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Abstract

Human cytomegalovirus (HCMV) remains a significant cause of morbidity and mortality 

in immunocompromised patients. It is one of the most important opportunistic agents in 

the pathology of HIV, where it frequently causes sight-threatening retinitis. Currently 

approved antiviral drugs include ganciclovir, cidofovir and foscamet. The HCMV UL97 

gene encodes a phosphotransferase that has been shown to catalyse the initial 

phosphorylation of ganciclovir (GCV) to its monophosphate form, whereafter it is 

converted to the active triphosphate by cellular kinases. HCMV disease often necessitated 

long-term antiviral therapy, which in turn led to the emergence of ganciclovir resistant 

strains of HCMV. Mutations in the UL97 gene have been shown to impair GCV 

phosphorylation, thus conferring GCV resistance to HCMV and have been associated with 

disease progression.

HCMV has been observed in almost every organ system in the body, but little information 

is available on the extent of UL97 mutations in the organs of chronically treated AIDS 

patients. A point mutation assay was employed to determine the prevalence of UL97 

mutations in post mortem organs of patients who died with AIDS. The results showed that 

quantitative differences in resistant genotypes between organs of the same individual and 

between individuals occurs which has relevance to the management of patients on long 

term therapy for HCMV.

In order to investigate functional effects of UL97 drug resistance mutations, wild type and 

mutant UL97 proteins were produced using a recombinant baculovirus expression system. 

Autophosphorylation properties of wild type and mutant UL97 were similar, while the 

mutations reduced ganciclovir phosphorylation to below 20% of the wild type UL97.

The novel antiviral benzimidavir, inhibited autophosphorylation of wild type and mutant 

UL97 proteins. Enzyme kinetic analysis demonstrated benzimidavir acts by competitive 

inhibition of ATP binding to UL97. The mutation at codon 397, which confers resistance 

to benzimidavir, reduced autophosphorylation by 90%. These observations have 

implications for combination therapy with benzimidavir and ganciclovir.
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CHAPTER 1 

General Introduction



1.0 General Introduction

1.1. Herpesviruses

1.1.1. The Herpesviridae

The family Herpesviridae are highly disseminated throughout nature and consists of 

approximately 100 herpesviruses infecting most animal species. Membership of the 

family is based upon the structure and morphology of the virion as observed by 

electron microscopy (figure 1.1). Typically the herpesvirus consists of a core, which 

contains the linear double-stranded DNA and a 100-110 nm icosadeltahedral capsid 

containing 162 capsomeres, 12 pentameric at the vertices and 150 hexameric. 

Surrounding the capsid is an amorphous, sometimes asymmetrical material termed the 

tegument, which may vary in thickness, depending on the location of the virion within 

the cell. The outer covering, the lipid envelope surrounds the tegument and has a 

typical trilaminar appearance, suggestive of it being derived from patches of altered 

cellular membranes. The envelope contains numerous proteinaceous spikes consisting 

of glycoproteins. The overall size of the herpesvirions varies from 120-300 nm 
depending upon the thickness of the tegument and the condition of the envelope 

(Roizman., 1996).

The DNA sequence arrangement of the herpesviruses can be divided into six groups 

according to the presence and location of terminal repeat sequences (figure 1.2). Group 

A exhibits a unique sequence flanked by a large direct sequence repeat at each 

terminus, whereas group B has the terminal sequence repeated multiple times at both 

termini. Group C consists of two regions of unique sequences enclosed by the terminal 

repeat sequences. These are smaller in number and include other unrelated sequences, 

which are directly repeated. The terminal sequences of group D are repeated internally 

in an inverted orientation. This means that the stretch of unique sequences flanked by 

the inverted repeats (Small, or S) can invert such that infected cells potentially 

comprise of two populations differing with respect to the orientation of the S 

component relative to the large (L) component. In group E, the sequences from both 

termini are repeated in an inverted orientation and juxtaposed internally, dividing the 

genome into two components, each of which consists of unique sequences flanked by 

inverted repeats. The termini in group F are not identical and are not repeated or 
inverted.

22



1.0 General Introduction

Figure 1.1. Electron Micrograph of a Herpesvirus

Taken from The Big Picture Book of Viruses at 

www.tulane.edu/'dmsander/Big_Virology/BVHomePage.html. Electronmicrograph by 

Linda Stannard.

23
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1.0 General Introduction

Class Sequence Arrangement Isomers

LTR 
----- ►

RTR 
■ ►mu

B

C B S W 1

D

U,

U, Us

■DDHd

Figure 1.2. Schematic diagram of the sequence arrangements in the six classes of 

genomes of the viruses comprising the family Herpesviridae.

The human herpesviruses are classified into each class as follows; A:-Human 

herpesvirus 6 and 7; C:-Epstein Barr virus; D:-Varicella zoster virus; E:-Herpes 

simplex virus 1 and 2, human cytomegalovirus. The arrows depict the possible isomers 

of each class and the boxed regions correspond to the repeat elements.
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1.0 General Introduction

The herpesviruses share many significant biological properties in addition to the 

morphological properties described so far. All the herpesviruses encode a large number 

of enzymes, which are involved in nucleic acid (metabolism thymidine kinase, 

thymidylate synthetase, dUTPase and ribonucleotide reductase) and DNA synthesis 

(DNA polymerase, helicase and primase). The viral DNA replication and assembly of 

capsids occurs in the nucleus and the release of progeny virus invariably results in the 

destruction of the host cell. A major biological property of the herpesviruses is the 

ability of the virus to remain a latent infection within the natural host with only a subset 

of viral genes being expressed.

1.1.2. Classification of Herpesviruses

The classification of the herpesviruses is multifactoral and was predominantly based 

upon their highly variable biological properties, including host range and cell tropism, 

rate of replication, destruction of cells in culture and cellular sites of latency. However, 

although highly diverse, the genomes of the human herpesviruses which have been 

sequenced are now used for classification of the vimses based on the criteria of gene 

content and sequence similarities. The herpesvims genomes range in size from 125 to 

230 kbp, encoding 70 to 200 genes and as indicated in figure 1.3, have varied patterns 

of repeated sequences. The International Committee on the Taxonomy of Viruses 

(ICTY) has classified the herpesviruses into three subfamilies, the alphaherpesvirinae, 

betaherpesvirinae and gammaherpesvirinae. Table 1.1. shows the classification of the 

human herpesvimses. The herpesviruses from all three subfamilies have been shown to 

contain approximately 40 genes, which are common to all the viruses in terms of 

genomic position and amino acid sequences, indicating a common evolutionary 
heritage.

Alphaherpesvirinae

The Alphaherpesvirinae are characterised by their broad host range, relatively short 

replication cycle, rapid spread in culture, efficient destruction of infected cells and the 

capacity of the virus to establish a latent infection, primarily in the sensory ganglia.

25



1.0 General Introduction

0
I__ L

50 100
I I I I J I I L

150 200
I I I I I I I I

UL

TRS,

US

IRSl IRSs TRS;

UL36-38 IE2/IE1
UL122/UL123

US3

US3

IE2/IE1
UL122/UL123

UL36-38 US3

US3
1

Figure 1.3. Schematic representation of the four isomers of the HCMV genome 
illustrating the major immediate early genes.
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Table 1.1. Classification of the Hum an Herpesviruses

Human Herpesvirus Abbreviation Classification

Herpes simplex virus 1 HSV-1 alpha (a)

Herpes simplex virus 2 HSV-2 alpha (a)

Varicella zoster virus VZV alpha (a)

Epstein barr virus EBV gamma (y)

Cytomegalovirus CMV beta ((3)

Human herpesvirus 6 HHV-6 beta (p)

Human herpesvirus 7 HHV-7 beta (P)

Human Herpesvirus 8 HHV-8 gamma (y)

(Kaposi’s sarcoma-associated virus)
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Betaherpesvirinae

The Betaherpesvirinae are characterised by a more restricted host range, a long 

replication cycle and slow infection in culture. The infected cells frequently become 

enlarged (cytomegalia) and carrier cultures are frequently established. Latent infection 

is established and primarily maintained in secretory glands, lymphoreticular cells, 

kidneys.

Gammaherpesvirinae

The Gammaherpesvirinae are characterised by a limited host range. All the members 

of this subfamily replicate in lymphoblastoid cells, although some can cause lytic 

infection in epitheleoid and fibroblastic cells. The gammaherpesvirus subfamily 

comprises of the lymphocryptovirus and rhadinovirus genera. These viruses are 

principally lymphotrophic, infecting either B-lymphocytes (yl viruses) or T 

lymphocytes ( 7 2  viruses) and infection is primarily latent. Lytic replication 

infrequently occurs following primary infection and is generally limited to a small 

subset of spontaneously replicating cells.

1.1.3. Human Herpesviruses

Eight human herpesviruses have been identified to date and with the advances in 
detection of new viruses, more are likely to be found.

Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2)

HSV consists of two antigenic types, HSV-1 and HSV-2 which are highly related, 

showing 70 -  80% genetic identity and are classified as alphaherpesvirinae of genome 

structure E (figure 1.2). The virus infects and replicates in the mucocutaneous cells, 

whereupon it is transported via retrograde axonal transport to the cell bodies of neurons 

in sensory ganglions, the trigeminal ganglion if the initial infection was oral or the 

dorsal root ganglion if the initial infection was genital. The virus persists in these cells 

in a latent state and can persist for the lifetime of the infected individual. Latent virus 

can either reactivate spontaneously, or can be induced to reactivate upon a variety of 

stimuli. During reactivation the vims is transported via the nerve cell axons to the 

point of original infection where it replicates. HSV replication can manifest as a 

variety of clinical conditions, most common of which are oral-facial and genital
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infections. Gingivostomatitis and pharyngitis are the most frequent clinical 

manifestations of primary HSV-1 infection and herpes labalis (cold sores) in 

reactivated HSV-1 infection. Both HSV-1 and HSV-2 produce primary genital 

infection although most cases are due to HSV-2. Infection may often be asymptomatic 

or subclinical, suggesting that the incidence of genital herpesvirus infections may be 

under diagnosed. Neonatal HSV infection is primarily due to HSV-2 where 

transmission from mother to newborn occurs during the birthing process. The greatest 

risk factor for the newborn is primary infection of the mother as the baby is exposed to 

significantly more virus than those with reactivated infection. Three categories of 

neonatal disease can develop; (1) disease localised to skin, eye or mouth, (2 ) 

encephalitis with or without skin, eye or mouth involvement, (3) disseminated infection 

involving multiple organs including CNS, lung, liver, adrenal glands, skin, eye and or 

mouth. Encephalitis is the most common infection of the central nervous system, 

accounting for 10 to 20% of all cases. Most cases have demonstrable clinical and 

serological evidence of infection prior to encephalitis. Other problematic HSV 

infections include herpetic eye infection and herpetic skin infection.

Varicella zoster virus (VZV)

Varicella zoster virus is also classified as an alphaherpesvirus with the type D genome 

structure. It is the etiologic agent of both varicella (chicken pox) and zoster (shingles). 

Primary VZV infection causes varicella in susceptible individuals, usually during 

childhood, and causes an uncomplicated disease. Following primary infection, VZV 

establishes latent infection in the neural ganglia and reactivates as herpes zoster, 

particularly in the elderly population. Severe neuralgia is often associated with zoster, 

which can often persist upon resolution of clinical symptoms. Transmission occurs 

primarily via aerosolised respiratory secretions from individuals with varicella.

Epstein-Barr virus (EBV)

Epstein-Barr virus is classified as a gammaherpesvirus (genus lymphocryptovirus), has 

a type C genome structure and can be divided into two types, A and B based upon the 

DNA sequence divergence in EBV nuclear antigens (EBNAs), 2, 3, 4 and 6 , with 

EBNA-2 being the most divergent. Primary EBV infection usually occurs in childhood 

when infection is usually asymptomatic. Initial events following transmission of the 

virus are poorly understood, but one school of thought suggests the virus may infect
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and replicate in oropharyngeal epithelial cells, although this issue is still contentious, B 

lymphoid cells are the primary target of EBV, they are infected before the onset of 

clinical symptoms and EBV can spontaneously transform these cells into immortal 

lymphoblastoid cell lines. Primary EBV infection in adolescence or adulthood usually 

results in infectious mononucleosis (IM, glandular fever). Since the discovery of EBV 

it has been associated with human malignant tumours of either hematopoietic or 

epithelial cell origin, including Burkitts lymphoma, nasopharyngeal carcinoma, 

Hodgkins lymphoma and post transplant lymphoproliferative disease.

Human herpesvirus 6 (HHV-6)

Human herpesvirus 6  is classified as a betaherpesvirus with a group B genome structure 

and has been classified as such due to its DNA sequence homology to HCMV (6 6 %), 

the prototype member of the betaherpesvirinae. HHV- 6  exists as two variants, A and B 

based upon antigenic specificity, genetic polymorphism and in vitro growth. HHV- 6  is 

ubiquitous in the human population, with 90% seropositivity demonstrable within the 

first two years of life. Primary infection with HHV- 6  B has been associated with 

exanthem subitum in infants (Pruksanandonda et al., 1992, Leach et al., 2000), but no 

clinical syndromes have yet been linked with HHV- 6  A. In the immunocompetent host, 

HHV- 6  infections have been associated with encephalitis (Asano et al., 1992), hepatitis 

(Asano et al., 1990) and more controversially, with multiple sclerosis (Soldan et al.,

1997). In immunocompromised individuals, either transplant patients or AIDS 

patients, HHV- 6  infection has been shown to give rise to bone marrow suppression 

(Drobyski et al., 1993, Carrigan and Knox., 1994), pneumonitis (Buchbinder et al.,

2000), graft versus host disease (Takemoto et al., 2000) and encephalitis in bone 

marrow patients (Singh and Paterson, 2000, Singh and Carrigan, 1996, Imbert-Marcille 

et al., 2000) and acute rejection in liver transplant patients (Humar et al., 2002). In 

individuals infected with HIV, HHV- 6  has been implicated as a cofactor for AIDS 

pathogenesis and progression, primarily because HHV- 6  has a cellular tropism for 

CD4+ T-lymphocytes, similar to that of HTV (Lusso et al., 1993).

Human herpesvirus 7 (HHV-7)

Human herpesvirus 7 has been classified as a betaherpesvirus with a type B genome 

structure. The complete sequence of HHV-7 shows it is most closely related to HHV- 

6 , and related to HCMV to a lesser extent (Bememan et al., 1992). Association of

30



1.0 General Introduction

primary HHV-7 infection with disease is not certain, although HHV-7 may be 

associated with some cases of exanthem subitum, but this may be due to it’s potential 

to reactivate HHV- 6  (Tanaka-Taya et ah, 2000). In the immunocompromised host, 

HHV-7 has been implicated in increasing the relative risk of developing HCMV 

disease if both HHV-7 and HCMV are detected in the blood (Kidd et ah, 2000).

Human herpesvirus 8 (HHV-8)

Human herpesvirus 8 or Kaposi’s sarcoma-associated herpesvirus (KSHV) is the most 

recently discovered member of the human herpesviruses (Chang et al., 1994). Initially, 

HHV- 8  was identified by representational difference analysis of non-diseased tissues 

and KS tissue of the same patient as herpesvirus-like DNA sequences. Now HHV- 8  

has been identified in all the forms of KS as well as AIDS-related primary effusion 

lymphomas (Cesarman et al., 1995) and multicentric Castleman’s disease (Soulier et 

al., 1995), implying this virus is the etiological agent of KS. The sequences were 

homologous to, but distinct from, capsid and tegument protein genes of the 

gammaherpesviruses HVS and EBV, thus, together with the sequencing of the HHV- 8  

genome to date, has been classified as a gammaherpesvirus, of the genus Rhadinovirus.

1.2. Human Cytomegalovirus
1.2.1. Epidemiology

The natural transmission of HCMV occurs by both direct and indirect person to person 

contact during primary infection, reinfection or reactivation. HCMV is an extremely 

labile virus requiring intimate contact for its spread. Horizontal transmission may 

occur from birth, either during delivery when the baby is exposed to maternal genital 

secretions or from breast milk (Stagno et al., 1983), and virus excretion persists for 

years following congenitally, perinatally or early postnatally acquired infections. In the 

United States, HCMV is the most common cause of congenital infection, affecting 

between 0.2% to >3% of all live births (Alford et al., 1990). The majority of infection 

is acquired during young childhood ( 8  -  60% < 6  months) as a result of infection 

acquired during birth or following breast feeding. Transmission among young children 

attending play groups and day care centres may occur in up to 80% of children, 

compared to 20% of children cared for at home (Pass et al., 1986). Infection steadily 

increases after infancy with a short but rapid increase at school entry so that by
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adolescence 40% te 80% of children are infected which increases by approximately 1 % 

per annum thereafter (Griffiths and Baboonian, 1984). This figure reaches 90% to 

100% in low socio-economic areas of the world. Children in day care centres with sub- 

clinical infection are the major source of HCMV transmission to their parents, which is 

of particular importance if the mother is pregnant. In different populations, 0.7% to 4% 

of seronegative pregnant women experience primary infection, and such women have a 

20-fold increased risk of infection if they care for children in day care centres (Pass et 

al., 1986, 1987).

Transmission in the adult population occurs primarily via a sexual route, where HCMV 

is shed from both the male and female genital tracts. This is shown by the correlation 

between seropositivity and (1) seropositivity of partner in marriage (or seronegativity in 

both partners), (2) number of sexual partners, (3) number of STD’s, (4) non-use of 

barrier contraception, (5) young age of first sex.

An increased rate of productive HCMV infection is observed in the 

immunocompromised patient group, such as transplant and AIDS patients. These 

patients either reactivate their own virus due to their state of immunosuppression, or 

experience primary infection by direct exposure of a seronegative individual to an 

organ from a seropositive donor (D+/R-). During the period of immunosuppression, 

nearly 100% of seropositive patients, seropositive allograft recipients and AIDS 

patients with a CD4 count of <50/mm  ̂ excrete HCMV (Weir et al., 1988, Dummer, 

1990, Meyers et al., 1986, Gallant et al., 1992).

1.2.2. HCMV pathogenesis in the immunocompromised host

This section will highlight the impact of HCMV on the immunocompromised, 

including the recipients of solid organs and bone marrow as well as the acquired 

immunodeficiency disease (AIDS) patients. HCMV causes a range of diseases and 

complications in the immunocompromised host (table 1 .2 ) and for this reason a 

definition for HCMV end organ disease has been internationally agreed (table 1.3). 

The disease manifestations vary between the immunocompromised patient groups, such 

that pneumonitis is the most prevalent manifestation of HCMV disease in the bone 

marrow recipients, whereas hepatitis is the most frequent in liver transplant patients and 

retinitis in the AIDS patients. Severe disseminated HCMV disease can spread to and
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Table 1.2. HCMV diseases in the immunocompromised (Griffiths et 

al., 2000)

Symptoms Solid organ 
transplant

Bone marrow 
fransplant

AIDS

Fever/hepatitis -H- + +

Gastrointestinal + + +

Retinitis + + -H-

Pneumonitis + -H-

Myelosuppression ++

Encephalopathy +

Polyradiculopathy +

Addisonian state +

Immunosuppression +

Rejection/GVHD + 9

+, Diseases that occur in the designated patient population 
++, Diseases that were the most common 
?, Suggested, but not proven association
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Table 1.3. Definitions of Cytomegalovirus end organ disease. 

(Ljungman et al., 2002)

Disease Definition

Pneumonia (transplant Radiographic changes and/or hypoxia

recipients) CMV detected in BAL or lung biopsy

Pneumonia (HIV infected Symptoms of pneumonia with hypoxaemia

individuals) CMV detected in the lung

Absence of other pathogens

Gastrointestinal Gastrointestinal symptoms with CMV detected by histology

Hepatitis Abnormal liver function tests, histological changes and CMV

detection in liver biopsy

Neurological Symptoms of encephalitis, transverse myelitis or other CNS

symptoms, plus CMV in CSF

Retinitis Typical ophthalmological lesions without virological proof
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be detected in every organ system in the body, however some systems are more 

common that others. Investigations over the years have shown that HCMV detection 

and viral load are the critical factors in pathogenesis of the immunocompromised 

(Einsele et al., 1991, Kidd et al., 1993, Pillay et al., 1992, 1993, Fox et al., 1995). 

Among recipients of solid organ transplants, risk factors have been identified for the 

potential development of HCMV (end organ) disease. These include donor/recipient 

(D/R) serostatus giving rise to primary infection, re-infection or reactivation, viraemia 

(Pillay et al., 1993) and peak viral load following transplant (Cope et al., 1997a, 1997b, 

Gor et al., 1998). The most significant of these is the peak viral load following 

transplantation, from which the ‘threshold concept of HCMV disease’ was determined. 

Molecular techniques such as quantitative competitive PCR have been employed to 

perform longitudinal studies upon different patient groups at risk of HCMV disease. 

These studies have not only highlighted the risk factors for development of HCMV 

disease, but have demonstrated the importance of routinely monitoring and quantifying 

the HCMV DNAemia in patients at most risk of developing disease. This is of 

particular importance when considering pre-emptive therapy with antivirals such as 

ganciclovir (GCV). If viral loads exceed the threshold level in the post transplant 

period, antiviral therapy can be initiated to prevent disease by lowering the viral load to 

below threshold levels, which is a more realistic goal than complete eradication of the 

virus. Viral load probability of disease curves constructed for each of the transplant 

groups (Emery, 2000A) demonstrated that disease probability remains low until a 

specific viral load (threshold level) is reached, then accelerates rapidly for a relatively 

small increase in viral load. This study demonstrated HCMV disease occurred at a 

median of 5.7 logio genomes/ml blood in liver transplant recipients, 4.9 logio in bone 

marrow recipients, 6.48 logio genomes/ml urine or 5.6 logic genomes/ml blood (Hassan 

Walker et al., 1999) in renal transplant recipients and 4.9 logic genomes/ml blood in 

AIDS retinitis patients.

Criteria for the treatment of HCMV infection and disease have mainly evolved from the 

transplant setting for two major reasons. (1) Transplant patients have a clearly defined 

risk of infection. (2) Transplant recipients are most intensely immunosuppressed early 

in the post transplantation period and become less immunosuppressed as 

immunosuppressive therapy is gradually withdrawn, thus the risk of disease 

development occurs over a defined period of time, usually the first 3 months following

35



1.0 General Introduction

transplant. In general, the degree of immunosuppression in the recipient can be 

correlated with increased risk of HCMV infection. The patients at highest risk of 

HCMV disease are in the D+/R- group, where disease is often more severe than in the 

D+/R+ group, suggesting that pre-existing immunity may modulate HCMV infection. 

However as the level of immunosuppression increases, the contribution of this 

immunity to HCMV disease decreases. The strategies used in the transplant setting aim 

to reduce and maintain the viral load below the threshold level, above which disease 

may occur rapidly. Two major strategies are employed in the transplant patient groups, 

prophylaxis and pre-emptive therapy.

Prophylaxis is given to all patients at risk of developing HCMV infection/ disease in 

the post transplant period, before HCMV infection is detected. Prophylaxis for a 

defined period of time has been extremely successful at controlling viral replication 

(Gane et al., 1997, Lowance et al., 1999). The period of prophylaxis generally occurs 

when the patient is most intensely immunosuppressed, which is usually the first 3 
months post transplant. A meta-analysis based upon 13 prospective, randomised 

studies comparing anti-HCMV prophylaxis using either aciclovir (ACV) or GCV 

versus placebo or no treatment demonstrated a significant decrease in the incidence of 

HCMV infection and disease (Couchoud et al., 1998). A randomised trial involving the 

universal prophylactic administration of i.v. GCV to patients for 100 days following 

liver transplantation was associated with an HCMV disease rate of 1% among all 

patients and 10% among the D+/R- group (Winston et al., 1995). This compared with a 

similar trial involving universal prophylactic administration of oral GCV for 100 days 

post liver transplant, which reduced the HCMV rate to 5% among all patients and to 

15% among the D+/R- group (Gane et al., 1997). However, it has become increasingly 

evident that approximately 25-30 days following the period of prophylaxis, late HCMV 

disease has become a problem (Limaye et al., 2000). This is exacerbated by the delay 

in intervention with antiviral dmgs due to infrequent outpatient visits, resulting in 

replication of the virus to levels exceeding that of the threshold level, so significantly 

increasing the risk of disease (Emery et al., 1999A). Furthermore, these patients will 

require an extended period of i.v. GCV therapy to control viral replication and for 

undetectable levels of vims to be achieved. Another important consideration for 

prophylactic therapy concerns the development of resistance of HCMV to the antiviral 

dmgs. Reports of increased risk of resistance following prophylaxis in the literature
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(Alain et al., 1997, Rosen et al., 1997, Baldanti et al., 1998a, Mendez et al., 1999, 

Kruger et al., 1999) are conflicting with reports which show no association (Gane et al., 

1997, Boivin et al., 1993). A recent report examined the antiviral susceptibility of 

isolates from 240 recipients of solid organ transplants, 6 8 % of whom were D+/R- 

(Limaye et al., 2000). This study demonstrated 10.4% of the patients developed 

HCMV disease within the year following transplantation. GCV resistance, as defined 

by IC50 and UL97 mutations, occurred in 7% of the D+/R- group. The majority of the 

isolates were also cross resistant to cidofovir and sensitive to foscamet, but 

significantly all the patients were treated prophylactically with GCV and all disease 

was late onset ( > 1 0  months post transplantation).

Pre-emptive therapy is given to high-risk patients with evidence, such as detection of 

HCMV by PCR in the blood, of HCMV infection in an attempt to prevent progression 

of asymptomatic infection into HCMV disease (Emery, 2001). Since as few as 30% of 

patients at risk will develop HCMV disease, over-treatment in patients receiving 

antiviral therapy could reach approximately 70%. Thus, pre-emptive therapy reduces 

the number of patients exposed to the potentially toxic antiviral drug, but can only be 
successful if regular monitoring of the patient for HCMV occurs using sensitive 

detection methods and treatment is implemented upon detection. This is of greatest 

value to HCMV naïve patients (D+R-) as the antigen exposure, which occurs with the 

initial HCMV replication, should result in priming of the immune system to HCMV. A 

number of studies involving the pre-emptive treatment of high risk transplant patients 

have demonstrated a reduction in the rate of HCMV disease comparable to that of 

universal prophylaxis. The rate of HCMV disease was reduced to 0% - 6 % (Boeckh et 

al., 1996, 1998, Kusne et al., 1999, Egan et al., 1998, Singh et al., 2000A).

The efficacies of various antiviral dmgs have been examined for each of the 

prophylactic and pre-emptive arms of therapy. The majority of studies described so far 

have used either oral or i.v. GCV, but due to various factors including renal toxicity, 

indirect effects of therapy, potential resistance and attempts to improve antiviral 

efficacy, further antivirals have been evaluated. Several studies comparing high dose 

ACV either alone or in combination with GCV have shown no advantage of GCV 

alone. One study in liver transplant patients (D+/R-) treated with ACV prophylaxis 

demonstrated HCMV disease occurred in 58%, and a combination of ACV and GCV
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(D+/R-) demonstrated HCMV disease occurred in 25% (Badley et al., 1997). This is in 

contrast to patients treated with GCV prophylaxis where HCMV disease occurred in up 

to 15% of patients. ACV prophylaxis 5 days pre-transplant followed by delayed GCV 

also shows no advantage (Paya et al., 1993, Duncan et al., 1994). Oral valaciclovir 

(VACV) has been used successfully as prophylactic treatment for HCMV, whereby the 

incidence of HCMV disease 90 days post transplant in the D+/R- group was reduced 

from 45% (placebo) to 3% (VACV). At six months post transplant, the incidence of 

disease was the same in the placebo group, but had increased to 16% in the VACV 

group (Lowance et al., 1999). So although VACV decreased the incidence of viraemia, 

viruria and graft rejection as well as herpes simplex virus infection, it resulted in 

delayed onset of disease as observed for with GCV prophylaxis. A major advantage, 

however, is that VACV is considerably better tolerated than GCV, with minor CNS 

events such as hallucinations and confusion being the only significant side effects 

occurring in up to 10% of patients. Two small studies examined foscamet prophylaxis 

in bone marrow patients and found the risk of HCMV disease was 9%, comparable 
with GCV prophylaxis, however nearly half the patients experienced severe side effects 

including renal toxicity, leading to discontinuation of therapy. All renal toxicity was 

reversible upon discontinuation of therapy. Cidofovir has been used successfully in the 

primary treatment of HCMV pneumonia (56%), as secondary pre-emptive therapy 

following either relapse (83%) or failure of primary GCV therapy (55%) and as 

primary pre-emptive therapy (58%) (Ljungman et al., 2001). The dosage of cidofovir 

balanced with efficacy must be fully examined as renal toxicity occurred in a high 

proportion of patients, up to 35% in some patients. A distinct advantage however was 

as secondary pre-emptive therapy following failure of primary GCV therapy. The 

study did not examine why primary GCV therapy failed, or indeed if this was as a 

result of GCV resistance, but when considering cidofovir as secondary therapy, cross 

resistance may be a potential problem.

1.2.3. HCMV and Renal Transplant Recipients

Renal dysfunction rarely occurs as a result of HCMV infection, but in the renal 

transplant patient, HCMV has been proposed to play a direct role in renal dysfunction 

and graft rejection (Kidd et al., 2000, Lowance et al., 1999). In renal transplant 

recipients, a distinct glomemlopathy characterised by enlargement of endothelial cells, 

and fibrillar materials in glomemlar capillaries have been associated with HCMV
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viraemia (Richardson et al., 1981). Between 15% to 50% of renal transplant recipients 

excrete HCMV following transplantation, 30% to 40% of whom develop HCMV 

disease (Balfour et al., 1989). HCMV seronegative patients acquiring primary 

infection from the seropositive kidney donor are at greater risk of developing disease 

than those with re-infection (donor virus infecting an immune individual), who in turn 

are at greater risk than those with reactivation of latent virus (Grundy et al., 1988, 

Ranjan et al., 1991). Also, therapies which increase the degree of immunosuppression, 

such as antithymocyte globulin (ATG) which are directed at eliminating T-lymphocytes 

are associated with more frequent and severe HCMV infections in the post transplant 

period (Rubin et al., 1981). Longitudinal PCR analysis to detect HCMV DNA (Fox et 

al., 1992), in the urine of 196 patients following renal transplantation identified 35 

patients who developed CMV viruria (Cope et al., 1997B). Twelve of these patients 

developed CMV disease as defined in table 1.3, all of whom were symptomatic during 

their periods of highest viral load. The relationship between maximum viral load, 

DNAemia and donor/recipient serostatus was determined using univariate and 

multivariate analysis. The univariate analysis showed that every 0.25 logio increase in 

viral load resulted in a 79% increase in risk of HCMV disease. The multivariate 
analysis showed that peak viral load was a significant risk factor for HCMV disease in 

both urine and blood. This was mirrored in a similar study by Hassan-Walker et al., 

(1999) in a study of 87 renal transplant patients, who also received antithymocyte 

globulin (ATG) to treat graft rejection. Univariate analysis showed ATG was a 

significant risk factor for the development of disease.

1.2.4. HCMV and Liver Transplant Recipients

HCMV is the most common infection following liver transplantation, being detected in 

20% to 60% of patients, 50% of whom develop HCMV disease (Paya et al., 1989). 

Following liver transplantation, a distinct syndrome of bile duct sclerosis, the vanishing 

bile duct syndrome, has been associated with HCMV infection. The cause of the 

syndrome is unknown but it has been suggested that HCMV infection leads to 

increased expression of MHC antigens in the graft, predisposing the graft to rejection. 

Another suggestion involves the mimicry of MHC antigens by HCMV proteins leading 

to host-mediated graft dysfimction. The risk factors for HCMV disease include large 

doses of immunosuppressive drugs, seropositive organ donor and the appearance of 

viraemia (Sutherland et al., 1992, Portela et al., 1995, Badley et al., 1996). Cope et al.,
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(1997B) performed a similar study to that determined in renal transplant patients, 

whereby PCR analysis was performed upon the blood of 162 patients, 51 of whom 

developed viraemia and of the 47 analysed in detail, 20 developed HCMV disease. 

Univariate analysis identified the viral load, donor seropositivity and total methyl 

prednisolone as significant risk factors for HCMV disease. Multivariate analysis 

identified maximum viral load and total methyl prednisolone as independent risk 

factors for the development of HCMV disease. This independence implies that (1) 

large quantities of methyl prednisolone for rejection episodes predispose the patient to 

HCMV disease at lower viral loads, and (2) higher viral loads are needed to produce 

HCMV disease in patients who experience few rejection episodes so receiving lower 

levels of augmented methyl prednisolone. Studies using PCR to detect virus in 

peripheral blood is the best predictor of HCMV disease (Patel et al., 1995) but assumes 

that detection will mirror the events occurring in the body as a whole. This is not 

always the case and attempts to circumvent HCMV disease by pre-emptive therapy 

could be further refined to avoid treatment of patients with two consecutive positive 

PCR results, not destined to develop disease, with potentially toxic antiviral drugs. A 

new assay for the detection of HCMV-specific IgM to a cocktail of purified 

recombinant protein antigens derived from UL32 (ppl50), UL44 (pp52), UL83 (pp65), 
and pULSOa (pp38) was retrospectively employed to determine the best patients to 

receive pre-emptive therapy. IgM was detected in 29 patients out of 47 with DNAemia 

from the study by Cope et al., [(1997B), Emery et al., 2000B]. These patients would 

have received pre-emptive therapy, including the 18 who went on to develop HCMV 

disease. This is in comparison with the 36 patients who would have received pre­

emptive therapy on the basis of two consecutive PCR-positive results, 19 of whom 

went on to develop disease. IgM was not detected in one patient who developed 

disease, but in whom two consecutive PCR-positive results were obtained. IgM 

detection by this assay could theoretically enable the initiation of pre-emptive therapy 

at an early stage, before the development of clinically overt disease, in fewer patients. 

This assay was more sensitive than the crude viral antigen microtitre ELISA (Maine et 

al., 2000) and detected HCMV-specific IgM before the detection of viral proteins by 

the pp65 antigenaemia assay. IgM was also demonstrated in patients receiving large 

doses of methyl prednisolone, although the maximum titre of IgM was lower, 

presumably reflecting the lower virus load required to produce HCMV disease.
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1.2.5. HCMV and Bone Marrow Transplant Recipients

Of all the transplant groups, bone marrow allograft recipients have the highest HCMV 

related mortality and a complex association between HCMV and graft versus host 

disease (GVHD). The incidence of HCMV infection following allogenic BMT ranges 

from 40 to 50%, regardless of the serostatus of the donor and recipient. The most 

significant HCMV associated disease in this transplant group is HCMV pneumonia, 

which occurs in 10% to 15% of patients. With the advent of GCV treatment, the rate of 

HCMV pneumonia-related mortality from nearly 80% to between 10% and 20%. The 

disease is usually diagnosed by clinical evidence and the detection of HCMV in 

bronchoalveolar lavage (BAL). The proposed mechanism of pathogenesis of disease 

concerns host-directed, immunologic destruction of the lung associated with GVHD.

The risk factors for HCMV in the bone marrow transplant recipients include the receipt 

of marrow from a seropositive allogenic donor, reactivation of the recipient HCMV and 

acute GVHD. A longitudinal analysis involving 110 patients following bone marrow 

transplantation identified 49 patients with HCMV viraemia, 15 of whom developed 

HCMV disease (Gor et al., 1998). As expected, HCMV disease occurred more 
frequently in allogenic bone marrow recipients than in autologous transplant recipients. 

This study importantly showed that peak viral load precedes the onset of pneumonitis, 

the most common manifestation of HCMV disease in this population, consistent with 

the immunopathologic nature of HCMV pneumonitis. Symptomatic patients 

experienced significantly elevated viral load, including those patients experiencing 

reactivation of their own virus. Univariate analysis showed both elevated viral load 

and reactivation of recipient virus was associated with increased risk for development 

of HCMV disease, however multivariate analysis showed only elevated viral load was a 
significant risk factor.

1.2.6. HCMV and Acquired Immunodeficiency Syndrome

HCMV has long been considered a cofactor in the pathogenesis of HIV, possibly by 

influencing the induction or progression of the disease (Griffiths, 1992, 1998). 

Although direct evidence for this relationship has not been substantiated, 

epidemiological studies (Webster et al., 1989, Sabin et al., 1995) implicate HCMV in 

HIV progression. HCMV and HIV proviral DNA have been identified in the same post 

mortem organs from patients who died with AIDS (Nelson et al., 1988, Webster et al..
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1995). The median viral loads of HCMV and HIV were determined for multiple post 

mortem organs, but the viral load between organs were similar irrespective of the 

presence of HIV suggesting there is not an in vivo relationship between the viruses 

(Emery et al., 1999B). Several mechanisms have been proposed by which HCMV 

interacts with HIV (table 1.4.) where in vitro studies have shown HCMV can 

upregulate HIV activation or alter HIV tropism.

HCMV remains one of the most important opportunistic pathogens in the pathology of 

HIV. Over 90% of patients with HIV are also HCMV seropositive. HCMV is 

maintained in a latent state in the healthy body by cell mediated immunity, but in HIV 

patients the majority of HCMV disease is caused by the reactivation of this latent virus 

due to a decrease in CD4 and CDS HCMV-specific cytotoxic T cell numbers. 

Prospective studies suggested that following an AIDS diagnosis, the probability of 

developing invasive HCMV disease within 2 years was approximately 24%, and a CD4 

count of < 50/mm  ̂ is an important risk factor. HCMV was the commonest 

opportunistic viral infection in patients with AIDS and retinitis, colitis and encephalitis 

were the most frequently observed end organ diseases, although HCMV disease has 
been observed in almost every organ system. This universal infection of the body and 

by implication, multiple cell types suggests a generation of multiple viral variants with 

extended cellular tropism. HCMV retinitis was the most common manifestation of 

HCMV disease, occurring in up to 30% of AIDS patients. Of the patients who develop 

HCMV disease, up to 85% of these will develop HCMV retinitis. The natural history 

of a case of untreated HCMV retinitis described how a patch of white granular necrosis 

was initially observed on the retina of one eye, spread to the other eye within 1 month 

and by 5 months post diagnosis, the patient was blind and experiencing hypoadrenalism 

(Bowen et al., 1995). The patient died within 8  months of initial diagnosis highlighting 

the severity of the disease without antiviral intervention. A study of 45 AIDS patients 

with HCMV retinitis treated with GCV identified the importance of HCMV load in the 

pathogenesis of HCMV retinitis (Bowen et al., 1996). A trend was identified for high 

HCMV load in blood to be associated with a shorter time to retinitis progression, 

however a significant relationship was identified for high viral load in blood and a 

shorter time to death. Following 21 days induction therapy with GCV, 33/39 patients
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Table 1.4. Interaction between Human Cytomegalovirus and HIV in

vitro

Effect of interaction Proximity of 

HIV/herpesvirus

Mechanism of interaction

Activate HIV proviral DNA Same cells Transactivation

Neighbouring cells Cytokine release

Antigen presentation

Alter HIV tropism Same cells Pseudotype formation

Neighbouring cells Induce HIV receptor/coreceptor

Induce alternative HIV receptor
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with a median viral load of 4.95 logio genomes/ml (85%) became PCR negative. These 

patients had a median time to disease progression of 78 days compared with 40 days for 

the remaining patients with a median viral load of >4.95 logic genomes/ml. The 

difference in median survival time between the 2 groups was 3.9 months and the risk of 

death was increased by 8 8 % for each log increase in blood viral load. Somewhat 

surprisingly, between 15% and 20% of patients with HCMV retinitis were HCMV PCR 

negative, suggesting HCMV infection and peak in viral load occurred prior to retinitis 

onset. This poses the problem of monitoring the antiviral response during therapy, 

especially with retinitis progression with undetectable blood PCR. Before the advent of 

highly active antiretroviral therapy (HAART), the prognosis for patients in whom 

HCMV disease had been diagnosed was poor.

One of the most important risk factors for the development of HCMV disease was the 

CD4 count, where patients with a CD4 count of <50 cells/pl had a 21.4% risk of 

disease (Gallant et al., 1992). Once HCMV disease was established, treatment 

strategies involved a combination of induction and maintenance therapy, which 

temporally inhibited disease progression, but relapse was inevitable and invariably 
treatment was continued indefinitely. The most important consideration was to identify 

patients at highest risk of developing HCMV disease, as with the transplant group, by 

HCMV PCR. Several studies have been employed to determine if HCMV reactivation, 

as detected by PCR, is a predictive factor of HCMV disease. A prospective study of 97 

patients examined whole blood for HCMV DNA by PCR monthly over a 15 months 

(Bowen et al., 1997). The results showed that HCMV detection at baseline was 

significantly associated with the development of HCMV disease, and was of greater 

significance than the CD4 count. Two further studies in the same year confirmed these 

results (Dodt et al., 1997, Shinkai et al., 1997) and indicated that PCR was superior to 

antigenaemia and cell culture in the prediction of HCMV disease. HCMV PCR 

became positive at a median of 46 days prior to HCMV disease compared with 34 days 

for antigenaemia and 1 day for cell culture (Dodt et al., 1997). These studies also used 

viral load to predict disease development, such that median viral load was significantly 

higher in patients who went on to develop disease (4.77 logio vs 4.0 logic) and that for 

every 0.25 logic increase in viral load, a 37% increase in the probability of HCMV 

disease occurred (Bowen et al., 1997).
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This section will discuss the treatment strategies available for these patients and how 

the disease course has changed with the advent of HAART. Newly diagnosed HCMV 

retinitis is treated with a 14 to 21 day induction course of high dose i.v. GCV (5mg/kg 

twice daily) or foscamet (90 mg/kg twice daily (Jacobson., 1997a & b). Table 1.5. 

gives the induction and maintenance dmg regimens as well as the intraocular implants 

and injections. Therapy initially halts the retinal cell destmction and reduces the vims 

in blood and urine to undetectable levels by PCR. Induction therapy was generally 

followed by maintenance therapy, which continued long term. If therapy was stopped 

following induction therapy, progression of HCMV retinitis recurred within two to six 

weeks. Eventually, despite long term therapy, HCMV retinitis reactivated and retinal 

damage continued.

Re-induction therapy with the same or alternative dmg only temporarily controlled 

further viral replication, but the time to total visual loss was prolonged. Table 1.6 gives 

a comparison of trials comparing GCV therapy either administered orally or 
intravenously, showing mean time to disease progression. The median time to 

progression of HCMV disease in the trials examined was 57 days (range 54 to 8 6  days) 
for oral GCV and 64 days (range 62 to 109 days) for iv. GCV. A direct comparison of 

foscamet and GCV induction therapy for 21 days showed 8 6 % of patients treated with 

GCV had a complete response at 3 weeks compared to 6 8 % of patients treated with 

foscamet (Moyle et al., 1992). This is similar to independent studies of GCV and 

foscamet induction therapy, where 83% of patients treated with GCV showed a 

complete response (Buhles et al., 1988) and 73% of patients treated with foscamet 

(Gema et al., 1994).

The introduction of HAART has had a considerable impact on the occurrence of 

opportunistic infections in HTV patients, including HCMV disease, and a reduction in 

the death rate from AIDS (Palella et al., 1998; Mocroft et al., 1998). HAART is 

generally accepted as a potent combination of antiretroviral dmgs, including at least 

one protease inhibitor or a non-nucleoside reverse transcriptase inhibitor, plus at least 

two nucleoside reverse transcriptase inhibitors. A dramatic decrease in HCMV retinitis 

has been observed in various studies on the decline in incidence of HCMV retinitis in 

the era of HAART (outlined in table 1.7.).
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Table 1.5. Regimens used in the Treatment of Patients with HCMV 

Retinitis

Drug Induction regimen Maintenance regimen

GCV

Intravenous 

Standard dose 

High dose 

Oral 

Implant

Intraocular injections

5 mg/kg/ every 12 hrs 

5-7.5 mg/kg every 12 hrs 

NA

Surgical placement 

400 pg twice/wk

5 mg/kg/day 

10 mg/kg/day 

1 g 3 times/day 

Replacement 6 months 

400 pg twice/wk

Foscamet
Standard dose 

High dose

Intraocular injections

90 mg/kg every 12 hrs 

90 mg/kg every 12 hrs 

2400 pg twice/wk

90 mg/kg/day 

120 mg/kg/day 

2400 pg/wk

GCV and Foscamet 90 mg of foscamet/kg every 

12 hr plus 5 mg 

GCV/kg/day for 14 days

or 5mg GCV/kg/12 hr plus 

90mg of foscamet/kg/day 

for 14 days

5 mg GCV/kg/day plus 90 

mg of foscamet/kg/day

Cidofovir 5 mg/kg/wk for 2 wks 5 mg/kg every 2 wks

Adapted from Jacobson., 1997
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Table 1.6. Comparison of studies of maintenance therapy for HCMV 

retinitis

Study Patient no. Drug

regimen

%

progression

Mean time to 

progression 

(Days)

Endpoint

(fundus

enlargement)

Spector et 

al., 1996

725 oral GCV 

Placebo

14%

26%

Progression

Hardens et 

al., 1996

159 oral GCV 

i.v. GCV

72%

76%

Progression

Squires et al., 

1996

1653 oral GCV 

i.v. GCV

12.4%

14.1%

57 days 

62 days

Progression

1774 oral GCV 

i.v. GCV

15.8%

20.9%

54 days 

66 days

Progression

Danner &

Matheron.,

1996

159 oral GCV 

i.v.GCV

57%

32%

86 days 

109 days

Progression

Drew et al., 

1995

115 oral GCV 

i.v. GCV

67%

54%

57 days 

62 days

Progression
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Prior to HAART, HCMV disease progression was well documented, as discussed 

earlier, and there were no cases reported of resolution of HCMV viraemia without the 

use of specific antiviral intervention. The detection of HCMV viraemia was both 

predictive of the development of HCMV disease and higher levels of asymptomatic 

viraemia were associated with an increased risk of death. Upon the introduction of 

HAART, the natural history of HCMV disease was profoundly altered, with a decline 

in the number of newly diagnosed cases of HCMV disease and a halt in the progression 

of previously diagnosed HCMV disease including retinitis. There were reports 

however, describing new cases of HCMV retinitis occurring at unusually high CD4 + 

counts following HAART (Gilquin et al., 1997; Mallolas et al., 1997). These were the 

minority or cases.

A study of 16 HIV-positive patients was designed to determine the effect of HAART 

on the outcome of asymptomatic HCMV viraemia (Deayton et al., 1999). The 

introduction of HAART reduced the risk of HCMV disease due to the prompt reduction 

in HCMV load to undetectable levels. This was all the more encouraging when 

considering the median HCMV load in these patients was equivalent to previously 

observed levels at time of diagnosis of HCMV retinitis. This effect is consistent with 

the reduction in viral load observed in immunocompromised transplant patients upon 

reduction of immunosuppressive therapy, whereupon a recovery of immune fimction is 

observed. Indeed, patients with quiescent HCMV-associated end organ disease showed 

a sustained increase in the CD4+ cell count and have a strong CMV-specific CD4+ 

lymphocyte response (Komanduri et al., 1998; Autran et al., 1997). Further studies of 

patients with a positive HCMV PCR at commencement of HAART suggested that 

detection of HCMV was associated with an increased risk of HCMV disease 

development, but not death (Casado et al., 1999). The authors suggest such patients 

should receive pre-emptive therapy before the initiation of HAART (Casado et al., 

1999; Spector et al., 1999).

From the increasing data showing control of HCMV viraemia by restoration of cellular 

immunity, it was reasonable to assume that individuals with quiescent HCMV disease 

taking HAART may no longer need to continue taking life-long maintenance therapy 

for HCMV. Several studies have supported this assumption, where patients did not 
experience
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Table 1.7. Characteristics of patients included in studies on the decline 

in incidence of HCMV retinitis in the era of HAART.

No.
Patients

CD4+
count,
cells/jxl

Duration of 
HAART at 

inclusion, median 
months

Duration of 
follow up, 

median 
months

No.
relapses

Reference

14 105 Not reported 16.4 0 Whitcup et 
al., 1999

22 >150 Not reported 19.5 3 MacDonald et 
al., 2000

48 >75 18.0 24.0 2 Jouan et al., 
2001

36 >100 17.5 20.7 1 Berenguer et 
al., 2002

16 <100 0 21 2 Deayton et al., 
1999

7 230 3 9 0 Tural et al., 
1998

11 183 9 5.2 0 Macdonald et 
al., 1998

5 179 18 12 0 K irketa l., 1999
8 105 3.1 22.5 0 Di Perri et al., 

1999
5 >100 3 19 0 Soriano et al., 

2000
103 <100 3.5 8.2 0* Deayton et al., 

2000

* HAART for 6 months
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recrudescence of existing HCMV retinitis following discontinuation of maintenance 

therapy, detailed in table 1.7., (Tural et al., 1998, Macdonald et al., 1998, 2000, Kirk et 

al., 1999, Di Perri et al., 1999, Whitcup et al., 1999, Jouan et al., 2001, Soriano et al., 

2000, Berenguer et al., 2002).

Declining levels of the previously recovered lymphoproliferative response to HCMV 

have been observed after long term HAART, where the CD4+ T-cell count falls to 

below 75cells/)xl, indicative of HAART failure (Torriani et al., 2000, Gema et al.,

2001). One study identified patients who did not respond to HCMV even following 

long term HAART in the presence of fairly high levels of CD4+ T-cells. An 

explanation given for this phenomenon was exhaustion of the memory CD4+ T-cell 

clonotypes (Gema et al., 2001). This study also identified almost a third of patients 

showed declining levels of previously reacquired responsiveness to HCMV, even 

among those who discontinued their anti-HCMV maintenance therapy. This risk of 

recurrence of HCMV disease during long term HAART suggests the continued need to 

monitor the levels of HCMV viraemia and more importantly, the resumption of HCMV 

maintenance therapy. This has implications for the risk of recmdescence of HCMV 

disease, and indeed the risk of development of dmg resistant vims. This highlights the 
need to identify new anti virais with activity against dmg-resistant HCMV, when the 

options for control and/or treatment of disease are running out.

1.3 Replication of Human Cytomegalovirus
1.3.1. Viral attachment and penetration

HCMV has a wide range of permissivity in vivo, as exemplified by detection of the 

vims in almost every organ system of the body in AIDS patients. The best documented 

cell types include epithelial and endothelial cells and fibroblasts. Peripheral blood 

leukocytes (Hassan-Walker et al., 1998), specialised parenchymal cells such as neurons 

in the brain and retina, smooth muscle cells and hepatocytes can also be infected with 

the vims (Sinzger and Jahn., 1996). When cells are grown in culture however, the host 

range is greatly restricted, with primary fibroblasts producing the greatest yield of 
vims.
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Entry of HCMV into most cell types occurs efficiently. The initial interaction of 

HCMV with the host cell comprises of an initial adsorption, fusion of the viral 

envelope with the host cell membrane and penetration of the virus. Sequence analysis 

has predicted that HCMV encodes at least 65 glycoproteins, of which 8  major 

glycoprotein species are present in the greatest proportion in the HCMV envelope. 

Glycoprotein B (gB) is a type 1 transmembrane protein encoded by the UL55 gene and 

is one of only five glycoproteins conserved throughout the herpesvirus family. The gB 

protein is the major structural protein of the viral envelope, is present on the surface of 

infected cells and is involved in all stages of HCMV entry. The other conserved 

proteins are homologues of the HSV glycoproteins gH, gL, gM and gN. Initial cellular 

attachment has been shown to be mediated by cell surface heparin sulphate 

proteoglycans. The surface glycoprotein complex C-II (gC-II), comprising of the 

integral membrane protein complex gM (ULIOO) and gN (UL73), together with gB 

(UL55), were demonstrated by heparin affinity chromatography, to be the heparin- 

binding components of the viral envelope (Compton et al., 1993; Kari and Gehrz., 

1992). A more stable binding state may then be achieved by the interaction of the 

virion with a second cellular receptor, as demonstrated by the enzymatic removal of 

heparin sulphate from the surface of CHO and fibroblast cells (Boyle and Compton.,

1998). A reduction in the binding of soluble gB to the cell surface of 40% was 

observed, but a significant proportion of the soluble gB was still able to associate with 

the cell surface. Initially this receptor was thought to be host cellular annexin II on 

endothelial cells, which showed a direct interaction with gB (Pietropaolo and 

Compton., 1997), and was also found to be associated with HCMV virions by 

immunocytochemical studies (Wright et al., 1995). However, pre-treatment of virions 

and cells with anti-annexin II antibodies did not affect the entry of HCMV into 

fibroblasts, HCMV was able to penetrate annexin El-deficient 293 cells and cell-to-cell 

spread remained unaffected in the presence of anti-annexin antibodies or exogenous 

protein (Pietropaolo and Compton., 1999). To date the second receptor has not been 
determined.

Following binding, HCMV can fuse directly with the plasma membrane in a pH- 

independent manner (Compton et al., 1993). This is accomplished by gB and a three 

surface glycoprotein complex gCIII consisting of gH (UL75), gL (UL115) and gO 

(UL74) (Cranage et al., 1988; Gretch et al., 1988; Milne et al., 1998; Li et al., 1997;
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Huber and Compton., 1997, 1998, 1999). Neutralising anti-gB monoclonal antibodies 

significantly blocked viral fusion events, including penetration and cell-to-cell spread, 

while viral attachment remained unaffected (Navarro et al., 1993). Similarly, an anti- 

gH antibody can prevent cell-to cell transmission of the virus (Rasmussen et al., 1984) 

and antibodies that mimic the gH/gL complex block virus penetration of cells (Keay et 

al., 1989; Keay and Baldwin., 1992). This is consistent with all three components of 

the gCIII complex and gB being essential for viral entry. Finally, the gCII complex is 

made up of gM (ULIOO) and gN (UL73). This is also known as the integral membrane 

complex, purely by analogy to the complexes seen in EBV and the alphaherpesviruses. 

The function in HCMV is unknown, but both gM and gN are known to be dispensable 

for growth in cell culture in other herpesviruses (Kari et al., 1994; Mocarski., 2001)

1.3.2. Immediate Early Events

The HCMV replicative gene expression evolves via a temporal cascade, which typifies 

the herpesvirus family as originally observed by Honess, 1974. This cascade proceeds 

from the initial transcription of the immediate early or alpha genes (IE,a) without the 

need for de novo protein synthesis, followed by the early or beta genes (E, P) and 

finally the late or gamma genes (L, y). Thus the viral functions expressed during the 

earliest phases of the replication cycle play regulatory roles in the timing of the cascade 

(Leatham et al., 1991). The immediate early (a) gene expression is essential for the 

switch from a  to p and partly y gene expression and thus for the progression of the 

replication cycle.

The binding and fusion of the virus with the host cell membrane triggers a cascade of 

physiological responses, which begin with the heparin sulphate-dependent association 

with the virions. This association promotes a rapid induction of the cellular 

transcription factors, FOS, JUN and MYC. Several other signalling pathways are 

stimulated via the action of G-protein coupled receptors, such as the mitogen-activated 

protein kinase pathway (Monick, 1992). The activation of cellular transcription factors 

is essential for the initiation of replication of HCMV. Following the interaction of the 

viral envelope with the cell membrane, the matrix (or tegument) proteins UL69 and 

UL82 enter the cell and activate the immediate early (IE) promoter. The immediate 

early {ie) gene expression initiates from a small number of ie genes, UL36-38; ie-H ie-
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2; TRSl-IRSl and US3, which are controlled by a complex upstream regulatory region 

consisting of a modulator, a nuclear factor 1 binding (NF-1) domain, an enhancer and a 

promoter. The enhancer exhibits extremely strong activity and is the regulatory region 

for RNA polymerase II directed transcription. The enhancer contains arrays of 18-, 19- 

and 21-bp repeated elements encoding consensus binding sites for NF-KB/rel, cyclic 

adenosine monophosphate response element binding protein (ATF or CREB) and Spl 

and YYl respectively. The binding of these factors to one or more of the cognate sites 

stimulates transcription (Meier and Stinski., 1996). The UL69 co-operatively interacts 

with IRSl and TRSl to activate the IRSl/TRSl promoter and enhance transcription 

directed by the major IE promoter (Romanowski et al., 1997).

The majority of IE transcription is derived from the iel and ie-2 genes which encode 

the nuclear phosphoproteins IE-1 (UL123/IE72) and IE-2 (UL122/IE86). These make 

up the major immediate early (MIE) locus. IE72 and IE8 6  have been shown to exhibit 

transactivation properties (Everett and Dunlop., 1984) and as such are essential for 

HCMV replication. Deletion mutants lacking the ie-1 or ie-2 genes are severely 

impaired in ability to replicate (Marchini et al., 2001, Greaves and Mocarski, 1998, 

Mocarski et al., 1996). The generation of an lEl 72 null mutant, (Greaves and 

Mocarski., 1998) led to the identification of at least two frmctions of the lEl 72 protein, 

(1) activation of iel/ie2  promoter expression and (2 ) efficient expression of viral p- and 

y-genes via transactivation of UL44, which is responsible for establishing viral 

replication. In addition, the transactivation capabilities of IE2 8 6  alone or in 

combination with pTRSl/pIRSl are positively influenced by the presence of lEl 72 

(Iskenderian et al., 1996). IE-2-p86 also plays a major role in triggering the lytic 

replicative cycle of HCMV. IE-2 8 6  has two main functions, (1) Repression of 

transcription from the MIE enhancer-promoter by direct DNA contact of IE-2 with a 

sequence element located between the TATAA box and the transcriptional start site of 

the enhancer-promoter at the CRS element. This blocks the association of RNA 

polymerase II with the pre-initiation complex. (2) IE-2 is a strong transactivator of viral 

early promoters and is thought to be required for progression of the replicative cycle 

from the IE to the early phase.
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Transient expression assays have shown that the IRSl and TRSl gene products are 

required for complementation of the HCMV origin of lytic replication-dependent 

(onLyt) DNA replication (Pari and Anders., 1993; Pari et al., 1993). It has been 

hypothesised that the products of the IRSl/TRSl locus and the IE1/IE2 loci act co­

operatively to activate the early gene promoters required for DNA replication. This 

activity is significantly augmented by the UL69 and UL82 gene products (Romanowski 

et al., 1997).

1.3.3. DNA Replication

The DNA replication in HCMV is prolonged with 2 distinct peaks of viral DNA 

synthesis observed at 18-24 hours and 60-80 hours post infection. Mature virus 

particles are released from the cell over a 24-48 hour period (Penfold and Mocarski.,

1997). As with many herpesviruses, the HCMV genome circularises in the nucleus of 

permissive cells by 4 hours post infection and is followed by the production of 

concatameric DNA formed by the directional rolling circle mode of replication, 

illustrated in figure 1.4. (LaFemina and Hayward., 1983; McVoy and Adler., 1994). 

These ‘endless’ concatamers are subsequently cleaved and packaged during virion 

assembly. The HCMV contains one origin of lytic phase-dependent DNA replication 

(on’Lyt) which directs the initiation of DNA synthesis. Eleven loci have been identified 

as essential for oriLyt-dependent DNA replication (Pari and Anders., 1993), including 

six herpesvirus-conserved replication-fork proteins. These include the DNA 

polymerase, encoded by UL54, and its associated processivity factor (UL44), a single 

stranded DNA-binding protein (ppUL57) and a three subunit helicase-primase complex 

(pUL70, pUL102, pUL105). Further loci identified included UL36-38, UL112-113, 

IE1/IE2, IRSl/TRSl and UL84. This region was largely characterised by virtue of the 

homology and/or function existing between the HCMV replication fork proteins and 

their counterparts in HSV and EBV, which were well characterised. The activity of the 

DNA polymerase (pUL54) is dependent upon the association of the polymerase 

processivity factor (ppUL44) (Ertl and Powell., 1992, Cihlar et al., 1997), which binds 

to the double stranded DNA and prevents dissociation of the polymerase from the DNA 

template. The single stranded DNA binding protein (ppUL57) is predicted to prevent 

the re-annealing of DNA strands following unwinding by the putative HCMV helicase- 

primase complex (pUL70-pUL102-pUL105).
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Long arm Short arm

Long arm terminus Short arm terminus

-a^a-a-a* 
cleavage

Figure 1.4. Model of HCMV DNA replication.

Unit linear genomic DNA circularises and replicates by rolling ̂ cîbeîe mechanism to 
form a long linear concatamer. Short arm termini are preferably fed into empty capsids 

and DNA is fed until a complete genome has entered and the capsid is full. Cleavage 

occurs between the final a sequences located between genomes of the concatamer. 
(Taken from McVoy and Adler., 1994)
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The functions of these proteins have not been well studied, thus their functions are 

derived by analogy to their HSV counterparts. The TRSl/IRSl and iel/ie2 genes are 

thought to activate gene expression, the UL36 and UL37 are thought to prevent 

apoptosis and the proteins encoded by the ULl 12-113 region are thought to orchestrate 

recruitment of the replication fork proteins to the nuclear sites associated with viral 

transcription and DNA synthesis (Ahn et ah, 1999).

Following DNA replication, the concatameric DNA needs to be cleaved into unit 

genome length, a process known as maturation. Maturation occurs in the nucleus, 

where the newly replicated DNA matures into virions. The concatameric viral DNA is 

known to be packaged into preformed B capsids composed of MCP, mCP, mC-BP and 

SCP together with the AP precursor (Beaudet-Miller., 1996). The cleavage and 

packaging of DNA into unit genome lengths is directed by two highly conserved short 

sequence elements, denoted pad  and pad . These enable the recognition of DNA 

bearing an a sequence to be correctly cleaved and packaged (McVoy et al., 1998). The 

HCMV genomic DNA a sequences are found at the L-S junctions in varying numbers 

and within a 2 2 0 bp region carrying both the pa d  and p a d  sequences, so generating 
the cleavage/packaging sites (Mocarski et al., 1987). An enzyme complex is thought to 

perform this function by analogy to the terminase complex, which performs the 

cleavage of concatameric DNA in HSV. The terminase complex performs specific 

functions including DNA binding, prohead (capsid) binding, ATPase activity and 

endonucleolytic cleavage of the precursor viral DNA. Six HCMV ORF’s are thought 

to be involved in this process; ULl 04, UL89, UL77, UL56, UL52, although by analogy 

to HSV, UL51, UL47 and UL48 are also proposed to have some role in the process.

The HCMV UL89 gene appears to encode an endonucleolytic subunit of the putative 

HCMV DNA terminase, identified by virtue of the presence of an ATP binding P-loop 

motif, AYDYFGKT (Underwood et al., 1998). The UL56 codes for a packaging motif 

(pac) binding protein with DNA sequence-specific binding capability and specific 

nuclease activity, apparently binding to the pac sequences (cleavage recognition sites) 

and endonucleolytically cleaving the viral DNA (Bogner et al., 1998; Krosky et al.,

1998). The roles of each of these proteins has been clarified by purifying the terminase 

subunits pUL56 and pUL89 (Scheffczik et al., 2002). Using circular plasmid DNA 

containing a single a sequence as the substrate, purified HCMV pUL89 exhibited
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enzymatic activity, converting sc plasmid DNA into oc and linear molecules. The 

enzymatic activity of pUL89 can be enhanced by the addition of pUL56, demonstrating 

positive cooperativity between the two proteins. Both proteins however, demonstrated 

comparable and random enzymatic activity in their ability to cleave DNA without 

packaging signals. Electron microscopy revealed pUL56 is necessary for the DNA 

binding, whereas the pUL89 mediated cleavage of linearized DNA. Further, pUL56 

can bind to mature and immature capsids and was found to be associated on one side of 

the capsid shell, strongly suggesting that pUL56 may function as a portal protein or 

contains a portal protein-binding site. From these results, Scheffczik and colleagues 

postulate the initiation of DNA packaging takes place in discrete stages: Stage 1: 

attachment of pUL56 to pac sites of concatameric DNA; Stage 2: specific cleavage by 

the concerted action of pUL56 and pUL89; Stage 3: attachment of DNA-protein 

complexes to the procapsid. The pUL56 contains the ATPase function, so providing 

the energy for the translocation of concatameric DNA to the procapsids and for the 

attachment of the DNA-protein complexes to the procapsid. Like the HSV 

homologues, the function of the remaining proteins proposed to be involved in the 

function of the terminase remain to be elucidated. Their functions could be compared 

to those of bacteriophages, by which the mechanism of DNA packaging into capsids 

and indeed the terminase complex was first identified.

The function of the terminase complex has recently become of interest, due to the 

action of various new antivirals designed not to utilise either the UL97 or the DNA 

polymerase. These have been described in section 1.5.4. Also of particular interest in 

the design of new antivirals, comparative to those which are particularly effective in the 

elimination of HIV as part of the HAART regimen, is the HCMV protease. The 

protease is highly conserved among all human herpesviruses and functions both as a 

virion structural component and for processing the capsid assembly protein. The 

herpesvirus proteases are synthesised as a fusion with capsid assembly protein 

processing two specific proteolytic cleavage sites. One takes place at the maturation 

site (M-site, Ala 643-Ser 644) near the C-terminus of the assembly protein, while the 

others occur at the release site (R-site, Ala 256-Ser 257) separating the amino-terminal 

protease from the assembly protein domain (Newcomb et al., 1996; Stevens et al., 

1994). The HCMV protease contains an internal site (I-site) which is located within the 

protease domain (Holwerda et al., 1994). In addition, the HCMV protease contains an
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unusual protein fold for serine proteases and a unique catalytic triad; Ser, His, His 

(Shieh et al., 1996; Batra et al., 2001; Qiu et al., 1996). The crystal structure revealed a 

homodimeric enzyme with two well separated active sites on opposite faces of the 

dimer (Tong et al., 1996). The capsid AP undergoes proteolytic cleavage, catalysed by 

the protease (Welch et al., 1991), which can be abolished by the addition of an 

‘external guide sequence oligonucleotide’, which consists of a sequence 

complementary to the protease mRNA to recruit intracellular RNase P for specific 

degradation of the target RNA (Dunn et al., 2001). Using this methodology, inhibition 

of the protease blocks the step of packaging of the viral genome into the preformed 

capsids, as has been observed with the HSV-1 protease (Gao et al., 1994). This was 

further shown by the majority of capsids found in the nucleus being B capsid like, 

indicating viral DNA was not efficiently packaged and capsid maturation was blocked.

1.3.4 Latency

Epstein Barr virus is the most extensively studied human herpesvirus in terms of 

latency, with the genome maintained as a covalently closed episome within the nucleus 

of B-cells and the types of latency clearly defined by the latency transcripts produced. 

The HCMV genome is also maintained as a covalently closed circular molecule within 

the nucleus of CD 14+ peripheral blood mononuclear cells, as demonstrated by the 

migration of a closed circular plasmid in native gel electrophoresis and PCR (Bolovan- 

Fritts et al., 1999). Modem techniques have however identified further cells in which 

HCMV remains latent. These include lineage-committed myeloid cells which generate 

granulocytes, macrophages and dendritic cells (Hahn et al., 1998, Sinclair and Sissons., 

1996, Soderberg-Naucler and Nelson., 1999) as well as mononuclear cells derived from 

peripheral blood or bone marrow (Slobedman et al., 1999, Taylor-Wiedeman et al.,
1991).

HCMV latency transcripts are generated from the iel/ie2 region and give rise to four 

transcripts, ORF55, ORF42, ORF45 and ORF94 from the sense DNA strand and three 

transcripts, ORF59, ORF154 and ORF152AJL124 from the antisense strand (Rondo et 

al., 1996). The function of there transcripts during latency remains unclear as 

mutational analysis has not revealed if the products are required for establishment or 

maintenance of latency. It is known however that the pattern of latent gene expression
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changes as the progenitor cells mature into monocytes or dendritic cells (Hahn et al., 

1998).

1.4. Immunology
1.4.1. Immune Response to HCMV

Upon infection, the virus first encounters the cells of the innate immune system, 

including macrophages, natural killer (NK) cells, natural killer T (NKT) cells and 

peripheral blood mononuclear (PBMC) cells. Almost every cell type can produce type 

I and II interferons and TNF-a cytokines, which are synthesised immediately upon 

infection, mobilising macrophage and NK cytotoxic activity. NK cells are an important 

part of the innate cellular immune system, particularly during the early immune 

responses. The NK cells can lyse virally infected cells without prior sensitisation and 

are triggered immediately without the need for clonal expansion. The NK cells respond 

to aberrant expression of cell surface molecules, in particular the reduction or lack of 

MHC class I expression on target cells, also known as the ‘missing self hypothesis. 

This induces the non-specific lysis of infected cells by via FasL-mediated pathways or 

perforin. MHC class I molecules act as inhibitory receptors for NK cells, which is of 

major importance for herpesvirus immunity, since down-regulation of cellular MHC 

class I has been demonstrated in cells infected by herpesviruses (Hengel et al., 1998). 

This down-regulation could effectively render the herpesvirus-infected cells more 

susceptible to NK-mediated lysis and will be elaborated in the following section on 

immune evasion strategies of HCMV. The importance of NK cells for protection 

against herpesvirus infections has been clearly demonstrated in patients with NK cell 

defects, where these patients frequently suffer from severe HCMV, HSV and EBV 

infections (Biron et al., 1989, Bonavida et al., 1986).

The majority of work performed to elucidate the protective effect of NK cells against 

herpesviruses has come from studies of murine cytomegalovirus (MCMV). Some of 

the earliest work demonstrated a correlation between genetic abnormalities, such as 

severe combined immunodeficiency (SCID), leading to enhanced morbidity and 

mortality following MCMV challenge (Bancroft et al., 1981, Welsh et al., 1991, Welsh 

et al., 1994). Analysis of mice which are susceptible and non-susceptible to MCMV 

infection has led to the identification of the murine cytomegalovirus 1 (Cmv 1) locus.
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which maps to the NK-gene complex (NKC) on mouse chromosome 6 . This complex 

contains an array of NK-cell regulatory genes which control NK-mediated lysis of 

target cells and cytokine release via multiple stimulatory and inhibitory signals (Scalzo 

et ah, 1992, Raulet., 1992).

Naive T cells become activated following the presentation of peptide antigens on MHC 

molecules by professional and non-professional antigen presenting cells, such as 

dendritic cells. Both CD4 and CDS T cell populations contribute towards the control of 

viral infections. Naive CDS T cells proliferate and differentiate into effector cells upon 

recognition of MHC class 1-antigen complexes displayed on infected cells or antigen 

presenting cells. Once activated, these cells can perform cell killing by perforin and the 

FasL pathways, like the NK cells.

Until recently, the in vitro enumeration of antigen-specific CDS T cells was determined 

by limiting dilution analysis, which tended to underestimate the number of antigen- 

specific cells due to the apoptotic nature of these activated cells. The study of the 

antigen specificity of CDS cells and analysis of cytokine production at the single cell 
level have been revolutionised by the development of tetrameric MHC/peptide reagents 

and ELISPOT technology. CDS cytotoxic T lymphocytes (CTL) can be detected 

directly using HLA class I molecules refolded with the appropriate HLA-restricted 

peptide and transformed into a tetrameric complex using biotin and streptavidin, 

together with a fluorochrome for detection. These tetramers can bind to the T cell 

receptor (TCR) on the CDS CTLs to determine the frequency of these cells in vivo 

without prior need for expansion of the CTLs. Tetramers can also determine the 

precise peptides to which the majority of the CTLs are directed against.

The tetramer technology has revealed an enormous CDS T cell proliferation occurs 

during primary infection, the majority of which are antigen specific and secrete 

cytokines concurrently with their activation, as shown by ELISPOT assay. The 

majority of the CDS CTL response in the healthy HCMV seropositive individuals are 

directed against very few immunodominant epitopes, predominantly pp65, IEl-Exon4, 

gB, ppl50 and pp2S, 92% of which is against pp65 and 76% against IEl-exon4 (Gyulai 

et al., 2000). Following the initial immune response, the majority of the activated
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effector T cells die off and the remaining cells, which do not die, persist as memory 

cells.

A study of healthy HCMV seropositive donors demonstrated HCMV-specific CDS T 

cell frequencies of between 0.75 and 1.85% for HLA*A0201- and HLA*B702- 

restricted peptides (Gillespie et al., 2000). This is surprising since it is among the 

highest recorded frequencies in chronic viral infections. In immunosuppressed (renal 

transplant) individuals with reactivated HCMV as detected by PCR, the CTL 

frequencies against pp65 using HLA A*0201 dramatically increased to up to 15% 

(Engstrand et al., 2000). This is in contrast to a matched HCMV seropositive renal 

transplant group with no evidence of HCMV disease, where a CDS CTL frequency of 

0.2% to 9% was observed. In individuals who had liver transplants >3 years 

previously, the CDS CTL frequencies against pp65 using the HLA B*0702 tetramers 

did not significantly differ from immunocompetent individuals, with frequencies of 

1.2% (range 0.3 -  5.8%) and 1.1% (range 0.1 -  5%) respectively (Singhal et al., 2000).

1.4.2. Immune Modulation Strategies

HCMV primary infection is usually efficiently controlled by the immune system and 

does not generally cause major illness. However, immune control does not completely 

eradicate the virus, which continues to persist in the host in a state of latency, and 

recurrent infections may occur when the host becomes immunocompromised. To 

achieve this persistence, especially when confronted by a fully primed immune system, 

CM Vs have developed various means of modulating the host immune system. (1) 

HCMV can establish a latent state of infection where it does not adversely affect the 

host cell but restricts the number of viral genes expressed so minimising exposure to 

the immune system. (2) HCMV can replicate in specific (‘privileged’) tissues, which 

have a less stringent immune surveillance, such as the epithelial cells of the salivary 

glands. These cells do not express sufficient MHC class 1 molecules to mediate viral 

clearance by CDS cells. This potentially allows the virus to be shed into body fluids, 

which are transmitted between individuals. (3) HCMV can compromise the antiviral 

host defence mechanisms by expressing distinct factors designed to evade the hosts 

immune responses, thereby lengthening the time available for the virus to multiply. 

The next section will concentrate on the means by which the HCMV can subvert and
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evade the hosts immune system. Figure 1.5 illustrates the various mechanisms by 

which HCMV evades the immune system.

Cellular MHC class I molecules are expressed on the surface of almost all nucleated 

cells and play a pivotal role in regulating the immune response to infection by virtue of 

their ability to present peptides to cytotoxic CD8 T lymphocytes. In order to 

understand how HCMV can interfere with this process, it is important to understand 

how the MHC molecules are assembled and transported to the cell surface. Briefly, the 

nascent MHC class I is translocated to the ER lumen via the sec61 protein complex and 

binds the P2m. This complex is folded and modified whereupon the heterodimer 

associates with TAP to form the peptide loading complex. Ubiquinated proteins are 

cleaved in the proteasome, bind to TAP and are translocated to the ER lumen in an 

ATP-dependent manner. The peptide binds to the MHC class I HC/p2m heterodimer 

and the whole complex is released from TAP and traffics through the ER and golgi 

compartments to the cell membrane (Heemels and Ploegh., 1995).

Human (Beersma et al., 1993; Warren et al., 1994) and murine (Del Val et al., 1989) 

cytomegaloviruses induce a MHC class I down-regulation by causing the retention of 

class I molecules in the endoplasmic reticulum. Initially a dramatic decrease in cell 

surface levels of MHC class I molecules in infected cells was observed (Bames and 

Grundy., 1992). Since then several HCMV genes have been shown to be responsible 

for this phenomenon. HCMV deletion mutants revealed a 7kb region of approx 10 

genes were required for class I down regulation in HCMV infected cells (Hengel, 1996; 

Jones, 1995). US2, 3, 6  and 11 were able to decrease the class I expression at the cell 

surface when expressed individually (Ahn et al, 1996; Jones et al, 1996; Wertz et al, 

1996a). The US2 and USl 1 gene products cause reverse translocation the nascent class 

I heavy chains from the ER through the sec61 complex back to the cytosol where they 

are deglycosylated by host iV-glycanase and are rapidly degraded by proteasomes 

(Wiertz et al, 1996a, Weirtz et al., 1996b). The endoplasmic reticulum-resident 

glycoprotein US3 destabilises the maturation and transport to the cell surface of the 

class I heavy chains. US3 does this by complexing with the P2 microglobulin- 

associated class I heavy chain, which accumulates in the ER (Ahn et al, 1996; Jones et 

al, 1996) and is not recycled back through the golgi (Lee et al., 2000), thus class I
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molecules are retained but not degraded during the IE period of infection. The 

mechanism of class I down-regulation used by the US6  gene product is to bind directly 

to the TAP complex, thereby inhibiting peptide translocation from the cytosol to the ER 

lumen, since only peptide-loaded class I molecules can leave the ER for transport to the 

cell surface (Hengel et al, 1997; Lehner et al, 1997). US6  binds to TAP in a manner, 

which does not affect the peptide binding properties of TAP (Ahn et al.,1997), 

therefore inhibition is by a unique mechanism of action. Translocation of the peptides 

from the cytosol to the ER lumen via TAP requires ATP hydrolysis to provide energy 

for the process. US6  inhibits the binding of ATP by TAPI and also prevents the 

conformational rearrangement of TAP induced by peptide binding (Hewitt et al., 2001). 

Thus by preventing TAP from utilising its energy source, ATP, US6  inhibits peptide 

translocation.

The expression of MHC class II proteins is restricted to antigen presenting cells, B 

cells, macrophages and dendritic cells, which take up and present exogenous antigens 

to CD4 T cells. The MHC class II molecules are assembled in the ER by combination 

of three class II -a and -P dimers with a homotrimeric invariant chain (li) that precludes 

loading of peptides. The oc/p/li complexes are then transported through the golgi, 

where the targeting signals in the cytoplasmic domain of the li direct the complex to the 

endosomal-lysosomal compartments. Proteolysis of the li chain produces the class II- 

associated li-chain peptide (CLIP) which traffics to the MHC class II compartment 

where HLA-DM facilitates the displacement of CLIP molecules with lysosomal 

peptides in the peptide-binding groove of class II molecules. These move to the cell 

surface where they present antigen to CD4 T lymphocytes (Cresswell, P., 1996). 

Tomazin et al., (1999) showed that the HCMV encoded US2 causes the degradation of 

two essential proteins involved in the MHC class II antigen presentation pathway. 

HLA-DM binds to the class II-o/p complex, stabilises the class II and catalyses the 

loading of peptides. In US2 stably transfected cells, DM-a was rapidly degraded , plus 

class n  DR-a and the class I HC. This is important due to the ability of HCMV to 

replicate in the endothelial cells, glial cells or macrophages, so allowing the virus to 

remain undetectable by both CD4 and CD 8 T cells, especially after reactivation of the 
virus.
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Figure 1.5. Immune evasion mechanisms of HCMV

Steps in the MHC class I presentation pathway is shown with the points at which the 

pathway is subverted by HCMV. US2 and USl 1 cause translocation of MHC class I 

back through the sec61 into the cytosol to be degraded by the proteasome. US3 

complexes with P2m, causing accumulation of MHC class I in the ER. US6  binds to 

TAP and inhibits peptide translocation from the cytosol to the ER. UL83 (pp65) blocks 

presentation of HCMV proteins at immediate early times post infection.
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The observation that even though the 72 kD IE protein from CMV is abundantly 

expressed in the IE phase of infection, it is relatively poorly recognised by CMV- 

specific T-cells, led to the identification of another mechanism of evasion of T-cell 

responses, as demonstrated in the vaccinia expression system. Recognition of the 72kd 

IE protein was selectively abrogated by co-expression of pp65, a protein which 

possesses an associated kinase activity (Gilbert et al, 1996). The interpretation of this 

finding was that the phosphorylation of the 72kd substrate by pp65 would limit the 

access of the 72kd protein to the class I processing machinery.

Although interference with the class I surface expression would seem a simple way for 

the virus to escape the immune surveillance, the down-regulation of the class I could 

potentially lead to improved recognition by the NK cells (Karre et al, 2002). An 

increasing amount of evidence suggests that NK cells recognise and destroy cells that 

no longer express MHC class I molecules on their cell surface, the ‘missing self 

hypothesis’ (Ljunggren and Karre, 1990) therefore any virus-infected cell that has 
decreased or lost MHC class I expression in order to avoid CTL attack could be 

susceptible to attack by NK cells. HCMV seems to have evolved a strategy to avoid 
being recognised by the host immune system. The HCMV ULl 8  gene encodes a 

protein with homology to the class I heavy chain (Beck and Barrell, 1988; Browne et 

al, 1992) which can complex with the pzM and is also able to bind a profile of peptides 

similar to that of MHC class I. In one study, human cells lacking endogenous class I 

MHC transfected with the ULl 8  resulted not only in an increase of cell surface p2m, 

but also became resistant to NK cell lysis (Reybum et al, 1997). However this finding 

was disputed (Leong et al, 1998) and more recent work using a UL18A HCMV strain 

showed infected macrophages and endothelial cells exhibited decreased susceptibility 

to NK lysis (Odeberg et al., 2002). Thus, the function of ULl 8  awaits further 

classification. NK cells express an inhibitory receptor CD94/NKG2A, which is 

present on the majority of NK cells in the peripheral blood (Valiante et al., 1997). The 

only known ligand for this receptor, which is expressed on virtually all cells, is HLA-E. 

The interaction between the two entities requires the binding of a TAP-dependent 

ligand representing the amino acids 3-11 of leader sequences of HLA class IH  chains 

to HLA-E (Brand et al., 1998a & b, Lee et al., 1998). The N-terminal part (aa 15-23) 

of the HCMV encoded UL40 is identical to the HLA-E ligand in the signal sequence
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(aa 3-11) of most HLA-C alleles. Ulbrecht et al., (2000) demonstrated UL40 is a TAP- 

independent HLA-E ligand which allows expression of HLA-E on HCMV-infected 

cells when the delivery of viral peptides to the ER is shut down, thereby allowing an 

HLA-E-mediated inhibition of CD94/NKG2A-positive NK cells.

HCMV has been shown to encode four chemokine receptor homologues, UL33, US28, 

US27 and UL78 (Ghee et al., 1990), of which US28 and US27 appear to be functional 

(Billstrom et al., 1998, Bodaghi et al., 1998). US28 has a wide range of chemokine 

ligands including primarily RANTES and also MCP-3 and MIP-la (Billstrom et al., 

1998) and as such has been characterised as a CC chemokine receptor (CCRl) (Neote 

et al., 1993). The affinity of US28 for its chemokine ligands is much higher than most 

chemokine receptors for the same ligands. Billstrom et al., (1998) demonstrated the 

CC chemokine RANTES bound to HCMV-infected endothelial cells via the CC 

chemokine receptor US28 in the absence of the other CC chemokine receptors (CCRl, 

CCR2a or CCR2b, CCR3, CCR4 and CCR5) on the surface of the primary endothelial 

cells. Following this, US28 coupled to Got] 6 and Got] proteins activating intracellular 

calcium flux and stimulating the MAP kinase-signalling pathway through ERK2 MAP 

kinase. This has potential implications with respect to HCMV infection of 

hematopoietic cells such as monocytes, where exogenous cytokines may promote 

monocyte proliferation and may lead to HCMV persistence and latency. The function 

of the US27, UL33 and UL78 have not yet been elucidated.

ULl 44, ULl 46 and ULl 47 were identified in a region of the HCMV genome encoding 

19 ORE which are only present in low passage, virulent strains of HCMV (Cha et al., 

1996). ULl 44 was identified as a structural homologue of herpesvirus entry mediator 

(HVEM) of the TNF superfamily by virtue of its homology to HveA, which mediates 

entry of HSV-1 (Benedict et al., 1999). The ULl44 does not however bind to any of 

the known TNF ligands and cannot be detected on the surface of infected cells 

suggesting its action is intracellular. ULl 46 and 147 exhibit weak amino acid 

homology to CXC chemokines, with ULl46 encoding an IL- 8  like chemokine, denoted 

vCXC-1 (Penfold et al., 1999). The ULl46 was found in the medium of infected cells 

and induced chemotaxis of neutrophils, thus possibly aiding the dissemination of the 

virus. The function of ULl 47 has not yet been determined. The reason why HCMV 

might have to have had to acquire these complementary strategies in order to avoid
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immune recognition might be because of it’s prolonged replication period, which 

means that the virus has an extended exposure to immune recognition and attack.

1.5. Antiviral Chemotherapy
1.5.1. Nucleoside analogues

The majority of the antiviral compounds currently used for the treatment of herpesvirus 

infections are nucleoside analogues. The best studied and the drug most closely 

considered as the perfect antiviral agent is aciclovir (ACV) [9-(2-hydroxy- 

ethoxymethyl)-guanine]. The structure of ACV (figure 1.6) is based upon the 

nucleoside guanosine, which consists of the purine base guanine, covalently linked to 

the 1 ’ -carbon on the sugar molecule ribose. The ACV differs from the ribose ring in 

that the 2’- and 3’- carbons are missing, thus ACV is acyclic. DNA replication consists 

of a condensation reaction, which occurs between the DNA chain 3’-hydroxyl group 

and the 5’-phosphate of the next nucleoside triphosphate to be incorporated, resulting in 

a phosphate ester linkage and elongation of the DNA chain by one base. ACV is an 
obligate DNA chain terminator, as it does not possess a 3’-hydroxyl onto which 

successive nucleoside triphosphates are added, thus addition of ACV to replicating 

DNA results in the premature termination of DNA replication. For the drug to be 
active however, it must be initially phosphorylated at the 5’-hydroxyl position in order 

to incorporate the analogue into the DNA chain. In herpes simplex virus infected cells 

the drug diffuses across the plasma membrane and the initial phosphorylation of ACV 

is performed by the virally encoded thymidine kinase (TK). The monophosphorylated 

ACV is recognised by the host cell phosphotransferases which subsequently fully 

activate the drug to the triphosphate form, whereupon it can act as an obligate chain 

terminator and simultaneously inhibit the virally encoded DNA polymerase, thus 

inhibiting viral replication (Cheng et al., 1983, McGuirt et al., 1982). ACV is such a 

good substrate for the virally encoded TK, but not the cellular TK that it remains in an 

unphosphorylated inactive form in uninfected cells, which effectively minimises the 

toxic side effects of the drug.

ACV has been shown to be most effective against HSV-1 and VZV (Wagstaff et al., 

1994) but less effective against HCMV infection, and this was initially thought to be 

due primarily to the absence of an HCMV encoded TK homologue. However, a direct
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role for the HCMV encoded UL97 has been demonstrated in the phosphorylation of 

ACV using a recombinant GST-UL97 fusion protein expressed from baculovirus, 

although ACV was phosphorylated less efficiently than GCV (Talarico et al., 1999). 

This observation may be accounted for by a greater affinity (3- to 5-fold) of GCV- 

monophosphate for the cellular GMP kinase, which performs the second 

phosphorylation event. Importantly, ACV-triphosphate (TP) is a more potent 

alternative substrate inhibitor of the HCMV DNA polymerase than GCV-TP (5- to 10- 

fold) (Stanat et al., 1991) and ACV, but not GCV is an obligate chain terminator. ACV 

is administered either topically, orally or intravenously and is neither bone marrow 

toxic nor immunosuppressive (Steele et al., 1980, McGuffm et al., 1980). Peak 

concentrations (10|lg/ml) of ACV in plasma are achieved following a 5mg/kg i.v. dose 

as opposed to an oral dose of 2 0 0 mg which results in peak concentrations of only 

O.ôpg/ml, thus an oral bioavailibility of 15-30%. Although ACV has little efficacy in 

the treatment of HCMV infections, it has shown some benefit in the prophylaxis of 

HCMV reactivation following bone marrow and solid organ transplantation (Balfour et 

al., 1989, Meyers et al., 1996, Barkholt et al., 1999). Prophylactic ACV therapy in 

these patients has been shown to delay HCMV infections and prevent cases of HCMV 

disease. In an attempt to increase the oral bioavailibility of ACV, valaciclovir, the 

valine ester of ACV was developed. The valine increases the oral bioavailibility of 

ACV, so that upon cleavage of the valine from the ACV by valine esterase, plasma 

levels of ACV reach up to 54%.

GCV [9-(l,3-düiydroxy-2-propoxymethyl)-guanine], like ACV is an analogue of 
guanosine and virtually identical in stmcture to ACV, with the addition of a 3’- 

hydroxyl group (figure 1.6). This confers a marked improvement in antiviral activity 

against HCMV but results in GCV not being an obligate chain terminator. GCV is 

effective against several of the human herpesviruses, including HSV-1 and 2 (Cheng et 

al., 1983, DeClerq et al., 1993), VZV, and HHV- 6  (Ansari and Emery, 1999), but 

limited activity against EBV (Littler et al., 1988, Tung et al., 1994) and HHV- 8  

(Cannon et al., 1999). Like ACV, GCV is dependent upon metabolic activation by 

phosphorylation to the triphosphate form. The initial phosphorylation in HCMV 

infected cells is performed by the HCMV encoded UL97 gene product (Littler et al., 

1992, Sullivan et al., 1992), and subsequent phosphorylation steps are performed by 
cellular enzymes, as with ACV.
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Figure 1.6. Structures of the anti-herpetic compounds.

The molecular structures of aciclovir [9-(2-hydroxycthoxymcthyl)guaninc]; GCV [9- 

(1,3-dihydroxy-2-propoxymcthyl)guaninc]; cidofovir [(S)-l-(3-hydroxy-2-phosphonyl- 

mcthoxypropyl)cytosinc] and foscamct (trisodium phosphonoformatc hcxahydratc).
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The folly activated GCV triphosphate competes with dOTP for the viral DNA 

polymerase (HCMV UL54) during viral DNA replication and has been shown to slow 

down the velocity of polymerisation following incorporation into the growing DNA 

chain. The fact that GCV is not an obligate chain terminator and is incorporated into 

the growing DNA chain serves to increase its cytotoxicity, presumably because it can 

be incorporated into nascent cellular DNA. GCV can be administered orally, 

intravenously or as an intraocular implant for the treatment of HCMV retinitis. Oral 

bioavailibility of GCV is poor (5-9%) and peak plasma concentrations of only Spg/ml 

are achieved following a 5mg/kg i.v. injection. The improvement in oral bioavailibility 

of valaciclovir led to the development of valganciclovir (VGCV), and indeed the oral 

bioavailibility was greatly improved, achieving approximately 60% in HIV-infected 

patients (Gane et al., 1997). More importantly, HIV-infected and liver transplant 

patients receiving 900mg of VGCV once a day achieved a similar plasma concentration 

to that of i.v. GCV at 5mg/kg/day (Gane et al., 1997, Pescovitz et al., 2000). Also an 

oral dose of 450mg VGCV provided an exposure equivalent to that of lOOOmg GCV 

three times daily, thus limiting the exposure to the drug and potential toxic effects.

The major dose limiting side effect of GCV is severe neutropenia, but the drug is also 
mutagenic, carcinogenic and inhibits the growth of bone marrow progenitor cells. This 

means treatment of severely immunocompromised patients such as bone marrow 

recipients must be carefully controlled. Anaemia and thrombocytopenia have also been 

observed with both i.v. and oral formulations.

1.5.2. Foscarnet

Foscamet (phosphono formic acid; PFA) is a pyrophosphate analogue (figure 1.6), 

which directly binds to and blocks the pyrophosphate-binding site of the viral DNA 

polymerase in a non-competitive manner resulting in the inhibition of DNA 

polymerisation. Foscamet is generally considered second line therapy for most forms 

of serious HCMV infection, however it is the dmg of choice in patients who develop 

dose-limiting neutropenia while on GCV, and more especially in those patients who fail 

to respond to GCV therapy, usually due to resistance. A combination of foscamet with 

GCV have been successfully used as maintenance therapy in AIDS patients (Dieterich 

et al., 1993, Jacobson et al., 1994) and transplant patients (Bacigalupo et al., 1994) to
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reduce the toxicity profile of foscamet. Foscamet has been shown to have activity 

against several of the human herpesvimses, including HSV-1 and -2, VZV, EBV and 

HHV-6 . The in vitro activity of foscamet is subject to considerable variability due to 

the inefficiency of transport of this highly charged molecule across the cell membrane. 

The bioavailibility of foscamet is poor whereby a peak plasma concentration of 509|LlM 

is achieved following an i.v. dose of 60mg/kg (Wagstaff et al., 1994) and oral 

bioavailibility is only 10-20% of this. The major toxicity of foscamet is renal 

impairment mainly due to nephrotoxicity associated with raised creatinine in the urine, 

which is usually reversible upon discontinuation of the drug.

1.5.3. Cidofovir

Cidofovir (HPMPC, (S)-l-(3-hydroxy-2-phosphonylmethoxypropyl)-cytosine) is an 

acyclic nucleotide phosphonate (figure 1 .6 ), an analogue of cytosine monophosphate 

and therefore is not dependent upon an initial phosphorylation by a virally encoded TK 

or UL97. Cidofovir is di- and tri-phosphorylated by the cellular enzymes pyrimidine 

nucleoside monophosphate kinase and pymvate kinase respectively (Cihlar and Chen., 

1996). Cidofovir is incorporated with the correct complementation to dGMP in the 

template DNA and is not excised by the 3’ to 5’ exonuclease activity of the HCMV 
DNA polymerase. This incorporation into the DNA causes a decrease in the rate of 

DNA elongation by 31% for one molecule of CDV and incorporation of two 

consecutive molecules prohibits the DNA from elongating further (Xiong et al., 1997). 

Cidofovir is active against a variety of the human herpesvimses including HSV-1 and -  

2, VZV and EBV (De Clerq et al., 1993), with significant activity against both HSV-1 

and HCMV (IC50 0.06 -  0.08jig/ml). Cidofovir is mainly used to treat HCMV 

infections in patients who have acquired resistance to either GCV or foscamet however, 

cross-resistance to GCV-resistant mutant strains is relatively common, especially with 

high-level GCV resistance (Smith et al., 1997). The dmg is administered intravenously 

for HCMV infection or intravitreally for the treatment of retinitis, although 

bioavailibility is poor at only 5%. Dose-dependent nephrotoxicity is the main side 

effect of cidofovir treatment, which can be accompanied with neutropenia and severe 

metabolic acidosis.
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1.5.4. Non-Nucleoside HCMV Inhibitors

Benzothiadiazine dioxide dibenzyl (BDT) derivatives

Benzothiadiazine dioxide dibenzyl (BDT) derivatives are potent non-nucleoside 

HCMV inhibitors (Martinez et al., 2000A, Martinez et al., 2000B) (figure 1.7). They 

have a unique structure with respect to the nature of the heterocyclic base and also the 

lack of the 5”OH mimetic group as is present in GCV and other current anti CMV 

drugs, which points to a different mechanism of action. At present this mode of action 

is unknown. The drug activity was measured by CPE reduction in time of addition 

assays, and when BDT, GCV and cidofovir were added to the assay system 48 and 72 

hours post infection, all 3 dmgs lost their capacity to inhibit viral DNA synthesis. This 

confirms that the action of BDT occurs in the early stages of HCMV replication.

Another member of the non-nucleosidic class of anti-HCMV drugs is BAY 38-4766. 

This drug inhibits HCMV replication by inhibition of the cleavage of high-molecular- 

weight viral DNA concatamers to monomeric genomic length (McSharry et al., 2001). 
Kinetic studies revealed the replication cycle of HCMV was inhibited in the late stages, 

suggesting that the drug inhibits viral maturation. This suggestion was confirmed by 

the electron microscopic observation that only subviral particles lacking viral DNA bud 

from the cellular membrane, and the production of viral mRNAs and de novo synthesis 

of viral DNA was not affected by the presence of the drug. Sequence analysis of BAY 

38-4766-resistant HCMV strains mapped resistance to the UL89 terminase and ULl04 

genes, whose products are involved in the viral DNA concatamer cleavage process.

BDCRB and 1263W94 (Maribavir, formally Benzimidavir)

The antivirals 2-bromo-5,6-chloro-1 -b-D-ribofuranosyl benzimidazole (BDCRB) and 

it’s 2-chloro analogue (TCRB) originally demonstrated significant antiviral activity 

against HCMV at non-cytotoxic concentrations (Townsend et al., 1995). Antiviral 

activity was demonstrated not to be mediated by inhibition of HCMV RNA, DNA or 

protein synthesis in HCMV infected cells (Chulay et al., 1999), unlike most of the 

currently licensed antivirals. The target of antiviral action of BDCRB was determined 

by passaging the HCMV through increasing concentrations of BDCRB to select a drug 
resistant isolate.
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Figure 1.7. Structures of BAY 38-4766 and chlorophenylmethyl BDT
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Genetic mapping experiments demonstrated resistance mutations in the UL89 gene 

(D344E and A355T) (Underwood et al, 1998), which encodes an endonucleolytic 

subunit of the putative HCMV terminase. BDCRB thus appears to act by blocking the 

cleavage of concatameric DNA to unit genome length, without inhibition of the 

synthesis of viral DNA, mRNA or proteins. The concatameric viral DNA is known to 

be packaged into preformed capsids in unit genome lengths with specific nucleotide 

sequences at the termini. Six HCMV ORF’s are thought to be involved in this process; 

ULl04, UL89, UL77, UL56, UL52 and UL51, due to their homology with the HSV 

ORFs known to be involved, where the UL89 is highly conserved across the 

herpesvirus family. This conservation suggested a similar sensitivity of all the human 

herpesviruses to the BDCRB, however HSV and VZV are not susceptible to the 

antiviral activity of the compound (Underwood et al., 1998).

The proteins of the terminase complex perform specific functions in the sequence- 

specific cleavage of the a sequence during the maturation of HCMV DNA into unit 

genome size. These activities include DNA binding, prohead (capsid) binding, ATPase 

activity and endonucleolytic cleavage of the precursor viral DNA. The HCMV UL89 

appears to encode the DNA terminase, identified by virtue of the presence of an ATP 
binding P-loop motif, AYDYFGKT.

Further sequencing of the HCMV genes postulated to be involved in the DNA cleavage 

to unit length, identified mutations in the UL56 gene (Krosky et al., 1998). UL56 

codes for a packaging motif binding protein with DNA sequence-specific binding 

capability with specific nuclease activity, apparently binding to pac sequences 

(cleavage recognition sites) and endonucleolytically cleaves the viral DNA (Bogner et 

al., 1998). Mutations identified in both the UL89 and UL56 genes suggests an 

interaction between the UL89 and UL56 encoded proteins, consistent with the proposed 

role of each in viral DNA maturation.

Although BDCRB was highly selective for HCMV and had little cytotoxicity in vitro, it 
was rapidly metabolised to the aglycone (2-bromo-5,6-dichloro benzimidazole) when 

administered to rats and monkeys (Chan et al., 2000). This metabolite is inactive 

against HCMV. 1263W94 was identified fi*om a panel of benzimidazole analogues as a 

potential antiviral against herpesviruses (figure 1.8). 1263W94 is as potent against 

HCMV in vitro as BDCRB and exhibits several major improvements. 1263W94 is
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metabolically more stable in rats, monkeys and humans (Chan et al., 2000), has 

measurable, but limited penetration into the brain and vitreous humor of laboratory 

animals, shows little cytotoxicity against bone marrow precursor cells in vitro and lack 

of mutagenicity in preclinical assays (Chulay et al., 1999). These features also present 

as an improvement over the antivirals currently used against HCMV. A major 

advantage of 1263W94, like BDCRB, is the mechanism of action does not involve the 

initial phosphorylation of the drug to it’s active form and the DNA polymerase is not 

involved, although DNA synthesis is inhibited. The most usefiil feature to the drug is 

the sensitivity of GCV-resistant virus to 1263W94. This suggests 1263W94 could be 

used following the emergence of clinical HCMV resistance in the 

immunocompromised patient groups, or indeed in combination with GCV for the 

treatment of HCMV disease. An important consideration for the use of 1263W94 as an 

antiviral for the treatment of HCMV disease is the penetration of the drug into the 

vitreous humor to provide good access to the retina. Phase 1 trials performed in normal 

healthy volunteers showed 1263W94 was rapidly and well absorbed, with plasma total 

drug concentrations well above the in vitro IC50 and a near linear increase in Cmax with 

increasing doses of drug (Chulay et al., 1999). Further phase 1 trials in HIV patients 
mirrored these results, indicating neither HIV infection nor the anti-HIV medications 

altered the pharmacokinetics of 1263W94, which is essential if the drug is to be used in 

the treatment of HCMV disease in the HTV population. The disadvantage of 1263W94 

is it is extensively bound to plasma proteins. This has effectively limited the 

penetration of the drug into the vitreous humor of animals. Considering this is the only 

antiviral effective against GCV-resistant HCMV, only radical implants of the drug into 

the eye would be effective for treatment of drug-resistant HCMV retinitis.

1.5.5. Fomiversen

Fomiversen (ISIS 2922) is a novel 21-base phosphorothioate oligonucleotide, ie DNA 

molecules in which a single non-bridging oxygen has been replaced by a sulphur, 

resulting in increased in vivo stability. The DNA sequence (5’GCG TTT GCT CTT 

CTT CTT GCG-3’) is complementary to messenger RNA encoding regulatory proteins 

of immediate early region 2 (IE2) encoding the 55 and 8 6  kDa polypeptides (IE8 6  and 

IE55) of HCMV, which correspond to nucleotide co-ordinates 170120-170140. The 

mechanism by which fomiversen inhibits HCMV replication is complex as it appears 
several mechanisms.
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Figure 1.8. Structure of 1263W94 (Maribavir / benzimidavir).

The molecular structure of 1263W94 [5,6-dichloro-2-isopropylamino-l-(p-L- 

ribofuranosyl)-1 H-benzimidazole].
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including the desired antisence inhibition of target gene expression and non-antisence 

mechanisms are responsible for the antiviral activity of fomiversen. The antisence 

mechanism is presumably mediated by RNase H cleavage of target RNA at the site of 

oligonucleotide hybridisation. Anderson et al., 1996 demonstrated an inhibition of 

IE55 synthesis, by western blot, in cells transformed with cDNAs expressing IE55 and 

treated with fomiversen at concentrations as low as 25nM. This correlated with a 

reduction in IE55-encoding mRNA. Despite this evidence, the progressive introduction 

of base changes into the nucleotide sequence to disrupt the stability of a base paired 

oligonucleotide-RNA duplex only resulted in small changes in activity (2.3 fold). This 

indicates apparent non-antisence activities of the drug, such as interaction with the 

virus particles to prevent adsorption and specific inhibition of the enzymes involved in 

viral DNA synthesis.

Fomiversen is the first antisence oligonucleotide drug to be approved for HCMV 

treatment by the FDA. The major potential therapeutic indication is the treatment of 

HCMV-induced retinitis in AIDS patients. Fomiversen is administered as an 

intravitreal injection, which achieves maximal retinal concentrations approximately 2-5 

days post administration and an elimination half-life of 78 hours (in monkeys). The 

most frequent adverse events include intraocular pressure and mild to moderate 

intraocular inflammation. Marked retinal toxicity has been observed in a recipient of 

high concentrations of the drug (Piascik, 1999, Leeds et al., 1998).

1.6. Antiviral resistance
1.6.1. Antiviral resistance and UL97

The evidence that HCMV could become resistant to GCV and other anti-herpesvirus 

drugs was originally obtained in the laboratory by passaging a susceptible laboratory 

reference virus (AD 169) through cell culture in the presence of increasing 

concentrations of the drug. The mutant virus obtained, designated B759^D100, was 

resistant to GCV but was found to be susceptible to foscamet. It was also observed that 

the mutant induced a decreased phosphorylation of GCV in infected cells compared to 

the cells infected with the wild type strain (Biron et al., 1986). This suggested that a 

gene(s) in the HCMV genome had obtained a mutation, which resulted in the reduced 

the synthesis of an enzyme contributing to the intracellular phosphorylation of GCV.
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The mechanism of GCV phosphorylation by an HCMV encoded enzyme was 

determined by Sullivan et al., (1992) and Littler et ah, (1992). Sullivan et al., 

performed marker transfer experiments using an overlapping set of nine cosmids 

containing fragments representing the complete sequence of the GCV resistant strain 

B759'^D100. It was shown that the recombinant viruses isolated from marker transfer 

experiments using two plasmids with a 13 kilobase overlap were unable to induce GCV 

phosphorylation in infected cells. Analysis of the UL97 ORF contained within the 

overlap revealed a 4 amino acid deletion in codons 638 to 641 which lie in a conserved 

region among protein kinases implicated in substrate binding. Littler et al., cloned a 

truncated part of the UL97 ORF (Mr 39,000) into an expression vector, raised antisera 

to the protein and identified UL97 in HCMV infected cells and extracts from E.coli- 
expressing UL97. These extracts were able to phosphorylate GCV efficiently, and 

furthermore, HCMV-seropositive serum was able to neutralise the phosphorylating 

activity of the UL97. Both sets of results suggested that UL97 was responsible for the 

initial phosphorylation of GCV.

The initial findings that HCMV could become resistant to GCV prompted the 
investigation into GCV resistance in the clinical setting. Studies were performed into 

the efficacy of GCV therapy in immunocompromised patients, where it was 

demonstrated by Erice et al., (1987) that GCV therapy eliminated viraemia after 4.7 

days of therapy. One AIDS patient in their study however had persistent HCMV 

viraemia despite being treated with multiple courses of GCV. Two further patients 

were identified (Erice et al., 1989) with persistent viraemia and progressive HCMV 

disease which was unresponsive to GCV. A series of experiments were performed 

upon these and further clinical isolates and the resistant laboratory strain 759^D100, 

which indicated that the resistance of clinical HCMV isolates to GCV was due to their 

reduced ability to phosphorylate GCV in virus infected cells (Stanat et al., 1991). 

Further, the mechanism did not appear to involve the DNA polymerase, however a 

decreased susceptibility to cidofovir was observed in the resistant laboratory strain, 

suggesting the polymerase may also be altered.

Since UL97 has been shown to perform the initial phosphorylation of GCV, many 

resistant clinical HCMV isolates have been characterised with respect to their UL97 

mutations. Table 1.8 summarises the UL97 mutations identified in the literature. The
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mutations identified comprise mainly of single point mutations, some double mutations 

and few small deletions. In most cases the most common mutations detected in 

resistant isolates have been located at specific codons such as 460 (22%), 594 (21%) 

and 595 (25%). Marker transfer experiments have demonstrated that the mutations 

M460V/I, H520Q, A594V, L595S/F, deletion of codon 595 and deletion of codons 591 

to 594 confer GCV resistance due to an impaired intracellular phosphorylation of GCV 

to GCV monophosphate.

Two classes of mutations in the HCMV UL97 phosphotransferase leading to GCV 

resistance can be discerned. The majority of mutants occurring in clinical isolates map 

to a section of the protein kinase which recognises peptide and protein substrates, 

namely subdomains VIII to DC. These include the mutations, which occur at codons 

520, 590-598, 600, 603 and 607 outlined in Figure 1.9. The mutations, which have 

been mapped to codon 460, correspond to a non-conserved residue within the 

consensus sequence HRDLKXXN of subdomain VI. This motif forms the catalytic 

loop responsible for the phosphotransfer. This suggests that the first set of mutations 

affect the phosphorylation of GCV without major effects upon the phosphorylation of 
the natural substrate. However, mutations at the 460 codon may stearically alter the 

catalytic loop such that the phosphotransfer is impaired.

The clinical isolates reported to date (table 1.8) have yielded GCV resistant mutants 

which are either single point mutations, a combination of mutations, 1 to 4 codon 

deletions and more recently a nine codon deletion, however no nonsense or frameshifl 
mutations have been observed indicating that UL97 is an essential gene in the 

replication of HCMV. Armed with this knowledge. He et al., (1997) generated a null 

mutant UL97 by performing site directed mutagenesis upon the invariant lysine at 

codon 355 in the catalytic domain II of UL97. This resulted in the inhibition of the 

autophosphorylation activity. The corresponding lysine in cyclic AMP-dependent 

protein kinase aligns and directly interacts with the a- and p-phosphates of ATP. 

Further conserved residues were investigated for their role in the autophosphorylation 

of UL97 (Michel et al., 1999). The conserved residues were identified by sequence 

alignment of motifs, which are involved in the protein kinase autophosphorylation, 

none of which have been found in phenotypically resistant HCMV. The mutations
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were generated in catalytic domain I (Y355D and G340V), domain II (V354L and 

K359Q), domain III (E380V), domain VI (A442V and L446R), domain VH-Vm 

(F523C and M526I), domain IX (D574A, G579A and L583F) and domain X + XI 

(Y617stop). The 340 mutation resides in the highly conserved GXGXXG motif, 

essential for phosphate binding, and completely inhibited autophosphorylation, but the 

335 mutation, located 5aa upstream of this crucial position did not alter the 

phosphorylation. The mutations located in domain VI, next to or within the consensus 

HRDLKXXN which forms the catalytic loop, completely inhibited 

autophosphorylation. The mutation giving rise to the stop codon at 617 also resulted in 

no autophosphorylation. The remaining mutations resulted in little or no reduction in 

activity. It is interesting however that all point mutations or small deletions found in 

the UL97 gave rise to proteins which were still able to autophosphorylate, suggesting 

that the protein should maintain normal function with respect to its natural substrates 

(viral/cellular proteins). The region of the UL97 responsible for the nuclear 

localisation has been mapped between aa 48 and 110, suggesting the transport of UL97 

into the nucleus is a signal mediated process (Michel et al., 1998). Mutants lacking the 

first 110 aa of UL97 were not localised within the nucleus of transiently infected cells, 
although these mutants remained functional for autophosphorylation and GCV 

phosphorylation. In contrast, mutants lacking the first 48 aa of UL97 were transported 

to the nucleus.

1.6.2. Antiviral resistance and UL54

The HCMV DNA polymerase (UL54) is the major target of the currently used antiviral 

agents available for the treatment of HCMV infections. It was therefore reasonable to 

assume that like UL97, UL54 could develop mutations leading to resistance to these 

drugs in the clinical setting. Following sequential passage of the susceptible reference 

strain AD 169 in increasing concentrations of GCV, sequence analysis of the UL54 

ORF revealed the presence of the point mutations F412V and L501I (Lurain et al.,

1992). Antiviral susceptibility of these mutant viruses was determined and revealed 

resistance to GCV and cidofovir, but susceptibility to foscamet. It was also 

demonstrated that these mutant vimses contained point mutations in the UL97 ORF.
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Figure 1.9. Conserved regions in the HCMV UL97.

The general locations of the conserved catalytic domains are illustrated with the 

locations of the drug resistance-associated mutations detected in clinical isolates and 

laboratory mutants. Further mutants have been made in the laboratory which have been 

detected in clinical isolates, including M460V, H520Q, A594V and L595S.
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Table 1.8. Reported UL97 mutations conferring GCV resistance identified from clinical isolates

UL97
mutations

Catalytic
domain

Protein
kinase

GCV
kinase References

M4601 VI nd - Lurain et al., 1994; Smith et al.,1997;Chou et 

al.,1995A;Wolf et al.,1995A and 1995B

M460V VI + - Chou et al., 1995A and 1995B; Erice et al.,1992; Smith et 

a l.,1997; W olf et a l.,1995A; Alain et a l.,1997

H520Q VIII + - Erice et al.,1992; Chou et al.,1995a; Hanson et al.,1995

A590T X nd - W olf et al., 1998A

A591D X nd - Wolf et al., 1998A

A591V X nd - Chou et al.,1995A; Smith et al.,1997; W olf et al.,1995B

C592G X nd - Erice et al.,1992; Smith et al.,1997; Chou et al.,1995A; 

Alain et al.,1997

A594V X + - Chou et al.,1995A and B; Erice et al.,1992; Smith et 

al.,1997; Alain et al.,1997; Rosen et al.,1997

A594T X nd - Erice et al.,1997

L595S X nd - Chou et al., 1995A and B; Erice et al.,1992; Smith et 

al.,1997; W olf et al , 1995A; Lurain et a l.,1994

L595T X nd - Smith et al.,1997

L595F X nd - Smith et al.,1997; W olf et al.,1995A; Chou et al.,1995B

L595W X nd - Chou et al., 1995a; Crumpacker et al., 1996

ALeu595 X nd - Baldanti et al.,1995A

E596G X nd - Chou et al., 1995A

E596D X nd - W olfetal.,1998A

E596S X nd - Chou et al., 1995A

N5971 X nd - Wolf et al., 1998A

G598S X nd - Baldanti et al.,1995A; W olf et al., 1998A

G598V X nd - W olfetal.,1998A

K599M X nd - Wolf et al.,1998A

C603W X nd - Smith et al.,1997

C603Y X nd - Wolf et al.,1998A

A606D X nd - W olf et al., 1998A

C607Y X nd - Baldanti et al., 1998; Smith et al., 1998

V6651 XI nd - Chou et al.,1995A

ALeu600 X nd - Crumpacker et al., 1996

A595-603 X nd nd Chou and Meichsner., 2000

A 590-593 X + - Sullivan et a l.,1993; Michel et al.,1998
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To determine the direct effect of these mutations upon antiviral susceptibility, 

recombinant viruses were generated, whereby the UL54 mutations were transferred to 

AD 169 and the IC50 for each drug, plus the efficiency of GCV phosphorylation were 

determined (Lurain et al., 1992, Sullivan et al., 1993). These experiments revealed that 

the recombinant L501I and A987G viruses were resistant to GCV and cidofovir but 

sensitive to foscamet. Phosphorylation of GCV in these mutants was equivalent to that 

of the wild type vims, suggesting dmg resistance in these mutants was caused by a 

decrease in the affinity of the viral polymerase for the antiviral compounds. Like 

UL97, this evidence prompted the characterisation of UL54 mutations in the clinical 

setting. The majority of GCV resistant clinical isolates are associated with specific 

sequence alterations in the UL97 gene alone or in combination with UL54 mutations. 

Resistant isolates expressing UL54 mutations alone are extremely rare but mutations at 

N408D and T700A were observed by Erice et al., (1997), and shown to confer high 

level resistance to GCV and cidofovir. Similarly, the mutations T700A and V715M 

observed by Baldanti et al., (1996) conferred high level foscamet resistance.

The investigation into the direct involvement of UL54 in antiviral dmg resistance 
involved the constmction and antiviral susceptibility of recombinant vimses containing 

mutations in UL54 alone (Cihlar et al., 1998a, figure 1.10). The characterised UL54 

mutations from clinical isolates are located within UL54 conserved regions designated I 

to VII and 5-region C. Specific amino acid residues located in the regions I, II and III 

have been shown to directly participate in the binding of deoxynucleoside 

triphosphates, chelating the Mg2+ ion and interacting with the primer and template (Ye 

and Huang., 1993). The domains located within the conserved region IV and the 5- 

region C are postulated to be involved in the 3’-5’ exonuclease function of the 

polymerase (Bemad et al., 1989). Cihlar et al., (1998) constmcted 17 recombinant 

vimses containing single amino acid substitutions in the UL54 gene. Antiviral 

susceptibility studies demonstrated two major distinct cross-resistance profiles. Most of 

the mutations conferring the same dmg resistance phenotype cluster together in specific 

conserved regions. The majority of GCV-cidofovir resistance-associated mutations are 

located in regions IV and 5-region C. Mutations associated with foscamet and adefovir 

resistance are located in the conserved regions II and VI. The mutations in region III 

exhibit both a marked hypersensitivity to foscamet (K805Q) and the highest foscamet
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resistance ever reported (T821I). This is mirrored by mutations in this region in HSV 

DNA polymerase (Gibbs et al., 1988, Larder et al., 1987). Furthermore, multiple 

mutations in the UL54 are additive and cause resistance to multiple antiviral drugs. 

Clinical isolates which are resistant to GCV, cidofovir and foscamet have been shown 

to have two or more of the following mutations in UL54: N408D, F412C, L501I, 

K513E/R, D588E, Y751H, V781I, L802M, K805Q, T821I, S897P and R1052C (Smith 

et al., 1997). These mutations have not been identified in dmg-sensitive HCMV 

isolates (Chou et al., 1999). Table 1.9 lists the UL54 mutations observed in clinical 

resistance to GCV and those generates by site directed mutagenesis. The table 

highlights the degree to which each mutations contributes to GCV resistance. Dmg 

resistance is not the only consequence of mutations in the UL54 gene. Baldanti et al., 

(1996) reported single amino acid changes in the UL54 conferred a slow growth 

phenotype. Marker transfer experiments were used to introduce the V715M and 

T700A mutations to recombinant AD 169 vimses, which were shown to be resistant to 

foscamet. The slow growth phenotype was demonstrated by the slow replication rate 
of the recombinant vimses in cell culture as demonstrated by a delay in plaque 

formation with respect to the parental AD 169 from which they were derived.

The analysis of the role of UL54 mutations alone in dmg susceptibility provides a 

valuable insight into the relative importance of finding these mutations in the clinical 

setting, by giving an indication of the cross resistance potential of each of the 

mutations. Mutations in the non-catalytic domains of UL54 have been described by 

Chou et al., (1999), who looked at interstrain variation of UL54 in 40 unrelated subjects 

and it’s effect on the genotypic diagnosis of antiviral dmg resistance. The study 

showed >98% interstrain homology at both the nucleotide and amino acid level, with 

an average of 46 nucleotide changes per strain, >80% of which are silent. The codons 

with amino acid changes are strongly clustered outside the defined conserved catalytic 

domains and show no overlap with mutations shown to be related to dmg resistance.
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Figure 1.10. Conserved regions in the HCMV DNA polymerase (UL54) and the 

general locations of the drug resistance-associated mutations observed in clinical 

isolates and laboratory mutations. The HCMV antiviral drug susceptibility has been 

described for each of the mutations. Regions of antiviral cross resistance are illustrated. 

The boundaries of the conserved regions were defined by Biron and Baldanti., 1996.
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1.6.3. Antiviral resistance associated with both UL97 and UL54

Clinical isolates containing either UL97 mutations, UL54 mutations or both UL97 and 

UL54 mutations show different antiviral susceptibility profiles. A study by Smith et 

al., (1997) looked at the antiviral susceptibility profiles of 28 GCV resistant clinical 

isolates. The isolates which were low-level resistant to GCV (IC50 of > 8  pM and 

<30|uM) but susceptible to cidofovir and foscamet had mutations in the UL97 alone or 

mutations in the UL97 and the non-catalytic domains of the UL54. Isolates containing 

mutations in both genes were highly resistant to GCV (IC50 of >30 pM) and cross 

resistant to cidofovir (IC50 of > 2.1 pM). This cross resistance is extended to foscamet 

(IC50 of > 324 pM) when two or more mutations in the catalytic domains of the UL54 

occur. Chou et al., (1997) demonstrated cross resistance between GCV and cidofovir 

in a patient treated for 9 months with oral GCV and no previous exposure to cidofovir, 

expressing a UL54 mutation at codon 412 (F412C). Additionally, Baldanti et al., 

(1996) demonstrated the emergence of GCV and foscamet resistance in a clinical 
isolate where the GCV resistance was due to a mutation at codon 460 in UL97 and the 

foscamet resistance was due to a mutation at codon 715 in the UL54. These data 

confirm that the mechanisms of foscamet resistance in this case were unrelated to those 

of GCV resistance, probably a result of the sequential addition of the two different 

mutations, and not due to cross resistance.

Clinically, it has been observed that resistance of HCMV to GCV can develop within 3 

to 4 months of GCV therapy (Drew et al., 1991a & b), and that prolonged GCV therapy 

is associated with high level resistance to GCV. The exception to this however was 

demonstrated by Wolf et al., (1998) who showed children with primary combined 

immunodeficiency (CID) and HCMV disease developed mutations in the UL97 within 

10 days to 3 weeks of GCV therapy. All the patients with UL97 alterations exhibited 

mutations at codon 460 (M460LW). One patient was treated with GCV for 3 days (3 

weeks, 2 months previously) contained mixed wild type and mutant UL97 sequences in 

both the 460 codon and multiple mutations were found between codons 590 to 606 (Thr 

590, Asp 591, Ser 595, Asp 596, lie 597, Val 598, Met 599, Tyr 603 and Asp 606). 

Smith et al., (1997) showed the mean I D 5 0  of GCV-resistant isolates cultured during the 

first 9 months of GCV therapy was significantly lower than that of GCV-resistant 

isolates cultured after >9 months of therapy: 25pM versus 54pM. Additionally, 19% of
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Table 1.9. Antiviral susceptibilities of clinical isolates containing 

mutations in the DNA polymerase UL54.

Region UL54
mutation

AD 169 susceptible 
control

exo I D301N

Antiviral Susceptibility IC5 0  (jxM)
GCV
3.5

10-20 fold

Foscam et
45

2-3 fold

Cidofovir

5-16 fold

References

Cihlar et al., 1998* x .

Tatarowicz et al.. 1992
N408D 17.15 58.5 4.2 Erice et al., 1997, Baldanti et al.,

1996, Sullivan et al., 1993, Cihlar et 
al.,1998*

IV F412V/C 15.05/14.7 49.5/54 11.6/13.5 Chou et al., 1997, Cihlar et
al.,1998*

D413N >200 201.7 >10 Erice et al., 1997, Baldanti et al.,
1996*

5-
Region

L5011/F

T5031

K513R/E/
N

P522A

D588N

21

46.3

17.5

10.85

4.55

63

136

63

49.5

103.5

6.8 Erice et al., 1997, Cihlar et al., 
1998*

2.1 Smith et al., 1997, Cihlar et al.,
1998*

6.8 Smith et al., 1997, Cihlar et al., 
1998*

2.7 Erice et al., 1997, Cihlar et al.,
1998*

0.8 Smith et al., 1997,Cihlar et al.,
1998* _____________

S676G 3.85 40.5 0.9 Smith et al., 1997, Cihlar et al.,
1998*

G678S nd nd 3-6 fold Smith et al., 1998
T700A 4.2 261 0.97 Baldanti et al., 1996, Cihlar et al.

1998*
V715M 4.55 427.5 0.8 Baldanti et al., 1996, Cihlar et al.

1998*
1726V nd nd nd Smith et al., 1997______________

VI V7811 3.5 234 0.9 Smith et al., 1997, Cihlar et al.
1998* ___________________

1 1 1

L802M

K805Q

A809V
V8121
T821I
841A

3.85

3.5

7.8
nd

15.75
nd

144

8.0

410
nd

945
nd

0.7

1.65

0.5
nd
1.4
nd

Chou et al., 1997, Cihlar et al., 
1998*
Smith et al., 1997, Cihlar et al. 
1998*
Chou et al., 1998*

Cihlar et al., 1998*

Vll S897P nd nd nd
A987G 18.5 54 8.5 Chou et al., 2000, Cihlar et al., 

1998* ______________
outside R1052C 4 fold 7 fold Smith et al.. 1997

V A 981-982 28 225 3.75 Chou et al., 2000

* = Paper in which IC50 was determined for UL54 mutations alone
Bold type face indicates concentrations of antivirals which are >2 fold higher than the

susceptable AD 169 strain
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the GCV-resistant isolates cultured during the first 9 months were high level resistant, 

versus 64% after >9 months of therapy.

1.7. The HCMV encoded phosphotransferase UL97
The HCMV UL97 encodes a protein kinase which autophosphorylates on serines and 

threonines (He et al., 1997) and exhibits homology to other protein kinases. It is 

located within the conserved region of herpesvirus genomes containing capsid 

morphogenesis and DNA processing fimctions (Chee et al., 1989). UL97 is present in 

virions and is probably a constituent of the tegument, since hydropathy analysis of the 

protein does not reveal any region consistent with transmembrane domains and is not 

analogous to any herpesvirus capsid proteins (Chee et al., 1990, Cohen et al., 1980). 

UL97 is responsible for the initial phosphorylation of the antiviral GCV (He et al., 

1997) and mutations within this gene confers resistance to GCV, as discussed in section

1.6. However almost nothing is known about the natural functions of the UL97 and the 

intracellular localisation of the protein. Previous reports demonstrated the nuclear 
localisation of the VZV-encoded thymidine kinase ([TK], Shiraki et al., 1985), and the 

cytoplasmic localisation of the HSV-1 TK, which are responsible for the 

phosphorylation of ACV, penciclovir and GCV (Haar et al., 1997). Considering these 

proteins have no homology to the UL97, no conclusions could be drawn about either 

the role or the localisation of the UL97, although it has been shown to accumulate in 

the nuclei of infected cells by indirect immunofluorescence (Michel et al., 1996). 

Nuclear uptake of proteins is a highly selective, signal mediated process, thus the 

identification of two homologous N-terminal sequences comprising RARRRQ at amino 

acid positions 31-36, and RGGRKRPLRP at positions 190-199 in the N-terminal 

region confirmed that UL97 was targeted to the nucleus. This correlates with other 

virally encoded proteins, ie pp65, which have two co-operative sequences for nuclear 

transport. Additionally, a truncated UL97 lacking the N-terminal NLS was shown to be 

impaired for nuclear transport. This also adds to the evidence suggesting UL97 is a 

tegument protein since herpesvirus tegument proteins are acquired in the nucleus (Ward 

et al., 1996).

Temporal expression studies demonstrated the expression of UL97 begins 5 hours post 

infection, continues throughout the remainder of the replicative cycle and exhibits a
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relatively high steady state level during late times (Van Zeijl et al., 1997). The UL97 

was post translationally modified by autophosphorylation within 1 hour of its 

expression. This is in contrast to the data by Michel et al., 1996, who detected initial 

UL97 expression 16 hours post infection. Synthesis of UL97 was significantly reduced 

upon treatment with the DNA replication inhibitors GCV and PAA, thus classifying 

UL97 as an early-late protein. Results gained from phosphorylation studies of TK 

deficient cells infected with recombinant vaccinia virus encoding the UL97 suggests 

that the natural function of the UL97 protein is not directly linked to the 

phosphorylation of natural nucleosides and the phosphorylation of the GCV is 

incidental, comparable with the phosphorylation of GCV by the VZV-encoded ORF 46.

Ng et al., (1996) utilised the partial homology of UL97 to its putative analogue in HSV- 

1, UL13, to construct and characterise a recombinant HSV-1 in which the UL13 was 

replaced by UL97. The UL13 encodes a protein kinase known to phosphorylate the 

HSV-1 immediate early protein ICP22. This study demonstrated the UL97 protein 

could partially substitute the function of the UL13 and perform the phosphorylation of 

the HSV-1 ICP22 in the absence of UL13. The nature and number of amino acid 
residues of ICP22 phosphorylated by the UL97 may suggest that a similar protein is 

involved in the natural infection of HCMV which resembles ICP22. However an 

a22/ICP22 related gene/protein has not been identified in HCMV. Additionally, this 

study also showed the UL97 can confer partial GCV sensitivity upon a UL13-, TK- 

virus.

To date no UL97 deletion mutants have been identified in nature and indeed 

recombinant viruses with mutations in the UL97 have been difficult to isolate (Michel 

et al., 1996). The mutations detected in GCV resistant clinical isolates reside in the 

region of the UL97 conferring substrate specificity and do not affect the enzymatic 

activity (Michel et al., 1999). To determine the function of the UL97 in viral 

replication, Prichard et al., (1999) constructed recombinant viruses in which >70% of 

the UL97 ORF was deleted and a selectable genetic marker was inserted. The UL97 

deletion mutant exhibited a marked decrease in replication efficiency, approximately 

100-fold by 72 hours post infection and 10000-fold by 120 hours, which was readily 

reversible upon infection with the deletion mutant of a cell line expressing the UL97 in
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trans, reversing the replication deficit 100 fold. Also, the appearance of progeny virus 

was delayed approximately 48 hours, suggesting defective replication. Upon infection 

of Hel cells, the recombinant virus expressed comparable levels of the MIE gene 

products and appeared to enter the early phase of DNA replication, as evidenced by the 

levels of mRNA transcripts from the UL44. The levels of transcripts were lower 

however than in infections with the parent virus, suggesting the deletion mutant cannot 

efficiently synthesise DNA. This gives a clear indication that UL97 is essential for 

HCMV replication.

The UL97 deletion mutant was further characterised by Wolf et al., (2001) in an 

attempt to determine the natural function and substrate of UL97. Wolf et al., 

demonstrated disruption of two distinct phases of replication in the deletion mutant: (1) 

Early phase as demonstrated by a 4- to 6 -fold reduction in DNA accumulation. No 

difference was observed in the accumulation of the lEUgiaa and IE2 $79aa a  proteins, but 

there was a slight reduction in the accumulation of the proteins ppUL44 and pp65, both 

early-late proteins, compared to wild type. These differences could not account for the 
poor replication of the deletion mutant. (2) Late phase as demonstrated by a 100- to 

1000-fold reduction in replication. BDCRB was used to inhibit the cleavage of 
concatameric viral DNA and packaging of progeny DNA into nucleocapsids. The 

DNA accumulation and cleavage of the WT and mutant viruses were comparable in the 

BDCRB block, but upon release, the yield of mutant virus was reduced by 1000-fold. 

A severe encapsidation defect was observed and empty capsids accumulated in the 

nuclei of infected cells, which contained neither viral DNA nor internal core structures. 

DNA containing virions were not observed in the cytoplasm of mutant-infected cells.

1.8. Protein Kinases

The protein kinases encoded by the herpesvirus families include the HSV-1 UL13 and 

VZV ORF47 (alphaherpesviruses), the HCMV UL97 and HHV- 6  U69 

(betaherpesviruses) and the EBV BGLF4 (gammaherpesviruses). All five genes reside 

at equivalent positions in their respective genomes and all were identified by library 

searches based on the predicted individual protein kinases and their homologies not
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only to other herpesvirus protein kinases but also of cellular kinases, which have 

distinct patterns of conserved residues as illustrated in figure 1 .1 1 .

Hanks et al., (1988) established that all protein kinases are divided into kinase domain 

motifs consisting of 11 subdomains which are conserved throughout the protein kinase 

family. These are defined as regions containing patterns of conserved residues, which 

are never interrupted by large amino acid insertions. The individual subdomains have 

specific functions, which co-operatively result in successful phosphotransfer by 

performing the three main roles of protein kinases: (1) binding and orientation of the 

ATP phosphate donor as a complex with a divalent cation (usually Mg^  ̂or Mn^ )̂; (2) 

binding and orientation of the protein (or peptide) substrate; and (3) transfer of the y- 

phosphate from ATP to the acceptor hydroxyl residue (serine, threonine or tyrosine)of 

the protein (or peptide) substrate. The functional roles of the individual kinase 

subdomains, including the precise roles of the highly conserved amino acid residues in 

each subdomain in the catalytic phosphotransfer have been elucidated (Hardie and 

Hanks, 1995). The resolution of the crystal structure of the mouse protein kinase A-Ca 

(PKA-Ca) facilitated the designation of the subdomains. It was found that the 

subdomains of the PKA-Ca folded in a two lobed structure. The smaller N-terminus 

lobe, which includes the subdomains I-IV, is primarily involved in the anchoring and 

orientating of the nucleotide. The larger C-terminal lobe, which includes the 

subdomains VI-XI, is largely responsible for the binding of the peptide substrate and 

initiating the phosphotransfer. The subdomain V residues span the two lobes and the 

deep cleft between the two lobes is recognised as the site of catalysis (Bossemeyer et 

al., 1993; Zhang et al., 1993).

As stated previously, the conserved catalytic domains are important either directly as 

components of the active site or indirectly by imposing constraints on the secondary 
structure so contributing to the formation of the active site. This section will give an 

overview of the roles of the individual subdomains and more specifically, the 

importance of the highly conserved kinase motifs. Subdomain I contains the conserved 

motif GXGXXGXV, which is predicted to form a fold around the nucleotide. The 

glycines are in contact with the ribose moiety and the terminal pyrophosphates so 

functioning to anchor the non-transferable phosphates of the ATP. This motif is also
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present in ATP synthetases and many nucleotide binding proteins. An invariant and 

highly conserved lysine lies in subdomain II and directly interacts with the a- and p- 

phosphates so aiding the anchoring and orientating of the ATP. This lysine forms a salt 

bridge with the carboxyl group of the nearly invariant glutamic acid in subdomain III, 

so helping to stabilise the interactions between the invariant lysine and the a- and P- 

phosphates. Subdomain IV contains no invariant residues so does not appear to be 

directly involved in the catalysis or the substrate recognition. Subdomain V links the 

small and large lobes of the catalytic subunit and forms hydrogen bonds with the 

adenine or ribose ring to help anchor the ATP. Subdomain VI contains the consensus 

motif HRDLKXXN, of which the aspartic acid and asparagine are invariant. This 

motif forms the catalytic loop and being an invariant residue, it is postulated that the 

aspartic acid is the catalytic base responsible for accepting the proton from the 

attacking substrate hydroxyl group during the phosphotransfer. The lysine in the loop 

may be responsible for neutralising the negative charge of the y-phosphate during 

transfer so facilitating the phosphotransfer. The asparagine helps to stabilise the loop 

via hydrogen bonding with the aspartic acid and chelates the Mĝ "̂  ion that bridges the 

a  and 7 - phosphates of the ATP. Subdomain VII contains a highly conserved DGF 

triplet which chelates the primary Mĝ "̂  ion that bridges the (3- and 7 - phosphates of the 

ATP thereby orientating the 7 - phosphates for transfer. Subdomain VIII contains a 

highly conserved APE motif, of which the nearly invariant glutamic acid forms an ion 

bond with an invariant arginine in subdomain XI, so stabilising the large lobe. 

Subdomains VI and VIII are the major domains involved in substrate specificity, 

conferring either protein serine/threonine or protein tyrosine kinase activity. The 

consensus DLKPEN in subdomain VI is a strong indicator of serine/threonine 

specificity, and the consensus DLRAAN is a strong indicator of tyrosine specificity. 

Subdomain VIII also contains consensus sequences for substrate specificity, albeit 

limited among the serine/threonine kinases. The consensus for the tyrosine kinase 

specificity is P-W-K/R-W-T/M-APE, while the serine/threonine kinase consensus is 

G-T/S-XX-Y/F-XAPE. The nearly invariant aspartic acid in subdomain IX acts to 

stabilise the catalytic loop by hydrogen bonding to amino acid residues that precede the 

loop. The function of subdomain X remains unknown. As previously mentioned, 

subdomain XI contains a nearly invariant arginine which hydrogen bonds with the 
glutamic acid in subdomain VIII to stabilise the large loop.
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Figure 1.11. Molecular structure of protein kinases.
Taken from The Protein Kinase Resouree at 

www.nih.go.jp/mirror/kinases/pk_home.html
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1.9. Baculovirus Expression Systems
Various expression systems have been utilised for heterologous protein expression, in 

order to generate large amounts of foreign protein. Initially, in vivo recombination 

between the gene of choice and bacteriophages, followed by genetic selection to 

recover the recombinant clones, was employed for studies of individual genes. This 

was extremely cumbersome and time consuming, so with the advent of recombinant 

DNA technology, the cloning of foreign genes into vectors and plasmids was hugely 

simplified. This has led to the large scale synthesis of foreign genes, so enabling the 

study and characterisation of a large number of diverse proteins. Expression of 

heterologous genes can be performed in prokaryotic (E.coli) and eukaryotic 

(mammalian and insect) systems, each of which have their own inherent advantages 

and disadvantages. The overwhelming advantage of the prokaryotic expression system 

is the ease in which the foreign DNA can be manipulated and heterologous proteins 

expressed, largely due to the extensive knowledge of E.coli genetics. The problems 

with this system however are largely due to the necessity to study proteins which are 
correctly post translationally modified and can be purified from the host proteins as 

soluble, functionally active proteins.

Recombinant baculoviruses have become one of the most versatile and widely used 

systems for the expression of heterologous genes in cultured insect cells and insect 

larvae. Heterologous genes expressed in such systems are derived from widely varying 

sources, such as eukaryotes, fungi, plants, bacteria and viruses and are produced either 

as fusion or non-fusion proteins at levels ranging from 0.1% to 50% of the total insect 

cell proteins. Moreover, most of the proteins produced are correctly post 

translationally processed, modified, appropriately compartmentalised and importantly, 

are functionally active, so are believed to closely resemble their authentic counterparts.

The baculoviruses (family Baculoviridae) are large double stranded DNA viruses, 

which can infect a diverse range of insect species. Each baculovirus strain however is 

highly species specific, such as the autographa califomica multiple nuclear 

polyhedrosis virus (AcMNPV) which naturally infects the alfalfa looper. During the 

life cycle of the baculovirus, infectious virus particles enter susceptible insect cells, the 

viral DNA is uncoated in the nucleus and the DNA replication begins about 6  hours
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post infection. This is followed by a division in the replication cycle, whereby 

extracellular virus particles (ECV) are budded from the membrane of infected cells 

during the early phase of replication and are detectable 10 hours post infection. Later 

during the infection cycle, large intranuclear occlusions form in the infected cells, 

which is characteristic of AcMNPV and other MNPV subgroups. These occlusions are 

known as polyhedra derived virus (PDV) and consist of vims particles encapsulated by 

a single protein of molecular weight of approximately 29 kD, known as polyhedrin. 

These PDV are released when the infected cells are lysed during the last phase of the 

infection cycle, usually 2  days post infection accumulating up to 6  days post infection. 

When the infected insect dies, thousands of PDVs are released as the host decomposes. 

The PDVs are important for the horizontal transmission of the vims, and polyhedrin 

serves to protect these encapsulated virions from inactivation by heat and desiccation. 

When insect larvae feed on the contaminated vegetation the PDVs dissolve in the 

midgut of the insect, releasing the vims so initiating another round of infection. 

Several factors regarding the polyhedrin protein have enabled the AcMNPV to become 
an effective tool for the expression of foreign proteins. During the late phases of 

infection, the polyhedrin protein accumulates to very high levels, accounting for 30 -  
50% of the total insect protein, but polyhedrin is not essential for the life cycle of the 

baculovims under tissue culture conditions (Smith et al., 1983). Artificial deletion or 

insertional activation of the polyhedrin gene of AcMNPV results in the production of 

the occlusion body-negative vimses, which can be exploited by replacement the 

polyhedrin gene with a foreign gene under the control of the polyhedrin promoter. 

Proteins under control of the polyhedrin promoter should theoretically be expressed to 

the same levels as the polyhedrin, however it seems expression levels vary depending 

on the inherent nature of the foreign protein and the effective translatability of the 
mRNA encoding the protein.

The steps involved in the generation of a recombinant baculovims begin with the 

cloning of the gene of interest into a suitable transfer vector. The available transfer 

vectors encode the E.coli origin of replication and an antibiotic resistance gene to 

enable the large scale production and selection of the recombinant transfer vector in 

E.coli using standard techniques. A large number of transfer vectors are commercially 

available to generate either non-fused or fused proteins, summarised by Ansari and 

Emery, 1999. The proteins can be fused with tags, which facilitate the purification of
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the recombinant protein. The hexa-histidine tag enables the purification of the 

recombinant protein by immobilised metal chelate affinity chromatography, using 

nickel-agarose column chromatography. The proteins can also be fused to secretory 

signals, facilitating the easy purification of the recombinant protein away from the 

culture medium, especially when the insect cells are cultured in serum free medium.

The majority of promoters used to drive the expression of the recombinant protein in 

baculovirus systems are the very late promoters, usually plO and polyhedrin (Wang et 

al., 1991), because the majority of protein synthesis shuts down by 48 hours post 

infection but the plO and polyhedrin promoters are still active at these late times. This 

results in a relative increase in the levels recombinant protein compared to other 

cellular proteins. Another advantage of using the baculovirus as an expression system 

is the flexibility of the size of the nucleocapsid, allowing the baculovirus particles to 

accommodate large amounts of foreign DNA. By using multiple baculovirus 

promoters, two or more foreign genes can be inserted into the genome and express 

multiple proteins (Emery et al., 1987; Belyaev and Roy, 1993; Wang et al., 1991; 

Belyaev et al., 1995). This has great potential for the production of multi-subunit 

enzymes and complex vaccines and studying protein-protein interactions.

Following confirmation of the cloning of the gene of interest into the transfer vector by 

restriction digestion and DNA sequencing, the transfer vector is co-transfected with 

linearised baculovirus DNA into the insect cells. The most efficient method of co­

transfection utilises cationic liposomes, which form complexes with the DNA and 

facilitate the interaction with the negatively charged cell membrane, whereby the 

complexes are taken up into the cell and transported to the cytoplasm where the 

recombination occurs. As with the transfer vectors, several linearised DNAs are 

available for co-transfection, in all of which the polyhedrin gene has been replaced by 

the Lac Z gene. The recombinant baculoviruses are derived by homologous 

recombination between the transfer vector and the appropriate baculovirus DNA, 

resulting in the insertion of the foreign gene into the baculovirus DNA. Selection of 

the recombinant viruses depend upon which linearised DNA was used, resulting in 

selection of either clear or blue plaques. Firstly, the bacterial 2-galactosidase gene can 

be replaced by the foreign gene upon recombination, thus the recombinant viruses 

appear as clear plaques upon staining with X-gal, non-recombinants appear as blue

96



LO General Introduction

(AcRP23,lacZ and AcUWl.lacZ). Secondly, the linearised DNA can contain a lethal 

deletion in the essential ORF 1629 of wild type AcMNPV. If this DNA is co­

transfected with a polyhedrin locus based transfer vector, the lethal deletion is repaired 

by homologous recombination, so replication competent virus will only be generated 

by successful recombination (Baculogold ™). Thirdly, the DNA containing the lethal 

mutation has been combined with the mutant 2 -galactosidase gene, so recombination 

results in repair of the lethal deletion and the 2 -galactosidase gene enabling selection of 

blue plaques (Bac-N-Blue™). Following recombination, the plaques are purified and 

analysed to ensure any illegitimate recombination events have not occurred.
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AIMS OF THE THESIS

The objectives of the work performed for this higher degree were:

1. To determine the HCMV load in various post mortem tissues of AIDS patients who 

died with HCMV disease following long term antiviral therapy.

2. To examine the prevalence of point mutations in the HCMV UL97 open reading 

frame associated with antiviral resistance.

3. To determine if a relationship exists between viral load and the presence or absence 

of mutations within the HCMV UL97.

4. To clone the HCMV UL97 open reading frame and overexpress the gene products 

in a suitable heterologous expression system.

5. To introduce various point mutations associated with GCV resistance into the UL97 

open reading frame.

6 . To investigate the effect of these mutations upon the function of the UL97 protein 

kinase.

7. To investigate the effect of these mutations upon the phosphorylation of GCV.

8 . To determine the mode of action of the novel antiviral 1263W94 and the effect of 

the point mutations upon its activity.
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2.0 Materials and methods

2.1. Generation of a recombinant baculovirus
2.1.1. Polymerase Chain Reaction of HCMV UL97

Design of HCMV UL97 primers 

The primers for the amplification of the HCMV UL97 gene by polymerase chain 

reaction (PCR), were designed to contain 2 different restriction endonuclease sites 

which do not cut within the UL97, and GC clamps at the 5’ ends. This enabled the 

directional cloning of the UL97 PCR product, in the correct reading frame for protein 

expression, into the baculovirus transfer vector. The GC clamps on the 5’ ends of the 

primers ensure minimal breathing of the primer during the annealing, so increasing the 

efficiency of the amplification. The primers were also designed to ensure the minimal 

number of bases were added to the 5’ end of the UL97, so when the protein is 

expressed, the number of additional amino acids at the carboxy terminal of the UL97 

gene product did not interfere with the function of the protein. The enzymes designed 

to cut the 5’ and 3’ ends of the UL97 were Kpn I and Hind III respectively, as 

highlighted in the primer sequences below.

Sense 5 ’-GGG GTA CiCC ATG TCC TCC GCA CTT CGG TCT CGG-3 ’

Antisense 5 -CCC A ÎAG CTT TTA CTC GGG GAA CAG TTG GCG GCA-3 ’

2.1.2. UL97 polymerase chain reaction

The UL97 polymerase chain reaction (PCR) was initially performed using a non proof­

reading enzyme to ensure the complete UL97 gene could be amplified. Total genomic 

DNA, extracted from the human embryo lung cells infected with the Towne strain of 

HCMV, was used as the template DNA for the PCR. The DNA template added varied 

in concentration from lOOng to Ipg for optimisation. The PCR reaction mix comprised 

o f a l x  buffered solution containing 200pM of each dNTP, (dATP, dGTP, dCTP, 

dTTP, Promega, UK), 200ng of each primer, 10% v/v Q-solution and 2.5 units of Hot 

StarTaq (Qiagen) made up to a final volume of 100|Lll with sterile distilled water 

(SDW). The thermal cycling conditions comprised of an initial dénaturation at 95°C 

for 15 minutes followed by 25 rounds of dénaturation at 94^C for 1 minute, annealing 

at 55^C for 2 minutes and extension at 72®C for 3 minutes. A final extension was 

performed at 72^C for 10 minutes. The thermal cycling was performed using a Hybaid 
thermal cycler.
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The resulting 2160bp PCR product was subsequently analysed on a 1% agarose gel 

(Gibco BRL) containing lOmg/ml ethidium bromide in IX TBE buffer and visualised 

on a UV transilluminator. The size of the PCR product was determined using a Ikb 

DNA ladder (Promega, UK).

To ensure that no base changes occur during the thermal cycling reaction, a 3’-5’ semi 

proof-reading enzyme was used for amplifying the UL97 gene for the cloning stages. 

The PCR reaction mix comprised of a IX buffered solution containing 360p,M of each 

dNTP, 200ng of each primer, 2mM MgCb and 2 units of DyNAzyme EXT DNA 

polymerase (Flowgen) made up to lOOpl with sterile distilled water (SDW). The 

thermal cycling conditions comprised of an initial dénaturation at 94®C for 4 minutes 

followed by 25 cycles of dénaturation at 94®C for 1 min, annealing at 55®C for 1 min 

and extension at 72®C for 4 mins. The resulting product was analysed as above.

2.1.3. Purification of the PCR product

Purification of the amplified UL97 was achieved using the Wizard^*  ̂PCR Preps DNA 

purification system (Promega). The desired DNA band was excised in approximately 
300mg of a 1% TAE low melting temperature agarose gel containing lOmg/ml 

ethidium bromide using a sterile scalpel. The gel slice was melted in a 1.5ml eppendorf 

tube at IQpC and 1ml of the resin was mixed with the melted agarose then applied to a 

minicolumn. The resin/DNA was drawn into the minicolumn by vacuum and washed 

with 80% isopropanol, then the DNA was eluted in 50pl of SDW.

2.1.4. Cloning UL97 into pGEM-T Easy

Ligation reactions between the UL97 and the pGEM-T Easy Vector (Promega, UK) 

were performed using a 1:1 molar ratio of the gene-cleaned UL97 PCR product and the 

vector, which was determined using the following calculation:-

ng of vector x kb size of insert X insert:vector molar ratio = ng of insert 

kb size of vector

The ligation reactions were performed using the following conditions :-

101



2.0 Materials and methods

2xRapid Ligation Buffer, T4 DNA Ligase 5 pi

pGEM-T Easy Vector (50ng) 1 pi

UL97 PCR product (35.7ng) 1.3pl

T4 DNA Ligase (3 Weiss units/pl) Ipl

Deionised water to a final volume of 1 Opl

The ligation reactions were incubated overnight at 4^C

2.1.5. Transformations using the ligation reactions

Four grams of Luria-Bertani (LB, Sigma) broth base was autoclaved in 200 ml of 

distilled water into which ampicillin was added for a final concentration of 50pg/ml. 

LB agar plates were made by autoclaving 3% agar bacteriological (Sigma) with the LB 

broth plus the same concentration of ampicillin with IPTG (Sigma) and X-gal (Sigma) 

added for a final concentration of O.SmM and 40pg/ml respectively.

Two microlitres of the ligation reactions were added to 50pl of just thawed JM109 high 

efficiency competent cells and the contents were mixed by gently flicking the tubes, 

which were then placed on ice for 30 minutes. The cells were heat shocked in a water 

bath at 42°C for 90 seconds and immediately returned to the ice for 2 mins. 950pl of 

LB broth was added and the tubes were incubated at 37®C in a shaking incubator for 1 

hour. lOOpl of each transformation culture was plated onto the amp, IPTG, X-gal 

plates and were incubated inverted overnight at 37®C. Individual white colonies were 

picked, inoculated into 5ml LB broth containing ampicillin and streaked onto an agar 

plate to ensure the purity of the picked colony, and incubated at 37®C overnight 

whereupon the plasmid was purified and analysed for the presence of the UL97 insert.

2.1.6. Plasmid purification and analysis

Minipreparation of plasmid DNA 

A 5ml culture in LB broth containing Amp was generated from a single white colony 

from a purity plate and incubated for ~ 8  hours at 37®C with vigorous shaking. The 

bacterial cells were harvested by centrifugation at 1 0 , 0 0 0  x g for 1 - 2  mins in a 

microfuge and a small scale purification of the plasmid was performed using the 

Wizard Minipreps DNA purification system (Promega). The protocols are based on
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a modified alkaline lysis procedure followed by binding of the DNA to the anion- 

exchange resin under the appropriate low salt and pH conditions. The bacterial cells 

were resuspended in the cell resuspension solution (50mM Tris-HCl, pH 7.5, lOmM 

EDTA) containing lOOpg/ml RNase A. The cells were then gently lysed in the cell 

lysis solution (0.2M NaOH, 1% SDS). The lysate was neutralised by the addition of 

the neutralisation solution (1.32M potassium acetate, pH 4.8) and the insoluble 

complexes were removed by centrifugation at 10,000 x g for 5 mins. The cleared lysate 

was added to the barrel of the minicolumn assembly containing 1ml of the resuspended 

resin and a vacuum applied to pull the resin/lysate mix into the minicolumn. This was 

washed with 2ml of column wash (SOmM potassium acetate, 8.3mM Tris-HCl, pH 7.5, 

40|nM EDTA and 55% ethanol) then dried under vacuum for 30 secs. The plasmid was 

then eluted into 50|l l 1 sterile water. The concentration of plasmid DNA was measured 

at 260nm using the spectrophotometer.

Maxipreparation of plasmid DNA 

One ml of a culture generated from a single white colony was used to inoculate 100ml 

LB broth and grown as before for 12-16 hours. The bacterial cells were harvested by 

centrifugation at 6000 x g for 15 mins at 4°C and the plasmid was purified using the 

Qiagen Plasmid Purification Protocol according to the manufacturers instructions. The 

protocols are based on a modified alkaline lysis procedure followed by binding of the 

DNA to the anion-exchange resin under the appropriate low salt and pH conditions. 

The bacterial cells were resuspended in buffer PI (50mM Tris.HCl, pH 8.0; lOmM 

EDTA) containing lOOpg RNase A, then gently lysed with buffer P2 (200mM NaOH, 

1% SDS). The lysate was neutralised by the addition of acidic buffer P3 (3.0M 

potassium acetate, pH5.5) and was pushed through the QIAfilter cartridge to remove 

the insoluble complexes containing chromosomal DNA, salt, detergent and proteins 

which form during the neutralisation step. The lysate was incubated with an endotoxin 

removal buffer on ice for 30 mins. The cleared lysate was loaded onto a pre­

equilibrated QIAGEN-tip by gravity flow for the plasmid DNA to binds to the 

QIAGEN resin. Contaminants such as degraded RNA, cellular proteins and 

metabolites are not retained in the resin. The tip was washed with a medium salt buffer 

QC (1.0 mM NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol) to remove any remaining 

contaminants of the plasmid preparation such as RNA and protein. The plasmid DNA
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was eluted from the resin with a high salt buffer QN (1.6M NaCl; 50mM MOPS, pH 

7.0; 15% isopropanol), desalted and concentrated by isopropanol precipitation, then 

washed with 70% ethanol to remove residual salt and to replace the isopropanol with 

ethanol. The purified plasmid DNA was briefly air dried and resuspended in lOOjil TE 

buffer (lOmM Tris-HCl, pH 8.0; ImM EDTA). The concentration of DNA was 

measured at 260nm using the spectrophotometer.

2.1.7. Restriction Endonuclease Digestion

Restriction endonuclease digestion was performed on plasmid DNA obtained from both 

the mini- and maxi-preps to ensure the presence of the UL97 gene. 500ng of the 

plasmid DNA was digested with 2 units of EcoRI for 1 hour at 37^C. The undigested 

and digested DNA was run on a 1% agarose gel containing ethidium bromide and 

visualised under UV light. Clones were selected for further use if the UL97 had been 

cleaved from of the plasmid following digestion. EcoRI was selected for the digestion 

because UL97 does not contain an EcoRI RE sites and there are 2 sites in the pGEM 

either side of the UL97, enabling a clean drop out of the UL97.

2.1.8. DNA Sequence analysis

Ten micrograms of plasmid DNA was added to 5|il of a dénaturation solution (IM 

NaOH, ImM EDTA) and incubated at room temperature for a minimum of 5 mins. 

During this incubation, a spin dialysis column was prepared in a 0.5 ml eppendorf tube. 

The tube was pierced with an 18-G syringe needle and the hole plugged with 20)0,1 glass 

beads. Five hundered microlitres of a mixture of 2 parts Sepharose CL-6 B (Sigma) and 

1 part TE buffer (lOmM Tris-HCL, pH 8.0, O.lmM EDTA) was added to the glass 

beads. The 0.5ml eppendorf was placed inside a second 1.5 ml pierced eppendorf and 

both were placed inside a 15ml falcon tube and centrifuged at 1500rpm for 4 mins to 

compact the sepharose, following which the 1.5ml eppendorf was replaced with a 

second 1.5ml eppendorf and the denatured DNA added to the sepharose. The spin 

column was centrifuged as above and 8 |il of the eluted DNA was annealed to an 

appropriate oligonucleotide primer by the addition of 5|Llg of the primer and Ipl of 10 X 

TM buffer (lOOmM-Tris HCl, pH 8.0, lOOmM MgCl]). This was incubated at 37^C for 

15 mins and slowly cooled to room temperature, whereupon a sequencing/labelling mix 

was added comprising of Ipl DTT (O.IM), 2pl of the dGTP labelling mix (prediluted to
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1/5 in SDW), 0.5|li1 (S îCi) [a-^^S] dATP, and l\i\ (3.25U) of a 1/8 dilution of T7 

sequenase polymerase. This was incubated at room temp for 3 mins then placed on ice. 

Termination of the reactions was performed by adding 3.5pl of the sequencing/DNA 

mix to 2.5|ll of each of the 4 termination dideoxynucleotides (ddGTP, ddATP, ddTTP, 

ddCTP) and incubating the mix at 37®C for 5 mins. The reaction was stopped by 

adding 4pl of stop solution. The samples were subsequently incubated at 94®C for 4 

mins and analysed by denaturing polyacrylamide gel electrophoresis or were frozen at 

-20°C until needed.

2.1.9. Cloning of UL97 into the Baculovirus Transfer Vector pBlueBacHis2 C 

and pMelBac C

The pBlueBacHis2 A, B and C are baculovirus transfer vectors which contain an N- 

terminal hexahistidine tag for expression and purification of recombinant fusion 

proteins. The pMelBac A, B and C are transfer vectors designed to direct the 

expression of the recombinant proteins through the secretory pathway to the 

extracellular medium by utilising the signal sequence for the highly expressed and 

efficiently secreted honeybee melittin. They are supplied in three different versions for 

cloning of the gene in-frame with the histidine tag and the melittin respectively. The 

pBlueBacHis2 C and pMelBac C were selected to ensure UL97 was cloned the correct 

reading frame following digestion of the vectors and the UL97 with Kpn I and Hind HI.

Following the transformation, maxiprep and digestion of the transfer vectors with Kpn I 

and Hind III, ligation reactions were performed at a 1:1, 2:1 and 5:1 molar ratio 

between the UL97 and lOOng of the vectors using the formula described in section
2.1.4.

The ligation reactions were performed using the following conditions :-

1:1 2:1 5:1

pMelBac C or pBlueBacHis C lOOng lOOng lOOng
UL97 43.5ng 86.9ng 217.4ng

T4 DNA ligase 2 pl 2 pl 2 pl

lOX ligation buffer ipl ipl Ipl

Deionised water to a final volume of lOpl lOpl lOpl
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The ligation reactions were incubated overnight at 16^C and transformed into JM109 

cells as described in section 2.1.5. Single white colonies were picked and a maxiprep 

was performed as described in section 2.1.6. One hundered nanograms of the harvested 

plasmid

DNA was digested with the restriction endonucleases Xhol and Sail to drop out the 

UL97. The UL97 does not contain RE sites for either of these two enzymes, so 

ensuring the ligation of UL97 into the transfer vectors.

2.1.10. Co-transfection of the recombinant transfer vectors with the Baculovirus 

DNA

The Baculovirus transfer vectors were co-transfected with Bac-N-Blu linearized 

AcMNPV DNA (Invitrogen) by the technique of cationic liposome mediated 

transfection whereby the linearized DNA and the transfer vectors are mixed with the 

InsectinPlus™ liposomes in serum free medium. For each co-transfection a 35mm 

culture dish was seeded with 2X10*̂  Sf21 cells in complete TCI00 medium and 
incubated at room temperature for Ihr by which time the cells were fully attached to the 

bottom of the culture dish. The transfection mixture was prepared using 4|ig of 

recombinant transfer plasmid, 0.5|Lig of Bac-N-Blu DNA and 20)ll1 of InsectinPlus™ 

liposomes in 1ml of serum free TCI00 medium. The mixture was vortexed vigerously 
for 10 seconds and incubated at room temperature for 15 mins. During this incubation, 

the medium of the Sf21 cells was removed and the cell sheet was washed twice with 

2ml of TCI00 without PCS following which the transfection mixture was added to the 

cells dropwise. The cells were incubated at room temperature for 4 hours with gentle 

rocking to ensure an even distribution of the transfection mixture over all the cells. 

Following this incubation period, 2ml of complete TCI00 was added to the cells and 

the dishes were placed in a humidified chamber and incubated at 28°C for 72hr or until 

a cytopathic effect was observed. At this time the transfection supernatant was 

harvested and used to identify and plaque purify recombinant virus by plaque assay.

2.1.11. Plaque Assay

SF21 cells were seeded at a density of 1.5x10  ̂cells in 35mm tissue culture dishes and 

incubated at room temperature for 1 hour for the cells to attach to the dishes. Serial log 

dilutions of the virus to be titred were prepared in TCI00 medium and infection was
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performed in duplicate for each dilution. Following the hour incubation, the cells were 

infected by the dropwise application of 1 0 0 |ll of the virus dilutions to their respectively 

labelled cell monolayers. The monolayers were incubated at RT for 1 hour with gentle 

agitation every 15 mins to ensure all the cells were in continuous contact with the 

innoculum and to prevent the cells from drying. Mock infections were performed 

where the virus innoculum was substituted for TCI00. The agarose overlay containing 

3g of type VII agarose (Sigma) in 100ml SDW was autoclaved for 15 mins and placed 

in a waterbath at 55®C to ensure the agarose was at 55®C immediately prior to use. 

Following the Ihr incubation, the virus innoculum was removed from the cells and was 

replaced by 2 ml of a 1 : 2  dilution of the agarose solution with room temperature 

complete TCI00 media. The agarose was allowed to set and 1ml of complete TCI00 

media was addad to each dish. The plaque assays were incubated at 28®C for 3-4 days 

or until a fully confluent monolayer was formed in the mock infections.

The plaques were visualised by the addition of 1ml of fresh medium containing 15pl of 

a 2% X-gal solution to each dish followed by a 4hr incubation at 28®C. 1ml of a 

0.025% solution of neutral red was then added to the dishes and incubated for 2hrs 

following which the stains were removed and the dishes inverted and incubated 

overnight at 28®C. The final incubation was performed in the dark for the blue stain to 

fully develop and the neutral red to fully destain. All the plaques which stained blue 

were counted and the virus titre was determined as plaque forming units per ml 

(PFU/ml).

2.1.12. Plaque purification

Serial log dilutions were made of the cotransfection supernatant from section 2.1.20 

between 10’* -  10*̂  and were subjected to a plaque assay. The recombinant baculovirus 

was identified by the blue staining and an agarose plug was removed using a sterile 

pasteur pipette into 0.5 ml of complete TCI00 media. The eppendorf was vigerously 

vortexed to release the virus particles which were immediately used for a further plaque 

purification. The resulting plaque purified virus was subsequently analysed by PCR to 

ensure the presence of the desired gene and stored at 4®C.

107



2.0 Materials and methods

2.1.13. PCR analysis of plaque purified recombinant baculovirus

The plaque purified virus stocks (PO) were used to infect 35mm tissue culture dishes 

which were seeded at a density of 1.5x10  ̂SF21 cells. Following the Ihr incubation at 

room temperature, the innoculum was removed and replaced with 2ml complete TCI00 

medium and incubated for 3 days. The cells were harvested into the culture media and 

pelleted by centrifugation for 10 mins at ISOOrpm. The cells were washed twice with 

sterile PBS and the DNA was extracted from the cells using the Promega Wizard tissue 

extraction kit. The OD of the extracted DNA was measures at 260nm and Ipg total 

cellular DNA was used in a PCR reaction comprising of a 1 x buffered solution of 

200)nM each dNTP, 200ng each primer, 10% v/v Q-solution and 2.5U HotStarTaq 

(Qiagen) made up to a final volume of lOOpl with sterile distilled water. The primers 

used were as follows:-

F 5’ -TTTACTGTTTTCGTAACAGTTTTG-3’ (Bac-1)

R 5’ -CAACAACGC ACAGAATCTAGC-3’ (Bac-2)

A PCR reaction using the original UL97 cloning primers was also performed using the 

same conditions as the universal baculovirus primers, with the same thermal cycling 

conditions as origionally used.

2.1.14. Generation of a high titre baculovirus stock

The plaque purified and PCR verified recombinant baculovirus stocks were used to 

generate high titre stocks to be used for the protein experssion studies. A 35mm tissue 

culture dish was seeded with SF21 cells at a density of 1.5x10  ̂and infected with 100|il 

of the PO stock. Following the Ihr incubation, the virus innoculum was removed and 

replaced with 2ml of complete TCI00 media and incubated for 5 days. The media was 

harvested and the cellular debris was removed by centrifugation. This was termed the 

PI stock. 1ml of the PI stock was used to infect a 25cm  ̂tissue culture flask seeded 

with SF21 cells at a density of 2.5x10 .̂ The innoculum was removed following the Ihr 

incubation and replaced by 5ml complete TCI00 medium and cultured for 

approximately 5 days. The media was harvested and centrifuged to remove the cellular 

debris then titrated by plaque assay. This P2 stock was used to infect SF21 cells 

seeded in a 75cm  ̂tissue culture flask at a density of 5x10  ̂cells at an MOI of 0.1. The
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virus innoculum was replaced by 10ml complete TCI GO media. The culture medium 

was harvested as described above and titrated by plaque assay. This P3 stock was 

subsequently used for protein expression studies.

2.2. CELL CULTURE
2.2.1. Freezing cultured cells

The Sf21 and Sf9 cells were snap frozen in liquid nitrogen in complete TCI00 or 

Sf900II containing 10% DMSO respecitvely, at a cell density of 1-2 x 10^/ml/vial. The 

vials were stored in liquid nitrogen until use.

2.2.2. Initiating culture from frozen cells

The vials of SfZl cells were removed from liquid nitrogen and placed in a water bath at 

37^C with gentle agitation to rapidly thaw the cells. The vial was decontaminated by 

treating with 70% ethanol and placed on ice. Ten millilitres of complete TCI00 

medium (10% FCS; Penicillin & streptomycin) was placed in a 75cm  ̂ tissue culture 
flask and the 1ml cell suspension was added directly to the medium. The flask was 

incubated at 28®C for 1 hour to allow the cells to attach, following which the medium 

was gently removed and replaced with 10ml fresh complete TCI00 medium to remove 
the DMSO and the cellular debris/unhealthy cells which do not adhere. The medium 

was changed again after 24 hours by which time the cells should have reached 70% 

confluency. The vials of SF9 cells were removed from liquid nitrogen and thawed the 

same as the Sf21 cells. The cells were raised directly into a 20ml shake giving a cell 

density of 0.5-1.0 x 10̂  assuming a viability of 50%. The cells were also raised into a 

20ml mixture of 50/50 new and conditioned medium. The conditioned medium was 

medium that previous cells were growing in which was harvested at the time of 

passage, then filter sterilised.

2.2.3. Maintenance of adherent cells and suspension cultures

The cells were passaged every 3 days or at confluency by gently scraping the cells from 

the bottom of the flask using a cell scraper (Sigma) and resuspending the cells in 10ml 

of fresh complete TCI00. Log phase growth was maintained by splitting the cells 1:3 

and a record kept of the passage number. Suspension cultures were passaged every 5 

days by harvesting the cells into a 50ml falcon tube, centrifugation at 1500rpm for 10
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minutes and the supernatant discarded. The cells were resuspended in 50ml fresh Sf900 

serum free medium (sfm) and split at 1:5 into 40ml SF900 sfm in a sterile 250ml 

Erlenmeyer flask. The suspensions were maintained at 28°C in a shaking incubator 

rotating at 90rpm.

2.3. MOLECULAR BIOLOGY TECHNIQUES
2.3.1. Site Directed Mutagenesis

Site directed mutagenesis was performed on the UL97-pMelBac transfer vector using 

the GeneEditor™ in vitro Site Directed Mutagenesis System (Promega). The 

GeneEditor is a high-efficiency system for the generation and selection of 

oligonucleotide-directed mutations. Selection oligonucleotides provide encoded 

mutations that alter the ampicillin resistance gene, creating a new additional resistance 

to the GeneEditor^^ antibiotic selection mix and facilitating the selection of the desired 

mutation generated by the mutagenic oligonucleotide.

An initial alkaline dénaturation was performed on 2|ig of UL97-pMelBac DNA in 5|il 

of a 2M NaOH, ImM EDTA solution. The denatured DNA was added to a column 

containing 20\x\ of glass beads (Sigma) and 500|il of Sepharose CL6 B (Sigma) 

equilibrated in TE buffer, pH8.0 in a 2:1 ratio. The column was spun at 1400rpm for 5 

mins to elute the purified DNA. Two microlitres of the denatured DNA was analysed 

on a 1 % agarose gel to verify the dénaturation and ensure no significant losses 

occurred.

One hundered nanograms of the template denatured DNA was added to an annealing 

solution containing 0.25pmol of the appropriate phosphorylated selection 

oligonucleotide (top strand); 1.25pmol of the phosphorylated mutagenic 

oligonucleotide and lOXTM buffer (lOOmM Tris/lOOmM MgCl]) made up to a final 

volume of 20)li1 in SDW. The annealing reactions were performed at 37®C in a thermal 

cycler for 15 mins then chilled slowly to room temp and placed on ice. Mutant strand 

synthesis and ligation were performed by the serial addition of 5pJ SDW; 3jll synthesis 

lOX buffer (lOOmM Tris-HCl, pH7.5, 5mM dNTP’s, lOmM ATP and 20mM DTT); 

l|ll T4 DNA polymerase (5-10 units) and l|il T4 DNA ligase (1-3 units). The reaction
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was incubated at 37 C for 90mins for the mutant strand synthesis and ligations to 

occur.

The mutagenic primers used for the site directed mutagenesis were designed to 

generate point mutations in the functionally important putative catalytic domains of the 

UL97 protein kinase. The primers used and the catalytic domains in which the point 

mutations occur are listed in table 2.1.

Following the mutant strand synthesis and the ligation reactions, 1.5|xl of each 

mutagenesis reaction or control reaction (~10ng of template DNA) was transformed 

into 100p,l BMH 71-18 mutS (a repair minus (mutS) strain of E.coli) competent cells as 

described in section X. A 900|il culture of LB without antibiotics was incubated for 60 

mins at 37®C with shaking (~225rpm), then made up to a 5ml culture in LB containing 

lOOpl Antibiotic Selection Mix and incubated for 18 hours in a shaking 37^C incubator. 

The plasmid was harvested as described in section 2.1.6. A second transformation into 

E.coli JM109 cells was performed to ensure the proper segregation of the mutant and 

wild type plasmids, so resulting in a high proportion of mutants. A 900pl culture in 

SOC medium (without antibiotics) containing the transformants was incubated at 37^C 

for 60 mins following which 100|ll of the culture was plated onto 2 LB plates 

containing 125|Xg/ml ampicillin; lOOpl of the Antibiotic Selection Mix; O.SmM IPTG 

and 80pg/ml X-Gal. The plates were incubated overnight at 37®C. Single white 

colonies were picked and used to generate 5ml overnight cultures and purity plates for 

each mutant. The plasmid DNA was harvested and analysed for the presence of the 

desired mutation.

2.3.2. Quantitative competitive polymerase chain reaction

The DNA from each patient sample has three single round PCR reactions performed 

upon it, which are co-amplified with a specific copy number of control plasmid. The 

control plasmid (pUC18) contains the region of gB (UL55) amplified by the gB- 

specific primers as below (Darlington et al., 1991, Fox et al., 1992).

gBl S’ G A G G A C A A C G A A A T C C T G T T G G G C A  

gB2 5’ G T C G A C G G T G G A G A T A C T G C T G A G G
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Table 2.1. Primer sequences for the GeneEditor^^ in vitro Site Directed 
Mutagenesis System.

Primer sequence (5’-3’) Mutation Catalytic

domain

CGC GTG GTC GAG GTG GCG CG {A) K355Q II

CGC GGT CTG CGC ACG GCC AC (T) L397R V

TGC CAC TTT GCC ATT ACA CCC (A) D456A VI

C ATT ACA CCC ATT AAC GTG C (G) M460I VI

ACA CCC ATG AAA GTG CTC ATC (O N461G VI

GAA TGT TAG CAG CCT GCT TTC C (Q H520Q VIII

C TGC CGC ACG TTG GAG AAC GG (G) A594T X

C TGC CGC GCG TTT GAG AAC GG (G) L595F X

ACC ATG CTG CTC GAA TAG GTC (A) H662L XI

CAC GAA TAG ATC AGA AAG AAC G (G) V665I XI

Site directed mutagenesis was performed upon the UL97 cloned into the baculovirus 
transfer vector pMelBac. The mutagenic primers used are given in table 2.1 together 

with the codon, the resulting amino acid change and the catalytic domain in which the 
codons reside within the protein kinase. The mutagenic base change is highlighted in 

bold and the wild type base is highlighted in {italics) after the primer sequence.
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The control sequence gB has been engineered to contain a restriction site for Hpa I for 

the distinction between the amplified wild type and control sequence DNA, while being 

amplified with the same kinetics as the wild type DNA. The PCR reaction mix 

comprised of a 1 x buffered solution containing 2mM MgCh, 200pM dNTP’s, lOOng 

of each primer (gBl and gB2) and 5 units of Amplitaq gold made up to 93 pi with 

SDW. One microgram of DNA extracted from patient tissue was added to each reaction 

with 2pl of a specified copy number of control sequence DNA. The thermal cycling 

conditions comprised of an initial dénaturation for 12 minutes at 95°C followed by 39 

rounds of a dénaturation at 94°C, annealing at 60°C and elongation at 72°C each for 30 

seconds and a final elongation at 72°C for 10 minutes. Ten microlitres of the PCR 

amplicons were digested by 3 units of Hpa 1 in a Ix buffered solution at 37°C for 2 

hours. The digested amplicons were separated by 12% acrylamide gel electrophoresis 

at 40 mA until 15 minutes after the loading dye has run off the bottom of the gel. The 

DNA was stained with ethidium bromide (1.5pl of a 10 mg/ml stock in 100ml of TBE), 

examined and photographed by UV transillumination. The photographs were analysed 
by using the NIH image software (available by anonymous FTP from 

zippy.nimh.nih.gov[128.231.98.32]), which allows the densitometric analysis of 

electronically scanned images of ethidium bromide stained gels. The viral load was 

determined by applying the following equation:-

(% wild type area / % control area) x control plasmid copy number

This gives viral load per pg total DNA.

2.3.3. UL97 polymerase chain reaction

A nested UL97 PCR was performed on Ipg of all the HCMV positive (gB PCR) tissue 

DNA. Each PCR reaction comprised of a 1 X buffered solution containing lOOng of 

each primer (outer below), 2mM MgCh, 200pM each dNTP and 1 unit of Amplitaq 

gold polymerase (Perkin Elmer, UK) for both rounds of amplification.

UL97 AS ’ C A A C G T C A C G G T A C A T C G A C G T T T  

UL97B5’ G C C  A T G C T C G C C C  A G G A G A C  A G G
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The thermal cycling conditions comprised of an initial dénaturation at 95°C for 12 

minutes followed by 29 cycles of dénaturation at 94°C for 1 minute, annealing at 60°C 

for 1 minute and extension at 72°C for 2 minutes, followed by a final extension at 72°C 

for 10 minutes. One microlitre of the outer PCR amplicon was used as the template in a 

nested PCR using the following primer set:-

UL97 CS’ C A T C G A C A G C T A C C G A C G T G C  

UL97 D 5 ’ G T A G C T C A T T T G C G C C G C C A G

Two nested PCR reactions were performed for each DNA sample, such that either one 

of the nested primers was 5’ biotinylated to enable one DNA strand to adhere to the 

wells of a streptavidin coated microtitre plate. Each nested PCR reaction contained 

lOOng of each primer including 50ng of biotinylated primer C or D. The dénaturation, 

annealing and extension times were reduced to 45 seconds each. The resulting 568bp 

amplicon was detected by 1.5% agarose gel electrophoresis.

2.3.4. Microtitre point mutation assay

Ten microlitres of each DNA amplicon was added to four wells (G, A, T, C) of the 

microtitre plate containing Ix TTA buffer (lOOmM Tris HCl, pH 7.8, 0.5% Tween 20, 

1.0% Na azide) and incubated at 37°C for 1 hour to allow the binding of the biotin 

labelled DNA to the streptavidin coated wells. The wells were washed three times with 
Ix TTA buffer by a vacuum aspirator and 0.15M NaOH was added to each well at 

room temperature for 5 minutes to denature the DNA. The plate was washed 4 times 

with Ix TTA and 25|ll of an anneal mix ([PMA diluent:- 40mM Tris HCl, pH 7.8, 

20mM MgCl], 50mM NaCl], 25pl of 6 6 pg/ml probe 1 - 6 ,  [figure 2.1]) was added to 

each well, the plates sealed and incubated at 37°C for 30 minutes to allow the probe to 

anneal to the bound denatured DNA. The probes terminate one base prior to the point 

mutation to be detected. Labelling mix (2.5 units klenow polymerase, O.IM DTT, 24pl 

of 1/10 dilution of either f^S] dGTP, dATP, dTTP or dCTP [ NEN Dupont 1000-1500 

Cl/mmol]) was added to each well and incubated at room temperature for 3 minutes. 

The klenow polymerase adds one [^^S]-labelled base, mutant or wild type, to the 3’ end 

of each probe. Following this incubation, the radiolabelled probe was denatured with
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460

5 '  @ -T G C  CAC TTT GAC ATT ACA CCC ATG AAC GTG CTC ATC GAC GTG AAC 3

3 ' ACG GTG AAA CTG TAA TGT GGG T A C @  5 '

5 '  (6 )  TGC CAC TTT GAR ATT ACA CCC A
6

(5 )  C TTG CAC GAG TAG CTG CAC TTG 5 '
A

520

5 '  C CGT CTG CGC GAA TGT TAG CAC CCT GCT TTC CGA CCC ATG 3

3 ' G GCA GAC GCG CTT ACA ATG GTG GGA CGA AAG GCT GGG T A c Q )  5

5 '  (4 )  C CGT CTG CGC GAA TGT TAG CAC
G

594/595

5 '  ( ^ G C G  GCC TGC CGC GCG TTG GAG AAC GGT AAG CTC ACG CAC T 3 '

(3 )  GC AAC CTC TTG CCR TTC GAG TG 5 '
A

(2 )  AC CTC TTG CCR TTC GAG TGC G 5 '
G

(1 )  C CTC TTG CCR TTC GAG TGC GTG A 5 '
A

Figure 2.1. Oligonucleotide probes for the point mutation assay

The probes are numbered 1 to 6 . Probes 1 -  3 and 5 bind to the biotinylated sence 

strand of the UL97 PCR amplicon, whilst probes 4 and 6  bind to the biotinylated anti- 
sence DNA strand. The probes terminate one base prior to the point mutation to be 

detected. At the 3’ end of each probe, the base indicates the wild type and the base 
beneath indicates the mutant. R indicates a mixed base to take into account the silent 
mutation
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0.15M NaOH and the labelled probe transferred to a liquid scintillation cocktail 

(Sigmafluor™). The radioactivity was detected as counts per minutes in an LKB 

Rackbeta liquid scintillation counter. Figure 2.3 illustrates the oligonucleotide probes 

used in the point mutation assay.

2.4. PROTEIN DETECTION AND PURIFICATION METHODS
2.4.1. Preparation of a Crude Cell Lysate

Six million cells were harvested following infection and 72 hours incubation by 

removing the cells from the monolayer into suspension and centrifuging at ISOOrpm for 

10 mins. The pelletted cells were washed three times in Dulbecco’s PBS and 

resuspended in 500|ll of ice cold sonication buffer (5GmM Tris-HCl, pH7.6, lOOmM 

NaCl, 0.1% Nonidet P-40, 10% glycerol, 10|lg/ml Aprotinin and Leupeptin and ImM 

Pefabloc). The cells were sonicated three times for 10 secs at 5 microns with 30 secs 

incubation on ice between each sonication. The dismpted cells were centirfliged for 10 

mins at 4°C at 12000rpm, the supernatant removed and the pellet discarded.

2.4.2. Ammonium Sulphate Précipitation

A 50ml aliquot of the sonicated crude cell lysate was prechilled to 4®C and ammonium 

sulphate, calculated to give a 10%-60% saturation for optimisation purposes, was 

slowly added with stirring. The calculation used to determine the number of grams of 

ammonium sulphate to add to 1 litre at 4®C to give the desired percentage saturation 
was as follows:-

g = 533 (S9 - S 1)

100-0.3 S2

S] was the starting concentration and S2 was the final concentration. The equation 

allows for the increase in total volume following the addition of the ammonium 

sulphate. The solution was equilibrated for Ihr at 4®C following each cut and 

centrifuged at 3000g for 40mins. The supernatant was removed following the first 

precipitation and ammonium sulphate added to give the next concentration. The 

protein pellet was kept on ice until the final concentration was reached when the 

supernatant was discarded and the pellets resuspended in 5ml of 20mM Tris-HCl, pH

8.5. The protein solutions were dialysed in 20mM Tris-HCl, pH 8.5 for 48 hours at 4®C 

to give a total of a 1/10 000 dilution of the ammonium sulphate. The protein
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concentration was determined using the Lowry method and the protein was analysed 

for the presence of UL97 by SDS PAGE and Western blot. The maximum % 

saturation which did not precipitate the UL97 and the minimum % saturation which 

precipitated all of the UL97 was chosen for the ammonium sulphate cut.

2.4.3. Ion Exchange Chromatography

Optimisation of the binding pH and salt concentration for binding and elution was 

initially performed. The UL97 was dialysed into a series of buffers over a range of 

pH’s from 5.0 to 9.0.

1. 20mM piperazine

2 .

pH 5.0 

pH 5.5

3.  ̂pH6.0

4. 20mM bis-Tris propane f pH 6.5

5. 1 pH 7.0

6. 20mM Tris HCl

7.
8 .

9. 20mM ethanolamine

pH 7.5 

pH 8.0 

pH 8.5 

pH 9.0

Optimal buffering capacity 

5.0-6.0

6.4-7.3

7.6-8.5

9.0 -  9.5

Two millilitres of a 50% slurry of DEAE cellulose was centrifuged for 1 minute at 

5000 X g, the supernatant removed and the DEAE was equilibrated by four washes in 5 

ml of each of the buffers. The supernatant was removed following the final wash and 

the DEAE was resuspended to give a 1:1 slurry. Five hundered micrograms of protein 

was added to the equilibrated DEAE and incubated at 4°C on a rotary platform to allow 

the UL97 to bind the DEAE. The DEAE was allowed to settle and the supernatant 

assayed for protein to determine the binding efficiency by dividing the amount of 

protein present (A280) before binding by the amount present following binding. The 

DEAE-protein was washed four times in each respective buffer containing 50mM NaCl 

and the protein was eluted in each respective buffer containing IM NaCl.

Following optimisation of the buffer and pH for binding, the same series of 

experiments was performed using the optimal buffer over a range of NaCl
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concentrations from 0.05M in 0.5M increments to 0.5M. This identified the maximum 

NaCl concentration at which UL97 bound to the DEAE with minimal binding of 

contaminating proteins and the minimum NaCl concentration at which the UL97 was 

eluted,

2.4.4. Immunoaffînity chromatography

The UL97 monoclonal antibody was dialysed against O.IM NaHCOs/O.SM NaCl at 4°C 

with 3 buffer changes over a period of 24 hours. The antibody was centrifuged for 1 

hour at 100 000 x g at 4°C to remove aggregates and the concentration of the antibody 

was determined (mg/ml Ab = A28o/1.44). The antibody was diluted to 5 mg/ml in O.IM 

NaHCO], pH 8.3, 0.5M NaCl. The UL97 monoclonal antibody was immobilised onto 

cyanogen bromide (CNBr) activated Sepharose 4B (Pharmacia). The dried Sepharose 

was rehydrated in ice cold ImM HCl (150 ml / g Sepharose) for 15 minutes then 

filtered in a Buchner flask and washed with 2 gel volumes of ice cold HCl. The 

rehydrated gel was removed from the flask and added to the UL97 mAh in coupling 

buffer (O.IM NaHCOs, pH 8.3, 0.5M NaCl). The antibody and gel were mixed on a 

rotary platform at 4°C overnight to allow the coupling of the antibody to the gel. 

Following coupling, the antibody-gel was filtered and the coupling efficiency 

determined by dividing the amount of protein present (A280) before coupling by the 

amount present following coupling. The gel was washed twice in 5 gel volumes of 

coupling buffer, added to blocking buffer (0.05M glycine, pH 8.0) to saturate the 

remaining reactive groups on the Sepharose and allowed to settle for 2 hours. The gel 

was then resuspended in blocking buffer to give a 1:1 slurry and stored at 4°C.

One hundered microlitres of a 50% slurry of immobilised UL97 monoclonal antibody 

was added to protein extracts from BVMB-UL97 infected Sf21 cells and allowed to 

bind at 4°C for a minimum of 1 hour. The sepharose beads were then pelleted by 

centrifugation for 20 s at 13000 x g, washed in sonication buffer, pH 9.0. Following the 

washes, the sepharose beads were pelleted and the antibody-antigen complex was 

dissociated upon addition of the dissociation buffer (50mM glycine, pH 2.5, 0.15M 

NaCl). The mixture was immediately pulsed to remove the sepharose beads and the 

eluate was removed and neutralised in 0.2 volumes of Tris HCl, pH 9.0.
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2.4.5. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

The proteins obtained from the crude cellular lysate were separated by sodium dodecyl 

sulphate polyacrylamide gel electrophoresis. Six millilitres of an 8 % resolving gel was 

poured between two vertical sealed glass plates (atto minigel) and overlaid with 20 )l i 1 of 

water saturated butanol (50:50 v/v) and allowed to set. The butanol was removed by 

washing with distilled water and a 5% stacking gel was poured over the resolving gel. 

The components of the gels are given in table 2.2. Equal volumes of the protein 

samples and 2X sample buffer (125mM Tris-HCl, pH 6 .8 , 4% SDS, 10% glycerol, 

0.02% Bromophenol blue, 200mM DTT) were boiled for 5 mins and 20)0,1 of each 

sample were electrophoresed in Tris-glycine buffer (250mM Tris-HCl, 192mM glycine, 

0.1% SDS).

2.4.6. Coomassie brilliant blue staining

The SDS-PAGE gels were stained with Coomassie brilliant blue stain (40% methanol, 
10% acetic acid, 50% sdw, 0.25% Coomassie brilliant blue R250 (Sigma), v/v/v/w) by 

soaking the gel in the stain for 1-2 hours. The gel was then destained in 40% methanol, 

10% acetic acid, 50% sdw (v/v/v) until the protein bands were visible (approximately 2 
hours).

2.4.7. Western blotting

The SDS-PAGE gels were prepared for Western blotting by sandwiching the gel 

between layers of thin and thick filter paper soaked in transfer buffer (48mM Tris-HCl, 

0.0375% (w/v) SDS, pH 9.6) with methanol-soaked polyvinylidine difluoride 

membrane (PVDF, Sigma) arranged as illustrated in fig 2.2. The proteins were 

electrophoretically transferred at 2.5 mA/cm  ̂of gel for 1 hour using a semi-dry blotter 

(Pharmacia Biotech). Following transfer the membrane was incubated for 1 hour at 

room temp in blocking buffer [3% bovine serum albumin (Sigma) in TBS buffer 

(lOmM Tris-HCl, pH7.5, 150mM NaCl)] followed by washing with 0.05% Tween 20, 

0.1% Triton X-100 in TBS buffer. The membrane was then incubated at room 

temperature for 1 hour with a 1/500 dilution of a mouse anti-UL97 monoclonal 

antibody. The membrane was washed as before and incubated again at room 

temperature for 1 hour with an alkaline phosphatase-conjugated goat anti-mouse 

antibody diluted to 1/6000 with blocking buffer. The membrane was further washed
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Cathode

DNA

▼
Anode

Thick filter paper 

Thin filter paper 

>  SDS-PAGE gel 

-► PVDF membrane

Figure 2.2. Illustration of the Western blot set up

Illustration of the arrangement of the SDS-PAGE gel with respect to the PVDF 

membrane for the electrophoretic transfer of proteins from the SDS-PAGE gel to the 

PVDF membrane for Western blot.
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Table 2.2 Solutions for preparing resolving and stacking gels for Tris-glycine 
SDS-PAGE

Resolving gel (15ml) Stacking gel (5ml)

Component Volume (ml) 8 % Volume (ml) 12% Volume (ml) 5%
gel gel gel

SDW 6.9 4.9 6.3

30% acrylamide 4.0 6.0 1

1.5M Tris pH8 .8 3.8 3.8
l.OM Tris pH 6 .8 2.5

10% SDS 0.15 0.15 0.1
10% APS 0.15 0.15 0.1
TEMED 0.009 0.006 0.02
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with TBS/Tween/Triton and TBS buffer and the immunoreactive bands were visualised 

by incubation of the membrane with one tablet of 5-bromo-4-chloro-3-indolyl 

phosphate/nitro blue tétrazolium chloride (Sigma) dissolved in 10 ml distilled water.

2.5. Enzyme analysis
2.5.1. Protein Kinase Assays

Three microlitres of the protein samples (either crude cell lysate or purified) were 

added to lOpl of 2X kinase buffer (lOOmM Tris HCl, pH 9.0, 20mM MgCb, lOpM 

ATP, 4mM DTT, 2M NaCl and lOpCi of [^^P] ATP at >5000 Ci/mmol, [Amersham]), 

and made up to 20pl with SDW to give a IX concentration of the kinase buffer. The 

reactions were incubated for 30 mins at 37°C and terminated with the addition of 2X 

SDS sample buffer followed by boiling for 3 mins. The reactions were subjected to 

SDS-PAGE (8 %), the gels equilibrated in a gel drying solution (30% methanol, 5% 

glycerol) on an orbital shaker for 30 minutes and dried under vacuum in a Biorad gel 

drier for 1 hour at 80°C and exposed to hyperfilm.The amount of radiolabelled protein 

was quantitated using the Biorad Multianalyst.

2.5.2. GCV Kinase Assay {in vitro)

The recombinant baculovirus expressed UL97 was purified by immuno affinity 

chromatography and incubated in a GCV kinase assay buffer with radiolabelled GCV 

([^H] GCV, Moravek) as the substrate. A time course of GCV phosphorylation was 

performed from 0 -1  hour at 10 minute intervals then every hour up to 4 hours at 37°C. 

At each time point, 5Opl aliquots were removed and spotted onto 20mm diameter DE81 

chromatographic paper discs. These are discs coated in DEAE which selectively binds 

negatively charged molecules such as the monophosphorylated GCV. The discs were 

then washed twice in 3 ml of lOmM ammonium acetate for 10 minutes, followed by 

two washes in 95% ethanol for 10 minutes each. The discs were allowed to dry and 

placed in a scintillation vial with 5 ml of scintillant (Sigmafluor™). The radioactivity 

was measured in counts per minute using a rackbeta liquid scintillation counter. The 

kinase assay buffer comprised of 50mM HEPES (pH 7.5), 5pM ATP, 5pM MgCl], 

7mM NaF, lOmM DTT, 2pl [̂ H] GCV and made up to 75pl with SDW.
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2.5.3. GCV kinase assay {in vitro/in vivo)

Sf21 cells were infected with BVMB-UL97 wild type and mutant viruses at an MOI 10 

and incubated at 28°C. After 48 hours post infection the TCI00 tissue culture medium 

was removed and replaced with fresh TCI00 supplemented with l.OmM GCV and 

SjiCi [̂ H] GCV at lOOmCi/mmol. After 72 hours post infection, the cells were 

harvested, washed three times in PBS and the nucleotides extracted by acid hydrolysis 

of the cells with 0.5M perchloric acid. This was neutralised with 2.5M KOH, 1.5M 

KH2PO4 to pH 6 .8  and centriftiged at 13000 x g for 5 minutes to remove cell debris and 

precipitated proteins. The supernatant was spotted onto DE81 chromatographic paper 

discs and the detection step performed as in section 2.5.2.

2.5.4. Plaque Reduction Assay

To determine the sensitivity to GCV of the WT UL97-recombinant baculovirus 

(AcMNVP) and the level of GCV resistance conferred by each of the UL97 mutations, 

a plaque reduction assay was performed. SF21 cells were seeded in a 35mm  ̂dish at a 

density of 1.5 x 10̂  and infected at an MOI of 0.3 for 1 hour. Following the infection, 

the innoculum was removed and replaced with 2ml of TCI GO supplemented with 0.0, 

0.2, 0.4, 0.6, 1.0 and 1.4mM GCV. The cells were incubated for 72 hours at 28°C, the 

culture media was harvested and subjected to plaque assay at 1 0 "̂ , 1 0 '̂  and 1 0 '̂  

dilutions. As a set of controls, uninfected cells were incubated with the supplemented 

TCI00 to ensure GCV was not toxic to the cells, and a baculovirus containing the lac Z 

gene alone was subjected to the same analysis to ensure it was not sensitive to the 

GCV. The number of plaques were determined and plotted as % reduction in plaques 

from the total at a GCV concentration of O.OmM.
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3.1. Introduction

Since the initial isolation of ganciclovir resistant HCMV strains from 

immunocompromised patients receiving long term ganciclovir therapy, an increasing 

number of studies have demonstrated the development of systemic phenotypic resistant 

virus (Erice et al., 1989, Stanat et al., 1991, Lurain et al., 1992). The clinical 

significance of these resistant viruses is now well documented in AIDS patients (Boivin 

et al., 1996, Chou et al., 1997, Erice et al., 1997, Liu et al., 1998, Bowen et al., 1997, 

1999). Before the advent of highly active antiretroviral therapy, HCMV retinitis was 

the major disease manifestation, with up to 40% of patients developing this disease. 

Despite the availability of both licensed and investigational antivirals, maintenance 

therapy was continued indefinitely and HCMV retinitis (disease) progression invariably 

occurred, regardless of the initial choice of dmg regimen. Disease progression may be 

due to a number of factors, predominantly the emergence of antiviral drug resistance, 

but including poor patient compliance, progressive loss of the host immune function 

and poor ocular bioavailibility of drug. The UL97 and UL54 genes have been 

examined in the blood and vitreous fluid of these patients for point mutations shown by 

marker transfer experiments to confer ganciclovir resistance. The most common point 

mutations in the UL97 gene occur at codons 460, 520, 594 and 595, although mutations 

at codon 592 are increasing in frequency (Chou et al., 1995, Lurain et al., 1994, Wolf et 

al., 1995, Baldanti et al., 1996, Boivin et al., 1996).

The presence of point mutations in the UL97 gene can be detected rapidly by utilising a 

method initially designed for mapping AZT resistance mutations in the reverse 

transcriptase gene of HIV. The microtitre point mutation assay (Kaye et al., 1992) was 

originally developed to detect single point mutations in a microtitre format so allowing 

the rapid detection of resistance in a large number of clinical samples to produce ‘real 

time’ results. A further advantage to the assay is the quantitative discrimination 

between wild type and mutant virus present in the same clinical sample without having 

to clone and sequence the individual virus strains. The UL97 microtitre point mutation 

assay was adapted from the assay designed by Kaye et al to detect the six most 

common point mutations in the HCMV UL97 (Bowen et al., 1997), namely M460I, 

M460V, H520Q, A594V, L595S and L595F. Figure 3.1 illustrates the principles of the 

point mutation assay, which is based upon the initial amplification of the UL97 with the
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relevant primers, one of which is biotinylated, which enables the immobilisation of the 

PCR amplicons to the streptavidin coated microtitre plate. Following dénaturation of 

the amplicon by NaOH, oligonucleotide probes to detect the point mutations are 

annealed to the biotinylated strand. These probes terminate one base prior to the point 

mutation to be detected, thus the addition of each of the four labelled dNTP’s to 

four individual wells identifies the nucleotide annealed to the complementary wild type 

or mutant base. The probe with the labelled nucleotide is denatured from the target 

DNA, scintillated and radioactivity determined, thus revealing the percentage of wild 

type and/or mutant virus present in the population.

This chapter describes the detection and quantification of HCMV genomes in multiple 

post mortem tissues using a quantitative competitive PCR (Fox et al., 1992). The UL97 

gene was analysed in these tissues using the microtitre point mutation assay to 

determine the presence and relative proportion of the UL97 mutations. This analysis 

was used to investigate the relationships between HCMV load and the presence of 

UL97 mutations in different post mortem tissues of AIDS patients treated with 

ganciclovir.

3.2. Results

3.2.1. HCMV gB quantitative competitive polymerase chain reaction

A total of 61 post mortem tissues from 5 patients were examined by qualitative and 

quantitative competitive PCR. HCMV was detected in 83% (53/61) of the tissues by 

qualitative gB (UL55) PCR. One microgram of total DNA extracted from each tissue 

was subjected to a co-amplification PCR with varying concentrations of control 

plasmid. The pUClS plasmid contained the fragment of HCMV gB amplified by the 

primers as in section 2.3.2. The PCR amplicons were digested for 1 hour with Hpa 1 

and the DNA fragments separated by 12% acrylamide gel electrophoresis (figure 3.2). 

Densitometric analysis of the electronically scanned images of the ethidium bromide 

stained gels was performed by the NIH image software [available by anonymous FTP 

from zippy.nimh.nih.gov(128.231.98.32)]. The viral load was determined as in section

2.3.2. and plotted for each tissue from each patient (figure 3.3). The highest median 

viral load was found in the adrenal gland (3.4 x 10̂  genome equivalents per pg total 

DNA), whilst the kidney, duodenum and heart had the lowest median viral loads
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PCR using one biotinylated primer.

Biotinylated strand binds to 
streptavidin coated plate.

3

NaOH

Non-biotinylated strand denatured by NaOH Probe annealed to single strand

WT M460V

Add each of the four radiolabelled nucleotides to separate wells. 
M460V = ATG - to - GTG

;NaOH

Denature labelled probe from single strand 
and count in scintillation counter.

Figure 3.1. Principle of the Microtitre Point Mutation Assay
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(3.0 X 10̂  and 8.2 x 10̂  and 41 genomes per )ig DNA respectively).

3.2.2. Analysis of the distribution of mutant to wild type alleles of HCMV UL97

One microgram of total DNA extracted from the 53 post mortem tissues in which 

HCMV DNA was detected were subjected to a UL97 PCR as in section 2.3.3. This 

PCR was designed to amplify a region of the UL97 catalytic domain in which the most 

common point mutations associated with clinical ganciclovir resistance occur. UL97 

was only amplified in 34 of the 53 tissues (64%) in which HCMV was detected by a 

gB specific PCR. The amplified UL97 was subjected to a point mutation assay (section

2.3.4) and the ratio of mutant to wild type UL97 was plotted as a function of viral load. 

The results of this distribution are shown in figures 3.4 -  3.8. Each of the five patients 

exhibited differences in the mutant/wild type ratios at each codon. Patient 1 (figure

3.4) was treated intermittently with GCV over a 5 month period, had a median tissue 

viral load of 1.4x10  ̂ genome equivalents per jug total DNA and point mutations in 

codons 595 and 594 of the UL97 gene were found in the salivary gland and in the 

stomach. Patient 2 (figure 3.5) was treated with GCV for 3 months, had a median 

HCMV tissue load of 1.4x10  ̂genomes per |ug DNA, and showed resistance mutations 

in codon 595 only. Patient 3 (figure 3.6) was treated with GCV for 6 months, had a 

median HCMV tissue load of 4.9x10  ̂ genomes per jug DNA, and had resistance 

mutations in codons 595, 594 and 460, particularly in the spleen and the adrenal gland 

where the viral loads were 1.8x10  ̂ and 9.8x10  ̂ genomes per pg DNA respectively. 

The L595F mutation was detected in 7/10 of these tissues, of which the average 

composition was 74% mutant virus (median 74.5%, range 67-79%). Patient 4 (figure 

3.7) was treated with GCV for 17 months, had a median HCMV tissue load of 1.4x10"̂  

genomes/jug DNA, and had resistance mutations in codons 595, 594, 520 and 460 all of 

which were present in the lymph nodes, salivary gland and the pancreas. Patient 5 

(figure 3.8) had the highest median HCMV tissue load of 1.8x10  ̂ genomes/^ig DNA 

and had resistance genotypes predominantly in the salivary and adrenal glands and 

spleen. To determine if a relationship between higher viral load and presence of 

mutations existed, a graph was plotted of presence or absence of mutations against 

increasing viral load. There was no statistically significant difference in viral load
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Clinical CMV 
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Figure 3.2. Quantitative Competitive Polymerase Chain Reaction.

One microgram of total DNA extracted from the individual tissues of post mortem 

patients was co-amplified in a gB PCR with varying concentrations of control sequence 
DNA. The amplicons were digested with Hpa 1 and separated by electrophoresis on a 

12% acrylamide gel. The three lanes under A show an ideal 50:50 ratio between the 
wild type and control sequence DNA against the numbers which indicate the genome 

copies of control sequence used in each experiment. The lanes under B show an excess 
of wild type DNA and the lanes under C show an excess of control sequence.
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Figure 3.3. Analysis of the Median HCMV Loads in Multiple Post Mortem 

Tissues.

The HCMV viral load was determined by quantitative competitive PCR. The PCR 

amplicons were analysed using the NIH image. The viral load determined by 

comparison of the density of the wild type DNA with the control sequence DNA. The 

HCMV loads were plotted for each patient in order of decreasing median viral load for 

each tissue (+). The adrenal gland, lymph nodes and liver had the highest median 

loads, and the kidney, duodenum and pancreas had the lowest HCMV loads.
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Figure 3.4. Distribution of Wild Type and Mutant UL97 Genotypes in Multiple 

Post Mortem Organs of AIDS Patient 1.

Distribution of genotypes at codons 594 and 595 in the HCMV UL97 gene in multiple 
post mortem organ samples from AIDS patient 1 following GCV therapy. The 
histograms represent the viral load of the wild type virus and each point mutation. 
Histograms for mutations 520 or 460 are not shown as the viral population was 
exclusively wild type in all organs.
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Wild type 
L595F

Post mortem organs

Figure 3.5. Distribution of Wild Type and Mutant UL97 Genotypes in Multiple 

Post Mortem Organs of AIDS Patient 2.

Distribution of genotypes at codon 595 in the HCMV UL97 gene in multiple post 

mortem organ samples from AIDS patient 2 following GCV therapy. The histograms 
represent the viral load of the wild type virus and each point mutation. Histograms for 

mutations 460, 520 and 594 are not shown as only wild type sequences were present in 
all organs.
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Figure 3.6. Distribution of Wild Type and Mutant UL97 Genotypes in Multiple 

Post Mortem Organs of AIDS Patient 3.

Distribution of genotypes at codons 460, 594 and 595 in the HCMV UL97 gene in 

multiple post mortem organ samples from AIDS patient 3 following GCV therapy. The 

histograms represent the viral load of the wild type virus and each point mutation. 

Histograms for mutations at codon 520 are not shown as only wild type sequences were 
found in all organs.
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Figure 3.7. Distribution of Wild Type and Mutant UL97 Genotypes in Multiple 

Post Mortem Organs of Patient 4.

Distribution of genotypes at codons 460, 520, 594 and 595 in the HCMV UL97 gene in 
multiple post mortem organ samples from AIDS patient 4 following GCV therapy. The 
histograms represent the viral load of the wild type virus and each point mutation.
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Figure 3.8. Distribution of Wild Type and Mutant UL97 Genotypes in Multiple 

Post Mortem Organs of AIDS Patient 5.

Distribution of genotypes at codons 460, 520, 594 and 595 in the HCMV UL97 gene in 

multiple post mortem organ samples from AIDS patient 5 following GCV therapy. The 
histograms represent the viral load of the wild type virus and each point mutation.
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Figure 3.9. Correlation between Presence of UL97 Mutations and Viral Load.

The viral load of each organ in which a UL97 point mutation occurred was plotted 

against each organ without a mutation. The mean (-) and median(-) viral load for each 

set is shown, suggesting there is no relationship between the occurrence of mutations 
and viral load.
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Figure 3.10. Correlation Between the Number of UL97 Mutations and Viral 

Load.

The number of point mutations, which occurred in each organ, was plotted against the 

viral load. The mean (-) and median (-) values for each set is shown, suggesting there 

is no relationship between viral load and number of point mutations in each organ.
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between organs with or without evidence of UL97 drug resistance mutations. In order 

to determine if a correlation exists between the presence of point mutations with an 

increasing viral load, the presence or absence of point mutations within the UL97 gene 

was plotted against viral load (figure 3.9). The Mann Whitney U test demonstrated a 

significant statistical difference between the presence or absence of mutations with the 

log median viral load, p=0.04 and p=0.02 respectively. Therefore the higher the 

median viral load, the higher the probability of generating a point mutation within the 

UL97 gene. A similar analysis was performed to determine if the number of mutations 

within the UL97 gene increases with a higher median viral load (figure 3.10). A 

significant P value (p=0.02) was observed for the presence of a single mutation, but not 

for >1 mutations, thus an increasing median viral load significantly correlated with the 

occurrence of 1 mutation.

3.3. Discussion

The nested PCR originally developed by Bowen et al, (1997) was redesigned with a 

new primer set in an attempt to increase the sensitivity of the assay. The optimised 

conditions enabled the detection of 500 copies of the UL97 using a plasmid containing 
a truncated UL97, however this sensitivity was not reflected in the amplification of 

UL97 from clinical samples. An explanation for this difference lies in the purity of the 

plasmid DNA, compared with the total DNA extracted from the post mortem tissues or 

the presence of inhibitory substances in the extracted DNA. However, attempts to 

counteract this by initial dilution of input DNA did not result in an increase in 

sensitivity. Finally, UL97 has a high degree of secondary structure due to its G:C 

composition, which may result in the decreased efficiency of primer annealing, so 

leading to a decrease in the overall sensitivity of the PCR.

Investigation of the multiple organs from the AIDS patients treated with ganciclovir 

has revealed quantitative differences in resistant genotypes between organs of the same 

individual. These data imply that different physiological compartments provide 

different niches for the evolution of resistance. This observation is reminiscent of data 

regarding the non-uniform distribution of HIV drug resistant genotypes on multiple 

organs of the same individual reported by others (Atkins et al., 1998, Wu et al., 1997). 

The differences between genotypic resistance in organs may reflect multiple factors.
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For example, if the viral load is lower or the replication of HCMV in particular cell 

types slower, then the evolution of resistance may be reduced. Alternatively, the tissue 

penetration and metabolism of ganciclovir to the active triphosphate form may differ 

between tissues due to the variable levels of virus encoded or host enzymes required for 

drug anabolism. For example, since the UL97 protein of HCMV is required for 

monophosphorylation of ganciclovir it is possible that organs with high levels of 

replication may be more likely to provide a high selective pressure for the evolution of 

genotypic resistance to GCV. However, since UL97 also facilitates inhibition of 

replication by activating GCV, high loads might be associated with imminent control of 

HCMV load and so a low risk of resistance. In this study a significant relationship 

between viral load in the organ and the quantitative presence of genotypic resistance 

was detected. Figure 3.9 shows a plot of the organs with and without mutations against 

viral load. A significant correlation was observed between median viral load and 

presence of mutations. This is also the case for the correlation of the number of 

mutations against the mean viral load for the occurrence of a single mutation. Strains 
of HCMV resistant to GCV through changes in UL97 usually appear within the first 

few months of therapy giving rise to low level resistance (Smith et al., 1997). This may 

be followed by the appearance of UL54 mutations selected by more extended periods 

of GCV therapy. The combination of UL97 and UL54 sequence variations occurs 

predominantly during extended periods of GCV therapy and such virus strains exhibit a 

high level of GCV resistance plus cross-resistance to cidofovir. Since UL54 mutations 

in the absence of UL97 mutations are rare, I concentrated on assessing the presence of 

UL97 mutations. A higher frequency of genotypic resistance was observed in patients 

who had been prescribed ganciclovir for longer periods of time but due to the small 

numbers of patients analysed, this relationship did not achieve statistical significance.

There are increasing data suggesting that drug resistant strains of virus are frequently 

debilitated in their replication capacity. This phenomenon has been described 

extensively for HTV drug resistant strains but has only recently been investigated for 

GCV resistant strains of HCMV (Bowen et al.,1998, Emery et al.,1999). Bowen et al. 

(1998) showed the repopulation of wild type HCMV strains versus UL97 resistant virus 

following replacement of ganciclovir therapy with cidofovir therapy consistent with 

cidofovir not requiring UL97 for activation. In addition, Baldanti et al. (1996) showed 

that mutations in UL54 (V715M and T700A) resulted in a virus with a slow growth
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phenotype. Interestingly, the viral loads detected in the tissues harbouring resistant 

virus was not always the highest load observed in all organs from the same individual. 

However, in all organs where genotypic resistance was identified a mixed population of 

species still existed indicating the persistence of wild type virus together with 

genotypic resistant virus under the influence of ganciclovir selection.

In summary, in patients exposed to continuous GCV therapy, resistance is common at 

autopsy and does not occur uniformly in different tissue types such that high level 

resistance in one organ is not always reflected in other organs of the same patient. 

Previous studies reported HCMV isolation from urine in only 8% of AIDS patients 

receiving GCV monotherapy (Yuen et al., 1995). It follows that merely assessing the 

appearance of resistant virus in one body compartment may provide misleading data as 

to the true prevalence of resistant virus in other target organs; information which should 

be considered in the design of future trials with other antiviral compounds active 

against HCMV.
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4.1. Introduction
The majority of enzymes encoded by the herpesviruses are involved in DNA replication 

and nucleotide metabolism, however very few herpesvirus protein kinase genes have been 

identified. This is notable since herpesvirus phosphoproteins in infected cells contribute a 

significant class of gene products ranging fi'om immediate early trans-activators (Pereira et 

ah, 1977) to structural components (Jahn et ah, 1987). Several phosphoproteins have been 

found to be associated with herpesvirus virions (Lemaster and Roizman., 1980, Roby and 

Gibson., 1986) and it has been suggested that these may be of cellular origin (Stevely et 

ah, 1985). Indeed, the functional role of cellular protein kinases in the phosphorylation of 

herpesvirus proteins may be important but their role has not been defined in detail. In an 

attempt to clarify the role of viral protein kinases, Chee et ah, (1989) identified protein 

kinases in each of the alphaherpesviruses (HSV-1 and VZV), betaherpesviruses (HCMV 

and HHV-6) and the gammaherpesviruses (EBV) by sequence homology. The HCMV 

UL97 and the HHV-6 U69 were identified by sequencing the //m dlll fragment of the 

HCMV AD 169 and the Sail fragment of HHV-6. Various computer based library searches 

were performed upon these genes and further herpesvirus proteins, and led to the 

identification of five herpesvirus protein kinase homologues based upon cellular protein 

kinase catalytic domains originally identified by Hanks et ah, (1988, described in section 

1.8). These included UL13 of HSV-1 (McGeoch et ah, 1988), ORF47 of VZV (Davison 

and Scott., 1986) and BGLF4 of EBV (Baer et ah, 1984), although homologies between 

BGLF4, 0RF47 and UL13 had previously been identified (Davison and Taylor., 1987, 

McGeogh et ah, 1988). The homology between these protein kinases however is very low, 

so identification of highly conserved residues found in protein kinases enabled the 

classification of the five herpesvirus proteins into the protein kinase superfamily. It was 

also found that all five genes reside in equivalent positions in their respective genomes. 

More recently further members of this protein class have been identified in HHV-7 (U69) 

and HHV-8 (ORF 36). This chapter describes the cloning and expression of the entire 

HCMV UL97 ORF using recombinant baculovirus systems.
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4.2 Results

4.2.1. PCR amplification of the HCMV UL97 ORF

A series of PCR reactions designed to amplify the complete UL97 gene were performed as 

described in section 2.1.2. Each reaction contained from lOOng to Ipg of template HCMV 

DNA and suitable control reactions were included. The PCR amplification products were 

separated by 1% agarose gel electrophoresis (figure 4.1) and a single product of 

approximately 2.2 kbp was observed, corresponding to the predicted size of the UL97 

ORF. No products were observed after amplification of the DNA extracted from 

uninfected cells.

4.2.2. Cloning of the UL97 into pGEM-T Easy

The PCR products were subjected to low melting point agarose gel electrophoresis (figure 

4.2). The band corresponding to the size of UL97 (2.2kbp) was excised from the gel and 

purified as described in section 2.1.3. The UL97 DNA was ligated into pGEM-T Easy (1:1 

molar ratio) as described in section 2.1.4. Each ligation was transformed into competent 

E.coli JM109 cells as described in section 2.1.5.

4.2.3. Restriction enzyme analysis of the putative recombinant clones

The putative recombinant clones were selected, plasmid DNA extracted (section 2.1.6) and 

analysed by restriction enzyme digestion with EcoRX as described in section 2.1.7. The 

digests shown in figure 4.3 revealed that all the clones picked contained the UL97 gene 

cloned into pGEM-T. The presence of UL97 in these clones was further confirmed by 

performing a PCR with UL97 specific primers (section 2.1.1.) as shown in figure 4.4.

4.2.4. Sequencing of the UL97 ORF

DNA sequencing of the entire cloned UL97 ORF revealed a number of differences from 

the database sequence available on Genbank, however these mutations were non-coding 

point mutations. These DNA mutations are listed in table 4.1 and include the sequence 

differences between Towne and AD 169.
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Figure 4.1. Polymerase Chain Reaction Amplification of the UL97 ORF.

The HCMV UL97 ORF was amplified using the DyNAzyme proof-reading enzyme from 

different DNA concentrations extracted from HCMV-infected HEL cells. The PCR 

amplicons were analysed by 1% gel electrophoresis. Negative controls were included in 

the PCR amplification.
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UL97

Purified UL97

Figure 4.2. Purification of the PCR-Amplified UL97.

The PCR-amplified UL97 was excised and purified from a 1% low melting point gel. The 

purified UL97 was analysed by 1% gel electrophoresis to determine the purity and 

concentration of the UL97 DNA required to give a 1:1 molar ratio for cloning into pGEM 

T-easy. Lanes 1, 2 and 3 show individual DNA purifications.
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Figure 4.3. Restriction Enzyme Digestion of pGEM-UL97.

Five pGEM-UL97 clones were digested with the restriction enzyme E’coRl. The digests 

were analysed by 1% gel electrophoresis. The pGEM-UL97 contains 2 EcoK\ restriction 

sites in the pGEM multiple cloning region but none in the UL97, thus the UL97 was 

cleaved from the vector.
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4.2.5. Restriction enzyme digestion of pGem-T-UL97, pBIueBacHis and pMelBac

The plasmid pGEM-T-UL97 and the baculovirus transfer vectors pBlueBacHis and 

pMelBac were digested with HindlW and Kpnl (figures 4.5 and 4.6 respectively). The 

digests were electrophoresed in a low melting point agarose gel and the band 

corresponding to the UL97 ORF was excised from the gel and purified by the method 

described in section 2.1.3. The digested, purified UL97 was analysed by 1% agarose gel 

electrophoresis (figure 4.7).

4.2.6. Subcloning of the UL97 into the baculovirus transfer vectors pBlueBacHis and 

pMelBac

Ligations between UL97 and pBlueBacHis and pMelBac were performed at a 1:1 molar 

ratio and each ligation was transformed into the JM109 strain of E.coli using the method in 

section 2.1.5. Plasmid DNA was extracted from 5 overnight cultures of E.coli and 

subjected to a double restriction enzyme analysis with Xho\ and Sail as shown in figure 

4.8. All the plasmid digests gave bands of the expected molecular size and plasmids from 

cultures 1 (pBlueBacHis-UL97) and 4 (pMelBac-UL97), designated BBH-WT and MB- 

WT respectively, were selected for cotransfection. All plasmids obtained from the E.coli 

cultures were subjected to PCR with the UL97 specific primers described in section 2.1.1. 

The agarose gel analysis is shown in figure 4.9, illustrating that all the plasmids gave a 

band corresponding to the molecular size of UL97 (approx 2.2kbp).

4.2.7. Co-transfection of BBH-WT, MB-WT and Bac-N-Blue linearized DNA to 

produce recombinant baculoviruses

The baculovirus transfer vectors BBH-WT and MB-WT and the linearized Bac-N-Blue 

DNA were cotransfected into Sf21 cells with the aid of insectin liposomes using the 

method described in section 2.1.20. The cotransfection supernatant was harvested and 

subjected to plaque assay as described in section 2.1.21. Following the staining of the 

assay (figure 4.10), the putative plaques were selected, expanded and analysed as in section

2.1.23. The supernatant was harvested and the DNA extracted from the infected cells of the 

PI stock and subjected to a PCR with both UL97 specific and baculovirus specific primers 

as described in section 2.1.1 and 2.1.23. The PCR products were analysed by 1% agarose
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Figure 4.4. Polymerase Chain Reaction Analysis of pGEM-UL97.

Twelve individual pGEM-UL97 clones were subjected to a PCR using UL97-specific 

primers to ensure the UL97 had been cloned into the pGEM-T vector. The PCR amplicons 

were analysed by 1 % gel electrophoresis.
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Figure 4.5. Baculovirus Transfer Vector pBlueBacHis C (Invitrogen).

P p h  = polyhedrin promoter; ATG = start codon; (His)6 = hexahistidine tag; EK = 

enterokinase cleavage site; MCS = multiple cloning site; recombination sequences allow 

the transfer vector to align with the appropriate baculovirus DNA; ColEl = allows the 

transfer vector to be maintained in E.coli’, Amp = selectable marker; LacZ = gene encoding 

p-galactosidase; P e t l  = baculovirus promoter driving expression of LacZ gene.
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Figure 4.6. Bacuiovirus Transfer Vector pMelBac C (Invitrogen).

Pph = polyhedrin promoter; ATG = start codon; HBM = honey bee melittin signal 

sequence; recombination sequence allows the transfer vector to align with the appropriate 

bacuiovirus DNA; ColEl = allows the transfer vector to be maintained in E.coli; Amp = 

selectable marker; LacZ = gene encoding p-galactosidase; P etl = bacuiovirus promoter 

driving expression of the lacZ gene.
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Figure 4.7. Purification of the Digested UL97.

A single pGEM-UL97 clone was digested with HinélW and Kpn\ and subjected to low 

melting point 1% agarose gel electorphoresis. The band was excised, purified and 

subjected to 1% gel electrophoresis to determine the approximate concentration of the 

digested DNA.
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assay (figure 4.10), the putative plaques were selected, expanded and analysed as in section

2.1.23. The supernatant was harvested and the DNA extracted from the infected cells of the 

PI stock and subjected to a PCR with both UL97 specific and bacuiovirus specific primers 

as described in section 2.1.1 and2.1.23. The PCR products were analysed by 1% agarose 

gel electrophoresis, as shown in figure 4.11. and revealed a single DNA band 

corresponding to the approximate size of the UL97 without contamination by wild type 

bacuiovirus DNA. The UL97-specific primers generated a product of 2142bp, the 

bacuiovirus primers for BVMB-UL97 generated a product of 2466bp and for BVBBH- 

UL97 generated a product of 2478bp.

4.2.8. Analysis of protein expression of BVBBH-WT and BVMB-WT

The recombinant UL97 containing bacuiovirus stocks were expanded into high titre stocks 

as described in section 2.1.24. The expression of UL97 by the viruses were analysed by 

SDS-PAGE followed by Coomassie brilliant blue staining and Western blot as described in 

sections 2.4.4. to 2.4.6. Negative controls (BVLacZ and mock infected) were included in 

each experiment and similarly analysed. Sf21 cells were infected with the p-3 stock of the 

viruses at an MOI of 1,5 and 10 and harvested at 24, 48 and 72 hours post infection. Crude 

lysates of the proteins were prepared and subjected to SDS-PAGE. The proteins were 

stained with Coomassie brilliant blue and electrophoretically transferred onto PVDF 

membrane. The membrane was then probed with an anti-UL97 monoclonal antibody as 

described in section 2.4.6. The Coomassie blue stained gel (figure 4.12) showed the 

accumulation of the p-galactosidase protein expressed by the polyhedrin promoter over 

time and the down regulation of the cellular proteins characteristic of bacuiovirus 

infection. A protein band was detected which corresponded to the molecular weight of the 

UL97 (BVBBH 96 kDa and BVMB 90 kDa) which accumulated from 48 hours post 

infection and was maximal at 72 hours post infection. This accumulation was confirmed by 

the Western blot (figure 4.13.), which also indicated that an MOI 10 and 72 hours post 

infection was optimal for expression of the UL97.
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Figure 4.8. Restriction Enzyme Digestion of pBlueBacHis-UL97 and pMelBac-UL97.

Individual clones of the pBlueBacHis-UL97 and pMelBac-UL97 bacuiovirus transfer 

vectors were digested with the restriction enzymes Xho\ and Sail. The digests were 

analysed by 1% agarose gel electrophoresis. The transfer vectors contain one restriction 

site in the multiple cloning site for each of the enzymes enabling the UL97 to be digested 

from the transfer vectors as a single band.
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Figure 4.9. PCR analysis of the pBIueBacHis-UL97 and the pMelBac-UL97.

Individual clones of the pBlueBacHis-UL97 and pMelBac-UL97 were subjected to a PCR 

using UL97-specific primers to ensure the UL97 had been incorporated into the 

bacuiovirus transfer vectors. The PCR amplicons were analysed by 1% agarose gel 

electrophoresis.
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Figure 4.10. Plaque Purification of the Putative Recombinant Baculoviruses BVBBH- 

WT and BVMB-WT.

The cotransfection culture media was serially diluted and subjected to plaque assay at neat, 

10-1 and 10-2 dilutions in duplicate. The plaque assays were stained with X-Gal and the 

individually blue stained plaques were picked and analysed for the presence of 

recombinant UL97-expressing bacuiovirus.
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Figure 4.11. PCR Analysis of Plaque Purified Recombinant Baculoviruses.

The culture media was harvested from the cotransfection of the bacuiovirus transfer 

vectors pMelBac-UL97 and pBlueBacHis with Bac’N’ Blue linearized bacuiovirus DNA 

into Sf21 insect cells. The media was subjected to plaque assay and puative plaques were 

picked. Sf21 insect cells were infected with each of the putative recombinant viruses for 4 

days, the DNA was harvested from the cells and was subjected to PCR with both UL97- 

specific and baculovirus-specific primers. The amplicons were analysed by 1% agarose gel 

electrophoresis.
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Figure 4.12. Time Course of UL97 Expression in BVMB-UL97 and BVBBH-UL97 

Infected Insect Cells.

Crude lysates of the Sf21 insect cells infected with the recombinant UL97 baculoviruses 

BVMB-UL97 and BVBBH-UL97, plus the BVLacZ control and mock infected cells were 

subjected to SDS-PAGE. Duplicate gels were either stained with Coomassie brilliant blue 

(A) or electrophoretically transferred to PVDF membrane and analysed by Western 

blotting (B). Both methods identified a protein product which accumulated from 48 hours 

post infection of approximately 80-85kDa.
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4.3. Discussion
Recombinant bacuiovirus expression systems are now one of the most common ways for 

the production of recombinant proteins in a eukaryotic environment. They have the distinct 

advantage over E.coli expression systems whereby eukaryotic post translational 

modifications are performed and the proteins are largely soluble. Transfer vectors are now 

widely available which enable the easy purification of the recombinant proteins. These 

code for N- and C- terminal fusion tags such as GST, hexahistidine and thioredoxin, which 

are generally supplied with monoclonal antibodies specific to the tags and the honey bee 

melitin secretion signal to enable secretion of the recombinant protein and purification 

from tissue culture fluid. Furthermore, technologies have progressed such that the gene of 

interest can be amplified by PCR and directly cloned into transfer vectors so reducing the 

time to generate a recombinant bacuiovirus from a number of weeks to a number of days.

The UL97 sequence was analysed to enable identification of restriction enzymes which do 

not perform internal digestions on the UL97, and primers were designed to incorporate the 

restriction sites. The cloning and transfer vectors used to generate the bacuiovirus 

contained only one restriction site for the enzymes identified, thus enabling identification 

of recombinant clones without having to perform complex restriction fragment length 

polymorphism analysis. The entire UL97 was amplified and cloned into the pGEM-T-easy 

vector which enables blunt ended PCR products to be cloned by utilising the T overhang 

generated by every PCR reaction. These vectors dramatically ease the cloning of a PCR 

product and reduce the time to perform the cloning procedure. The recombinant clones 

were identified and restricted with the appropriate enzymes to allow the subcloning of the 

UL97 ORE into the bacuiovirus transfer vectors. This step can now be performed directly 

from the PCR product without the need for incorporation of restriction sites in the primers. 

The TA technology originating in the cloning vectors such as pGEM-T-Easy has been 

adapted for the directional cloning of PCR products into transfer vectors using 

topoisomerase I rather than DNA ligase. The 5’ primer is designed with CACC at the 5’ 

end to enable the directional cloning and the topoisomerase is covalently bound to the 

transfer vector to increase the efficiency of ligation. At this point, the gene can be 

sequenced to ensure both the correct orientation of the gene and the correct DNA 

sequence.
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The entire UL97 was cloned because expression of recombinant proteins from the transfer 

vectors pBluBacHis and pMelBac require the cloned gene to provide a start codon (ATG) 

downstream of the polyhedrin promoter. The recombinant transfer vectors were 

cotransfected with Bac-n-Blue™ DNA into insect cells using Insectin™ liposomes which 

are positively charged insect cell specific liposomes. The recombinant plaques were 

identified by virtue of the blue staining of the plaques due to expression of p-galactosidase 

upon the addition of X-gal.

The efficiency of the cotransfection procedure greatly depends upon the quality of the 

transfer vector DNA. For this reason, the large scale preparation of transfer vector plasmid 

(section 2.1.6) was performed using an endotoxin removal step and anion exchange which 

efficiently removes contaminating substances. Another important factor which affects the 

efficiency of cotransfection is the choice of liposome. Insectin was used due to its charged 

properties, and proved to be efficient. The recombinant plaques were analysed by PCR 

using bacuiovirus specific primers, which showed recombination had occurred at the 

correct loci. The recombinant baculoviruses were expanded into high titre stocks and 

analysed for protein expression. UL97 was detected by Coomassie brilliant blue staining 

from 48 hours post infection, typical of the very late polyhedrin promoter kinetics. The 

expression of MB-UL97 was particularly high, compared with the BBH-UL97 which was 

somewhat unexpected as historically bacuiovirus expression of UL97 and the related 

HHV-6 U69 protein kinase usually occurs at low levels. Secondly, the MB-UL97 has a 

honey bee melitin secretion signal sequence, designed to enable secretion of UL97 for 

large scale purification. It has been reported that some proteins are less well expressed in 

insect cells than others (King and Possee, 1992). For instance it was generally found that 

glycoproteins, secreted proteins and membrane bound proteins were expressed at lower 

levels than structural proteins. This may suggest that the melitin secretion signal sequence 

could lower the expression of the UL97 in insect cells. The expression of the UL97 was 

good however, especially compared to that of the BBH-UL97 which contained a 4kDa 

hexahistidine N-terminal fusion. Other reports of protein kinases expressed in insect cells 

encoding this N-terminal fusion also showed relatively poor expression, suggesting this 

fusion limits the expression of the protein in such expression systems (Ansari and Emery, 

2000, He et al., 1997). The MB-UL97 had to be purified using conventional biochemical
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techniques as it did not contain a purification tag such as the hexahistidine tag of the BBH- 

U97.

One problem with expression of recombinant proteins from baculovirus-infected insect 

cells is the constant necessity to infect cells in order to generate the protein of interest. This 

can now be overcome by the stable transfection of a plasmid fusion containing the gene of 

interest into insect cell lines, where expression is driven by the bacuiovirus Orgyia 

pseudotsugata multicapsid nuclear polyhedrosis virus (OpMNPV) promoter, Opie-2. The 

PCR generated gene of interest is cloned into a donor vector using the topoisomerase 

method described above. An acceptor vector, containing the appropriate transcription 

regulatory sequences and the translation initiation sequences, is mixed with the donor 

vector and recombination occurs via the cre-lox site-specific recombination system using 

Cre recombinase. The plasmids are transformed into TOP 10 E.coli and the recombinants 

selected by antibiotic resistance markers. The recombinant plasmid is then transfected into 

insect cells such as Sf9, High Five or Sf21 and stable cell lines expressing the protein of 

interest are created by blasticidin selection. These cell lines can be used to express the 

protein either in adherent cell culture or in a suspension culture. The advantages of this 

system include the stable production of recombinant proteins in a eukaryotic environment, 

so negating the need for performing continuous infections to produce proteins. A major 

disadvantage to this technique however was that even under optimal conditions, only 10 -  

20% of cells are transformed and the selection of a clonal stable cell line requires careful 

manipulation. Stable cell lines are created by multiple copy integration of the vector. This 

can be overcome by generating a polyclonal cell line where the transfected cells are 

allowed to grow under blasticidin selection while the untransfected cells are killed. Some 

groups have found relatively high levels of constitutive expression (Hegedus et al., 1999), 

but others have found protein expression was not as high as might be expected from 

bacuiovirus late promoters such as polyhedrin (Jarvis et al., 1996). However, once 

transformed, the transfected cell lines are maintained is the same manner as uninfected 

cells but under continuous blasticidin selection.
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5.1. Introduction
The Bacuiovirus expression system generally produces large amounts of soluble 

recombinant protein. Thus the aim of the present study was to express large amounts of the 

recombinant UL97 protein using the Bacuiovirus expression system for purification and 

biochemical analysis of the impact of GCV resistance mutations on the function of UL97. 

In order to facilitate purification, two recombinant UL97 protein species were made, both 

designed to use different purification strategies. The first was expressed as a fusion protein 

with an N-terminal hexahistidine tag. The hexahistidine tag is designed to be used in 

immobilised metal chelate affinity chromatography (IMCAC) using nickel ions covalently 

attached to agarose beads. The six histidine residues bind the immobilised Ni^^-NTA and 

elution is performed by competition for the Ni^  ̂ by providing high concentrations of 

imidazole or EDTA, which have a higher affinity for the Ni^^ ions than histidine. The 

second encoded the honey bee melitin secretion signal to induce the secretion of the UL97 

into the tissue culture medium. Serum free suspension cell culture is used for protein 

secretion experiments as firstly, the protein can be secreted from every surface of the cell in 

suspension, so increasing the yield of protein. Secondly, purification of a recombinant 

protein from tissue culture medium, which contains relatively few proteins and no serum, is 

considerably easier than purification away from total cell proteins.

Mutations were introduced into the UL97-transfer vector by site directed mutagenesis. 

These mutations included a combination of GCV resistance mutations, a 1263W94 

resistance mutation and structural mutations to examine the relative importance of specific 

amino acid residues within catalytic domains of the UL97 kinase. The most frequently 

described GCV resistance mutations occur in codons 460, 520, 594 and 595 as discussed in 

chapter 3. The 520, 594 and 595 mutations occur in the region of the UL97 kinase proposed 

to be responsible for substrate recognition. Although GCV is a nucleoside analogue and its 

mode of action depends upon the initial phosphorylation by UL97, UL97 is not a nucleoside 

kinase so it is somewhat surprising that UL97 uses GCV as a substrate. This begs the 

question, how exactly do the mutations affect the function of the kinase with respect to GCV 

phosphorylation and indeed, do they affect the natural function of the protein since they 

reside in the substrate recognition domain. Mutations occurring at codon 460 are more 

surprising since this codon occurs within the conserved kinase domain HRDLKXXN,
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although the codon corresponds to a non-conscrved amino acid, as described in chapter 1. 

This motif forms the catalytic loop responsible for phosphotransfer, so it is reasonable to 

assume mutations at codon 460 may impair phosphotransfer.

The data presented in this chapter describes the optimisation of the expression of 

recombinant UL97 as both a hexahistidine tagged protein and as a secreted protein. 

Optimisation of the secretion of UL97 into tissue culture medium was performed. The 

proteins were purified to near homogeneity using conventional biochemical purification 

techniques including ammonium sulphate precipitation and anion exchange 

chromatography. The purified UL97 was used to analyse the enzyme kinetics of 

autophosphorylation of each of the wild type and mutant UL97 proteins.

5.2. Results

5.2.1. Preparation of soluble protein extracts from insect cells

Sf21 insect cells were infected at an MOI of 10 with the baculoviruses BVMB-UL97, 

BVBBH-UL97, BVLacZ or were mock infected. The cells were harvested at 24, 48 or 72 

hours post infection and the crude cell lysates were prepared as in section 2.4.1. The 

insoluble proteins and cell debris were removed by centrifugation and the soluble fraction 

was subjected to SDS-PAGE. The proteins were analysed by staining with Coomassie 

brilliant blue or were electrophoretically transferred onto PVDF membrane (section 2.4.6) 

and probed with either anti-RGS His antibody or anti-UL97 monoclonal antibody. Figure

5.1. shows the MB-UL97 can be identified on the Coomassie brilliant blue stained gel and 

the Western blot. The BBH-UL97 was not identified on the Coomassie blue gel but was 

readily detectable on the Western blot, (figure 5.1 is identical to figure 4.10).

5.2.2. Protein kinase assay of the soluble crude lysate of Bacuiovirus infected cells

To determine if the UL97 expressed by insect cells was functional, crude lysates from 

BVMB-UL97, BVBBH-UL97, BVLacZ and mock infected insect cells were subjected to a 

protein kinase assay (section 2.5.1) for 30 minutes at 37°C. The reactions were terminated 

by the addition of sample buffer, subjected to SDS-PAGE and exposed to autoradiography. 

The assay analyses the catalysis of transfer of the y-radiolabelled phosphates from ATP to 

UL97 itself (autophosphorylation). The autoradiograph showed a major radiolabelled
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protein species, which co-migrated with UL97 as shown in the Western blot (figure 5.1), 

accumulated from 48 hours to 72 hours (figure 5.2). This protein species was not present in 

the crude lysates from mock infected and BVLacZ infected insect cells, indicating UL97 

was becoming phosphorylated.

5.2.3. Secretion of UL97 from infected insect cells

The Bacuiovirus BVMB-UL97 encodes the Honey bee melitin secretion signal sequence 

fused to the recombinant UL97 to enable the secretion of UL97 following expression. To 

determine if the UL97 is secreted from Sf9 serum free insect cells in suspension culture, 10̂  

Sf9 cells in 10ml Sf900 serum free medium were infected with BVMB-UL97, BYBBH- 

UL97, BVLacZ or mock infected at an MOI 5 for 1 hour. The cells were centrifuged and the 

medium was replaced with 50ml fresh medium. The cells and culture medium was harvested 

at 24, 48, 72 and 96 hours post infection. The tissue culture fluid was concentrated using a 

Centricon 50 concentration tube and the crude cell lysate was prepared as in section 2.4.1. 

The crude lysate and concentrated culture medium were subjected to SDS-PAGE and the 

proteins were either stained with Coomassie brilliant blue or electrophoretically transferred 

to PVDF membrane. The MB-UL97 was detected in the crude lysates of the insect cells by 

Western blot accumulating from 48 hours (figure 5.3), but no such species was detected in 

the BVLacZ or mock infected cells. MB-UL97 was not detected in the concentrated culture 

medium in either the Western blot (figure 5.4) or the Coomassie brilliant blue stained gel 

(figure 5.5).

5.2.4. Optimisation of secretion of UL97 from infected insect cells

Sf9 insect cells were infected or mock infected with BVMB-UL97 and BVLacZ at an MOI 

of 10, 15 and 20. The viruses had previously been passaged through Sf9 serum free insect 

cells and titred by plaque assay. The cells and culture medium were harvested at 24, 48, 72 

and 96 hours post infection. The crude lysate and the concentrated culture medium were 

subjected to SDS-PAGE and the proteins stained with Coomassie brilliant blue or 

electrophoretically transferred to PVDF membrane and probed with anti-UL97 monoclonal 

antibody. UL97 was detected by Western blot (figure 5.6) in the crude lysate of the infected 

cells, accumulating from 48 hours post infection. UL97 was not detected in the
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Figure 5.1. Phosphorylation of Bacuiovirus expressed UL97.

Insect cells were infected with BVMB-UL97, BVBBH-UL97, BVLacZ or mock infected 

and harvested at 24, 48 or 72 hours post infection. The protein extracts were subjected to a 

protein kinase assay, separated by SDS-PAGE and exposed to autoradiography. A major 

phosphorylated species was identified from 48 hours post infection and was optimal at 72 

hours post infection. The phosphorylated species comigrated with the recombinant UL97 

identified by Western blot. The histidine-tagged (BBH) UL97 migrated slower than the 

melitin-tagged (MB) UL97.
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Figure 5.2. Time Course of Expression of UL97 in Recombinant Bacuiovirus Infected 

Serum Free Insect Ceils.

Crude lysates of Sf9 serum free insect cells infected with BVBBH-UL97, BVMB-UL97, 

and BVLacZ at an MOI 5 and mock-infected cells were subjected to SDS-PAGE and 

Western blot. Maximal UL97 expression was observed at 72 hours post infection, as in Sf21 

cells. No signal was detected in the BVLacZ or the mock infected cells.

166



5,0 UL97 Expression, purification and biochemistry

97.4kDa

.JP

24 48 72 24 48 72 24 48 72 24 48 72

•i

66kDa—►■fe - ^  - ####

Figure 5.3. Time Course of UL97 Expression and Secretion from Sf9 Serum Free 

Insect Cells.

The tissue culture medium from Sf9 serum free insect cells infected with BVMB-UL97, 

BVBBH-UL97, BVLacZ and mock infected cells was harvested at 24, 48 and 72 hours post 

infection. The medium was subjected to SDS-PAGE and Western blot. UL97 was not 

detected in the medium at any stage during the time course, or when maximal UL97 

expression was observed in the crude cell lysate.
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Figure 5.4. Expression and Secretion of Recombinant UL97 from Serum Free Insect 

Cells Following Protein Concentration.

Sf9 serum free insect cells were infected at an MOI 5 for 24, 48, 72 and 96 hours. The 

culture medium was harvested at each time point, concentrated using a Centricon 50 

concentration tube, subjected to SDS-PAGE and stained with Coomassie brilliant blue. 

UL97 was not detected in the concentrated culture medium at any time point. Serum was 

detected suggesting the virus should be passaged through serum free cells to ensure its 

removal.
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corresponding concentrated culture medium at any time point or MOI by either Western blot 

(figure 5.7) or the Coomassie brilliant blue stained gel (figure 5.8).

5.2.5. Optimisation of the ammonium sulphate precipitation

The crude lysate of the BVMB-UL97 infected insect cells was made up to 100ml with 

50mM Tris HCl, pH 7.6, lOOmM NaCl. Ammonium sulphate was added to give a 10%, 

20%, 30%, 40%, 50% and 60% saturation of the protein solution as in section 2.4.2. 

Following each cut, the precipitated proteins were removed by centrifugation at 4°C, 

dissolved in 1ml 50mM Tris HCl, pH 7.6, lOOmM NaCl and dialysed in this buffer 

overnight at 4°C. The insoluble protein pellets were removed by centrifugation and both the 

soluble and insoluble fractions were subjected to SDS-PAGE, stained with Coomassie 

brilliant blue or electrophoretically transferred to PVDF membrane and probed with anti- 

UL97 monoclonal antibody. The UL97 was not detected when stained with Coomassie 

brilliant blue (figure 5.9). The majority of UL97 detected by Western blot (figure 5.10) was 

precipitated between 20% to 40% ammonium sulphate and all the UL97 detected was 

insoluble.

5.2.6. Optimisation of the solubility of UL97

The crude lysate of BVMB-UL97 infected cells was subjected to a 20% to 40% ammonium 

sulphate precipitation, re-dissolved in 50mM Tris HCl at pH 7.0, 7.5, 8.0 and 8.5, lOOmM 

NaCl. The precipitated proteins were dialysed to 1/10 000 dilution of ammonium sulphate in 

50mM Tris HCl, lOOmM NaCl, at the same pH in which the proteins were dissolved. The 

insoluble proteins were pelleted by centrifugation and both the soluble and insoluble 

fractions were subjected to SDS-PAGE, stained with Coomassie brilliant blue or 

electrophoretically transferred to PVDF membrane for Western blot (figure 5.11). The 

optimal solubility of UL97 occurred when the proteins were re-dissolved in 50mM Tris HCl, 

pH 8.5, lOOmM NaCl (figure 5.11). To increase the solubility of the proteins following 

precipitation, 1% Triton-X-100 or 0.5% Sarkosyl was added to the buffer. This did not result 

in an increase in solubility of the UL97.
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Figure 5.5. Western Blot of MOI Optimisation for UL97 Expression and Secretion.

Crude lysates of serum free Sf9 insect cells infected with BVMB-UL97 at an MOI 10, 15 or 

20 were subjected to SDS-PAGE and Western blot. The recombinant UL97 was expressed 

from 48 hours post infection and was optimal by 72 hours post infection.
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Figure 5.6. Western Blot of concentrated secreted proteins from BVMB-UL97 infected 

insect cells.

The tissue culture medium was harvested from Sf9 insect cells infected with BVMB-UL97 

at an MOI of 10, 15 or 20. The medium was concentrated using Centricon 50 concentration 

tubes, subjected to SDS-PAGE and Western blot. UL97 was not detected in the concentrated 

protein supernatant at any time point post infection, or at any MOI.
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Figure 5.7. Optimisation of Secretion of UL97 from BVMB-UL97 Infected Insect Cells.

The culture medium from Sf9 insect cells infected at an MOI 10, 15 or 20 by BVMB-UL97 

was harvested from 24 to 96 hours post infection, concentrated and subjected to SDS-PAGE. 

The gel was stained with Coomassie brilliant blue, but UL97 was not detected in the 

concentrated culture supernatant at any MOI or for up to 96 hours post infection.
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Figure 5.8. Optimisation of the Ammonium Sulphate Precipitation.

The crude lysate of insect cells infected with BVMB-UL97, expressing UL97 was subjected 

to a 10% to 60% ammonium sulphate precipitation. The proteins precipitated out at each cut 

were pelleted, resuspended in 50mM Tris HCl, pH 7.6, lOOmM NaCl, dialysed overnight at 

4°C and subjected to SDS-PAGE. The gel was stained with Coomassie brilliant blue and 

UL97 was observed at 72 hours post infection in the crude lysate, but not observed 

following precipitation.
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Figure 5.9. Optimisation of the Ammonium Sulphate Precipitation.

The crude lysate of the BVMB-UL97 infected cells was subjected to a 10% to 60% 

ammonium sulphate precipitation. The precipitated proteins were resuspended in 50mM Tris 

HCl, pH 7.6, lOOmM NaCl, dialysed overnight at 4°C and the insoluble proteins were 

pelleted. The soluble and insoluble fractions were subjected to SDS-PAGE and Western 

blot. The majority of UL97 was precipitated between 20% to 40%, but the majority of the 

UL97 was insoluble.
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5.2.7. Anion exchange chromatography

The crude lysate of BVMB-UL97 infected cells was subjected to a 20% to 40% ammonium 

sulphate precipitation. The precipitated proteins were dialysed in 50mM Tris HCl, pH 8.5, 

lOOmM NaCl at 4°C to give a total dilution of 1/10 000 of the ammonium sulphate. The 

insoluble proteins were removed by centrifugation and the soluble fraction was applied to 

DEAE cellulose. The anion exchange chromatography was optimised by binding the UL97 

to the DEAE cellulose in either 20mM Piperazine which has optimal buffering capacity of 

pH 5.0 to 6.0, 20mM bis-Tris propane (pH 6.5 to 7.0), 20mM Tris HCl (pH 7.5 to 8.5) and 

20mM Ethanolamine (pH 9.0). The binding was performed at 4°C for 1 hour and the 

proteins were eluted in IM NaCl in their respective buffers. The eluted proteins were 

initially concentrated with a Centricon-50 concentration tube then subjected to SDS-PAGE 

and either stained with Coomassie brilliant blue (data not shown) or electrophoretically 

transferred to PVDF membrane and probed with anti-UL97 monoclonal antibody (figure 

5.12). The majority of UL97 was eluted from the DEAE cellulose at pH 8.0 and 8.5, 

although a large proportion of the UL97 was eluted at pH 6.0. Thus the optimal conditions 

for binding UL97 to DEAE cellulose occurred in 20mM Tris HCl, pH 8.0, 20mM NaCl. An 

optimal salt concentration for elution of the UL97 occurred at 0.5M NaCl with a prior wash 

in 20mM Tris HCl, pH 8.5, 50mM NaCl to remove contaminating proteins.

5.2.8. Immunoprécipitation of UL97

The UL97 purified to near homogeneity by ammonium sulphate precipitation and anion 

exchange chromatography was subjected to immunoprécipitation using a mouse anti-UL97 

monoclonal antibody as described in section 2.4.4. The antigen-antibody complex was 

disassociated in by centrifugation in disassociation buffer at either pH 2.5 or pH 9.0 and 

immediately neutralised in 0.2 volumes of Tris HCl, pH 9.0. Aliquots of the protein were 

subjected to SDS-PAGE and exposed to autoradiography (figure 5.14).

5.2.9. Purification of the recombinant wild type and mutant UL97 proteins.

The wild type and mutant UL97 proteins were subjected to ammonium sulphate 

precipitation followed by anion exchange chromatography, concentration and subjected to 

SDS-PAGE and either stained with Coomassie brilliant blue (figure 5.13 A and B) or 

electrophoretically transferred to PVDF membrane and probed with an anti-UL97
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Figure 5.10. Ammonium Sulphate Precipitation of UL97.

The crude lysate of BVMB-UL97 infected insect cells was subjected to a 20% to 40% 

ammonium sulphate precipitation. The precipitated proteins were dialysed overnight at 4°C 

in 50mM Tris HCl, pH 8.5, lOOmM NaCl and centrifuged to remove the insoluble proteins. 

SDS-PAGE was performed on the soluble and insoluble proteins and the gel was stained 

with Coomassie brilliant blue. The majority of the UL97 remained insoluble, but a very 

small proportion of the UL97 was soluble.

176



5.0 UL97 Expression, purification and biochemistry

UL97

pH 5.0 5.5 6.0 6.5 7.0

pH

UL97

20mM Piperazine

7.5 8.0 8.5

20mM bis-Tris propane 

9.0

20mM Tris HCl 20mM Ethanolamine

F i g u r e  5 . 1 1 .  O p t i m i s a t i o n  o f  A n i o n  E x c h a n g e  C h r o m a t o g r a p h y .

The crude lysate of BVMB-UL97 infected cells was subjected to a 20% to 40% ammonium 

sulphate precipitation and the precipitated proteins dialysed 0/N to give a total of 1/10 000 

ammonium sulphate. The soluble proteins were subjected to anion exchange (DEAE 

cellulose) chromatography to optimise the pH for protein binding to the DEAE. The proteins 

were eluted in IM NaCl in their respective buffers. Following SDS-PAGE and Western blot, 

the majority of UL97 was found to be eluted in 20mM Tris HCl, pH 8.0 to 8.5 and was 

soluble, although protein was also eluted in pH 6.0.
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F i g u r e  5 . 1 2  A. P u r i f i c a t i o n  o f  t h e  W i l d  T y p e  a n d  M u t a n t  U L 9 7  p r o t e i n s .

The wild type and mutant UL97 proteins were purified to near homogeneity using a 

combination of ammonium sulphate precipitation followed by anion exchange 

chromatography. The proteins were concentrated to approximately 50pl and subjected to 

SDS-PAGE followed by Coomassie brilliant blue stain (upper panel) or Western blot using 

an anti-UL97 monoclonal antibody. One band is visible on the Coomassie stained gel, which 

comigrated with the UL97 detected by Western blot.
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F i g u r e  5 . 1 2  B .  P u r i f i c a t i o n  o f  t h e  w i l d  t y p e  a n d  m u t a n t  U L 9 7  p r o t e i n s .

The wild type and mutant UL97 proteins were purified to near homogeneity. The single 

bands detected in the Coomassie blue stained gel (upper panel) comigrated with the UL97 

detected by Western blot (lower panel).
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Figure 5.13. Immunoprécipitation of UL97

UL97 was initially subjected to ammonium sulphate precipitation, concentrated, ion 

exchange chromatography then immuno-affmity chromatography using an anti-UL97 

monoclonal antibody. The antibody-antigen complex was dissociated in buffer at pH 2.5 or 

9.0 and the purified UL97 subjected to a protein kinase assay. Following SDS-PAGE, the 

gel was exposed to film and the autoradiograph is shown. Only a small portion of the UL97, 

which was eluted at pH 2.5 with immediate neutralisation, was active.
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monoclonal antibody (figure 5.13 A and B). One major single band was observed on the 

Coomassie blue stained gel, which comigrated with the UL97 probed on the Western blot. 

This suggested the proteins were purified to near homogeneity.

5.2.10. Analysis of UL97 autophosphorylation.

The autophosphorylation reaction of UL97 was investigated with respect to time using ATP 

as the phosphate donor. The protein kinase reactions were performed from 2 to 60 minutes 

and analysed by SDS-PAGE and autoradiography. The amount of radiolabel incorporated at 

each time point was determined using the BioRad Multianalyst and the density of each band 

determined against the incubation time. The maximum rate of phosphate incorporation 

occurred during the first 20 minutes of the reaction and reached equilibrium after 40 

minutes.

5.2.11. Enzyme kinetic analysis of autophosphorylation.

In order to analyse the enzyme kinetics of autophosphorylation, the Michaelis constant (Km) 

for ATP was determined. UL97 was subjected to a protein kinase assay for 5 minutes, at 

which time the rate of phosphate incorporation was maximal as shown in section 5.2.8. The 

protein kinase assay reaction conditions were constant, but each assay was performed with 

increasing concentrations (2 to 20pM) of ATP. The reactions were examined by 

autoradiography (figure 5.15A) and the amount of phosphate incorporation was determined 

using the BioRad Multianalyst. The phosphate incorporation was plotted against ATP 

concentration (fiM, figure 5.15B) and Lineweaver Burke plots were generated (figure 5.17).

The best fit straight lines were determined and extrapolated to the x-axis, enabling the 

calculation of the Km value for ATP.

Straight line equation; 

y =14.85 X + 0.55 

If y = 0

Then (-1/Km) x = -0.036 

Therefore Km = 27jiM
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Figure 5.14. Analysis of UL97 Autophosphorylation.

The autophosphorylation of UL97 (panel A) was analysed by the BioRad Multianalyst and 

the density of each band was plotted against the corresponding ATP concentration (panel B).
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5.2.12. Analysis of mutant UL97 autophosphorylation

MB-UL97 was purified to near homogeneity using ammonium sulphate precipitation 

followed by anion exchange chromatography. The resulting proteins were subjected to 

protein kinase assays in order to examine the effect of single point mutations in the UL97 

gene upon the autophosphorylation of the protein. The kinase assays were performed on the 

same concentrations of UL97 proteins at 37°C for 30 minutes, terminated and analysed by 

SDS-PAGE and autoradiography. The densities of each phosphorylated UL97 species were 

determined using the BioRad Multianalyst and the densities of the mutant phosphorylated 

UL97 species were plotted against the phosphorylated wild type UL97 (figure 5.17). 

Autophosphorylation of the UL97 species containing the point mutations, which confer 

clinical GCV resistance H520Q, A594T and L595F exhibit phosphorylation to levels 

equivalent to the wild type UL97. The M460I mutant exhibited approximately 85% of the 

phosphorylation levels of the wild type UL97. The mutation of the invariant lysine K355Q 

completely inhibited the phosphorylation of the protein as did the mutation N461G. The 

mutation conferring 1263W94 resistance L397R resulted in a reduction in phosphorylation 

of approximately 92%. The remaining mutations occurring within the UL97 gene (D456A, 

H662L and V665I) did not result in any change in autophosphorylation compared to the 

wild type UL97.

5.2.13. Enzyme kinetic analysis of mutant UL97 autophosphorylation

Enzyme kinetic analyses were performed upon the wild type and mutant UL97 proteins to 

calculate the Michaelis constants (Km) for ATP. The near purified UL97 proteins were 

incubated in a protein kinase assay for 5 minutes (to avoid the reaction reaching 

equilibrium) in constant reaction conditions, but with increasing ATP concentrations (2pM 

to 20pM). The amount of phosphate incorporated was determined by measuring the density 

of the UL97 bands following autoradiography. The phosphate incorporation was plotted 

against the corresponding ATP concentrations and Lineweaver Burke plots were generated 

by plotting the reciprocal of the phosphate incorporation against the reciprocal of ATP 

concentration (figures 5.18). The best fit lines were determined with extrapolation to the x- 

axis, from which the Km values for ATP were calculated. The Km of ATP for the wild type 

UL97 was 27|iM (SD: 2.2pM) and for the mutants, the Km values were as follows: 460 was
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Figure 5.15. Lineweaver Burke Analysis of UL97 Autophosphorylation.

The inverse of the velocity of autophosphorylation was plotted against the corresponding 

inverse of the ATP concentration. The straight line equation was determined and the Km 

value deduced.
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Codon positions of the UL97 mutations

Figure 5.16. Autophosphorylation of the Recombinant Mutant and Wild Type UL97.

Insect cells were infected with the wild type and mutant recombinant UL97 baculoviruses at 

an MOl 10 and harvested 72 hours post infection. The wild type and mutant UL97 proteins 

were purified to near homogeneity and subjected to a protein kinase assay, separated by 

SDS-PAGE and exposed to film. The autoradiograph was analysed by the BioRad 

Multianalyst and the phosphorylation of each mutant UL97 species was compared to that of 

the wild type UL97.
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Figure 5.17. Lineweaver Burke Analysis of UL97 Autophosphorylation of the iMutant 

UL97 Species.

UL97 species encoding the mutations observed in clinical resistance were puiifîed to near 

homogeneity. Protein kinase assays containing increasing concentrations of /y p  (;2pM to 

20pM) were performed and the inverse of the velocity of autophosphorylatior was • plotted 

against the corresponding inverse of the ATP concentration. The Km and Vmaxvaluios were 

determined for each of the UL97 species.
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28|aM (SD: 2|iM), 520 was 25|xM (SD: 2.4|iM ), 594 was 40|iM (SD: 4.2|iM) and 595 was

31|iM(SD: 4.5|iM).

Calculation of Km values for UL97 mutants:

M460I H520Q

Straight line equation; Straight line equation;

y = 93.0 x + 2.93 y = 45.1 X + 1.71

If y = 0 lfy  = 0

Then (-1/Km) x = -0.035 Then (-1/Km) x = -0.04

Therefore Km = 28pM Therefore Km = 25p,M

A594T L595F

Straight line equation; Straight line equation;

y = 51.3 X + 1.94 y = 64.98 X + 1.72

If y = 0 If y = 0

Then (-1/Km) x = -0.025 Then (-1/Km) x = -0.032

Therefore Km = 40pM Therefore Km = 3 IpM

5.3. Discussion
In order to perform the functional analysis of recombinant UL97, soluble protein was 

required. Soluble protein was obtained by harvesting the Baculovirus infected insect cells at 

specific time points and sonication in buffer previously described by He et al., (1997) to 

maintain UL97 in a soluble form. The insoluble cellular material was removed by 

centrifugation and the soluble fraction was analysed by Coomassie brilliant blue and 

Western blot using an anti-UL97 Mab. The UL97 could be detected by both Coomassie 

brilliant blue staining and by Western analysis, confirming the solubility of UL97 when 

expressed in insect cells.

In order to ensure the soluble protein retained its functionality, in the form of 

autophosphorylation, BV-UL97, BV-lacZ and mock infected cellular extracts were 

subjected to protein kinase assays. These revealed the accumulation of a major radiolabelled 

protein species, which appeared from 48 hours post infection, consistent with polyhedrin 

promoter kinetics. The radiolabelled protein co-migrated with the UL97 as detected by

187



5,0 UL97 Expression, purification and biochemistry

Western analysis, so confirming the catalysis of the transfer of the y-phosphate from [ŷ ^P] 

ATP. The radiolabelled protein band was not present in either the BVLacZ or mock infected 

cells. This is consistent with previous reports that UL97 can autophosphorylate, as 

demonstrated by the presence of a major phosphorylated species following purification of 

UL97 (He et al., 1997).

Analysis of the UL97 protein biochemistry was performed with purified UL97 to ensure the 

enzyme activity was not affected by either cellular or Baculovirus encoded proteins. During 

Baculovirus infection of insect cells, only proteins under the control of the polyhedrin 

promoter are expressed after 48 hours infection. If Baculovirus or cellular proteins were to 

interfere with UL97 autophosphorylation, it would occur maximally at 48 hours, but it is 

unlikely that either interfere as UL97 phosphorylation accumulates from 48 hours. The MB- 

UL97 did not encode an N-terminal tag for purification, such as the hexahistidine tag which 

is utilised in immobilised metal chelate affinity chromatography, so the success of these 

traditional techniques with regard to UL97 depended upon the high level of expression 

which was achieved with the MB-UL97. Previous reports suggest maximal secretion of 

proteins using the melitin secretion signal sequence occurred at 72 hours post infection at an 

MOI 5. The UL97 was detected in the crude cellular extracts from 48 hours in the serum 

free Sf9 cells used for secretion, however it was not observed in either the neat or 

concentrated tissue culture supernatant at an MOI of either 1, 5 or 10. The baculoviruses 

were passaged through the Sf9 cells twice as this appeared to enhance the infection in Sf9 

cells, and the cells infected at an MOI 10, 15 and 20 for up to 120 hours. The UL97 was not 

detected in the supernatant even when 5 ml of supernatant was concentrated to 50|il, while it 

was detectable in crude cellular lysates. This is in contrast with a control virus encoding 

human MEPE, where expression was detected from 48 hours post infection in the tissue 

culture supernatant. This suggests the UL97 was not released from the cells. The nature of 

the melitin secretion signal and indeed many signal sequences, means the signal sequence is 

cleaved upon secretion into the culture medium. In non-polarized cells, such as Sf9 cells in 

suspension, proteins are carried through the ER and the Golgi apparatus to the cell surface 

by the constitutive secretory pathway, as opposed to regulated secretion which occurs upon 

signal-mediated stimulation such as hormone or neurotransmitter (Lodish., 1988, Rothman., 

1987). Usually when genes encoding secretory proteins are transferred to cells in which they
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are not normally expressed, the foreign protein is packaged into secretory vesicles for the 

final transport from the Golgi to the cell surface (Griffiths and Simon, 1986, Orci et ah, 

1987). A protein band which comigrated with UL97 from the crude cell lysate was not 

detected by Coomassie brilliant blue staining in the culture supernatant, even when highly 

concentrated, implying UL97 was not secreted. Different amino terminal signal sequences 

can be transferred between proteins to redirect that protein to a different destination. For 

example, an ER signal at the beginning of a cytosolic protein can redirect the protein to the 

ER (Garoff., 1985). This suggests the recombinant UL97 should be re-targeted through the 

secretory pathway of the insect cells, but the results suggest that this process is inhibited for 

the UL97. The nuclear targeting signal sequence of UL97 was still present within the cloned 

gene, so implying the inhibition of secretion of UL97 may be caused by interference 

between the two signal sequences. Immunofluorescence staining of the insect cells infected 

with BVMB-UL97 using the anti-UL97 Mab identified punctate staining throughout the 

cytoplasm of the cell compared to the nuclear staining of the BVBBH-UL97 infected cells 

(data not shown). To overcome this problem, point mutations could have been introduced 

into the nuclear targeting signal, such that it no longer functions, allowing the new secretory 

signal to function.

Attempts were made to purify the Baculovirus expressed MB-UL97 proteins by employing 

traditional biochemical purification techniques. Considerable loss of protein occurred during 

purification, either by loss in solubility of the protein, or inefficiency of binding of the 

protein to immobilised substrates. Initially, the ammonium sulphate precipitation was 

optimised to precipitate most of the UL97 between 20% and 40% salt saturation, so 

sacrificing small amounts of UL97 to remove greater concentrations of contaminating 

proteins. Ammonium sulphate precipitation has the advantage of protein stabilisation in non­

denaturing conditions, but resolubilisation of the protein precipitates posed a particular 

problem, as demonstrated by the high concentration of insoluble UL97 compared to the 

soluble concentrations. The ammonium sulphate was removed and the protein resolubilised 

during the clarification/buffer exchange in 50mM Tris HCl, pH 8.0, lOOmM NaCl, however 

2% Triton X-100 or 1.5% sarkosyl detergents were added to the buffers and the salt 

concentrations varied in an attempt to increase the solubility of the UL97. The triton X-100 

slightly increased the solubility of the UL97 and did not have to be removed following
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solubilisation before ion exchange as it is removed during ion exchange. The starting 

conditions for ion exchange chromatography were initially optimised to determine the pH 

and salt concentration required for binding the UL97, and the change in salt concentration 

required for elution. The target protein binds to an anion exchanger when the pH of the 

buffer is above the isoelectric point (pi) of the protein, thus the pi of UL97 was determined 

by computer modelling of the amino acid sequence, based upon the number of charged 

amino acid groups. Net charge was plotted against pH and gave an isoelectric point of 7.65 

for UL97 and an anion exchange using DEAE cellulose was chosen (pH range 5 -  9). The 

UL97 was dialysed into the respective buffers so the starting pH and ionic strength of the 

UL97 was the same as that of the starting buffer and optimal binding occurred between a pH 

range of 8.0 to 9.0. A pH of 8.5 was chosen and the optimal salt concentration for binding 

was performed at this pH. The optimal NaCl concentration for binding was 50mM and the 

optimal concentration for elution was 250mM, thus a binding buffer consisting of 20mM 

Tris HCl and 50mM NaCl was used for all further purification experiments. 

Immunoprécipitation experiments also resulted in considerable loss of the protein, largely 

due to the conditions necessary for dissociation of the antibody-antigen complex. The low 

pH required to perform the dissociation inactivated the majority of the UL97, which was 

observed in the protein kinase assay and compared to dissociation at a pH of 9.0 where very 

little UL97 was harvested.

These purification techniques enabled biochemical analysis to be performed on UL97 

purified to near homogeneity. In order to assess the autophosphorylation of UL97, the 

initial phosphorylation of GCV and to determine the function of 1263W94, it was essential 

that the UL97 was purified away from all other cellular proteins. The effect of each 

individual mutant UL97 species on each of these activities could also be differentiated.
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6.0. GCV, 1263W94 and UL97.

6.1 Introduction
The antiviral drugs GCV, cidofovir (HPMPC) and foscamet (PFA) are the currently used 

and approved antiviral chemotherapeutics in the treatment of cytomegalovirus infections. 

GCV remains the first-line drug for the treatment of cytomegalovirus disease in the 

immunocompromised patient groups, but the emergence of GCV-resistant strains of the 

virus has become an increasing problem. In addition, each of these drugs has several 

limitations to their use, which include poor oral bioavailibility, dose-limiting toxicity and the 

potential to generate resistance. The potential for cross-resistance between these drugs is 

possible as each interacts with the virally encoded DNA polymerase (UL54). The incidence 

of HCMV disease and other opportunistic infections in AIDS patients has significantly 

declined since the introduction of HAART. Before the introduction of HAART, HCMV 

retinitis occurred in up to 40% of these patients, maintenance therapy was continued 

indefinitely and disease progression occurred eventually, regardless of the initial choice of 

regimen. This was predominantly due to the development of point mutations in the UL97 

and the UL54 genes resulting in resistance to GCV and cross-resistance to cidofovir. 

Following HAART, HCMV disease was controlled by the resulting immune reconstitution 

and restoration of HCMV-specific CD4^ T-lymphocyte responses, which accompanied 

HAART (Komanduri et al., 1998). Furthermore, patients could be taken off their 

maintenance therapy completely without disease progression (Tural et al., 1998, Macdonald 

et al., 1998, Deayton et al., 2000). However, evidence is emerging concerning the 

breakthrough of HCMV disease due to the immunological and virologieal failure of 

HAART (Torriani et al., 2000, Macdonald et al., 2000). This has highlighted the need for 

the development of new anti-HCMV drugs with unique mechanisms of action.

In 1995 a new and potent inhibitor of HCMV replication was described (Townsend et al., 

1995). BDCRB (2-bromo-5,6-dichloro-l-(P-D-ribofuranosyl benzimidazole) was found by 

marker transfer experiments to map to the UL89 and the UL56 open reading frames of the 

HCMV (Underwood et al., 1998, Krosky et al., 1998). Both genes are known to be essential 

for viral DNA cleavage and packaging into preformed capsids. Unfortunately, BDCRB 

showed poor pharmacokinetic properties and was rapidly metabolised when administered to 

animals. 1263W94 was identified from a panel of benzimidazole analogues. It has 

exhibited potent antiviral activity specific against HCMV (Chulay et al.,1999) and EBV
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(Zacny et al.,1999), with an IC50 of approximately 4- to 10-fold lower than GCV for HCMV. 

However, the mechanism of action of 1263W94 is distinct from that of BDCRB; it does not 

inhibit the processing of HCMV DNA and is active against the BDCRB resistant virus. The 

target of 1263W94 was identified as UL97 following gene transfer experiments, although 

the precise mechanism of inhibition of the UL97 is presently unknown.

The aims of this study were firstly to quantify the level of GCV monophosphorylation by the 

wild type and mutant UL97 proteins, including those with mutations identified in genotypic 

GCV resistant strains of HCMV and mutations in different putative UL97 protein kinase 

domains, and secondly, to identify the mechanism by which 1263W94 inhibits the HCMV 

encoded UL97 and thirdly, to determine the effect of 1263W94 upon the genotypic 

resistance mutants and the 1263W94-resistant mutant identified by marker transfer 

experiments.

6.2. Results

6.2.1. Cytotoxicity of GCV for SfZl insect cells

In order to insure the growth of Sf21 insect cells was maintained at the concentrations of 

used in the plaque reduction assay, growth media was supplemented with GCV at 

concentrations of 0.0, 0.2, 0.4, 0.6, 1.0 and 1.2 mM. The cells were harvested at 24, 48, 72 

and 96 hours, subjected to the trypan blue exclusion test and counted. The cell counts are 

graphically represented in figure 6.1, which shows the cell numbers increase over 48 hours. 

The cell replication slows from 72 to 96 hours and none of the GCV concentrations appear 

to be inhibitory to replication, indicating is not cytotoxic at the concentrations used.

6.2.2. Plaque reduction assay of the wild type and mutant UL97-expressing 

baculoviruses

Sf21 insect cells were infected with baculoviruses encoding the wild type and mutant 

HCMV UL97 genes as described in section 2.5.4. The media was supplemented with GCV 

at concentrations from 0.0, 0.2, 0.4, 0.6, 1.0 and 1.2mM. Following a 72-hour incubation, 

the culture media was harvested and the virus titre was determined by plaque assay.
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Figure 6.1. Cytotoxicity of GCV for Sf21 insect cells.

Sf21 insect cells were cultured in medium supplemented with GCV of concentrations from 

O.OmM to 2.0mM. The cells were incubated for 24, 48 and 72 hours, following which they 

were counted by the trypan blue exclusion test. The number of cells at each concentration 

were counted and plotted against time.

194



6,0. GCV, 1263W94 and UL97.

Each set of infections were performed in triplicate and each plaque assay was performed in 

duplicate. The plaque reduction assays of each of the baculoviruses are graphically 

represented in figures 6.2 and 6.3. Figure 6.2 shows the results of the plaque assays of the 

baculoviruses expressing the mutant UL97 species encoding genotypic GCV-resistance 

point mutations. The replication of the baculovirus expressing the wild type UL97 was 

significantly reduced compared to that of the mutant UL97 species. The IC50 for the wild 

type UL97 was calculated to be 0.13mM. The IC50 values calculated for each of the mutant 

UL97 species were calculated to be 0.75mM for A594T and 0.95mM for L595F. The IC50 

for the remaining viruses were determined by extrapolation to be 1.8mM for M460I and 

2.84mM for H520Q. The replication of the baculovirus expressing the K355Q mutation 

(invariant lysine) was not reduced upon culture with any of the GCV concentrations tested. 

The replication of the virus expressing the L397R mutation was reduced by a mean of 

12.5%. All the viruses were compared with the control virus BVLacZ which was not 

reduced upon culture with GCV.

6.2.3. Plaque reduction assay of the baculoviruses expressing structural mutations in 

the UL97 gene

Plaque reduction assays were performed as in section 6.2.2 and the replication rates of the 

baculoviruses were graphically represented as percentage reduction in number of plaques 

over the range of GCV concentrations (figure 6.3).

6.2.4. GCV phosphorylation by recombinant UL97

SF21 insect cells were infected with the wild type or mutant UL97-expressing baculoviruses 

at an MOI 10 and incubated at 28°C for 48 hours. After 48 hours incubation, the medium 

was supplemented with tritiated GCV. The nucleotides were harvested following 72 hours 

incubation by acid hydrolysis of the cells and bound to DE81 filter paper. The 

phosphorylated tritiated GCV was detected in scintillant by measurement of DPM by the 

Rackbeta beta counter. All assays were performed in triplicate and a negative control was 

included of uninfected SF21 cells with media supplemented with GCV. The GCV 

phosphorylation was plotted as a percentage phosphorylation compared to the wild type 

UL97 as shown in figure 6.4.
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Figure 6.2. Graphical Representation of the Plaque Reduction Assays of the Drug 

Resistant Baculoviruses.

Baculoviruses expressing the UL97 of HCMV were individually cultured in increasing 

concentrations of GCV (0.0 mM to 1.4 mM) and the effect of the drug on the virus 

replication was measured by plaque assay. The replication of the baculovirus expressing 

wild type UL97 was significantly reduced compared to that of the baculoviruses expressing 

UL97 expressing UL97 carrying mutations associated with clinical GCV resistance. 

Replication of the baculovirus expressing UL97 with the K355Q mutation (invariant lysine) 

was not reduced by any concentration of GCV, compared to that of the negative control. The 

replication of the baculovirus carrying the L397R mutation was reduced by a mean of 

12.5%.
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Figure 6.3. Graphical Representation of the Plaque Assays of the Structurally Mutated 

UL97-Expressing Baculoviruses.

Baculoviruses expressing the UL97 of HCMV were individually cultured in increasing 

concentrations of GCV (0.0 mM to 1.4 mM) and the effect of the drug on the virus 

replication was measured by plaque assay. The replication of the baculoviruses expressing 

UL97 carrying mutations within specific catalytic domains of the protein kinase was 

reduced to between 15% and 92% of the control virus (BVLacZ) or the K355Q mutant 

(invariant lysine).
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The GCV phosphorylation by the genotypic GCV-resistance mutants (M460I, H520Q, 

A594T and L595F) were reduced to between 20% and 10% of that of the wild type UL97. 

The mutated invariant lysine (K355Q) did not exhibit any GCV phosphorylation, and the 

1263W93-resistant (L397R) mutant exhibit an average of 8% of GCV phosphorylation as 

compared to the wild type UL97. The mutations generated in the region of the UL97 

surrounding the M460 showed a total loss of GCV phosphorylation at the 461 codon, but no 

reduction in phosphorylation at the 456 codon. The mutations around a His-X-aromatic- 

hydrophobic motif at codons H662L and V665I showed a reduction in GCV 

phosphorylation of between 12% and 72%.

6.2.5. Phosphorylation of recombinant UL97 in the presence of 1263W94

Crude lysates of the UL97 recombinant baculovirus infected cells were subjected to protein 

kinase assays either with or without 0.05pM 1263W94. The proteins were separated by 

SDS-PAGE and exposed to film. The autoradiographs, as shown in figure 6.5, were 

examined for the effect of the 1263W94 upon the autophosphorylation of UL97. The 

autophosphorylation of every species (mutant and wild type) of UL97 was inhibited upon 

addition of the 1263W94, as demonstrated by the disappearance of the phosphorylated UL97 

species. The phosphorylated protein species of the uninfected cells used as the negative 

control all remained phosphorylated following addition of the drug.

6.2.6. Comparison of the wild type and mutant UL97 autophosphorylation in the 

presence of 1263W94

The autoradiographs of the protein kinase assays from section 6.2.5 were analysed by the 

BioRad Multianalyst and plotted as a percentage of the total phosphorylation of the wild 

type UL97 phosphorylation in the absence of 1263W94, as shown in figure 6.6. In the 

presence of 1263W94, the autophosphorylation of every species of UL97 was reduced to 

below 10% of the total phosphorylation of the wild type UL97. The autophosphorylation of 

the L397R mutant, which is the 1263W94 resistant UL97 mutant, was not reduced in the 

presence of 1263W94.
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Figure 6.4. GCV phosphorylation by recombinant UL97.

Insect cells were infected with the wild type or mutant UL97 baculoviruses at an MOI 10. 

The medium was supplemented with both cold and tritiated GCV at 48 hours. The 

nucleotides were harvested at 72 hours and bound to DE81 filter paper. The phosphorylated 

GCV was detected in scintillant and plotted as % phosphorylation compared to the wild type 

UL97.
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Figure 6.5. Autoradiographs of the Protein Kinase Assays of UL97 in the presence of 

1263W94.

Crude lysates of cells infected with the recombinant wild type and mutant UL97 expressing 

baculoviruses were subjected to protein kinase assays with (+) or without (-) 0.05pM of 

1263W94. The proteins were subjected to SDS-PAGE, exposed to film and the 

autoradiographs examined for the effect of the drug upon the autophosphorylation of UL97. 

The autophosphorylation of UL97 was inhibited upon the addition of 1263W94 to the assays 

for both the mutants and the wild type UL97 species.
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6.2.7. Titration of 1263W94 against the wild type and mutant UL97

In order to assess the effect of increasing 1263W94 concentration on the individual UL97 

mutants, protein kinase assays were performed on UL97 purified to near homogeneity 

including O.OpM to 5.0pM 1263W94. Figure 6.7 shows the autophosphorylation of the wild 

type and the genotypic GCV resistant UL97 species. The UL97 species containing mutations 

in conserved amino acids are not shown.

6.2.8. Determination of the IC50 of 1263W94 against the wild type and mutant UL97 

species

The autoradiographs generated from the protein kinase assays in section 6.2.7 were analysed 

by the BioRad Multianalyst and the percentage reduction in UL97 autophosphorylation of 

the UL97 species were plotted against the 1263W94 concentration, as shown in figure 6.8. 

An exponential decay curve was fitted and the IC50 of 1263W94 was determined for each of 

the UL97 species. The IC50 for wild type UL97 was 0.034pM, 0.033|xM for H520Q, 

0.03 IpM for A594T and 0.028pM for L595F. With no autophosphorylation evident for the 

K355Q and N461G, the proteins were not examined in the presence of 1263W94. The 

1263W94-resistant mutant (L397R) did not exhibit a reduction in autophosphorylation with 

concentrations of the drug of up to lOOpM. The IC50 values for the D456A, H662L and 

V6651 mutant UL97 species were determined at 0.034pM, 0.04pM and 0.03pM 

respectively, (graphs not shown).

6.2.9. IC50 of 1263W94 against the UL97 encoding the M460I mutation.

The UL97 containing the M4601 mutation was subjected to a protein kinase assay as in 

section 6.2.7 and the percentage reduction in autophosphorylation plotted against 1263W94 

concentration as shown in figure 6.9. An exponential decay curve was fitted and the IC50 of 

1263W94 was determined at 0.0048M. This indicates a four-fold increase in sensitivity of 

the M4601 mutant of UL97 to 1263W94.

6.2.10. Inhibition of UL97 autophosphorylation by 1263W94

In order to determine the mechanism of action of the 1263W94, a protein kinase assay was 

performed upon the wild type UL97 in increasing concentrations of ATP (2pM to 20pM) 

and consecutively with increasing concentrations of ATP with the addition of 0.02pM 

1263W94.
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Figure 6.6. Graphical Representation of the Autophosphorylation of UL97 in the 

presence of 1263W94.

Protein kinase assays were performed upon the wild type and mutant UL97 proteins. The 

phosphorylated proteins were subjected to SDS-PAGE and autoradiography and analysed by 

the BioRad Multianalyst. The autophosphorylation of each UL97 species was plotted as a 

percentage of the phosphorylation of the wild type UL97. In the presence of the drug, 

autophosphorylation of the wild type and mutant UL97 proteins were reduced to below 10% 

of that of the wild type UL97. The autophosphorylation of the L397R mutant-UL97 was 

unaffected upon the addition of the drug to the assay.
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Figure 6.7. 1263W94 Titration against UL97.

Protein kinase assays were performed on the wild type and mutant UL97 proteins using 

increasing concentrations of 1263W94. The assays were subjected to SDS-PAGE, exposed 

to film and the autoradiographs were analysed by the BioRad Multianalyst. The 

autoradiographs for the wild type, H520Q, A594T and the M460I mutants are shown. 

Increasing concentrations of 1263W94 reduced the UL97 autophosphorylation.
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The wild type and mutant UL97 proteins were subjected to protein kinase assays with 

varying concentrations of 1263W94 (0.01 -  l.OpM). The autoradiographs were analysed 

using the BioRad Multianalyst and the UL97 phosphorylation was plotted as a percentage of 

the total phosphorylation without 1263W94. An exponential decay curve was fitted and the 

IC50 of 1263W94 was determined for each of the proteins.
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Figure 6.9. IC50 of 1263W94 for the M460I Encoded UL97.

The M460I mutant UL97 protein was subjected to a protein kinase assay with varying 

concentrations of 1263W94 (0.01 -  l.OpM). The autoradiograph was analysed using the 

BioRad Multianalyst and plotted as a percentage of the total UL97 phosphorylation without 

1263W94. An exponential decay curve was fitted and the IC50 of 1263W94 was determined. 

The autoradiographs are shown in figure 6.10. The addition of the 1263W94 reduced the 

level of autophosphorylation, as observed by a decrease in autophosphorylation intensity at 

all the concentrations of ATP used in the assay.
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6.2.11. Analysis of 1263W94 inhibition of UL97 autophosphorylation

Protein kinase assays were performed upon the wild type UL97 with increasing 

concentrations of ATP as in section 6.2.10. Each assay set included increasing 

concentrations of 1263W94 from 0.01 jiM to 0.025|iM. The autoradiographs are shown in 

figure 6.11. The level of UL97 autophosphorylation decreased upon addition of 1263W94 

for each ATP concentration and for each increase in 1263W94 concentration, thus a greater 

inhibition of UL97 autophosphorylation with increasing concentrations of 1263W94, 

irrespective of the ATP concentration in the kinase assay.

6.2.12. Lineweaver Burke analysis of 1263W94 mediated phosphorylation inhibition

The autoradiographs from sections 6.2.11 and 6.2.12 were analysed by the BioRad 

Multianalyst and Lineweaver Burke plots generated by plotting the reciprocal of the 

phosphate incorporation against the reciprocal of the ATP concentration, as shown in figure

6.12. The best-fit lines were determined with the extrapolation to the x-axis, from which the 

Km and Ki values were determined for ATP in the presence of 1263W94. The plots from 

figure 6.12 were merged to generate figure 6.13. This shows a convergence of the lines 

around the Y-axis and at approximately 1/Vmax- The affinity of the inhibitor for the enzyme 

is expressed quantitatively through the inhibition constant Ki, which is the dissociation 

constant of the enzyme inhibitor complex. This can be determined by the equation:-

Km' =  K m (l+[I]/K i).

Thus the Ki for 1263W94 at 0.0 IpM is determined by:- 

K i= [I] Km = 0.01|iM f K i =  0.01 x 271

Km’-Km 1 53-27 J

The Km and K, values for each of the concentrations of 1263W94 are shown in table 6.1.
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Table 6.1. Analysis of I263W94 inhibition of UL97 autophosphorylation.

Inhibitor concentration Km Ki

[11

0.00 pM 27 pM

0.01 pM 53 pM 0.01 pM

0.015 pM 66 pM 0.01 pM

0.02 pM 74 pM 0.01 pM
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Figure 6.10. Inhibition of UL97 Autophosphorylation by 1263W94.

Protein kinase assays were performed upon the UL97 in increasing concentrations of ATP. 

1263W94 was added to one assay at a concentration of 0.02pM. The assays were subjected 

to SDS-PAGE, exposed to film and the autoradiographs analysed by the BioRad 

Multianalyst. Increasing ATP concentrations resulted in an increase in UL97 

autophosphorylation. Addition of 1263W94 to the assays resulted in a decrease in the level 

of UL97 autophosphorylation, as observed by intensity of signal.

208



6,0, GCV, 1263 W94 and UL97,

ATP concentration (|iM)

2 4 6 8 10 12 14 16 18 20 [1263W94] 

0.00 |iM

0.01 |iM

0.015 laM

0.02

'% 0.025 jiM

Figure 6.11. Analysis of 1263W94 Inhibition of UL97 Autophosphorylation.

Protein kinase assays were performed using increasing concentrations of ATP in the 

presence of constant concentrations of 1263W94. The assays were subjected to SDS-PAGE, 

exposed to film and analysed using the BioRad Multianalyst. The autoradiographs show an 

increase in UL97 autophosphorylation with increasing concentration of ATP. Addition of 

increasing concentrations of 1263W94 resulted a progressively greater inhibition of UL97 

autophosphorylation, as observed by the decrease in intensity of the signal.
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Figure 6.12. Lineweaver Burke Analysis of 1263W94 Mediated Phosphorylation 

inhibition.

UL97 purified to near homogeneity was subjected to protein kinase assays containing 

increasing concentrations of ATP (2pM - 20jiM). 1263W94 was added to each assay at a 

concentration of O.OpM, O.OlpM, 0.015|iM, 0.2pM or 0.025pM. The inverse of the velocity 

of autophosphoiylation was plotted against the corresponding inverse of the [ATP]. The Km 

and Ki values were determined for UL97 in the presence of 1263W94.
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Figure 6.13. Analysis of the Lineweaver Burke Plots of 1263W94 Mediated UL97 

Autophosphorylation Inhibition.

The individual Lineweaver Burke plots from Figure 6.12 were plotted together to determine 

the pattern of autophosphorylation inhibition which indicates the nature of 1263W94 

inhibition of the enzyme. The plot indicates the UL97 autophosphorylation is inhibited by 

the competitive inhibition of ATP.
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Figure 6.14. 1263W94 mediated inhibition of GCV phosphorylation.

Purified UL97 was subjected to a GCV kinase assay in the presence or absence of 1263W94 

over a 60-minute time course. GCV phosphorylation was determined every 10 minutes by 

binding the phosphorylated GCV to DE81 filter paper, scintillation and DPM counting in the 

RackBeta scintillation counter. DPM was plotted against time (minutes) to determine the 

effect of 1263W94 upon the phosphorylation of GCV.
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6.2.13. Inhibition of phosphorylation by 1263W94.

Purified wild type UL97 was subjected to a GCV kinase assay using the conditions 

originally described by He et al., 1997. The kinase assay was performed either in the 

presence or absence of 1263W94 for varying times from 10 minutes to 60 minutes. GCV 

phosphorylation was determined by binding of the phosphorylated GCV to DE81 filter 

paper, scintillation and DPM counting in the RackBeta scintillation counter. As a control, 

uninfected cell lysate was used following the same purification performed upon the UL97. 

The DPM was plotted for each time point for the control and the UL97 in the presence or 

absence of 1263W94. The control exhibited what appeared to be background GCV 

phosphorylation and the UL97 exhibited increased GCV phosphorylation over the 60 

minutes of the assay. UL97 in the presence of 1263W94 exhibited a reduced level of GCV 

phosphorylation over this time period.

6.3. Discussion
This chapter describes the investigations performed to determine the catalysis of phosphate 

transfer from y-radiolabelled ATP onto GCV via the kinase activity of the HCMV encoded 

UL97. The enzymes used to perform this analysis include the wild type UL97 protein 

kinase, mutants identified as phenotypically resistant to GCV and mutants carrying 

mutations in structurally important domains of the kinase enzyme. This chapter also goes on 

to describe the function and mechanism of antiviral action of the novel benzimidazole L- 

riboside, 1263W94.

Chapter 5 showed that the baculovirus-infected insect cells were efficiently expressing the 

recombinant wild type and mutant UL97 species. The proteins were purified by a 

combination of ammonium sulphate precipitation, ion exchange chromatography and 

immuno-affinity chromatography. Following purification, a small amount of the UL97 

remained soluble, which was sufficient to perform various biochemical analyses, including 

the catalysis of transfer of y radiolabelled phosphate from ATP onto themselves 

(autophosphorylation). This chapter also uses the purified wild type and mutant UL97 

species in an attempt to show a direct interaction between GCV and the UL97 species. 

Previously published data show UL97 controls the phosphorylation of GCV (Sullivan et al., 

1992; Littler et al., 1992; Metzger et al., 1994; He at al., 1997; Zimmerman et al., 1997),
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however these data do not show a direct interaction between GCV and UL97. In order to 

demonstrate that the recombinant UL97 controls the phosphorylation of GCV, and to assess 

the effect of the point mutations introduced into the UL97 upon the GCV phosphorylation, 

the wild type and mutant UL97-expressing recombinant baculoviruses plus the control LacZ 

baculovirus were cultured in increasing concentrations of GCV. The reduction in the 

replication of the viruses was determined by plaque reduction assay. Initially, the trypan 

blue exclusion test was employed to ensure the increasing concentrations of were not 

cytotoxic for the insect cells in which the baculoviruses were cultured. This revealed the cell 

viability remained near 100% during the 72-hour culture. The LacZ baculovirus was used as 

the second control to ensure the effect of GCV was specific to the UL97-expressing 

baculoviruses. As expected, the number of plaques generated by the LacZ-expressing 

baculovirus was not significantly reduced upon culture in increasing concentrations of GCV. 

The plaque reduction assay showed that the baculovirus expressing the wild type UL97 was 

sensitive to all concentrations of GCV used in the assay, with an IC50 of 0.13mM. This 

indicates that the presence of the UL97 is required for the activation of the GCV, thereby 

inducing GCV sensitivity upon the otherwise resistant baculovirus, including the wild type 

and LacZ baculoviruses, as observed in a recent publication (He et al., 1997). The plaque 

reduction assay was performed upon all the baculoviruses encoding the mutant UL97 

species. The most commonly detected mutations occurring in clinical isolates within the 

UL97 gene, conferring GCV resistance, are those in codons 460, 594, 595 and 520 (Chou et 

al., 1995; Jabs et al., 2001). The mutation occurring at codon 520 is less frequently however. 

The effect of these mutations upon the baculovirus-expressed UL97 was examined to 

determine if the phosphorylation of GCV was impaired to varying degrees, depending upon 

which mutation was present. The initial virus concentration added to each assay was equal 

as determined by plaque assay, to ensure comparative results when analysing the effect of 

each mutant upon the GCV-induced reduction in plaque number. The genotypic GCV- 

resistance mutants, M460I, H520Q, A594T and L595F consistently showed a reduction in 

sensitivity to GCV, indicating impairment of GCV phosphorylation. M460I and H520Q 

appeared to exhibit greater resistance to GCV than the mutants A594T and L595F, as 

observed by their failure to reach an IC50 by 1.4mM GCV. This suggests the positions of 

these mutations within the protein kinase conserved domains have a greater functional 

importance with respect to GCV phosphorylation, than the 594/595 region. M460I is 

positioned within the conserved domain VI of the UL97 protein kinase and the H520Q is
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part of the sequence YHPAF 519-523. This putative domain is highly conserved exclusively 

among cytomegaloviruses and is located between domains VII and VIII (Michael et al.,

1999). The A594T and L595F mutations reside in a region between codons 590 and 607, 

homologous to domains IX and X. In order to further clarify these differences, the GCV 

kinase assay was employed to determine if indeed the mutations at codons 460 and 520 

induced a greater resistance to GCV than those observed in codons 594 and 595. The results 

showed that the mean reduction in GCV phosphorylation by the M460I mutant UL97 was 

slightly less than the phosphorylation by the 594 and 595 mutants. The 520 mutant UL97 

induced a further 2 fold reduction in GCV phosphorylation. The results however, showed 

that the mutations observed in clinical isolates exhibiting GCV resistance did not completely 

inhibit the phosphorylation of GCV. This has previously been observed within a vaccinia- 

based system (Michel et al., 1999).

The conserved kinase domain encompassing the 460 codon was further examined to 

determine the importance of the region in the function of the UL97 for autophosphorylation 

and GCV phosphorylation. The D456A mutant exhibited autophosphorylation comparable 

to that of the wild type UL97, and indeed a similar GCV phosphorylation, suggesting this 

amino acid does not play a direct role in the function of the kinase. However, the N461G 

mutant exhibited a complete loss of both autophosphorylation and GCV phosphorylation. 

The D456 and N461 both correspond to the protein kinase consensus sequence 

HRDLKXXN, and are both highly conserved. This motif forms the catalytic loop 

responsible for the phosphotransfer, suggesting the N461 codon is directly involved in this 

process, but the 460 codon impairs the phosphotransfer, probably by stearically altering the 

catalytic loop. By impairing the phosphotransfer and not inhibiting it, the 460 mutant may 

impair the natural function of the enzyme, so leading to a less fit virus in terms of replication 

dynamics. This would explain why a virus with a fully functional UL97 would be more fit 

than the phenotypic GCV-resistant mutants, especially since the UL97 function is essential 

for virus replication (Emery and Griffiths, 2000).

UL97 autophosphorylation has been identified as a prerequisite for the phosphorylation of 

GCV (Michel et al., 1999). This has been verified by the examination of three mutant UL97 

species, whereby a loss in UL97 autophosphorylation resulted in a loss of GCV 

phosphorylation. The mutations of the invariant lysine at codon 355 and the conserved 

asparagine at codon 461 resulted in a complete loss of UL97 and GCV phosphorylation.

215



6,0, GCV, 1263W94 and UL97,

Interestingly, the mutation of the leucine at codon 397 also resulted in a near total loss of 

UL97 phosphorylation and a complete loss in GCV phosphorylation. This amino acid does 

not appear to be conserved among the herpesviruses, yet it was identified following 

treatment of HCMV with increasing concentrations of 1263W94, as the mutation conferring 

1263W94 resistance. This shall be discussed later in this chapter. The fact that no 

phenotypic GCV-resistance mutants resulted in a complete loss of GCV phosphorylation 

suggested autophosphorylation may be associated with the biological function of UL97. 

This is particularly significant, considering the mutant UL97 species expressed were the 

most common mutants isolated from GCV resistant isolates.

The advantage of the plaque reduction assay in the baculovirus system over culturing 

HCMV in fibroblasts is the rapidity of the assay, by virtue of the speed of replication of the 

baculovirus (48 hr). HCMV is a slow growing virus in culture and this rate of replication is 

reduced upon development of mutations within the UL97 ORF (Emery et al., 2000). 

Inconsistencies have been observed in attempts to determine IC50 values for GCV against 

the wild type and the phenotypic GCV-resistant HCMV isolates. This has led to various 

attempts to standardise the methodologies to determine the IC50 for each individual mutation 

(Brice et al., 1999). The situation with HCMV isolates becomes complicated upon addition 

of further UL97 point mutations, and further complications arise from mutations occurring 

within the UL54 ORF. Further, upon culture of the GCV-resistant HCMV isolates, the 

potential of the virus is to repopulate with wild type virus due to the growth advantage of the 

wild type virus over the mutant virus. This means the GCV selective pressure should be 

maintained in cell culture. Perhaps the greatest complicating factor arises due to mixed virus 

populations within clinical isolates from immunocompromised patients treated with GCV 

(Gema et al., 1992; Baldanti et al., 1998a, 1998b; Erice et al., 1999). The advantage of the 

baculovirus system in this situation arises from the fact that UL97 is not essential for 

baculovirus replication. Thus the presence of a mutation within the UL97 ORF will not 

adversely affect the rate of baculovirus replication, as occurs in the GCV-resistant HCMV 

isolate. This effectively means that the reduction in the number of plaques induced by 

increasing concentrations of GCV accurately reflects the effect of the individual UL97 

mutation upon the initial phosphorylation of GCV. A further advantage of the baculovirus 

system to determine antiviral resistance profiles is that HCMV grown in cell culture over a 

relatively short period of time genotypically adapt to the cell culture system, thus potentially
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altering the replication of the virus in culture and so the accuracy of the antiviral testing. 

Although the IC50 values for GCV determined for the wild type and mutant UL97 species in 

the baculovirus system appear higher than those observed with the clinical isolates, this can 

be explained by the fact that the drug is being used in an insect cell culture system as 

opposed to human cells, where the enzymes are different. Given the potential accuracy of 

the plaque reduction assay in the baculovirus system, it would be interesting to determine 

the effect on GCV sensitivity of mixed virus populations, including wild type and mutant 

UL97 species. Also, determination of the potential additive effect of increasing numbers of 

individual mutations in resistance of the virus to GCV.

Although the plaque reduction assay gives an accurate reflection of the impact of each 

mutation upon GCV sensitivity, it does not show a direct interaction between the UL97 and 

GCV. In order to clarify this interaction, an assay was designed to demonstrate the 

phosphorylation of the GCV itself. Controls used in this assay included uninfected insect 

cells and LacZ baculovirus-infected cells. GCV phosphorylation was not demonstrated in 

either control indicating the LacZ and the innate protein kinases of the insect cells were not 

capable of performing the initial phosphorylation of GCV. This activity appeared to be 

specific to the UL97 baculovirus-infected cells, suggesting UL97 was responsible for the 

phosphorylation. However another explanation can be found for this phosphorylation. 

Accessory proteins from the insect cells could be activated by phosphorylation induced by 

the UL97, which in turn perform the phosphorylation of the GCV. This is why it is essential 

to demonstrate GCV phosphorylation in the absence of contaminating accessory proteins. 

This assay can provide quantitative information regarding the reduction in GCV 

phosphorylation by the mutant UL97 species compared to the wild type virus, but it can not 

provide further information regarding the kinetics of phosphorylation of because it does not 

demonstrate a direct interaction between the UL97 and the GCV. This elusive goal can only 

be demonstrated with purified UL97, without the interference of accessory proteins.

Direct phosphorylation of GCV by recombinant UL97 was previously demonstrated by He 

and colleagues (He et al., 1998, unpublished data), using an in vitro GCV kinase assay 

designed to measure the phosphorylation of GCV by highly purified baculovirus expressed 

UL97. The in vitro GCV kinase assay should theoretically show the extent of GCV 

phosphorylation by the wild type UL97 protein kinase and indicate the effect of each point
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mutation upon the protein kinase activity of the UL97. Unfortunately the in vitro kinase 

assay did not produce reliable kinetic data despite multiple repetitions using different 

conditions to try to optimise the UL97 kinase activity.

The method described by He et a l, 1997 yielded the best results, in that the scintillation 

counts were higher than those of the negative controls, but these results were not always 

repeatable. Further to this, upon performing a time course of GCV phosphorylation by the 

purified UL97, the phosphorylation of GCV did not follow the kinetics expected of a first 

order reaction, as demonstrated with the kinetics of UL97 autophosphorylation, although the 

scintillation counts were greater than those of the negative controls. The method was 

modified to that originally described by Littler et al., (1992), but yielded scintillation counts 

no greater than those achieved by the He et al (1997) method, with little difference between 

the negative controls (LacZ and uninfected cell lysates) and the recombinant UL97.

1263W94 has not yet been defined in terms of antiviral function. UL97 was identified 

following the development of the point mutation L397R after multiple passage of AD 169 

through increasing concentrations of 1263W94, as the gene upon which the drug acts. As the 

drug is not a nucleoside analogue, it does not need initial activation by phosphorylation; 

therefore its antiviral activity would not be due to inhibition of this process, unlike GCV. In 

order to determine the mechanism of action of 1263W94, the drug was added to purified 

UL97 and subjected to a protein kinase assay. 1263W94 was initially tested against a crude 

cellular lysate containing the UL97 species and the negative controls, uninfected cells and 

LacZ-infected cells, to ensure the drug specifically inhibited the UL97. Phosphorylation of 

the protein species in the crude cell lysates, which are also phosphorylated in the kinase 

assay, remained unaffected in the presence of 1263W94. The 1263W94 specifically 

abolished the UL97 autophosphorylation in the wild type and all GCV-resistant mutants of 

UL97, to <10% of that of the uninhibited wild type UL97 phosphorylation. The 

autophosphorylation of the 1263W94-resistant UL97 (L397R) remained unaffected, at about 

10% of that of the wild type UL97. The IC50 of 1263W94 for the wild type and mutant 

UL97 species were determined to investigate if the presence of the point mutations within 

the UL97 affected the efficacy of 1263W94. The IC50 for 1263W94 of all the UL97 species 

were within 0.012pM of each other, with a mean value of 0.033pM. The significant point is
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that each of the phenotypic GCV-resistant mutants exhibited the equivalent sensitivity to 

1263W94 as the wild type UL97. This means that in the clinical setting, 1263W94 can be 

used as a real alternative to the current second line drugs, foscamet and cidofovir as 

treatment for GCV-resistant HCMV disease. The IC50 of 1263W94 for the M460I mutant 

however, indicated a four times increase in the sensitivity to the drug, at 0.0048|iM. Again, 

this may be due to the position of the 460 codon within the conserved protein kinase 

consensus sequence HRDLKXXN within the catalytic loop. Since the N461G mutation 

exhibited a total loss in autophosphorylation, this theory could not be tested using 1263W94.

The presence of the L397R mutation in the subdomain III of the protein kinase, involved in 

the stabilisation of the interaction between the invariant lysine and the a- and P- phosphates 

of the ATP, suggests the 1263W94 affected this interaction. To determine how the 1263W94 

inhibited the autophosphorylation of UL97, protein kinase assays were performed in which 

the drug concentration was kept constant in an assay with increasing concentrations of ATP. 

This assay would indicate whether 1263W94 was interacting with ATP binding. Generation 

of Lineweaver-Burke plots at each inhibitor concentration for the reciprocal of phosphate 

incorporation against the reciprocal of ATP concentration, showed inhibition by 1263W94 

was alleviated at high concentrations of the substrate (ATP) and increasing concentrations of 

1263W94 reduced the phosphate incorporation, as determined by UL97 

autophosphorylation. When the plots were merged, the resulting family of lines converged 

around the Y-axis at approximately IWmax- These observations are consistent with the 

1263W94 acting as a competitive inhibitor of ATP. The 1263W94 is not an exact analogue 

of ATP, but observation of the structure of 1263W94 indicates many similarities between 

ATP and the drug. The inhibition constant (Ki) for each of the 1263W94 concentrations 

were O.OljxM, suggesting the drug is a potent inhibitor of ATP.

Finally, if UL97 autophosphorylation is a prerequisite for the activation of GCV, it would 

follow that inhibition of this phosphorylation would result in an inactivation of GCV. In 

order to test this theory and to determine the effect of 1263W94-mediated UL97 

autophosphorylation inhibition upon GCV phosphorylation, a GCV kinase assay was 

performed either in the presence or absence of 1263W94. The initial observation suggests 

that upon inhibition of UL97 autophosphorylation, there is a reduction in GCV
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phosphorylation. Upon closer inspection however, the enzyme is not behaving in the manner 

expected in a first order rate of reaction, as observed for UL97 autophosphorylation in 

chapter 5. The preliminary results are therefore inconclusive, and are primarily prone to the 

same problems encountered when trying to perform the GCV kinase kinetic experiments 

discussed earlier. Perhaps a better experiment to perform in the light of the results indicating 

1263W94 does not affect any of the proteins from the crude cell lysate, would be a plaque 

reduction assay with GCV either in the presence or absence of 1263W94. Additionally, this 

would show the activity of both drugs and their interaction in a more physiological 

environment.

The concentration of UL97 added to each assay was approximately equal, as determined by 

the measurement of the optimal density of the protein solutions at an absorbance of 670nm, 

and comparative measurement of the protein expression levels by western blot using the 

anti-UL97 monoclonal antibody. The concentrations of the protein used in each assay were 

extremely low. To improve the reproducibility of the assays, higher concentrations of the 

recombinant protein, or indeed by more sensitive measuring devices such as HPLC would 

be preferable. When conventional methods such as autoradiography are utilised, background 

levels of radioactivity will always be present to fog the film, and so the resulting 

autoradiography bands have to be normalised in order to reduce the background. Analysis of 

the incorporation of radio-labelled ATP would be more accurately performed by the 

phosphorimager for the BioRad multianalyst. This would measure the exact amount of 

incorporated radioactivity and the result digitised. A combination of better purification 

techniques yielding a greater concentration of protein, together with the phosphorimager 

would increase the accuracy and reproducibility of the results.

Since DNA microarrays were pioneered for the study of genes within the cell cycles of 

various organisms, kinase chips have been developed in which kinases are tested for their 

ability to phosphorylate immobilised substrates. The investigators were able to successfully 

immobilise the substrate proteins on a surface using a specialised linking chemistry 

involving epoxy-silane, conduct the kinase reactions in volumes < O.Sjil and quantify the 

phosphoryl transfer using a high resolution phosphorimager (Snyder et al., 2001). This 

technology can be used to identify potent and selective inhibitors of kinases, so can be
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adapted for performing assays to determine IC50 values and the enzyme analysis involved in 

enzyme inhibition. The protein chips do however require highly purified protein preferably 

with a tag such as GST for immobilisation purposes, but the concentration of protein used is 

considerably less than that of conventional assays of protein kinase activity involving 

transfer of the y-phosphoryl group from radioactive y-^^P-ATP to individual proteins, 

followed by polyacrylamide gel electrophoresis to separate the ATP from the 

phosphorylated product.
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7.0. General Discussion

In the clinical setting, HCMV is controlled with GCV, ACV, foscamet and cidofovir. The 

in vivo efficacy of these compounds have been extensively studied, as indeed has the 

emergence of phenotypic and genotypic ganciclovir resistance mutants following long term 

therapy. An important consideration in both the pathogenesis of antiviral-resistant vims and 

the clinical options is the contribution of resistant vims to the disease process. Does the 

resistant vims actually cause disease or indeed potentiate existing disease? This question has 

been answered by molecular methodologies, applied to detect mutant vims in mixed 

populations of both mutant and wild type vims. During and following antiviral therapy, viral 

load can be monitored and the proportion of mutant vims determined within that population. 

Pathologists have used these data in conjunction with clinical observations to indicate the 

potential of the resistant vims to exacerbate clinical disease. Evidence for the pathogenic 

potential of resistant vims has been observed in the AIDS population. Disease progression 

often occurred in HCMV retinitis patients following prolonged GCV therapy (Bowen et al., 

1996). The eye is a good model to study the pathogenicity of resistant vims, as the eye is an 

immunologically privileged site (Koevary., 2000). The bioavailibility of antiviral dmgs to 

the eye is low (Gane et al., 1997), so suboptimal, and development of antiviral resistance can 

potentially occur independently of the situation occurring in the blood (Bowen et al., 1996). 

Thus, ophthalmic observations confirming retinal lesion enlargement, an increase in viral 

load and virtually 100% of the vims analysed from such lesions comprising of mutant vims, 

strongly correlates with the mutant vims causing disease progression.

Data on the HCMV load and distribution of GCV-resistant mutations within different organs 

have not previously been described. This thesis showed that in patients exposed to 

continuous GCV therapy, resistance to GCV is common at autopsy and does not occur 

uniformly in different tissue types, such that high level resistance in one organ is not always 

reflected in other organs of the same patient. Also a significant correlation between 

increasing viral load and the presence of GCV-resistance mutations was identified. These 

data suggest that merely assessing the appearance of resistant vims in one body 

compartment may provide misleading data on the tme prevalence of resistant vims in other 

target organs. Additionally, it is increasingly important to control viral replication the data 

suggests that mutant vims can replicate to high levels, and as previously stated, this will
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result in disease progression. Most importantly, these facts should be carefully considered in 

the design of future trials with other antiviral compounds active against HCMV.

Mathematical models have been employed to examine the dynamics of HCMV replication 

in vivo and to determine the relative fitness, in terms repopulation of wild type and mutant 

viruses under the selective pressure of ganciclovir (Emery et al., 1999, Emery and Griffiths,

2000). The replication of wild type virus is inhibited by the presence of the antiviral drug, 

GCV. Selective pressure exerted upon the wild type virus by the continued presence of the 

drug results in the generation of GCV-resistance mutants. These mutants have a distinct 

replication advantage over the wild type virus in the presence of GCV, which is exemplified 

by the presence of near total mutant virus populations in the blood and vitreous fluid of 

AIDS patients following long term ganciclovir therapy. The increase in fitness of HCMV 

with one mutation in the UL97 gene was shown to range from 3.7% to 9% (L595F, H520Q 

and M460V/I), and with 2 mutations from 2.6% to 7.5% (A594V + M460I and L595F + 

M460I). Conversely, when therapy was changed from GCV to cidofovir the selective 

pressure was against the mutants resulting in a relative fitness gain for wild type virus of 

3.5% to 5.6% for single mutations and 12.8% for double mutations. Expanding upon these 

results, the time to appearance of GCV resistance mutants and relative proportion of the 

mutant within the virus population following short- and long-term GCV therapy was 

determined.

A detailed characterisation of the impact of each point mutation upon the function of the 

HCMV UL97 kinase activity, in terms of UL97 phosphorylation and ganciclovir 

phosphorylation, may highlight how the reduction in viral fitness is achieved following 

GCV therapy. The study of UL97 kinase activity has previously been problematic as the 

molar quantity of the protein is very low, so isolation of the protein from other cellular 

proteins has been difficult. Heterologous protein expression systems designed to express 

large quantities of the desired protein for efficient purification and characterisation of the 

protein would be useful. However, as discussed in section 1.9, it is essential to study the 

protein which has been correctly post translationally modified and purified from the host
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proteins as a soluble, functionally active protein. This is especially important when 

identifying the impact of single point mutations upon the function of the protein.

In order to overexpress the HCMV UL97, in a correctly post translationally modified form, 

the baculovirus expression system was chosen. Initially the recombinant baculoviruses, 

BVMelBac-UL97 and BVBluBacHis-UL97, were constructed with the expression of the 

UL97 ORP under the control of the polyhedrin promoter. This resulted in the expression of 

large quantities of the pMelBac-UL97 and pBluBacHis-UL97 as detected by coomassie 

brilliant blue staining and western blot, although the expression of the latter was 

considerably less than that of the former. The reasons for this remain unclear, but may be a 

result of the N-terminal fusions or possibly due to codon usage.

The BVMelBac-UL97 was chosen for further work, not only due to the higher level of 

UL97 expression, but for the potential of the protein in this expression system to be secreted 

into the tissue culture medium. Secretion should make purification of the protein 

considerably easier, resulting in greater concentrations than have previously been observed. 

Following a failure to detect the recombinant UL97 in the culture medium, even at a high 

MOI and despite consistent detection of the protein in the insect cells themselves, it was 

postulated that competition may be occurring between the signal sequences for nuclear 

localisation (UL97), and secretion (N-terminal honey bee melitin) signal. To determine the 

location of the expressed UL97, the insect cells were stained with an anti-UL97 monoclonal 

antibody. This resulted in the identification of the UL97 throughout the cell and not 

specifically within the nucleus or at the plasma membrane.

Following construction of the recombinant baculoviruses expressing the wild type UL97, 

point mutations were engineered into the UL97 ORF by site directed mutagenesis. The 

specific mutations were chosen due to the fi-equency in which the mutations were detected in 

GCV-resistant clinical strains of HCMV following GCV therapy. Additionally, previous 

work upon these isolates highlighted a reduction in replicative fitness of the mutant viruses 

compared to the wild type virus. The biochemical analysis of the recombinant wild type and 

mutant UL97 species was performed by two approaches. Initially autophosphorylation of the
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wild type and mutant species of UL97 was examined to quantitatively determine the effect 

of each point mutation upon the autophosphorylation of the UL97 itself, and to equate the 

differences with reduction in relative fitness of the clinical isolates. Secondly, 

phosphorylation of GCV was performed to determine the effect of each point mutation upon 

this activity. To perform any of the biochemical analysis, highly purified UL97 was required 

to eliminate the interference of any co-purified protein kinase. With the honey bee secretion 

signal being inactive in this system, the proteins had to be purified by conventional 

biochemical means. These methods are time consuming and inefficient, but highly purified 

UL97 was obtained following ion exchange chromatography and ammonium sulphate 

precipitation. This purification was essential for the study of GCV phosphorylation and to 

determine the antiviral activity of the novel antiviral, 1263W94. Interestingly, the only 

genotypic GCV-resistant mutant exhibiting a reduction in UL97 autophosphorylation, 

compared to the wild type UL97, was the M460I mutant. This suggests that the reduction in 

viral fitness may not be associated with UL97 autophosphorylation. Autophosphorylation 

however, appears to be a prerequisite for GCV phosphorylation. This has been shown here 

and has previously been described for UL97 mutants engineered with point mutations in 

conserved amino acids. The fact that no genotypic GCV-resistant mutants have been shown 

to be completely impaired in UL97 autophosphorylation suggests the contrary however.

Comparison of the results of UL97 autophosphorylation, GCV phosphorylation and the 

lower level of viral fitness of the mutant viruses compared to the wild type virus presents 

somewhat of a conundrum. The majority of GCV-resistant clinical isolates exhibit the same 

level of autophosphorylation as the wild type virus but the level of GCV phosphorylation is 

reduced to below 20% of that of the wild type. Additionally, the relative fitness difference 

of the mutant and wild type viruses is 5.6%, as demonstrated by mathematical modelling 

(Emery and Griffiths., 2000). Why would the mutant viruses have the same level of UL97 

autophosphoiylation but have a reduced fitness. This suggests that autophosphorylation is 

necessary for ganciclovir monophosphorylation but unnecessary for the phosphorylation of 

the natural substrate of UL97. The reduction in viral fitness may be the result of inefficient 

binding of the natural substrate to UL97 with resistance mutations. Additionally, clinical 

isolates with 2 mutations in the UL97 are relatively uncommon and isolates in which 3 or
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more mutations have been detected in the UL97 is previously undescribed. A distinct 

problem with this hypothesis is the lack of clinical isolates detected in which UL97 is not 

phosphorylated, although it may be assumed that autophosphorylation is coincidental to the 

function of the kinase thus you would not expect to see such isolates. In order to examine 

the combined effects of these mutations, as opposed to the single mutation introduced into 

the UL97 gene, it would be useful to generate mutants with 2 or more of the GCV resistance 

mutations. This would indicate if the presence of 2 or mutations causes a reduction in the 

autophosphorylation of the UL97, and if not, would further suggest the redundancy of 

autophosphorylation.

Three experimental routes could be taken to determine the necessity of autophosphorylation 

in the natural function of the kinase, which shall be discussed individually. Firstly, the 

natural substrate of UL97 is currently unknown, however UL97 is a protein kinase, which 

phosphorylates on serines and threonines. One substrate for such kinases is histones and it 

has been demonstrated that UL97 can phosphorylate the H2b histone. Using the wild type 

and mutant UL97 species, the H2b could be used in a protein kinase assay and the resulting 

histone phosphorylation quantified for each mutant. This would identify the relative 

inefficiency of histone phosphorylation as a function of the point mutations, and not as a 

result of autophosphorylation. The level of autophosphorylation of the mutant identified to 

be resistant to 1263W94 (L397R) was decreased to below 15% of that of the wild type virus. 

This mutant could be used for the negative control to determine if the histone was still 

phosphorylated in the absence of UL97 autophosphorylation.

This mutant leads the way to the second set of experiments, whereby the point mutation can 

be transferred to a GCV-sensitive HCMV strain such as AD 169 by homologous 

recombination. If autophosphorylation is essential for the natural function of the kinase, it 

would be expected that in a time course experiment to follow the replication of the virus by 

detection of DNA or RNA, using wild type AD 169 in parallel experiment, the mutant virus 

would be severely debilitated in its replication, given the essential nature of UL97 in the 

replication of HCMV. This could be taken further by co-culturing the mutant virus with 

wild type virus in a similar assay, either in the presence or absence of 1263W94. If a 1:1
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ratio of wild type to mutant virus were used in the absence of 1263W94, it would be 

expected that the wild type virus would out-compete the resistant mutant virus and could be 

easily demonstrable with such technologies such as Taqman real time PCR. The real time 

PCR could determine the proportion of wild type virus to mutant virus in the mixed 

population by probe annealing and melting point differentiation and indicate the extent to 

which the mutant virus has been outcompeted. In a similar assay with a 1:1 ratio of viruses 

in the presence of 1263W94, the mutant virus may only marginally outcompete the wild 

type virus if autophosphorylation were essential, since it retains approximately 15% of it’s 

autophosphorylation activity. If autophosphorylation were unnecessary for the natural 

function of the protein, it would be expected that the mutant virus would outcompete the 

wild type virus in the presence of drug. Of course this would depend upon the mutation not 

inhibiting the natural function of the kinase. The extent of this competition could be 

examined by altering the input ratios of the wild type and mutant viruses, whereby up to 

90% of one virus could be tested in the system in the presence of absence of drug. The third 

line of experiments to determine the essential nature of autophosphorylation would involve 

identification of the serine or threonine residues upon which the UL97 autophosphorylates. 

The serine residues identified lie predominantly towards the N-terminal section of the 

protein and outside of the kinase catalytic domains. This was observed by 

transphosphorylation experiments, whereby a truncated UL97 expressing from aa 300 was 

not phosphorylated by co-incubation with wild type UL97 in a protein kinase assay (data not 

shown). By performing site directed mutagenesis upon these serine residues and replacing 

them with a similarly basic amino acid, it would be possible to locate the residues involved 

in the autophosphorylation and determine if their involvement is essential.

There may however be a further, simpler explanation. The reduction in viral fitness is as 

small as 5%, therefore the assay to determine the degree of autophosphorylation of UL97 

may not be sensitive enough to detect such a small reduction. Indeed, the concentration of 

UL97 used for each assay was sufficiently small that the standard deviation between each 

assay may be +/- 5%.
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The plaque assay, essential for the isolation of the recombinant baculovirus clones, the 

generation of high titre stocks and the titration of the virus stocks was optimised. The 

titration of the virus stocks was reliable and highly reproducible, so ensuring the 

optimisation of the MOI for protein expression was reproducible. It also ensured the 

difference in expression of the two protein species, pMelBac-UL97 and pBluBacHis-UL97, 

was not merely due to differences in initial virus titre. Analysis of the UL97 activity was 

achieved by virtue of the P-galactosidase expression by the recombinant baculoviruses. A 

titration of the baculoviruses by plaque assay resulted in blue plaques following staining 

with X-gal, allowing a clear identification of the infected cells. Using this marker, co­

cultivation of the mutant and wild type UL97-expressing viruses with increasing 

concentrations of GCV resulted in a large reduction in the number of plaques of the wild 

type UL97 virus. Culture of the mutant UL97 baculoviruses in increasing concentrations of 

GCV resulted in GCV-induced inhibition of baculovirus replication, which differed 

according to which mutations were present. The GCV-resistant mutants in which the 

inhibition was greatest were those occurring within domains conserved throughout the 

protein kinase superfamily, although the amino acids themselves were not conserved. The 

mutations in the UL97, which confer GCV resistance, also induced a reduction in the 

number of plaques upon co-cultivation with GCV. Thus the plaque reduction assay was a 

good screening assay to identify the effect of the mutations with regard to the resistance of 

the virus to the antiviral action of GCV induced by the mutations and may reflect the in vivo 

situation of the effect of the mutants upon GCV phosphorylation.

Novel antivirals with novel mechanisms of action are increasingly in demand in the HCMV 

setting. This is due to the poor bioavailibility of the currently used drugs, the risk of serious 

side effects following long term treatment and the fact that the current drugs all ultimately 

have the same target, the HCMV DNA polymerase. This means selection of cross-resistant 

mutants is more likely to occur. The novel antiviral 1263W94 and its precursor BDCRB 

were selected as potent inhibitors of HCMV replication from a panel of benzimidazole 

ribosides. BDCRB was shown to inhibit the viral replication at the stage of viral DNA 

maturation, when the viral DNA concatamers are processed to form unit length DNA for 

packaging into the viral capsids. 1263W94 has a completely different mechanism of action
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from the BDCRB, as was demonstrated by the development of a point mutation within the 

UL97 following culture of the HCMV lab strain AD 169 in increasing concentrations of 

1263W94. GCV activity relies on the initial monophosphorylation performed by the UL97 

protein kinase, incorporation of the triphosphorylated GCV into the growing DNA chain and 

inhibition of the DNA polymerase. 1263W94 however does not require an initial 

phosphorylation catalysed by UL97 and it does not interact with the DNA polymerase, so 

not inhibiting its activity. Thus, the mechanisms of action of the GCV and 1263W94 are 

completely different. This is confirmed by the lack of cross resistance of the GCV-resistant 

isolates to 1263W94.

Data in this thesis has shown 1263W94 is a competitive inhibitor of ATP binding, resulting 

in an inhibition of UL97 autophosphorylation. This observation has important implications 

with respect to treatment of patients with HCMV disease. Firstly, 1263W94 is effective 

against all genotypic GCV-resistance mutations. This means that HCMV disease can be 

controlled following development of mutations inducing GCV resistance following long 

term therapy. Two obvious problems are however indicated. The fact that 

autophosphorylation may be required for GCV phosphorylation means that dual treatment 

with GCV and 1263W94 will not be possible. Also, if following long term treatment of 

HCMV disease with 1263W94 induces mutations resulting in mutants lacking 

autophosphorylation, such as the L397R mutation, a change of treatment back to GCV 

would not be possible. It would therefore be necessary to treat the resistant virus with the 

second line antivirals foscamet and cidofovir. These two drugs do not require the action of 

UL97, so cross resistance due to the requirement of the same gene for the activity of the 

drug will not be a problem. Conclusive data to show the elimination of UL97 

autophosphorylation does not inhibit GCV phosphorylation had been very difficult to 

demonstrate.

The observation that the autophosphorylation of UL97 is essential for the activation of GCV 

has been based upon the fact that in the absence of UL97 autophosphorylation, GCV is not 

monophosphorylated. This may not be entirely correct, as the observation was made using 

UL97 species generated with mutants engineered into amino acids conserved among protein
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kinases. Autophosphorylation may therefore not occur as these conserved domains are 

essential for the natural activity of the UL97 kinase, which includes autophosphorylation. It 

would be expected that if the natural function of UL97 has been disrupted, the 

phosphorylation of GCV would also be affected. This is backed up by the fact that no 

mutants have been isolated from clinical samples, which completely lack 

autophosphorylation. It would therefore be interesting to determine the effect of the 

1263W94 mutation upon the activity of the virus in an in vivo situation, given that the 

L397R mutant exhibits a greatly reduced autophosphorylation and GCV phosphorylation 

activity. The autophosphorylation of the L397R mutant was reduced to below 15% of that of 

the wild type virus, suggesting a significant reduction in viral fitness so probably a gross 

effect upon the natural activity of the UL97, impairing the viability of the 1263W94- 

resistant virus. This means the L397R mutation would not be advantageous to the virus even 

in the presence of 1263W94. This situation is not that unusual among viruses. Mutations 

occurring within the DNA polymerase gene of Hepatitis B following treatment with 

lamivudine have been shown to render these viruses less fit in terms of replication (Gaillard 

et al., 2002). These mutations have been mapped to the highly conserved YMDD motif and 

an upstream motif FLLAQ, so resulting in a lowered affinity of the mutant polymerase for 

the natural dNTP substrates, and a decreased affinity to the activated lamivudine 

triphosphate. Mutations in the reverse transcriptase of HIV following treatment with 

HAART also induces a reduction in the replicative fitness of the virus. Devereaux et al., 

(2001) observed a reduction in the viral fitness of between 11.6% and 21% for mutant 

viruses, which were rapidly displaced by wild type virus following the cessation of therapy. 

Generally in HIV, primary drug resistance, mutations occur in the reverse transcriptase and 

protease, which reduce the fitness of the virus relative to the wild type virus. Further 

acquisition of secondary mutations however, appears to restore the replicative fitness of 

these drug resistant strains.

With prolonged GCV therapy necessary for the transplant populations and more especially 

the AIDS populations, particularly now that HAART failures have been identified, novel 

antivirals are becoming increasingly necessary as alternatives to GCV. Prolonged GCV 

therapy can result in leukopenia, thrombocytopenia, leukoplasia, anaemia and bone marrow
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toxicity (Crumpacker, 1996). In comparison, BDCRB and 1263W94 exhibit reduced 

cytotoxicity to bone marrow cells (Townsend et al., 1995, Chulay et al., 2000), which is 

particularly important when considering the bone marrow transplant populations. This 

reduction in cytotoxicity and good bioavailibility, combined with the extremely high 

potency of 1263W94 against HCMV suggests 1263W94 would be preferable as a first line 

antiviral in the treatment of HCMV, especially in the transplant populations. It would be 

interesting to determine the concentration of the drug within different organs and tissues, 

when considering high viral loads were found in the liver, lymph nodes and adrenal glands 

and GCV-resistance mutations were also found in these tissues. This need for novel 

antivirals with activity against HCMV using different mechanisms of action has been 

highlighted in recent years with the failure of HAART and the emergence once again of 

GCV-resistant virus. With 1263W94 potentially unable to be used in combination therapy 

with GCV, other antivirals with the ability to be used in combination with either 1263W94 

and/or GCV, such as fomiversen, the non-nucleoside inhibitors and potential inhibitors of 

the HCMV protease, should be sought.
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