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ABSTRACT

CONSTRUCTION OF AN ESCHERICHIA COLILAC REPRESSOR-BASED 
SYSTEM TO STUDY HUMAN CYTOMEGALOVIRUS GENE EXPRESSION

Laura Fernanda Cageao-Luchetti 
Eastern Virginia Medical School and Old Dominion University, 1999 

Director: Dr. Richard M. Stenberg

An Escherichia coli lac repressor-based system was developed to study the roles 

of human cytomegalovirus (HCMV) genes during viral replication. To this end, a 

recombinant HCMV expressing the lac repressor was generated (RV/orc), and an 

HCMV-specific promoter was targeted for conditional expression by inserting the lac 

operator sequence. The promoter of a nonessential gene was chosen in order to be able 

to assess parameters of repression and derepression of the operator-containing promoter 

in the endogenous locus, without having virus growth dependent on the specific inducer 

isopropylthiogalactoside (IPTG). The feasibility of this approach to conditionally 

express an HCMV promoter was demonstrated by analyzing lac operator-containing, 

HCMV US9 promoters in CAT reporter constructs, using RVlac and IPTG in transient 

assays. This study demonstrates that efficient repression mediated by the lac repressor 

can be achieved, and this repression is efficiently reversed by IPTG. In addition, the 

operator-containing US9 promoters were inserted into the endogenous locus to 

investigate the impact of the operator insertion on basal promoter expression in the 

context of the virus, before these constructs are used to study conditional expression in 

the viral genome. It was observed that US9 endogenous promoter expression was not 

affected significantly by the operator insertions. Because attempts to isolate a 

recombinant virus containing the operator-containing US9 promoter and expressing the
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lac repressor were unsuccessful, future studies should target the insertion of the 

operator-containing US9 promoter and the lac repressor gene into two separate 

recombinant viruses. These viruses could be used in coinfection experiments to address 

conditional US9 gene expression. Furthermore, alternative sites for insertion of the 

operator sequence within the US9 promoter should also be evaluated. After 

demonstrating the feasibility of this approach in the context of the viral genome, the 

system can then be adapted to target putative essential HCMV genes.
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CHAPTER I 

INTRODUCTION 

Cytomegaloviruses: classification and general characteristics

Cytomegaloviruses (CMV) are animal DNA viruses that are widely distributed in 

nature. These viruses belong to the Herpesviridae family, and were initially defined as 

salivary gland viruses, due to the central role played by this organ as a target for virus 

replication. Later, the name cytomegalovirus (CMV) was proposed, to reflect the virus 

induced cytomegalia, a phenotype characterized by enlargement of the cell, and the 

distinct cytopathology involving both nuclear and cytoplasmic inclusions in the infected 

cell. This name also reflects the role of this virus in congenitally acquired cytomegalic 

inclusion disease (CID) (reviewed by Mocarski, 1996).

Human Herpesvirus S (human cytomegalovirus (HCMV)) has been the most 

studied cytomegalovirus, and is the prototype of the betaherpesvirinae subfamily. A 

significant characteristic of this subfamily is the restricted host range of all of its 

members. They all present a long replicative cycle, and infection proceeds rather slowly 

in cells in culture. A typical feature of cytomegalovirus-infected cells is cytomegalia. 

Like all herpesviruses, CMV persists in the infected host for life (see Viral Pathogenesis 

section in this chapter) (reviewed by Roizman, 1996).

HCMV is strongly species specific. It will not replicate or cause disease in any 

animal species other than humans (reviewed by Huang and Kowalik, 1993). The virus is 

generally acquired early in life, usually causing only mild symptoms upon primary 

infection. Between 50-80 % of the adult population is seropositive for HCMV, and a 

significant number of individuals shed the virus in bodily fluids. Symptomatic disease is

The model journal for this dissertation is Virology.
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rarely observed in the immunocompetent host. On the other hand, HCMV has become 

significantly important as a human pathogen in the last two decades because of its 

involvement in serious morbidity and even mortality in immunocompromised patients.

Such patients include those receiving immunosuppressive post transplant therapies, as well 

as acquired immunodeficiency syndrome (AIDS) patients (see Viral Pathogenesis section).

Human cytomegalovirus: discovery and isolation

Infection of permissive cells with cytomegalovirus results in cell enlargement and 

the formation of intranuclear inclusions. In the early 1900s, these cytomegalic cells 

presenting inclusion bodies were thought to result from protozoan or syphillitic infection. 

Jesionek and Kiolemeoglou described these enlarged cells in several organs of infected 

fetuses in 1904. Even earlier, Ribbert had observed these cells in kidney sections of a 

stillborn infant in 1881. These cellular changes were also reported after the examination of 

numerous postmortem submaxillary glands and other tissues from infants (reviewed by 

Huang and Kowalik, 1993). All of this evidence led to the term “cytomegalic inclusion 

disease” (CID) in early studies, when the virus had still not been identified (reviewed by 

Britt and Alford, 1996).

Lipschutz was the first investigator to propose that CID was caused by a virus. In 

1921, he defined the intranuclear inclusions that he observed as being similar to herpetic 

lesions. The first experimental evidence that CID was caused by a virus was provided by 

Cole and Kuttner in 1926. These investigators used a guinea pig model, and showed that 

filtered homogenates of salivary glands bearing intranuclear inclusions were infectious for 

animals with no previous signs of CID. When histopathologic studies of the salivary
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glands of infected animals were compared with the histologic changes observed in the 

salivary glands of infected humans, the causative agent was proposed as “salivary gland 

virus”.

HCMV was first isolated independently by Smith, and Rowe et al. in 1956, and by 

Weller et al. in 1957. Rowe and coworkers isolated the currently commonly used 

laboratory strain AD 169. This strain was inadvertently isolated instead of adenovirus from 

the adenoidal tissue of a child who had undergone tonsil and adenoidectomies (Huang and 

Kowalik, 1993). Smith and Weller independently isolated the virus from infants with 

generalized CID. Weller et al. first used the term “cytomegalovirus” to reflect the 

cytopathology produced by these viruses. Following the isolation of HCMV in the late 

1950s, serological studies showed that HCMV causes a common, usually subclinical 

infection that occurs worldwide. The incidence of HCMV infection is more pronounced in 

the very young and old, as well as in immunocompromised individuals. Electron 

microscopic work on the morphology of the virus, as well as the finding that its large 

genome was composed of DNA, led to the classification of CMV as a member of the 

Herpesviridae family (reviewed by Britt and Alford, 1996).

Structure of the virion

CMV virions present the typical structure of the herpesvirions. The architecture of 

the virion consists of a core, a capsid, a tegument (also referred to as matrix), and an 

envelope. The core contains the viral genome (see section below). This is a linear, double

stranded DNA molecule in the form of a torus. The capsid presents icosadeltahedral 

symmetry, with a diameter of 100 -110 nm. It is constituted by the major (150 kilodalton
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(kD)) and minor (40 kD) capsid proteins. These proteins are analogous to the 

predominant Herpes Simplex Virus 1 (HSV-l) capsid proteins (Gibson, 1981). The 

tegument, an amorphous material surrounding the capsid, consists of twenty different 

proteins, most of which are phosphorylated. This proteinacious structure is believed to be 

responsible for the anchorage of the envelope to the capsid. Some of the most studied 

tegument phosphoproteins are pp65 (the most abundant virion protein), pplSO, pp71, 

pp28, and pp64. However, the roles of the tegument proteins, with the exception of the 

virion transactivator pp71, remain undefined. The virion envelope is derived from the 

infected cell plasma membrane and contains at least eight viral glycoproteins in the form of 

spikes, present in four complexes (Pereira et al., 1992). Half of these HCMV 

glycoproteins, gB, gH, gL, and gM, are homologous to four essential HSV-l 

glycoproteins. gB is the major HCMV glycoprotein, and is a predominant target for 

neutralizing antibodies (Britt et al., 1990). Neutralizing antibodies are also directed to 

other viral glycoproteins (Pachl et al., 1989), like gH. The viral glycoproteins are involved 

in virus attachment, penetration and entry into the host cell, as well as in cell-to-cell spread 

(reviewed by Roizman, 1996).

Virions in the Herpesviridae family are pleomorphic; the sizes range from 120 to 

300 nm in diameter. This variation is due to differences in the amount of tegument, or to 

the state of the envelope. Like all herpesviruses, cytomegaloviruses are sensitive to low 

pH, lipid solvents, and heat (reviewed by Mocarski, 1996).
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The viral genome

The herpesvirus DNAs are linear and double-stranded. They vary in molecular 

weight (120 to 230 kilobase pairs (kbp)) and base composition (31 to 75 G + C mole %). 

One important characteristic of these viral DNAs is their sequence arrangement. Many 

herpesvirus DNAs contain repeated sequences both internally and at the termini. This 

feature allows for the classification of the herpesviruses into six different groups (A, B, C, 

D, E, and F), based on the six different classes of genomes of the herpesviruses (reviewed 

by Roizman, 1996).

Cytomegaloviruses have the largest genomes of any of the herpesviruses (180 to 

230 -240 kbp) and of any known animal viruses. HCMV DNA is approximately 50 % 

larger than HSV DNA (reviewed by Gibson, 1993). In addition, the HCMV genome 

contains a greater density of repeated sequences than that of any other herpesvirus. 

Particularly, highly repeated regions include the DNA replication origin, orilyt, and two 

transcriptional enhancers. Like HSV, HCMV presents a complex arrangement of unique 

and inverted repeats that leads to the existence of four genome isomers (genome 

arrangement of group E). The genome presents a unique long component (UL) and a 

unique short component (US). Each component is flanked by repeated sequences in an 

inverted orientation located at the genomic termini and the UL-US junction. Both the UL 

and US genome components can invert relative to each other to generate four isomeric 

forms (reviewed by Mocarski, 1996). HCMV virions consist of equimolar concentrations 

of these four genomic isomers.

The genome of the HCMV AD169 strain has been completely sequenced 

(European Molecular Biology Laboratory Sequence Database accession number X17403).
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It contains 208 predicted open reading frames (ORFs) (Chee et al., 1990), many of which 

present high degree of DNA sequence homology. These ORFs are believed to originate 

from gene duplication and have been grouped into gene families. At present, little is 

known about the function of many ORFs belonging to the various gene families 

(Mocarski, 1996).

The overall genomic DNA sequence homology among the HCMV strains is 

approximately 95 %. Restriction mapping analysis of the viral genome has shown that 

clinical isolates and laboratory-adapted strains are related. However, deletion of genomic 

sequences occurs after serial undiluted passage of the virus in culture. It is believed that 

these deletions have led to the loss of some of the host range capabilities of the laboratory- 

passaged strains AD 169 and Towne, when compared to the more limited passaged, more 

virulent viruses, such as Toledo. At least 19 genes present in clinical isolates are not found 

in laboratory strains (Cha et al., 1996).

Viral pathogenesis

Pathogenicity

CMV pathogenicity involves a complex balance between acute and persistent 

infections. The immunocompetency of the infected individual plays a major role in the 

outcome of viral infection. For HCMV, it is currently unclear if the virus is present in a 

chronic (with continuous production and release of low levels of infectious virus) or true 

latent (with no detectable infectious virus) state in persistently infected humans. 

Macrophages and endothelial cells have been proposed as major sites of HCMV 

persistence (reviewed by Fish et al., 1995). In contrast, it has recently been demonstrated
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that latent murine CMV (MCMV) is harbored in the spleen, the lung, and the kidney of 

infected mice (Pollock and Virgin, 1995), (Kurz et al., 1997).

Generally, primary infection with HCMV occurs during early childhood. Typically, 

the virus initially infects ductal epithelial cells within the salivary gland. This is a site of 

persistent viral replication following primary infection. Transmission occurs via direct or 

indirect person-to-person contact, by the urine of infants, and the saliva from healthy 

seropositive individuals (reviewed by Mocarski, 1996). The virus is present in 

oropharyngeal secretions, urine, tears, feces, semen, cervical and vaginal excretions, breast 

milk, and blood.

After primary infection, cytomegaloviruses remain persistently in their hosts for life 

in a quiescent state. These viruses have evolved to coexist in equilibrium with the host. 

Persistence is achieved by inducing immunosuppression in the host, and by inhibiting 

immune recognition (Campbell et al., 1989 and 1992), (Campbell and Slater, 1994),

(Jones et al., 1995). In humans, reactivation of the virus results in recurrent infections with 

a variety of clinical manifestations in immunosuppressed individuals, such as after organ 

transplantation, during pregnancy, and in numerous AIDS and cancer patients.

Studies focusing on the pathology of HCMV infection have demonstrated that 

when severe disseminated disease occurs (see following section), HCMV can be found in 

virtually all organs of the infected host (reviewed by Britt and Alford, 1996). The virus 

replicates in the genitourinary tract and the kidneys. In AIDS patients, the gastrointestinal 

tract is involved. In newborns with CID, HCMV is present in the bile duct epithelium in 

the liver. Another site of HCMV replication is the respiratory tract, typically, the mucosa 

of the upper respiratory tract in immunosuppressed individuals. In the lungs, infected cells
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are found in the alveolar and bronchial epithelium. Recently, HCMV infection of adult 

AIDS patients has been shown to involve the central nervous system (CNS). CNS 

involvement is also reflected in both generalized and focal structural brain damage when 

severe fetal HCMV infection occurs (reviewed by Britt and Alford, 1996).

The cell types that are targets for virus replication include epithelial, endothelial 

and glial cells (reviewed by Mocarski, 1996). The infected cells are typically large, the 

cytoplasm becomes limited, and the nuclei are prominent. Within the nucleus, the 

chromatin is marginated, and the characteristic inclusions surrounded by a clear halo are 

observed. In addition to the cell types mentioned above, HCMV infects monocytes, and 

this is believed to play a central role in viral pathogenesis (reviewed by Campbell, 1999), 

(Michelson, 1997).

The murine model has been used extensively to address the role of 

monocytes/macrophages in CMV infection. This role is dual: MCMV infected- monocytes 

disseminate the virus within the infected host (Stoddart et al., 1994), and serve as 

precursors of infected macrophages in the spleen, the lungs and the liver. On the other 

hand, CMV- infected macrophages trigger the early, non-specific immune response to the 

virus (see below). Also, as well as allowing productive viral replication, the macrophage 

has been implicated in MCMV latency (Pollock et al., 1997), (Mitchell et al., 1996).

Several antiviral cytokines are produced by CMV-infected macrophages: tumor necrosis 

factor alpha (TNFa), interleukins IL-8, IL-ip, IL-12, IL-6, and interferon IFNa/f) 

(reviewed by Mocarski, 1996), (Orange and Biron, 1996), (Ruzek et al., 1997) (reviewed 

by Campbell, 1999). Although these cytokines may control the extent of CMV replication 

in the macrophage, they fail to completely eradicate the virus. Clearly, the interaction
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between CMV and the monocyte/macrophage is intricate, and multiple factors seem to 

regulate the outcome of infection.

The murine model has been successfully used to study the immune responses to 

CMV infections (reviewed by Campbell, 1999). In the early stages of MCMV infection, 

innate non-specific immunity is responsible for controlling virus replication in acutely- 

infected mice. Natural killer (NK) cells are a significant non-specific defense against CMV. 

These cells are activated soon after infection, and effectively control early MCMV 

infection in the target organs. In the early stages of infection, the production of IFNa/p by 

the infected macrophage also represents a significant non-specific antiviral defense. This 

defense is effective via direct antiviral activity, as well as the enhancement of NK cell 

cytotoxicity (reviewed by Campbell, 1999). However, these innate immune responses do 

not completely eliminate the virus in acutely-infected mice. Cell-mediated immunity 

involving CD4 and CD8 T lymphocytes is responsible for clearing MCMV infections from 

target organs. Antibodies, on the other hand, do not participate in clearing a primary 

infection, but they control the extent of recurrent infections following reactivation of latent 

MCMV.

In humans, cell-mediated immune responses to CMV are essential for controlling 

viral infection. pp65 and pplSO tegument phosphoproteins are the principal targets of 

cytotoxic T lymphocytes (CTLs) (McLaughlin et al., 1994). Other targets of CTLs are the 

immediate-early protein IE72 and gB (Borysiewicz et al., 1988).
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Cytomegalovirus-associated disease 

Like other herpesviruses, HCMV is ubiquitous, and the majority of the human 

population tests positive for CMV infection by adulthood. In most cases, infection of a 

healthy individual is clinically undetectable. Rarely, however, infection may result in a 

mononucleosis syndrome clinically identical to the mononucleosis syndrome associated 

with Epstein-Barr virus (EBV) infection (reviewed by Britt and Alford, 1996).

In contrast, individuals with immature or compromised immune systems may suffer 

from a variety of disorders associated with HCMV infection. CMV infection is the most 

common congenital viral infection in humans. In the United States, the incidence is 

1-2 % per live births. The majority of these infants present subclinical infections. 

Transmission in utero can result from either primary infection of, or reactivation of latent 

virus in, the mother. The clinical manifestations include brain damage, mental retardation, 

deafness, ocular damage, as well as hepatic disease and pneumonia. Severe cases of 

disseminated disease are fatal. Less severe cases will develop central nervous system 

abnormalities in the first two years of life. Infants with congenital HCMV infection excrete 

large quantities of the virus persistently for years after birth. This provides a significant 

reservoir for virus spread in the population (reviewed by Britt and Alford, 1996),

(reviewed by Chang and Lee, 1993).

HCMV is one of the most significant opportunistic pathogens that infects AIDS 

patients. Syndromes associated with HCMV infection in AIDS patients comprise almost 

every organ system. Most frequently involved are the CNS (reviewed by Wiley and 

Nelson, 1993), the gastrointestinal system, and the lung. Diseases like CMV pneumonitis, 

retinitis, encephalitis, esophagitis, gastritis, hepatitis, and enterocolitis are frequently
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observed (reviewed by Fiala et al., 1993), (Jacobson, 1995). Because of the poorer 

prognosis of CMV-seropositive patients with AIDS, and the observation that HCMV 

regulatory proteins can regulate expression of the Human Immunodeficiency Virus Long 

Terminal Repeat (HIV LTR) (Barry et al., 1990), (Biegalke and Geballe, 1990), it has 

been proposed that HCMV acts as a cofactor in the progression to and development of 

AIDS. This has been supported by the colocalization of both viruses in brain cells of AIDS 

patients (Nelson et al., 1988), and by the fact that under certain conditions HCMV has a 

positive regulatory effect on HIV replication (Lathey et al., 1994). Some reports, 

however, have revealed that HIV and HCMV do not cooperate, and in fact seem to 

interfere with replication (Jault et al., 1994), (Koval et al., 1991). To date, the role of 

HCMV in AIDS progression is still poorly understood, and the data obtained under 

different experimental conditions are inconclusive. Therefore, the participation of HCMV 

in AIDS development remains speculative.

In patients receiving allografts, HCMV represents a significant pathogen which can 

cause severe post transplant complications. The source of HCMV can be reactivated virus 

in the seropositive recipient, or virus harbored in the transplanted organ from a 

seropositive donor. Clearly, at greater risk for primary infection are seronegative 

recipients of organs from seropositive donors. Generally, the severity of HCMV infection 

and disease correlates with the degree of immunosuppression of the patient. The kidney 

was the first organ in which allograft transmission of CMV was observed. It was later 

demonstrated that CMV can be transmitted in transplants of liver, bone marrow, heart, 

and heart-lung (reviewed by Smyth et al., 1993). Between 60 and 100 % of renal allograft 

recipients develop HCMV infection. Rates are similar for cardiac and hepatic
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transplantation. On the other hand, HCMV infection occurs in 32 to 70 % of bone marrow 

transplant recipients. The incidence of disease caused by HCMV in the post transplant 

period is between 20 and 60 %. The clinical manifestations of HCMV infection in allograft 

transplant recipients include leukopenia, thrombocytopenia, lymphocytosis, elevated 

hepatic transaminases, and prolonged fever. Life-threatening complications include 

HCMV infection of the gastrointestinal tract, hepatitis, and pneumonia. HCMV 

pneumonia is the most significant infectious syndrome in bone marrow transplant patients.

If left untreated, this complication can cause the death of 80 % of the patients (reviewed 

by Britt and Alford, 1996) (reviewed by Winston, 1993).

Antiviral chemotherapy 

Several antiviral agents have been used to treat HCMV disease in cases of 

congenital infection, immunocompetent individuals presenting mononucleosis syndrome, 

and immunosuppressed cancer and transplant patients with variable severity of clinical 

symptoms (reviewed by Britt and Alford, 1996). Leukocyte interferon, interferon 

stimulators such as measles virus and pyran copolymer, nucleoside drugs [iodo- 

deoxyuridine, fluorodeoxyuridine, cytosine arabinoside, adenine arabinoside (ara-A, 

vidarabine), and acyclovir (ACV)] have been used individually and in combined 

therapeutic regimens with little or no clinical benefit. More recently, a nucleoside drug, 

9-(l,3- dihydroxy-2-propoxymethyl) guanine (ganciclovir, GCV), and phosphonoformic 

acid (foscamet) have been shown to have potent antiviral properties in vitro and in vivo. 

Foscamet is an inhibitor of the viral DNA polymerase. The triphosphate active form of 

GCV causes nucleic acid chain termination, as well as inhibiting the viral DNA

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



13

polymerase. GCV and foscamet have been used in cases of HCMV pneumonitis, hepatitis, 

esophagitis, retinitis and colitis in patients with AIDS, as well as to treat CMV infection in 

allograft recipients. However, after prolonged treatments with either GCV or foscamet, 

resistance becomes a common threat. This resistance reflects the appearance of HCMV 

mutant strains within the infected individual. These resistant strains contain mutations in 

the DNA polymerase gene (UL54) (Baldanti et al., 1995 and 1996), (Lurain et al., 1996), 

and/or in the UL97 open reading frame (ORF) (Wolf et al., 1995 and 1995), (Baldanti et 

al., 1995), (Smith et al., 1996), which encodes a phosphotransferase that is required for 

phosphorylation of GCV to its active form (Baldanti et al., 1995), (Sullivan et al., 1992), 

(Littler et al., 1992), (Biron et al., 1986) (see Spontaneous mutants section below). It is 

presently clear that new antiviral drugs need to be developed in order to efficiently control 

HCMV infections. Targets in the development of these new drugs include the DNA 

processivity factor (UL44 ORF), and a protease activity (UL80 ORF) (reviewed by Britt 

and Alford, 1996).

Vaccines

The first trials using live attenuated vaccines to prevent CMV disease were done in 

renal transplant patients. The HCMV Towne strain was used. This vims was shown to be 

immunogenic in these patients, did not cause CMV-associated disease, and failed to 

reactivate after the patients were subjected to immunosuppressive regimens (reviewed by 

Marshall and Plotkin, 1993), (reviewed by Adler, 1995).

In the last few years, vaccine development for the prevention of HCMV disease 

has been focused on subunit vaccines. Candidate HCMV proteins to be produced from
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recombinant expression systems include the major envelope glycoprotein gB, the envelope 

glycoprotein gH, and the pp65 lower matrix phosphoprotein. The most promising 

candidate for a subunit vaccine is gB (reviewed by Adler, 199S). When gB was cloned 

into a canarypox (ALVAC) vector, and the recombinant virus (ALVAC-gB) was 

administered to experimental animals, both humoral and cellular immune responses were 

elicited (Gonczol et al., 199S). Moreover, human inoculations with isolated gA/gB 

glycoprotein complex have been reported (Gonczol et al., 1990). CMV specific responses 

of neutralizing antibodies and lymphocyte proliferation were developed in human 

volunteers.

DNA vaccination has been tested with expression vectors containing UL83 ORF 

(encoding the pp65 tegument phosphoprotein). Intramuscular injection of mice with these 

constructs resulted in the generation of pp65 antibodies in 60% of the injected mice 

(Pandeetal., 1995).

The replicative cycle

General characteristics 

HCMV has a highly restricted host range in cell culture. Only cultured primary 

human cells permit viral replication. The source of these cells has usually been fibroblasts 

from the skin or the lungs. It is believed that cellular factors involved with differentiation 

play critical roles in permissiveness for HCMV replication. For example, it has been shown 

that transcription from the HCMV major immediate early promoter (MOEP) increases with 

differentiation (Nelson and Groudine, 1986). More recently, Angulo and Ghazal (1995) 

reported that retinoic acid (an essential regulator of cell differentiation) activated the
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MtEP and enhanced the production of virus progeny in human foreskin fibroblasts infected 

with the HCMV Towne strain. The restriction on host cell range, both in cells in culture 

and in vivo, is revealed by a restrictive viral gene expression, and has been proposed to 

represent a postpenetration block (LaFemina and Hayward, 1986), (Nelson et al., 1987). 

Cytomegaloviruses differ from many other herpesviruses in that CMV replication does not 

result in the shut off of the host cell metabolism; rather, cellular DNA, RNA and protein 

synthesis are stimulated by CMV. The significance of this event is still not understood 

(reviewed by Mocarski, 1996). Furthermore, the HCMV envelope is not only involved in 

virus attachment and entry, but also transduces signals that ultimately result in fos,jim , 

and myc gene expression. In addition, HCMV infection derepresses cellular enzymes 

involved in cell proliferation. The virus also induces the expression of genes involved in 

cellular DNA replication, such as DNA polymerase, topoisomerase II, and ornithine 

decarboxylase (reviewed by Huang and Kowalik, 1993).

Attachment and Penetration 

The initial event of viral replication involves attachment of the virus to the cell 

surface. Attachment occurs rapidly and efficiently, not only in permissive, but also in 

nonpermissive cells. This suggests that receptors for CMV are widely distributed on the 

surface of many cell types (LaFemina and Hayward, 1983 and 1986), (Nelson et al.,

1987). Compton et al. (1993) demonstrated that the virus initially attaches to extracellular 

heparan sulfate proteoglycans. This interaction involves viral envelope glycoproteins, 

including gB. Following this interaction, binding of the virus to specific cell membrane 

glycoproteins of 32 and 34 kD occurs. These ‘Viral receptors” are present on the surface
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of endothelial, epithelial, fibroblast, and monocytic cells (Nowlin et al., 1991). In addition, 

CD 13 is an aminopeptidase that seems to be involved in stable binding prior to penetration 

(Soderberg et al., 1993). Penetration occurs after attachment, and it involves the fusion of 

the viral envelope with the plasma membrane. Specifically, viral glycoproteins gH/gL 

interact with a cellular protein of 92.5 kD (Keay and Baldwin, 1992) and annexin II 

(Wright et al., 1994) (reviewed by Compton, 1995). Following penetration, the de

enveloped viral capsids are rapidly delivered to the nuclear pores, and the viral DNA is 

introduced into the nucleus, where it subsequently circularizes. Once the viral DNA is 

present in the nucleus, the host cell RNA polymerase II is responsible for transcribing the 

viral genes.

Immediate-earlv gene expression 

CMV gene expression occurs in a coordinated, sequential fashion. The viral genes 

are divided into three kinetic classes, on the basis of time of expression. These classes are 

immediate-early (IE), early (E), and late (L). The genes expressed first during viral 

replication are the immediate-early genes. These genes are expressed without requiring de 

novo viral protein synthesis. Mapping of the regions expressed at immediate-early times 

during HCMV infection has revealed several areas on the HCMV genome: UL36-38,

UL122-123 (IE1/ IE2) (the major IE locus), TRS1-IRS1, and US3 (Wathen and Stinski, 

1982), (Kouzarides et al., 1988), (Colberg-Poley et al., 1992), (Stenberg et al., 1984,

1985 and 1989), (Stasiak and Mocarski, 1992), (Weston, 1988). The most abundantly 

expressed immediate-early genes are IE1 (UL123) and IE2 (UL122). These transcripts 

arise via differential splicing, and the protein products share amino acid sequences present
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in common exons (reviewed by Stenberg, 1993), (reviewed by Mocarski, 1996).

Expression of the major IE locus is controlled by a strong transcriptional enhancer, 

the major immediate-early promoter (MIEP). The structure of the M1EP presents a 5’ 

modulator sequence, an enhancer containing repeated elements and transcription factor 

binding sites, the promoter region including the TATA box, and a leader sequence 

(reviewed by Ghazal and Nelson, 1993). Both repeated elements and unique sequences are 

involved in the regulation of IE transcription. A large number of known and/or predicted 

cellular transcription factor binding sites, including CREB/ATF, AP-1, serum response 

elements (SRE), SP1, TFHD/TBP, p53, and NFxB, among others, are central to the 

transcriptional control from the MIEP. Analogous enhancers are present in the immediate- 

early gene locus of murine CMV and simian CMV (reviewed by Mocarski, 1996). The 

initial activation of the MIEP is mediated by host cell factors and pp71 (UL82), a virion 

associated tegument protein. During HCMV infection, expression from the MIEP is first 

activated, then repressed. Activation differs significantly under permissive and 

nonpermissive conditions, and this is independent of viral proteins (Nelson et al., 1987), 

(reviewed by Ghazal and Nelson, 1993).

The protein product from IE1 is a 72 kD phosphoprotein (IE72), originally 

identified as the major immediate-early protein (Stinski, 1978). The next most abundant 

immediate-early gene product is encoded by IE2; this is also a nuclear phosphoprotein of 

86 kD (IE86). IE1 and IE2 transcripts share the first three exons, and IE72 and IE86 

share 85 amino acids at the amino terminal region. These IE proteins regulate the 

expression of the immediate-early genes, as well as subsequent early gene expression. 

Other minor proteins are expressed from the major IE locus. The first IE proteins
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synthesized from this region following penetration and uncoating are the 72 kD protein, 

and the 55 kD protein, a positive activator of the MIEP (Baracchini et al., 1992). These 

proteins appear I hr after virus adsorption. At 2.5 hs, the 38 kD, the 86 kD, and 97 kD 

proteins are produced (reviewed by Stenberg, 1993).

IE72 and IE86 exert both positive and negative regulation on viral gene expression 

(Depto and Stenberg, 1989), (Klucheret al., 1989), (Klucher and Spector, 1990),

(Hermiston et al., 1990), (Pizzomo and Hayward, 1990), (Cherrington et al., 1991). 

Particularly relevant for the outcome of viral infection is the interaction between IE72 and 

IE86 to regulate the MIEP (Stenberg et al., 1990). IE72 autostimulates its own 

transcription by transactivating the MIEP via NFtcB sites, whereas IE86 is responsible for 

the shut off of IE1/ IE2 expression during replication through its ability to repress MIEP 

function (Lang and Stamminger, 1993). Immediate-early gene expression is reduced (a 

complete shut off is not observed) during the early phase, but it is resumed late in infection 

(Stenberg et al., 1989).

IE72 cooperates with IE86 and other transactivators to regulate the subsequent 

cascade of gene expression. IE72 interacts with SP-1, E2F-1, and CTF-l (Hayhurst et al.,

1995), (Lukac et al., 1994), (Margolis et al., 1995). IE86 is a sequence-specific DNA 

binding protein thought to be essential for the switch from immediate-early to early gene 

expression. IE86 has been defined as a promiscuous transactivator. Promiscuous 

activation of heterologous promoters has been found to be TATA box dependent, and 

involves direct interaction with TF11D (Hagemeier et al., 1992). IE86 interacts with 

several components of the cellular transcription machinery, such as TBP (Jupp et al.,

1993), TFIIB (Caswell et al., 1993), CREB (Lang et al., 1995), CBP (Schwartz et al.,
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1996), and c-jun (Scully et al., 1995). The exact mechanism used by IE86 to transactivate 

is still unknown. The relative contributions of protein-protein interactions with host 

transcription factors and of direct binding to DNA are still not fully understood. It has 

been shown that both the amino terminal and carboxy terminal regions of EE86 are 

involved in transactivation.

Although IE1 and IE2 have been shown to be central to the regulation of viral 

gene expression, other immediate-early genes whose functions are still undefined are 

expressed at immediate-early times. These likely play regulatory roles that influence the 

outcome of infection. Additional immediate-early genes important for the regulation of 

HCMV gene expression are UL36-UL38 (Colberg-Poley et al., 1992), (Kouzarides et al.,

1988), TRS1 and IRS1 (Stasiak and Mocarski, 1992), and US3 (Colberg-Poley et al.,

1992), (Weston, 1988). These genes encode products that are believed to function with 

IE1 and DE2 to regulate transcription during HCMV infection.

Early gene expression 

Following the immediate-early phase, the early genes are expressed (reviewed by 

Mocarski, 1996). These genes are divided into subclasses on the basis of time of 

expression. Using a temperature -sensitive mutant of HCMV that is impaired in DNA 

replication (ts66), Stenberg et al. demonstrated that the early mRNAs are differentially 

regulated relative to the time of DNA synthesis. This gave rise to the classification of the 

early genes into three subclasses: those genes that are transcribed early and repressed late, 

those that are expressed at equal levels at early and late times, and those transcripts that
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are produced at low levels early, and which are upregulated late (reviewed by Stenberg,

1993).

Studies on several early promoters have shown that both IE1 and IE2 are required 

for maximal promoter activation (Chang et al., 1989), (Depto and Stenberg, 1989),

(Staprans et al., 1988), (Stenberg et al., 1990). Discrete sequences containing direct and 

inverted repeats within early promoters have been shown to be involved in the regulation 

of promoter activation (Kerry et al., 1994 and 1996). These repeated sequences vary 

significantly among different early promoters (reviewed by Stenberg, 1993). In addition to 

IE1 and IE2, cellular proteins, such as ATF (Kerry et al., 1997), USF (Klucher and 

Spector, 1990), CREB (Lang et al., 1995), AP-1 (Wade et al., 1992), and E2F (Staprans 

and Spector, 1986), have been shown to interact with HCMV early promoters to regulate 

expression. It is believed that several other cellular proteins may act in conjunction with 

IE1 and IE2 to regulate the expression of early promoters through the diversity of 

regulatory sequences observed in these promoters (reviewed by Stenberg, 1993).

Many early genes encode viral functions involved in DNA replication. These are 

the DNA polymerase (UL54), the major early single-stranded DNA binding protein 

(UL57), the DNA polymerase processivity factor (UL44), and a helicase-primase complex 

composed of three subunits (UL105, UL102, and UL70). HCMV DNA replication occurs 

in the same series of steps as for other herpesviruses. After infection, the viral genome 

circularizes in the nucleus of the infected cell. This occurs approximately 4 hs post 

infection. Viral DNA synthesis peaks at 18 to 24 hs, and at 60 to 80 hs post infection.

These peaks are concomitant with cellular DNA replication (reviewed by Mocarski,

1996). HCMV DNA replication occurs from a sequence of 1.5 kbp, orilyt, between
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92,200 and 93,700 bp on the genome (Anders et al., 1992). These sequences are rich in 

clustered and dispersed repeated elements. Several trans-acting factors have been found to 

be required for orifyt replication. These are: UL54, UL57, UL44, UL105, UL102, UL70,

IE1 and 2 (UL122-123), UL36/UL37/UL38, TRS1/IRS1, UL112-113, and UL84 (Pari 

and Anders, 1993), (Pari et al., 1993). Four of these loci (UL36-38, UL112-113, IRSl 

and TRS1) cooperate with IE1 and IE2 to activate the expression of replication genes 

(Iskenderian et al., 1996). DNA replication occurs by a rolling circle mechanism, and 

results in the formation of concatemers.

Late gene expression 

Late genes are expressed after the onset of viral DNA replication These include 

structural proteins of the capsid, the tegument, and the glycoproteins of the envelope (see 

section on Structure of the virion in this chapter). To date, very few late genes have been 

studied in terms of the regulation of their expression. Some of the work reported has 

involved the true late virion phosphoprotein pp28 (UL99) (Depto and Stenberg, 1992), 

(Kohler et al., 1994), (Kerry et al., 1997), the true late gene UL94 (Wing et al., 1998), 

viral glycoproteins (Geballe et al., 1986), and the IE2 late protein p40 (Jenkins et al.,

1994). Consequently, late gene expression is currently poorly understood. The reason why 

these promoters are exclusively expressed at late times in infection, and what viral and/or 

cellular proteins are involved in the regulation of late gene expression is still undefined.
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Virion assembly

During the late phase, cleavage of the replicated DNA into genome length 

monomers occurs. This newly synthesized DNA is inserted into maturing, pre-formed 

nucleocapsids. Maturing nucleocapsids bud from the inner nuclear membrane at specific 

areas of the membrane containing viral glycoproteins. The virions then accumulate in the 

perinuclear space and subsequently move into cytoplasmic vesicles. Whether the virus 

follows a single path for envelopment and egress, or deenvelopment and reenvelopment in 

the cytoplasm occurs, is still not clear (reviewed by Mocarski, 1996).

Identification of viral functions

The current understanding of HCMV gene function has been derived mostly from 

in vitro studies. The roles of IE proteins in the regulation of viral gene expression 

(reviewed by Stenberg, 1993), as well as the participation of early viral trans-acting 

factors in the regulation of expression of early genes (reviewed by Spector et al., 1990), 

have been defined in the context of transient expression assays. These studies have 

provided important information on how viral proteins regulate expression from viral 

promoters of different kinetic classes. However, they have not answered questions 

regarding the essential nature of the viral genes or the actual roles of these genes in the 

context of a natural infection of cells in culture.

To date, very few studies have assessed HCMV gene function during a natural 

infection of cells in culture. The systems used have relied primarily on random and site- 

specific mutagenesis to generate mutant viruses (see below).
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Random mutagenesis 

The classical approach to study gene function in many virus families has depended 

largely on conditional-lethal mutants. For animal viruses, temperature-sensitive (ts) 

mutants, generated by UV or chemical random mutagenesis, have been used mostly. 

Although a complete set of mutants is rarely obtained, ts mutants have been utilized 

successfully to study viral protein functions of many viruses, including Herpes Simplex 

virus (HSV) (Subak-Sharpe, 1974) (Schaffer et al., 1970, 1971 and 1973) (Timbury,

1971) (Esparza et al., 1974) (Bone and Courtney, 1974) (Brown et al., 1973) (Marsden et 

al., 1976), (Preston et al., 1988), (Weiretal., 1989).

In contrast, very few HCMV ts mutants have been isolated and characterized to 

date (reviewed by Stenberg, 1993), (reviewed by Mocarski, 1996). Yamanishi and Rapp 

(1977) initially isolated eight ts mutants obtained by mutagenesis with nitrosoguanidine. A 

total of twenty-one ts mutants had been isolated and reported by 1979 (Yamanishi and 

Rapp, 1979). Four of these mutants were DNA-negative mutants belonging to different 

complementation groups. These mutants were used to demonstrate that viral DNA 

synthesis is not required for the HCMV-induced cellular DNA replication. Attempts to 

generate mutants with S-bromodeoxyuridine were unsuccessful. Stenberg isolated an 

HCMV ts mutant (ts 66) that is impaired in DNA replication. This mutant was useful to 

study the differential regulation of transcription of several early genes relative to the time 

of viral DNA synthesis (reviewed by Stenberg, 1993). In contrast with the scarcity of 

HCMV ts mutants, as many as 24 complementation groups of MCMV ts mutants have 

been isolated and analyzed (Tonari and Minamishima, 1983), (Sammons and Sweet,

1989), (Akel et al., 1993).
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Although ts mutants have traditionally played an important role for defining gene 

function, there are some problems inherent to them. First, ts mutants produced by UV or 

chemical random mutagenesis may contain numerous silent nonlethal mutations in several 

genes. In addition, if a ts mutation is introduced into the DNA sequence encoding a 

domain shared by more than one viral function, the resulting phenotype cannot be 

correlated to a particular viral gene. Lastly, in many instances, tight ts mutants are hard to 

obtain; leakiness is revealed by plating efficiencies with a low permissive to nonpermissive 

ratio, and this complicates the analysis of the resulting phenotype.

Site-specific mutagenesis 

As an alternative to random mutagenesis, site-specific insertion or deletion of 

genes was first developed for the study of HSV gene function by Post and Roizman in 

1981. This protocol is based on the generation of recombinant viruses obtained as a result 

of the double recombination between intact viral DNA and a DNA fragment containing 

the mutation (deletion or insertion), and a selectable marker. Using this approach, viable 

mutants can be obtained as long as the deletions or insertions affect genes that are 

dispensable for growth of the virus in culture. In order to be able to generate recombinant 

viruses with mutations in essential genes, the original recombination protocol had to be 

adapted by generating a host cell line expressing the gene that complements the mutation 

in the recombinant virus. These complementing cells allow for the propagation of the null 

mutants.

For HCMV, deletion mutants have been generated by inserting prokaryotic 

reporter genes, such as (3-galactosidase and P-glucuronidase, into the viral genome
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(Spaete and Mocarski, 1987), (Jones et al., 1991), (Jones and Muzithras, 1992), (Ripalti 

and Mocarski, 1991), (Takekoshi et al., 1991), (Browne et al., 1992), (Kaye et al., 1992). 

Using this approach, Jones et al. demonstrated that the US 10 and US11 gene products are 

nonessential for viral replication in cells in culture. By constructing a deletion mutant using 

a similar approach, Kaye et al. showed that the UL16 gene encodes a glycoprotein that is 

nonessential for replication of HCMV in culture. Similarly, Browne et al. demonstrated 

that the UL18 gene, which encodes the viral homologue of the cellular MHC Class I heavy 

chain, is dispensable for growth of the virus in human fibroblasts in culture. Thus, these 

procedures have allowed for the isolation of viruses with nonlethal mutations, namely, 

viruses with deletions of genes that are dispensable for the replication of HCMV in tissue 

culture. These deletion mutants have allowed for the definition of 41 ORFs dispensable for 

growth of HCMV in vitro. These ORFs are TRL4 -TRL14, UL1 - UL10, UL16, UL18, 

UL20, UL33, UL128, IRS1, US1 - US13, and US27. The protein products of most of 

these genes have still not been defined, but they are believed to play critical roles in viral 

pathogenesis within the natural host.

Because only primary human cells are permissive for HCMV replication in culture, 

the identification of essential genes has been hindered due to the lack of permanent cell 

lines to complement virus null mutants. In the last two years, reports by Mocarski et al. 

(1996) and Greaves and Mocarski (1998) represent the first attempts to generate 

recombinant HCMV with mutations in putative essential genes. Using cosmids derived 

from the Toledo and Towne strains, Mocarski et al. generated an HCMV mutant deleted 

of the IE1 gene. The protein product of TE1 (IE72) has long been thought to be essential, 

but direct experimental evidence supporting this notion is lacking. In addition, Greaves
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and Mocarski isolated a second DEI deletion mutant, which lacked exon 4 of the major IE 

locus. The IE 1-negative viruses were propagated in an IE 1-expressing human fibroblast 

cell line (ihfie 1.3). At low multiplicities of infection (MOIs), the deletion mutants failed to 

replicate in human fibroblasts in culture. However, at MOIs of more than 3 plaque- 

forming units (PFU) per cell, virus yields were comparable to those of wild type virus. The 

authors speculated that at high MOIs, the IE 1-deficient viruses are capable of growing 

with wild type kinetics due to compensation for the lack of the IE1 gene product by virion 

transactivators, which could function in place of IE 1 to regulate the initial events of the 

cascade of HCMV gene expression.

Spontaneous mutants 

Spontaneous mutants have also been useful for elucidating the functions of HCMV 

genes. For example, Zipeto et al. (1993) identified a spontaneous HCMV deletion mutant 

lacking the pplSO matrix phosphoprotein gene. Together with pp65, pplSO is the main 

component of the viral matrix. The authors failed to plaque-purify the deletion mutant, 

therefore they concluded that the variant was growth-defective and dependent on co- 

infecting wild type virus for replication. This suggested that pplSO is an essential viral 

function.

Several spontaneous HCMV drug resistant mutants have been isolated from 

individuals undergoing antiviral treatments with ganciclovir or foscamet (see Antiviral 

chemotherapy section in this chapter). These mutants have been very valuable tools for 

analyzing the efficacy, selectivity and mode of action of these antiviral drugs, as well as for
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identifying the viral gene functions that are targets of these drugs: the UL97 and UL54 

genes.

The number of HCMV mutants isolated and studied to date is clearly insufficient 

to unveil the roles of the more than 200 predicted ORFs in the AD 169 genome. Because 

only very few HCMV ts mutants have been generated, and because the lack of 

complementing cell lines has prevented the generation of HCMV null mutants, a 

significant number of viral essential gene functions have not been defined yet. In contrast, 

as mentioned above, deletion mutants have allowed for the definition of 41 ORFs 

dispensable for growth of HCMV in vitro.

At present, our understanding of the HCMV DNA coding capacity is mostly based 

on comparisons with HSV-1. Approximately 25 % of the ORFs are predicted to code for 

functions involved in viral DNA replication and metabolism, and the remaining 75 % is 

believed to code for structural proteins, and proteins involved in virion maturation 

(reviewed by Mocarski, 1996). Clearly, alternative methods need to be designed to study 

HCMV essential gene functions in the complex genetic environment of the HCMV- 

infected cell. These methods should allow for the stringent control of gene expression in 

order to be able to define the roles of individual viral gene products. Some of these 

methods are discussed in the following section.
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Inducible systems for the study of gene expression

Inducible expression systems in mammalian cells 

Inducible expression systems have been used to elucidate the function of many 

genes in bacteria, yeast, and Drosophila sp. Recently, similar strategies have been 

developed for mammalian cells. Some of these systems consist of promoters that are 

induced by endogenous control elements, such as promoters responsive to heavy metal 

ions (Mayo et al., 1982), (Brinster et al., 1982), (Searle et al., 1985). Other systems 

consist of promoters responsive to heat shock (reviewed by Nouer, 1991) or hormones 

(Hynes et al., 1981), (Klock et al., 1987), (Israel and Kaufman, 1989). All of these 

systems have generally suffered from leakiness of the inactive state and, in some cases 

such as the metallothionein promoter (Mayo et al., 1982), (Brinster et al., 1982), or the 

mouse mammary tumor virus promoter (Hynes et al., 1981), they show rather modest 

levels of induction. More importantly, the induction of transcription in these systems 

results in pleiotropic effects caused by the inducers themselves. For example, elevated 

temperature or glucocorticoid hormones (Lee et al., 1988) affect the expression of many 

cellular genes, in addition to the gene under study. This complicates the analysis of the 

resulting phenotype.

In an attempt to create highly specific regulatory circuits controlled by exogenous 

effectors, inducible systems that exploit prokaryotic elements have been constructed for 

the study of gene activity in higher eukaryotic cells. Bacterial regulatory proteins and 

operator sequences are particularly useful to control transcription in mammalian cells. A 

distinct advantage is that the recognition DNA sequence (the operator) for the regulatory 

protein (the repressor) is relatively unique to the gene being studied (Simons et al., 1984).
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Thus, monospecific control systems, which are modulated by effectors that are inert to the 

physiology of the cell, can be established in eukaryotic cells.

The Escherichia coli lac operon 

Some systems utilized to study inducible gene expression in mammalian cells are 

based on the Escherichia coli lac operon. The operon model (a cluster of genes encoding 

enzymes of a particular metabollic pathway that are controlled by a single promoter from 

which a single polycistronic mRNA is transcribed) was proposed by Jacob and Monod.

This operon is the classic example of negative regulation of transcription by a repressor 

protein. The elements in this operon include a regulator gene ( / )  encoding the repressor, 

which is under the control of a separate promoter that regulates its constitutive 

expression, an operator site within the operon promoter, and a set of three contiguous 

structural genes (z ,y , a) encoding the inducible enzymes P-galactosidase, galactoside 

permease, and thiogalactoside transacetylase, respectively. For Escherichia coli, the 

physiologic inducer is allolactose, which is formed from lactose by transacetylation.The 

/ gene produces a 37 kD polypeptide that aggregates to form a tetrameric repressor 

protein. Each subunit consists of 360 amino acids, with a total molecular weight of 

154,520. The lac operator is a 27 base pair DNA sequence containing a 16-base 

hyphenated palindrome. It presents 2-fold symmetry that matches the symmetry of the 

tetrameric repressor. The tetramer binds to the operator very tightly and rapidly when 

E coli is grown in the presence of glucose or glycerol and in the absence of lactose. This 

binding results in the block of transcription of the structural genes. As a result, |3- 

galactosidase, an enzyme that is required to hydrolize lactose to galactose and glucose, is
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present at very low levels (5 -10  molecules per cell). However, when lactose, but not 

glucose, is present in the culture medium, the inducer (allolactose) binds to the repressor 

with high affinity, and causes an allosteric change in conformation that drastically reduces 

the affinity of the repressor for the operator. This results in transcription of the structural 

genes, and the concentration of P-galactosidase increases to several thousand molecules 

per cell.

The lac repressor-operator interaction has been thoroughly characterized 

(reviewed by Miller and ReznikofF, 1980). The dissociation constant of the repressor- 

operator complex is 10'13 M.The rate constant for association (* 1010 M"1s l) is very high, 

which indicates that random association with and dissociation from the DNA is probably 

not the mechanism for repressor binding to the operator. Rather, it is suggested that 

facilitated transfer of the repressor to the operator occurs (Fickert et al., 1992). The 

tetrameric repressor associates to DNA in a nonspecific manner, and this is followed by a 

looping event that brings the repressor in contact with the operator. This is known as the 

intersegment transfer mechanism. The lac repressor binds 4x106 times more strongly to 

its operator than to other sites on the chromosome. These characteristics of the lac 

repressor-operator interaction are essential for the application of a highly specific 

regulatory system for the study of gene expression in eukaryotic cells.

The lac repressor-operator gene expression system in eukaryotic cells 

Brown et al. (1987) was one of the first groups to test the lac repressor-operator 

system in mammalian cells. They used the chloramphenicol acetyl transferase (CAT) 

reporter gene driven by operator-containing variant S V40 early promoters. Repression
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was observed when the reporter constructs were cotransfected with a plasmid encoding 

the lac repressor. Isopropylthiogalactoside (IPTG), a non-metabolizable inducer, was used 

to relieve repression. The same group described the regulation of a stably integrated CAT 

gene by the lac repressor in monkey cells (Figge et al., 1988).

In 1987, another report on the use of the lac repressor-operator system in 

mammalian cells presented evidence that the lac repressor produced in mouse cells can 

block transcription from an unintegrated CAT gene driven by the Moloney sarcoma virus 

enhancer containing a lac operator insertion. Derepression was observed when cells were 

exposed to IPTG (Hu and Davidson, 1987). Later, this group proceeded to combine the 

repressive / inducible lac system with induction by glucocorticoids and metal ions in order 

to achieve higher levels of inducibility. The system presented a high-level-inducible 

promoter (containing a lac operator sequence and a metal-responsive element) that was 

regulated by both derepression of the lac repressor system, and induction by 

glucocorticoid and Cd2+ (Hu and Davidson, 1990).

Other reports have shown the successful application of the lac repressor- based 

gene expression system in mammalian cells. Deuschle et al. (1989) utilized the lac 

repressor protein and the coliphage T3 RNA polymerase to regulate transcription of the 

firefly luciferase gene downstream of a phage T3 promoter containing a lac operator 

sequence, in rabbit kidney cells. Repression factors comparable to those observed in 

prokaryotes were obtained. In addition, the lac repressor system was used efficiently to 

regulate expression of genes transcribed by RNA polymerase m  in mammalian cells 

(Syroid et al., 1992).
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A different approach for utilizing the lac repressor protein to control mammalian 

gene expression was developed by Labow et al. (1990). They converted the lac repressor 

into a mammalian transcriptional activator by fusing the transcription activation domain 

from the HSV-l virion protein 16 (VP 16). This fusion protein (LAP) was a potent 

activator of various promoters containing up to 21 lac operator sequences in different 

positions relative to the transcription start site. The activation was efficiently inhibited by 

IPTG, although it never completely eliminated activation by LAP.

The versatility of the applications of the lac repressor-based system is also 

illustrated by the adaptation of the system for the regulation of gene expression in plant 

cells (Wilde et al., 1992), as well as the utility of the system to study the interactions 

between HCMV and HTV-1 to control viral gene expression in brain cells (Moreno et al.,

1997).

Lac-regulated vaccinia virus gene expression 

Most of the work published to date reporting the use of the lac repressor-operator 

system for the study of gene expression in eukaryotic cells has been done with vaccinia 

virus. Rodriguez and Smith (1990) adapted the lac repressor-operator system to study 

inducible gene expression in vaccinia virus. Recombinant viruses containing the lac i gene 

and the lac operator sequence were generated, to study the vaccinia virus gene encoding a 

14 kD membrane protein. They demonstrated that this viral protein is not essential for the 

production of intracellular progeny virus, but it is absolutely required for the envelopment 

of the virus particles in the Golgi apparatus prior to egress from the cell.
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Zhang and Moss (1991), (Zhang et al., 1992) constructed recombinant vaccinia 

viruses constitutively expressing the lac repressor, and containing lac operator sequences 

in endogenous promoters, to study the roles of vaccinia virus genes F18R and G8R. From 

these studies it was concluded that the F18R gene product, an 11 kD virion associated 

protein, is required for virion assembly. In addition, the G8R gene product was shown to 

be an essential late transcription factor. Other genes studied by this group include genes 

involved in virus morphogenesis, such as D13L (Zhang and Moss, 1992), D6R (Hu et al.,

1996), and A8L (Hu et al., 1998) genes. Using the lac repressor-operator system, all of 

these genes were shown to encode proteins that are essential for viral assembly.

Recently, a different group of investigators (Klemperer et al., 1997) used the lac 

repressor-operator system to construct an inducible II gene in recombinant vaccinia virus. 

They found that the 35 kD protein product, which is expressed at late times during 

infection, is essential for the latest stages of viral assembly.

The Tetracycline repressor system

Another inducible system utilizing the E.coli Tetracycline (Tet) resistance operon 

has been developed to control gene expression in mammalian cells. The Tet resistance 

operon and the lac operon regulate gene expression in a similar manner. One of the 

applications of this system includes the fusion of the tetracycline repressor with the Herpes 

simplex virion transactivator VP 16 to generate a chimeric transactivator that can be 

regulated by tetracycline (Gossen and Bujard, 1992), (Kim et al., 199S). Kim et al. used 

the tetracycline repressor fused to VP16 (tTA) to regulate expression of the 

^-glucuronidase reporter gene driven by tetracycline operator-containing promoters
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derived from the HCMV US 11 promoter. In transient assays, efficient repression was 

observed when two or three tetracycline operator sequences were placed adjacent to the 

TATA box. Repression was also significant in cells constitutively expressing tTA that 

were infected with recombinant HCMV containing the operator derivative of the US 11 

promoter driving the expression of the (3-glucuronidase gene. This repression was 

efficiently relieved by tetracycline.

The HCMV US9 gene: a target for testing lac repressor-mediated control of HCMV

gene expression

In the following chapters, a comprehensive analysis of the expression of lac 

operator-containing, HCMV US9 promoters is presented. This analysis is central to the 

main objective of this project, which was to test the lac repressor-based system using an 

HCMV specific promoter. Subsequently, because of the nonessential nature of the US9 

gene for HCMV replication in human fibroblasts in culture (Jones and Muzithras, 1992)

(see below), the endogenous US9 promoter can be targeted for conditional expression 

using the lac repressor system, without jeopardizing the production of virus progeny, or 

having virus growth dependent on IPTG. The feasibility of this approach to study HCMV 

gene expression can therefore be assessed. Parameters of repression and IPTG 

derepression can be tested and optimized, without compromising the production of 

progeny virus to any of these variables. These experiments will significantly contribute to 

the long-term goal of the project: to apply the lac repressor-based system to study the 

roles of putative essential HCMV genes in the context of a natural infection of cells in 

culture.
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The US9 gene encodes an envelope glycoprotein whose exact role during HCMV 

infection is still unknown. This gene is contained within the Hind EQ X region of the 

HCMV AD 169 strain. The genes contained in this region have been defined as the US6 

gene family (US6 through US 11). The members of this gene family encode proteins of 

about 180 - 250 amino acids. They present hydrophobic regions at their amino and 

carboxy termini, and a signal sequence and transmembrane domain have been identified. 

These proteins also contain N - X - T/S N-linked glycosylation addition sequence. All this 

evidence has suggested that the US6 gene family encodes related glycoproteins.

The US6 family members have been shown to be dispensable for growth of 

HCMV in human fibroblasts in culture. This was demonstrated by Jones and Muzithras 

(1992), who generated a series of recombinant HCMV by inserting the (3-glucuronidase 

gene into the HCMV genome in a manner that resulted in the deletion of one or more of 

the US6 gene family members. The recombinant viruses grew with similar kinetics to wild 

type virus. On the other hand, in a study on retinal CMV disease, Pereira et al. (1995) 

demonstrated that viruses with deletions in US9 and US8 / US9 were not capable of 

spreading from cell to cell, and infection of polarized retinal pigment epithelial cells with 

these viruses resulted in the formation of smaller plaques. It was concluded that the US9 

glycoprotein is essential for spread of the virus in these cells. More recently, Maidji et al. 

(1996) used HCMV deletion mutants to demonstrate that the US9 accesory glycoprotein 

is essential for cell-to-cell transmission of the virus in polarized human retinal pigment 

epithelial cells. When HCMV mutants deleted in US9 were compared with HSV-1 

deletion mutants that are unable to express glycoproteins gE and gl, both HCMV and 

HSV-1 mutants were impaired in spread across lateral membranes of the infected cells.
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In terms of the expression of the US9 gene, Jones and Muzithras (1991) demonstrated 

that the 1.7kb US9-US8 transcript is expressed with early kinetics. They showed that this 

mRNA was most abundant at 24 hs post infection, and its abundance was greatly reduced 

by 48 to 72 hs post infection.
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CHAPTER n  

SPECIFIC OBJECTIVES

The aim of this study was to construct an Escherichia coli lac repressor-based 

system to control HCMV gene expression. The system includes the lac repressor protein 

(encoded by the lac i gene), its cognate operator DNA sequence, and the specific inducer 

IPTG. In order to test the feasibility of this approach to study HCMV gene expression, a 

lac repressor expressing HCMV (RVlac) was generated by homologous recombination 

resulting in the insertion of the lac i gene into a region of the HCMV genome that is 

dispensable for growth of the virus in culture. RVlac was used to assess lac repressor 

protein production in RV/ac-infected cells in culture, as well as lac repressor activity using 

operator-containing HCMV US9 promoters in transient assays. In these assays, the 

appropriate number and relative position of the operator sequences could be determined 

for effective /ac-mediated repression of the operator-containing US9 promoters, and 

restoration of promoter activity by IPTG.

The promoter of the US9 gene was chosen for this study because: a) this gene is 

known to be nonessential for virus replication in tissue culture, and b) the US9 gene is 

adjacent to the site of insertion of the lac i gene, so insertion of both the operator- 

containing US9 promoter in place of the endogenous promoter and the lac i gene could be 

accomplished in a one step recombination event. Because of the nonessential nature of the 

US9 gene, future analysis of parameters of repression and derepression of operator- 

containing promoters can be performed in the endogenous locus, without having virus 

growth dependent on IPTG. In this way, the feasibility of this approach to control HCMV 

gene expression in the context of the viral genome could be tested.
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This conditional expression system would allow assessment of the functional roles 

of HCMV putative essential gene products during viral replication. HCMV putative 

essential genes can be targeted for conditional expression by constructing recombinant 

viruses containing lac operator sequences in their promoters. These promoters can be 

acted upon by the lac repressor produced from the same recombinant virus or a 

coinfecting recombinant HCMV. In this way, the effect of the loss of expression of the 

target gene on virus replication can be addressed.

The specific objectives of this study were:

1) To generate recombinant HCMV that expresses the lac repressor (KWlac). The gene 

encoding the lac repressor (lac i gene) was inserted into the HCMV genome by 

homologous recombination. The strategy involved the replacement of the marker gene 13- 

glucuronidase (P-giu) in the US9-US10 intergenic region of the RV134 (parental 

recombinant HCMV) genome. RV/ac was characterized in terms of lac repressor protein 

expression, and repression capabilities of the lac repressor produced, using operator- 

containing heterologous promoters in transient assays.

2) To construct operator-containing US9 promoters. The lac operator sequence was 

positioned at different sites within the US9 promoter. The resulting variant promoters 

were inserted into the viral genome (specific objectives 3 and 4), and tested for promoter 

expression (specific objective 6).

3) To generate recombinant HCMV containing operator-containing US9 promoters 

(RVUS9op). Operator-containing US9 promoters were inserted into the viral genome by 

homologous recombination, as described in specific objective 1. The resulting recombinant
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viruses contained the operator-containing US9 promoter in the endogenous locus. To 

validate the use of these operator-containing promoters for future analysis of conditional 

US9 gene expression in the context of the viral genome, US9 gene expression was 

examined (steady-state levels of US9 mRNA) in RVUS9op-infected cells to control for 

the impact of the operator insertion in the US9 endogenous locus.

4) To generate recombinant HCMV containing the lac / gene and the operator-containing 

US9 promoter (RV/acUS9op). The construction and isolation of RV/acUS9op was 

pursued in order to obtain a recombinant HCMV that would contain the complete 

conditional expression system for analysis in the context of the viral genome. The gene 

encoding the lac repressor and the operator-containing US9 promoter were inserted into 

the viral genome as described in specific objectives 1 and 3.

5) To analyze the growth properties of the recombinant viruses in vitro. One step 

growth curves were performed to determine if the insertion of the lac i gene and/or the lac 

operator sequence in the HCMV genome has an impact on the rate of virus replication.

6) To assess expression of operator-containing US9 promoters. The operator-containing 

US9 promoters were tested in CAT reporter constructs in transient assays, in order to 

analyze the intrinsic effect of the operator insertion on promoter activation by HCMV 

immediate-early proteins IE1 and IE2, or wild type AD 169 virus. In addition, RVlac- 

mediated repression of these promoters in CAT reporter constructs, and the ability of 

IPTG to restore promoter activity were assessed.
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CHAPTER m  

MATERIALS AND METHODS

Cells. Primary human foreskin fibroblasts (HFF) were grown in Minimum Essential 

Media Eagle (MEM) (Gibco BRL, Rockville, MD), supplemented with 10% heat- 

inactivated newborn calf serum (Gibco BRL, Rockville, MD), 0.03 % L-glutamine 

(Sigma, St. Louis, MO), 0.006 % Penicillin (Sigma, St. Louis, MO), and 0.01 % 

Streptomycin (Sigma, St. Louis, MO). HFF cells were passaged weekly. COS-1 cells 

(African green monkey, SV40 transformed kidney fibroblasts) were obtained from the 

American Type Culture Collection (ATCC) (ATCC Number: CRL-1650, Rockville, MD) 

(Gluzman, 1981), and were propagated in MEM, containing S% heat-inactivated fetal calf 

serum (Gibco BRL, St. Louis, MO), 0.03 % L-glutamine, 0.006 % Penicillin, and 0.01 % 

Streptomycin. All cells were incubated at 37 0 C, 5% CO2 .

Viruses. The viruses used in this study were the HCMV strain AD 169 and its 

derivative RV134, containing the Escherichia coli (3-glucuronidase marker gene, under 

the control of the 2.7 HCMV early promoter, and inserted in the US9-US10 intergenic 

region of the AD 169 genome. RV670, a recombinant HCMV deleted of IRS 1, US1 

through USS, and the US6  family, was obtained from Dr. T. Jones (Jones and Muzithras, 

1992). Viruses were grown in cultured primary human foreskin fibroblasts (HFF) for the 

preparation of high-titer stocks. The stocks were titered by plaque assay in HFF cells, 

using standard procedures.

Plasmid constructions. Standard plasmid cloning and plasmid preparation 

techniques were performed (Maniatis et al., 1987). Restriction endonuclease digestion
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protocols were conducted as suggested by the manufacturers (Promega, Madison, WI,

New England Biolabs, Beverly, MA).

Plasmid pMIEP/ac / (shown in Figure 1) was constructed by inserting the 1.6 

kilobase (kb) Escherichia coli lac i gene in place of the IE I cDNA downstream of the 

HCMV major immediate-early promoter (MIEP) in the pIE72kD expression vector. The 

MIEP consists of a HindiII to &/II fragment of 800 nucleotides derived from plasmid 

p760CAT (Stinski and Roehr, 1985), obtained from Dr. Stinski, and the 1.8 kb IE 1 cDNA 

(encoding the HCMV immediate-early protein IE72) is a Ss/II to HindiII fragment. The 

lac i gene (modified to include the SV40 T antigen nuclear localization signal) was derived 

from the p3’SS eukaryotic Lac Repressor expressing vector in the Lac Switch inducible 

mammalian expression system (Stratagene, La Jolla, CA). A unique Xbal site 15 

nucleotides upstream of the 5’ end of the lac i gene was used to linearize p3’SS. The linear 

DNA molecules were extracted with phenol, and subsequently with chloroform. Following 

ethanol precipitation, these molecules were treated with DNA Polymerase Large (Klenow) 

fragment (New England Biolabs, Beverly, MA). Previously kinased &/II linkers were then 

ligated to the linear vector. The resulting clones were screened for the presence of the 

&/II linkers. Digestion of pIE72kD with 5 5 /D, followed by partial digestion with 

Hindm, and ligation of the &/Q to Hindlll 1. 6  kb fragment containing the lac i gene, 

allowed for the generation of pMIEP/ac i.

Plasmid pRVMIEPlac i was constructed by inserting the MIEP-/ac / gene Hindm  

cassette derived from plasmid pMIEP/ac /, into a unique Hind m  site upstream of the 

US9 promoter in the recombination vector pRV3 (shown in Figure 3). This Hindm  site 

was generated by inserting a BamHl -Xbal -Hindlll linker into a unique Apal site in the
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US9-US10 intergenic region (5’GGGATCCGCTCTAGAGCAAGCTTGGGCC3’). 

pRV3 contains genes from a nonessential region of the HCMV genome (US8  through 

US11) that provide the appropriate flanking sequences to allow homologous 

recombination into the viral genome. The clone in which the orientation of the lac i gene 

conforms to the direction of transcription of the neighboring genes was isolated.

Plasmid pUS9CAT (Figure 11) was constructed by cloning the US9 promoter- 

leader as a 310 nucleotide (-269 to +41) Hindlll fragment, from pRV3 (which had been 

modified with the insertion of a Hindlll site into the 5 5 /1 1  site at +40 in the leader 

sequence), into a unique Hindlll site upstream of the chloramphenicol acetyl transferase 

(CAT) gene in pSVOCAT.

Plasmid pUS9opCAT (shown in Figure 11) was generated by inserting the lac 

operator sequence 5’GAATTGTGAGCGGATAACAATTTC3’ flanked by Sstll linkers 

into a unique 5 5 /11 site at nucleotide position +40 in the leader sequence of the US9 

promoter-leader in pUS9CAT.

To generate pUS9op(-16)CAT and pUS9op(-6)CAT (shown in Figure 11), the lac 

operator sequence 5’GAATTGTGAGCGGATAACAATTTC3’ was inserted at different 

alternative sites in proximity to the TATA box within the US9 promoter, by an 

overlapping PCR mutagenesis strategy (shown in Figure 12) based on modifications of 

PCR protocols previously described (Zhang and Moss, 1991). Two operator-containing 

US9 promoters, US9op(-16) and US9op(-6), with the lac operator sequence 16 or 6  

nucleotides upstream of the transcription start site, respectively, were generated using 

plasmid pUS9C AT as a template. Two separate PCR reactions were conducted for each 

operator-containing promoter. For the first reaction, primers pSVOl’:
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5’GCTCTGATGCCGCATAGTTAAGCC 3’, and US92: 5’

GCCTCTTTATATCGTCCCGACGTGACGCG 3’ were utilized. For the second reaction, 

the primers used were US93: 5’

CGCGTC ACGTCGCtGACGAT AT AAAGAGGC AGAATTGT GAGCGGAT AAC AATT 

TCCGGTGTTTCGGCTCCCGCAC 3’ (underlined sequence represents operator at -16)

or US93’: 5’

CGCGTCACGTCGGGACGATATAAAGAGGCACGGTGTTTCGGAATTGIGAGCG 

GATAACAATTTCGCTCCCGCAC 3’ (underlined sequence represents operator at -6 ), 

and CAT4’: 5’ GCGGGCAAGAATGTGAATAAAGGCCGG 3’. For each operator- 

containing promoter, these reactions rendered two overlapping products, which were 

subsequently treated with DNA Polymerase Large (Klenow) fragment (New England 

Biolabs, Beverly, MA), and then mixed together and PCR amplified using primers 

pSVOl’ (5’-most), and CAT4’ (3’-most), to generate the final operator-containing 

product. The final product was digested with Hindlll, purified by electrophoresis in 5% 

polyacrylamide, and ligated into //mc/IIl-linearized pSVOCAT, to generate 

pUS9op(-16)CAT (operator at -16) or pUS9op(-6)CAT (operator at -6 ). The presence of 

the operator sequence in these constructs was confirmed by DNA sequencing (Pharmacia 

LKB.A.L.F. DNA Sequencer, Piscataway, NJ).

Recombination plasmids pRVUS9op-16 and pRVUS9op-6 (Figure 11) were 

constructed by inserting the operator-containing US9 promoters derived as HirtdUl to 

Ssfll fragments from pUS9op(-16)CAT and pUS9op(-6)CAT, respectively, in place of the 

US9 promoter (removed as a Hindlll to &/II fragment) in pRV3.
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Recombination plasmids pRV/acUS9op-16 and pRV/aclTS9op-6 (shown in 

Figure 11) were derived from pRVUS9op-l6 and pRVUS9op-6, respectively, by 

inserting the MIEP-/ac / gene Hindlll cassette [derived from plasmid pRVMIEP/ac /

(Figure 3)] into a unique HindUl site upstream of the US9 promoter. The resulting clones 

were screened for orientation of the MIEP-/ac / gene cassette using Ss/H Clones in which 

transcription of the lac i gene proceeds in the same direction as the neighboring genes 

were isolated.

Plasmids pOpl3CAT and pOpRSVICAT (shown in Figure 8 A) were obtained 

from the Lac Switch inducible mammalian expression system (Stratagene, La Jolla, CA).

Plasmid pSVH (Depto and Stenberg, 1989) was obtained from Dr. Stenberg. This 

expression vector contains the genes encoding the HCMV immediate-early proteins IE1 

and IE2.

DNA preparations. Infected HFF DNA was isolated using the Genomic Prep Cells 

and Tissue DNA isolation kit (Pharmacia Biotech, Piscataway, N.J.) following the 

manufacturer’s suggestions. DNA was quantitated on a spectrophotometer (Milton Roy 

Spectronic 1001 Plus) at 260 nm.

RNA preparations. Total RNA was isolated from infected HFF cells using the 

Qiagen Rneasy kit (Qiagen, Chatsworth, CA). The protocol was conducted as described 

by the manufacturer. RNA was quantitated on a spectrophotometer (Milton Roy 

Spectronic 1 0 0 1  Plus) at 260 nm.

Construction of recombinant HCMV. Recombinant viruses expressing the lac 

repressor, and/or containing a lac operator sequence in the US9 promoter in the 

endogenous locus were generated by a homologous recombination strategy involving the
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replacement of the ^-glucuronidase (fi-glu) marker gene in the US9-US10 intergenic 

region of the RV134 (parental recombinant HCMV) genome (see Figure 4). Homologous 

recombination resulted following cotransfection of infectious RV134 DNA and linearized 

recombination plasmid DNA into cultured primary human foreskin fibroblasts using a 

modification of the calcium phosphate precipitation procedure described in Current 

Protocols in Molecular Biology (1996, Volume 1, Unit 9.1, Supplement 36) (Ausubel et 

al., 1996). 8  ug of RV134-infected cell DNA and 1-2 ug of CsCl-purified, &i/I-linearized 

recombination plasmid DNA were added to 4S0 ul of sterile distilled water, followed by 

the addition of 50 ul of a 2.5 M CaCl2 solution. After gentle mixing, 500 ul of 2X Hepes- 

buffered saline (38.4 mM Hepes, 274 mM NaCl, 10 mM KC1, 1 .6  mM Na2 HPO4 , 0.2% 

dextrose, pH 7.05) were added dropwise to the DNA-CaCl2 mix, using a Pasteur pipette 

to mix gently. The DNA precipitate was allowed to form by incubating the mix at room 

temperature for 15 minutes. The DNA precipitate was then added dropwise onto a 

monolayer of primary human foreskin fibroblasts in a 1 0 0  mm-tissue culture plate, 

previously washed with 5 ml of IX Hepes-buffered saline. After an 8 -minute incubation at 

room temperature, 10 ml of HFF culture media were added. This was followed by 

incubation at 37° C for 4 hs. At this time, cells were shocked using 2 ml of a 15% glycerol 

solution, to increase the cellular uptake of DNA. After 45 seconds, the glycerol was 

removed, and 5 ml of HFF culture media were quickly added to wash out remaining 

glycerol. The media was removed 20 seconds later, and 15 ml of fresh culture media were 

added. Transfected cells were incubated at 37° C, with regular changes of fresh media 

every 4 days. Approximately 10 days after transfection, the first signs of cytopathic effect
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(CPE) were visible. When transfected cells reached 100% CPE, primary stocks of putative 

recombinant virus were harvested and stored at -80° C.

Isolation of recombinant HCMV. To identify the primary stocks that contained 

recombinant virus in addition to parental virus, the stocks harvested as described above 

were initially screened by PCR. HFF cells were infected with the primary stocks at a 

multiplicity of infection (MOI) of 2 plaque forming units (PFU) per cell, and at 72 hs post 

infection, cells were harvested and total infected cell DNA was isolated. For the 

identification of lac /-containing recombinant viruses, lac /-specific primers P3: 

5’CTCCCACCATGAAACCAGTAACG 3 \ and M2: 

5’GGTATCGTCGTATCCCACTACCG 3’ were used. These primers amplified 

835 nucleotides within the lac i gene. US9 promoter-specific primers 

US9opTC(scr)l: 5’ CCATATAAACGTGGGTTTCGGTGACCACAACC 3’, and 

US9op(scr)3: 5’ GACACCAGTGCCAGAAGAAGGAACAGGTGGAC 3’, were used for 

screening for operator-containing recombinant viruses. These primers amplified 

318 nucleotides containing the wild type US9 promoter. The presence of the 

24- nucleotide lac operator sequence resulted in the generation of a PCR product of 

342 nucleotides. The screening of primary stocks was also conducted by western blot 

analysis, for the identification of stocks containing recombinant viruses expressing the lac 

repressor, using an anti-/ac / polyclonal serum (Stratagene, La Jolla, C A) (see western 

blot analysis section below). In addition, the screening involved Southern blot analysis 

using a lac /-specific probe (see Southern blot section below). Southern blot analysis was 

also conducted using an AD 169 Hindm  X probe (spanning the HCMV AD 169 genomic
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region US7 through US11), for the identification of primary stocks containing 

recombinant viruses (see Southern blot analysis section below).

Following the identification of primary stocks containing recombinant viruses, 

these pools of virus were screened by altered plaque phenotype (blue plaques [parental 

R.V134] or white plaques [recombinant]) in the presence of the chromogenic substrate for 

3-glu: 5-bromo-4-chioro-3-indolyI-3-D-glucuronide (X-glu) (Biosynth AG). This allowed 

for the isolation of recombinant viruses. HFF cells in monolayer were infected with 

primary stocks at an MOI of 10 PFU per plate. After adsorption of the virus at 37° C for 

2 hs, the inoculum was removed, and 10 ml of fresh culture media were added. 24 hs after 

infection, the infected cells were overlayed with minimum media (MEM) (Fisher Scientific, 

Pittsburg, PA) containing 10% heat-inactivated fetal calf serum, and 0.5% agarose. Cells 

were fed by additional overlays weekly. When plaques became visible macroscopically 

(approximately 2-3 weeks after infection), plaques were picked as agarose plugs, placed in 

individual wells of 24 well culture dishes, and incubated until CPE became visible. At that 

time, the cells were overlayed as described above, with the addition of 75 ug per ml of 

X-glu. After 3 days, wells with a clear overlay were considered negative for 

3-glucuronidase activity, suggesting the presence of recombinant virus.

Individual plaques were picked from clear wells as agarose plugs, and the virus 

was released from the agarose by incubating the plug in 3 ml of culture media for 

30 minutes, with frequent pipetting up and down. The resulting virus suspension was 

divided into 3 equal aliquots, and inoculated into each of 3 100 mm culture plates of HFF 

monolayers. After virus adsorption at 37° C for 2 hs, the inoculum was removed from 2 of 

the plates, and they were overlayed with fresh culture media until 100% CPE occurred. At

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



48

that time, the cells were harvested for I) the generation of a high-titer stock, and 2) 

infected ceil DNA isolation for Southern blot analysis. When individual plaques became 

visible in the remaining plate, it was overlayed with MEM containing 10% heat-inactivated 

fetal calf serum, 0.5% agarose, and X-glu, and incubated at 37° C to verify the absence of 

blue plaque phenotype virus contamination during the selection of the white plaque 

phenotype virus.

PCR protocols. PCR reactions in this study were performed using Platinum Taq 

DNA Polymerase (Gibco BRL, Baltimore, MD), following the manufacturer’s 

suggestions. The reactions were conducted in an Ericomp Delta Cycler II System (San 

Diego, CA). The PCR products were analyzed by electrophoresis in 1.2 % agarose or 

5 % polyacrylamide gels, and visualized by staining with ethidium bromide. The gels were 

photographed with a Polaroid camera (Fotodyne Incorporated). The images presented in 

chapter IV were generated with a UMAX PowerLook U Scanner with Paintshop Pro 

version 5.0 Jacs Software.

Transient transfection assays. CAT reporter constructs were used to study the 

expression of operator-containing US9 promoters in the presence of either HCMV 

immediate-early proteins IE1 and IE2, using plasmid pSVH (Depto and Stenberg, 1989), 

or wild type virus (AD 169) or recombinant virus expressing the lac repressor (RV/ac). A 

DEAE-Dextran transfection protocol was performed as previously described (Stenberg et 

al., 1990). To carry out the aims mentioned above, the general protocol that was 

conducted was as follows. Plasmid DNA was added to a microfuge tube. 1 ml of sterile 

Tris buffered saline (30 mM Tris-HCl pH 7.5, 150 mM NaCl) (TBS) was added, and the 

DNA solution was mixed by vortexing. 0.5 mg DEAE-Dextran (Pharmacia, Uppsala,
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Sweden) were then added. This DNA solution was added to HFF cells on 100 mm culture 

plates, which had been previously washed with TBS. The cells were incubated at 37° C for 

30 minutes, with frequent rocking. This was followed by the addition of 10 ml of lOOuM 

chloroquine (Sigma, St. Louis, MO) in culture media. After the addition of chloroquine, 

the cells were incubated at 37° C for 3 hs. At that time, the media was replaced with fresh 

culture media, and the transfected cells were incubated at 37° C.

To study IE1 and IE2 activation of operator-containing US9 promoters, 5 ug of 

pUS9opCAT, pUS9op(-l6)CAT or pUS9op(-6)CAT (or pUS9CAT as control) were 

cotransfected with 5 ug of pSVH into HFF cells. Cells were harvested 48 hs post 

transfection and assayed for CAT activity. Plasmids pUS9op(-16)CAT and 

pUS9op(-6)CAT were also tested for activation by AD 169 virus. 10 ug of the reporter 

plasmid were transfected into HFF cells. 24 hs after transfection, the cells were infected 

with 2 PFU per cell of AD 169 virus. After 2 hs adsorption at 37° C, the virus inoculum 

was removed and fresh media was added. Cells were harvested 72 hs post infection and 

assayed for CAT activity.

To assess lac repressor mediated repression of operator-containing promoters 

(RSV promoters in pOpl3CAT and pOpRSVICAT, or US9 promoters in pUS9opCAT, 

pUS9op(-l6)CAT and pUS9op(-6)CAT), 10 ug of either plasmid was transfected into 

HFF cells. 24 hs after transfection, the cells were mock infected, or infected with 2 PFU 

per cell of AD169 (as control), or RV/ac. After adsorption at 37° C for 2 hs, the inoculum 

was removed and fresh media was added onto the infected cells. For IPTG derepression 

experiments, IPTG (Fisher Scientific, Pittsburg, PA) was added after virus adsorption to 

final concentrations of 0, 0.2,0.4, 0.8, or 2 mM. The cells were exposed to IPTG-

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



50

containing media until the indicated times of harvest. Cells were harvested at 24, 48, and 

72 hs post infection, and assayed for CAT activity.

In order to assess expression of the lac repressor, COS-1 cells were transfected 

with 10 ug of pMIEP/ac / using the general transfection protocol described above. 48 hs 

after transfection, cell extracts were prepared for western blot analysis.

Chloramphenicol acetvl transferase (CAT) assay. CAT activity was determined as 

previously described (Depto and Stenberg, 1989). Transiently transfected cells were 

washed with cold Tris buffered saline (TBS) twice. Using 1 ml of TBS, cells were scraped 

into microfuge tubes, pelleted by centrifugation, and subsequently resuspended in 100 ul 

of 0.25 M Tris-HCl pH 7.8. Three cycles of freeze-thaw were done, and the cell extracts 

were centrifuged to spin out cell debris. The supernatants were transferred to new 

microfuge tubes, and heat inactivated at 68° C for 10 minutes. For the acetylation reaction,

20 ul of the heat-inactivated extract was added to a reaction mix containing 0.1 uCi l4C- 

Chloramphenicol (Amersham, Chicago, IL), 70 ul of 0.25 M Tris-HCl pH 7.8, 34 ul of 

sterile distilled water, and 20 ul acetyl CoA [4 mM] (Boehringer Mannheim, Indianapolis, 

IN). The reaction was incubated at 37° C for 30 minutes. To stop the reaction, 750 ul of 

ethyl acetate were added, immediately followed by vortexing and centrifugation of the 

sample for 1 minute. The top aqueous phase was recovered and dried down. The residue 

was resuspended in 20 ul of ethyl acetate, and spotted onto a thin layer chromatography 

(TLC) plate (E. Merck, Darmstadt, Germany). Separation of the reaction products was 

achieved by partition chromatography in a chamber containing 190 ml chloroform and 

10 ml methanol, for 1 h. The TLC plate was exposed to X-Ray film (Fuji) with an
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intensifying screen at -80° C overnight. Percent acetyiation was quantitated on the TLC 

plate by phosphorimager analysis (Molecular Dynamics, Sunnyvale, CA).

Southern blot analysis. The Southern blot protocol was performed as described by 

Maniatis et al. (1987). 2.S ug of ///wi/III-digested, infected cell DNA was loaded onto a 

0.8% agarose gel, and subjected to electrophoresis at 22 volts overnight. The gel was then 

stained with ethidium bromide for 45 minutes, and subsequently photographed.

Depurination was done by submerging the gel in 0.25 M HC1 at room temperature for 10 

minutes, followed by denaturation in 0.5 M NaOH, 1.5 M NaCl, at room temperature for 

45 minutes. The gel was then soaked in a neutralizing solution (1 M Tris-HCl pH 8.0, 1.5 

M NaCl) at room temperature for 45 minutes. After that, the DNA was transferred from 

the gel onto a positively-charged nylon membrane (Pall Biodyne, Pall Biosupport, East 

Hills, NY) in 10X SSC (1.5 M NaCl, 150 mM sodium citrate pH 7.0) overnight. The 

following day, the DNA in the blot was UV cross-linked to the membrane (150 J), and 

baked at 80° C for 1 h. Hybridization was conducted using the Boehringer Mannheim 

Genius System. The DNA probes used were the 5.2 kb AD 169 HindiII X fragment, which 

spans the US7 through US11 region of the HCMV genome, and a lac /-specific probe, 

which was derived by digesting pMIEP/ac / with &/II and Hindlll, to render a 1.6 kb 

fragment containing the lac i gene. The probes were generated with Klenow DNA 

Polymerase by random primed incorporation of digoxigenin (DIG)-labeled deoxyuridine- 

triphosphate. The blots were exposed to the hybridization solution (containing 7 ng/ml of 

DIG-labeled DNA probe), at 42° C overnight in a Micro Hybridization Incubator, Model 

2000 (Robbins Scientific, Sunnyvale, CA). Southern blots were washed 3 times in 2X 

SSC, 0.1% SDS at room temperature. This was followed by 3 washes in 0.5X SSC, 0.1%
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SDS at 65° C. Detection of the hybridized DNA fragments was done using an antibody- 

conjugate [anti-digoxigenin alkaline phosphatase conjugate (anti-DIG-AP)], and a 

chemiluminescent substrate for alkaline phosphatase (Disodium 3-(4-methoxyspiro[l,2- 

dioxetane-3, 2 ’ -( 5 ’-chloro)tricyclo [3.3.13,7]decan)-4-yl)phenylphosphate) (CSPD, Tropix, 

Inc. Bedford, MA).The blots were immediately exposed to X-Ray film (Fuji) with an 

intensifying screen at room temperature. The images presented in chapter IV were 

generated with a UMAX PowerLook II Scanner with Paintshop Pro version 5.0 Jacs 

Software.

Northern blot analysis. HFF cells in 100 mm culture plates were mock infected, or 

infected with wild type AD 169, parental RV134, or recombinant viruses at an MOI of 

2 PFU per cell. Virus was allowed to adsorb at 37° C for 2 hs. The inoculum was then 

removed, and fresh culture media was added. Infected cells were harvested 24,48, and 

72 hs post infection, and total RNA was isolated. Northern blot analysis was conducted 

following the protocol described by Maniatis et ai. (1987), with modifications. One tenth 

of the total RNA recovered was loaded onto a I % agarose gel containing 

6.6 % formaldehyde. The RNA was subjected to electrophoresis at 70 volts for 4 hs. After 

electrophoresis, the gel was photographed, and subsequently washed 3 times with sterile 

distilled water. The RNA was then transferred to a Magna charge nylon membrane 

(Osmonics Inc. Westborough, MA) in 10X SSC, overnight. The following day, the RNA 

was fixed to the membrane by UV cross-linking (150 J), and baking at 80° C for 2 hs. The 

membrane was hybridized at 42° C overnight, to 107cpm of a radiolabeled DNA probe to 

the US9 gene [a HindlU-EcoRl fragment of 1578 nucleotides derived from pRV3. This 

fragment comprises the US8 and US9 open reading frames (see Figure 3)]. The
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[a32P]dCTP-labeled probe was generated using the Boehringer Mannheim Random 

Primed DNA labeling kit (specific activity 2 x 109cpm/ug). Following hybridization, the 

blot was subjected to 2 washes in 2X SSC, 0.1% SDS, at room temperature, followed by 

2-3 washes in 0. IX SSC, 0.1% SDS at 50° C. The blot was exposed to X-Ray film (Fuji) 

with an intensifying screen, at -80° C overnight. The RNA in the blot was quantitated by 

phosphorimager analysis (Molecular Dynamics, Sunnyvale, CA), and was expressed in 

arbitrary units. To correct the data for multiplicities of infection, the blot was stripped by 

boiling in 0.1% SDS for 10 minutes. The RNA in the blot was hybridized to a radiolabeled 

DNA probe to the UL99 (pp28) gene. This probe was derived from plasmid p28Sl 

(Depto, 1991) as a 1 kb Smal fragment from Xbal-C, comprising the entire pp28 gene 

sequences. Radiolabeling of the pp28 probe, hybridization, washes, autoradiography, and 

quantitation were performed as described for the US9 probe.

Western blot analysis. Western blot analysis was conducted to assess lac repressor 

protein expression a) in cells transfected with pMIEP/ac /, b) in cells infected with primary 

stocks of putative recombinant virus, to identify those containing lac /-positive 

recombinant viruses, and c) in cells infected with purified lac /-positive recombinant 

viruses. Protein expression was determined at 24,48, and 72 hs post infection. The 

protocol was conducted as previously described (Stenberg et al., 1989). Cells were lysed 

in 30 mM Tris-HCl pH 7.5, 1% SDS, and scraped into a microfuge tube. 60 ul of the 

lysate were treated with 3 ul of (3-mercaptoethanol, and loaded on a 12.5% SDS- 

polyacrylamide gel. Electrophoresis was performed at 8 milliamps, overnight. The proteins 

in the gel were then electroblotted onto a Nitropure nitrocellulose membrane (MSI, 

Westboro, MA), at 100 volts for 2 hs, at 4° C. The membrane was subsequently treated
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with a protein-blocking solution for 1 h. After that, the blot was incubated with a rabbit 

anti-/ac i polyclonal serum (Stratagene, La Jolla, CA), for I h at room temperature. This 

was followed by 3 washes using RIPA-5 buffer (30 mM Tris pH 7.5, 0.5M NaCl, 12 mM 

deoxycholic acid, 1% NP40,0.1% SDS) at room temperature. A goat anti-rabbit 

polyclonal serum conjugated with horseradish peroxidase (Sigma, St. Louis, MO) was 

used as secondary antibody, and the incubation proceeded at room temperature for 1 h.

3 RIPA-5 washes were then done at room temperature. Chemiluminescent detection was 

performed by ECL (Amersham Life Science, Buckinghamshire, England), which includes 

luminol as the luminescent substrate for horseradish peroxidase. The blot was exposed to 

X-Ray film (Fuji) at room temperature, using an intensifying screen. The images presented 

in chapter IV were generated using a UMAX PowerLook II Scanner with Paintshop Pro 

version 5.0 Jacs Software.

Growth curve analysis of recombinant HCMV. HFF cells were seeded onto 25 cm2 

culture flasks. Cells were infected at an MOI of 2 PFU per cell, with either parental virus 

RV134 or the recombinant viruses. Infections were performed in duplicate. After virus 

adsorption at 37° C for 2 hs, the inoculum was removed, and fresh culture media was 

added. The infected cells were incubated at 37° C. Total virus was harvested daily (day 1 

through day 7 post infection), by freezing the infected cells at -80° C, followed by thawing 

at 37° C. The infected cells were then scraped into the media, and the resulting virus 

suspension was transferred to a 50 ml conical tube for sonication (30 seconds). Total 

infectious virus was quantitated by plaque assay on HFF cells seeded on 6 well culture 

dishes, using standard procedures. Titers were expressed as log io PFU/ml.
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CHAPTER IV 

RESULTS

Construction and characterization of an & coli lac repressor-expressing HCMV

Cloning of the lac / gene into an HCMV expression vector 

To generate a lac repressor expressing virus (RV/ac) (see specific objectives in 

chapter II), the 1.6 kb lac i gene was first cloned downstream of the HCMV major 

immediate-early promoter (MIEP) in the pIE72kd expression vector to generate 

pMIEP/drc / (Figure 1). The MIEP has been extensively used to express various HCMV 

genes (reviewed by Stenberg, 1993). Because the MIEP is a very strong promoter that is 

activated by several viral and cellular transcription factors, and is expressed throughout 

the course of HCMV infection, it was hypothesized that this promoter would allow for the 

expression of sufficient amounts of the lac repressor protein to efficiently block 

transcription from operator-containing promoters during all times after infection. Elevated 

levels of protein are necessary because the lac repressor has to kinetically outcompete the 

binding of transcription factors involved in the formation of an initiation-competent 

transcription complex at the operator-containing promoter site. Such competition depends 

on the free concentrations of the transcription factors and the repressor, as well as the 

rates of complex formation with their respective DNA binding sites. Because little is 

known about these parameters for different promoters and cell types, the intracellular 

concentration of lac repressor should be high.

Before inserting the MIEP-/ac / gene cassette into the virus, pMIEP/ac / (see 

Figure 1) was first tested for expression of the lac repressor by transfecting it into COS 

cells. COS cells are an established cell line derived from African green monkey kidney
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FIG. 1. Cloning of the lac i gene into an HCMV expression vector.Thel.6 kb 

lac i gene was derived from plasmid p3’SS (Lac Switch inducible mammalian 

expression system, Stratagene, La Jolla, CA). The lac i gene was cloned 

downstream of the HCMV Major Immediate-Early Promoter (MIEP) in place 

of IE1 cDNA in pIE72kd to generate pMIEP/ac /. H. Hindlll site, S: SstH site.
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fibroblasts. These cells have been transformed by an origin-defective mutant of Simian 

Virus 40 (SV40) that codes for wild type T antigen (Gluzman, 1981). These transformed 

cells produce T antigen, which makes them a suitable transfection host for expression 

vectors containing S V40 origin of replication. COS cells were transfected with the 

expression vector pMIEP/ac /, or pMIEP/ac / and pS VH, an expression vector containing 

the SV40 origin of replication and encoding IE1 and IE2 proteins. These viral 

transactivators regulate MIEP expression along with cellular transcription factors (see The 

Replicative Cycle in chapter I). As a negative control for lac repressor expression, COS 

cells were transfected with pS VH alone. Cell extracts were prepared for western blot 

analysis 48 hs after transfection. The procedure was followed as previously described 

(Stenberg et al., 1989) (see Materials and Methods). A rabbit anti-/ac / polyclonal serum 

was used to detect lac repressor protein in the cell extracts. The results are presented in 

Figure 2. Lac repressor protein was undetectable in cells transfected with pSVH alone. On 

the other hand, significant levels of expression of the lac repressor protein were observed 

in cells transfected with pMIEP/ac /. Similar levels of lac repressor were observed in cells 

transfected with pMIEP/ac / and pSVH, suggesting that, at least under the experimental 

conditions used, expression was mostly affected by cellular transcription factors. The 

molecular weight of the repressor polypeptide was 37kD as expected. These results 

demonstrated that the lac i gene can be expressed from the MIEP to significant levels, 

suggesting that insertion of the MIEP-/ac / gene cassette into the HCMV genome to 

generate recombinant virus RV/ac would likely result in the production of elevated levels 

of the lac repressor protein during the course of infection with RV/ac. However, lac
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FIG. 2. Lac repressor expression from pMIEP/ac /. COS ceils were transfected with 

either 10 ug of pMIEP/ac /, or 5 ug of pMIEP/ac i and 5 ug of pSVH, or 10 ug of 

pSVH alone as a negative control. 48 hs after transfection, cell extracts were prepared 

for western blot analysis. A rabbit anti-lac i polyclonal serum was used for the 

detection of the 37 kilodalton-/ac repressor polypeptide. The numbers indicate 

molecular weight markers in kilodaltons.
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repressor protein expression would have to be measured in RV/ac-infected cells to 

confirm these speculations (see corresponding section below).

Insertion of the lac i gene into the HCMV genome 

The next step was to insert the lac i gene (\HEP-/ac i gene cassette) into the viral 

genome. The experimental design consisted of a replacement recombination strategy to 

generate a recombinant HCMV containing the lac i gene (RV/ac) in place of a selectable 

marker gene. To this end, RV134, a recombinant HCMV containing the (3-glucuronidase 

(3-glu) marker gene located in a nonessential region of the viral genome (between US9 

and US 10 open reading frames) (Figure 4), was used as parental virus for the homologous 

recombination leading to the replacement of the 3-glu gene with the MIEP-/ac / gene 

cassette. Isolation of the resulting recombinant virus was achieved by screening for altered 

plaque phenotype: blue plaques (parental RV134) or white plaques (recombinant virus) in 

the presence of the chromogenic substrate for 3-glu: 5-bromo-4-chIoro-3-indoIyl-3-D- 

glucuronide (X-glu). The detailed experimental procedure was as follows. To generate 

RV/ac, the MIEP-/ac / gene cassette was first inserted into a unique Hindlll site between 

US9 and US10 in the recombination vector pRV3 (Figure 3). The clone in which the 

orientation of the lac i gene conforms to the direction of transcription of the neighboring 

genes (right to left in the prototype HCMV genome) was isolated. This construct, 

pRVMIEP/ac /, was used to insert the MIEP-/ac / gene cassette into the 3-glu locus in 

RV134 by homologous recombination directed by the appropriate flanking sequences 

(Figure 4). This was accomplished by cotransfecting infectious RV134 DNA and 

linearized pRVMIEP/ac / into primary human foreskin fibroblasts (HFF), using a calcium
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FIG. 3. Diagram of the recombination vector pRV3 and generation of 

pRVMIEP/ac /. The MIEP-/ac / gene expression unit was inserted into a unique 

Hindi.n site (generated by inserting the linker sequence 

5 ’GGGATCCGCTCTAGAGCAAGCAAGCTTGGGCC3 ’ into an Apal site) 

between US9 and US10 open reading frames in pRV3. This vector contains genes 

from a nonessential region of the HCMV genome (US8 through US11) that 

provide the appropriate flanking sequences to allow recombination into the viral 

genome. A clone in which transcription of the lac i gene proceeds in the same 

direction as the neighboring genes (right to left in the prototypic HCMV genome, 

as indicated by the arrow) was isolated and designated pRVMIEP/ac /.

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



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

FIG. 4. Insertion of the lac / gene into the HCMV genome. The target region in the viral genome for 

insertion of the MIEP-lac i gene cassette was the Hindlll X fragment of the ADI 69 virus strain, which 

comprises open reading frames US7 through US11. This region is nonessential for viral replication in cells 

in culture. RV134 is the recombinant HCMV used as parental virus for the homologous recombination 

leading to insertion of the lac i gene into the viral genome. This vims contains the marker gene B - 

glucuronidase between US9 and US 10. RV134 produces blue plaques in the presence of the substrate for 

B -glu: X-glu. Homologous recombination occurs following cotransfection of RV134 DNA and a 

recombination plasmid containing the MIEP-/ac / gene cassette flanked by the appropriate flanking 

sequences (see Fig. 3) into HFF cells. This results in the replacement of the B-glu gene with the MIEP-/ac / 

gene cassette in the US9-US10 intergenic region, leading to the generation of a recombinant vims 

containing the lac i gene. This vims produces white plaques in the presence of X-glu. UL: unique long 

component of the HCMV genome, US: unique short component of the HCMV genome, H: Hindfll, E: 

EcoRl, arrows in the right-left direction indicate direction of transcription of the open reading frames in the 

Hindlll X region, and of the MIEP-Zorc i gene expression unit.
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phosphate precipitation procedure as described in Materials and Methods. Briefly, 8 ug of 

RV134 DNA and 2 ug of linearized pRVMIEP/ac / were transfected into HFF cells. 

Approximately 10 days after transfection, the first signs of cytopathic effect (CPE) were 

visible. When transfected cells reached 100% CPE, primary stocks of putative 

recombinant virus were harvested. In this manner, four primary stocks of virus were 

obtained.

In order to identify the primary stocks that contained recombinant viruses 

containing the lac i gene, the stocks, containing both wild type and recombinant viruses, 

were initially screened by PCR, using lac /-specific primers (see Materials and Methods). 

This initial screening involved infecting HFF cells with the primary stocks and harvesting 

the infected cells at 72 hs post infection. Total cell DNA was extracted, and was 

subsequently amplified by PCR using forward and reverse primers specific for the lac i 

gene. These primers amplify 835 nucleotides within the lac / gene. The PCR products 

were subjected to electrophoresis in 1.2% agarose, and were visualized by ethidium 

bromide staining. Figure 5 shows that a PCR product of the correct size (835 base pairs) 

was obtained for one stock of virus (RV3MIEP£ac3 4.26.95), indicating the presence of 

recombinant virus containing the lac i gene.

In order to isolate the recombinant virus, the lac /-positive primary stock 

(RV3MIEP£ac3 4.26.95) was screened by altered plaque phenotype. Briefly, HFF cells 

were infected with the lac /-positive stock at 10 PFU per plate. The infected cells were 

overlayed with minimum essential media (MEM) containing 10% heat-inactivated fetal 

calf serum and 0.5% agarose. Approximately 550 plaques were picked 2-3 weeks after 

infection, placed in individual wells of 24 well culture dishes and incubated until CPE
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FIG. 5. PCR screening for RVlac. Primary stocks resulting from the 

cotransfection of RV134 DNA and pRVMIEP/ac i were screened by PCR 

using lac i specific primers (Materials and Methods). HFF cells were infected 

with the primary stocks. At 72 hs post infection, the infected cells were 

harvested, and total cell DNA was isolated. The extracted DNA was PCR 

amplified using the lac i specific primers. The PCR products were analyzed 

by electrophoresis in 1.2 % agarose, and visualized by ethidium bromide 

staining. The numbers on the left represent molecular weight markers (MW 

lane) in kilobases. RV134 DNA was used as negative control. Plasmid p3’SS 

(which contains the lac i  gene) was used as positive control. Four primary 

stocks (designated RV3MIEP/ac, followed by sample number and date of 

harvest of the stock) were screened.
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became visible. At that time, cells were overlayed as described above, with the addition 

of 75 ug per ml of X-glu. After 3 days, wells with a white or clear overlay were 

considered negative for 0-glucuronidase activity. Four individual clear plaques were 

isolated, and high titer virus stocks were prepared for the four isolates. These 

recombinant viruses were designated RVlac 1, RVlac 2, RVlac 3, and RVlac 4.

Genetic characterization of recombinant HCMV containing the lac i gene (RVlac)

To confirm recombination of the lac i gene into the viral genome of the white 

plaque phenotype viruses isolated, as well as lac i gene insertion into the appropriate 

locus, RVlac DNA was analyzed by Southern blot. Total cell DNA was prepared from 

RV/ac-infected HFF cells (using the four RVlac isolates), and was digested with HindUl. 

The resulting DNA fragments were subjected to electrophoresis in 0.8% agarose, 

transferred to a nylon membrane and hybridized to DIG-labeled probes (see Materials 

and Methods). The probes used were the HCMV AD 169 HindiII-X probe (5.2 kb) (which 

spans the region US7 through US11) (see Figure 4), and a lac i probe, a 1.6 kb fragment 

containing the complete lac i coding sequence. Figure 6A shows that HindUl digestion of 

RVlac DNA (containing the MEEP-/ac / gene HindUl cassette) resulted in the generation 

of two fragments (1.8 kb and 3.4 kb) derived from the HindQl X  region. This contrasts 

with the single 5.2 kb fragment derived from AD 169 DNA digested with HindQl, which 

hybridized to the HindlU X  probe. The new banding pattern obtained with the 

recombinant virus suggests the presence of at least one additional HindUl site within the 

HindUl X  region, suggesting that the MIEP-/ac i gene HindUl cassette was inserted in the 

appropriate locus (US9-US10 intergenic region). The presence of a 2.4 kb fragment
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FIG. 6. Genetic characterization of RVlac by Southern blot analysis. To 

confirm the lac i gene insertion in place of the fl-glu gene in RV134, total cell 

DNA was prepared from RVlac- or AD169-infected HFF cells, and 

subsequently digested with HindlU. The resulting DNA fragments were 

subjected to electrophoresis in 0.8 % agarose, transferred to a nylon membrane, 

and fixed. The DNA in the blot was hybridized to an AD169 HindlU X DIG- 

labeled probe (Materials and Methods). This S.2 kilobase (kb) probe spans the 

US7 through US11 region of the AD169 genome, and was used in the Southern 

blot analysis depicted in panel A. Panel B shows the results of Southern blot 

analysis using a 1.6 kb lac i gene DIG-labeled probe (comprising the entire 

coding sequence of the lac i gene). The numbers on the left of the blots 

represent molecular weight markers (expressed in kb). AD 169 and RV134 

DNAs were used as negative controls for lac i gene-specific hybridization. MW 

lane in panel B: molecular weight markers.
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hybridizing to the lac i probe (shown in Figure 6B) confirms the presence of the lac i 

gene in the viral genome. The results obtained using both probes were identical for the 

four isolates of RV/ac.

Lac repressor expression in RV/ac-infected cells 

To determine if the lac repressor protein was expressed in RV/ac-infected cells, 

western blot analysis was conducted as described in Materials and Methods, using a 

rabbit anti-lac i polyclonal serum. HFF cells were infected with the four RV/ac isolates at 

an MOI of 2. As a negative control for lac repressor expression, cells were infected with 

RV134 at an equivalent MOI. Infected cells were harvested at 24 hs after infection, and 

cell extracts were prepared for western blot analysis. The results obtained (Figure 7 A) 

using the four RV/ac isolates indicated that these viruses are capable of expressing 

significant amounts of the 37 kD lac repressor polypeptide. This figure illustrates lac 

repressor expression at 24 hs post infection. In order to address expression throughout the 

course of infection, an experiment was conducted in which HFF cells were infected with 

RV/ac 1, and were harvested at 24, 48, and 72 hs after infection, for western blot 

analysis. As negative controls, mock and RV134 infections were performed similarly. 

Figure 7B shows that the repressor is expressed throughout the course of infection, with 

levels increasing at 48 and 72 hs. At those times after infection, low levels of two smaller 

bands were observed. These polypeptides increased at later times of infection, and likely 

represent degradation products of the 37 kD repressor polypeptide. RV/ac 1 was used in 

all the subsequent experiments in this study, and is referred to as RV/ac.
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B.

RVlacRV134MOCK
24 48 72 24 48 72 24 48 72

FIG. 7. Expression of the lac i gene product in RV/ac-infected ceils. (A) HFF 

cells were infected with four isolates of RV/ac at 2 PFU per cell. Cells were 

harvested at 24 hs, and cell extracts were prepared for western blot analysis. 

As a positive control, lac i gene expression in COS cells transfected with 

pMIEP/ac i was included in the analysis. A RV134-infected cell extract was 

used as negative control. (B) Lac i gene expression was measured in cells 

infected with RV/acl at 24,48, and 72 hs post infection. Cells that were mock 

infected, or infected with RV134 and harvested at the indicated times were 

used as negative controls. The numbers on the right of the blots represent 

molecular weight markers in kilodaltons.
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Biological function of the lac repressor expressed from RVlac

Before addressing the response of HCMV-specific, operator-containing promoters 

to repression by RVlac (see specific objectives in Chapter II), the lac repressor protein 

produced in RV/ac-infected cells was tested for its repression capabilities, using operator- 

containing promoters that differ in the number and relative positions of the operator 

sequences (pOpl3CAT and pOpRSVICAT, shown in Figure 8 A). These reporter 

plasmids were obtained along with the plasmid encoding the lac i gene (p3’SS) as part of 

the Lac Switch inducible mammalian expression system (Stratagene, La Jolla, CA) (see 

Materials and Methods).

Briefly, 10 ug of a CAT reporter plasmid containing lac operator sequences in the 

RSV promoter (either pOpl3CAT or pOpRSVICAT) (see Figure 8A) were transfected 

into HFF cells using the DEAE-Dextran transfection protocol described in Materials and 

Methods. At 24 hs after transfection, cells were infected with RVlac at 2 PFU per cell.

As controls, mock infection or infection with wild type virus AD 169 at an equivalent 

MOI were performed. At 24,48 and 72 hs post infection, cells were harvested and 

assayed for CAT activity as previously described (Depto and Stenberg, 1989) (see 

Materials and Methods). Figure 8B shows that infection of transfected cells with RV/ac 

resulted in a highly significant reduction in CAT activity (80% for pOpl3CAT and 100% 

for pOpRSVICAT), as compared with CAT activity in cells infected with wild type virus 

AD 169. It is worth noting that a more effective repression of promoter activity resulted 

when the operator sequence was adjacent to the TATA box (in pOpRSVICAT). These 

results suggest that sufficient amounts of functional lac repressor were present in the 

infected cells to significantly repress expression of the operator-containing promoters.
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FIG. 8. (A) Schematic diagram of reporter constructs pOpl3CAT and pOpRSVICAT. Lac operator- 

containing reporter constructs pOpl3CAT and pOpRSVICAT contain the Rous sarcoma virus (RSV)- 

Long Terminal Repeat (LTR) promoter, the lac operator sequence

5’TGTGGAATTGTGAGCGCTCACAATTCCACAGTC3’ inserted at various positions, and the 

chloramphenicol acetyl transferase reporter gene (from Stratagene Lac Switch inducible mammalian 

expression system). (B) Analysis of the biological function of the lac repressor produced from RV/ac. A 

representative experiment is shown. HFF cells were transfected with 10 ug of pOpl3CAT or 

pOpRSVICAT. At 24 hs after transfection, cells were mock infected, or infected with AD169 or RV/ac at 

2 PFU per cell. Infected cells were harvested at 24, 48, and 72 hs post infection, and cell extracts were 

assayed for CAT activity. Percent acetylation was quantitated by phosphorimager analysis.
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To determine if IPTG is capable of reversing the observed repression, and to 

establish the optimal concentration and time of exposure to IPTG for a maximal effect, an 

IPTG titration curve was performed in which CAT activity was expressed as a function of 

IPTG concentration. HFF cells were transfected with 10 ug of the reporter plasmid 

pOpRSVICAT (see Figure 8A), using the DEAE-Dextran transfection protocol described 

in Materials and Methods. At 24 hs after transfection, cells were infected with RVlac or 

AD 169, at 2 PFU per cell, and 18 hs after infection, IPTG was added to the media at 0,

10, 25, 50 and 100 uM. 7 hs after the addition of IPTG, cells were harvested and assayed 

for CAT activity as described previously. The results of these experiments are shown in 

Figure 9. Consistent with the experiments shown in Figure 8, repression in RV/ac 

infected cells in the absence of IPTG was highly significant (6.51% acetylation) when 

compared with the level of promoter activation in AD169-infected cells at all 

concentrations of IPTG tested (98% acetylation, data not shown). A 4-fold increase in 

CAT activity was observed in cells infected with RV/ac in the presence of 100 uM IPTG, 

as compared to the activity in cells infected with RV/ac in the absence of IPTG. The level 

of IPTG mediated derepression observed (about 40%), although significant, is probably 

insufficient to accurately assess conditional expression of an HCMV promoter in the 

context of the viral genome. Therefore, in order to obtain a more effective derepression, 

higher concentrations of IPTG, as well as different experimental conditions, such as time 

of exposure to IPTG, were also tested in subsequent experiments in this study (see 

corresponding section below).
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FIG. 9. IPTG induction of reporter CAT activity in RV/ac-infected cells. 

HFF cells were transfected with 10 ug of reporter plasmid pOpRSVICAT, 

and at 24 hs after transfection, cells were infected with AD 169 (data not 

shown), or RV/ac, at 2 PFU per cell. 18 hs after infection, IPTG was added 

to the media at 0, 10,25, 50, and 100 uM. 7 hs after the addition of IPTG, 

cells were harvested and assayed for CAT activity. Percent acetylation was 

quantitated by phosphorimager analysis. In AD169-infected cells, 98% 

acetylation was observed for all the IPTG concentrations tested (data not 

shown). A representative experiment is shown.
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Insertion of a lac operator sequence into an HCMV nonessential gene promoter

Central to the objectives of this project was to test the conditional expression of 

an HCMV promoter utilizing the lac repressor-based system. The main aim of this study 

was to address all the fundamental aspects of the system using an operator-containing 

HCMV promoter and RV/ac in transient assays, before assessing the feasibility of this 

approach in the context of the HCMV genome. To this end, an operator-containing 

HCMV promoter was constructed and characterized. The operator-containing 

promoter(s) was cloned into a CAT reporter construct for analysis of expression in 

transient assays (see corresponding section below). In addition, this promoters) was 

inserted into the HCMV genome in the endogenous locus, with or without the lac i gene 

adjacent to it, for future analysis of conditional expression in the context of the virus. The 

promoter of a nonessential gene was chosen because it would be suitable to test 

conditional gene expression in the context of the virus without affecting the production of 

progeny virus. In other words, the lack of expression of the operator-containing promoter 

in the repressed state would not affect the ability of the virus to replicate in culture. In 

this way, propagation of this recombinant virus would not be dependent on IPTG.

The US9 gene was chosen as a target for insertion of a lac operator sequence into 

its promoter because the US9 gene product is known to be dispensable for growth of the 

virus in tissue culture (Jones and Muzithras, 1992). Thus, a recombinant virus susceptible 

to conditional expression of the US9 gene offers the advantage to test a /ac-reguiated 

HCMV promoter in the context of a natural infection, and to perform experiments to
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establish optimal conditions for IPTG derepression. In addition, the US9 gene is located 

immediately adjacent to the site of the lac i gene insertion (see Figure 4). This permits the 

insertion of the lac i gene and the operator-containing US9 promoter into the virus in a 

single recombination event, and the blue-white plaque selection method can be used for 

the screening of the double insertion.

Several reports have addressed the insertion of single or multiple lac operator 

sequences into various target promoters (Hu and Davidson, 1987), (Rodriguez and Smith, 

1990). The obvious advantage of using multiple copies of the operator sequence is that 

higher levels of repression can be obtained (Rodriguez and Smith, 1990). However, it has 

also been observed that this is accompanied by a reduced ability of the inducer (IPTG) to 

restore promoter activity to wild type levels. Thus, the insertion of a single, 24-base lac 

operator sequence (5’GAATTGTGAGCGGAT AACAATTTC 3’) was favored in this 

study.

The approach for generating an operator-containing US9 promoter initially 

involved the insertion of one lac operator sequence into the leader of the US9 gene at a 

unique &/II site at +40 (see Figure 10). This first step allowed for a rapid and convenient 

cloning of the operator sequence. An oligonucleotide containing the lac operator 

sequence was inserted into the US9 leader in pUS9CAT (Figure 11) (see Materials and 

Methods).

The position of the operator sequence has been shown to be critical for effective 

repression mediated by the lac repressor (Rodriguez and Smith, 1990), (Hu and 

Davidson, 1987). Operator positions closer to the TATA box seem to result in higher
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5'CACGTCGGGACGATATAAAGAGGC 

AopCGGTGTTTCGopGCTCCC GC AC A
■ +1

-16 -6

CAGACGACGCGTCCGGGCGGCTTCC
SstU

TGCGGCCGGCCGCopGG-|CAT \3 '

+40

FIG. 10. Insertion of lac operator sequences into the HCMV US9 promoter. 

Partial sequence of the US9 promoter-leader upstream of the CAT gene in the 

reporter construct pUS9C AT. Op represents the lac operator sequence 

5’GAATTGTGAGCGGATAACAATTTC3 ’, cloned into a unique SstU site at 

+40 in the leader sequence to generate pUS9opCAT, or inserted by an 

overlapping PCR insertional mutagenesis protocol at the positions indicated -16 

and -6, to generate pUS9op(-16)CAT, and pUS9op(-6)CAT, respectively. The 

TATA box and the CAP site (G at +1) are indicated in bold. The CAT reporter 

plasmids containing these US9 variant promoters are represented in Fig. 11.
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FIG. 11. Schematic diagram of operator-containing plasmid constructions. A 

unique HindUl site upstream of the US9 promoter (gray box) in the 

recombination vector pRV3 was generated by inserting a BamHl-Xbal-HindQl 

linker (restriction enzyme recognition sequences are represented in bold in the 

linker sequence below) into a unique Apal site in the US9-US10 intergenic 

region (5’GGGATCCGCTCTAGAGCAAGCTTGGGCC3 ’). A unique Srtll 

site at +40 in the US9 leader sequence was modified with the insertion of a 

HindUl site. Plasmid pUS9CAT was generated by cloning the US9 promoter- 

leader (-269 to +41) HindIE fragment obtained from pRV3, into a unique 

HindUl site upstream of the chloramphenicol acetyl transferase (CAT) gene in 

pSVOCAT. Plasmid pUS9opCAT was generated by inserting the lac operator 

sequence 5’GAATTGTGAGCGGATAACAATTTC3’ (op) flanked by Sstll 

linkers (SopS) into a unique &/II site at +40 in the leader of the US9 

promoter-leader sequence in pUS9CAT. Using an overlapping PCR 

mutagenesis strategy, the lac operator sequence was inserted at -16 or -6 in the 

US9 promoter using pUS9CAT as template, to generate pUS9op(-16)CAT or 

pUS9op(-6)CAT, respectively. The US9 promoters containing the operator at 

-16 or -6 were cloned as HindlU-SstU fragments into pRV3 to replace the wild 

type promoter in pRV3, to generate the recombination vectors pRVUS9op-16 

and pRVUS9op-6, respectively. The MIEP-/ac i gene expression unit was 

cloned as a HindUl fragment (derived from pRVMIEP/ac i), into the unique 

HindUl site in the US9-US10 intergenic region in pRVUS9op-16 and 

pRVUS9op-6, to generate pRV/acUS9op-16 and pRV/ercUS9op-6, 

respectively. Transcription from all the constructs in this figure proceeds from 

right to left. The empty boxes represent HCMV open reading frames of the 

unique short component of the viral genome US8 through US 11, the CAT 

gene, the HCMV major immediate-early promoter (MIEP), and the lac i  gene.
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levels of repression, both for the lac repressor-based system (Brown et al., 1987), and the 

tetracycline repressor-based system (Kim et al., 1995). Therefore, strategies were 

developed for the insertion of the operator sequence at different sites in proximity to the 

TATA box within the US9 promoter. These strategies were based on modifications of 

PCR protocols previously described (Zhang and Moss, 1991). A DNA fragment 

containing the US9 promoter-/ac operator-CAT gene was assembled from PCR products 

(see Figure 12). As mentioned previously, insertion of the operator sequence in a US9 

promoter-CAT construct would allow for assessing the expression of the operator- 

containing promoters in transient assays, before analyzing these variant promoters in the 

context of the virus. Two PCR reactions were performed to amplify the 5’half or the 

3’half of the initial US9 promoter-CAT gene DNA fragment (obtained from pUS9CAT), 

utilising two different primer pairs specifically designed to target the operator sequence 

between the TATA box and the CAP site. This strategy was conducted in order to insert 

the operator sequence at two alternative positions in the US9 promoter [-16 or -6, relative 

to the transcription start site (+1)] (see Figure 10). For each operator location, the PCR 

reactions rendered two overlapping products, which were then mixed together and PCR 

amplified using the 5’-most and 3’-most primers (see Figure 12). Because a lac operator 

sequence was present in one of the internal primers, the resulting PCR product contained 

the lac operator in the US9 promoter upstream of the CAT gene. The final PCR product 

was digested with HindSl, purified by electrophoresis in 5% polyacrylamide, and ligated 

back into a unique HindlU site upstream of the CAT gene in pUS9C AT, to generate 

pUS9op(-16)CAT (operator at -16), and pUS9op(-6)CAT (operator at -6) (Figure 11).
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FIG. 12. Overlapping PCR mutagenesis strategy. The lac operator sequence

5’GAATTGTGAGCGGATAACAATTTC3’ was inserted between the TATA box and the CAP site in the 

HCMV US9 promoter (see Fig. 10). This was done by PCR amplifying a DNA fragment containing the US9 

promoter (dotted box) and the CAT gene (stripped box), using pUS9CAT as template (see Fig. 11). Two 

separate PCR reactions were conducted utilizing primers a+ b, or c+ d, to generate two overlapping PCR 

products (e or f, respectively) (see Materials and Methods for actual primers used), e and f  were mixed and 

PCR amplified using primers a+ d, to generate the final mutagenized product g (containing the lac operator 

sequence). The vertical bar in primer c, and in the DNA fragments f  and g, represents the lac operator. Two 

alternative insertion sites were developed: -16 or -6, relative to the transcription start site.
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The presence of the lac operator sequence in these constructs was confirmed by DNA 

sequencing.

Generation of recombinant viruses using the lac repressor-operator system

Insertion of the lac i gene and the lac operator- containing US9 promoter into the HCMV

genome

In order to utilise the lac repressor and the operator-containing US9 promoter to 

analyse conditional expression of the US9 gene in the context of the HCMV genome, the 

lac i gene and the operator-containing US9 promoter needed to be inserted into the viral 

genome in a manner that resulted in 1) adequate levels of lac repressor expression, 2) 

appropriate operator location, and 3) a measurable operator-repressor interaction in the 

context of viral infection. The lac operator sequence and the lac i gene can be inserted 

into a single recombinant HCMV, or into two recombinant HCMV that can be used in 

coinfection experiments. In this study, the complete expression system (the lac i gene, 

and the operator-containing US9 promoter) was inserted into a single recombinant 

HCMV. Because the US9 gene is located next to the site of insertion of the MIEP-/ac i 

gene cassette (see Figure 4), the introduction of both the operator-containing US9 

promoter in place of the endogenous promoter, and the lac i gene could be accomplished 

in a one step recombination event. Thus, the blue-white plaque phenotype screening 

method could be utilized to identify HCMV recombinants with the double insertion. 

Because the operator insertion may affect sequences that are relevant for promoter 

expression in the context of the viral genome, [these observations have been reported
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with other promoters (Kohler et al., 1994)], a control recombinant virus in which only the 

operator-containing US9 promoter was inserted upstream of the endogenous US9 gene in 

RV134 was generated. Both the operator at -16 and the operator at -6 were utilized for 

this purpose.

Recombinant HCMV containing an operator sequence at -16 or -6 in the US9 

promoter, with or without the lac i gene (MIEP-/ac / gene cassette), were constructed by 

the replacement recombination strategy described in previous sections for the generation 

of RV/ac. The strategy involved the insertion of the lac i gene in place of the (5-glu gene 

in the RV134 genome (see Figure 4), as well as the replacement of the endogenous US9 

promoter with the operator-containing US9 promoters. The recombination plasmids used 

were pRVUS9op-16 or pRVUS9op-6 (Figure 11), which were derived from pRV3 by 

replacing the US9 promoter with the operator-containing promoters from 

p(JS9op(-16)CAT and pUS9op(-6)CAT, and pRV/acUS9op-16 or pRV/acUS9op-6 

(Figure 11), which resulted from the insertion of the M5E?-lac i gene cassette into 

pRVUS9op-16 and pRVUS9op-6, respectively (see Materials and Methods).

In addition, a control recombinant virus (RVO) was generated. This virus was 

constructed by recombination between RV134 DNA and the recombination vector pRV3, 

which contains no operator or lac i gene insertions. The purpose for constructing this 

recombinant virus was to control for the impact of the linker sequences between US9 and 

US10 (see HindlU site in Figure 3) on US9 gene expression.

The recombination plasmids were linearized with Sail, and subsequently cotransfected 

with RV134 DNA into HFF cells, using the calcium phosphate precipitation protocol 

described. 8 ug of RV134 DNA and 1-2 ug of linearized recombination vector
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were used. When transfected cells reached 100% CPE, primary stocks of recombinant 

virus were harvested.

Screening for HCMV recombinants

In order to identify primary stocks that contained recombinant viruses, the 

screening was done by PCR, using lac /-specific and US9 promoter-specific primers (see 

Materials and Methods). Briefly, HFF cells were infected with the primary stocks, and 

infected cell lysates were obtained 72 hs. post infection for total cell DNA extraction. 

Subsequently, the DNA was amplified by PCR, using forward and reverse primers 

specific for the lac i gene or the US9 promoter. The PCR products were subjected to 

electrophoresis in agarose or polyacrylamide gels, and visualized by staining with 

ethidium bromide. Figure 13 shows the PCR products obtained using the lac /-specific 

primers to screen 18 primary stocks of virus derived from the cotransfection of RV134 

and pRV/acUS9op-16 or pRV/acUS9op-6. A band of 835 nucleotides could be detected 

as the PCR amplification product using the DNA from cells infected with several of the 

stocks, suggesting the presence of recombinant virus containing the lac / gene. Because 

some degree of nonspecific DNA amplification was observed in these experiments, 

Southern and western blot analyses were conducted to confirm these results (see below).

US9 promoter-specific primers were utilized to screen for operator-containing 

recombinant virus in the stocks derived from the cotransfection of RV134 with 

pRVUS9op-16, or pRVUS9op-6. These primers amplify 318 nucleotides within the US9 

promoter. The presence of the 24 base-operator sequence resulted in the amplification of 

a larger DNA fragment (342 nucleotides) relative to the wild type US9 promoter.
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FIG. 13. PCR screening for RV/acUS9op-l6 and RV7acUS9op-6. Primary 

stocks resulting from the cotransfection of RV134 DNA and 

pRV/acUS9op-16 or pRV/acUS9op-6 (see Fig. 11) were screened by PCR 

using lac i specific primers (Materials and Methods). HFF cells were infected 

with the primaiy stocks, and at 72 hs after infection, total cell DNA was 

prepared from the infected cells. The DNA was PCR amplified using the lac i 

specific primers. The PCR products were subjected to electrophoresis in

1.2 % agarose, and visualized by ethidium bromide staining. The numbers on 

the left represent molecular weight markers (in lanes MW) in kilobases. No 

DNA or RV134 DNA were used in PCR reactions as negative controls.

RVlac DNA and the recombination plasmid pRV/acUS9op-16 were used as 

positive controls. 18 primary stocks were screened. The nomenclature 

represents transfection experiment number, followed by sample number.

Panel C contains repeats of the PCR screening reactions for stocks 29-1 and 

24-1, which served as controls.
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Figure 13. Continued
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FIG. 14. PCR screening for RVUS9op-6 (panel A) and RVUS9op-16 (panel 

B). Primary stocks resulting from the cotransfection of RV134 DNA and 

pRVUS9op-6 or pRVUS9op-16 (see Fig. 11) were screened by PCR using 

US9 promoter specific primers (Materials and Methods). HFF cells were 

infected with the primary stocks, and 72 hs after infection, cells were 

harvested and total DNA was isolated. The DNA was PCR amplified using 

the US9 promoter specific primers. The resulting products were analyzed by 

electrophoresis in 5 % polyacrylamide or 1.2 % agarose, and visualized by 

ethidium bromide staining.The numbers on the right in panel A and on the 

left in panel B represent molecular weight markers in kilobases (MW lane in 

panel B). No DNA or RV670 (a recombinant HCMV deleted of the US9 

gene) DNA were used as negative controls. AD 169 DNA was used as 

positive control for the wild type US9 promoter. In panel B, RV134 and 

RV/ac DNAs were also used as positive controls for the wild type US9 

promoter. The positive control for operator-containing US9 promoter 14B3 

in panel B is a recombinant virus isolated from stock 21-4 (panel A) which 

contains the operator sequence at -6 in the US9 promoter. The nomenclature 

for the primary stocks screened includes transfection experiment number 

followed by sample number. A band indicating the presence of the operator 

sequence in the US9 promoter was detected for stocks 21-4 (panel A), 34-3 

and 34-4 (panel B).
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Figure 14A-B shows that three stocks were identified to contain operator-containing 

recombinant virus (21-4, 34-3, and 34-4), as evidenced by the presence of a smaller band 

(318 nucleotides) corresponding to the parental virus present in the stock, and a larger 

band (342 nucleotides) indicating the presence of operator-containing virus. The 

nomenclature of the primary stocks reflects transfection experiment number followed by 

sample number. Stock 21-4 was derived from the cotransfection of RV134 DNA with 

pRVUS9op-6. Several recombinant viruses were isolated from this stock (see 

corresponding section below). One of these viruses, 14B3, was used as a positive control 

for the PCR screening shown in panel B. Stocks 34-3 and 34-4 resulted from 

cotransfecting RV134 DNA with pRVUS9op-16.

In order to screen for the control virus constructed by cotransfecting RV134 and 

pRV3 (RVO), another pair of US9 promoter-specific primers were used. These primers 

(US9 1777. 5’CGATCCCTCCTCCTGATATG3\ and US9 2280: 5’ 

CTCGAGAGTACACTTACTGC3’) amplified 503 nucleotides upstream of the US9 

open reading frame in the wild type virus AD 169, and in RVO, but the presence of the p- 

glu gene in the parental virus RV134 resulted in the amplification of 3,000 nucleotides. 

Figure 15A-B shows the PCR products obtained when screening primary stocks derived 

from the cotransfection of RV134 and pRV3. The presence of a band of about 500 

nucleotides indicates the presence of recombinant virus (RVO) in stocks 34-2,28-5,35-2, 

33-3, and 34-7.

To confirm the PCR results, Southern blot analysis was performed using an 

AD169 H indlll X probe, in order to screen primary stocks for RVO, and for lac operator- 

containing viruses, and using a lac /-specific probe to identify lac /-positive stocks. HFF
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FIG. 15. PCR screening for RVO. Primary stocks resulting from the 

cotransfection of RV134 DNA and pRV3 (see Fig. 11) were screened by 

PCR using the primers described in Chapter IV. HFF cells were infected 

with the primary stocks, and 72 hs after infection, cells were harvested and 

total cell DNA was isolated. The DNA was subsequently PCR amplified. 

The resulting PCR amplified products were analyzed by electrophoresis in

1.2 % agarose, and visualized by ethidium bromide staining. The numbers 

on the left represent molecular weight markers in kilobases (MW lanes). No 

DNA or RV670 DNA were used as templates for PCR reactions that served 

as negative controls. AD169, RV134 and 14B3 (RVUS9op-6) DNAs were 

used as positive controls. The nomenclature of the primary stocks was as 

described in Figs. 13 and 14.
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cells were infected with the primary stocks. Infected cell DNA was prepared at 72 hs post 

infection, subsequently digested with HindSH, subjected to electrophoresis in agarose 

gels, blotted onto nylon membranes, and hybridized to DIG-labeled probes (see Materials 

and Methods). Figure 16A-B shows that Hindlll digestion of the DNA derived from the 

primary stocks identified by PCR to contain lac operator-containing recombinant viruses 

(21-4,34-3, and 34-4) (Figure 14A-B) resulted in the generation of two fragments 

derived from the H indlll X region (1.8 kb and 3.4 kb), corresponding to recombinant 

virus DNA as well as the 7.7 kb fragment corresponding to the Hindlll X region 

containing the P-glu gene in the parental virus RV134. These fragments were detected 

using the HindlU X  probe. For RVO, Southern blot analysis using the Hindlll X  probe 

failed to detect the bands corresponding to recombinant virus in the primary stocks. Only 

the 7.7 kb band, representing parental RV134 DNA was detected (Figure 16C). Possibly, 

the amount of recombinant virus in the stocks was too low to be detected using this 

technology, while these same stocks were shown to contain recombinant virus by PCR 

analysis (Figure IS). On the other hand, the use of the lac i probe resulted in the detection 

of one primary stock (34-6), derived from the cotransfection of RV134 DNA and the 

recombination plasmid pRV/acUS9op-16, containing the lac i gene (see Figure 17A).

This contrasts with the PCR data using the lac /-specific primers, where PCR 

amplification of the DNA derived from several primary stocks showed the presence of a 

lac /-specific product.

In order to identify primary stocks containing lac repressor-expressing virus, 

western blot analysis was conducted. HFF cells were infected with the stocks that had
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FIG. 16. Southern blot screening for RVUS9op-6 (panel A), RVUS9op-16 

(panel B), and RVO (panel C). Total cell DNA was prepared from cells 

infected with RV134, RV/ac, or the primary stocks previously screened by 

PCR. The DNA was digested with HindQl, and was subjected to 

electrophoresis in 0.8 % agarose. The DNA fragments were then transferred to 

a nylon membrane, fixed, and hybridized to the AD 169 Hindlll X probe 

described in Materials and Methods. The numbers on the right of the blots 

represent molecular weight markers in kilobases. The expected 1.8 kb and 

3.4 kb fragments (which indicate the presence of recombinant vims in the 

stock) were observed in stocks 21-4, 34-3, and 34-4.
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FIG. 17. Southern (panel A) and western (panel B) blot screening for 

RV/drcUS9op-16. (A) Total cell DNA was prepared from cells infected with 

AD169, 16A53 (RVUS9op-6, isolated from primary stock 21-4), RVO (352 

3B2) (negative controls), or RVlac (positive control), or the primary stocks 

previously screened by PCR. The DNA was digested with Hindlll, and was 

subjected to electrophoresis in 0.8 % agarose. The DNA was then 

transferred to a nylon membrane, fixed, and hybridized to the lac i gene 

specific, DIG-Iabeled probe described in Materials and Methods. The 

numbers on the left of the blot represent molecular weight markers (MW 

lane) in kilobases. A band of 2.4 kb was detected with the lac i probe for 

stock 34-6, indicating the presence of recombinant virus containing the lac i 

gene in the stock. (B) HFF cell extracts were prepared from uninfected cells, 

or 24 hs after infection with RV134 (negative control), RWlac (positive 

control), RV3MIEP/ac3 4.26.95 (see Fig. 5) (positive control), or the 

primary stocks previously screened by PCR. The cell lysates were subjected 

to electrophoresis in SDS-polyacrylamide, electroblotted onto a 

nitrocellulose membrane, and reacted with a rabbit anti-/ac / polyclonal 

serum. MW: molecular weight markers, expressed in kilodaltons on the 

right of the blot. Stock 34-6 contains recombinant virus expressing the lac 

repressor. The nomenclature of the primary stocks in both panels was as 

described in previous figures.
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tested positive for the lac i gene by PCR analysis, and 24 hs post infection, cells were 

lysed and harvested. The cell lysates were subjected to electrophoresis in SDS- 

polyacrylamide gels, electroblotted onto a nitrocellulose membrane, and reacted with a 

rabbit anti-/ac / polyclonal serum. Figure 17B shows that one stock (34-6, which had 

been identified by Southern blot analysis using the lac i probe) contains recombinant 

virus expressing the lac repressor.

These procedures allowed for the identification of primary stocks of virus that 

contained 1) operator-positive, lac /-negative recombinant virus (RVUS9op(-16) [stocks 

34-3 and 34-4] and RVUS9op(-6) [stock 21-4]), 2) operator-positive, lac /-positive 

recombinant virus (RV/acUS9op(-16) [stock 34-6]), and 3) operator-negative, lac i- 

negative recombinant virus (RVO [stocks 34-2, 28-5, 35-2, 33-3, and 34-7]).

Isolation of HCMV recombinants

Altered plaque phenotype screening was conducted on the primary stocks 

identified as described above, in order to isolate the recombinant viruses. This screening 

was performed as described for the isolation of RNlac. The recombinant viruses (white 

plaque phenotype viruses) isolated using these procedures were: 13 isolates of RVUS9 

op-6, 6 isolates of RVUS9op-l6, and I isolate of RVO. In spite of numerous attempts to 

isolate the double insertion recombinant virus RV/acUS9op-16 (more than 4,000 

individual plaques were picked and screened for the presence of the virus), this virus 

could not be isolated. Although several white plaques were obtained, these were found to 

contain false positive recombinant viruses, as determined by Southern and western
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blot analyses of 33 isolates. These viruses likely represent deletion mutants involving the 

3-glu locus as a result of abnormal recombination events. The reason(s) for failing to 

isolate the double insertion recombinant virus is unknown at this point. One possible 

explanation is that the presence of both the lac i gene and lac operator sequence in the 

recombination vector could result in expression of the lac repressor, followed by binding 

of the lac repressor produced to the operator sequence and thereby obstructing or 

preventing recombination. Thus, only very rarely would appropriate homologous 

recombination occur to generate the double insertion recombinant virus. The extremely 

small number of viruses resulting from this rare recombination event would make the 

isolation of such viruses highly unlikely.

Genetic characterization of the white plaque phenotype viruses 

To verify that the white plaque phenotype viruses isolated as described in the 

previous section are recombinant viruses where homologous recombination had occurred 

in the US9-US10 intergenic region in the viral genome, Southern blot analysis of 

recombinant virus infected cell DNAs was conducted as previously described (see 

Materials and Methods). The AD169 Hindlll X  DIG-labeled probe (5.2 kb) (spanning the 

region US7 through US 11 in the HCMV genome), was used. Figure 18 A shows that 

H indlll digestion of AD169 DNA resulted in the generation of a 5.2 kb fragment 

hybridizing to the H indlll X probe. On the other hand, H indlll digestion of recombinant 

virus DNA resulted in the generation of two fragments derived from the HindfO. X region 

(1.8 kb and 3.4 kb). Hybridization to the Hindis. X  probe resulted in the detection of 

these two bands when the DNAs of 13 isolates of RVUS9op-6 (Figure 18 A), 4 isolates of
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FIG. 18. Genetic characterization of white plaque phenotype viruses. Southern 

blot analysis of recombinant virus infected cell DNA was conducted, along 

with AD 169- and RWlac- infected cell DNAs as controls. The probe used to 

hybridize to ////w/BI-digested DNAs was the HindW. X probe described in 

Materials and Methods. (A) Isolates from stock 21-4 (RVUS9op-6). (B) 

Isolates from stock 34-3 (RVUS9op-16). (C) Isolate from stock 35-2 (RVO). 

The numbers on the right of the blots represent molecular weight markers in 

kilobases. The expected 1.8kb and 3.4 kb fragments hybridizing to the 

Hindm  X probe were observed for the white plaque phenotype viruses 

isolated, except 15D5 and 7D1 (panel B).
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RVUS9op-16 (Figure 18B), and 1 isolate of RVO (Figure 18C) were analyzed. For 

RVUS9op-16,4 of 6 isolated recombinant viruses presented the appropriate H indlll 

digestion pattern (20D6,4A6, 14C3, and 13B3).

Analysis of the growth properties of recombinant viruses 

To analyze the growth rate of recombinant viruses RVO, RV/uc, RVUS9op-16, 

and RVUS9op-6, and to compare them with the growth of parental virus RV134, one step 

growth curves were performed as described (Jones et al., 1991), (Kerry et al., 1997). In 

these experiments, the objective was to determine if the insertion of the lac i gene and the 

lac operator sequence has an effect on the rate of virus replication. HFF cells were 

infected with the indicated viruses at a multiplicity of infection (MOI) of 2. Total virus 

was harvested daily, and virus yields were determined by plaque assay on HFF cells, 

using standard procedures. Figure 19 shows the results of these experiments. No 

significant differences in the growth rates of the recombinant viruses relative to the 

parental virus RV134 were observed. This suggests that the insertions of the lac i gene 

and the lac operator sequence in the viral genome, and the phenotypes derived from these 

insertions, do not affect the rate of production of virus progeny. In addition, RVO also 

replicated at similar rates, which indicates that the presence of the linker sequences in the 

US9-US10 intergenic region does not have an impact on virus replication. These results 

have an important implication. They suggest that the components of the lac repressor- 

based system can be integrated into the HCMV genome for the assessment of conditional 

expression of an individual viral gene, without impacting on the capacity of the virus to 

produce progeny. Thus, the system is viable in the context of the viral genome. It is worth
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FIG. 19. One step growth curve analysis of recombinant viruses. HFF 

cells were infected at an MOI of 2 PFU per cell, with either parental 

virus RV134, or the recombinant viruses RV/ac, RVUS9op-6, 

RVUS9op-16, or RVO. Total virus was harvested daily, from day I to 

day 7 after infection. Infectious virus was quantitated by standard 

plaque assay on HFF cells. Titers were expressed as log,0PFU/ml.
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noting, however, that these observations with the US9 promoter should not be 

generalized to the study of conditional expression of all other HCMV genes, for which 

the use of the lac repressor-based system has to be optimized and tested.

Analysis of expression of operator-containing US9 promoters

Of vital importance to accomplish the objectives of this project was to demonstrate 

that the operator-containing US9 promoters can be efficiently repressed by the lac 

repressor, and that this can be relieved by IPTG. In addition, it was critical to demonstrate 

that the operator insertion has a minimal intrinsic effect on basal promoter expression, in 

order to validate the use of these promoters in this study.

US9 promoter expression in pUS9opCAT 

The operator-containing US9 promoter-leader in pUS9opCAT was tested for the 

impact of the operator insertion on promoter expression, as well as its susceptibility to 

repression and derepression. To ensure that the insertion of the operator per se did not 

affect expression of the US9 promoter, transient transfection assays were conducted as 

described in previous sections. Briefly, pUS9opCAT, or pUS9CAT as control, was 

cotransfected with pS VH into HFF cells. The US9 promoter belongs to the early kinetics 

class, and is known to be activated by IE proteins (reviewed by Stenberg, 1993), (Spector 

et al., 1990). A CAT reporter construct containing the HCMV DNA polymerase promoter 

(ppolC AT) was used as a control of transfection. Cells were harvested 48 hs post 

transfection, and assayed for CAT activity as described in Materials and Methods. Figure 

20 shows a complete abrogation of CAT activity in cells cotransfected with pUS9opCAT
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FIG. 20. US9 promoter activation by HCMV immediate-early proteins IE1 

and IE2. HFF cells were cotransfected with 5 ug of pSVH (expressing HCMV 

IE1 and IE2), and 5 ug of pUS9CAT (containing the wild type US9 promoter), 

or 5 ug of pUS9opCAT (containing the operator sequence at +40). ppolCAT 

(containing the HCMV DNA polymerase promoter) was used as control of 

transfection, by cotransfecting 5 ug of ppolCAT with 5 ug of pSVH. Cells 

were harvested 48 hs after transfection, and cell extracts were assayed for CAT 

activity. Percent acetylation was determined by phosphorimager analysis. A 

representative experiment is shown.

pUS9CAT pUS9opCAT ppolCAT
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and pSVH, suggesting that the operator insertion at +40 has a negative impact on 

expression. Possibly, the presence of the operator sequence in the leader adversely 

affected the translation of the CAT mRNA (see Discussion).

pUS9opCAT was also tested for repression by the lac repressor in a transfection- 

RWlac infection experiment, which also included the reporter plasmid pOpRSVTCAT for 

parallel analysis. Briefly, pLJS9opCAT was transfected into HFF cells, and the 

transfected cells were infected with RWlac (at an MOI of 2) at 24 hs post transfection. As 

controls, mock infection or infection with wild type virus AD 169 at an equivalent MOI 

were performed. Cells were harvested at 24,48, and 72 hs post infection and assayed for 

CAT activity. The results of this experiment are shown in Figure 21. The data obtained 

with pOpRSVICAT is in accordance with the experiment presented in Figure 8B. On the 

other hand, very low levels of CAT activity were obtained from pUS9opCAT upon 

infection with wild type virus AD 169, in accordance with the results obtained with IE1 

and IE2 (Figure 20), supporting the conclusion that the operator insertion in p(JS9opCAT 

adversely affects promoter expression. Some degree of repression was observed (about 

50%) in cells infected with RWlac. Collectively, the results regarding promoter 

expression in pUS9opCAT indicated that alternative sites for operator insertions needed 

to be tested, in order to obtain higher levels of promoter expression in the absence of the 

repressor. To this end, the US9 promoters containing the lac operator sequence at -16 and 

-6 in the CAT reporter constructs pUS9op(-16)CAT and pUS9op(-6)CAT (Figure 11) 

were analyzed. The results of these experiments are described in the following sections.
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FIG. 21. Repression of the US9 promoter in pUS9opCAT. HFF cells were transfected with 10 ug of 

pOpRSVlCAT (control) or pUS9opCAT. 24 hs after transfection, cells were mock infected, or infected 

with AD169 or RV/ac at 2 PFU per cell. Infected cells were harvested at 24,48, and 72 hs post infection, 

and cell extracts were assayed for CAT activity. Percent acetylation was determined by phosphorimager 

analysis. A representative experiment is shown.
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Impact of the lac operator insertion at -16 or -6 on US9 promoter expression

It was of critical importance to first determine if the operator insertion per se had 

an impact on promoter expression in pUS9op(-16)CAT and pUS9op(-6)CAT. Ideally, the 

operator insertion would have minimal intrinsic effect on US9 promoter activation. Thus, 

such a promoter would be suitable to test conditional expression mediated by the lac 

repressor-based system both in transient assays and in the context of the viral genome. To 

address this question, transient transfection experiments were conducted to assess 

activation of these variant promoters by HCMV IE proteins IE I and IE2. The 

experiments were performed as described for pUS9opCAT, and they demonstrated that 

the lac operator sequence can be inserted into an HCMV promoter without significantly 

affecting its basal level of expression in transient assays. Figure 22 shows the results of 

those experiments. pUS9op(-16)CAT was activated to about 70% of wild type 

pUS9CAT, whereas pUS9op(-6)CAT was activated to about 20%. Thus, the operator 

insertion at -16 (closer to the TATA box) affected promoter activation by IE1 and IE2 to 

a lesser extent, suggesting that in this promoter the intrinsic impact of the operator 

sequence was minor. As a result, promoter activation did not differ significantly from 

wild type promoter activation by IE1 and IE2. However, because promoter expression in 

the endogenous locus could render different results for these promoters, given the higher 

level of complexity of regulation of promoter activity in the viral genome, both constructs 

were included for the generation of recombinant viruses in this study (see corresponding 

section in this chapter).

To further analyze the impact of the operator insertion on promoter expression in 

pUS9op(-16)CAT and pUS9op(-6)CAT, the effect of the presence of all viral proteins on
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FIG. 22. Impact of the operator insertion on US9 promoter activation by 

HCMV immediate-early proteins IE1 and IE2. HIT cells were cotransfected 

with 5 ug of pSVH (expressing IE1 and IE2), and 5 ug of either pUS9CAT 

(wild type US9 promoter), pUS9opCAT (operator at +40), pUS9op(-16)CAT 

(operator at -16), or pUS9op(-6)CAT (operator at -6). Cells were harvested 

48 hs after transfection, and cell extracts were prepared for CAT activity 

assay. Percent acetylation was quantitated by phosphorimager analysis. A 

representative experiment is shown.
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activation of the operator-containing US9 promoters in the CAT reporter constructs was 

addressed. Transfection of these constructs into HFF cells was followed by infection with 

AD 169 at 2 PFU per cell, 24 hs after transfection. Cells were harvested 72 hs post 

infection, and cell extracts were prepared and assayed for CAT activity. The results of 

these experiments are shown in Figure 23. In the presence of whole virus, activation of 

pUS9op(-16)CAT was approximately 2-fold that of the wild type promoter in pUS9CAT, 

and for pUS9op(-6)CAT, the level of activation was 6-fold relative to pUS9CAT. These 

data suggest that the presence of the operator sequence at positions -16 and -6 (relative to 

the transcription start site) in the US9 promoter results in the disruption of sequences that 

participate in the regulation of expression of the US9 promoter in the presence of all viral 

proteins. The analysis of these sequences within the US9 promoter and of the 

phenotype(s) associated is beyond the scope of this study.

Supporting the observations regarding IE1 and IE2-mediated activation of the 

operator-containing US9 promoters, expression of the promoter in pUS9op(-l6)CAT in 

the presence of AD 169 virus was affected by the operator sequence to a lesser extent. 

Overall, it was concluded that the operator sequence inserted at -16 has a lesser intrinsic 

effect on transient US9 promoter expression than does the operator insertion at -6. Thus, 

the US9 promoter with the operator insertion at -16 was considered more suitable for the 

analysis of /ac-mediated repression in transient assays.

However, a more complex level of regulation of promoter expression occurs in 

the viral genome. First, viral transactivators cooperate with cellular transcription factors 

to control viral promoter expression within the viral genome. Second, promoter
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FIG. 23. Impact of the operator insertion on US9 promoter activation by viral 

proteins. HFF cells were transfected with 10 ug of pUS9CAT (wild type US9 

promoter), pUS9op(-16)CAT (operator at -16), or pUS9op(-6)CAT (operator 

at -6). 24 hs after transfection, cells were mock infected, or infected with 

AD169 at 2 PFU per cell. Infected cells were harvested 24,48, and 72 hs post 

infection, and cell extracts were prepared for CAT activity assay. Percent 

acetylation was quantitated by phosphorimager analysis. A representative 

experiment is shown.
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expression in the endogenous locus is also affected by distant cis acting elements present 

in the viral genome. Thus, the activity of the operator-containing US9 promoters in the 

endogenous locus could vary significantly from that observed in the CAT reporter 

constructs. To address this question, both variant promoters were constructed into the 

recombination vector for insertion into the virus as described in this chapter. In this way, 

US9 promoter expression could be assessed in the endogenous locus to investigate the 

impact of the operator insertions in the context of the viral genome (see following 

section).

Impact of the lac repressor-based system on US9 gene expression in the context of the

viral genome

A key control for validating future experiments on conditional expression of the 

US9 gene in the context of the viral genome was to analyse US9 mRNA levels in 

RVUS9op(-16)- and RVUS9op(-6)- infected cells, to determine if the operator insertion 

per se has a significant impact on US9 gene expression. In addition, L7S9 expression was 

measured in RV/ac-infected cells, to control for the impact of the MIEP-/ac / gene 

cassette insertion adjacent to the endogenous US9 promoter. Moreover, US9 mRNA 

levels were also assessed in RVO- infected cells, in order to determine if the linker 

insertion per se affects US9 promoter activity in the context of the viral genome. In order 

to perform these controls, northern blot analysis was conducted on RNA isolated from lac 

/-negative viruses RVUS9op(-16)-, RVUS9op(-6)- or RVO- infected HFF cells, and from 

RV/ac-infected HFF cells. The results were compared to parental RV134 virus and wild 

type virus AD169. Briefly, total RNA was isolated from HFF cells infected with
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2 PFU per cell of either wild type virus, parental RV134 virus, RVO, RVUS9op(-16), 

RVUS9op(-6), or RVlac, at 24,48, and 72 hs post infection. RNA samples were 

subjected to northern blot analysis using a radiolabeled US9 specific probe as described 

in Materials and Methods. The results are presented in Figure 24.

Several observations can be made from the results obtained. First, in contrast with 

previously reported observations (Jones and Muzithras, 1991), US9 mRNA levels in cells 

infected with AD 169 did not differ significantly throughout the course of infection. The 

highest levels were observed at 24 hs, but these were not significantly reduced at 48 and 

72 hs post infection. Second, it was interesting to observe that for all the recombinant 

viruses, the kinetics of US9 gene expression was altered. All the recombinant viruses 

presented lower levels of US9 mRNA at 24 hs post infection. These levels increased at 48 

hs, and even more at 72 hs after infection. Thus, the US9 gene was expressed with early- 

late kinetics from all the recombinant viruses. Third, in addition to a change in the 

kinetics of expression, the highest US9 mRNA levels measured in cells infected with 

RVO, RVUS9op-16 and RVUS9op-6 (at 72 hs post infection) were approximately 2-fold 

those in cells infected with wild type AD 169 virus (at 24 hs post infection), or parental 

RV134 (at 72 hs post infection). For RV134 and RVlac, the highest US9 mRNA levels 

achieved (at 72 hs post infection) were approximately equal to those in cells infected with 

AD169 at 24 hs.

Overall, these results showed that the insertions done within and in proximity to 

the US9 promoter in the endogenous locus affected promoter expression in terms of time 

of expression, leading to a change in kinetics of expression of the US9 gene.
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FIG. 24. Impact of the lac repressor-based system on US9 gene expression in 

the context of the viral genome. Northern blot analysis was conducted on total 

RNA isolated from cells infected with AD 169, RV134, RV/ac, RVO, 

RVUS9op-16, or RVUS9op-6, at 2 PFU per cell, at 24,48, and 72 hs post 

infection (hpi). The RNA was subjected to electrophoresis in 1 % agarose, 

transferred to a nylon membrane, fixed, and hybribized to a radiolabeled US9 

specific probe ( a DNA fragment comprising the entire US9 and the majority 

of US8) (Materials and Methods). The RNA was quantitated by 

phosphorimager analysis, and is expressed in arbitrary units. A UL99 (pp28) 

specific radiolabeled probe was used to correct for multiplicities of infection. 

The results presented are average of the results from two replicate 

experiments.
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Furthermore, it led to a 2-fold increase in mRNA levels when the insertions were done at 

-6 and -16 in the US9 promoter (in RVUS9op-16 and RVUS9op-6), and when the linker 

sequences were inserted immediately upstream of the US9 promoter (in RVO). The 

mechanism(s) underlying these phenotypic changes are unknown at this point. They 

likely include disruption of sequences important for the regulation of promoter activation, 

which in turn influence the interactions of these sequences with viral and cellular proteins 

that participate in the control of US9 promoter expression. This led to a change in 

kinetics, and in the levels of mRNA produced. However, the magnitude of these changes 

is probably not significant in terms of the utility of the operator-containing US9 

promoters in the endogenous locus for the application of the lac repressor-based system 

to assess conditional viral gene expression. The implications of these results are 

presented in chapter V.

RV/aomediated repression of operator-containing US9 promoter 

The aim of the experiments described in this section was to assess /ac-mediated 

repression of operator-containing US9 promoter expression in transient assays. In 

previous sections it was hypothesized that pUS9op(-16)CAT would be a more suitable 

construct to test /ac-mediated repression in transient assays, since activation of this 

variant promoter in the presence of viral proteins occurs at levels comparable to those of 

the wild type US9 promoter. To this end, HFF cells were transfected with 10 ug of 

pUS9op(-16)CAT. At 24 hs after transfection, transfected cells were either mock 

infected, or infected with wild type AD 169 or RV/ac at 2 PFU per ceil. Cells were
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harvested at 24, 48, and 72 hs post infection, and cell extracts were prepared for CAT 

activity assay. The results are presented in Figure 25. RV/ac infection of cells transfected 

with pUS9op(-16)CAT resulted in a 90 % reduction in CAT activity when compared with 

wild type virus infection, indicating that the operator-containing US9 promoter in 

pUS9op(-16)CAT can be efficiently repressed by the lac repressor. This significant level 

of repression was maintained throughout the course of infection. These findings were of 

vital importance for this study: an operator-containing, HCMV-specific promoter that can 

be efficiently acted upon by the lac repressor produced from RV/ac demonstrates the 

feasibility of this approach to study HCMV gene expression.

Derepression of operator-containing US9 promoter by IPTG

Experiments utilizing IPTG were performed in order to assess derepression of the 

operator-containing US9 promoter in pUS9op(-16)CAT. Several reports on the use of the 

lac repressor based system in mammalian cells have shown that the IPTG concentrations 

used to achieve maximal derepression could be varied through a low dose (1-500 uM), a 

medium dose (0.5-15 mM), and a high dose (5-50 mM). Toxicity has been observed at 

concentrations higher than 50 mM (Figge et al., 1988). The times of exposure to IPTG, 

using operator-containing promoters upstream of the CAT reporter gene (Brown et al., 

1987), (Hu and Davidson, 1987) (Figge et al., 1988), (Labow et al., 1990), or the 

luciferase gene (Rodriguez and Smith, 1990), have varied in different studies, from 7-12 

hs, to up to 3 days.

Initially, an experiment to test toxicity was performed by exposing HFF cells to 0, 

5,10,25, and 50 mM IPTG for 72 hs. Figure 26 shows HFF monolayers that had been
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FIG. 25. Repression of the US9 promoter in pUS9op(-16)CAT. HFF cells 

were transfected with 10 ug of pUS9op(-l6)CAT. At 24 hs after transfection, 

cells were either mock infected, or infected with AD169 or RV/ac at 2 PFU 

per cell. 24,48, and 72 hs post infection, cells were harvested, and cell extracts 

were assayed for CAT activity. Percent acetylation was quantitated by 

phosphorimager analysis. A representative experiment is shown.
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FIG. 26. Exposure of HFF cells to increasing concentrations of IPTG. To 

test IPTG toxicity, HFF cells were exposed to 0,5,10,25, and 50 mM IPTG 

for 72hs. At that time, cells were photographed using a Photo Zoom inverted 

microscope (Bausch & Lomb), and a Pentax K1000 camera. The images 

presented were generated with a UMAX PowerLook II Scanner with 

Paintshop Pro version 5.0 Jacs Software.
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exposed to the indicated concentrations of IPTG for 72 hs. Morphology and cell viability 

did not seem to be affected by exposure to IPTG. Therefore, all the concentrations tested 

were considered to be nontoxic for HFF cells, thus suitable for use in the derepression 

experiments.

In this study, the procedure to assess IPTG derepression involved transfecting 

HFF cells with 10 ug of pUS9op(-16)CAT, and 24 hs after transfection, the cells were 

infected with RV/ac at an MOI of 2. After adsorption of the virus for 2 hs, the virus 

inoculum was removed, and fresh culture media containing 0, 0.2, 0.4,0.8 or 2 mM IPTG 

was added. A lower medium dose range was initially tested in order to find the minimum 

concentration of IPTG that was necessary and sufficient to efficiently cause derepression. 

Cells were harvested 72 hs post infection, and assayed for CAT activity as previously 

described (see Materials and Methods). Figure 27 shows that 0.8 mM IPTG was capable 

of derepressing pUS9op(-16)CAT expression to levels comparable to wild type levels. 

This is a significant finding, since it demonstrates that the system functions efficiently to 

reverse /ac-mediated repression of an HCMV promoter. Similar results were obtained 

when cells were exposed to 2 mM IPTG. The data suggest that 0.8-2 mM IPTG could be 

the optimal levels of inducer to utilise in the analysis of the operator-containing US9 

promoter in the viral genome. However, the conditions for IPTG induction, in terms of 

IPTG concentration and time of exposure to IPTG, will have to be optimized for studying 

conditional expression of the US9 promoter in the context of the viral genome.

The observations in the last two sections demonstrate that /ac-mediated repression 

(using a recombinant HCMV expressing the lac repressor), and IPTG derepression can be 

readily achieved using an HCMV-specific promoter in transient assays. This validated
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FIG. 27. Titration of IPTG for induction of pUS9op(-l6)CAT in cells infected 

with RVlac. HFF cells were transfected with 10 ug of pUS9op(-16)CAT. At 

24 hs after transfection, cells were infected with either AD169 or RVlac at 2 

PFU per cell. After virus adsorption for 2 hs, IPTG was added at 0,0.2,0.4, 

0.8, or 2 mM. Cells were harvested 72 hs post infection, and cell extracts were 

assayed for CAT activity. Percent acetylation was quantitated by 

phosphorimager analysis. Results shown correspond to a representative 

experiment.
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efforts to construct this system into the virus for future analysis of conditional gene 

expression during the course of HCMV infection of cells in culture.
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CHAPTER V 

DISCUSSION

HCMV essential genes encode protein functions that are absolutely required for 

replication of the virus in cell culture. In other words, deletion or mutation of such genes 

is lethal. Thus, these genes are believed to play central roles in the replicative cycle, 

leading to the production of virus progeny. To date, these genes have not been directly 

tested for their roles in virus replication. Hence, their essential nature remains 

speculative, and it is mostly based on homologies with HSV-1 essential genes. The 

unavailability of a significant number of HCMV conditional-lethal mutants, and the lack 

of cell lines to complement virus null mutants, have presented an obstacle for addressing 

the role of individual essential viral gene products in the context of a natural infection 

(reviewed by Stenberg and Kerry, 1995). Therefore, the need for the development of new 

methodologies to address gene expression in the context of the HCMV genome, as well 

as for the propagation of viruses with mutations/deletions in genes likely to be essential, 

is presently clear.

In this study, a conditional expression system was developed to study the 

functional roles of HCMV gene products during viral replication. This approach is based 

on the Escherichia coli lac repressor protein, the lac operator DNA sequence to which 

the repressor binds with high affinity and sequence specificity, and the specific inducer 

IPTG. By using this system, HCMV putative essential genes can be targeted for 

conditional expression by constructing recombinant viruses containing lac operator 

sequences in target promoters. These operator sequences within the target promoters can 

be acted upon by the lac repressor produced from the same recombinant virus or a
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coinfecting recombinant HCMV. The effect of the loss of expression of the target gene 

on virus replication can then be assessed.

Several questions were addressed in this study. Can the lac repressor-operator 

system be inserted into the HCMV genome to study viral gene expression? Specifically, 

can the lac repressor be expressed from recombinant HCMV? Will the lac repressor 

produced recognize the lac operator sequence in an HCMV promoter, in a CAT reporter 

construct to first test the system in transient expression assays, as well as in the 

endogenous locus in the viral genome? Will this interaction block promoter activation? 

What levels of repression and IPTG-mediated derepression can be achieved? These 

objectives were successfully accomplished by generating a lac repressor expressing 

recombinant HCMV and a lac operator-containing, HCMV-specific promoter, and 

analyzing the lac operator-repressor-IPTG interactions in the context of such a promoter. 

The approaches used and the relevant findings in this study are discussed in this chapter.

The lac repressor-operator system has been shown to regulate the expression of 

transfected and integrated reporter genes in mammalian cells (Brown et al., 1987), (Hu 

and Davidson, 1987), (Deuschle et al., 1989), (Figge et al., 1988), as well as in 

recombinant vaccinia virus-infected cells (Rodriguez and Smith, 1990 and 1990), (Fuerst 

et al., 1989), (Zhang and Moss, 1991). As a novel transcriptional regulatory system in 

mammalian cells, the lac repressor-operator interaction offers significant advantages for 

use as a conditional genetic switch. Firstly, the use of these prokaryotic elements, which 

are inert to the physiology of the eukaryotic cell, can potentially be applied for the 

stringent regulation of expression of any chosen HCMV gene. In this manner, the target
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gene, and therefore viral replication, can be externally controlled. Secondly, the 

repressor-operator interaction is highly specific. The lac operator sequence is present 

extremely infrequently in the genomes of mammalian cells. Therefore, only the gene 

under study is susceptible to regulation by the lac repressor. This strikingly contrasts with 

other gene expression systems, like induction mediated by hormones, heavy metals, or 

heat shock, where the inducers can affect the expression of several genes simultaneously. 

Thirdly, the system can be allosterically regulated by IPTG, allowing for the reversion of 

the repressed phenotype. This is an important aspect for the application of the system in 

this study, due to the absolute requirement of IPTG for the propagation of recombinant 

viruses with repressible promoters of essential viral genes.

For use in an eukaryotic environment, the gene encoding the lac repressor {lac i 

gene) contained a modified initiation codon (GTG to ATG) for efficient translation in an 

eukaryotic cell. Also, the gene was modified to include the SV40 T antigen nuclear 

localization signal, in order for the protein product to localize to the nucleus. Transport 

into the nucleus was thought to be of critical importance if the repressor was to be used to 

regulate transcription of HCMV genes, which occurs in the nucleus and depends on the 

cellular RNA polymerase n. However, in one of the earliest reports using the lac 

repressor in mammalian cells, Hu and Davidson (1987) showed that expressing a lac 

repressor lacking a nuclear localization signal resulted in 10% of the total repressor 

localized to the nucleus, and 90% to the cytoplasm. Although the majority of the 

repressor molecules were present in the cytoplasm, those present in the nucleus were 

biologically active and repressed operator-containing promoters by 90%. Nonetheless, in 

this study, the presence of a nuclear localization signal was considered to be important;
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since larger amounts of the repressor protein will be localized in the nucleus, lower levels 

of expression of the protein will be needed to effect regulation.

The initial goal was to construct a recombinant HCMV that expresses the lac 

repressor from the HCMV major immediate-early promoter (M1EP) (RV/ac) (Specific 

objective 1). This recombinant virus would allow for the assessment of lac repressor 

protein expression in the infected cells throughout the course of infection. In addition, 

RV/ac could be used to test operator-containing HCMV promoters in transient assays. 

These assays would determine the most appropriate number and relative position of the 

operator sequences for effective /ac-mediated repression, to validate the insertion of such 

promoters into the virus for analysis in the context of the viral genome. The MSEP-lac i 

gene expression unit was inserted between open reading frames US9 and US 10, a 

transcriptionally barren region in the HCMV genome. Expression driven by the MIEP 

allowed for the lac repressor to be produced immediately afrer infection, and throughout 

the course of viral replication. As presented in Figure 7, significant levels of the 37 kD 

repressor polypeptide were observed at 24,48, and 72 hs post infection. A priori, the 

amounts of the repressor polypeptide present in the RV/ac-infected cells were presumed 

to be sufficient to form enough repressor tetramers to efficiently block transcription from 

operator-containing promoters, although there were no previous data to support that 

assumption. The fact that significant levels of the repressor were observed during the 

complete replicative cycle has an important implication: expression of the lac repressor 

gene under the control of the MTF.P would allow for the repressor to be available in the 

RV/ac-infected cell for the regulation of expression o f operator-containing HCMV 

promoters of all kinetic classes in the context of the viral genome.
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The next question addressed in this study was to determine if the lac repressor 

produced in RV/ac-infected cells would recognize its cognate operator sequence, and 

regulate expression from operator-containing promoters. Initially, this question was 

approached by analyzing the lac repressor-operator interaction using operator-containing 

heterologous promoters and RV/ac in transient assays. To this end, CAT reporter 

constructs driven by lac operator-containing RSV-LTR promoters (pOpl3CAT and 

pOpRSVIC AT) were used (see Figure 8A). The number and relative position of the 

operator sequences were different for these two constructs. pOpl3CAT contains three 

tandem operator sequences immediately downstream of the RSV promoter, while 

pOpRSVIC AT contains two operator sequences, one of which is located adjacent to the 

TATA box, and the other one is present downstream of the RSV promoter.

Approximately 80-100% reduction in CAT activity was observed in cells transfected with 

these constructs and infected with RV/ac (Figure 8B), suggesting that 1) the repressor 

polypeptide was expressed at significant levels from the MIEP-/ac / gene cassette in the 

viral genome, 2) presumably formed homotetramers, prior to and/or after migrating into 

the nucleus, and 3) the functional repressor was present in sufficient amounts for efficient 

repression of the operator-containing promoters. From Figure 8B, it is evident that a more 

effective repression of promoter activity occurred when the lac operator sequence is 

positioned closer to the TATA box. In RV/ac-infected cells, CAT activity 80 to 100 times 

less than that obtained in the presence of wild type virus AD 169 infection represented a 

highly significant level of repression. This may, at least in part, be explained by the 

presence of multiple copies of the operator sequence. Sadler et al. (1980) have reported 

that the half-lives of operator-repressor complexes increase with increasing numbers of
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operators in tandem, thereby enhancing the repressor capabilities to sterically block the 

binding of the RNA polymerase to the transcription start site. However, the ability of 

IPTG to derepress such operator-containing promoters may be reduced.

When cells transfected with pOpRSVICAT and infected with RV/ac were 

exposed to IPTG, at concentrations ranging from 10 to 100 uM for 7 hs, CAT activity 

rose to levels 4 times of those of cells left untreated (Figure 9). This represents a modest 

level of derepression (about 40% of the level of promoter activity in AD169-infected 

cells), suggesting that the repression of this operator-containing promoter was not fully 

reversible. Several factors can contribute to this phenomenon. First, reversion with IPTG 

may be less easily achieved due to the presence of two operator sequences. Secondly, 

because of the limited permeability of the eukaryotic plasma membrane to IPTG [in 

E.coli, IPTG enters the cell using the inducible lac permease system (Kennedy, 1970)], 

significant amounts of the inducer may have been difficult to obtain inside the cell at the 

concentrations tested. Furthermore, the amounts of IPTG transferred from the cytoplasm 

to the nucleus may have been insufficient to act upon the repressor-operator complexes 

on the promoter in pOpRSVICAT. Lastly, the time of exposure to IPTG was probably 

insufficient, and was reflected in the magnitude of the response. From these experiments, 

it was concluded that higher concentrations of IPTG and longer times of exposure to the 

inducer needed to be tested in subsequent experiments in order to obtain a more effective 

derepression.

The next step represented a central goal of this project. This was to construct a lac 

operator-containing HCMV promoter (Specific objective 2) in order to insert it into the 

endogenous locus in the HCMV genome (Specific objectives 3,4, and 5) for future
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analysis of conditional expression in the context of a natural infection, and to test its 

susceptibility to RV/ac-mediated repression and derepression by IPTG in CAT reporter 

constructs in transient assays (Specific objective 6). The lac operator chosen was the 24- 

base pair sequence 5’GAATTGTGAGCGGATAACAATTTC3\ In terms of its structure, 

this operator sequence is an imperfect palindrome. Simons et al. (1984) showed that 

operators containing imperfect palindromes bind the lac repressor with an 88 % shorter 

half-life than perfect palindromes. This may result in a more effective derepression 

mediated by IPTG. Thus, an imperfect palindromic operator sequence was chosen for this 

study in order to be able to dissociate the repressor-operator complexes more easily in the 

presence of IPTG. This is part of concerted efforts that needed to be made to achieve 

significant levels of lac repressor-mediated repression that can be efficiently reversed by 

IPTG. The 24-base pair operator sequence was inserted at different positions within the 

HCMV US9 promoter (see below). The US9 gene was targeted for conditional 

expression because this gene is known to be dispensable for growth of the virus in 

primary human fibroblasts (HFF) in culture (Jones and Muzithras, 1992). Thus, the lack 

of expression of the US9 gene in the repressed state would not affect virus replication in 

HFF cells. This characteristic allows for the analysis of parameters of repression and 

derepression without having virus growth dependent on IPTG. Moreover, the US9 gene is 

located adjacent to the site of insertion of the MIEP-/ac / gene cassette in RV/ac. 

Therefore, recombinant viruses with the double insertion of the lac i gene and the lac 

operator sequence can be generated after a single recombination event. By utilizing a 

virus expressing the lac repressor and containing an operator-modified US9 promoter, the
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feasibility of the lac repressor-based system to study HCMV gene expression in the 

context of the viral genome can be assessed.

Initially, a single lac operator sequence was inserted at a unique &/II site in the 

leader sequence of the US9 gene, forty nucleotides downstream of the transcription start 

site (position +40). This approach was undertaken because it represented a quick and 

convenient insertion of the lac operator sequence into the US9 promoter-leader region. 

Although the majority of the reports to date have favored the insertion of operators within 

promoter sequences, lac operators have also been found to be biologically functional 

when positioned downstream of the promoter. Deuschle et al. (1986) observed that a lac 

repressor-operator complex can be formed and block transcriptional elongation when the 

operator was inserted downstream of the coliphage T5 promoter. A 90 % reduction of 

promoter expression was observed.

Alternatively, a single lac operator sequence was positioned 16 or 6 nucleotides 

upstream of the transcription start site in the US9 gene. The criterion was to place 

operator sequences at different positions relative to the TATA box. In the US9 promoter, 

the operator at -16 is 6 nucleotides downstream of the TATA box, while the one 

positioned at -6 is 16 nucleotides downstream of the TATA box. It has been suggested 

that the lac repressor bound to an operator immediately downstream of the TATA 

element sterically impairs the binding of the RNA polymerase to the transcription start 

site (Brown et al., 1987). The position of the operator has been demonstrated to be critical 

for effective repression mediated by the lac repressor (Rodriguez and Smith, 1990), (Hu 

and Davidson, 1987).
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Another aspect to be considered for the construction of the operator-containing 

US9 promoters was the number of operator sequences that needed to be inserted into the 

promoter. Reports on the use of the lac repressor-operator system in mammalian cells 

consistently show that tighter repression can be obtained with numerous operators in 

tandem array. This could be due to an enhanced stability of the repressor-operator 

complexes as a result of increased protein-protein interactions. Operators in tandem in 

specific spatial arrangements are thought to lead to the formation of intervening DNA 

loops upon binding of the repressor tetramers, which increases the stability of the 

interactions, leading to higher levels of repression (Besse et al., 1986), (Mossing et al., 

1986), (Kramer et al., 1987). However, these tandem operator insertions can have an 

intrinsic impact on promoter expression, leading to reduced promoter activity even in the 

absence of the repressor. For example, when analyzing the effect of several operator 

insertions on S V40 early promoter activation relative to the parental promoter upstream 

of the CAT gene, Hu and Davidson (1987) showed that 1) a single operator positioned 

between the transcription start site and the TATA box decreased CAT activity by about 

25%, 2) two tandem operator sequences resulted in 70% reduction in CAT activity, and 

3) three operators decreased CAT activity by approximately 85%. This indicates that the 

operator insertions per se resulted in decreased promoter activity. For the system to 

operate efficiently, it is desired that the operator have a minimal impact on promoter 

expression. This seems to be more easily achieved with single operator insertions.

In addition, the presence of several operators may result in lower levels of 

reversion of repression mediated by IPTG. This was observed by Rodriguez and Smith 

(1990), who studied an operator-containing late vaccinia virus promoter using the
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luciferase reporter system. When a single operator was inserted, IPTG induced luciferase 

activity to approximately 90% of the control levels. In contrast, when two operators were 

present, reversion was only 50%.

Taking into consideration all of the evidence presented above, and because it was 

hypothesized that the operator sequence at +40 may interfere with the translation of the 

US9 mRNA (see below), it was therefore concluded that a single lac operator sequence at 

either -16 or -6 should be inserted into the endogenous US9 promoter for future analysis 

of conditional promoter expression. However, the US9 promoter-Ieader containing the 

operator sequence at +40 was included in the experiments on transient expression of 

operator-containing promoters in CAT reporter constructs (see below), to compare its 

expression with that of the wild type US9 promoter, as well as with that of the US9 

promoters with operator sequences at -16 and -6. If the operator insertion at +40 proved 

to have no intrinsic effect on expression, and if it was efficiently acted upon by the lac 

repressor and IPTG, it would then be considered for insertion into the viral genome for 

future analysis.

By inserting the operator-containing US9 promoters into the viral genome, and 

assessing repression by the lac repressor and derepression by IPTG, the feasibility of this 

conditional expression system for the study of HCMV gene function during a natural 

infection of cells in culture can be evaluated. As explained at the beginning of this 

chapter, a HCMV gene can be targeted for conditional expression by inserting its 

promoter containing an operator into the endogenous locus by homologous 

recombination, provided a screening method is available to isolate the resulting 

recombinant virus. The operator-containing promoter in the endogenous locus can be
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acted upon by the lac repressor produced from the same recombinant virus, or a 

coinfecting recombinant HCMV. Thus, targeted gene expression and virus replication can 

be assessed in the repressed state. Addition of IPTG reverses the repression, and allows 

for expression of the target gene. In this study, the operator-containing US9 promoter and 

the lac i gene were constructed into a recombination vector (pRV/acUS9op) for insertion 

into the US9-US10 intergenic region in the HCMV genome by a one step homologous 

recombination event leading to the generation of a single recombinant HCMV. Although 

one pool of virus was identified to contain recombinant virus, the isolation of the virus 

with the double insertion was unsuccessful. The reason(s) for failing to isolate this 

recombinant virus is unknown. Possibly, the lac repressor produced from the 

recombination vector pRV/acUS9op in cells transfected with parental virus RV134 and 

pRV/acUS9op would bind to the operator sequence in the recombination vector. The 

repressor-operator interaction could therefore interfere with homologous recombination 

into the RV134 DNA, leading to aberrant or lack of recombination. Hence, appropriate 

recombination becomes a very rare event, which would be reflected in an extremely small 

number of the double insertion recombinant virus resulting from the transfection. 

Consequently, isolation of such a recombinant virus would be very difficult to achieve. 

These results suggested that future studies should address conditional expression of the 

operator-containing US9 promoters in the context of the viral genome by generating one 

recombinant virus containing the operator-containing US9 promoter and another 

recombinant virus that expresses the lac repressor, to be used in coinfection experiments. 

This approach has been successfully applied to vaccinia virus (Rodriguez and Smith, 

1990). Their report included the generation of a recombinant virus expressing the
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repressor protein and a series of viruses containing operator sequence(s) at different 

positions between the vaccinia virus late 4b promoter and the luciferase reporter gene. 

The data from coinfection experiments demonstrated optimal inhibition of luciferase 

activity which could be restored after treatment with IPTG.

Before new approaches are applied to address conditional expression of the 

operator-containing US9 promoters in the viral genome, it was necessary to determine if 

the operator insertions at -16 and -6 in the US9 promoter in the endogenous locus had an 

impact on US9 gene expression in the absence of the repressor. In order to answer this 

question (see below), recombinant viruses R.VUS9op-16 and RVUS9op-6 were 

generated. These viruses contain a single operator sequence located at -16 or -6, 

respectively, in the US9 promoter in the viral genome. In addition, a recombinant virus 

(RVO) containing the linker sequence used to perform the insertions between US9 and 

US 10 in the viral genome was generated, to control for the impact of such a sequence on 

endogenous US9 promoter expression.

The analysis of the growth properties of the recombinant viruses generated 

(RV/ac, RVUS9op-16, RVUS9op-6, and RVO) by one step growth curves showed that 

there were no significant differences in the rate of virus replication of the recombinant 

viruses relative to the parental virus RV134. This implies that the lac repressor based 

system can be integrated into the HCMV genome without impacting on the production of 

virus progeny.

In order to test the system in transient assays, expression of the operator- 

containing US9 promoters was assessed in CAT reporter constructs (Specific objective 

6). This included the analysis of promoter activity in the presence of HCMV immediate-
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early proteins IE1 and LE2, or wild type virus AD169, to investigate the impact of the 

operator insertion on basal promoter expression. To determine the viability of this system 

to conditionally express an HCMV promoter, the analysis on basal operator-containing 

US9 promoter activity was followed by experiments addressing RV/ac-mediated 

repression and restoration of activity of the operator-containing promoters by IPTG. The 

operator-containing promoter-leader sequence was tested in a CAT reporter construct 

(pUS9opCAT), in the presence of HCMV immediate-early proteins EE1 and IE2. From 

this experiment it was concluded that this operator location was not appropriate for the 

analysis of conditional expression of this promoter, since the operator insertion per se 

completely abrogated CAT activity (Figure 20). Very low levels of CAT activity were 

also obtained when cells transfected with pUS9opCAT were infected with AD 169 

(Figure 21). A possible explanation for these results is that, given the palindromic 

structure of the operator present in the leader sequence, the formation of a hairpin 

structure may have reduced the translatability of the CAT mRNA. Consequently, 

additional sites of insertion for the operator needed to be tested. Thus, the operator 

insertions at -16 and -6 in the US9 promoter were analyzed.

To resolve the question of whether the operator insertions at -16 and -6 were 

adequate for the objectives of this project, it was critical to determine the extent to which 

the operators affected promoter activation in the absence of the repressor. To answer one 

aspect of this question, the operator-containing US9 promoters were cloned into a CAT 

reporter plasmid and tested for activation by IE1 and IE2. Figure 22 shows that the 

operator positioned at -16 (in pUS9op(-16)CAT) had the least impact on promoter 

expression. Activation of this promoter was 70% that of the wild-type promoter. In
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addition, promoter expression in pUS9op(-16)CAT in the presence of all viral proteins 

(Figure 23) showed a lesser impact of the operator insertion, when compared to insertion 

at -6, relative to the wild type promoter in pUS9CAT. Clearly, these results suggested 

that the US9 promoter with the operator adjacent to the TATA box (at position -16) was 

the most appropriate promoter for an accurate analysis of repression by the lac repressor, 

due to a lesser effect on basal expression of the promoter by the operator insertion. 

However, because different outcomes can be expected in terms of the intrinsic influence 

of the operator at different positions relative to the TATA box when the promoter is 

analyzed in the context of the HCMV genome, both operator-containing US9 promoters 

were inserted into the endogenous locus to generate recombinant viruses RVUS9op-16 

and RVUS9op-6, as described above.

In order to determine the impact of the operator insertion on endogenous US9 

promoter expression, US9 mRNA was measured in cells infected with RVUS9op-16 and 

RVUS9op-6. It was desired that basal promoter activity would not be affected 

significantly by the operator insertion, in order to use these variant promoters to 

conditionally express the US9 gene using the lac repressor and IPTG. The results 

presented in Figure 24 demonstrate that the operator insertions at -16 and -6  in the US9 

promoter do not have a major impact on endogenous promoter expression. Although a 2- 

fold increase in US9 mRNA levels was observed in cells infected with RVUS9op-16 or 

RVUS9op-6, relative to the highest levels of US9 mRNA achieved in cells infected with 

AD169 or RV134, these changes do not reflect a significant influence of the operator 

insertion on basal promoter expression. It is worth noting that the operator insertion at -6 

may be more suitable to assess lac repressor-mediated repression, since US9 mRNA
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levels in cells infected with RVUS9op-6 were equivalent to wild type levels at 24 hs post 

infection, and increased approximately 2-fold at later times. Thus, basal levels of 

promoter expression were not decreased as a result of the operator insertion. On the other 

hand, US9 mRNA levels in cells infected with RVUS9op-16 were lower than wild type 

levels at 24 hs, so this operator insertion resulted in a reduction of basal promoter activity 

at early times. These data suggest that the operator insertions in the endogenous US9 

promoter, in particular, when the operator is positioned at -6  relative to the transcription 

start site, may be appropriate for the application of the lac repressor-based system to 

study US9 gene expression in the context of the viral genome.

Furthermore, it was interesting to observe that US9 mRNA at late times was 

higher than that at early times in cells infected with any of the recombinant viruses. This 

suggests that insertions within and upstream of the endogenous US9 promoter have an 

impact on the kinetics of US9 gene expression. This early-late pattern of gene expression 

may be of no relevance for the use of the lac repressor-based system to conditionally 

express the US9 gene, but it may be the subject of future studies on the regulation of 

endogenous US9 promoter expression. The decrease in US9 gene expression from 

RV134 at early times was also observed by Jones et al. (1991), although they reported 

that this was a slight reduction.

After analyzing the intrinsic impact of the operator insertions on basal US9 

promoter expression, both in transient assays and in the context of the viral genome, it 

was of critical importance to examine the ability of the lac repressor produced in KVlac- 

infected cells to repress the expression of the operator-containing US9 promoters, in 

order to demonstrate the susceptibility of an HCMV-specific promoter to regulation by
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the lac repressor. It was reasoned that because the operator insertion in pUS9op(-16)CAT 

had a lesser impact on basal promoter expression in transient assays, this reporter 

construct would be more suitable for the analysis of /ac-mediated repression in transient 

assays. The procedure involved transfecting cells with the CAT reporter construct and 

subsequently infecting with wild type virus AD 169 or RV/ac. A highly significant 

reduction in CAT activity was observed in the presence of the lac repressor, at 24,48, 

and 72 hs post infection (Figure 25). The repression observed was 10-fold, which is in 

agreement with reports by others (Hu and Davidson, 1987), (Deuschie et al., 1990), when 

using single operator insertions. Levels of repression of 30- to 50-fold have been reported 

when two operators in tandem were used (Hu and Davidson, 1987). The level of 

regulation by the lac repressor obtained in mammalian cells so far is substantially lower 

than that within the lac operon in E.coli. In bacteria, repression of expression can be 

1000-fold (Gilbert and Muller-Hill, 1970). One possibility for this significant difference 

is the DNA context in which the operator is located. The different molecular 

configurations of bacterial versus eukaryotic DNA (in this particular case, the viral US9 

promoter) may influence the formation and/or the stability of the operator-repressor 

complex, thus affecting the magnitude of the repression achieved. Another explanation 

relates to the transport of the lac repressor to the nucleus of the eukaryotic cell. It is 

possible that higher levels of repression were not obtained because of insufficient 

amounts of functional tetrameric repressor present in the nucleus of the RV/ac-infected 

cells. Although significant levels of the 37 kD polypeptide were detected at 24,48, and 

72 hs in RV/ac-infected ceils (see Figure 7), the efficiency of transport of the repressor
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from the cytoplasm to the nucleus, as well as the sufficiency of functional tetramers to act 

upon the operator sequence are unknown.

In contrast with these observations are the calculations by Figge et al. (1988), who 

stated that “....the concentration of repressor molecules required to achieve 99.9% 

operator saturation with repressor would be 5x1 O'8 M, which corresponds to 2000 

repressor tetramers per nucleus. We previously calculated that our cells (CV-1P cells) 

each contain approximately 4xl04 repressor tetramers. If 10% of these are contained 

within the nucleus as shown by Hu and Davidson (1987), then there is sufficient 

repressor present to achieve >99.9% saturation of a single chromosomal operator site”.

However, in the paper by Figge et al., a single operator-containing SV40 hybrid 

early promoter-CAT gene cassette had been stably integrated into high molecular weight 

DNA. In this study, as well as in others using plasmids bearing operator-modified 

promoters, the number of operator sequences within the nucleus is likely to be much 

higher. Therefore, the amount of repressor required for efficient saturation of all the 

operator sites within the nucleus may be substantially higher as well. Finally, although 

the magnitude of the response is far lower than in bacteria, the repression obtained is 

probably stringent enough to assess regulation of expression of the operator-containing 

US9 promoter accurately.

To assess IPTG-mediated derepression of pUS9op(-16)CAT in RV/ac-infected 

cells, concentrations of IPTG ranging from 0 to 2 mM were used, and cells were exposed 

to IPTG for 70 hs following infection with RV/ac. According to the reports on IPTG 

induction in mammalian cells, the conditions chosen in this study represent a medium 

dose of IPTG (high doses range from 5 to 50 mM, and toxicity has been reported at
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concentrations higher than SO mM), and a maximal time of exposure (in other studies, 

exposure to the inducer ranged from 7-12 hs to up to 3 days). A significant level of 

derepression (about 80%) of pUS9op(-16)CAT was achieved with 0.8 and 2 mM IPTG 

(Figure 27). This degree of derepression is concordant with those obtained by others (60- 

80%) (Hu and Davidson, 1987). Although the repressed phenotype was not fully 

reversed, the results obtained may still be significant. A plateau seems to have been 

reached at 0.8 mM IPTG, but testing higher concentrations of IPTG may result in 100% 

reversion.

The amounts of IPTG required to obtain 80% derepression in these experiments 

are about 10-20 times higher than those that result in maximum induction in E.coli (0.1 

mM) (Cho et al., 198S). A possible explanation is that the amount of IPTG that actually 

enters into the cytoplasm, and is subsequently transferred to the nucleus, may be 

significantly less than the concentrations present in the culture media. In addition, the rate 

at which IPTG binds the operator-bound repressor in the nucleus may be slower than in 

E.coli, resulting in derepression with slow kinetics compared to the induction process in 

bacteria.

Overall, the IPTG derepression experiments suggest that IPTG can enter the 

RV/crc-infected cells, and act upon the repressed operator-containing US9 promoter to 

significantly relieve the block on promoter expression, leading to activation to 80% of the 

parental promoter expression levels. These conclusions strictly apply to the transient 

expression system. In other words, for repressed operator-containing US9 promoters in 

the viral genome, the conditions for IPTG derepression would have to be optimized.
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All the observations discussed above relate to the central objective of this project, 

i.e., the analysis of /ac-mediated repression of operator-containing US9 promoters in 

transient assays using CAT reporter constructs, and the ability of IPTG to reverse the 

repressed phenotype. Future studies, however, will analyze the lac repressor-based 

system in the context of the HCMV genome.
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CHAPTER VI 

CONCLUSIONS

An Escherichia coli lac repressor-based system was developed to study HCMV 

gene expression in the context of the viral genome. Two major aspects were investigated: 

a lac repressor expressed from recombinant HCMV, and an operator-containing HCMV 

specific promoter for which lac repressor-mediated repression and restoration of 

promoter activity by IPTG can be efficiently achieved. The system was first tested in 

transient expression assays, to assess the feasibility of this approach to conditionally 

express a HCMV specific promoter. The repressor produced from recombinant HCMV 

(RV/ac) efficiently repressed operator-containing heterologous promoters in CAT 

reporter constructs in transient assays. The repression observed was reversed by IPTG. 

Different operator insertion sites within the HCMV US9 promoter were tested to assess 

the impact of the operator sequence on basal promoter expression, both in transient 

assays (using CAT reporter constructs), and when these promoters were inserted into the 

viral genome. Basal promoter expression was affected to a lesser extent in transient 

assays when the operator sequence was inserted at -16. Thus, this promoter was chosen 

for the analysis of lac repressor-mediated repression in transient assays. The viability of 

this system to control an HCMV promoter was demonstrated when efficient repression of 

the operator-containing US9 promoter was observed in the presence of RV/ac, and 

repression was reversed after the addition of IPTG. Moreover, the operator insertions in 

the endogenous US9 locus did not affect US9 basal promoter expression significantly. 

Interestingly, the operator insertions affected the kinetics of US9 gene expression in the 

context of the virus: an increase in the levels of US9 mRNA at late times post infection
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was observed. These observations provide the basis for future investigation of the US9 

promoter sequences affected by the operator insertions that resulted in changes in US9 

promoter expression. Overall it was concluded that the lac repressor-based system can be 

applied to study HCMV gene expression. Future studies may address the conditional 

expression of other HCMV promoters, adapting this system so that putative essential 

HCMV genes can be targeted.

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



145

REFERENCES

Adler, S.P. (1995). Immunoprophylaxis against cytomegalovirus disease. Scand. J. Infect. 

Dis. Suppl. 99,105-109.

Akel, H.M., Furarah, A.M., Sweet, C. (1993). Further studies of 31 temperature-sensitive 

mutants of mouse cytomegalovirus: thermal stability, replication and analysis of 

temperature-sensitive functions by temperature shift. FEMS Microbiol. Lett. 114,311- 

316.

Anders, D.G., Kacica, M.A., Pari, G., Punturieri, S.M. (1992). Boundaries and structure 

of human cytomegalovirus oriLyt, a complex origin for lytic-phase DNA replication. J. 

Virol. 66,3373-3384.

Angulo, A., and Ghazal, P. (1995). Regulation of human cytomegalovirus by retinoic 

acid. Scand. J. Infect. Dis. Suppl. 99,113-115.

Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D., Seidman, J.G., Smith, J.A.,

Struhl, K. (1996). Current Protocols in Molecular Biology (John Wiley and Sons, Inc., 

USA), Vol. 1, Chapter 9, Introduction o f DNA into mammalian cells, Unit 9.1, 

Supplement 36.

Baldanti, F. Silini, E., Sarasini, A., Talarico, C.L., Stanat, S.C., Biron, K.K., Furione, M., 

Bono, F., Palu, G., Gema, G. (1995). A three-nucleotide deletion in the UL97 open 

reading frame is responsible for the ganciclovir resistance of a human cytomegalovirus 

clinical isolate. J. Virol. 69,796-800.

Baldanti, F., Sarasini, A., Silini, E., Barbi, M., Lazzarin, A., Biron, K.K., and Gema, G.

(1995). Four dually resistant human cytomegalovirus strains from AIDS patients: single

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



146

mutations in UL97 and UL54 open reading frames are responsible for ganciclovir- and 

foscamet-specific resistance, respectively. Scand. J. Infect. Dis. Suppl. 99, 103-104.

Baldanti, F., Underwood, M.R., Stanat, S.C., Biron, K.K., Chou, S., Sarasini, A., Silini, 

E., Gema, G. (1996). Single amino acid changes in the DNA polymerase confer 

foscamet resistance and slow-growth phenotype, while mutations in the UL97-encoded 

phosphotransferase confer ganciclovir resistance in three double-resistant human 

cytomegalovirus strains recovered from patients with AIDS. J. Virol. 70, 1390-1395.

Baracchini, E., Glezer, E., Fish, K., Stenberg, R.M., Nelson, J.A., and Ghazal, P. (1992). 

An isoform variant of the cytomegalovirus immediate-early auto repressor functions as 

a transcriptional activator. Virology 188, 518-529.

Barry, P.A., Pratt, L.E., Peterlin, B.M., Luciw, P.A. (1990). Cytomegalovirus activates 

transcription directed by the long terminal repeat of human immunodeficiency virus 

type 1.7. Virol. 64,2932-2940.

Besse, M., von-Wilcken-Bergmann, B., and Muller-Hiil, B. (1986). Synthetic lac 

operator mediates repression through lac repressor when introduced upstream and 

downstream from lac promoter. EMBOJ 5, 1377-1381.

Biegalke, B.J., and Geballe, A.P. (1990). Sequence requirements for activation of the 

HIV-1 LTR by human cytomegalovirus. Virology 183,381-385.

Biron, K.K., Fyfe, J.A., Stanat, S.C., Leslie, L.K., Sorrell, J.B., Lambe, C.V., Coen, D.M. 

(1986). A human cytomegalovirus mutant resistant to the nucleoside analog 9-{[2- 

hydroxy-l-(hydroxymethy)ethoxy]methyl}guanine(BWB 759U) induced reduced 

levels of BW B 759U triphosphate. Proc. Natl. Acad. Sci. USA 83: 8769-8773.

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



147

Bone, D.R., and Courtney, RJ. (1974). A temperature-sensitive mutant of herpes simplex 

virus type 1 defective in the synthesis of the major capsid polypeptide. J. Gen. Virol.

24, 17-27.

Borysiewicz, L.K., Hickling, J.K., Graham, S., Sinclair, J., Cranage, M.P., Smith, G.L., 

and Sissons, J.G. (1988). Human cytomegalovirus-specific cytotoxic T cells. Relative 

frequency of stage-specific CTL recognizing the 72-kD immediate early protein and 

glycoprotein B expressed by recombinant vaccinia viruses. J. Exp. Med. 168,919-931.

Brinster, R.L., Chen, H.Y., Warren, R., Sarthy, A., and Palmiter, R.D. (1982). Regulation 

of metallothionein-thymidine kinase fusion plasmids injected into mouse eggs. Nature 

(London) 296,39-42.

Britt, W.J., and Alford, C.A. (1996). Cytomegalovirus. Chapter 77, pp. 2493-2545, in 

Fields Virology, 3rd edition, Lippincott-Raven Publishers, Philadelphia-New York.

Britt, W.J., Vugler, L., Butfiloski, E.J., and Stephens, E.B. (1990). Cell surface 

expression of human cytomegalovirus (HCMV) gp55-l 16 (gB): use of HCMV- 

recombinant vaccinia virus-infected cells in analysis of the human neutralizing 

antibody response. J. Virol. 64, 1079-1085.

Brown, M., Figge, J., Hansen, U., Wright, C., Jeang, K., Khaury, G., Livingston, D.M., 

and Roberts, T.M. (1987). Lac repressor can regulate expression from a hybrid SV40 

early promoter containing a lac operator in animal cells. Cell 49,603-612.

Brown, S.M., Ritchie, D.A., and Subak-Sharpe, J.H. (1973). Genetic studies with herpes 

simplex virus type 1. The isolation of temperature-sensitive mutants, their arrangement 

into complementation groups and recombination analysis leading to a linkage map. J. 

Gen. Virol. 18,329-346.

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



148

Browne, H., Churcher, M., Minson, T. (1992). Construction and characterization of a 

human cytomegalovirus mutant with the UL18 (class I homologue) gene deleted. J. 

Virol. 66, 6784-6787.

Campbell, A.E. (1999). Murine Cytomegalovirus. Chapter 20, pp. 447-466, in: Persistent 

Viral Infections, Ahmed, R., and Chen, I.S.Y. (eds.), John Wiley and Sons, West 

Sussex, England.

Campbell, A.E., and Slater, J.S. (1994). Down-regulation of major histocompatibility 

complex class I synthesis by murine cytomegalovirus early gene expression. J. Virol. 

68, 1805-1811.

Campbell, A.E., Slater, J.S., and Futch, W.S. (1989). Murine cytomegalovirus-induced 

suppression of antigen-specific cytotoxic T lymphocyte maturation. Virology 173,268- 

275.

Campbell, A.E., Slater, J.S., Cavanaugh, V.J., and Stenberg, R.M. (1992). An early event 

in murine cytomegalovirus replication inhibits presentation of cellular antigens to 

cytotoxic T lymphocytes. J. Virol. 66,3011-3017.

Caswell, R., Hagemeier, C., Chiou, C.J., Hayward, G., Kouzarides, T., and Sinclair, J.

(1993). The human cytomegalovirus 86K immediate-early (IE) 2 protein requires the 

basic region of the TATA-box binding protein (TBP) for binding, and interacts with 

TBP and transcription factor TFIIB via regions of IE2 required for transcriptional 

regulation. J. Gen. Virol. 74,2691-2698.

Cha, T.A., Tom, E., Kemble, G.W., Duke, G.M., Mocarski, E.S., and Spaete, R.R.

(1996). Human cytomegalovirus clinical isolates carry at least 19 genes not found in 

laboratory strains. J. Virol. 70,78-83.

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



149

Chang, C.P., Malone, C.P., and Stinski, M.F. (1989). A human cytomegalovirus early 

gene has three inducible promoters that are regulated differentially at various times 

after infection. J. Virol. 63,281-290.

Chang, M.-H., and Lee, C.-Y. (1993). Cytomegalovirus infection and neonatal hepatitis. 

Chapter 3, pp. 72-79, in Frontiers o f Virology 2, Molecular Aspects o f Human 

Cytomegalovirus Diseases, Springer-Verlag Berlin Heidelberg, Germany.

Chee, M.S., Bankier, A.T., Beck, S., Bohni, R., Brown, C.M., Cemy, R., Horsnell, T., 

Hutchinson, C.A., Kouzarides, T., Martignetti, J.A., Preddie, E., Satchwell, S.C., 

Tomhson, P., Weston, K., and Barrell, B.G. (1990). Analysis of the protein-coding 

content of the sequence of human cytomegalovirus strain AD 169. Curr. Top.

Microbiol. Immunol. 154, 125-169.

Cherrington, J.M., Khoury, E.L., and Mocarski, E.S. (1991). Human cytomegalovirus ie2 

negatively regulates a  gene expression via a short target sequence near the 

transcription start site. J. Virol. 65,887-896.

Cho, S., Scharpf, S., Franko, M., and Vermeulen, C.W. (1985). Effect of iso-propyl-thio- 

P-D-galactoside concentration on the level of lac operon induction in steady state 

Escherichia coli. Biochem. Biophys. Res. Comm. 128, 1268-1273.

Colberg-Poley, A.M., Santomenna, L.D., Harlow, P.P., Benfield, P.A., and Tenney, D.J.

(1992). Human cytomegalovirus US3 and UL36-38 immediate-early proteins regulate 

gene expression. J. Virol. 66, 95-105.

Compton, T. (1995). Towards a Definition of the HCMV Entry Pathway. Scand. J. Infect. 

Dis. Suppl. 99,30-32.

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



150

Compton, T., Nowlin, D.M., and Cooper, N.R. (1993). Initiation of human 

cytomegalovirus infection requires initial interaction with cell surface heparan sulfate. 

Virology 193,834-841.

Depto, A.S. (1991). Identification of regulatory mechanisms required for 

cytomegalovirus late gene expression. Dissertation, West Virginia University School of 

Medicine.

Depto, A. S., and Stenberg, R.M. (1989). Regulated expression of the human 

cytomegalovirus pp65 gene, octamer sequence in the promoter is required for activation 

by viral gene products. J. Virol. 63, 1232-1238.

Depto, A.S., and Stenberg, R.M. (1992). Functional analysis of the true late human 

cytomegalovirus pp28 upstream promoter: cis acting elements and viral trans acting 

proteins necessary for promoter activation. J. Virol. 66,3241-3246.

Deuschle, U, Gentz, R., and Bujard, H. (1986). Lac repressor blocks transcribing RNA 

polymerase and terminates transcription. Proc. Natl. Acad Sci. USA 83,4134-4137.

Deuschle, U., Hipskind, R.A., and Bujard, H. (1990). RNA polymerase II transcription 

blocked by Escherichia coli lac repressor. Science 248,480-483.

Deuschle, U., Pepperkor, R , Wang, F., Giordano, T.J., McAllister, W.T., Ansorge, W., 

and Bujard, H. (1989). Regulated expression of foreign genes in mammalian cells under 

the control of coliphage T3 RNA polymerase and lac repressor. Proc. Natl. Acad. Sci. 

USA 86,5400-5404.

Esparza, J., Purifoy, D.J.M., Schaffer, P.A., and Benyesh-Melnick, M. (1974). Isolation, 

complementation and preliminary phenotypic characterization of temperature-sensitive 

mutants of herpes simplex virus type 2. Virology 57, 554-565.

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



151

Fiala, M., Graves, M.C., Grody, W.W., and Vinters, H.V. (1993). Role of 

cytomegalovirus infection in acquired immunodeficiency syndrome, with emphasis on 

neurological and ophtalmological complications. Chapter 8, pp. 128-149, in Frontiers 

o f Virology 2, Molecular Aspects o f Human Cytomegalovirus Diseases, Springer- 

Verlag Berlin Heidelberg, Germany.

Fickert, R., and Muller-Hill, B. (1992). How lac repressor finds lac operator in vitro. J. 

Mol. Biol. 226, 59-68.

Figge, J., Wright, C., Collins, C.J., Roberts, T.M., and Livingston, D M. (1988). Stringent 

regulation of stably integrated chloramphenicol acetyl transferase genes by Escherichia 

coli lac repressor in monkey cells. Cell 52, 713-722.

Fish, K.N., Stenglein, S.G., Ibanez, C., and Nelson, J.A. (1995). Cytomegalovirus 

Persistence in Macrophages and Endothelial Cells. Scand. J. Infect. Dis. Suppl. 99,34- 

40.

Fuerst, T.R., Fernandez, M.P., and Moss, B. (1989). Transfer of the inducible lac 

repressor/operator system from Escherichia coli to a vaccinia virus expression vector. 

Proc. Natl. Acad. Sci. USA 86,2549-2553.

Geballe, A.P., Leach, F.S., and Mocarski, E.S. (1986). Regulation of cytomegalovirus 

late gene expression: gamma genes are controlled by posttranscriptional events. J.

Virol. 57,864-874.

Ghazal, P., and Nelson, J.A. (1993). Transcription factors and viral regulatory proteins as 

potential mediators of human cytomegalovirus pathogenesis. Chapter 18, pp. 360-383, 

in Frontiers o f Virology 2, Molecular Aspects o f Human Cytomegalovirus Diseases, 

Springer-Verlag Berlin Heidelberg, Germany.

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



152

Gibson, W. (1981). Structural and nonstructural proteins of strain Colburn 

cytomegalovirus. Virology 111, 516-537.

Gibson, W. (1993). Molecular Biology of Human Cytomegalovirus. Chapter 16, pp. 303- 

329, in Frontiers o f Virology 2, Molecular Aspects o f Human Cytomegalovirus 

Diseases, Springer-Verlag Berlin Heidelberg, Germany.

Gilbert, W., and Muller-Hill, B. (1970). The lactose repressor, pp. 93-109, in The Lactose 

Operon, J.R. Beckwith, and Zipser, D., eds., Cold Spring Harbor Laboratory, Cold 

Spring Harbor, New York.

Gluzman, Y. (1981). SV40-transformed simian cells support the replication of early 

SV40 mutants. Cell 23, 175-182.

Gonczoi, E., Berencsi, K., Kauffman, E., Endresz, V., Pincus, S., Cox, W., Meric, C., 

Paoletti, E., and Plotkin, S. A. (1995). Preclinical Evaluation of an ALVAC 

(Canarypox)-Human cytomegalovirus glycoprotein B vaccine candidate; immune 

response elicited in a prime/boost protocol with the glycoprotein B subunit. Scand. J. 

Infect. Dis. Suppl. 99,110-112.

Gonczoi, E., lanacone, J., Ho, W.Z., Starr, S., Meignier, B., and Plotkin, S. (1990). 

Isolated gA/gB glycoprotein complex of human cytomegalovirus envelope induces 

humoral and cellular immune-responses in human volunteers. Vaccine 8, 130-136.

Gossen, M., and Bujard, H. (1992). Tight control of gene expression in mammalian cells 

by tetracycline-responsive promoters. Proc. Natl. Acad. Sci. USA 89, 5547-5551.

Greaves, R.F., and Mocarski, E.S. (1998). Defective growth correlates with reduced 

accumulation of a viral DNA replication protein after low multiplicity of infection of a 

human cytomegalovirus IE1 mutant. J. Virol. 72,366-379.

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



153

Hagemeier, C., Walker, S., Caswell, R., Kouzarides, T., and Sinclair, J. (1992). The 

human cytomegalovirus 86-kilodalton but not the 72-kiIodalton immediate-early 

protein transactivates heterologous promoters in a TATA box-dependent mechanism 

and interacts directly with TFHD. J. Virol. 66,4452-4456.

Hayhurst, G.P., Bryant, L.A., Caswell, R.C., Walker, S.M., ans Sinclair, J.H. (1995). 

CCAAT box-dependent activation of the TATA-less human DNA polymerase alpha 

promoter by the human cytomegalovirus 72-kilodalton major immediate-early protein.

J. Virol. 69, 182-188.

Hermiston, T.W., Malone, C.L., and Stinski, M.F. (1990). Human cytomegalovirus 

immediate-early two protein region involved in negative regulation of the major 

immediate-early promoter. J. Virol. 64,3532-3536.

Hu, M., and Davidson, N. (1987). The inducible lac operator-repressor system is 

functional in mammalian cells. Cell 48, 555-566.

Hu, M., and Davidson, N. (1990). A combination of derepression of the lac operator- 

repressor system with positive induction by glucocorticoid and metal ions provides a 

high-level-inducible gene expression system based on the human metallothionein-QA 

promoter. Afolec. and Cell. Biol. 10,6141-6151.

Hu, X., Carroll, L.J., Wolffe, E.J., and Moss, B. (1996). De novo synthesis of the early 

transcription factor 70 kD subunit is required for morphogenesis of vaccinia virions. J. 

Virol. 70,7669-7680.

Hu, X., Wolffe, E.J., Weisberg, A.S., Carroll, L.J., and Moss, B. (1998). Repression of 

the A8L gene, encoding the early transcription factor 82-kilodalton subunit, inhibits 

morphogenesis of vaccinia virions. J. Virol. 72,104-112.

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



154

Huang, E.-S., and Kowalik, T.F. (1993). The Pathogenicity of Human Cytomegalovirus: 

An Overview. Chapter 1, pp. 3-45, in Frontiers o f Virology 2, Molecular Aspects o f 

Human Cytomegalovirus Diseases, Springer-Verlag Berlin Heidelberg, Germany.

Hynes, N.E., Kennedy, N., Rahmsdorf, U., and Groner, B. (1981). Hormone-responsive 

expression of an endogenous proviral gene of mouse mammary tumor virus after 

molecular cloning and gene transfer into cultured cells. Proc. Natl. Acad. Sci. USA 78, 

2038-2042.

Iskenderian, A.C., Huang, L., Reilly, A., Stenberg, R.M., and Anders, D.G. (1996). Four 

of eleven loci required for transient complementation of human cytomegalovirus DNA 

replication cooperate to activate expression of replication genes. J. Virol. 70,383-392.

Israel, D.I., and Kaufman, R.J. (1989). Highly inducible expression from vectors 

containing multiple GRE’s in CHO cells overexpressing the glucocorticoid receptor. 

Nucleic Acids Res. 17,4589-4604.

Jacobson, M.A. (1995). Update (1995) on clinical trials of antiviral therapy and 

prophylaxis for AIDS-related cytomegalovirus disease. Scand. J. Infect. Dis. Suppl. 99, 

96-99.

Jault, F.M., Spector, S.A., Spector, D.H. (1994). The effects of cytomegalovirus on 

human immunodeficiency virus replication in brain-derived cells correlate with 

permissiveness of the cells for each virus. J. Virol. 68,959-973.

Jenkins, D.E., Martens, C.L., and Mocarski, E.S. (1994). Human cytomegalovirus late 

protein encoded by ie2: a trans-activator as well as a repressor o f gene expression. J. 

Gen. Virol. 75,2337-2348.

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



155

Jones, T.R., and Muzithras, V.P. (1991). Fine mapping of transcripts expressed from the 

US6 gene family of Human Cytomegalovirus Strain AD169. J. Virol. 65,2024-2036.

Jones, T.R., Hanson, L.K., Sun, L., Slater, J.S., Stenberg, R.M., and Campbell, A.E.

(1995). Multiple independent loci within the human cytomegalovirus unique short 

region down-regulate expression of the major histocompatibility complex class I heavy 

chains. J. Virol. 69,4830-4841.

Jones, T.R., Muzithras, V.P. (1992). A cluster of dispensable genes within the human 

cytomegalovirus genome short component: IRS1, US1 through US5, and the US6 

family. J. Virol. 66,2541-2546.

Jones, T.R., Muzithras, V.P., Gluzman, Y. (1991). Replacement mutagenesis of the 

human cytomegalovirus genome: US 10 and US 11 gene products are nonessential. J. 

Virol. 65, 5860-5872.

Jupp, R., Hoffmann, S., Stenberg, R.M., Nelson, J.A., and Ghazal, P. (1993). Human 

cytomegalovirus EE86 protein interacts with promoter-bound TATA-binding protein via 

a specific region distinct from the autorepression domain. J. Virol. 67, 7539-7546.

Kaye, J., Browne, H., Staffel, M., Minson, T. (1992). The UL16 gene of human 

cytomegalovirus encodes a glycoprotein that is dispensable for growth in vitro. J. Virol. 

66,6606-6615.

Keay, S., and Baldwin, B. (1992). The human fibroblast receptor gp86 of human 

cytomegalovirus is a phosphorylated glycoprotein. J. Virol. 66,4834-4838.

Kennedy, E.P. (1970). The lactose permease system of Escherichia coli, pp. 49-92, in 

The Lactose Operon, J R. Beckwith, and Zipser, D., eds., Cold Spring Harbor 

Laboratory, Cold Spring Harbor, New York.

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



156

Kerry, J.A., Priddy, M.A., and Stenberg, R.M. (1994). Identification of sequence 

elements in the Human Cytomegalovirus DNA Polymerase gene promoter required for 

activation by viral gene products. J. Virol. 68,4167-4176.

Kerry, J.A., Priddy, M.A., Jervey, T.Y., Kohler, C.P., Staley, T.L., Vanson, C.D., Jones, 

T.R., Iskenderian, A.C., Anders, D.G., and Stenberg, R. M. (1996). Multiple regulatory 

events influence Human Cytomegalovirus DNA Polymerase (UL54) expression during 

viral infection. J. Virol. 70,373-382.

Kerry, J.A., Priddy, M.A., Staley, T.L., Jones, T.R., and Stenberg, R.M. (1997). The role 

of ATF in regulating the Human Cytomegalovirus DNA polymerase (UL54) promoter 

during viral infection. J. Virol. 71, 2120-2126.

Kim, H.J., Gatz, C., Hillen, W., and Jones, T.R. (1995). Tetracycline Repressor-regulated 

gene repression in recombinant human cytomegalovirus. J. Virol. 69,2565-2573.

Klemperer, N., Ward, J., Evans, E., and Traktman, P. (1997). The vaccinia virus II 

protein is essential for the assembly of mature virions. J. Virol. 71,9285-9294.

Klock, G., Strahle, U., and Schutz, G. (1987). Oestrogen and glucocorticoid responsive 

elements are closely related but distinct. Nature (London) 329, 734-736.

Klucher, K.M., and Spector, D.H. (1990). The human cytomegalovirus 2.7-kilobase RNA 

promoter contains a functional binding site for the adenovirus major late transcription 

factor. J. Virol. 64,4189-4198.

Klucher, K.M., Rabert, D.K., and Spector, D.H. (1989). Sequences in the human 

cytomegalovirus 2.7-kilobase RNA promoter which mediate its regulation as an early 

gene. J. Virol. 63,5334-5343.

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



157

Kohler, C.P., Kerry, J.A., Carter, M., Muzithras, V.P., Jones, T.R., and Stenberg, R.M.

(1994). Use of recombinant virus to assess human cytomegalovirus early and late 

promoters in the context of the viral genome. J. Virol. 68,6589-6597.

Kouzarides, T., Bankier, A.T., Satchwell, S.C., Preddy, E., and Barrell, B.G. (1988). An 

immediate early gene of human cytomegalovirus encodes a potential membrane 

glycoprotein. Virology 165, 151-164.

Koval, V., Clark, C., Vaishnav, M., Spector, S.A., Spector, D.H. (1991). Human 

cytomegalovirus inhibits human immunodeficiency virus replication in cells 

productively infected by both viruses. J. Virol. 65,6969-6978.

Kramer, H., Niemoller, M., Amouyal, M., Revet, B., von-Wilcken-Bergmann, B., and 

Muller-Hill, B. (1987). Lac repressor forms loops with linear DNA carrying two 

suitably spaced lac operators. EMBOJ. 6, 1481-1491.

Kurz, S., Steffens, H.P., Mayer, A., Harris, J R., and Reddehase, M.J. (1997). Latency 

versus persistence or intermittent recurrences: evidence for a latent state of murine 

cytomegalovirus in the lungs. J. Virol. 71,2980-2987.

Labow, M.A., Bairn, S.B., Shenk, T., and Levine, A.J. (1990). Conversion of the lac 

repressor into an allosterically regulated transcriptional activator for mammalian cells. 

Mol.Cell. Biol. 10,3343-3356.

LaFemina, R.L., and Hayward, G.S. (1983). Replicative forms of human cytomegalovirus 

DNA with joined termini are found in permissively infected human cells but not in non- 

permissive Balb/c-3T3 mouse cells. J. Gen. Virol. 64,373-389.

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



158

LaFemina, R.L., and Hayward, G.S. (1986). Constitutive and retinoic acid-inducible 

expression of cytomegalovirus immediate-early genes in human teratocarcinoma cells. 

J. Virol. 58,434-440.

Lang, D., and Stamminger, T. (1993). The 86-Kilodalton IE-2 protein of Human 

Cytomegalovirus is a sequence-specific DNA-binding protein that interacts directly 

with the negative autoregulatory response element located near the cap site of the IE- 

1/2 enhancer-promoter. J. Virol. 67,323-331.

Lang, D., Gebert, S., Arlt, H., and Stamminger, T. (1995). Functional interaction between 

the human cytomegalovirus 86-kilodalton IE2 protein and the cellular transcription 

factor CREB .J. Virol. 69,6030-6037.

Lathey, J.L., Spector, D.H., and Spector, S.A. (1994). Human cytomegalovirus-mediated 

enhancement of human immunodeficiency virus type-1 production in monocyte- 

derived macrophages. Virology 199,98-104.

Lee, S.W., Tsou, A.-P., Chan, H., Thomas, J., Petrie, K., Eugui, E.M., and Allison, A.C. 

(1988). Glucocorticoids selectively inhibit the transcription of the interleukin IB gene 

and decrease the stability of interleukin IB mRNA. Proc. Natl. Acad. Sci. USA 85, 

1204-1208.

Littler, E., Stuart, A.D., Chee, M.S. (1992). Human cytomegalovirus UL97 open reading 

frame encodes a protein that phosphorylates the antiviral nucleoside analogue 

ganciclovir. Nature 358,160-162.

Lukac, D.M., Mannupello, J R., and Alwine, J.C. (1994). Transcriptional activation by 

the human cytomegalovirus immediate-early proteins: requirements for simple

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



159

promoter structures and interactions with multiple components of the transcription 

complex. J. Virol. 68, 5184-5193.

Lurain, N.S., Ammons, H.C., Kapell, K.S., Yeldandi, V.V., Garrity, E.R., O’Keefe, J.P.

(1996). Molecular analysis of human cytomegalovirus strains from two lung transplant 

recipients with the same donor. Transplantation 62,497-502.

Maidji, E., Tugizov, S., Jones, T., Zheng, Z., and Pereira, L. (1996). Accesory human 

cytomegalovirus glycoprotein US9 in the unique short component of the viral genome 

promotes cell-to-cell transmission of virus in polarized epithelial cells. J. Virol. 70, 

8402-8410.

Maniatis, T., Fritsch, E.F., and Sambrook, J. (1987). Molecular cloning: a laboratory 

manual. Cold Spring Harbor Laboratory, fourteenth printing, Cold Spring Harbor, NY.

Margolis, M.J., Pajovic, S., Wong, E.L., Wade, M., Jupp, R, Nelson, J.A., and Azizkhan, 

J.C. (1995). Interaction of the 72-kilodalton human cytomegalovirus IE1 gene product 

with E2F1 coincides with E2F-dependent activation of dihydrofolate reductase 

transcription. J. Virol. 69,7759-7767.

Marsden, H.S., Crombie, I.K., and Subak-Sharpe, J.H. (1976). Control of protein 

synthesis in herpesvirus-infected cells: analysis of the polypeptides induced by wild- 

type and sixteen temperature-sensitive mutants of HSV strain 17. J. Gen. Virol. 31, 

347-372.

Marshall, G.S., and Plotkin, S.A. (1993). Vaccine strategies for the prevention of 

cytomegalovirus disease. Chapter 15, pp. 283-300, in Frontiers o f Virology 2, 

Molecular Aspects o f Human Cytomegalovirus Diseases, Springer-Verlag Berlin 

Heidelberg, Germany.

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



160

Mayo, E.K., Warren, R., and Palmiter, R.D. (1982). The mouse metallothionein-1 gene is 

transcriptionally regulated by Cadmium following transfection into human or mouse 

cells. Cell 29,99-108.

McLaughlin, T.E., Pande, H., Forman, S.J., Tanamachi, B., Li, C.R., Zaia, J.A., 

Greenberg, P.D., and Riddell, S.R. (1994). Identification of the major late human 

cytomegalovirus matrix protein pp65 as a target antigen for CD8" virus-specific 

cytotoxic T lymphocytes. J. Med. Virol. 43, 103-110.

Michelson, S. (1997). Interaction of human cytomegalovirus with 

monocytes/macrophages: a love-hate relationship. Path. Biol. 45, 146-158.

Miller, J.H., and Reznikoff, W.A. (1980). “The operon”. Cold Spring Harbor Laboratory; 

Cold Spring Harbor, NY.

Mitchell, B.M., Leung, A., and Stevens, J.G. (1996). Murine cytomegalovirus DNA in 

peripheral blood of latently infected mice is detectable only in monocytes and 

polymorphonuclear leukocytes. Virology 223, 198-207.

Mocarski, E.S. (1996). Cytomegaloviruses and Their Replication. Chapter 76, pp. 2447- 

2492, in Fields Virology, 3rd edition, Lippincott-Raven Publishers, Philadelphia-New 

York.

Mocarski, E.S., Kemble, G.W., Lyle, J.M., Greaves, R.F. (1996). A deletion mutant in 

the human cytomegalovirus gene encoding IE1 491 aa is replication defective due to a 

failure in autoregulation. Proc. Natl. Acad. Sci. USA 93, 11321-11326.

Moreno, T.N., Fortunato, E.A., Itsia, K., Spector, S.A., and Spector, D.H. (1997). A 

model system for human cytomegalovirus-mediated modulation of human

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



161

immunodeficiency virus type 1 Long Terminal Repeat activity in brain cells. J. Virol. 

71,3693-3701.

Mossing, M.C., and Record, M.T. Jr. (1986). Upstream operators enhance repression of 

the lac promoter. Science 233,889-892.

Nelson, J.A., and Groudine, M. (1986). Transcriptional regulation of the human 

cytomegalovirus major-immediate early gene is associated with induction of Dnase I- 

hypersensitive sites. Mol. Cell. Biol. 6,452-461.

Nelson, J.A., Reynolds-Kohler, C., and Smith, B.A. (1987). Negative and positive 

regulation by a short segment in the 5’-flanking region of the human cytomegalovirus 

major immediate-early gene. Mol. Cell. Biol. 7,4125-4129.

Nelson, J.A., Reynolds-Kohler, C., Oldstone, M B. A., and Wiley, C.A. (1988). HTV and 

HCMV coinfect brain cells in patients with AIDS. Virology 165, 286-290.

Nouer, L. (1991). In Heat Shock Response, ed. Nouer, L. (CRC, Boca Raton, FL), pp. 

167-220.

Nowlin, D.M., Cooper, N.R., and Compton, T. (1991). Expression of a human 

cytomegalovirus receptor correlates with infectibility of cells. J. Virol. 65,3114-3121.

Orange, J.S., and Biron, C.A. (1996). Characterization of early IL-12, IFN-alphabeta, and 

TNF effects on antiviral state and NK cell responses during murine cytomegalovirus 

infection. J. Immunol. 156,4746-4756.

Pachl, C., Probert, W.S., Hermsen, K.M. (1989). The human cytomegalovirus strain 

Towne glycoprotein H gene encodes glycoprotein p86. Virology 169,418-426.

Pande, H., Campo, K., Tanamachi, B., Forman, S., and Zaia, J. (1995). Direct DNA 

immunization of mice with plasmid DNA encoding the tegument protein pp65

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



162

(ppUL83) of human cytomegalovirus induces high levels of circulating antibody to the 

encoded protein. Scand. J. Infect. Dis. Suppl. 99, 117-120.

Pari, G., Kacica, M.A., and Anders, D.G. (1993). Open reading frames UL44, 

IRS1/TRS1, and UL36-38 are required for transient complementation of Human 

Cytomegalovirus o/7Lyt-dependent DNA synthesis. J. Virol. 67,2575-2582.

Pari, G.S., and Anders, D.G. (1993). Eleven loci encoding trans-acting factors are 

required for transient complementation of human cytomegalovirus ori-Lyf-dependent 

DNA replication. J. Virol. 67,6979-6988.

Pereira, L., Jahn, G., and Navarro, D. (1992). Proteins of human cytomegalovirus that 

elicit humoral immunity, pp. 437-464, in: Becker, Y., Darai, G., Huang, E.S., eds. 

Molecular aspects o f human cytomegalovirus diseases, Heidelberg: Springer-Verlag.

Pereira, L., Maidji, E., Tugizov, S., and Jones, T.R. (1995). Deletion mutants in Human 

Cytomegalovirus glycoprotein US9 are impaired in cell-cell transmission and in 

altering tight junctions of polarized human retinal pigment epithelial cells. Scand. J. 

Infect. Dis. Suppl. 99,82-87.

Pizzomo, M.C., and Hayward, G.S. (1990). The IE2 gene products of human 

cytomegalovirus specifically down-regulate expression from the major immediate-early 

promoter through a target located near the cap site. J. Virol. 64,6154-6165.

Pollock, J.L., and Virgin, H.W. (1995). Latency, without persistence, of murine 

cytomegalovirus in the spleen and kidney. J. Virol. 69, 1762-1768.

Pollock, J.L., Presti, R.M., Paetzold, S., and Virgin, H.W. (1997). Latent murine 

cytomegalovirus infection in macrophages. Virology 227, 168-179.

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



163

Post, L.E., and Roizman, B. (1981). A generalized technique for deletion of specific 

genes in large genomes: a  gene 22 of herpes simplex virus 1 is not essential for growth. 

Cell 25,227-232.

Preston, V.G., Darling, A.J., McDougall, I.M. (1988). The herpes simplex virus type 1 

temperature-sensitive mutant tsl222 has a single base pair deletion in the small subunit 

of ribonucleotide reductase. Virology 167,458-467.

Ripalti, A., Mocarski, E.S. (1991). The products of human cytomegalovirus genes UL1- 

UL7, including gp48, are dispensable for growth in cell culture. In: Landini, M.P., eds. 

Progress in Cytomegalovirus Research: Proceedings o f the Third International 

Cytomegalovirus Workshop. Amsterdam: Elsevier, pp. 57-62.

Rodriguez, J.F., and Smith, G.L. (1990). Inducible gene expression from vaccinia virus 

vectors. Virology 177,239-250.

Rodriguez, J.F., and Smith, G.L. (1990). IPTG-dependent vaccinia virus: identification of 

a virus protein enabling virion envelopment by Golgi membrane and egress. Nucleic 

Acids Res. 18, 5347-53 51.

Roizman, B. (1996). Herpesviridae. Chapter 71, pp. 2221-2230, in Fields Virology, 3rd 

edition, Lippincott-Raven Publishers, Philadelphia-New York.

Ruzek, M.C., Miller, A.H., Opal, S.M., Pearce, B.D., and Biron, C.A. (1997). 

Characterization of early cytokine responses and an IL-6 dependent pathway of 

endogenous glucocorticoid induction during murine cytomegalovirus infection. J. Exp. 

Med. 185, 1185-1192.

Sadler, J.R., Tecklenburg, M., and Betz, J.L. (1980). Plasmids containing many tandem 

copies of a synthetic lactose operator. Gene 8, 279-300.

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



164

Sammons, C.C., Sweet, C. (1989). Isolation and preliminary characterization of 

temperature-sensitive mutants of mouse cytomegalovirus of differing virulence for 1- 

week-old mice. J. Gen. Virol. 70,2373-2381.

Schaffer, P. Vonka, V., Lewis, R., and Benyesh-Meinick, M. (1970). Temperature- 

sensitive mutants of herpes simplex virus. Virology 42, 1144-1146.

Schaffer, P.A., Aron, G.M., Biswal, N., and Benyesh-Meinick, M. (1973). Temperature- 

sensitive mutants of herpes simplex virus type I: isolation, complementation and partial 

characterization. Virology SI, 57-71.

Schaffer, P.A., Courtney, R.J., McCombs, R.M., and Benyesh-Meinick, M. (1971). A 

temperature-sensitive mutant of herpes simplex virus defective in glycoprotein 

synthesis. Virology 46,356-368.

Schwartz, R., Helmich, B., and Spector, D.H. (1996). CREB and CREB-binding proteins 

play an important role in the IE2 86-kilodalton protein-mediated transactivation of the 

human cytomegalovirus 2.2-kilobase RNA promoter. J. Virol. 70,6955-6966.

Scully, A.L., Sommer, M.H., Schwartz, R., and Spector, D.H. (1995). The human 

cytomegalovirus IE2 86-kilodalton protein interacts with an early gene promoter via 

site-specific DNA binding and protein-protein associations. J. Virol. 69,6533-6540.

Searle, P.F., Stuart, G.W., and Palmiter, R.D. (1985). Building a metal-responsive 

promoter with synthetic regulatory elements. Mol. Cell. Biol. 5, 1480-1489.

Simons, A., Tils, D., Von Wicken-Bergmann, B., and Muller-Hill, B. (1984). Possible 

ideal lac operator: Escherichia coli lac operator-like sequences from eukaryotic 

genomes lack the central G:C pair. Proc. Natl. Acad. Sci. USA 81,1624-1628.

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



165

Smith, I.L., Shinkai, M., Freeman, W.R., Spector, S.A. (1996). Polyradiculopathy 

associated with ganciclovir resistant cytomegalovirus in an AIDS patient: phenotypic 

and genotypic characterization of sequential virus isolates. J. Infect. Dis. 173, 1481- 

1484.

Smyth, R.L., Higenbottam, T.W., Scott, J.P., and Wallwork, J. (1993). The management 

of cytomegalovirus infection in heart-lung transplant recipients. Chapter 12, pp. 205- 

221, in Frontiers o f Virology 2, Molecular Aspects o f Human Cytomegalovirus 

Diseases, Springer-Verlag Berlin Heidelberg, Germany.

Soderberg, C., Giugni, T.D., Zaia, J.A., Larsson, S., Wahlberg, J.M., and Moller, E.

(1993). CD13 (human aminopeptidase-N) mediates human cytomegalovirus infection. 

J. Virol. 67,6576-6585.

Spaete, R.R., Mocarski, E.S. (1987). Insertion and deletion mutagenesis of the human 

cytomegalovirus genome. Proc. Natl. Acad Sci. USA 84, 7213-7217.

Spector, D.H., Keucher, K.M., Rabert, D.K., and Wright, D A. (1990). Human 

cytomegalovirus early gene expression, vol. 154, pp. 21-45, in J.K. MacDougall (ed.) 

Current Topics in Microbiology and Immunology (Cytomegaloviruses j, Springer- 

Verlag, New York.

Staprans, S.I., and Spector, D.H. (1986). 2.2-kilobase class of early transcripts encoded 

by cell-related sequences in human cytomegalovirus strain AD 169. J  Virol. 57, 591- 

602.

Staprans, S.I., Rabert, DJC, and Spector, D.H. (1988). Identification of sequence 

requirements and /ram-acting functions necessary for regulated expression of a human 

cytomegalovirus early gene. J. Virol. 62,3463-3473.

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



166

Stasiak, P.C., and Mocarski, E.S. (1992). Transactivation of the cytomegalovirus ICP36 

gene promoter requires the agene product TRS1 in addition to E l  and IE2. J. Virol.

66, 1050-1058.

Stenberg, R.M. (1993). Immediate-early Genes of Human Cytomegalovirus: organization 

and function. Chapter 17, pp. 330-359, in Frontiers o f Virology 2, Molecular Aspects o f 

Human Cytomegalovirus Diseases, Springer-Verlag Berlin Heidelberg, Germany.

Stenberg, R.M., and Kerry, J.A. (1995). Cytomegalovirus Genes. Their Structure and 

Function. Scand. J. Infect. Dis. Suppl. 99,3-6.

Stenberg, R.M., Depto, A.S., Fortney, J., and Nelson, J.A. (1989). Regulated expression 

of early and late RNAs and proteins from the human cytomegalovirus immediate-early 

gene region. J. Virol. 63,2699-2708.

Stenberg, R.M., Fortney, J., Barlow, S.W., Magrane, B.P., Nelson, J.A., and Ghazal, P. 

(1990). Promoter-specific tram  activation and repression by human cytomegalovirus 

immediate-early proteins involves common and unique protein domains. J. Virol. 64, 

1556-1565.

Stenberg, R.M., Thomsen, D.R., and Stinski, M.F. (1984). Structural analysis of the 

major immediate-early gene of human cytomegalovirus. J. Virol. 49, 190-199.

Stenberg, R.M., Witte, P.R., and Stinski, M.F. (1985). Multiple spliced and unspliced 

transcripts from human cytomegalovirus immediate-early region 2 and evidence fora 

common initiation site within immediate-early region I. J. Virol. 56,665-675.

Stinski, M.F. (1978). Sequence of protein synthesis in cells infected by human 

cytomegalovirus: early and late virus-induced polypeptides. J. Virol. 26,686-701.

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



167

Stinski, M.F., and Roehr, T.J. (1985). Activation of the major immediate early gene of 

human cytomegalovirus by c/s-acting elements in the promoter-regulatory sequence 

and by virus-specific //ms-acting components. J. Virol. 55,431-441.

Stoddart, C.A., Cardin, R.D., Boname, J.M., Maiming, W.C., Abenes, G.B., and 

Mocarski, E.S. (1994). Peripheral blood mononuclear phagocytes mediate 

dissemination of murine cytomegalovirus. J. Virol. 68,6243-6253.

Subak-Sharpe, J.H., Brown, S.M., Ritchie, D.A., Timbury, M.C., McNab, J.C.M., 

Marsden, H.S., and Hay, J. (1974). Genetic and biochemical studies with herpesvirus. 

Cold Spring Harbor Symposium on Quantitative Biology 39,717-739.

Sullivan, V., Talarico, C.L., Stanat, S.C., Davis, M., Coen, D.M., and Biron, K.K. (1992). 

A protein kinase homoiogue controls phosphorylation of ganciclovir in human 

cytomegalovirus-infected cells. Nature 358, 162-164.

Syroid, D.E., Tapping, R.I., and Capone, J.P. (1992). Regulated expression of a 

mammalian nonsense suppressor tRNA gene in vivo and in vitro using the lac 

operator/repressor system. Molec. and Cell Biol. 12,4271-4278.

Takekoshi, M., Maeda-Takekoshi, F., Ihara, S., Sakuma, S., Watanabe, Y. (1991). Site- 

specific stable insertion into the human cytomegalovirus genome of a foreign gene 

under the control of the SV40 promoter. Gene 101,209-213.

Timbury, M.C. (1971). Temperature-sensitive mutants of herpes simplex virus type 2. J. 

Gen. Virol. 13,373-376.

Tonari, Y., Minamishima, Y. (1983). Pathogenicity and immunogenicity of temperature- 

sensitive mutants of murine cytomegalovirus. J. Gen. Virol. 64, 1983-1990.

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



168

Wade, E.J., Klucher, K.M., and Spector, D.H. (1992). An AP-1 binding site is the 

predominant m-acting regulatory element in the 1.2-kilobase early RNA promoter of 

human cytomegalovirus. J. Virol. 66,2407-2417.

Wathen, M.W., and Stinski, M.F. (1982). Temporal patterns of human cytomegalovirus 

transcription: mapping the viral RNAs synthesized at immediate early, early, and late 

times after infection. J. Virol. 41,462-477.

Weir, H.M., Calder, J.M., and Stow, N.D. (1989). Binding of the herpes simplex virus 

type 1 UL9 gene product to an origin of viral DNA replication. Mucl. A dd Res. 17,4, 

1409-1425.

Weston, K. (1988). An enhancer element in the short unique region of human 

cytomegalovirus regulates the production of a group of abundant immediate-early 

transcripts. Virology 162,406-416.

Wilde, R.J., Shufflebottom, D., Cooke, S., Jasinka, I., Merryweather, A., Beri, R., 

Brammar, W.J., Bevan, M., and Schuch W. (1992). Control of gene expression in 

tobacco cells using a bacterial operator-repressor system. EMBOJ. 11, 1251-1259.

Wiley,C. A., and Nelson, J.A. (1993). Role of Cytomegalovirus Infection in Neurologic 

Abnormalities of Acquired Immunodeficiency Syndrome. Chapter 7, pp. 119-127, in 

Frontiers o f Virology 2, Molecular Aspects o f Human Cytomegalovirus Diseases, 

Springer-Verlag Berlin Heidelberg, Germany.

Wing, B.A., Johnson, R.A., and Huang, E-S. (1998). Identification of positive and 

negative regulatoiy regions involved in regulating expression of the human 

cytomegalovirus UL94 late promoter: role of IE2-86 and cellular p53 in mediating 

negative regulatory function. J. Virol. 72, 1814-1825.

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



169

Winston, D.J. (1993). Cytomegalovirus infection in bone marrow transplantation.

Chapter 11, pp. 183-204, in Frontiers o f Virology 2, Molecular Aspects o f Human 

Cytomegalovirus Diseases, Springer-Verlag Berlin Heidelberg, Germany.

Wolf, D.G., Lee, D.J., Spector, S. A. (1995). Detection of human cytomegalovirus 

mutations associated with ganciclovir resistance in cerebrospinal fluid of AIDS patients 

with central nervous system disease. Antimicrob. Agents Chemother. 39,2552-2554.

Wolf, D.G., Smith, I.L., Lee, D.J., Freeman, W.R., Flores-Aguilar, M., Spector, S.A.

(1995). Mutations in human cytomegalovirus UL97 gene confer clinical resistance to 

ganciclovir and can be detected directly in patient plasma. J. Clin. Invest. 95,257-263.

Wright, J.F., Kurosky, A., and Wasi, S. (1994). An endothelial cell-surface form of 

annexin II binds human cytomegalovirus. Biochem. Biophys. Res. Commun. 198,983- 

989.

Yamanishi, K., and Rapp, F. (1977). Temperature-sensitive mutants of Human 

Cytomegalovirus. J. Virol. 24,416-418.

Yamanishi, K., and Rapp, F. (1979). Induction of host DNA synthesis and DNA 

polymerase by DNA-negative temperature-sensitive mutants of Human 

Cytomegalovirus. Virology 94,237-241.

Zhang, Y., and Moss, B. (1991). Inducer-dependent conditional-lethal mutant animal 

viruses. Proc. Natl. Acad. Sci. USA 88, 1511-1515.

Zhang, Y., and Moss, B. (1991). Vaccinia virus morphogenesis is interrupted when 

expression of the gene encoding an 11-kilodalton phosphorylated protein is prevented 

by the Escherichia coli lac repressor. J. Virol. 65,6101-6110.

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



170

Zhang, Y., and Moss, B. (1992). Immature viral envelope formation is interrupted at the 

same stage by lac operator-mediated repression of the vaccinia virus D13L gene by the 

drug rifampicin. Virology 187,643-653.

Zhang, Y., Keck, J.G., and Moss, B. (1992). Transcription of viral late genes is dependent 

on expression of the viral intermediate gene G8R in cells infected with an inducible 

conditional-lethal mutant vaccinia virus. J. Virol. 66,6470-6479.

Zipeto, D., Baldanti, F., Percivalle, E., Gema, G., Milanesi, G. (1993). Identification of a 

human cytomegalovirus mutant in pp 150 matrix phosphoprotein gene with a growth- 

defective phenotype. J. Gen. Virol. 74, 1645-1648.

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



171

VITA

I was born in Buenos Aires, Argentina. I obtained my Bachelor’s (Biology 

major) and Master’s (in Biotechnology) degrees from the University of Buenos Aires in 

1985 and 1988, respectively. After my graduation, I was awarded a four-year graduate 

research fellowship by the National Council of Scientific Research of Argentina 

(CONICET). I did basic research on the role of thyroid hormones in thermogenesis at the 

University of Buenos Aires School of Medicine, where I also served as a teaching 

assistant for medical students. I presented my work in numerous national and 

international meetings, and I published seven papers as a co-author (four of which as first 

author) in major journals, such as Neuroendocrinology and Acta Endocrinologica.

I came to the United States in 1992, in order to pursue a Doctoral degree in 

Biomedical Sciences. My interests were to do basic research concentrating on regulation 

of gene expression. The research I performed in Dr. Stenberg’s laboratory (Eastern 

Virginia Medical School, Department of Microbiology and Molecular Cell Biology,

700 West Olney Road, Norfolk, Virginia 23507) allowed me to fulfill my expectations. 

The studies presented in this dissertation show that I was able to gain ample experience in 

the area of my interest. I presented my work in several local and international meetings. 

As a result, I obtained several awards, from Eastern Virginia Medical School, the 

American Society for Microbiology, and at the 22nd International Herpesvirus Workshop. 

I have been a scholar member of the Honor Society of PHI KAPPA PHI since 1994. At 

present, a manuscript including these studies is in preparation for submission for 

publication.

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


	Construction of an Escherichia coli lac Repressor-Based System to Study Human Cytomegalovirus Gene Expression
	Recommended Citation

	tmp.1557322241.pdf.j0JHS

