg^  ̂concentration and type 

and integrity of DNA, will affect the DNase activity profile in the standard DNase 

assay.

A requirement for Mĝ "̂ , with an optimum concentration of l-4mM, was determined 

for both virally and bacterially expressed MHV-68 alkaline nuclease. All 

characterised alkaline nucleases have been shown to require divalent cations with a 

preference for Mĝ "̂  at a range of concentrations. In general, DNase activity increases 

sharply from OmM to a peak at the optimum (2-5mM), then decreases over a wider 

range of concentrations. Baylis et al. [1989] found that the EBV enzyme had an 

optimum Mg^  ̂concentration of 5mM and that DNase activity decreased by 

approximately 70% at lOmM. The optimal concentrations of Mĝ "̂  for HSV alkaline 

nucleases have been reported as 2-12mM [Strobel-Fidler and Francke, 1980], 5mM 

[Hoffinann and Cheng, 1978] and 0.5-5mM [Banks et ah, 1983]. Other alkaline 

nucleases have optimum Mg^  ̂concentrations of 2mM (PRV, [Hsiang et al., 1998]),

2-1 OmM (baculovirus, [Li and Rohrmann, 2000]) and l-4mM (HCMV [Sheaffer et 

al, 1997]).

Kehm et al. [1998a] discovered that although Mĝ "̂  was necessary for removal of 

mononucleotides from RNA and 3’-end labelled DNA by HSV-1 alkaline nuclease, it 

was not required for the removal of mononucleotides from 5’- end labelled dsDNA. 

However, linear DNA was hydrolysed faster at pH 8 in the presence of Mg^  ̂than 

Mn̂ "̂  and endonuclease activity was found to be enhanced by the presence of Mg^ .̂
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Divalent cations are usually involved in the stabilisation of macromolecules or in 

bond activation in enzymatic cleavage reactions. In the cases of bacteriophage lambda 

exonuclease and the structurally related type II restriction endonucleases, the 

requirement for divalent cations is for the latter function [Kovall and Matthews,

1999]. It is likely that this is the case for alkaline nuclease. Although Mĝ "̂  may also 

play some role in protein stabilisation, storage of the enzyme in buffers without Mĝ "̂  

does not lead to permanent structural alterations that abolish activity.

The activity of viral alkaline nuclease at varying NaCl concentrations was not tested. 

This is because there was insufficient partially purified protein and the results with 

cell extract would have been heavily influenced by the salt content of the cells. 

However, the effect of NaCl (8-408mM) on His-AN activity was examined. The 

NaCl concentration was optimal for His-AN DNase activity at around lOOmM with 

very little activity detectable above 300mM NaCl. This is slightly different to the 

effects described for some alkaline nucleases.

In general, increased salt concentration decreases DNase activity. For example, 

addition of salt was found to inhibit EBV alkaline nuclease [Clough, 1979; Tan et al., 

1982] and HSV alkaline nuclease [Hoffmann and Cheng, 1978]. In most cases, 

however, although enzymes were still inhibited by high ionic strength, low 

concentrations of salt increased activity [Strobel-Fidler and Francke, 1980; Banks et 

al., 1983; Baylis et al., 1989; Bronstein and Weber, 1996]. The lOOmM NaCl 

concentration optimum for His-AN is higher than that described for any other alkaline 

nuclease but Knopf and Weisshart [1990] found that the salt preference for 

exonuclease digestion of duplex DNA varied depending on the template and the kind 

of labelling, with lOOmM ammonium sulphate not necessarily inhibitory to enzyme 

activity. Another point worth noting is that the inhibition caused by high ionic 

strength was reversible by dilution or dialysis (data not shown) as seen for the HSV 

enzymes by Hoffinan and Cheng [1978]. This means that high NaCl concentrations 

do not irreversibly denature the enzyme.

The properties of alkaline nuclease, as elucidated by the DNase assay, are determined

by the effect of conditions on both the exonuclease and endonuclease activities. This

means that the activity profiles are somewhat artificial as in vivo activity is probably

regulated by other proteins such as the mDBP [Hsiang, 2002] and a switch between

exonuclease and endonuclease function may depend on these interactions, the

available substrate and cellular milieu. In general, most studies addressing the
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biochemical characteristics of alkaline nuclease (with the exception of work by Knopf 

and co-workers [Knopf and Weisshart, 1990; Kehm et al., 1998a]) were not 

sophisticated biochemical analyses which attempted to dissect the exonuclease and 

endonuclease responses. The DNase assay, in the form used here, was initially 

employed to detect a novel viral enzyme activity and to follow it through purification 

procedures. It has been successfully employed to determine some of the essential 

properties of the protein and to compare the enzymes from different herpesviruses.

In the biochemical characterisation presented here, the primary aims were to 

determine whether MHV-68 alkaline nuclease was a typical member of the 

herpesviral alkaline nuclease family of proteins and whether the 35 amino acid 

residue His-tag affected the activity of the enzyme. It is clear that the properties of the 

MHV-68 enzyme fall within the range seen for other herpesvirus alkaline nucleases. 

The His-tag did not significantly affect the activity of the enzyme and therefore it is 

likely that the structure of the enzyme is not affected by the tag.

3.5.5. b Biophysical characterisation

Very little data had previously been collected on the physical properties of alkaline 

nuclease; no experimental measurements of secondary structure have been published. 

Data of this kind can help determine the properties of the molecule, knowledge of 

which assists in the process of crystallisation and in interpreting crystallographic data. 

Crystal structures can elucidate the molecular mechanism of action of an enzyme and 

may provide insights to in vivo function. Structural determination of lambda 

exonuclease found that the enzyme is a homotrimer with a toroidal structure. A 

channel in the centre of the molecule allows dsDNA in through one side but only 

ssDNA out the other side. This structure explains the processivity of the enzyme and 

the fact that it only functions at double stranded breaks in DNA [Kovall and 

Matthews, 1997].

In this study, CD data showed that purified His-AN had secondary structure (it was 

folded) and contained a higher proportion of helices than beta strands. These 

observations were confirmed by the presence of activity and fold prediction 

algorithms. This data could be extended by studying possible changes in 

conformation under different conditions and may be helpful in the analysis of X-ray 

diffraction data if alkaline nuclease crystals are obtained.

198



DLS data allowed confirmation of the approximate monomeric size of MHV-68 

alkaline nuclease (approximately 55kDa). It was shown that His-AN and Ut-AN 

tended to form small aggregates in solution, particularly at low concentrations of 

NaCl or in the presence of some detergents. Some detergents, however, could be used 

to produce a monodisperse population suitable for crystallisation trials and this is an 

avenue that could be explored in future crystallisation trials.

The sizes of alkaline nuclease proteins have largely been estimated by SDS-PAGE 

analysis (as discussed in 3.3.6a and 3.4.4) but some laboratories have also used 

velocity sedimentation and gel filtration analysis. These methods have, in general, 

predicted smaller sizes for the HSV-1 enzymes than SDS-PAGE, in which they 

appear to be approximately 20kDa larger (approximately 85kDa) than the sizes 

predicted by sequence data (approximately 65kDa). It is thought that the high proline 

content may hinder migration though the gel, causing this anomalous result [Banks, 

1984]. Kehm et al. [1998a] purified two polypeptides of 85kDa and 75kDa (by SDS- 

PAGE) from recombinant baculovirus expressing HSV-1 alkaline nuclease (3.4.4). 

They determined approximate sizes of SOkDa and 130kDa for proteins in the side and 

peak fractions, respectively, of gel filtration of the polypeptides (four-fold excess of 

the 75kDa polypeptide, 1=0.3) and they suggested that the active form was a 

homodimer of two 75kDa molecules. Velocity sedimentation analysis has suggested 

that the protein is a monomer. A range of sizes have been determined: 49kDa and 

55kDa [Hoffmann and Cheng, 1978; Knopf, 1979] at 1=0.5 and 40kDa [Strobel- 

Fidler and Francke, 1980] and 80kDa [Banks et al., 1983] at lower ionic strengths. 

Strobel-Fidler and Francke suggested that the molecule might be rod-shaped, which 

might account for the small apparent molecular weight, but Banks et al [1983] 

thought it more likely that the protein with a 40kDa mass was a breakdown product.

As yet, the issue of protein size and multimeric status has not been adequately 

resolved for the HSV enzymes but several methods have predicted similar sizes for 

the EBV enzyme which is predicted to be 52.7kDa by sequence analysis. Baylis et al 

[1989] found that the EBV protein expressed by E. coli had an apparent molecular 

weight of 52.5kDa by SDS-PAGE and a size of approximately 58kDa was 

determined for the viral enzyme by glycerol gradient sedimentation [Clough, 1979]. 

The case is similar for MHV-68 alkaline nuclease which is predicted to be 55.5kDa 

by sequence analysis. In this study, SDS-PAGE analysis indicated a similar size for
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both viral and E. co/z-expressed ORF 37 and DLS estimated a monomeric size of 50- 

56kDa for Ut-AN.

Although DLS can estimate the molecular mass and oligomeric status of proteins in 

principle, it is not as accurate as sedimentation analysis for smaller proteins. Data for 

His-AN suggested that the protein may form multimeric structures at high ionic 

strength but the resolution limits of DLS are 2-fold by size and 5-fold by mass so a 

mixture of monomers, dimers and trimers would not be resolved [Jones, 2002].

Whilst it was difficult to obtain significant data, several experiments (which each 

contained only around twenty samples and did not accumulate enough counts to be 

reliable data) calculated hydrodynamic radii in the region of 2.97-3.82nm (43- 

97.5kDa) for His-AN at 4°C. Further DLS studies, and maybe sedimentation analysis, 

are needed to confirm the possible formation of multimeric structure.

Although the exonuclease activity of alkaline nuclease has been found to be sufficient 

for in vivo function [Goldstein and Weller, 1998b], the protein also has endonuclease 

activity and this precludes the formation of the rigid toroidal structure formed by 

lambda exonuclease homotrimer [Mikhailov et al., 2003]. If alkaline nuclease is a 

dimer it may have a structure similar to the homodimers of endonucleases Pvu //and 

Eco which are related to lambda exonuclease [Kovall and Matthews, 1998].

The addition of some types of detergent produced monodisperse populations which 

increased in hydrodynamic radius over time whilst retaining monodispersity. This 

indicated that alkaline nuclease may have formed higher order structures. These may 

not occur in vivo but it is possible that the detergents acted as refolding agents, 

inducing flexibility in the tertiary structure of the enzyme and allowing the formation 

of higher order structures. Ghobadi et al [2001] found that octyl glucoside could 

induce a molten globule-like state of glutamate dehydrogenase similar to those that 

occur during folding in vivo. There were very small quantities of species with 

hydrodynamic radii of approximately lOOnm in these samples but these can act as 

crystallisation ‘seed points’ and indicate that a protein sample is suitable for 

crystallisation (personal communication, C Nichols, University of Oxford, UK).

During the small scale His-AN crystallisation trials, none of the conditions that were 

tested induced protein precipitation, indicating that the protein concentration was too 

low. It was not possible to increase His-AN concentration above approximately 1- 

2mg/ml in the range of solutions tested. Higher concentrations of Ut-AN were
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achieved, a possible reason for this might have been that regenerated cellulose 

membranes were used instead of cellulose triacetate membranes in Vivaspin columns. 

Protein adsorption to Vivaspin membranes and sample containers are known sources 

of protein loss during concentration. Nucléation and agitation of Ut-AN samples 

could also cause precipitation. A large scale crystallisation screen was carried out 

with Ut-AN using a Cartesian Robot. However, the protein was at a low but 

undetermined concentration and no crystals were formed.

Both His-AN and Ut-AN precipitated unexpectedly under some conditions. This may 

not always have been a direct result of the effect of the buffer constituents. It could 

occasionally have been caused by contaminants that acted as nucléation sites for 

precipitation and made analysis of conditions more difficult. In the future, a far wider 

range of conditions could be assessed, in particular the exchange of NaCl for 

alternative salts. The protein could also be purified in the presence of detergent.

3.5.5. c Characterisation by predictive methods

Various methods were used to predict secondary structure, based on structural and 

sequence homology. This data confirmed CD analysis of His-AN that suggested the 

protein has a higher proportion of helices than strands. Although the input sequence 

for predictive methods was MHV-68 ORF 37 and not His-AN, FIX analysis of the 

His-tag predicted that only 0-3 residues would be involved in formation of helices 

and that 2-3 residues would form strands. This would not significantly affect the 

prediction of the relative proportions of helix and beta strand structures.

Most homology searches in this study found that bacteriophage lambda exonuclease 

(lavqa) was the known fold structure most closely related to MHV-68 alkaline 

nuclease, in agreement with the relationship detailed by Bujnicki and Rychlewski 

[2001]. Fischer’s consensus method takes into account the information from each of 

the other fold recognition methods and acts in place of a human as an automated 

method of discriminating true from false positives [Fischer, 2000]. The consensus 

method gave lavqa a score of 23.4 compared to the other 19 selected sequences 

which had scores ranging from 1.0-8.6, indicating a true homology. Recent evidence 

from site-directed mutagenesis of EBV alkaline nuclease revealed the conservation of 

the secondary structure of the active site and some of the catalytic residues between 

human herpesviruses and lambda exonuclease [Liu et al., 2003]. The three residues 

studied (D203, E225 and K227) are also conserved in MHV-68 alkaline nuclease.
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The bacteriophage lambda exonuclease protein sequence is shorter than the 

herpesviral alkaline nucleases, consisting of only 226 amino acids compared to 486 

amino acids of MHV-68 ORF 37. This means it is difficult to create a model for the 

enzymes outside the core region of homology with lambda exonuclease. Bujnicki and 

Rychlewski [2001] modelled the core region of HSV-1 alkaline nuclease and 

predicted a common core with a five-stranded beta sheet flanked by two alpha 

helixes. A crystal structure of an alkaline nuclease would be advantageous as it would 

aid understanding of how the structure of the entire molecule affects enzyme 

function.

3.5.5. d General discussion

A  crystal structure of a herpesviral alkaline nuclease would give scientists an 

understanding of how the enzyme carries out its function and might also lead to the 

development of inhibitors by rational drug design.

Numerous reports of mutant alkaline nucleases with deleted regions show that the 

overall structure of the protein, not just the active site residues, is important for 

function. For example, 15 of 19 mutations across the EBV enzyme (mostly deletions 

of less than thirty amino acids) caused loss of activity in the DNase assay, although 

five retained some DNA binding ability [Liu et al., 1998b]. Lin et al. [1994] also 

produced a series of EBV alkaline nuclease deletion clones, all of which lost activity.

This importance of protein integrity means that there may be a number of approaches 

to the rational design of drugs that inhibit enzyme activity. Sulphydyl-group- 

modifying agents have been found to inhibit HSV-1 alkaline nuclease activity. These 

drugs form disulphide linkages with exposed cysteine residues on the surface of 

proteins and are therefore not likely to be very specific in their actions, resulting in 

high cytotoxicity [Bronstein and Weber, 2001]. One point to note is that the authors 

of this paper suggest that Cys366 might be the cysteine residue responsible for the 

inhibition effect of the drug as it is conserved amongst all herpesviral alkaline 

nuclease homologues. This residue is not present in the alkaline nucleases encoded by 

human herpesviruses HHV-6 and HHV-7 or by MHV-68 so it would be interesting to 

assess the effects of sulphydyl-group-modifying agents on these proteins.

An understanding of alkaline nuclease structure might be beneficial in identifying 

inhibitors with a broad spectrum of activity throughout the family. This fold structure 

does not appear to be common in humans, only one of the top ten structures with
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homology to MHV-68 alkaline nucleases (by the consensus method) was a human 

protein. Also, the only match above 50% certainty in 3D PSSM, other than lambda 

exonuclease, was the M musculus nitric oxide synthase oxygenase domain. Drugs 

designed to bind to the active site or disrupt the protein structure may, therefore, be 

highly specific.

Although it has not yet been possible to crystallise MHV-68 alkaline nuclease, this 

protein might be a better crystallisation target than other herpesviral alkaline 

nucleases. The protein sequence is highly homologous to the human herpesviral 

alkaline nucleases. Data from Prot Param suggests that it may be more stable and 

therefore easier to work with, although there is no experimental evidence to support 

this. The instability index (II) assigns a value of instability to proteins based on the 

presence of certain dipeptides [Guruprasad et al., 1990]. EBV, HCMV and HSV-1 

alkaline nucleases were all predicted to be unstable whereas MHV-68 ORF 37 was 

assigned to the stable category.

The MHV-68 enzyme also lacks the proline rich N-terminal sequence compared to 

the prototypic alkaline nucleases of HSV-1 and HSV-2. Of the N-terminal residues of 

the HSV-1 protein (to the initiation codon for UL12.5 at amino acid residue 127), 

22% are proline residues. Sequences with high proportions of proline residues inhibit 

the formation of secondary structural motifs such as beta sheets and alpha helices. 

They are thought to produce flexible regions that are unlikely to form globular 

structures and may not be conducive to the molecular packing necessary for 

crystallisation [MacArthur and Thornton, 1991]. However, expression of recombinant 

HSV alkaline nuclease without the N-terminal may cause problems during 

purification and crystallisation as UL12.5 is highly insoluble [Bronstein et ah, 1997].

3.5.5. e Conclusions

The work presented here characterised MHV-68 alkaline nuclease and advanced the 

field towards achieving the goal of a crystal structure for an alkaline nuclease. MHV- 

68 alkaline nuclease encodes an alkaline nuclease with the seven motifs that are 

conserved throughout the family. This enzyme has been expressed in E. coli and large 

quantities of highly purified enzyme have been produced. The purified protein is 

folded and active, with biochemical characteristics that are similar to those displayed 

by MHV-68-expressed alkaline nuclease and other herpesviral alkaline nucleases. 

Conditions for high levels of solubility have been explored and it has been found that
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high ionic strengths and some detergents increase protein solubility. DLS studies 

suggest that the protein might form multimeric structures and that protein of a 

suitable quality for crystallisation can be obtained. The purification procedures 

described in this study produce His-AN that is more highly purified than Ut-AN but 

additional purification steps for Ut-AN may increase purity. Further work on 

increasing protein solubility should be carried out with both His-AN and Ut-AN in 

case the His-tag, which does not appear to affect the activity of the protein, prevents 

concentration or crystallisation.
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3.6 Production. Characterisation and Applications
of MHV-68 Alkaline Nuciease-Soecific 

Monoclonal Antibodies

3.6.1 Introduction

Antibodies have been used in the characterisation of many herpesviral replication 

proteins. Examples of HSV proteins characterised with the use of antibodies include 

thymidine kinase [Banks et al., 1984], the mDBP [Powell et al., 1981; Littler et al., 

1983], DNA polymerase [Thomas et al., 1988], the UL6 gene product [Newcomb et 

al., 2001] and alkaline nuclease [Banks et al., 1983; Banks et al., 1985]. Monoclonal 

antibodies are particularly useful as they display less non-specific binding than 

polyclonal antibodies. Although polyclonal antibodies can be directed against a 

specific protein they will probably bind to many epitopes and are, therefore, less 

useful in characterising proteins. It is also not necessary to fully purify the 

immunogen when producing monoclonal antibodies.

The production of monoclonal antibodies makes use of two types of cells: normal B 

lymphocytes which are obtained from an animal that is producing antibodies against 

the protein of interest and immortal non-antibody-producing myeloma cells. When 

these cells are fused, the resulting hybridoma cells are immortal and each cell 

produces a single clone of antibodies. The primary B lymphocytes die naturally and 

selective medium is used to kill the myeloma cells whilst allowing growth of 

hybridomas [Kohler and Milstein, 1975].

Hybridoma selection is achieved using drugs that target nucleotide synthesis. Cells 

produce ribonucleotides and deoxyribonucleotides via two pathways, the de novo and 

salvage pathways. The myeloma cells employed in monoclonal antibody production, 

such as SP2/0-Agl4, are hypoxanthine-guanine phosphorybosyltransferase 

(HGPRT)-deficient. This deficiency means that they are unable to use the salvage 

pathway. Selective medium contains either aminopterin or methotrexate which inhibit 

dihydrofolate reductase (DHFR), blocking the de novo pathway and thereby killing 

myeloma cells. Hypoxanthine and thymidine are added to the selective medium to 

allow hybridoma cells to utilise the salvage pathway. To obtain monoclonal 

antibodies, single hybridoma cells must be isolated and then clones grown from these.
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Antibodies that are capable of neutralising the activity of their target protein are 

particularly valuable. They can be used to investigate the active sites of proteins 

[Banks et al., 1985] and also to study protein structure and function by co

crystallisation of proteins with antibody fragments [Hunte and Michel, 2002; 

Josephson et al., 2002]. Neutralising antibodies, or fragments of them, can be 

engineered to act in the prevention of disease (reviewed by Hudson and Souriau 

[2003]).

To date, there are no target-specific MHV-68 monoclonal antibodies. Neither Ql, a 

monoclonal antibody directed against HSV alkaline nuclease [Banks et al., 1983], nor 

50-3, an anti-HSV alkaline nuclease polyclonal antibody (unpublished data, K 

Powell), was found to cross-react with purified MHV-68 alkaline nuclease (data not 

shown).

The aim of the work described in this section of the thesis was to produce monoclonal 

antibodies directed against MHV-68 alkaline nuclease, then to use these to 

characterise alkaline nuclease production and cellular localisation during viral 

infection. The production, screening and isolation of hybridomas producing MHV-68 

alkaline nuclease-specific monoclonal antibodies (termed monocloning in this thesis) 

are described. Data on the use of these antibodies in western blotting and 

immunofluorescence studies of the virus lifecycle is presented. Monoclonal 

antibodies have been used to confirm protein purification data and their ability to 

neutralise enzyme activity has also been tested.

3.6.2 Production of monoclonal antibodies

The procedures for cell fusion, hybridoma screening and monocloning are described 

in 2.11. Mice were immunised intraperitoneally with 42pg of purified His-AN, mixed 

1:1 with Freund’s incomplete adjuvant (day 1). A second injection was given on day 

12 before test tail bleeds on day 26. Sera obtained from the bleeds were tested in an 

indirect ELISA using the immunisation protein as antigen (Figure 47).
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Figure 47. ELISA screening of sera from mice immunised with His-AN

The His-AN antigen used to immunise the mice was diluted 1/40 in sensitising buffer and bound to a 

Maxisorb 96-well plate at 4°C overnight. The plate was then washed three times. Plates were incubated 

in SOOpl/well of blocking buffer (1% Marvel (non-fat milk powder) in PBS) at 37°C for Ih and then 

washed three times. Serum from mouse A was diluted 1/40 whilst sera from mice B and C were diluted 

1/50 and lOOpl was added to wells. The samples were then serially two-fold diluted down the plate 

(A 1-A7=1/40-1/2560, B1-B8 and Cl-C8=l/50-l/6400). The plate was incubated at 37°C for Ih and 

then washed three times. The secondary antibody (rabbit anti-mouse) was added, 50pl/well diluted 

1/1000, and incubated at 37°C for Ih. The plate was washed four or five times. The OPD substrate 

solution was then added. The reaction was allowed to proceed in the dark for 5-15min and stopped by 

the addition of 25pl/well 4N H2SO4. The results were determined by reading absorbance values of 

wells at 492nm.

Figure 47 shows that there were anti-His-AN antibodies present in the three mice 

tested (A, B and C) as these could be diluted out when sera were tested by ELISA. 

Theoretically the antibodies could have been detecting impurities in the immunisation 

solution but this was unlikely because of the high quantity of alkaline nuclease 

(>95%). As serum from mouse A gave the strongest response, it was also tested by 

western blotting (data not shown). This illustrated that there were antibodies present 

that were capable of interacting with denatured His-AN in western blotting. The 

strong response also illuminated contaminants in the His-AN preparation which were 

not visible by Coomassie staining.
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The immune response of mouse A was boosted by a further immunisation four days 

before the spleen was removed and fusion with SP2/0-Agl4 cells was carried out (on 

day 37). The cells were mixed at a ratio of seven spleen cells to one SP2/0-Agl4 cell 

and fusion was induced by the addition of PEG. After washing, the cells were then 

resuspended in selective Hy-HMT medium and aliquoted into 24-well plates.

Initial screening for positive wells took place 9-13 days after fusion (stage 1). 

Individual colonies from positive wells were transferred to fresh Hy-HMT in new 

wells (stage 2) and two-fold limiting dilutions of cells from these were set up in 96- 

well plates (stage 3). Cells in wells from the lowest limiting dilution were transferred 

to 24-well plates and grown before being seeded at a concentration of 1 cell/lOOpl (1 

cell/well) in new 96-well plates (stage 4). The same protocol was followed as for 

limiting dilution and cells were finally seeded at a concentration of 1 cell/ml (1 

cell/10 wells) in 96-well plates (stage 5). Supernatants were also occasionally tested 

by western blotting for the presence of alkaline nuclease-specific antibodies. 

Hybridoma supernatants were tested by ELISA (2.12) and this was followed by 

western blotting for some samples (2.13).

Table 3.6 shows the results of ELIS As and western blotting carried out at each stage, 

using hybridoma supernatants as the primary antibodies. The results are given as 

proportion of positive results (x) to the total number of hybridoma supernatants (y) 

that were tested (x/y). Some stages were not tested (NT) with all of the diagnostic 

methods. Supernatants from all 113 wells from the cell fusion (stage 1) were tested by 

ELISA with His-AN. Colonies (150) were picked from the positive wells (stage 2) 

and once the cells had grown the supernatants were also tested by ELISA with His- 

AN. Of the 33 supernatants with alkaline nuclease antibodies (by ELISA), only 22 of 

these detected Ut-AN by western blotting (carried out 7-9 days later than ELISAs). 

Cells from the lowest limiting dilution of all 33 ELISA-positive wells were seeded at 

1 cell/well (stage 4). Supernatants from stage 4 were tested by ELISA and western 

blotting with Ut-AN. Thirteen of the hybridomas were seeded at 1 cell per 10 wells 

(stage 5) and supernatants were tested by ELISA and western blotting. The majority 

of these hybridomas produced antibodies that detected both His-AN and Ut-AN in 

ELISA and western blotting. However, one of the antibodies was found to recognise 

His-AN but not Ut-AN, whilst another did not recognise denatured Ut-AN in western 

blotting but could detect Ut-AN by ELISA.
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Table 3.6 Screening of hybridoma supernatants during the monocloning process by indirect 

ELISA and western blotting

stage 1 - cell fusions 28/113 NT NT

stage 2 - picked colonies 33/150 NT 22/33

stage 4 -  1 cell/well NT 13/30 14/28 '

stage 5 -  1 cell/10 wells 13/13 12/13 10/11
- western blotting was carried out before the ELISA for the same supernatants.

3.6.3 Characterisation of monoclonal antibodies

Eight monoclonal antibodies from stage 5 were characterised. These were designated 

AM, BM, DM, FM, HM, IM, JM and LM and were all derived from different initial 

clones (stage 1). Supernatant or purified IgG from hybridoma cells (stage 5) that 

produced non-alkaline nuclease-specific antibodies (RM) was used throughout as a 

negative control. In addition, supernatant produced by hybridoma cells from stage 5 

(MM) was found to react with His-AN but not Ut-AN, It was not capable of detecting 

purified His-tagged geminin (kindly donated by C Williams, UCL) so was probably 

directed against another region of the tag such as the Express epitope. The results of 

westerns and ELISAs using this group of antibodies are shown in Figure 48 and 

characterisation of antibody subclass is depicted in Figure 49.
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Figure 48. Characterisation of monoclonal antibodies by ELISA and western blotting

Antibodies were screened using Ut-AN as an antigen in both an ELISA (a) and in western blotting (b). 

His-AN was also used as an antigen in an ELISA (a). ELISAs were carried out as described in Figure 

47, except that Ut-AN was prepared as a 1/8 dilution o f  protein partially purified by SP Sepharose 

chromatography. A negative control (-) o f  Hy-HMT medium and a positive control (+) o f  1/300 

dilution o f  mouse A serum were included. Grey bars represent Ut-AN results, black bars represent His- 

AN results, b) To assess antibody effectiveness in western blotting, Ut-AN (partially purified by SP 

Sepharose chromatography) was electrophoresed on a 10% acrylamide gel. The proteins were 

transferred at 150mA for I.5h to a nitrocellulose membrane which was then cut into strips. The 

membrane was incubated with hybridoma supernatants as the primary antibodies. A I/IOOO dilution o f  

the rabbit anti-mouse secondary antibody was used and then a colour reaction with 4-chloro-1-napthol 

was applied to visualise the results. Lanes in (b) are labelled as follows: RL gives apparent molecular 

weights according to the rainbow ladder (the kDa are only shown to the left o f  lane I but the 4 markers 

next to lanes 6 and 11 also refer to the 75-30kDa markers); Lane 1, positive control (1/300 dilution of 

mouse A serum ); lane 2, negative control (1/300 dilution o f non-immune mouse serum); lanes 3-12, 

AM, BM, JM, RM, HM, DM, MM, LM, FM, IM, respectively.
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Figure 49. Isotyping monoclonal antibodies

The antibody-independent method from a mouse monoclonal antibody isotyping kit was used to 

determine the class and subclass o f  antibodies in hybridoma supernatant. The kit follows the principles 

o f the indirect ELISA (as described in Figure 47). Goat anti-mouse antibody was used as a capture 

antibody and incubated in Maxisorb plates at 4°C overnight. Non-specific binding was blocked and 

then hybridoma supernatants were added to wells. Rabbit anti-mouse class and subclass secondary 

antibodies were used with a peroxidase-labelled goat anti-rabbit IgG which produced a visible signal 

when the ABTS substrate was added. The results were confirmed by reading absorbance o f  wells at 

405nm (data not shown) and results are shown here as a photograph o f  the plate. Lanes 1-10 contain 

different primary antibodies or controls; lane 1, PBS, lane 2, normal rabbit serum; lane 3, rabbit anti

mouse IgGl; lane 4, rabbit anti-mouse IgG2a; lane 5, rabbit anti-mouse IgG2b; lane 6, rabbit anti

mouse IgG3; lane 7, rabbit anti-mouse IgA; lane 8, rabbit anti-mouse IgM; lane 9, rabbit anti-mouse 

kappa light chain; lane 10, rabbit anti-mouse lambda light chain. Rows A-I contain different 

hybridoma supernatants or controls; row A monoclonal mouse IgGl positive control (only in lane 3); 

rows B-I, AM, BM, DM, FM, HM, IM, JM, LM, respectively.

The relative absorbance values at the ELISA endpoint were found to fluctuate (Figure

48a). The titres of antibody in hybridoma supernatant probably varied because the

number of cells and volume of medium were not consistent. The amount of Ut-AN

bound to the plates was probably lower than that of His-AN, accounting for the

difference in absorbance reading. Of the eight characterised monoclonal antibodies,

all but IM were capable of detecting both His-AN and Ut-AN by western blotting and

ELISA. IM reacted with alkaline nuclease in ELISAs but not western blotting,

suggesting that it might recognise a conformational epitope (Figure 48). All eight of

the antibodies characterised were found to be of the IgGl subclass with kappa light
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chains when isotyped with both an antigen-independent ELISA (Figure 49) and an 

antigen-dependent ELISA using Ut-AN (data not shown).

3.6.4 Antibody-mediated neutralisation of DNase activity

Serum from mouse A was tested to determine whether it could neutralise the alkaline 

nuclease activity produced in MHV-68-infected cells. NIH-3T3 cells were infected at 

an MOI of 10. At 17h p.i. cells were pelleted and frozen at -80°C. They were then 

resuspended at 5x10  ̂cells/ml in extraction buffer before sonication. Cell extract 

(40|il) was incubated with 40pl of either immune serum (serum from mouse A) or 

pre-immune serum for 2.5h at 4°C. Volumes of 40pl and 20pl were then tested in the 

DNase assay under linear response conditions.

10000

E
Q.O

8000

6000
>
■0n 4000

I
z  2000

sera

Figure 50. Neutralisation of alkaline nuclease activity by 

serum from a mouse immunised with His-AN

NIH-3T3 cells were infected at an MOI o f 10 and harvested 17h 

p.i. Cells were pelleted and frozen at -80°C and then 

resuspended in extraction buffer (20mM Tris-HCl, 0.5mM 

DTT, pH 8) at 5x10^ cells/ml before sonication. Extract from 

1x10^ and 5x10^ cells was incubated with equal volumes o f  

immune serum (+) or pre-immune serum (-) for 2.5h at 4°C.

The samples were then tested in the DNase assay under linear 

response conditions (Figure 11). Results from 1x10^ cells were 

adjusted to be equivalent to those from 5x10^ cells. Error bars 

show the range o f  data for n=2.

Serum from the His-AN immunised mouse (mouse A) inhibited alkaline nuclease 

activity by approximately 45% compared to pre-immune mouse serum. Attempts 

were made to neutralise alkaline nuclease activity with hybridoma supernatants but 

these experiments were not successful so antibodies were purified on a protein G 

column as described in 2.11.6 (Figure 51) and then tested for neutralising properties 

(Figure 52). Antibodies RM, IM and DM were purified using an ACTA FPLC system 

(Figure 51), while the other antibodies were purified by the same method but with a 

PI pump. To ensure a baseline A280 reading was reached after all stages, 10ml 

volumes of buffer were used for washing, elution, and re-equilibration when using the
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PI pump. Concentrations of antibodies were determined with the Bio-Rad protein 

assay and were found to be similar (Table 3.7).
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Figure 51. Purification of antibodies using a protein G column

This figure shows a sample chromatogram produced during purification o f  RM, from the washing 

stage. Purification was initially carried out on the ACTA FPLC system using a flow rate o f  Iml/min. 

The 1ml protein G column was equilibrated in 5ml o f  binding buffer (20mM NaHzPO^, pH 7). 

Hybridoma supernatant (16ml) was centrifuged at 3000xg and then passed through a 0.22pm filter 

before being loaded onto the column. The column was washed with 10ml o f binding buffer, then the 

antibody was eluted with 3ml o f elution buffer ((— ) O.IM glycine-HCl, pH 2.7). Eluted fractions were 

adjusted to neutral pH by the addition o f  IM Tris base. A 280 was measured as an indication o f  protein 

concentration (— ).

Table 3.7 Concentration of antibodies used in the neutralisation assay

IM 111

RM 86

DM 184

FM 147

BM 91

AM 115

JM 95

HM 132

QM 133
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The neutralisation assay was carried out as described in Figure 50 except that extract from 4x10^ and 

6x10^ infected cells was incubated with each purified antibody for 2.5h at 4°C. The samples were then 

tested in the DNase assay under linear response conditions. Results from 4x10^ cells were adjusted to 

be equivalent to those from 6x10^ cells. Error bars show the range o f  data for n=2.

With the exception of IM, the antibodies had no effect on the activity of alkaline 

nuclease when compared to the negative control RM (Figure 52). Purified RM, rather 

than elution buffer alone, was used as a negative control because antibodies crudely 

purified from protein G columns tend to contain impurities such as albumin, 

transferrin and bovine immunoglobulins. To determine whether the values for IM 

were statistically different to the others, a student two sample t-test was carried out. 

Assuming the two samples (one sample of the two values for alkaline nuclease 

activity when incubated with IM and a second sample of the other 16 values) come 

from populations with equal variance, the result is p=l.29x10’̂ . Therefore, the mean 

for IM is significantly different to the mean of the other values and IM does neutralise 

alkaline activity.

It was possible that the concentration of IM present was not sufficient to produce 

maximum inhibition of alkaline nuclease activity, so increasing amounts of IM and 

RM were incubated with virus-infected cell extract. Figure 53, however, shows that 

this was not the case; a five-fold increase in concentration of IM did not enhance 

neutralisation.
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Figure 53. Inhibition of alkaline 

nuclease by IM monoclonal antibody

RM and IM were adjusted to 85|ig/ml 

and then 0.68|ig (1:1 cell volume : 

antibody volume) or 3.4(ig (1:5) was 

incubated with extract from 4x10^ 

infected cells (an MOI o f  10, 17h p.i.) at 

4°C for 2.5h. The neutralisation assay 

was carried out as described in Figure 50 

with the DNase assay carried out under 

linear response conditions. Error bars 

show the range o f data for n=2.

Antibody ratios

The degree of inhibition caused by IM was calculated by comparing results from five 

samples in which extract had been incubated with IM to the same five samples with 

RM (in three assays). The mean of enzyme activity incubated with RM was 

normalised to 100% in each assay. The average activity of extracts incubated with IM 

was 61.4%. This equates to a mean inhibition of 38.4% with a range of 32.8-46.4%.

3.6.5 Analysis of alkaline nuclease production during the MHV- 
68 viral lifecycle

The antibodies were used to characterise the production and cellular localisation of 

alkaline nuclease during MHV-68 infection of N1H-3T3 cells.

3.6.5. a Analysis of viral alkaline nuclease production by 

western blotting

N1H-3T3 cells were infected with MHV-68 (an MOI of 10) in 6-well plates. The cells 

were washed and harvested at 0, 4, 8, 12, 16 and 24h p.i. They were processed by 

detergent-mediated lysis as described in 2.6, then proteins were electrophoresed on an 

acrylamide gel and transferred to nitrocellulose membrane. Blots were incubated with 

hybridoma supernatant containing alkaline nuclease-specific antibodies (DM) to 

detect alkaline nuclease. A mouse beta-actin-specific antibody was used to confirm 

that lanes were loaded equally (Figure 54 b, d).
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Figure 54. Analysis of alkaline nuclease production in MHV-68-infected N1H-3T3 cells by 

western blotting

NIH-3T3 cells in 6-well plates were infected with MHV-68 at an MOI o f  10. At time-points 0-24h p.i., 

2x10^ cells were scraped from wells, pelleted by centrifugation and then frozen at -80°C. Cells were 

processed in a similar way to infected cells used for alkaline nuclease purification. Cells were thawed 

and resuspended at a concentration o f  1x10^ cells/ml in Triton X-100 extraction buffer (20mM Tris- 

HCl, pH 8, 0.5mM DTT, 5% Triton X-100). The solution was vortexed before an equal volume o f  high 

salt buffer was added to give final concentrations o f  1.7M KCl, 5.0mM EDTA. The suspension was 

left at 0°C for 40min and then insoluble proteins were removed by centrifugation at 35000xg at 4°C for 

20min. Samples were dialysed against DE buffer (50mM Tris-HCl, pH 7.5, 0.5mM DTT, 0.2% NP40, 

20% glycerol) to remove KCl. Proteins were then electrophoresed on a 10% 19:1 

acrylamideibisacrylamide gel. Extract from 1x10^ cells was loaded per lane. Proteins were then
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transferred to nitrocellulose membrane at 150mA for l.Sh. Western blotting was carried out as 

described in Figure 48 except that the primary antibody was DM hybridoma supernatant. Results were 

visualised by the ECL reaction and exposure to ECL film (a). The membrane was washed and blocked 

with 1% Marvel for Ih at 37°C. It was then incubated with a 1/10000 dilution o f  a beta-actin antibody 

at 4°C overnight. The secondary rabbit anti-mouse antibody was again applied at a 1/1000 dilution. 

Bands were visualised with a colour reaction with 4-chloro-1-napthol (b). The same samples were then 

electrophoresed on a 10% 37.5:1 acrylamideibisacrylamide gel and western blotting was carried out as 

before (DM  antibody (c), beta-actin antibody (d)). L represents apparent molecular weights as 

determined by the benchmark prestained protein ladder, RL represents apparent molecular weights as 

determined by the rainbow ladder. Lanes 1-6, 0 ,4 , 8 ,1 2 ,1 6 ,24h p.i., respectively.

Figure 54a shows that alkaline nuclease was not detectable at 4h p.i. (lane 2) but was 

present from 8h p.i. (lane 3, lower band) with levels increasing until 24h p.i. (lane 6). 

A non-viral band was also detected by the DM antibody (lanes 1-6, upper band). In 

order to separate the two bands, the same protein samples were electrophoresed on 

37.5:1 acrylamideibisacrylamide gel (Figure 54 c, d) which provides greater 

separation at this molecular weight compared to 19:1 acrylamideibisacrylamide gel 

(Figure 54 a, b). This appeared to produce two virus-induced bands (Figure 54c lanes 

4-6) which may have been caused by degradation or oxidation of the sample, or two 

different viral DM-reactive proteins.

The non-viral band may have been produced by either interaction of DM with a 

cellular protein or by interaction of a cellular secondary antibody receptor with the 

rabbit anti-mouse antibody. To determine whether the non-viral protein was a 

secondary antibody receptor, new blots were produced with the same protein samples 

and during the western blotting procedure they were incubated with Hy-HMT in place 

of the primary DM antibody (data not shown). The non-viral band was not detected 

by this procedure so a variety of cell lines were tested to see whether the band was a 

cell-specific protein that interacted with DM (Figure 55). Although there was a slight 

cross-reaction between DM and protein in COS-7 and BHK 21 cells (upper panel, 

lanes 2 and 3), there was significantly more protein present in these lanes compared 

to the NIH-3T3 lanes (as determined by levels of beta-actin in lower panel). This 

experiment indicated that the non-viral protein detected by DM was cell line-specific 

as it was not seen in extract from Hela or Vero cells.
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Figure 55. Analysis of cross-reactivity of alkaline nuclease-specific antibodies by western blotting

Hela, COS-7, BHK 21 and Vero cells were resuspended at a concentration o f  IxlO^/ml in Triton X-100 

extraction buffer. Protein extract was prepared as described in Figure 54. Samples from 2.5x10'* cells 

were electrophoresed on 10% 19:1 acrylamideibisacrylamide gel, alongside extracts from mock- 

infected (Oh p.i.) and MHV-68 infected (16h p.i.) NIH-3T3 cells (Figure 54). Proteins were transferred 

to nitrocellulose membrane and western blotting was carried out with the DM (top panel) and beta- 

actin (bottom panel) antibodies as described in Figure 54. DM-specific bands were visualised with the 

ECL reaction and exposure to ECL film (top panel). Beta-actin bands were visualised with a colour 

reaction with 4-chloro-1-napthol (lower panel). Lane 1, Hela cell extract; lane 2, COS-7 cell extract; 

lane 3, BHK 21 cell extract; lane 4, Vero cell extract; lane 5, cell extract from mock-infected NIH-3T3 

cells; lane 6, cell extract from MHV-68-infected NIH-3T3 cells 16h p.i.

3.6.5.b Analysis of viral alkaline nuclease production by 

immunofluorescence

Immunofluorescence was used to localise MHV-68 alkaline nuclease in MHV-68- 

infected cells, NIH-3T3 cells were infected with MHV-68 (an MOI of 10). At various 

times post-infection (0-24h p.i.), cells were fixed and then stained with the 

combination of an anti-alkaline nuclease primary antibody (FM) and a FITC- 

conjugated secondary antibody.

Cells were grown and infected in 8-well chamber slides as described in 2.14 and the 

time-points (four wells per time-point) were fixed in two groups (X and Y). The cells 

in each group were infected at staggered time intervals so that the whole group could 

be fixed and stained at the same time. All cells were infected with the same aliquot of 

virus dilution (which was kept on ice throughout) and controls were included in each 

group.

Cells were fixed with 2% paraformaldehyde and permeabilised with sodium citrate 

and Triton X-100. Nuclei were stained with Hoechst 33342 then, after washing, the 

primary antibody (a 1/10 dilution of purified FM in TBS) was applied. A 1/200
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dilution of FITC-conjugated secondary anti-mouse antibody was used to fluorescently 

label alkaline nuclease.

Group X included wells for 2, 4, 6, 8h p.i. as well as the following controls: i) mock- 

infected cells (Oh p.i.), ii) TBS instead of primary antibody during staining procedure 

(8h p.i.), iii) TBS instead of secondary antibody during staining procedure (8h p.i.). 

Group Y included wells for 12,16, 20, 24h p.i. as well as the following controls: i) 

mock-infected cells (Oh p.i.), ii) TBS instead of primary antibody during staining 

procedure (16h p.i.), iii) TBS instead of secondary antibody during staining procedure 

(16hp.i.).

Figure 56. Analysis of alkaline nuclease production in MHV-68-infected NIH-3T3 cells by 

immunofluorescence

NIH-3T3 cells were seeded at 7x10'* cells/well in 8-well glass chamber slides and grown overnight 

until almost confluent. Cells were either infected with MHV-68 (an MOI o f  10) or mock-infected with 

MM. Time-courses were carried out in reverse. Chambers were fixed and stained in two groups (X and 

Y). Cells were fixed in 2%  paraformaldehyde in PBS for 15min. Slides were then washed in TBS 

before being permeabilised (O.IM sodium citrate, 0.1% Triton X -100) on ice for 2min. The slides were 

again washed and w ell areas were covered in 50pl o f  Hoechst 33342 (lOpg/ml in TBS) for 5min at 

room temperature to stain nuclei and then washed three times. To stain alkaline nuclease, 50pl o f  

primary antibody (purified FM antibody, 1/10 in TBS) was applied to each w ell area for Ih at room  

temperature. Slides were washed before the addition o f  50|il o f  secondary FlTC-labelled anti-mouse 

antibody, diluted 1/200 in TBS, to each well area. The slides were incubated for Ih at room 

temperature in the dark before again washing in TBS. Vectashield mounting medium (Vectorlabs) was 

added to prolong fluorescence and bind the coverslip. The slides were examined at x400 original 

magnification under a Leica DM RD microscope using the appropriate filters. Images were captured 

using the JVC 3-CCD camera and Zeiss KS300 3.0 software. The left-hand column o f  images shows 

nuclear staining with Hoechst, the right-hand column shows alkaline nuclease staining with FITC. 

Group X  consists o f  panels A-E, J and K. Group Y  consists o f  panels F-1 and L-N. Labels as follows: 

panels A-1, 0, 2, 4, 6, 8, 12, 1 6 ,2 0 ,24h p.i., respectively; panel J, TBS instead o f  primary antibody 

during staining procedure (8h p.i.); panel K, TBS instead o f  secondary antibody during staining 

procedure (8h p.i.); panel L, mock-infected cells; panel M, TBS instead o f  primary antibody during 

staining procedure (16h p.i.); panel N, TBS instead o f  secondary antibody during staining procedure 

(16h p.i.).
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The images in Figure 56 show that alkaline nuclease was clearly detectable from 6h 

p.i. (panel D). In a small number of cells there was also some weak staining at 4h p.i. 

(panel C); this suggests that alkaline nuclease may be produced between 4h and 6h 

p.i. in infected NIH-3T3 cells. The FITC staining co-localised with the Hoechst stain 

in cell nuclei at all time-points; there was no evidence of cytoplasmic localisation of 

alkaline nuclease. In general, the FITC staining in the nucleus was diffuse, but in a 

few cells at 6h and 8h p.i. (panels D and E) there was uneven staining and alkaline 

nuclease appeared to be localised to certain regions of the nucleus. It has not been 

possible to determine exactly how this pattern relates to the pattern of intense Hoescht 

staining of DNA but the two staining patterns do not appear to overlap substantially. 

At later time-points, the diffuse pattern of FITC staining may have been caused by 

over-exposure of the image.

Although cells were infected with an MOI of 10, it appeared that not all cells were 

infected as not all of the cells produced alkaline nuclease. To confirm that this 

minority of cells were not infected, rather than infected but not producing alkaline 

nuclease, anti-MHV-68 antibodies could have been used on parallel samples. It may 

be that some cells were not permissive for infection.

Western blotting showed that there was some cross-reactivity between the 

monoclonal antibody DM and an NIH-3T3 cellular protein. This cell line was still 

used in immunofluorescence studies because it is a murine cell line, which is 

therefore more closely related to cells infected by MHV-68 in vivo than the other four 

cell lines tested for cross-reactivity. Immunofluorescence controls were included to 

ensure that any cross-reactivity between FM and the cellular protein did not obscure 

the alkaline nuclease staining. The control images (A and J-N) show that there was 

some background staining but this was distinct from the alkaline nuclease-specific 

staining in its shade and intensity. It may be that FM does not display the same cross

reactivity as DM or that the form of the protein in fixed cells is not recognised by the 

antibody. The secondary antibody alone (panels J and M) showed diffuse staining 

over the whole cell (slides may not have been washed sufficiently to remove this 

background binding), whereas the staining by primary antibody, FM, alone (panels K 

and N) seemed to be more concentrated in the cell nucleus. This may be related to the 

cell-specific protein detected by DM in western blotting.

To confirm that the nuclear localisation of alkaline nuclease was not cell line-specific,

BHK 21 cells and NIH-3T3 cells were fixed (in paraformaldehyde or methanol) at
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17h p.i. on a number of other occasions (data not shown). Nuclei were stained with 

Hoechst or propidium iodide (PI, Vectashield containing PI, Vectorlabs) and FITC 

staining was always localised in cell nuclei. This also strengthened the conclusion 

that the nuclear staining pattern in infected NIH-3T3 cells was not caused by cross

reaction of the antibody with a cellular protein, as BHK 21 cells showed very little 

cross-reactivity to the DM anti-alkaline nuclease antibody.

3.6.6 Discussion

The aim of producing monoclonal antibodies was to provide a method for specifically 

identifying the MHV-68 alkaline nuclease protein. This would be useful in 

identifying alkaline nuclease during purification procedures, in monitoring the 

production of the alkaline nuclease protein over the time-course of MHV-68 infection 

and also in determining cellular localisation of the protein.

3.6.6. a Production and characterisation of monocional 

antibodies

At the European Virology Conference, Gulasova et al. [2000] reported that eight 

hybridoma clones had been produced with antibodies directed against MHV-72 and 

the Sumava strain. Four of these antibodies showed some cross-reactivity with MHV- 

68 but the target proteins were unknown. In this study, MHV-68 alkaline nuclease- 

specific monoclonal antibodies have been produced and characterised. These are the 

first monoclonal antibodies raised against an MHV-68 protein. These can be 

employed as markers for MHV-68-infected cells using ELISA, western blotting or 

immunofluorescence techniques.

All the characterised monoclonal antibodies were of the IgGl subclass and had kappa 

light chains. The majority, 95%, of mouse immunoglobulins have kappa light chains 

[Amersham Biosciences, 2000] and IgG is the predominant subtype secreted in 

hyper-immunised animals [Harlow and Lane, 1988].

One of the monoclonal antibodies (IM) was effective at recognition of alkaline 

nuclease in ELISAs but not in western blotting and so probably recognises a 

conformational epitope. IM was found to neutralise the DNase activity of the enzyme 

by approximately 40% and could be useful in the characterisation of the enzyme’s 

active site or for co-crystallisation with the protein in an antibody-antigen complex. 

This neutralisation is comparable to that shown for Ql which inhibited HSV DNase
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activity by 44% compared to pre-immune serum, with a standard deviation of 12.3% 

[Banks, 1984].

3.6.6.b Analysis of alkaline nuclease during MHV-68 infection

The results from immunofluorescence and western blotting analysis, which clearly 

show production of alkaline nuclease by 6-8h p.i., corroborate previous data. 

Transcriptional analysis illustrated that ORF 37 mRNA was produced between 2h and 

4h p.i. (3.1); and activity was detected at 8h but not 4h p.i. by DNase assay (3.2.3). 

There may have been some nuclear staining at 4h p.i. by immunofluorescence which 

indicates that immunofluorescence could be more sensitive than western blotting and 

the DNase assay.

A non-viral band was detected by the DM monoclonal antibody during western 

blotting. This was found to be cell line-specific as it could not be detected in Hela or 

Vero cells. However, there was no significant staining of cellular proteins by the FM 

monoclonal antibody when it was used in conjunction with a FITC-labelled 

secondary antibody. The FM antibody may not cross-react with the same cellular 

protein if DM and FM recognise different epitopes of alkaline nuclease (this could be 

tested by western blotting). It may be that the protein is in an unrecognisable 

conformation in fixed cells. The low level of background fluorescence seen in the 

controls might be removed by pre-absorbing antibodies to NIH-3T3 cell extracts and 

further optimising the concentration of the FITC-labelled antibody.

The data generated in this study is consistent with the classification of alkaline 

nuclease as an early or delayed early gene and is similar to studies of other 

herpesviral alkaline nucleases. For example, western blotting of extracts from human 

fibroblasts infected with HCMV (which has a longer replication cycle) detected 

alkaline nuclease from 5h p.i. with the monoclonal antibody 12 [Adam et al., 1995]. 

The amount of protein increased until 72h p.i. and inhibition of DNA replication with 

PAA decreased the levels. It is noteworthy that the 12 monoclonal antibody also 

detected a non-viral protein expressed in human fibroblast cells and it is possible that 

this protein is related to the cell-specific protein detected by DM in this study.

In western blotting carried out by Bronstein at al. [1997], HSV-1 UL12 was only 

detected 9h p.i. with BWpl2, a polyclonal antiserum produced in rabbits, directed 

against full length HSV-1 UL12 synthesised in E. colt. However, in 

immunofluorescence studies by Banks et al. [1985] Q1 was capable of detecting
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HSV-2 alkaline nuclease in nuclei from 2h p.i. The CH2 antibody (an IgGl 

monoclonal antibody directed against HSV-1 alkaline nuclease) did not react until 6h 

p.i., whilst in HSV-1-infected cells a delay of approximately Ih in detection of 

alkaline nuclease was seen with both antibodies. It was suggested that CH2 might be 

directed against an epitope that was unavailable until 6h p.i. The BWpl2 result may 

have a similar cause or the polyclonal antibody may not be as sensitive as Ql, 

perhaps because antibodies are at a lower concentration.

3.6.6. c Cellular localisation of alkaline nuclease

Cellular localisation of alkaline nuclease is a somewhat contentious issue. Nuclear 

localisation of the enzyme was observed by Banks et al. [1985], who reported that 

nuclear staining was initially diffuse but that over time the enzyme became localised 

in globular structures. Randall & Dinwoodie [1986], however, found no evidence of 

specific intra-nuclear localisation. However, Thomas et al [1992], found that at 6h 

p.i. HSV-1 alkaline nuclease was mainly localised to replication compartments.

The work presented here found clear nuclear staining from 6-24h p.i., possibly with 

some staining at 4h p.i. At 6h p.i. there is some evidence of localisation of alkaline 

nuclease to distinct regions of the nucleus. These regions do not appear to co-localise 

with the regions that are heavily stained with Hoechst. At later time-points, the 

intensity of staining may make it impossible to see the intra-nuclear staining pattern.

3.6.6. d Conclusions

Anti-MHV-68 alkaline nuclease monoclonal antibodies were produced and 

characterised. They were used to confirm purification of alkaline nuclease (Figure 

19). Alkaline nuclease was detectable by 8h p.i. in NIH-3T3 cells by western blotting 

and from 6h p.i. by immunofluorescence. From 6-24h p.i. the protein was found to be 

localised in the nucleus.

In the future, these monoclonal antibodies could be used to detect lytic replication of 

MHV-68 and to characterise the structure of alkaline nuclease with binding studies or 

by co-crystallisation. More detailed analysis of intra-nuclear localisation could be 

undertaken using a range of antibody concentrations and confocal microscopy.
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3.7 Characterisation of MHV-68 BACs with
Mutations in ORF 37

3.7.1 Introduction

Viral alkaline nuclease mutants (HSV and MCMV) have been constructed previously 

and their in vitro behaviour has been characterised as described in the introduction 

(1.3.8). These mutants exhibit growth deficiencies in tissue culture, for example 

Weller et al [1990] described a yield of 0.1-1% for the AN-1 mutant compared to 

wild-type virus. It has been shown that the enzyme is necessary for efficient egress of 

capsids from the nucleus [Shao et ah, 1993].

The protein plays an important role in vivo. Alkaline nuclease is essential in a mouse 

model of HSV-1 infection (quoted in [Gao et a l, 1998]) and a PRV mutant vdth an 

insertion in the UL12 gene shows reduced virulence in mice [De Wind et a l, 1994]. 

MHV-68 offers the opportunity to construct mutants which can be characterised in a 

system of natural infection. If desired, antiviral drugs can also be tested and the 

effects of treatment on both pathology and viral replication can be examined. Prior to 

this though, mutants should be characterised in vitro.

Previous studies have shown that alkaline nuclease mutants can be difficult to grow in 

tissue culture. With this in mind, it was decided to use the recently developed MHV- 

68 bacterial artificial chromosome (BAG) system which has the advantage of 

allowing the replication of viral DNA in bacteria, thereby producing large quantities 

of viral DNA irrespective of possible growth deficiencies [Adler et al., 2000].

The first BAG system of herpesvirus mutagenesis was produced by Messerle et al. 

[1997] who cloned MGMV as a BAG. Since then a number of other herpesviruses, 

including MHV-68, have been BAG-cloned. The system involves the co-transfection 

of viral DNA and BAG sequences into eukaryotic cells to generate a recombinant 

BAG-virus by the traditional method of homologous recombination. The system is 

established by transforming the circularised DNA into E. coli where the BAG 

sequence results in maintenance and propagation of the DNA. Mutagenesis takes 

place in E. coli either by transposon insertion or by site-directed mutagenesis. 

Recombinant virus is reconstituted by transfection of BAG-virus DNA into 

eukaryotic cells. This method takes advantage of the well characterised
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recombination system in E. coli. It allows the use of prokaryotic genetic engineering 

techniques to manipulate viral genomes rapidly and efficiently by site-directed 

mutagenesis. In addition, the application of transposon technology to randomly 

disrupt viral genes permits the production of libraries of viral mutants that can be 

screened for lethal mutations or interesting phenotypes (reviewed by Britt [2000], 

Brune et al. [2000] and Wagner et al. [2002]).

The aim of studying MHV-68 alkaline nuclease mutants was to characterise the 

effects of alkaline nuclease-null mutations in vitro using MHV-68 BAC viruses that 

express GFP. The expression of GFP allows the spread of viruses through cell 

monolayers to be monitored in a manner that has not been possible for previous 

alkaline nuclease mutants. This data can be used to aid understanding of the in vivo 

phenotype in future studies.

3.7.2 Production of MHV-68 BACs with mutations in ORF 37

The MHV-68 genome was originally cloned as a BAC by H Adler as described in 

[Adler et al., 2000]. This BAC-cloned virus has an 8.8kb cassette inserted at the left 

end of MHV-68, between the unique sequence and the terminal repeat region. This 

cassette contains the BAC vector and the genes for GFP and guanosine 

phosphorybosyltransferase {gpt), flanked by loxP sites. The gpt gene was used in the 

initial BAC-cloning step for metabolic selection of BAC containing viruses and the 

loxP sites allow the removal of the BAC cassette for in vivo work [Adler et al., 2001].

The BACs that are characterised in this thesis were produced by H Adler, using the 

methods described for creation of the MHV-68 ORF74FRT and ORF74STOP 

mutants, as well as the revertant [Lee et al., 2003]. The three BACs used in this study 

are called A37 BAC, BAC STOP and BAC REV (2.15).

A37 BAC has a deletion of nucleotides 721-765 of ORF 37. These nucleotides are

replaced by an insertion of 167 nucleotides including a FTP recognition site. FTP

recombinase was used to remove the tetracycline gene that was inserted during the

creation of the A3 7 BAC and used for selection of mutant BACs. BAC REV, a

revertant of A3 7 BAC, was produced by a two-step replacement process [Messerle et

al., 1997] and used as an appropriate control against which the mutants could be

compared. BAC STOP was created by the insertion of a 16bp sequence at the Sac I

site (nucleotide 138) of ORF 37. This sequence contains three stop codons (TAG,

TAA, TAG), one in each reading frame, before motif 1. This might allow the
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expression of a UL12.5 homologue, if one is encoded by MHV-68. The viruses all 

express GFP, allowing their growth to be monitored in living cells.

3.7.3 Characterisation of BAC mutants by transfection

Initially, BAC REV and A3 7 BAC were transfected into NIH-3T3 cells using 

Lipofectin to see whether A37 BAC showed evidence of a different phenotype. The 

cells were examined under a fluorescent microscope at days 3, 4 and 7 p.t. (Figure 

57). Over the course of this study a number of patterns of GFP expression were seen 

and these are described in Table 3.8. This scoring system is primarily based on plaque 

morphology rather than number of plaques, although high viral titres influence speed 

of progression through the later stages (stage 4 to stage D).

Figure 57. Initial com parison o f A37 BAC and BAC REV phenotypes in N IH -3T3 cells

DNA o f  either A37 BAC or BAC REV (2.8jig and 5gg, respectively) was diluted in lOOjxl o f  SFM 

(DMEM supplemented with 2mM L-glutamine) whilst 20pl o f  Lipofectin (Invitrogen) was also added 

to lOOpl o f  SFM. Both were left at room temperature for 30min and then mixed gently before an 

incubation o f  lOmin at room temperature. NIH-3T3 cell monolayers in 6-well plates were washed with 

SFM and then overlaid with 4ml o f  SFM. SFM (800pl) was added to the transfection mixture, then this 

was added to one well o f  a 6-well plate. Plates were rocked to mix and then incubated at 37°C, 5% 

CO2 . After 5h the SFM was replaced with fresh GM. The Axiovert 100 inverted microscope was used 

to view transfected cells 3, 4 and 7 days p.t. (labelled 3d, 4d, 7d), using the appropriate filters. Images 

were captured with the Zeiss Axiocam camera and A xioV ision 3.0.6 software. The aim was to show  

comparisons between phenotypes rather than to monitor GFP levels so exposures are not constant 

throughout. All images show GFP expression except those labelled (*) which were taken under bright 

field. Bright field images show the same field o f  view  as the GFP images taken on the same day. The 

two columns o f  images show transfection o f  A3 7 BAC and BAC REV. Labels to the left o f  the images 

show the day p.t. and the objective under which the cells were viewed.
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Table 3.8 Patterns o f GFP localisation after transfection o f BACs

Description of GFP localisation Stage Symbol

Isolated cells +

1-2

Clusters of 5-15 cells ++

2-3 + +*

Patches (larger than a cluster of cells, generally 
symmetrical). No c.p.e. visible under bright field light ++

3-4 +++*

Plaques with c.p.e. visible under bright field light (holes 
in monolayer) or large, spreading patches

++++

4-5 ++++*

Spread across monolayer, speckling pattern. Over half 
of the monolayer covered

+++++

Monolayer detached D D

Table 3.9 Initial comparison of A37 BAC and BAC REV phenotypes in NIH-3T3 cells

3 -h +++*
4 ++ -h+++*

7

The results from this experiment are summarised in Table 3.9. By day 3 p.t. there 

were only isolated cells expressing A3 7 BAC GFP (stage 1) whilst there were already 

large patches and plaques expressing GFP in BAC REV transfected wells (stage 3-4). 

The following day, BAC REV plaques were beginning to spread across the 

monolayers (stage 4-5), whilst there were only small clusters of GFP positive cells in 

the A37 BAC transfected wells (stage 2). The cells were next observed at day 7 p.t. 

By this time, the A37 BAC clusters had shrunk (stage 1-2); under bright field and 

fluorescent light it appeared that these cells were dying. The BAC REV monolayers 

were speckled green throughout with some large plaques, showing that the majority
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of the cells were infected (stage 5). This experiment indicated that A3 7 BAC had a 

severe growth deficiency phenotype.

Although 5pg o f BAC DNA contains approximately 25000 genomes per cell o f a 6- 

well plate, transfection efficiency with Lipofectin was very low (approximately ten 

cells per well were transfected). In order to increase transfection efficiency o f the 

BACs into NIH-3T3 cells, a number of different transfection reagents were tested: 

Exgen 500, Eugene 6, Effectene, Lipofectin and calcium phosphate. The protocols for 

these transfections are described in the Materials and Methods (2.17.1).

Exgen 500 was found to be the most effective transfection reagent for the BACs for 

this cell line (data not shown). To see if  transfection efficiency could be increased 

further. Exgen 500 was also tested on COS-7 and Vero cells using NIH-3T3 cells as a 

positive control. The three cell lines were transfected with 5pg of BAC REV or A37 

BAC per well. The monolayers were observed daily from day 2 p.t. to day 6 p.t. 

Transfection o f Vero cells was least efficient (results not shown). Results for COS-7 

and NIH-3T3 cells are shown in Figure 58 and summarised in Table 3.10 and Table 

3.11.

Figure 58. Comparison of A37 BAC and BAC REV phenotypes in NIH-3T3 and COS-7 cells

A37 BAC and BAC REV DNA (5pg) were each diluted in SOOpl o f  150mM NaCl and vortexed gently. 

Exgen 500 (7.6 equivalents, 20.9pl) was then added to each and the solutions were vortexed 

immediately for lOsec. The transfection mixtures were incubated at room temperature for lOmin 

before each being added to NIH-3T3 (a) or COS-7 (b) cells in one well o f  a 6-well plate (medium had 

been replaced with fresh medium, 30min before transfection). Plates were rocked to mix and then 

incubated at 37°C, 5% CO2 . The medium was changed for fresh GM 24h later. The Leica DM IRB 

inverted microscope was used to view transfected cells 2, 3, 5 and 6 days p.t. (labelled 2d, 3d, 5d, 6d), 

using the appropriate filters. Images were captured with the JVC 3-CCD camera and Zeiss KS300 3.0 

software. The aim was to show comparisons between phenotypes rather than to monitor GFP levels so 

exposures are not constant throughout. A ll images show GFP expression except that labelled (*) which 

was taken under bright field. The bright field image shows the same field o f  view as the GFP image 

taken on the same day. The two columns o f  images show transfection o f  A37 BAC and BAC REV. 

Labels to the left o f  the images show the day p.t. and the objective under which the cells were viewed.
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b) COS-7 cells
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Table 3.10 Comparison o f A37 BAC and BAC REV phenotypes in NIH-3T3 cells

2 +* +++

3 +*

5 ++ -t-++4-t-

6 ++ D

Table 3.11 Comparison o f A37 BAC and BAC REV phenotypes in COS-7 cells

2 4-

3 + +++

5 +* ++++

6 +* +++++

Transfection of NIH-3T3 cells (one well o f a 6-well plate) with A37 BAC produced 

approximately 100 isolated cells and several clusters expressing GFP (stage 1-2) by 

day 2 p.t. Over time, more clusters developed and by day 6 p.t. almost all GFP was 

seen in clusters of cells (stage 2) rather than in isolated cells. BAC REV produced 

GFP patches (stage 3) by day 2 p.t. By day 3 p.t., these had developed into plaques 

that were visible under the light microscope (stage 4-5). The BAC REV virus 

continued to spread throughout the monolayer and by day 5 p.t., approximately half 

of the cells were infected (stage 5). The majority of these cells were dying, producing 

the rounded GFP-expressing cells seen in Figure 58. Most of the monolayer had 

detached from the dish by day 6 p.t. (stage D). This infection progressed more 

quickly than that in Figure 57; the initial infection may have been inhibited to some 

extent by the Lipofectin treatment.

The results with COS-7 cells were similar to those seen in NIH-3T3s but with some 

delay in growth and brighter GFP-expressing cells. A3 7 BAC transfections produced 

isolated GFP cells and a very small proportion of GFP clusters (stage 1) from day 2 

p.t. By day 6 p.t., there was a ratio of approximately one cluster : five isolated cells 

(stage 1-2). BAC REV formed very small patches (stage 3) from day 3 but these 

tended to be at the edge of the well. By day 5 p.t., plaques were evident (stage 4) and 

on day 6 p.t., the virus had spread through the cell sheet (stage 5) giving an

appearance similar to NIH-3T3s on day 3 p.t., but with brighter, larger cells.
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NIH-3T3 cells were chosen for future transfections because Vero and Cos-7 cells did 

not provide a great increase in transfection efficiency and there appeared to be some 

evidence of growth inhibition in the non-murine cells. To further characterise the 

phenotype of ORF 37 mutants, A37 BAC and BAC STOP were compared to REV 

BAC over nine days after transfection into NIH-3T3 cells. The transfected 

monolayers were observed from day 2 p.t. to day 9 p.t. (Figure 59). Results are 

summarised in Table 3.12.

Table 3.12 Comparison of A37 BAC, BAC STOP and BAC REV phenotypes in NIH-3T3 cells

Day p.t. A37 BAC/BAC STOP BAC REV
+*
+ + *

+++

+ + + *

+ + + *

+ + + *

++4-

++++

+++++

++

D

Figure 59. Comparison of A37 BAC, BAC STOP and BAC REV phenotypes in NIH-3T3 cells

A37 BAC, BAC STOP and BAC REV DNA (5pg) were each diluted in SOOpl o f  150mM NaCl and 

vortexed gently. Exgen 500 (9 equivalents, 24.68pl) was then added to each and the solutions were 

vortexed immediately for lOsec. The transfection mixtures were incubated at room temperature for 

lOmin before each being added to NIH-3T3 cells in one well o f  a 6-well plate (medium had been 

replaced with fresh medium, 30min before transfection). Plates were rocked to mix and then incubated 

at 37°C, 5% CO2 . The medium was changed for maintenance medium 24h later. The Leica DM IRB 

inverted microscope was used to view transfected cells 2-9 days p.t. (labelled 2d-9d), using the 

appropriate filters. Images were captured with the JVC 3-CCD camera and Zeiss KS300 3.0 software. 

The aim was to show comparisons between phenotypes rather than to monitor GFP levels so exposures 

are not constant throughout. The three columns o f  images show transfection o f  A3 7 BAC, STOP BAC 

and BAC REV. Labels to the left o f  the images show the day p.t. and the objective under which the 

cells were viewed. Mock transfection with Exgen 500 alone produced no fluorescence in the cells.
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A37 BAC BAC STOP BAC REV
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A37 BAC BAC STOP

The transfection efficiency of this experiment was higher than for those previously 

described (as judged visually by number o f GFP-expressing cells). The two mutants 

has indistinguishable phenotypes. By day 2 p.t., isolated GFP-expressing cells and 

some clusters were present in A3 7 BAC and BAC STOP transfected wells. Some of 

the clusters began to develop into patches and, in a few cases, very small plaques by 

day 3 p.t. These increased in size until day 7 p.t. (equivalent phenotype to day 2-3 p.t. 

of BAC REV) but failed to spread across the monolayer like BAC REV plaques and 

had begun to shrink by day 8-9 p.t. BAC REV again had a growth advantage over the 

two mutants and had formed GFP patches by day 2 p.t. GFP-expressing virus had 

spread throughout the monolayer by day 4 p.t. and the cells had detached from the 

plastic surface by day 6 p.t.

3.7.4 Complementation of BAC mutants by co-transfection

From the transfection of A3 7 BAC, BAC STOP and BAC REV, it is clear that the 

mutant viruses have a growth deficiency phenotype. The fact that BAC REV was
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produced by reversion of A3 7 BAC to wild-type alkaline nuclease sequence strongly 

implies that this phenotype is caused by the absence of a functional alkaline nuclease 

rather than effects on other genes. As another method of confirming this, a 

complementing plasmid (pDsRedB?) was constructed and co-transfected with A3 7 

BAC, BAC STOP and BAC REV.

ORF 37 was cloned into the pDsRed2-Cl plasmid to produce pDsRed37 as described 

in the Materials and Methods (2.16) and depicted in Figure 60. This plasmid was 

chosen because it can be used to express the protein of interest with a red fluorescent 

protein (RTF) tag attached at the N-terminus. The RFP tag allows the cellular 

localisation of the protein to be monitored in living cells, using a different filter than 

that used to monitor GFP expression. An N-terminal tag was chosen because ORF 37 

had been previously expressed as an N-terminal fusion protein in E. coli without loss 

of activity. The expression of ORF 37 with an N-terminal DsRed2 (RFP) tag 

(DsRed37) was driven by a CMV immediate early promoter in pDsRed37.

C M V  IEpUC oiigiii
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Figure 60. Plasmid map of pDsRed37

Functional conservation of alkaline nuclease between HSV-1 and HCMV has been 

demonstrated [Gao et a i, 1998]. To see whether HSV-1 alkaline nuclease (UL12) 

was capable of complementing the MHV-68 alkaline nuclease-null phenotype, the
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pFl’-AK HSV-1 amplicon (kindly donated by S Weller, [Goldstein and Weller, 

1998b]) was co-transfected with BAC STOP (and BAC REV as a control). HSV-1 

UL12 expression from pF l’-AK is driven by a CMV immediate early promoter.

To determine whether co-transfection of the BACs with pDsRed37 could complement 

the growth deficiency phenotype, a number of transfections were performed. All three 

BACs (A37 BAC, BAC STOP and BAC REV) were co-transfected with pDsRed37. 

The BACs were also transfected alone as controls. Mock transfections were carried 

out with Exgen 500 alone to confirm the reagent was not toxic. The complementing 

plasmid, pDsRed37, was transfected alone to check cellular localisation of the RFP 

and possible toxicity to cells. These transfections were all carried out in triplicate 

(three wells of a 6-well plate of NIH-3T3 cells) with separate transfection mixtures 

produced for each well.

At the same time, pF l’-AK was co-transfected with BAC STOP and BAC REV to 

determine whether HSV-1 UL12 could complement the growth deficiency of BAC 

STOP. pF l’-AK was also transfected alone to check that it was not toxic to cells.

The transfected cells were observed on days 2-5 p.t. (Figure 61). Results are 

summarised in Table 3.13.

Figure 61. Com plem entation o f viral mutants by co-transfection

A3 7 BAC, BAC STOP and BAC REV were transfected alone and also with complementing plasmids 

(pDsRedST and pFT-AK ) into NIH-3T3 cells. BAC DNA (5|ig) was diluted in 300pl o f  150mM NaCl, 

with or without complementing plasmid DNA (5pg), and vortexed gently. Exgen 500 (9 equivalents, 

24.68pl or 49.36pl) was then added to each mixture and the solutions were vortexed immediately for 

lOsec. The transfection mixtures were incubated at room temperature for lOmin before each being 

added to NIH-3T3 cells in one well o f  a 6-well plate. Plates were rocked to m ix and then incubated at 

37°C, 5% CO2 . The medium was changed for maintenance medium 24h later. Each o f  the transfections 

(except those with p F l’-AK) was carried out in triplicate with separate transfection mixtures set up for 

each. The Leica DM IRB inverted microscope was used to view  transfected cells 2-5 days p.t. (labelled 

2d-5d), using the appropriate filters. Images were captured with the JVC 3-CCD camera and Zeiss 

KS300 3.0 software, (a) shows images from A37 BAC transfections, (b) shows images from BAC  

STOP transfections, (c) shows images from BAC REV transfections. Labels to the left o f  the images 

show the day p.t. Exposures are constant throughout the GFP images and all images were viewed with 

the x5 objective. Mock transfection with Exgen 500 alone produced no fluorescence. A ll images show  

GFP unless otherwise stated. Bright field (labelled BF) and RFP images (labelled RFP) following a 

GFP image are from the same field o f  view.
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Table 3.13 Complementation o f viral mutants by co-transfection

BAC REV BAC REV BAC STOP BAC REV

pDsRed37 pDsRed37 p F l’-AK pFr-AK

+ + + *

M refers to viral mutants A3 7 BAC and BAC STOP

The mock transfection control of Exgen 500 alone showed that the reagent was not 

toxic to cells. None of the transfected cells, including those transfected with 

pDsRed37 alone or pFl’-AK alone, showed signs of cell death caused by toxicity. 

Transfection of pDsRed37 produced RFP which was localised in areas too small to be 

whole cells, so probably in nuclei. RFP was still visible 5 days p.t.

Results for the transfection of BACs alone were similar to those described previously. 

The A3 7 BAC and BAC STOP transfected wells showed similar patterns of GFP 

expression, indicating similar growth patterns of the viruses. Initially, only isolated 

GFP cells could be seen in A37 BAC and BAC STOP transfected wells but a small 

number of clusters developed by day 4 p.t. Although more clusters were seen in A37 

BAC than BAC STOP transfected wells this may have been due to higher transfection 

efficiencies. BAC REV produced GFP patches in all wells from day 2 p.t. Some 

plaques were visible from day 3 p.t. and virus spread across the wells during the next 

two days.

Co-transfection of BACs with complementing plasmids appeared to decrease 

transfection efficiency of each of the DNA species and alter the growth patterns of the 

viruses. This could be seen clearly in BAC REV co-transfected wells as initial GFP 

patches were smaller than those of BAC REV transfected alone and plaques took 

longer to develop, appearing only 4 days p.t. There were fewer large plaques in the 

monolayers doubly transfected with BAC REV and plasmid compared to those 

transfected with BAC REV alone, although the viruses spread across the monolayer 

in a similar manner.

The monolayers co-transfected with pDsRed37 and either A3 7 BAC or BAC STOP 

showed similar growth patterns to BAC REV co-transfected with pDsRed37. By day
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2 p.t., GFP patches were present with very few, if any, isolated GFP positive cells. 

These patches were smaller and less bright than those seen in the BAC REV and 

pDsRed37 co-transfected wells but clearly different from the single green cells seen 

in the wells transfected with mutant virus alone. The number of patches increased and 

by day 5 p.t. some small plaques were present.

Transfection efficiency varied between wells although the same batches of DNA, 

Exgen 500 and NaCl were used for all transfections in this experiment. Co

transfection with pF l’-AK appeared to partially complement the BAC STOP mutant. 

GFP patches were slower to form than for pDsRed37 complemented BAC STOP 

virus but were larger than the clusters of GFP cells produced by BAC STOP alone.

3.7.5 Analysis of virus produced during the co-transfection 

experiment

As shown above, expression of ORF 37 and UL12 in trans were able to partially 

reverse the growth deficiency phenotype of the ORF 37 BAC mutants. A preliminary 

investigation was carried out into whether this change in phenotype was caused by 

complementation of alkaline nuclease protein produced from pDsRed37 or by 

recombination of ORF 37 DNA from pDsRed37 into the mutants. The virus from the 

co-transfection experiment was used to infect fresh NIH-3T3 monolayers and the 

phenotypes of viruses were analysed. DNA was then isolated from these infected 

cells and part of the ORF 37 gene was PCR amplified and sequenced to determine 

whether lesions were still present in the mutant viruses.

To describe this in more detail; transfected cells were scraped off in the 4ml of MM 

of each well and centrifuged at 3000xg, five days p.t. The supernatant MM was 

removed and both the pellets and the supernatant (‘extracellular virus’) were frozen at 

-80°C. The cell pellets were later thawed at 37°C, resuspended in 2ml of MM and 

refrozen at -80°C in 1ml aliquots (‘cellular virus’). Confluent NIH-3T3 cells in 6-well 

plates were ‘infected’ (2.2.3.a) vsdth 400pl of cellular or extracellular virus (10^-10'^ 

dilutions. Figure 62, Table 3.15), or a mixture of 200pl of each (Table 3.14). After 

‘infection’ cells were covered with 4ml of MM. The wells were observed under a 

fluorescent microscope at days 1, 3 and 5 p.i.
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3 .7.5. a Phenotypic analysis of virus from co-transfections

Results from the ‘infeetions’ deseribed above are summarised in the following tables 

(Table 3.14, Table 3.15, Table 3.16) with some of the corresponding images in Figure 

62. As controls, some monolayers were ‘infected’ with mixtures of cellular and 

extracellular fractions from either mock transfection with Exgen 500 or from 

transfection of pDsRed37 alone. These controls did not produce any GFP or RFP in 

the fresh monolayers.

T a b le  3 .14 A naly sis  o f  v iru s  p ro d u c e d  d u r in g  th e  c o -tra n s fe c tio n  e x p e rim e n t: m ix tu re  o f 

‘c e llu la r  v i r u s ’ a n d  ‘e x tra c e llu la r  v i r u s ’

‘Infectious’ material

A37 BAC

Day 1 p.i. Day 3 p.i.

NS NS

Day 5 p.i.

NS

BAC STOP NS NS

BAC REV + + ++ D D

A3 7 BAC + pDsRed37 +++ ++++ +++++

BAC STOP + pDsRed37 +++ ++++

BAC REV + pDsRed37 +++++ D D

BAC STOP + pF l’-AK NS + + ’ + + + *

BAC REV + pF l’-AK
NS - no GFP seen, (-) - not done

F ig u re  62. A n a ly sis  o f  v iru s  p ro d u c e d  d u r in g  th e  c o -tra n s fe c tio n  e x p e rim e n t: ‘c e llu la r  v iru s ’

NIH-3T3 cells that had been co-transfected with BACs and pDsRed37 were scraped from wells at 5 

days p.t. Cells were pelleted by centrifugation at 3000xg and then resuspended in 2ml o f  maintenance 

medium (MM). They were frozen at -80°C, thawed, refrozen, then thawed and used to infect new NIH- 

3T3 monolayers. Cells were washed with MM, then the virus (400pl o f  10'' dilution for viral mutants 

A37 BAC and BAC STOP or 10'  ̂dilution for BAC REV) was adsorbed at 37°C, 5% CO2 for Ih. Cells 

were washed with MM and overlaid with 4ml o f MM. The Leica DM IRB inverted microscope was 

used to view cells 3 and 5 days p.i. (labelled 3d and 5d, respectively), using the appropriate filters. 

Images were captured with the JVC 3-CCD camera and Zeiss KS300 3.0 software. Exposures are 

constant throughout and all images were viewed with the x5 objective. The image displayed for BAC 

REV 5 days p.i. is representative o f the pattern seen but was actually produced by another BAC REV 

infection.
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A37 BAC BAC STOP BAC REV
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Table 3.15 Analysis of virus produced during the co-transfection experiment: dilutions of 

cellular virus’ and ‘extracellular virus’

No. Infectious' material

A37 BAG

Dilution

OC/E

Day 1 
p i.

NS

Day 3 
p i.

NS

Day 5 
p.i.

NS

10 A37 BAG -IG/E NS NS NS

1 1 BAG STOP OG/E NS NS NS

12 BAG STOP -IG/E NS NS NS

13 BAG REV -2G NS + + + * ++++

14 BAG REV -3G NS +++++

15 BAG REV -2E NS ++++

16 BAG REV -3E NS +++* + + + + *

17 A3 7 BAG + pDsRed37 -IG + - 1—t- + + + * + + + + *

18 A37 BAG + pDsRed37 -2G NS ++ NS

19 A37 BAG + pDsRed37 -IE NS +++ ++ ++

20 A3 7 BAG + pDsRed37 -2E NS NS NS

21 BAG STOP + pDsRed37 -IG +++ ++++ +++++

22 BAG STOP + pDsRed37 -2G NS +++ + + + *

23 BAG STOP + pDsRed37 -IE NS + + + * ++++

24 BAG STOP + pDsRed37 -2E NS NS NS

25 BAG REV + pDsRed37 -2G + + + *

26 BAG REV + pDsRed37 -3G ++++* ++++

27 BAG REV + pDsRed37 -2E NS + + + + * +++++

28 BAG REV + pDsRed37 -3E NS - t - -

29 BAG STOP + p F l’-AK OG NS + +*

30 BAG STOP + p F l’-AK -IG NS NS NS

31 BAG STOP + p F l’-AK OE NS + +* NS

32 BAG STOP + pF l’-AK -IE NS NS NS

33 BAG REV + pF l’-AK -2G ++++* +++++

34 BAG REV + pF l’-AK -3G + * ++++

35 BAG REV + p F l’-AK -2E +++ + + + + *

36 BAG REV + p F l’-AK -2E NS
NS - no GFP seen, (-) - not done, C - ‘cellular virus’, E - ‘extracellular virus’, “ - dilution given as the 

power o f  10
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There was no clear difference between the results for the A3 7 BAC and BAC STOP 

viruses. No GFP positive cells were visible when monolayers were ‘infected’ with 

material from transfections with the mutants alone (numbers 1-2, 9-12). Conversely, 

infection with BAC REV alone produced many GFP positive cells (numbers 3, 13- 

16). In the case of the mixture of cellular and extracellular BAC REV virus (number 

3), the GFP had spread throughout the monolayer by day 1 p.i. (stage 5) whilst 

infection v^th either cellular or extracellular virus at dilutions of 10’̂  or 10'  ̂produced 

GFP that was only visible in patches by day 3 p.i. (numbers 13-16, stage 3-4).

‘Infections’ with material from co-transfections of mutants with pDsRed37 (numbers 

4-5,17-24) produced patches of GFP positive cells of a variety of sizes, some of 

which grew into plaques which could be seen in bright field view. In some cases, the 

GFP spread throughout the monolayer in a manner similar to BAC REV GFP (e.g. 

numbers 4 and 5). There was more virus present in the BAC REV plus pDsRed37 

infected wells than in wells infected with the mutants plus pDsRed37 (e.g. numbers 

13, 18, 22), but this was expected as there was more virus present when transfection 

material was harvested (assumed from the relative numbers of cells expressing GFP).

‘Infection’ with material from co-transfection of the mutants with pDsRed37 (as 

described above) produced a phenotype closer to the wild-type phenotype than to 

either that seen after transfection of BAC mutants alone (Figure 59) or to that seen 

after co-transfection of BAC mutants with pDsRed37 (Figure 61). Transfection of 

BAC mutants alone produced only clusters or small patches of GFP positive cells. 

Co-transfection of BAC mutants with pDsRed37 produced patches and small plaques 

after a delay. No RFP was seen during the ‘infections’ so it was unlikely that there 

was any complementation by carry over of pDsRed37 and this indicated that the ORF 

37 gene from pDsRed37 might have recombined into the mutant BAC viruses.

There was more GFP present in wells infected with cellular virus than ^vith

extracellular virus (Table 3.15), indicating a higher titre of cellular virus. This

difference was not considerable and could have been caused by the two-fold higher

concentration of cellular virus during resuspension of the cellular pellet. To confirm

that there was no defect in inter-cellular spread of viruses, some cells were infected

with a mixture of200pl of both ‘extracellular virus’ and cellular virus’ and then

overlaid with 6ml of 0.8% agarose in MM (Table 3.16). Agarose prevents the spread

of virus through the medium (extracellular virus), allowing only cellular transmission.

There was no evidence of a defect in cellular transmission as GFP cluster and patches
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were formed, as seen when cells were overlaid with medium alone. Although the 

agarose prevented the production of plaques by day 5 p.i., the BAC REV GFP 

patches were, in general, larger than those in wells not overlaid with agarose. This 

was unexpected and may have been due to a technical problem. The 10'  ̂dilution of 

the mutant viruses plus pDsRed37 was too low to see many patches and those patches 

that were present only developed by 3-5 days p.i.

Table 3.16 Analysis o f virus produced during the co-transfection experiment: m ixture of  

‘cellular virus’ and ‘extracellular virus’ overlaid with 0.8% agarose

37 A37 BAC 0 NS NS NS

38 BAC STOP 0 NS NS NS

39 BAC REV -3 +++ +++* ++++*

40 A37 BAC + pDsRed37 -2 NS NS ++*

41 BAC STOP + pDsRed37 -2 NS ++* +++

42 BAC REV + pDsRed37 -3 +++ +++* ++++*

43 BAC STOP + pFl’-AK -1 NS ++* -

44 BAC REV + pFl’-AK -3 +++ +++* -

NS - no GFP seen, (-) - not done, “ - dilution given as the power o f  10

Infection with material from co-transfection of BAC STOP and pFl’-AK (numbers 7, 

29-32 and 43) produced small patches which did not appear to spread like those 

produced by infection with viruses that had been produced by co-transfection of 

mutant BACs with pDsRed37. This phenotype was similar to that originally seen 

during transfection of BAC mutants alone (Figure 59) and suggested that, as 

expected, BAC STOP had not gained the UL12 HSV-1 alkaline nuclease gene by 

recombination with pFl’-AK.

3.7.5. b Sequence analysis of virus from co-transfections

To determine whether the intact ORF 37 gene from pDsRed37 had recombined into 

A3 7 BAC and BAC STOP, the gene was PCR amplified and partially sequenced.

Infected cells were scraped from wells on day 5 p.i., then pelleted by centrifugation

and frozen at -80°C. DNA was isolated and a region of the viral genome (including
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part of the ORF 37 gene) was amplified by PCR (2.18. La). For the cells infected with 

material from co-transfection of A3 7 BAC, BAC STOP or BAC REV with 

pDsRed37, the region from 53998bp -  54983bp in the MHV-68 genome was 

amplified by PCR with the MHV-68 53998F and ORF37_54983R primers. This 

produced products of approximately Ikb for all three viruses (data not shown). For 

the BAC STOP and BAC REV viruses complemented by pF l’-AK, the MHV- 

68 53998F and UL12 25521R primers were used to attempt to amplify a region that 

might be present if UL12 had been incorporated in the location of ORF 37. The 

UL12 25521R primer was designed to anneal to the UL12 sequence encoding the 

alkaline nuclease region between motif 3 and 4. These reactions did not produce any 

products.

The PCR products from A37 BAC and BAC STOP co-transfected vdth pDsRed37 

were purified (2.3.7) and sequenced with the ORF37_54983R primer. The BAC REV 

PCR product was included as a positive control. The sequence of the BAC REV 

product was the same as that of 'wild-type virus but the A3 7 BAC and BAC STOP 

sequences still showed lesions, demonstrating that recombination with pDsRed37 had 

not occurred.

3.7.6 Discussion

3.7.6. a Use of the BAC system for evaluating viral mutants

The results presented here from transfection experiments with the ORF 37 BAC 

mutants show that alkaline nuclease is necessary for normal MHV-68 growth; 

mutants are not able to spread through cell monolayers to the same extent as a 

revertant virus. During the initial transfection experiments with A37 BAC and BAC 

STOP, isolated GFP-expressing cells produced clusters of cells expressing GFP and 

sometimes even small plaques. This is in agreement Avith studies of the HSV-1 AN-1 

mutant and the MCMV TclO mutant (1.3.8).

The GFP-expressing herpesviral BAC systems are useful for monitoring the effects of 

mutations on growth of viruses in cells over time. The phenotypes of several BAC 

mutants with lesions in genes essential for viral growth have been investigated 

recently. HCMV glycoprotein B (gB) was shown to be essential as only isolated 

enhanced green fluorescent protein (EGFP) expressing cells were produced by 

transfection of a BAC mutant with the EGFP marker disrupting the gB sequence. Co

transfection of plasmids expressing gB produced mini-plaques which the authors
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suggested were caused by complementation for one cycle of viral infection [Strive et 

al., 2002]. MDV-1 BAC viruses with mutations in the ULIO or UL49.5 genes were 

also unable to spread from cell to cell and indirect immunofluorescence was used to 

show that only isolated cells were infected by transfection of the viruses. Co

transfection of the BAC mutants with plasmids expressing the corresponding genes 

resulted in formation of plaques that were similar to the mini-plaques described by 

Strive et al [2002], [Tischer et al., 2002].

3.7.6. b Transfection of MH V-68  BA Cs

As described above, the initial transfection experiments showed that alkaline nuclease 

mutants clearly had a growth deficiency phenotype. The extent of the deficiency 

seemed to vary somewhat between experiments and may have been dependent on the 

health and cell cycle status of the cells, as well as transfection efficiency and quality 

of BAC DNA. In most cases, A37 BAC and BAC STOP only produced clusters or 

small patches of GFP-expressing cells, although small plaques were seen eight days 

p.t. There was no clear difference between the phenotype of the two mutants 

indicating that any possible UL12.5 homologue could not complement the loss of 

alkaline nuclease in BAC STOP. When transfection efficiency was low, BAC REV 

produced larger plaques compared to occasions when transfection efficiency was 

high, when virus from the many patches and plaques spread quickly across the well, 

apparently precluding large plaque formation.

No infectious virus (as indicated by GFP production) was produced when material 

from cells transfected with non-complemented A3 7 BAC and BAC STOP was used to 

‘infect’ fresh monolayers of NIH-3T3 cells. This was probably because there was 

very little virus present in the transfected cells (as indicated by the small numbers of 

cells expressing GFP) and this was not sufficient to infect new cells. A previous 

infection using virus reconstituted in A3 7 BAC transfected cells produced a small 

GFP patch (data not shown), confirming that low levels of infectious virus could be 

reconstituted from the un-complemented mutant viruses. Without complementation, it 

is possible for the mutant viruses to be passaged onto fresh NIH-3T3 cells several 

times, although very little virus is produced (personal communication, H Adler).

3.7.6.0 Complementation of MHV-68  BACs

Transfection of pDsRed37 resulted in expression of DsRed37 and localisation of the 

protein to the nucleus (as judged by the nuclear localisation of RFP). As RFP does
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not specifically localise to the nucleus when expressed alone (data not shown), this 

confirms that nuclear localisation of MHV-68 alkaline nuclease is not dependent on 

the presence of other viral proteins. Similar results were found for both the HCMV 

and the HSV-1 alkaline nucleases. These localised diffusely throughout the nucleus 

when expressed from plasmids [Gao et al., 1998; Goldstein and Weller, 1998b]. EBV 

DNase encodes two {nuclear localisation signals and is predominantly located in the 

nucleus of activated Akata cells [Liu et al., 1998a].

Co-transfection of BACs with the complementation plasmid pDsRed37 resulted in a 

partial complementation of the mutant viruses. The viruses did not spread as quickly 

as BAC REV but had produced small plaques by day 5 p.t. whilst the 

uncomplemented mutants produced only clusters of GFP-expressing cells.

It has been found that complementation of the HSV-1 alkaline nuclease mutant AN-1 

to wild-type levels of virus is difficult [Goldstein and Weller, 1998b]. Vero cells 

containing a DNA fragment encoding genes that include the HSV-1 alkaline nuclease 

under its own promoter (S22 cells) could not fully complement AN-1 to wild-type 

levels. Neither alkaline nuclease activity nor alkaline nuclease protein was detected 

when the cells were infected with AN-1, indicating that perhaps only low levels were 

expressed [Weller et al., 1990]. A second complementing cell line (6-5 cells) was 

produced. Although these cells synthesised wild-type levels of UL12 protein and 

approximately 60% of the alkaline nuclease activity measured in HSV-1-infected 

Vero cells, the growth of AN-1 in 6-5 cells was similar to growth in S22 cells [Shao 

et al., 1993]. AN-1 was also inefficiently complemented with the pF l’-AK amplicon 

but several rounds of passaging gave rise to high titres of the AN-1 virus whilst a 

vector-only plasmid could not support plaque production by AN-1 on new cells 

[Goldstein and Weller, 1998b].

In this work, the complementation of two alkaline nuclease BAC mutants with 

pDsRed37 seemed to be reasonably efficient, although infection with known MOIs, 

followed by titration of resulting virus is necessary to check the exact levels of 

complementation. Fresh monolayers of NIH-3T3 cells were infected with virus 

produced during the complementation transfection experiments. The observation of 

GFP patches and plaques rather than isolated cells and clusters in the first few days, 

coupled with the spread of virus across the monolayers at later times, seemed to 

indicate that the mutant viruses co-transfected with pDsRd37 had obtained functional 

copies of the alkaline nuclease gene.
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Goldstein and Weller [1998b] found that when the HSV-1 mutant virus AN-1 (which 

had a LacZ insertion in the alkaline nuclease, UL12 gene) was complemented with 

pFl ’-AK, 40-90% of the resulting plaques were no longer blue, indicating that the 

lacZ insertion had been replaced with a functional UL12 gene from the amplicon. 

However, in this case, sequencing of the A3 7 BAC and BAC STOP viruses showed 

that ORF 37 still contained the original lesions. It is possible that there were some 

revertant viruses present but that seems unlikely given that sequencing of the PCR 

products showed no ambiguity on the nucleotides present in the region of the lesions. 

If there were revertant viruses, one would expect that these would be the dominant 

strains present and so more PCR products would be produced from these.

It appeared that UL12 was able to partially complement BAC STOP during 

transfection.

3 .7.6. d Differences in phenotypes of MH V-68 BA Cs

As described above, initial transfections of mutant viruses resulted in a more severe 

growth deficiency phenotype than the following infection of cells by mutant viruses 

that had been grovm by complementation with pDsRed37. Infections showed that the 

mutants were capable of spreading through the monolayers and forming plaques of 

similar sizes to BAC REV. In this case they had a phenotype that was more similar to 

that of the revertant virus than to that of either transfection of the mutant viruses or 

the complemented mutant viruses. The phenotype was not caused by carry-over of the 

complementing pDsRed37 plasmid, as cells did not express RFP, and PCR analysis 

showed that the viruses had not reverted. As it is therefore unlikely that alkaline 

nuclease was being produced during the infection, how can the phenotype of the 

mutants be explained?

It is possible that there was still some growth delay of these viruses. It is difficult to 

discern from the results of the infection experiment whether there was some growth 

delay of mutants compared to BAC REV. One indication of a possible delay can be 

seen in the comparison of infection numbers 27 and 28 (BAC REV with pDsRed37) 

with 19 and 23 (A37 BAC and BAC STOP, respectively, both with pDsRed37). None 

of these infections showed visible GFP by day 1 p.i. but the monolayers of 27 and 28 

were fully infected by day 5 p.i. whilst infections 19 and 23 showed patches and 

plaques rather than GFP across the whole of the monolayer. These infection results 

are more difficult to interpret than the transfection results because, although attempts
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were made to dilute virus in order to be able to see plaque and growth phenotypes, the 

initial MOIs were clearly different. This was unlike the transfection experiments 

where the low transfection efficiencies were broadly similar between viruses.

In cells infected with material from BAC STOP and pF l’AK co-transfected cells, the 

virus clearly did not spread as quickly as BAC REV or A3 7 BAC and BAC STOP 

from co-transfection with pDsRed37. This may have been because much less virus 

(as seen by GFP levels) was produced by complementation with UL12 than in the 

cells co-transfected with a BAC mutant and pDsRed37.

A possible explanation for the apparent reversion of phenotypes could be the probable 

difference in effective MOI between the transfections of BACs and the subsequent 

infections. This explanation is supported by the fact that the transfection shown in 

Figure 59 had the highest transfection efficiency and also the most mutant growth.

It is likely that the effective MOI for transfected cells was lower than that for cells 

infected with virus produced by complementation. Although the 5pg of transfected 

BAC DNA contained approximately 25000 genomes per cell it was clear that 

transfections usually resulted in infection of less than 100 cells as monitored by GFP 

expression (an effective MOI of approximately 0.0001). Infection of a cell with HSV 

produces a number of viral particles in the region of tens of thousands of particles. 

Although only approximately 1/100 -  1/5000 of these are infectious, this results in a 

burst size of -2-100 plaque forming units (pfu, personal communication, K Powell).

In this study, if 100 cells were initially infected with an ORF 37 BAC mutant on day 

1 p.t., this might result in 100 clusters of ten cells at day 5 p.t. Although there is no 

equivalent burst size data for MHV-68, a burst size of 2-lOOpfu would result in 2000- 

100000 pfu (an effective MOI of 0.002-0.1). Only -1/5 of this was used to infect new 

cells but this might still be -  4-200-fold greater than the original MOI.

Some viral mutants, such as those with lesions in the HSV-1 aO (ICPO) gene, display 

more severe growth deficiencies at low MOIs [Stow and Stow, 1986; Cai and 

Schaffer, 1989]. The HCMV IE2 BAC mutant also showed an MOI dependent 

phenotype with a delay in production of infectious virus and slower cell to cell spread 

at low MOIs [Sanchez et al., 2002]. Shao et al [1993] showed that when Vero cells 

were infected with HSV or AN-1 at an MOI of 0.5, the yield of AN-1 was 

approximately 1600-fold lower than wild-type virus but at an MOI of 5 the difference 

in yield was only 60-fold. The difference between growth in Vero cells and growth in
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the complementing cell line 6-5 was also more obvious at low MOIs. It was also 

found that the AN-1 mutant was not competent at sustaining constant yields from 

multiple rounds of replication. The reasons for this are unclear. The authors noted that 

although the AN-1 mutant had been reported to exhibit wild-type levels of DNA 

synthesis, in fact some variability had been seen and they suggested that observed 

levels of 50-60% might be caused by a defect in DNA synthesis at low MOIs.

It is possible that the alkaline nuclease BAC mutants also exhibit a growth delay 

similar to that seen for the MHV-68 ORF 4 BAC mutant [Adler et aL, 2000]. This 

growth delay was most pronounced during the transfection experiments. In the 

current study it appeared that BAC REV GFP patches were visible at earlier times 

post-infection than post-transfection and this relative inhibition of virus production by 

transfection could have compounded a growth delay phenotype of alkaline nuclease 

BAC mutants.

3.7.6. e Conclusions

In order to further explore the phenotypes of these mutants, the viruses should be co

transfected with pDsRed37 and the titre of the resulting virus determined. After 

sequencing to check that recombination has not occurred, fresh monolayers of cells 

should be infected at varying MOIs. This would help to elucidate the effect of MOI 

on the viral mutants.

In conclusion, the MHV-68 alkaline nuclease mutant viruses in this study have a 

growth deficiency phenotype that is most apparent at low MOIs. The advantage of the 

mutants used here is that the viruses (once BAC sequences and GFP have been 

removed) can be used in intranasal infection of laboratory mice that mimics a natural 

infection. It would be interesting to see what effects alkaline nuclease mutations have 

in vivo and this is discussed in Chapter 4.
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General Discussion
Herpesviral alkaline nuclease activity was identified forty years ago in HSV-infected 

cells [Keir and Gold, 1963]. Since then, it has been found that all sequenced 

herpesviruses encode the alkaline nuclease enzyme and that the protein contains 

seven conserved motifs [Goldstein and Weller, 1998b]. Functional conservation has 

been demonstrated between the HCMV and HSV-1 enzymes [Gao et al., 1998].

These facts indicate that alkaline nuclease was probably present in a common 

herpesvirus ancestor and is likely to have an important function in viral replication.

Progress has been made in elucidating the enzyme’s function. This is primarily 

through characterisation of an HSV-1 alkaline nuclease-null mutant virus, AN-1, 

which has severely retarded growth in vitro [Weller et al., 1990]. Alkaline nuclease 

appears to process the highly branched DNA produced by viral replication and is 

necessary for efficient capsid egress fi*om the nucleus [Shao et al., 1993]. The enzyme 

may have another role in DNA recombination, possibly related to an interaction with 

the mDBP.

Alkaline nuclease is fascinating for many reasons. It seems to have a multifunctional 

role and neither the various fimctions nor how the protein switches between them are 

fully understood. It is a possible that drugs targeted to alkaline nuclease might be 

effective in treating herpesviral infections, perhaps in combination with other drugs 

[Cheng et al., 1979a; Chiba et al., 2000; Bronstein and Weber, 2001]. However, the 

enzymatic activity of the protein at a molecular level has not been described.

Other limitations of research include the lack of knowledge of the structure of the 

enzyme, the absence of gammaherpesvirus alkaline nuclease mutant viruses and the 

fact that no alkaline nuclease mutant viruses have been fully characterised in vivo.

Structural determination might yield information about the molecular mechanism of 

action and interactions with other proteins, but work in this area has probably been 

hindered by the problems that have been encountered during expression and 

purification of the protein. In general, large quantities of pure protein (approximately 

lOmg) are necessary for structural analysis of proteins. The majority of purification 

procedures have produced less than Img of alkaline nuclease, whilst those that have 

produced greater quantities have involved the re-solubilisation of insoluble protein. A
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common problem with this approach is the production of mis-folded, inactive protein 

which may make the protein unsuitable for structural analysis and crystallisation.

The majority of research concerning alkaline nuclease mutant viruses has involved 

the HSV viruses. Initial work with temperature sensitive mutants produced confusing 

results but the characterisation of the AN-1 mutant showed a clear growth deficiency 

phenotype. A similar phenotype is also displayed by an MCMV alkaline nuclease 

mutant virus. However, work on mutations in gammaherpesvirus alkaline nucleases 

has been directed in the area of recombinant EBV alkaline nuclease proteins rather 

than gammaherpesvirus mutant viruses.

There is very little data on the effect of alkaline nuclease mutations in vivo. It has 

been stated that the protein is essential in a mouse model of HSV-1 infection [Gao et 

aL, 1998] but this work has not been published. A PRV mutant with an insertion in 

the UL12 gene shows reduced virulence in mice [De Wind et al., 1994]. Six mice 

were infected with 1x10  ̂pfu of the virus. The mice were monitored every 6h up to 

fourteen days p.i. and their mortality and mean time to death were compared to those 

of six mice that were infected with wild-type PRV. Wild-type PRV caused death of 

all six mice with a mean time to death of 54h (standard deviation of 8h). Only two of 

the mice infected with the alkaline nuclease mutant died and the mean time to death 

was 333h (standard deviation of Oh). The cause of the decreased virulence was not 

analysed and the differences between the wild-type infection and the infection of the 

mutant were not characterised. Pigs are the natural hosts of PRV and although mice 

are also infected in the wild, the effects of PRV infection in the two species are 

somewhat different as infection of adult pigs results in low levels of mortality.

The isolation and characterisation of MHV-68 provided a small animal model for 

gammaherpesvirus infection. It is also possible to use this model to evaluate antiviral 

drugs and to examine the effects of treatment on both host pathology and viral 

replication. No data has been published on the alkaline nuclease gene of MHV-68 

(ORF 37) but it encodes the seven conserved domains as would be expected. The 

protein does not contain the proline rich N-terminal region of the HSV proteins which 

may beneficially alter its properties with regards to purification and crystallisation. 

The MHV-68 BAC system of mutagenesis offers the opportunity to rapidly construct 

viral mutants which can be characterised both in vitro and in vivo, in a system of 

natural infection. One weakness of the MHV-68 system for the characterisation of
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viral proteins is that there are no published monoclonal antibodies directed against 

MHV-68 proteins.

The aim of the current study was to characterise the alkaline nuclease of the gamma-2 

herpesvirus MHV-68. This was approached in a number of ways and encompassed 

the analysis of viral transcription and production of active protein. Alkaline nuclease 

was purified and its biochemical and biophysical properties were examined. The 

growth properties of alkaline nuclease mutant viruses were also studied.

This study shows that MHV-68 ORF 37 transcripts are produced 2-4h p.i. These 

transcripts are found within a set of overlapping transcripts that are similar to those 

seen for other herpesviruses. ORF 37 produces a functional alkaline nuclease enzyme 

and this activity can be detected in virus-infected NIH-3T3 cells from 8h p.i. Partial 

purification of the enzyme showed that it is approximately 55kDa in size, as would be 

predicted from sequence analysis.

ORF 37 was expressed in E. coli and large quantities of soluble, active, highly 

purified protein were produced (approximately 9mg per litre of bacterial culture, 

>95% pure). This enabled biochemical analysis which found that the protein has the 

typical properties of a herpesviral alkaline nuclease: a high optimum pH, a 

requirement for divalent cations (Mg^”̂ in this case) and activity inhibition in a 

solution of high ionic strength. Biophysical methods were used to study the protein’s 

secondary structure and its properties in solution. CD analysis showed that the protein 

has a higher proportion of alpha helical than beta sheet secondary structure and this 

was confirmed by prediction of the secondary structure by comparison with 

bacteriophage lambda exonuclease. DLS investigations found that the protein may 

form higher order structures in solution and that some detergents could promote this. 

Alkaline nuclease was also found to be more soluble in high NaCl concentrations and 

a number of conditions were screened in an attempt to crystallise the protein. Data 

gained from this work may be helpful in guiding the screening of crystallisation 

conditions in the future.

MHV-68 alkaline nuclease-specific monoclonal antibodies were produced. These 

were used in immunofluorescence studies of infected NIH-3T3 cells and detected 

alkaline nuclease in cell nuclei from 6h p.i. One of the antibodies was able to
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neutralise alkaline nuclease activity by approximately 40% and is likely to recognise 

a conformational epitope.

MHV-68 alkaline nuclease viral mutants were found to have a growth deficiency 

phenotype in vitro. This phenotype could be partially complemented by supplying 

ORF 37 in trans and was most apparent at low MOIs.

In the future I would expect work on MHV-68 alkaline nuclease to progress in two 

major directions: the structural determination of the enzyme and the characterisation 

of alkaline nuclease mutant viruses in vivo.

Before attempting to crystallise the protein, further efforts should perhaps be made to 

purify Ut-AN and to concentrate both this and His-AN. The screening of various salts 

may ascertain which salts aid concentration. It may also be possible to crystallise the 

protein in micro-dialysis chambers during buffer exchange to remove salt. Detergent 

addition, as explored by DLS, also seems to be a promising avenue. Large scale 

crystallisation trials with super-saturated solutions of Ut-AN or His-AN may then be 

used but it is worth considering alternative methods. These include co-crystallisation 

of the protein in a complex with another purified protein, such as the mDBP or a 

monoclonal antibody fragment. The monoclonal antibody IM, which neutralises 

enzyme activity, may be of value in this approach as it probably interacts with the 

active site. Structural determination of this complex may yield additional information 

about the active site of the protein.

The current study has shown that alkaline nuclease MHV-68 BAC mutants have a 

growth deficiency in vitro but further work is required to quantify the phenotypic 

differences between viral mutants and wild-type viruses at varying MOIs. MHV-68 

has been characterised over the last twenty years as a model system for 

gammaherpesvirus infection. The kinetics of viral infection in laboratory mice, as 

well as the immune response of the animals to the acute and chronic phases of 

infection have been investigated. Infection of apolipoprotein E-deficient (apoE-/-) 

mice with MHV-68 accelerates atherosclerosis and this is one of the systems used to 

elucidate the effects of chronic infection with a herpesvirus [Alber et ah, 2000]. The 

alkaline nuclease MHV-68 BAC mutants described here should be studied during in 

vivo infection. For this, the BAC cassette must first be removed to allow the viruses 

to acquire wild-type in vivo properties [Adler et al., 2001]. After this, virus could be
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reconstituted and grown to high titres in vitro by co-transfection of the mutant BACs 

with pDsRed37. Infection of BALB/c mice and apoE-/- mice could be followed by 

the culling of mice at a number of times during acute infection to determine titres of 

virus in various organs. Symptoms of disease such as splenomegaly and other aspects 

of the immune response could be monitored. At later times during infection, the effect 

of the alkaline nuclease mutations on the establishment of latency and the 

acceleration of atherosclerosis could be studied.

The monoclonal antibodies produced during this study could be used to study the 

distribution of alkaline nuclease in cells during an in vivo infection. This may be 

different to the pattern seen in vitro. Although EBV DNase encodes two nuclear 

localisation signals and is predominantly located in the nucleus of activated Akata 

cells [Liu et al., 1998a], the cellular localisation of alkaline nuclease in NPC biopsies 

has been found to vary with both nuclear and cytoplasmic distribution [Sbih-Lammali 

etal., 1996].

In conclusion, this study has advanced research in the areas of both alkaline nuclease 

and MHV-68 by characterising a previously unstudied protein. A large amount of 

pure protein has been produced in what is probably the most successful purification 

of soluble alkaline nuclease to date. Monoclonal antibodies generated against this 

protein are the first monoclonal antibodies directed against an MHV-68 protein. The 

biophysical techniques of CD and DLS have provided secondary structure data of a 

nature that has not been elicited from alkaline nuclease before. Finally, this study 

presents one of the first characterisations of a gammaherpesvirus with a mutated 

alkaline nuclease gene.
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