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Abstract

Proteomic Study of Human Cytomegalovirus Using an Epitope Tag System
by
Edward Yang
Doctor of Philosophy in Comparative Biochemistry
University of California, Berkeley

Professor Fenyong Liu, Chair

Human Cytomegalovirus (HCMV) is a ubiquitous pathogen that can cause significant
morbidity in neonates and immunodeficient individuals such as, AIDS patience and organ
transplant recipients. With a genome size of 190-230 kilobases in size and an estimated 160 or
more protein-encoding genes, HCMV is currently the largest known virus to infect humans. The
functions of many of HCMV’s genes remain unknown and only by understanding their role in
viral infection and replication will we be able to successfully develop therapies to combat the
disease.

Using a Bacterial Artificial Chromosome (BAC) containing the genome of HCMV, we
constructed over 100 recombinant viruses, each with a single open reading frame (ORF)
expressing its protein with an epitope tag at the C terminus end. Using these viruses, we were
able to identify subcellular localization for 82 ORFs at 72 hours post infection. Our study found
17 proteins to localize to the nucleus, 51 to a juxtanuclear structure in the cytoplasm, 11 to the
cytoplasm, and three to an uncharacterized structure in the cytoplasm.

We then conducted an extensive study of HCMV ORF US20, which exhibited a unique
cytoplasmic localization in the previous global localization study. The US20 ORF is a member
of the US12 gene family and is present only in cytomegaloviruses strains that infect rhesus
monkeys, chimpanzees, and humans, suggesting that the ORF is an important factor for the
infection of upper primates. We found the US20 ORF to express a 26-28kDa- seven
transmembrane (TM) domain protein during the early/delayed early phase of viral replication,
which localized to a cytoplasmic structure during the late phase of replication. This localization
was found to be independent of late gene expression. Through immunofluorescence (IFA)
studies, we found the US20 protein to be present in early endosomes but not in the ER or TGN,
suggesting that the protein is present in membranes of endosomes. However, we do not believe
that the protein traffics to the surface of the cell, which we showed by selective membrane
permeabilization. The US20 protein was also determined to form homo-dimers, however the
function of the dimerization is still unknown. Using viruses expressing truncated forms of US20,
which replicated at levels similar to the wild-type, we found that deleting TM5-TM7
significantly reduced US20 protein levels, deleting TM4-TM7 abolished dimerization, and
deleting TM2-TM7 destabilized the localization of US20 in the cytoplasm. Through
immunoprecipitation and mass spectrometry, we found US20 to associate with valosin
containing protein, sodium potassium ATPase, and succinate dehydrogenase. Currently, under
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the context of infection we have confirmed the interaction of US20 with valosin containing
protein (VCP), which has been found to be associated with some neurodegenerative diseases.
This interaction presents the hypothesis that US20 may play a role in HCMV congenital
infection of the brain.

Lastly, we examined the role of a predicted SUMOylation site located near the C
terminus tail of the HCMV processivity factor UL44, which forms a C clamp around the viral
DNA. SUMOylation is a post-translation modification that has been found to be involved in
various cellular systems, including cell cycle regulation, transcription, cellular localization,
degradation, and chromatin organization. In our study, we found that mutating the lysine residue
of the conserved SUMOylation motif, yKxE, at position 410 of UL44 to an alanine did not
impair viral DNA synthesis or viral replication. This result indicates that the lysine residue of
UL44 is not important for replication of HCMV in fibroblasts.

The results of this dissertation bring new insight into many of HCMV’s genes,
specifically US20, which prior to this study had not been extensively characterized. The data |
present here provides new information about US20 and generates new hypotheses relating to its
function. Furthermore, my work here can serve as a foundation for the study of other genes in
the US12 gene family.



This work is dedicated to my parents, Ted and Angela Yang, for their love and support and for
demonstrating through their own lives that anything can be achieved with hard work and
perseverance. You guys are truly an inspiration for me.
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ABSTRACT

Human Cytomegalovirus (HCMV) is a ubiquitous human pathogen that causes
significant morbidity and mortality in immunodeficient individuals, including AIDS patients,
transplant recipients, and neonates. Despite the significant amount of work accomplished to
understand the virus’ genes and the role they play in infection, the function of many of the 160 or
more open reading frames (ORFs) remains unknown. This review will present an overview of
the herpesviridae family followed by a brief review of HCMV, covering the virus’ associated
diseases and ORFs in relation to its impact on viral replication in a tissue culture model. Lastly,
this review will also examine the approaches taken by researchers in the field to construct
mutants in an effort to dissect the function of ORFs, their transcripts, and protein products.



INTRODUCTION

Human Cytomegalovirus (HCMV) is a ubiquitous pathogen that can cause serious
morbidity and mortality in neonates and individuals with weakened immune systems. Given the
severity of the diseases associated with the virus, it is critical for researchers to understand the
function of viral genes, their transcripts, and protein products. Only by understanding the
mechanisms governing infection and replication of the virus at the molecular level will
researchers be able to successfully develop therapies and vaccines to combat HCMV.

HUMAN HERPESVIRUSES

The first human herpesvirus to be isolated was herpes simplex virus (HSV) by Wilhelm
Griter, who demonstrated the infectious nature of HSV in a series of animal studies in the late
19" Century [1]. This initial discovery, coupled with advancements in deoxyribonucleic acid
(DNA) sequencing, lead to an explosion in discovery of other human and non-human infecting
herpesviruses during the 20" Century [2]. Currently, more than 200 species of herpesvirus have
been identified and although they may differ in sequence, primary host, and clinical
manifestation of diseases, there are biological properties that they all share [2]. These properties
include: the expression of virally-encoded proteins involved in nucleic acid metabolism, DNA
synthesis, and protein processing; the synthesis of viral DNA and capsid assembly in the nucleus
with final processing in the cytoplasm; and the destruction of the infected cell following
production of virion [2]. The most important characteristic shared by all members of the
herpesviridae family is the ability of the virus to enter a state of infection called latency, which
occurs when the genome of the virus is maintained in the infected cell with minimal viral gene
expression and no virion production [2]. This has made treatment of herpesvirus infection very
difficult. Latency is linked with another phase of infection called reactivation where, the
latently infected cells begin to shed virus again [2]. The properties of latency and reactivation
are of extreme interest to researchers, especially to those studying the clinical manifestations
associated with herpesvirus capable of infecting humans. As of yet, eight herpesviruses have
been identified to infect humans, these include herpes simplex 1 (HSV-1), herpes simplex virus 2
(HSV-2), varicella-zoster virus (VZV), Epstein-Barr virus (EBV), human cytomegalovirus
(HCMV), herpesvirus 6 and 7, and Kaposi’s sarcoma-associated herpesvirus [2]. Individuals
who become infected with any of the eight herpesviruses will become carriers for life.

The human herpesviruses have been further classified into subfamilies:
alphaherpesvirinae (a)), betaherpesvirinae () or gammaherpesvirinae (y) (Table 1.1).
Alphaherpesvirinae herpesviruses are characterized by their variable host range, relatively short
reproductive cycle, rapid spread in culture, efficient destruction of infected cells, and capacity to
establish latent infections primarily but not exclusively in sensory ganglia [2]. Members of the
betaherpesvirinae have a restricted host range, a long reproductive cycle, and a slow infection
progress in culture. Furthermore, members of this subfamily can establish a latent infection in
secretory glands, lymphoreticular cells, kidneys, and other tissues [2]. The last subfamily is the
gamma herpesviruses which are characterized by their ability to replicate and establish latency in
lymphoblastoid cells and cause malignancies in persistently-infected individuals [2, 3].

Despite varying in size from 120 to 260 nanometers in diameter, all herpesvirus virion
share a similar composition [2]. Each virion contains an electro-opaque core containing the
double-stranded-linear viral DNA, an icosahedral capsid surrounding the core, a proteinaceous
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Designation

Human herpesvirus-1

Vernacular name

Herpes Simplex virus 1

Subfamily

Human herpesvirus-8

Kaposi's sarcoma associated herpesvirus

Human herpesvirus-2 | Herpes Simplex virus 2 a
Human herpesvirus-3 | Varicella-zoster virus

Human herpesvirus-5 | Cytomegalovirus

Human herpesvirus-6 | HHV-6 variant A B
Human herpesvirus-7 | HHV-6 variant B

Human herpesvirus-4 | Epstein-Barr virus Y

Table 1.1 Table of human herpesvirus subfamily and members




layer surrounding the capsid called the tegument, and an outer lipid bilayer called the envelope
[2]. Interestingly, in addition to viral proteins, host-derived proteins and RNAs have also been
identified in the virion although their role in infection is not well understood [4, 5].

HUMAN CYTOMEGALOVIRUS

Human Cytomegalovirus (HCMV), also known as Human Herpesvirus 5, is one of the
eight known herpesviruses capable of causing diseases in humans. While the virion was first
isolated independently by Margaret Smith, Thomas Weller, and Wallace Rowe in the 1950s, the
typical intranuclear inclusions associated with the virus were observed as early as 1881 by
German scientists [6]. Following isolation, the name “cytomegalovirus” was then coined by
Weller and his coworkers in 1960 [7, 8].

HCMV associated diseases

HCMV infection is considered to be ubiquitous with developed countries such as the
United States and Europe having a 40-60% seropositive rate and less developed countries,
including Southeastern Asia, having a seropositive rate closer to 100% [6]. The route of
infection of children commonly occurs from either virus shedding in the cervix of the mother
during birth or exposure to the virus in breast milk, saliva, and urine during childhood [6]. In
adults, transmission is more common through exchange of sexual fluids or blood [9]. As
previously mentioned, individuals infected with herpesviruses will become carriers for life and
HCMYV is no exception. However, despite its prevalence, individuals will remain asymptomatic
as long as they remain immunocompetent [9].

Cytomegalovirus infection can become a significant concern for those individuals who
are immunocompromised, such as patients with acquired immune deficiency syndrome (AIDS)
or organ transplant recipients [6]. For individuals infected with AIDS, the weakened immune
system is believed to cause reactivation of the virus leading to clinical manifestations such as
HCMV retinitis, which can cause vision loss and blindness [10]. In organ transplant recipients,
HCMV-associated disease can be caused by the combination of receiving an organ from a
seropositive donor and using immunosuppressive treatments, which may lead to reactivation of
the latent virus in the transplanted organ or the recipient [9]. The reactivation and subsequent
Iytic infection can cause cytomegalovirus (CMV) pneumonia in patients [11] and has been linked
to dysfunction or rejection of the transplanted organ [9].

Congenital cytomegalovirus infection is also a major concern and a recognized public
health problem given that CMV is “estimated to be the leading cause both of sensorineural
deafness and of infectious brain damage in children in the United States” [9]. Observed clinical
manifestations in these infected neonates include mental retardation, impaired vision, cerebral
palsy, and hearing loss [9]. Given the severity of the diseases associated with the HCMV,
research to understand the molecular mechanisms governing infection and replication of the
virus is critical to the development of treatments.

HCMYV Genome and Genes

With a genome size ranging from 196 to 241 kilobase pairs, HCMV has the largest
genome of any virus known to infect humans and is estimated to have more than 160 protein-
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coding genes [9]. HCMV gene expression, like all herpesviruses, progresses in a cascade
fashion, with each class dependent on the previous class. The immediate early (IE) genes are
expressed immediately after viral entry and then followed by the early (E) / delayed early(DE)
genes which are typically expressed 4-6 hours post-infection (hpi) and continue through to 24 hpi
[9]. The Late (L) genes are then expressed from 24 hpi and beyond. From viral entry to release
of progeny at 48 to 72 hours, HCMV’s replication cycle is consider relatively slow when
compared to HSV-1’s 20 hour replication cycle [12].

Recombinant HCMV with gene knockouts have been studied in an in vitro cell culture
model to determine their importance in HCMV’s replication cycle. This review presents a brief
overview of the gene knockout study involving the HCMV Towne strain [13], which was
initially isolated from the urine of a 2-month-old infant [14]. If an essential open reading frame
(ORF) was deleted, no plaque formation or viral progeny production would occur. Depending
on the growth phenotypes in cultured fibroblasts, the deletion mutants that were nonessential for
viral replication in vitro were classified into four subclasses. Those mutants that showed
defective growth relative to the parental strain were divided into two groups: “severe defective
growth” and “moderate defective growth”. Mutants with deletions that had no consequence on
viral growth were classified as “dispensable”. Finally, mutants that showed an increase in viral
growth relative to the parental strain were labeled “enhanced growth” (Table 1.2) [13].
Classifying the genes in this manner can help prioritize therapeutic targets for researchers
focused on drug development.

Essential genes

Currently, 45 ORFs of the HCMV Towne strain have been identified to be essential for
replication in cultured fibroblasts (Table 1.1). Similar ORFs were also found to be essential for
growth for the HCMV AD169 strain by Yu et al., who used a transposon mutagenesis approach
[15]. Minor differences between the two studies may be a result of either the genomic
differences between the AD169 and Towne strains, the impact of deleting portions of the target
ORF’s neighboring genes, or the difference in mutagenesis strategies employed to generate the
recombinant virus. Of the identified essential ORFs, 35 are core genes that are conserved in all
herpesviruses, seven are conserved within the beta-herpesvirus family, and three are unique to
CMV [9]. In addition, the function of many of these genes have been identified by either
individual studies of the gene or extrapolated from studies of their HSV-1 homologous
counterparts [16]. A vast majority of the proteins expressed from these genes have also been
found to be present in the virion itself [4]. Here | present a brief overview of the identified
essential ORFs and their roles in viral replication and infection of human foreskin fibroblasts
(Figure 1.1).

Capsid and Capsid Assembly

As expected, the core capsid proteins are essential for replication since the lack of any of
these proteins would result in an incomplete formation of the nucleocapsid. The roughly 1300 A
diameter icosahedral nucleocapsid [17] is made up of five unique proteins: UL46 (TRI1), UL85
(TRI2), UL86 (MCP), UL48A (SCP), and UL104 (PORT) [9]. In addition, the UL80 ORF that
encodes the protease (PR)-assembly protein (AP) precursor (pPR), which facilitates capsid
assembly, is also necessary for replication. This “no growth” phenotype was also confirmed by
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[orF

Function/Comments

Function Family

Homology Virion Location I

No growth (Essential)

uL32
uL34
uL37.1
uL44
UL 46
uL48
UL 48A
uL49
uL50
UL51
uL52
uL53
uL54
UL 55
UL 56
uL57
uL60
uL70
uL71
uL73
uL75
uL76
uL77
uL79
uL 8o
uLga
UL 85
UL 86
uL 87
uL 8.1
uLso
uL91
uL9z
uL93
uL94
uL9s
uL9%6
uL98
uL99
UL 100
uL102
UL 104
UL 105
UL 115
uL122

Encodes pp150, virion maturation in Assembly Compartment
Represses US3 expression

Antiapoptosis

Processivity factor

Capsid Protein (TRI1)

Deubiquitinating protease

Small Capsid Protein(SCP)

Unknown Function

Inner Nuclear Membrane Protein

Terminase Component

Cleaveage/Packaging of viral genome

Nuclar Matrix Protein

DNA Polymerase

Glycoprotein B, viral entry, cell-to-cell spread
Large Subunit of HCMV Terminase / DNA packaging
ssDNA binding protein

Unknown Function

DNA helicse primase subunit

Unknown Function

Virion envelope glycoprotein (gN)

Glycoprotein gH/ complexes with gO

Virion Associated regulatory protein / inhibits viral replication
Portal Capping Protein

Unknown function

Precursor of maturational protease
UTPase,RNA-binding within orilyt, regulatory, shuttling protein
Capsid Protein (TRI2)

Major Capsid Protein (MCP)

TATT- binding protein / function unknown
Small subunit of HCMV terminase

Unknown Function

Unknown Function

Unknown Function

Unknown Function

unknown function/possible nucleic acid binding
Unknown Function

Unknown Function

Unknown Function

Cytoplasmic egress tegument protein
GlycoproteinM (gM) / gM:gN
Primase-associated factor

Portal protein (PORT)

DNA Helicase

Glycoprotein L (gL) / gO:gL

IE2, interacts transcriptional machinery

Cytoplasmic Maturation

Antiapoptosis

DNA replication

Capsid/ Capsid Assembly
(Unknown)

Capsid/ Capsid Assembly
(Unknown)

Nuclear Egress

DNA Encapsidation/Cleavage
DNA Encapsidation/Cleavage
Nuclear Egress

DNA replication
Glycoprotein / Viral entry
DNA Encapsidation/Cleavage
DNA Replication

(Unknown)

DNA replication

(Unknown)

Glycoprotein / viral entry
Glycoprotein / viral entry
Regulatory Protein

DNA Encapsidation/cleavage
(Unknown)

Capsid Assembly

DNA replication

Capsid Protein

Capsid Protein

(Unknown)

DNA Encapsidation/cleavage
(Unknown)

(Unknown)

(Unknown)

(Unknown)

(Unknown)

(Unknown)

(Unknown)

DNA Encapsidation/cleavage?
Cytoplasmic Egress
Glycoprotein/ Entry

DNA replication

DNA Encapsidation/cleavage
DNA replication
Glycoprotein/ Entry

Gene Regulation

B-herpes Tegument

CMV
B-herpes/CMV

Core Tegument
Core Nucleocapsid
Core Tegument
Core Nucleocapsid
Core In Virion
Core Tegument
Core In Virion
Core
Core Tegument
Core Tegument
Core Envelope
Core
Core Tegument
MV
Core
Core Tegument
Core Envelope
Core Envelope
Core Tegument
Core Tegument
Core Tegument
Core In Virion

B-herpes Tegument
Core Nucleocapsid
Core Nucleocapsid
Core
Core In Virion
CMV

B-herpes

B-herpes
Core Tegument
Core Tegument
Core

B-herpes Tegument
Core
Core Tegument
Core Envelope
Core
Core Nucleocapsid
Core
Core Envelope

B-herpes In Virion

|orRF

Function/Comments

Function Family

Homology Virion Location |

Severe Growth Defect (reduction of titers by 2 x 10%)

uL21
UL 26
uL 28
uL30
uL69
uL 82
uL112
uL113
uL117
uL1i23
uL124
USs 26

Table 1.2. HCMV Towne strain ORFs organized by their respective deletion virus phenotypes in

Unknown function

Stimulate major IE enhancer-promoter

Unknown function

Unknown function

nuclear export of RNA, induce cell cycle arrest in G1 phase
virion transactivator/pp71

Major early protein

Major early protein

promote development of nuclear replication compartments
Mjaor immediate early 1 co-transactivator

Latent transcript

Unknown function

human foreskin fibroblasts.

(Unknown)
Gene Regulation
(Unknown)
(Unknown)
Gene Regulation
Gene Regulation
DNA Replication
DNA Replication
(Unknown)
Gene Regulation
(Unknown)
(Unknown)

CMV
CMV
B-herpes
CMV
Core
B-herpes
B-herpes
B-herpes
B-herpes
CMV
CMV
B-herpes

Tegument

Tegument
Tegument
Tegument



|orRF Function/Comments

Function Family

Homology Virion Location |

Moderate growth defect (reduction of titers between 10" - 107)

uL2 Unknown Function (Unknown) CMV

uL11 Unknown Function/ transmembrane protein (Unknown) CMV

uL12 Unknown Function (Unknown) CMV

uL14 Unknown Function/ putative membrane protein (Unknown) CMV

uL20 Unknown Function / T-cell receptor homolog (Unknown) CMV

uL29 Unknown Function (Unknown) B-herpes

uL31 dUTPase Family (Unknown) B-herpes

UL 35 Modulate IE expression/particle formation Gene Regulation B-herpes Tegument

uL38 suppress apoptosis Antiapoptosis B-herpes Tegument

uL47 Release of DNA from Capsid/Intracellular transport Capsid Transport? Core Tegument

UL 65 Unknown Function (Unknown) cMV

uL72 Unknown Function/ inactive UTPase (Unknown) Core Tegument

uL74 virion-envelope glycoprotein Ofrole in virus release Secondary Envelopment B-herpes Envelope

uL 88 Unknown Function (Unknown) B-herpes Tegument

uL97 Kinase/role in DNA synthesis/enhancement of gene expression ~ DNA packaing/ DNA replication Core Tegument
/ nuclear egress

UL103 Unknown Function (Unknown) Core Tegument

UL108 Unknown Function (Unknown) CMV

UL114  Uracil-DNA glycosylase/DNA repair DNA Replication? Core

UL129 Unknown Function (Unknown) CMV

UL 132 Unknown Function/ transmembrane protein (Unknown) CcMV In Virion

us 13 Unknown Function/ transmembrane protein (Unknown) CcMV

us 23 Unknown Function (Unknown) B-herpes In Virion

TRS 1 dsRNA binding protein/transcription activator Gene Regulation CMV Tegument

|OHF Function/Comments Function Family Homology Virion Location |

Growth like Wildtype

uL3 Unknown Function (Unknown) CMV

uL4 Unknown Fucntion (Unknown) CcMV

UL5 Unknown Function (Unknown) CMV In Virion

uLe Unknown Fucntion (Unknown) CMV

uLz Unknown Function (Unknown) CMV

uLg Unknown Fucntion (Unknown) cMV

uL 10 Unknown Function (Unknown) CMV

uL13 Unknown Fucntion (Unknown) CcMV

uL1s5 Unknown Function (Unknown) CcMV

uL 16 suppress NK cell recognition Immunomodulation CMV

uL17 Unknown Function (Unknown) CMV

uL18 suppress NK cell recognition/mimic MHC | Immunomodulation CMV

uL19 Unknown Function (Unknown) CMV

uL24 Unknown Function (Unknown) B-herpes Tegument

uL25 Unknown Function (Unknown) B-herpes Tegument

uL27 Unknown Function/Maribavir resistance (Unknown) B-herpes

uL33 Unknown Function/vGPCR (Unknown) B-herpes In Vlrion

UL 36 viral inhibitor of caspase-8 activation [vICA] Antiapoptosis B-herpes Tegument

UL37.3 novel MHC-like protein Immunomodulation B-herpes

uL39 Unknown Function (Unknown) CMV

uL42 Unknown Function (Unknown) CMV

uL43 Unknown Function (Unknown) B-herpes Tegument

uL45 R1 ribonucleotide reductase(RR) homolog (Unknown) Core Tegument

uL59 Unknown Function (Unknown) CMV

UL 62 Unknown Function (Unknown) CcMV

uL64 Unknown Function (Unknown) CMV

UL67 Unknown Function (Unknown) CMV

uL78 vGPCR (Unknown) CMV

uLs3 suppress NK cell recognition/pp65 Immunomodulation B-herpes Tegument

UL89.2 Terminase component DNA encapsidation Core In Virion

UL109 Unknown Function (Unknown) CMV

UL110 Unknown Function (Unknown) CMV

Table 1.2 (Continued)



|oRF Function/Comments Function Family Homology Virion Location |
Growth like Wildtype (Continued)

UL110 Unknown Function (Unknown) cMvV

UL111a viral IL-10 homolog Immunomodulation cMv

UL116 Unknown Function (Unknown) CcmvV

UL 119 binds Fc Region of 1gG Immunomodulation cMV In Virion
UL121 Unknown Function (Unknown) cMmvV

UL127 Unknown Function (Unknown) CMV

UL130 binds gH and gl/epithelial and endothelial tropism Entry cMmv

UL146 CXC chemokine/ attract neutrophils (Unknown) cMV

UL 147 hCXCR2-specific CXC chemokine (Unknown) cMvV

IRS dsRNA binding protein/transcription activator Gene Regulation cMV Tegument
us 14 Unknown function/ putative transmembrane protein (Unknown) cMV

us 15 Unknown function/ putative transmembrane protein (Unknown) cMV

us 16 Unknown function/ putative transmembrane protein (Unknown) cMmv

us 17 Unknown function/ putative transmembrane protein (Unknown) cMvV

US18  oral mucosal tropism/ putative transmembrane protein (Unknown) cMV

us19 Unknown function/ putative transmembrane protein (Unknown) cmv

us 20 Unknown function/ putative transmembrane protein (Unknown) cMV

us21 Unknown function/ putative transmembrane protein (Unknown) cMV

us 22 Unknown Function (Unknown) B-herpes Tegument
us24 Unknown Function (Unknown) cMvV Tegument
us 25 Unknown Function (Unknown) (@)Y

us 27 Chemokine receptor/ vGPCR (Unknown) cMV In Virion
US28  Chemokine receptor/ vGPCR (Unknown) cMV

us 29 Unknown Function (Unknown) cMvV

Us31 Unknown Function (Unknown) cMV

us 32 Unknown Function (Unknown) cMvV

us33 Unknown Function (Unknown) cmv

uUs34 Unknown Function (Unknown) cMv

RL1 Unknown Function (Unknown) cMvV

RL2 Unknown Function (Unknown) cMV

RL4 Unknown Function (Unknown) cMv

RL10 Transmembrane protein (Unknown) cMvV Envelope
RL11 Transmembrane protein/ binds 1gG Fc; Immunomodulation cMvV

RL13 Transmembrane protein (Unknown) cMmvV

|oRF Function/Comments Function Family Homology  Virion Location |
Enhanced Growth (Increase of titers by 10 fold)

uL9 Unknown Function (Unknown) cMV

UL20a CCchemokine binding protein (Unknown) MV

uL23 Unknown Function (Unknown) B-herpes Tegument
US30  Transmembrane Protein (Unknown) cMvV

Table 1.2 (Continued)
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Figure 1.1. HCMYV replication cycle in fibroblasts

The virion attaches to the cellular surface via glycoproteins in the envelope and then penetrates
the cell. It is hypothesized that the capsid travels to the nucleus via the microtubule (MT)
network, where it docks and releases the viral DNA at a nuclear pore complex. Upon release of
DNA into the nucleus, products responsible for various functions including but not limited to,
viral replication, immunomodulation, and inhibition of apoptosis, are then expressed.

Cytoplasmic Egress
(UL99)(UL32)(UL48)(UL71)
(UL94)

[UL97][UL88]
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Figure 1.1 (Continued)

The linear viral DNA circularizes and replicates via a rolling circle mechanism. The new DNA
strands are then packaged into capsids formed within the nucleus. Nuclear egress of the
nucleocapsid occurs by a primary envelopment and de-envelopment, which releases the
nucleocapsid into the cytoplasm. In the cytoplasm, the nucleocapsid obtains its tegument
proteins and buds into the Endoplasmic Reticulum-Golgi Intermediate Compartment (ERGIC) to
obtain its envelope. After secondary envelopment, the mature virion-containing vesicles then
fuse with the plasma membrane, resulting in the release of the progeny into the periphery. The
roles of the ORFs in the replication cycle have either been shown or implicated in the literature.
The growth phenotypes presented are based upon the infection of human foreskin fibroblasts by
the ORF’s respective deletion virus.
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another study which used RNase P ribozyme-based inhibition to knock down pPR mRNA [18].
Despite the high homology that the core proteins share with their counterparts, it cannot always
be assumed that if a core gene is identified as essential for one herpesvirus, its homologues are
then essential for growth in other herpesviruses. This observation is exemplified by the
herpesvirus small capsid protein (SCP). While UL48A, the HCMV SCP, was identified as
essential for growth in vitro [13, 19], its HSV-1 homologue was found to be dispensable for
virion maturation in tissue culture [20], thus indicating that while core proteins are conserved
throughout all herpesviruses, their importance in viral infection, structure, and replication may
not be the same.

Viral DNA Replication

The ORFs responsible for viral DNA replication are critical for the production of viral
progeny. These ORFs include, UL84 and UL122 (IE2), which express transcriptional
transactivators that form protein complexes across the oriLyt to start viral replication [9].
Following the complex formed by UL84 and IE2, six core replication proteins are then recruited
to the site of DNA synthesis. These proteins include: DNA polymerase (UL54); C-clamp DNA
processivity factor (UL44); helicase (UL105); single-stranded DNA-binding protein (UL57),
which is believed to aid in strand separation during DNA replication; primase (UL70); and
primase-associated factor (UL102) [21]. The deletion of any of these genes results in a lack of
viral progeny generation [13] .

DNA cleavage, Encapsidation and Eqgress

It is generally believed that HCMV DNA replication occurs by a rolling circle
mechanism, which produces a concatemeric DNA strand that is then cleaved and threaded into
the preformed capsid [22]. As the DNA is being replicated, both UL93 and UL52 are believed to
facilitate the transport of the preformed capsid to the DNA replication compartment [9].
Following transport, the protein products of UL89 (TER1) and UL56 (TERZ2) interact with
UL104 (PORT) to thread the viral DNA concatemer into the preformed capsid [9]. Once a
single genome length has been inserted, the terminase complex formed by TER1 and TER2 will
then cleave the DNA strand [9]. The portal is then covered by the portal capping protein
homologue, UL77, marking the end of encapsidation [9]. Phosphorylation by UL97, the viral
serine-threonine protein kinase, is believed to regulate the process of cleavage and encapsidation
[9]. Although their function is not well characterized, UL51, UL95, and UL103 are also
believed to participate in the encapsidation process. Of the 10 ORFs that participate in this
process, all have been found to be essential for replication and viral growth in vitro, except
UL97, whose respective deletion virus was able to grow in culture, but at significantly reduced
levels [13].

Following encapsidation, egress from the nucleus is facilitated by two essential genes:
ULS50, a type 2 membrane protein, and UL53, a tegument protein, although the mechanism is
still not well understood [9]. Once inside the cytoplasm, the nucleocapsid continues the
maturation process by obtaining the tegument followed by the envelope. UL32 (pp150) and
UL99, both of which play a role in virion maturation in the cytoplasm and cytoplasmic egress
from the cell [9], have also been found to be essential for viral replication [13].
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Envelope Glycoproteins

The HCMV virion has several glycoproteins that are embedded in the envelope, which is
obtained during the secondary envelopment when the capsid buds into cytoplasmic vesicles [23].
The deletion of the ORFs encoding these glycoproteins that play significant roles in viral entry
has been shown to result in no production of virion [13]. These ORFs included: UL115 (gL),
which forms a complex with UL75 (gH); UL100 (gM), which interacts with UL73 (gN); and
UL55 (gB), which is the major heparan sulfate binding protein, a cell surface protein that is
conserved in herpesvirus entry pathways [9]. Furthermore, recent studies of gB show that while
the protein is needed for viral entry and cell-to-cell spread, it is not needed for virion attachment,
assembly, or egress [24].

Requlatory Proteins

Deletions in some ORFs that encode transcription factors have also been shown to inhibit
production of virions [13]. These ORFs include: UL76, which binds to the major immediate-
early promoter/enhancer (MIEP) [25] and has been shown to be a negative gene regulator [26];
UL34, which was shown to repress expression of US3, an immune evasion gene [27]; and the
previously mentioned UL122, which encodes IE2. Besides UL122, neither the mechanisms that
utilize these ORFs nor their role in viral replication are well understood. In addition to these
three regulatory proteins, anti-apoptotic regulatory gene UL 37.1 has also been shown to be
essential for viral replication and growth [13, 28].

Severe Defective Growth-related ORFs

12 ORFs have been identified to cause a reduction in plaque titers of their respective
deletion viruses by at least 10,000-fold relative to the wild-type strain (Table 1.2) [13]. Of these
12, only seven genes have been characterized (Figure 1.1). These include the three transcription-
factor-expressing ORFs: UL82 (pp71), a well-studied tegument protein that regulates the activity
of MIEP [9]; UL26, which influences phosphorylation of tegument proteins [29] and
transactivation of HCMV MIEP [30]; and UL123 (IE1), which is responsible for a range of
activity, including delayed early and late protein expression and disruption of ND-10, a matrix-
assisted nuclear structure [9].

Reductions in viral growth among viruses with deletions of either UL69, which has a role
in viral RNA nuclear export and virally induced cell cycle arrest [31], or UL117, which has been
found to promote the development of nuclear replication compartments [32], have also been
observed [13]. Lastly, the severe defective growth phenotype was observed for viruses with
deletions in UL112 and UL113 loci, which express multiple peptides that recruit UL44 for viral
replication [33].

Moderate Defective Growth Mutants-related ORFs
A phenotype labeled “moderate defective growth” has been observed for 23 ORFs that
when deleted caused peak titers of 10-10,000 times less than then the wild-type in fibroblasts

(Table 1.2) [13]. Similar to the “severe defective growth” ORFs, these genes may play a role in
mechanisms that enhance expression of the essential genes or provide additional stability to the
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virion. Of the 23 ORFs, seven have been determined or predicted to be glycoproteins ( UL2,
UL11, UL14, UL38, UL74, UL132 and US13), although many have not been well characterized.
Recent studies indicate that UL38 functions as an inhibitor of apoptosis [34], while UL74 (gO)
encodes a virion envelope protein that contributes to secondary envelopment [35]. A decrease in
viral replication was also observed in viruses with deletions of UL31, which encodes a protein
with dUTPase motifs [36] or UL114, a DNA repair enzyme uracil-DNA glycosylase (UNG) that
was recently suggested to play a role in viral DNA replication [9, 13, 37].

Deletions of genes with roles in transcriptional activation have also been observed to
reduce viral growth, these include: TRS1, an immediate early protein [9], and UL29 and UL35,
both of which can transactivate the MIEP [13, 38, 39]. In addition to transcription activation,
TRS1 is able to block the shutoff of translation by the antiviral dSRNA-dependent protein kinase
R response pathway [40], which combined with gene knock out studies [13], suggests that this
pathway may not be sufficient to shut down viral replication. UL97, the serine-theronine protein
kinase shown to play a multitude of roles in CMV replication, including DNA synthesis, DNA
packaging, and nuclear egress [9], was also found to play a significant role in viral replication.
While UL12, UL20, UL47, UL65, UL88, UL103, UL108, UL129, and US23 have not been well
characterized, the defective phenotype observed by their respective deletion viruses suggests that
they may influence stabilization or enhancement of the essential mechanisms required by HCMV
for a successful and efficient infection.

ORFs dispensable for growth in cultured fibroblasts

65 ORFs have been found to be dispensable for growth in fibroblasts [13] (Table 1.2)
(Figure 1.1). Many of these ORFs have previously been found to play a role in suppressing
either the innate or adaptive immune response of the host. Thus, it is expected that these ORFs
would be nonessential for viral replication in cultured human fibroblasts. These immune evasion
ORFs include a set of viral genes found within the region encompassing US1 through US12,
which have been deleted in many viruses produced from infectious bacterial artificial
chromosomes (BAC) in order to offset the packaging constraints imposed by the insertion of the
BAC cassette in the viral genome [41]. This region of the genome has been shown to be
responsible for the downmodulation of the major histocompatibility complex class | (MHC class
1) [42] and potentially the MHC class 1l molecules [43, 44], although the latter requires further
study. In addition to this region, the protein product of UL37x3 (UL37.3) was also recently
predicted to have a MHC-like domain, suggesting that there may be other genes outside of the
US1 through US12 region regulating expression of MHC molecules [45]. Besides MHC
regulation, HCMV is also able to modulate other parts of the immune system through ORFs that
were dispensable for viral growth in vitro. These ORFs include: UL16, UL18, and UL83, which
have been shown to suppress natural killer (NK) cell recognition [46], and UL119 and RL11,
which can bind the Fc domain of immunoglobulin G and potentially block the antiviral activities
mediated by the domain [47].

Besides ORFs with roles in immunomodulation, UL146 and UL147, which are predicted
to be chemokines-secreted proteins that control leukocyte migration and trafficking [48], have
also been found to be nonessential in fibroblasts [13]. Furthermore, ORFs US27 and US28,
which have been shown to be chemokine receptors [9], are also dispensable. While the function
of a vast majority of these ORFs is still unknown, preliminary studies of the deletion viruses in
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different cell lines suggest that a subset of these genes may have important roles in cell-specific
infection.

Enhanced Growth- related ORFs

One of the most interesting findings in HCMV research has been the identification ORFs
that encode temperance factors for fibroblast infection and replication. When each of these four
ORFs (UL9, UL20a, UL23, and US30) were deleted, plaque assays showed an increase in viral
growth by at least ten-fold relative to the wild-type [13] . While the functions of these four
ORFs have not been well studied, these genes may be part of an unknown mechanism used by
the virus to self-regulate its replication. It is speculated that this “self-imposed control” could be
a method employed by the virus to protect the infected cell from the host’s immune system.
Furthermore, these genes may prove to be important in the establishment of latency in the host.

Tropism Factors

One of the hallmarks of HCMV pathogenesis is the virus’ ability to infect a wide range of
cell types within its human host, suggesting that the virus may encode tropism factors that aid in
the specific infection of different cells types. Supporting this observation is the previously
demonstrated decrease in endothelial, epithelial, and dendritic cell tropism when the ORFs
within the UL128-131 region of endothelial propagated HCMV strains were deleted [49-51].
Additional defective growth phenotypes have also been observed with other ORFs in specific
cell types. Both UL64 and US29 deletion virus have been found to grow 100-fold less than the
wild-type strain in retinal pigment epithelial (RPE) cells, suggesting that both ORFs may encode
epithelial cell specific tropism factors [13]. Support for tropism factors specific to epithelial
cells has also been found in rhesus cytomegalovirus (RhCMV), where mutations in viral genes
orthologous to HCMV TRL1, UL148, UL132, and US22 caused replication defects in rhesus
RPEs [52]. An additional tropism factor has also been suggested for endothelial cells, with the
observation of the deletion of UL24, a US22 gene family membrane, causing a reduction of viral
growth in human microvascular endothelial cells (HMVEC) [13]. While UL24 has not been well
characterized, except that it is a tegument protein [53], murine cytomegalovirus (MCMV)
homologues of US23 (M140) and US24 (M141), which are also members of the US22 gene
family, have been shown to encode tropism factors for macrophage infection [54]. This suggests
that the US22 gene family may encode various tropism factors that facilitate efficient CMV
infection of a wide range of tissue types.

Tissue specific Temperance Factors

In addition to the temperance factors, UL9, UL20a, UL23, and US30, which were
identified in cultured fibroblasts, other temperance factors unique to particular cell types have
also been found [13]. Both UL10 and UL16’s respective deletion viruses had enhanced growth
in RPEs, while US16 and US19 viruses showed an increase in titers in HMVECSs relative to the
wild-type [13]. The mechanism governing this phenomenon is still not well understood. While
the concept of the virus expressing proteins to suppress its own replication appears
counterintuitive from the perspective of the virus, this view is consistent with the observation
that HCMV exhibits various growth rates in different cell types [9]. During in vivo infection, the
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virus may express these genes in an effort to reduce viral levels to prevent or slow down cellular
death and thus allow for better dissemination and enhance viral survival. These factors may also
play a role in facilitating persistent and latent infections, a mechanism that has been difficult to
investigate due to the lack of suitable cellular models. Precedent for this phenomenon has been
observed in other viruses, such as spumavirus, a retrovirus which encodes a factor that can
reactivate the virus from its latent state [55].

HCMV MUTAGENESIS STRATEGIES AND APPROACHES

The ability to create genomic mutations is critical to dissect and define the functions of
genes, their transcripts and expressed protein product. Over the last 30 years, various methods
have been developed and employed to create mutant forms of cytomegalovirus and other
herpesviruses in an effort to better understand the mechanisms that govern the pathology of the
virus at the molecular level.

Genome manipulation in eukaryotic cells

Forward genetic techniques have been used to generate mutations in HCMV via a method
called in vivo mutagenesis, which involves the identification of temperature sensitive (Ts)
mutants. These mutants are a result of a missense point mutation in the protein that causes a loss
of function when the mutant virus is grown at a higher, restrictive temperature [56]. While
growth phenotypes can be observed using this method, the genetic mappings of the mutants have
proven to be difficult [57]. Following the generation of Ts mutants, the next phase of mutant
generation came in the form of homologous recombination in eukaryotic cells. Briefly, a marker
gene containing a positive selection marker, either f-galactosidase [58], neomycin resistance
gene [59], or the xanthine guanine phosphoribosyltransferase (gpt) gene [60], was introduced to
the viral genome in infected cells resulting in the mutation or deletion of the target gene [57].
While it became easier to map the mutation in the genome, the low recombination efficiency and
the presence of the wild-type viral genome make this approach difficult in obtaining clonal, un-
contaminated mutants.

To overcome this challenge, an alternative technique was developed using cosmid vectors
containing overlapping portions of the viral genome. These cosmids would then be co-
transfected into mammalian cells resulting in the reconstitution of the virus. To generate
genomic mutations in the virus, nucleotide changes in the cosmids could be made using in vitro
techniques established in bacteria [57]. While the cosmid strategy eliminated the issue of having
the wild-type genome contaminating the mutant clones, the genomic instability of the system
became another problem for researchers [61].

Genome manipulation in bacteria
Bacterial Artificial Chromosomes (BAC)

Current HCMV and herpesvirus mutagenesis approaches are now based upon the use of
the bacterial artificial chromosomes (BAC) system, which utilizes Escherichia coli and its

single-copy plasmid F factor to perform genetic manipulation on the genome [62, 63]. The
technology was first pioneered in 1997 when Messerle et al. successfully cloned the murine
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cytomegalovirus (MCMV) genome into a BAC [63]. Because of the BAC’s ability to maintain
low copy numbers, show sequence stability in recombination deficient E.Coli strains and
maintain DNA fragments greater than 300 kilobases [57], the BAC system has been successfully
used to clone various genomes of human herpesviruses [16, 64, 65], including various strains of
HCMV (e.g. Towne, AD169) [15, 41, 66]. When compared to the yeast artificial chromosome
(YAC) system, which has a larger coding capacity of 2 Mbps, the BAC system is superior since
it is less prone to undesired rearrangements and deletions [57]. To overcome packaging
constraints caused by the insertion of the BAC vector sequence into the CMV genome,
nonessential regions in the genome were deleted in order to accommodate the additional
genomic material [41]. In addition to the origin of replication and the genes that regulate its
copy number, the BAC vector also contains an antibiotic resistance gene to ensure that the large
plasmid is maintained in the host cell [41]. Furthermore, the use of E. Coli as a host for
mutagenesis of the BAC-containing HCMV genome is greatly beneficial since it allows for
genetic manipulation utilizing tools that have been well established in bacteria, including
homologous recombination and transposon-based methods.

Allelic Exchange Mutagenesis

Allelic exchange mutagenesis, which is based upon ET recombination, has been
successfully applied to the construction of HCMV mutants [13, 19]. This technique, adapted
from the methodology developed by Zhang et al. and Muyrers et al., exploits the RecET proteins
of E. Coli to perform homologous recombination on the BAC [67, 68]. Briefly, the approach
involves the construction of a linear DNA fragment containing an antibiotic resistance gene
flanked by arms of homology that target the insertion site (Figure 1.2). To facilitate
recombination, the deletion cassette is then delivered to transformation-competent E. Coli
harboring the HCMV BAC and then placed under antibiotic selection pressure [13].

While the original E. Coli-based recombination systems used bacteria strains that
harbored plasmids to express the necessary recombination proteins, newer systems used bacterial
strains containing a defective prophage system, which was initially developed by Yu et al. [69]
and later modified by Lee et al. [70]. The prophage system addresses the potential “leakiness”
problem of gam and red proteins in the plasmid system, which can lead to BAC instability and
possible loss of cell viability. Rather than having the recombination proteins expressed from a
plasmid, this system has a defective prophage carrying the gam and the red recombination genes,
exo and beta, which are under the control of a temperature sensitive promoter, thus allowing for
transient expression of the recombination proteins. During the recombination process, gam
inhibits the E.Coli RecBCD nuclease from degrading the deletion cassette, while exo and beta
facilitate recombination between the HCMV BAC and the deletion cassette [70]. The newly
generated mutant BAC is then propagated in E. Coli and then transfected into mammalian cells
to obtain viral progeny (Figure 1.2) [13].

Transposon-based mutagenesis
Transposons (Tn) are short mobile DNA sequences that are able to relocate themselves
from one DNA molecule to another [71]. This naturally occurring unit has been successfully

exploited for genomic manipulation in prokaryotes and higher order eukaryotes, including
Drosophila, Caenorhabditis elegans, and plants [71]. Given the success of transposon-based
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Human Fibroblast

Figure 1.2. Allelic Exchange Mutagenesis of HCMV BAC

Mutagenesis begins by the construction of the deletion cassette, which contains a positive
selection marker (Pos Sel M) flanked by sequences homologous to the regions flanking the ORF
of interest. The deletion cassette is delivered to the competent E. Coli strain by transformation
(1) and homologous recombination occurs between the deletion cassette and the BAC (2). A
successful deletion recombination event occurs by the replacement of the viral ORF with the
selection marker (3). The mutant BAC is then harvested and transfected into human fibroblast to
generate mutant virus (4). Depending on the ORF deleted, the deletion of a nonessential gene,
under the context of in vitro infection, will result in viral progeny formation (5), while an
essential gene will not.
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mutagenesis on studies involving bacteria, the system was then applied to generate HCMV
mutant libraries [15]. Briefly, the Tn-donor plasmid is transfected into E. Coli harboring the
HCMYV BAC, whereby the Tn randomly inserts itself into the BAC to generate the mutation.
Selection for positive insertions then occurs by incubating the E. Coli at the higher restrictive
temperature and antibiotic pressure. To determine the insertion site, the mutant BAC is
sequenced using primers that sequence outward from the inserted Tn [15]. (Figure 1.3)

CONCLUSION

Given the severity of diseases associated with human cytomegalovirus in neonates and
immunocompromised individuals, it is critical to understand the function of its genes and their
relation to the mechanisms employed by the virus during infection. The powerful tools that have
been developed during the last 30 years have allowed researchers to manipulate the genome of
the virus and answer some critical questions in relation to the pathology of the virus.
Furthermore, the evolution of these tools has greatly increased the pace of basic HCMV research
which may hopefully increase the rate of development of treatments.

Using these tools, | have been able to generate gene deletion virus and recombinant
viruses expressing proteins with affinity tags at the C terminus. These constructs have allowed
me to perform various studies, including a global subcellular localization study of HCMV
proteins, an extensive characterization study of ORF US20, and a brief study characterizing a
SUMOylation site in UL44, the HCMV processivity factor. It is my hope that the knowledge
obtained from these studies spark new ideas relating to gene families, gene function and
mechanisms that one day can be used as a basis for the development of anti-viral therapies
against HCMV.
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Figure 1.3. Random Transposon Mutagenesis of HCMV BAC

A donor plasmid containing the transposon (Tn) is transformed into E. Coli harboring the

HCMYV BAC (1). Transposition then occurs and the Tn is inserted into the BAC at a random site,
potentially an ORF of interest (2). The bacteria is then incubated at the higher restrictive
temperature (43°C), causing the loss of the donor plasmid (3). Insertions are then selected by
positive selection using antibiotics. The insertion site is determined by DNA sequencing and
desired clone is then transfected into human fibroblasts to obtain viral progeny (4).
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Chapter 2

Proteomic study of Human Cytomegalovirus intracellular protein localization
at 72 hours post infection.
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Abstract

Human cytomegalovirus (HCMV), a member of the beta subgroup of herpesviruses, is
currently the largest known viruses to infect humans. Currently, HCMV is believed to have at
least 160 open reading frames (ORFs) capable of encoding proteins with many of these genes not
fully characterized. This study presents an intracellular localization study of 82 ORFs using an
infectious bacterial artificial chromosome expressing viral proteins tagged at the C terminus with
an epitope tag. Our study found 17 proteins to localize to the nucleus, 51 to a juxtanuclear
structure in the cytoplasm, 11 to the cytoplasm, and three to uncharacterized cytoplasmic
structures at 72 hours post infection in cultured human fibroblasts. Furthermore, we were also
able to determine the molecular weight of many of these proteins in the context of infection and
show, as a proof of concept for a subset of genes, that our recombinant viruses can be used to
determine the protein’s expression kinetics during viral replication.

26



Introduction

Human cytomegalovirus (HCMV), with a genome size of ~240,000 base pairs, is
currently the largest known virus to infect humans. Bioinformatic predictions have identified at
least 160 open reading frames (ORFs) likely to encode proteins, of which only a small portion
have been well studied [1]. While large scale genomic projects have been successfully carried
out to study the HCMV transcriptome during infection [2], the proteome of the HCMYV virion [3],
and the impact of sequentially deleting ORFs on viral replication in fibroblasts [4, 5], there has
not been a global study of the intracellular localization of the proteins expressed from these
ORFs under the context of infection.

Protein characterization studies have relied on two approaches to identify and probe for
the protein of interest. Either an antibody specific to an epitope on the peptide is made or a
commercially available antibody is used to probe for an artificial epitope tag that is inserted at
either ends of the peptide [6]. Because of the extensive time and costs associated with
generating specific antibodies to the protein product of each ORF, we decided to use the latter
method for our study since it would only require the purchase of a single antibody to probe for
the viral proteins.

This study reports the use of homologous recombination on a bacterial artificial
chromosome (BAC) containing the genome of the lab-adapted HCMV Towne strain, which has
been shown by our lab to replicate and infect at levels similar to the native Towne strain [4], to
construct our recombinant viruses. Of the 132 recombinant BACs we constructed, we were able
to obtain 103 recombinant viruses, each with an epitope tag inserted immediately before the
predicted stop codon at the 3” end of the ORF of interest. From the 103 recombinant viruses, we
were able to identify the subcellular localization of 82 ORFs at 72 hours post infection.

Furthermore, we were also able to use our recombinant viruses to determine the
molecular weight of the tagged proteins and, as a proof of concept, we also showed that they
could be used in protein kinetic studies to determine if the protein was expressed during either
the immediate early, early, or late phase of expression.

Results
Construction of HCMV Recombinant Tag Viruses

Building upon the HCMV BAC mutagenesis technique used previously by our lab [4],
we were able to construct 132 recombinant HCMV BACs, each with a different gene tagged at
the C terminus with our tandem affinity tag. Briefly, we amplified an insertion cassette
containing a tandem affinity tag consisting of the FLAG epitope and the Staphylococcus aureus-
derived protein A epitope, which have been successfully used in the past for tandem affinity
purification applications [7]. Using ET-cloning, which relies on reckE and recT proteins for
homologous recombination [8], we inserted our cassette immediately before the predicted stop
codon of the gene of interest (Figure 2.1). To determine if we successfully constructed the
recombinant virus, we first confirmed the insertion of the cassette into the BAC by polymerase
chain reaction (PCR) using primers flanking the open reading frame. A successful insertion was
indicated by a band shift of 1.1 kilobases relative to the wild-type (Figure 2.2, Figure 2.3).
Restriction digests with Hind 111 enzyme and southern blots using a probe against the Zeocin
resistance gene, which was also inserted to be used as a positive selection marker, were used to

27



HCMV Wild Type BAC Flanking HCMV Mutant ORF-Tag BAC

Flag g3y ProtA -LoxP FAL Tl LoxP)
BAC GFP I n I . BAC GFP
Flanking
3'Terminus of ORF | -GTG
E. Coil Transformation Zeocin Selection E. Coil

Transfection

Human Foreskin Fibroblast (HFF)

Tandem Affinity Purification Immunoflourescence Assay

Figure 2.1. Epitope tag mutagenesis strategy.

Recombinant human cytomegalovirus was constructed by Red/ET recombination between an
infectious BAC clone containing the genome of the HCMV Towne strain and a targeting cassette
generated by PCR. Recombination resulted in the insertion of a tandem affinity epitope tag
(FLAG and Protein A) at the 3’ end of the viral ORF. The recombinant BAC was then
transfected into human foreskin fibroblasts to generate virion.

28



466

UL2 uL3 uL4 UL5 UL6
UL2TWT UL3T WT UL4AT WT ULST WT uLeT WT
1383 1521 1653 1701 ! 2043 m
943
283 421 553 601
uL7 uL8 uL9 uL10 UL11
UL7T WT ULST WT UL9T WT UL10T WT ULTIT WT
- ! . . e H s !
919
769 469 793 877
UL12 UL13 uL14 UL15 UL16
UL12T WT UL13T WT uL14T WT UL15T WT UL16T WT
1422 2622 [ 2232 H:l 2096 m 1893
1522 e/
1132 - 996 793
322
uL17 UL18 UL19 uL20 UL20a
UL17T WT UL18T WT UL19T WT UL20T WT UL20aT WT
— —
1515 2307 1497 2226 1476
415 1207 1126
397 376
UL21 uL23 uL24 uL25
UL21T WT UL23T WT UL24T WT UL25T WT UL26T WT
1728 2232 2103 3171 1767
2071
628 1132 1003 667
UL28 uL29 uL30 UL31
UL28T WT UL29T WT UL30T WT UL31T WT
2019 2283 | 1566
919 1183 - J

Figure 2.2. PCR Confirmation of Recombinant HCMV BAC.
The recombinant BACs were confirmed by PCR using primers that flanked the open reading
frame. The numbers indicated are in basepairs.
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Figure 2.3. Construction of Recombinant Virus.

The constructed recombinant BACs of ORF UL71 and US20 were confirmed by PCR using
primers flanking the ORF, restriction digestion using Hind I1l enzyme, and southern blot using a
probe specific to the inserted Zeocin resistance gene. The bands of the southern blot represent
the restriction enzyme digested fragment of the HCMV genome containing the ORF of interest.
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confirm that nonspecific recombination did not occur and that our tag inserted a single time into
the genome of the virus (Figure 2.3).

Of the 132 recombinant BACs electroporated into human foreskin fibroblasts (HFFs), we
were able to successfully obtain recombinant HCMV virus from 109 of the BACs. The presence
of virion was indicated by green florescence from infected cells and the “enlarged” cell
morphology associated with the HCMV cytopathic effect. Table 2.1 contains a list of the open
reading frames (ORFs), in which the insertion of our epitope tag at the 3’ end of the ORF
consequently resulted in no virion production in HFFs after electroporation (Table 2.1). Over 90%
of these ORFs were found to be essential for viral replication in HFFs previously by our lab and
others [4, 5], suggesting that the functional domain of the proteins encoded by these ORFs may
be at the C terminus end of the peptide.

Localization study

Of the remaining 109 unique recombinant HCMV epitope tagged viruses, we used
immunofluorescence to determine the subcellular localization of the viral proteins expressed by
82 ORFs at 72 hours post infection. Briefly, HFFs were infected with our epitope-tagged virus at
a high multiplicity of infection (MOI) and then fixed with methanol after 72 hours. The fixed
cells were then stained with anti-FLAG primary antibody. The methanol was able to quench the
green fluorescence due to denaturation of GFP expressed by the BAC, thus allowing us to use an
anti-mouse fluorescein isothiocyanate (FITC) conjugate secondary antibody for visualization of
the tagged viral protein.

We identified 17 ORFs that encoded proteins with fluorescence signaling that overlapped
with our 4', 6-diamidino-2-phenylindole (DAPI) staining of the nucleus. Viruses with either,
UL3, UL34, UL44, UL69, UL77, UL79, UL83, UL84, UL87, UL97, UL112, UL122, or UL123
tagged all had staining of a sub-nuclear structure in the nucleus, while UL24, UL28, UL31, and
UL53 exhibited more uniform nuclear localization (Figure 2.4). We also found a large subset of
viral proteins expressed from ORFs: UL4, UL5, UL7, UL8, UL11, UL12, UL13, UL17, UL42,
UL43, UL45, UL48, UL67, UL71, UL78, UL82, UL88, UL90, UL94, UL95, UL96, UL99,
UL100, UL103, UL109, UL111a, UL115, UL116, UL117, UL119, UL121, UL124, UL127,
UL129, UL130, UL132, US14, US17, US18, US19, US22, US23, US25, US26, US27, US28,
US29, US31, US32, US33, and US34 to localize to subcellular cytoplasmic structure(s) adjacent
to the nucleus (Figure 2.5). In addition, we identified another group of viral that encoded
proteins that had a more dispersive localization in the cytoplasm at 72 hpi. This group included
UL16, UL18, UL19, UL25, UL29, UL35, UL36, UL37.1, UL72, US30, and RL10 (Figure 2.6).
Lastly, we found a small subset of ORFs (US13, US20, and US21) to have a very unique
subcytoplasmic localization that differed from the other genes that we profiled (Figure 2.7).
Furthermore, members of this specific group were also found to be part of the US12 gene family

[9].
Profiling of protein molecular weights

In addition to immunofluorescence studies, we also profiled the molecular mass of the
tagged viral proteins. Briefly, we infected HFFs with the recombinant viruses at a high MOI and

harvesting the protein lysate after 72hpi. The lysates were then separated by SDS-PAGE and
immunoblotted using anti-FLAG antibodies. We then identified the mass of the immunoreactive
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Table 1
UL 046

UL 049
UL 050
UL 052
UL 054
UL 056
UL 057
UL 060
UL 070
uUL073
uL074
UL 075
ULO076
UL 080
UL 086
UL 089.1
UL 089.2
uL o091
UL 092
uL 093
UL 102
UL 104

UL 105

Table 2.1. List of null ORFs.
This table lists the ORFs in which we were unable to obtain virus after three attempts to
electroporate the respective recombinant BAC into HFFs.
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Figure 2.4. HCMV ORFs with nuclear immunofluorescence localization.

HFF cells were infected with recombinant virus for 72 hpi. Infected cells were fixed with
methanol and stained with primary anti-FLAG antibody and secondary anti-mouse conjugated to
FITC. Nucleus was stained with DAPI. Images were taken at 1000x magnification.
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Figure 2.4. (Continued)
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Figure 2.4. (Continued)
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DAPI Anti-Flag Merge
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Figure 2.5. HCMV ORFs with juxtanuclear immunofluorescence localization.

HFF cells were infected with recombinant virus for 72 hpi. Infected cells were fixed with
methanol and stained with primary anti-FLAG antibody and secondary anti-mouse conjugated to
FITC. Nucleus was stained with DAPI. Images were taken at 1000x magnification.
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Figure 2.5. (Continued)

41
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43



DAPI Anti-Flag Merge

UL103 2xF-2xPA

UL109 2xF-2xPA
UL111a 2xF-2xPA
UL115 2xF-2xPA
UL116 2xF-2xPA

UL117 2xF-2xPA

-
3
At TR

Figure 2.5. (Continued)
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DAPI Anti-Flag Merge
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Figure 2.5. (Continued)
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Figure 2.5. (Continued)
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Figure 2.6. HCMV ORFs with dispersive cytoplasmic immunofluorescence localization.
HFF cells were infected with recombinant virus for 72 hpi. Infected cells were fixed with
methanol and stained with primary anti-FLAG antibody and secondary anti-mouse conjugated to
FITC. Nucleus was stained with DAPI. Images were taken at 1000x magnification.
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UL72 2xF-2xPA

US30 2xF-2xPA

RL10 2xF-2xPA

Figure 2.6 (Continued)
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DAPI Anti-Flag Merge

US13 2xF-2xPA

US20 2xF-2xPA

US21 2xF-2xPA

Figure 2.7. HCMV ORFs with subcytoplasmic immunofluorescence localization.

HFF cells were infected with recombinant virus for 72 hpi. Infected cells were fixed with
methanol and stained with primary anti-FLAG antibody and secondary anti-mouse conjugated to
FITC. Nucleus was stained with DAPI. Images were taken at 1000x magnification.
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band or bands present and subtracted the 19 kilodaltons (kDa) associated with the tandem
affinity tag we added to the C terminus of the viral protein. The results of the viral protein
molecular mass profiling are indicated in Table 2.2.

Protein Expression kinetics

Our recombinant viruses were also suitable to determine when the viral protein was
expressed during HCMV viral replication in HFFs. HCMYV gene expression occurs in a cascade
fashion with immediate early (IE) genes expressed from 0 to 6 hpi, early (E) genes from 6 to 24
hpi, and late (L) genes after 24 hpi [1]. Using immunoblotting, we found UL24 to be expressed
at 4 hpi and UL71 to be expressed as early as 6 hpi, indicating that both proteins were expressed
either during the immediate early or early phase of viral replication. We also found UL31, UL45,
and UL79 to be expressed only at 72 hours post infection, similar to true HCMV late gene, pp28
[10] (Figure 2.8).

Discussion

In this study, we were able to successfully modify a mutagenesis system to construct 109
recombinant HCMV viruses, each expressing a different viral protein tagged at the carboxyl-
terminus with a tandem affinity epitope tag. These recombinant viruses allowed us to determine
the subcellular localization of the protein and its molecular weight under the context of infection
in a human fibroblast cell culture model for 82 ORFs. By determining the localization of the
viral protein, we were able to gain some insight into its function.

For the 17 viral genes that we found to express proteins with nucleus localization under
the context of infection, our data was consistent with other labs for the following ORFs: UL28
[11], UL34 [12], UL44 [13], UL53 [14], UL69 [15], UL79 [16], UL83 [17], UL87 [18], UL84
[13], UL97 [19], UL112 [20], UL122 [21], and UL123 [22]. For UL77, although it has already
been established that the HCMV gene is analogous in sequence and function to the well-studied
Herpes Simplex Virus UL25 DNA packaging protein [23], we believe that we are the first to
show the localization of HCMV UL77 to the nucleus. Furthermore, the nuclear staining of UL77,
unsurprisingly, was very similar to HCMV UL44, which has been shown to localize to the viral
replication compartment in the nucleus [13].

For ORF UL3 and UL31, we believe that we are the first thus far to show the nuclear
localization of their proteins under the context of infection at 72 hours post infection. UL3
localized to specific locations in the nucleus similar to HCMV UL44, which suggests that UL3
may also be located in the viral replication compartment. UL3 has been found to be nonessential
for viral replication in human fibroblasts [4] and our localization results were consistent with
Salsman et al., who also found UL3 to localize to the nucleus using a plasmid overexpression
system [24]. The protein expressed by UL31 had a dispersive, pan-nuclear localization and
while it isn’t essential for viral replication, the deletion of the gene has been shown to
significantly reduce viral titers [4]. The function of UL31 has not yet been identified although
we can hypothesize from its late gene expression that it may act as either a virion structure
protein or possibly a late gene transactivator that enhances expression of other late genes. Our
localization study of UL24 exhibited an intracellular localization that differed from Adair et al.
While we found UL24 to localize to the nucleus, Adair et al. determined UL24 to localize to a
juxtanuclear compartment [25]. This discrepancy can potentially be explained by the difference

52



ORF
RL10
UL 003
uLoo4
UL 005
uLoo7
uLo08
uLo11
uLo012
uLo013
UL 016
uLo17
uLo18
uL019
uLo024
UL 025
uLo028
UL 029
uL031
uL034
uLo035
UL 036
uUL037.1
uLo042
uL043
uLo44
uL 045
UL 048
UL 053
uLo067
UL 069
uLo71
uL o072
uLo77
uLo78
UL 079
uLo082
uL o083
uL o84
uLos7
UL 088

UL 090

Western blot band (+19kDa tag)

50
72
50
40,20
70
100
72,43
(no bands detected at 72 hpi)
95
60
46,36
95,35
36
55
>100, 26
smeartill 95, 40,35
60
100,95,72
75,70
100,40
smear,72,30
95
50
72,20
70
170
>181
82
(no bands detected at 72 hpi)
mulitple bands
60
72,36
(no bands detected at 72 hpi)
95
50
multiple bands
multiple bands
95,34
130
70
(no bands detected at 72 hpi)

Normalized Peptide Size (-19kDa)

31
53
31
21,1
51
81
53,24

76
41
27,17
76,16
17
36
>81,5
21,16
41
81,76,53
56,51
81,21
53,11
78
31
53,9
51
151

63

41

53,17

76

31

76,15

51

Predicted Size
18804.48
12255.02
17362.69
18876.12
24434.25
13750.6
30790.25

8206.7
54352.01
26186.42
12698.72
41766.23

11404.1
34187.75
73538.71
30298.53
40776.96
73583.22
45358.2
72542.48
45084.59
18968.25
13598.63
47785.95
46232.1
101599.71
253266.88
42322.97
13216.77
82596.17
42180.73
43491.68
70520.19
47356.41
33871.32
62000.87
62882.52
65413.43
104762.82
47638.62
7415.58

Table 2.2. List of molecular weights of tagged HCMV proteins.

Predicted sizes were determined by direct translation of the predicted ORF.
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ORF

Western blot band (+19kDa tag)

Normalized Peptide Size (-19kDa)

Predicted Size

UL 094 55 36 38380.51
uL095 (no bands detected at 72 hpi) 56958.59
UL 096 48 29 14464.27
uL097 120 101 78247.12
uL099 60,50 41,31 20949.14
uL100 70,60 51,41 42931.34
uL103 50 31 28607.25
uL109 (no bands detected at 72 hpi) 11956.11
UL111la 40 21 8682.13
uL112 120,70,50 101,51,31 43672.16
uL115 36 17 30913.79
uL116 95 78 34408.11
uL117 50 31 45490.51
uUL119 45 26 15319.12
uL121 36 17 20198.74
uL122 95,72,55 76,53,36 44772.69
uL123 95, multi 76 45592.31
uL124 50,38,35 31,19,16 15854.9
uL127 (no bands detected at 72 hpi) 15246.53
UL 129 28 9 7181.79
uUL130 55 36 26189.19
uL132 56 37 29971.25
usi3 45 26 29459.06
usia 50 31 34238.66
us17 (no bands detected at 72 hpi) 31934.07
us1s 30 11 30192.79
Us19 45 26 26421.87
us20 42 23 28559.07
us21 40 21 26956.29
us22 smear 65029.84
us23 95 76 68897.65
uUs 25 34,20 15,1 5832.68
Us 26 95 78 70020.64
us27 (no bands detected at 72 hpi) 42169.86
us 28 (no bands detected at 72 hpi) 41063.55
us29 95,55,50 76,36, 31 51003.02
uUs3o0 72 53 39137.03
us31 (no bands detected at 72 hpi) 18939.78
us32 (no bands detected at 72 hpi) 22056.59
us33 (no bands detected at 72 hpi) 15722.28
us34 (no bands detected at 72 hpi) 17739.19

Table 2.2 (Continued)
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UL24(2xF-PA) Uninf.

0 2 4 8 12 24 72 72 hpi

FLAG e - B - 55 kDa
IET - - aaaaaar

pp28 L

UL71(2xF-PA) Uninf.

0 6 12 24 48 72 72 hpi

UL31(2xF-PA) Uninf.
0 2 4 8 12 24 72 72 hpi
e el 130 kDa
FLAG . T j -95kDa
- . - i
3 - ———
pp28

UL45(2xF-PA) Uninf.

0 4 12 24 48 72 72 hpi
-170 kDa
FLAG - - 130 kDa

UL79(2xF-PA) Uninf.

0 2 4 8 12 24 72 72 hpi

‘ v
FLAG ‘ -72kDa
-55kDa
el 4

pp28

Figure 2.8. Temporal protein expression of UL24, UL71, UL31, UL45 and UL79.

Human foreskin fibroblasts were infected at high MOI with recombinant virus and harvested at
various time points. Lysates were separated by SDS-PAGE and immunoblotted with anti-FLAG
antibodies to identify the viral protein. For some of the viruses, the membranes were also probed
with IE1 antibody as a standard for immediate early expression and pp28 antibody as a standard
for late protein expression.
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in viral strains used, given that our HCMV BAC virus contains the Towne genome while their
study used the AD169 strain.

We found 51 genes to encode proteins with juxtanuclear localization at 72 hpi. Of these
51 genes, previous labs have also shown similar intracellular localization for UL7 [24], UL12
[24], UL43 [25], UL48 [26], UL82 [27], UL94 [28], UL96 [29], UL99 [24], UL100 [30], UL103
[31], UL111a [24], UL124 [24], UL132 [32], US14 [24], US18 [33], US19 [24], US27 [24], and
US28 [34]. Although no immunofluorescence localization studies have been published for UL4,
UL71, UL115, UL119, and UL130, the function of their proteins have been characterized.
Studies of proteins from UL45, UL71, UL115, UL119, and UL130 have all suggested that their
activity takes place in the cytoplasm, which correlates with the results of this study [3, 36-38].

We believe that we are the first to show juxtanuclear localization at 72 hours post
infection for the following 22 ORFs: UL5, UL8, UL11, UL13, UL17, UL42, UL67, UL78, UL88,
UL90, UL109, UL116, UL121, UL127, UL129, US23, US25, US26, US29, US31, US32, and
US34. More work will need to be done in order to determine which specific organelle these
proteins are located in, although based upon their location, we can speculate that they may be in
the endoplasmic reticulum (ER) or the Golgi apparatus.

Our localization results also differed from other groups for 4 ORFs. US17, US33, UL95,
and UL117 were all found by other groups to localize to the nucleus at 72 hpi, while our results
did not show a similar localization. For US17, Das et al. found that the nuclear localization was
a dynamic process, thus it is possible that our results captured only the cytoplasmic localization.
Furthermore, the difference could also be attributed to the human lung fibroblast model cell line
used [39]. US33 was shown by Salsman et al. to localize to the nucleus using a plasmid
overexpression system, which did not examine the protein under the context of infection. We
can speculate that the US33 protein localization may be dependent on the temporal cascade,
similar in fashion to UL82, which exhibited a biphasic nuclear localization during the early
phase of infection and juxtanuclear localization after 72 hpi [27]. We are uncertain about why
our results differed from Isomura et al. for UL95 and Zhikang et al. for UL117, it is possible that
differences in the epitope tag or mutagenesis strategies used to construct our recombinant viruses
may have contributed to the inconsistence [18, 40]. Lastly, our results for US22 also differed
from Adair et al., which found the protein to localize in all cell compartments, rather than at the
juxtanuclear site.

We found 11 ORFs to have a diffusive cytoplasmic localization that differed from the
juxtanuclear localization. Our results for ORFs UL18 [41], UL 25 [42], UL36 [43], UL37.1 [44],
and UL72 [45] were consistent with findings from other labs. We believe that we are the first to
characterize the intracellular localization of UL19, UL29, US30, and RL10. When we compared
our UL16 and UL35 localization results to the literature, UL16 was found by Dunn et al. to
localize to the ER and Golgi [46] and UL35 was found to localize to the nucleus by Salsman et al.
[47], while our results indicated a more dispersed localization throughout the entire cell. 1t is
possible that the difference for UL16 could be the result of the model cell line used. In addition,
the difference could be the result of the context of infection since Salsman et al. used an
overexpression system.

The cytoplasmic localization for US13, US20, and US21 were sufficiently unique to be
classified into their own category. All three genes are members of the US12 gene family, but
considering that our localization results of other US12 family members (US13, US14, US17,
US18, and US19) were different indicates that the unique localization is not a shared
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characteristic of the gene family. It would be very interesting to identify the specific subcellular
structure associated with these three ORFs.

For the 82 ORFs that we examined, no immunoreactive bands were seen by
immunoblotting of lysates from HFFs infected with the recombinant virus for certain ORFs,
while our IFA studies were able to detect a signal. Various possible explanations can be made to
clarify this discrepancy, including issues with solubility of the protein when we harvested the
lysate or difference in sensitivity between western blots and IFAs. To identify the molecular
weight of those ORFs, the protein harvesting conditions may need to be further developed.

This project has proven that the ET recombination system can be used to successfully
construct recombinant HCMV mutants with epitope tags at the C terminus, thus allowing us to
study viral proteins in the context of infection. Our study was able to confirm the results from
other groups and also characterize genes that have yet to be fully studied. Furthermore, the
tandem affinity tag we used can open up avenues of research relating to immunoprecipitation
experiments to study protein interactions. It is our hope that these results will become the
foundation of new studies for these uncharacterized genes, which will further elucidate the
pathogenesis of HCMV.

Materials and Methods
Cells and media

Human primary foreskin fibroblasts (HFF) (CC-2509, Clonetic, San Diego) were
propagated using Dulbecco’s Modified Eagle Medium (D-MEM) supplemented with 10% FBS,
1% Penstrep, and 0.2% Fungizone.

Construction and Propagation of Recombinant HCMV

A pZeo plasmid that was modified in our lab to have a tandem affinity tag containing two
FLAG epitopes, a tobacco etch virus cleavage site, and two Protein A epitopes was used as the
template for PCR to generate the tag cassette. Using the primers listed in Table 1 and the
modified pZeo plasmid, we PCR amplified tag cassettes containing the tandem affinity tag and a
zeocin resistance gene with 75 nucleotide arms that were homologous to the sequences flanking
the insertion site. The resulting PCR products were then run on a 1% agarose gel and the 1.1kb
band was gel purified using a gel extraction kit (Qiagen, Valencia, CA). The purified PCR
product was then electroporated into an electroporation competent E. Coli EL350 strain, which
harbored the wild-type Towne BAC. The electroporated bacteria were first incubated in a shaker
at 30°C to allow for recovery and lambda red recombination to occur and then plated on a Luria
Bertani (LB) agar plate supplemented with 12.5ug/mL Chloramphenicol and 50ug/mL Zeocin.
The bacteria were then returned to the 30°C incubator for 48 hours. Afterwards, the positive
clones were identified by colony PCR using pairs of primers (listed in Table 2) that flanked the
ORF that we intended to tag. A successful recombination event was determined by a band shift
of 1.1kb when the PCR products were run on a 1.5% gel. To obtain sufficient amount of the
mutant tag BAC, we grew up large cultures and purified the BAC using the Nucleobond®
PC500 kit (Clontech, Mountain View, CA). The purified mutant HCMV1owne BAC was then
electroporated into human foreskin fibroblasts and the cells were then seeded in a T-25 Flask.
The DMEM media was changed the day after electroporation and the cells were incubated at
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37°C and 5% CO, for 14 to 21 days till 100% cytopathic effect (CPE) was evident. CPE was
determined by plaque formation and green fluorescent protein (GFP) expression from the
modified BAC.

The virus was harvested by scraping the flasks with a plastic scraper. The infectious
inoculum was then frozen in liquid nitrogen and thawed in a 37°C water bath. This freeze-thaw
process was repeated three times and the infectious inoculum was then centrifuged for 30
minutes at 4000RPM, 4°C. The supernatant containing the infectious inoculum were then
aliquoted and stored at -80°C.

Restriction Digest Profile and Southern Blot

The recombinant HCMV BAC DNA was harvested using lysing reagents from the
QIlAprep® Spin Miniprep Kit (Qiagen, Valencia, CA) and a modified protocol. The harvested
BACs were digested with Hindlll restriction enzyme (New England Biolabs, Ipswich,MA) for
16 hours at 37°C. The digested products were then separated on a 0.8% agarose gel overnight at
4°C. The resulting gel containing the restriction digest profile of the recombinant wild-type
BAC was then placed into a capillary transfer apparatus overnight to allow for the DNA to
transfer from the gel to the GeneScreen Plus® Hybridization Transfer Membrane (Perkin Elmer,
Wellesley, MA). The membrane was then quickly rinsed in distilled water and the DNA was
fixed by UV-crosslinking using a UV Stratalinker® 1800 (Agilent Technologies, Santa Clara,
CA). The membrane was then incubated with prehybridization solution
(20xSSC/Formamide/Non-Fat Dried Milk) containing salmon sperm DNA (ssDNA) for 3 hours
at 65°C. The template for the radioactive probe was prepared by PCR amplifying the Zeocin
Resistance Gene from the modified pZeo plasmid, separating the PCR product from the plasmid
template by gel electrophoresis and then excising the ~500 bp fragment from the agarose gel
using the QIAquick® Gel Extraction Kit (Qiagen, Valencia, CA). Using the excised fragment
we generated the radioactive probe by “random primed” DNA labeling using the Random
Primed DNA Labeling Kit (Roche, Mannheim, Germany) and alpha- *P dCTPs nucleotides
(Perkin Elmer, Wellesley, MA). The membrane was then incubated with fresh hybridization
solution, ssDNA, and the radiolabelled probe overnight at 65°C. Following the overnight
probing, the membrane was washed with 20xSSC-based solutions of various concentrations,
exposed, and visualized using the phosophoimager, Storm 840 (GE Healthcare, Waukesha, W1).

SDS-PAGE and Western blotting

Human Foreskin Fibroblasts (HFF) seeded the day before on a 12-well plate with
1.5x10° cells/well were infected with mutant tag viruses at a Multiplicity of Infection (MOI) of 1.
After two hours of viral adsorption, the infectious inoculum was removed and replaced with
fresh supplemented D-MEM. The infected cells were then incubated for 72 hours at 37°C and 5%
CO,. Afterwards, the cells were washed with PBS and then lysed using M-PER (Thermo-
scientific, Rockford, IL). The harvested lysates, mixed with beta-mercaptoethanol and non-
reducing sample buffer, were run on a 5% Stacking, 10% Resolving SDS-PAGE gel. After gel
electrophoresis, the proteins were then transferred from the SDS-PAGE gel to a nitrocellulose
membrane (BioRad, Hercules,CA). Next, the membrane was treated with 5% Non Fat Dry Milk
(NFDM) for two hours and then stained with primary mouse-antibody against the FLAG epitope
for two hours (Sigma-Aldrich, St. Louis, MO). Afterwards, the membranes were washed three
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times with PBS supplemented with 0.05% Tween20 and then stained with peroxidase horse anti-
mouse IgG secondary antibody (Vector Labs, Burlingame, CA) for two hours. Again, the
membrane was washed three times with PBS supplemented with 0.05% Tween20 and then
stained with Amersham ECL™ Western Blotting Detection Reagent. The membranes were then
exposed to film and the film was developed. For the temporal protein expression study,
fibroblasts were infected in a similar matter and then harvested at specific time points. For some
of the ORFs, we used anti-IE1 antibody (Millipore, Billerica, MA) and anti-pp28 antibody
(Virusys Corp., Taneytown, MD) as standards for immediate early and late gene expression,
respectively.

Immunofluorescence Assay

Human Foreskin Fibroblasts (HFF) were seeded on glass coverslips that were placed in a
12-well plate at 1.5x10° cells/well and allowed to grow overnight at 37°C and 5% CO,. The
cells were then infected with the mutant tag virus at a MOI of 1 and the virus was allowed to
adsorb for 2 hours. After which, the infectious inoculum was removed and replaced with
supplemented DMEM. The infected cells were then incubated for 72 hours at 37°C and 5% CO»,
washed with PBS, and fixed with methanol for one hour at -20°C. After fixation, the cells were
treated with 1% Bovine Serum Albumin (BSA) in Phosphate Buffered Saline (PBS) for 30
minutes and then stained with primary mouse antibody against the FLAG epitope (Sigma-
Aldrich, St. Louis, MO) for one hour at 37°C. Next, the cells were washed three times with PBS
and stained with anti-mouse secondary antibody conjugated to Fluorescein (Vector Labs,
Burlingame, CA) for one hour at 37°C. The cells were washed again three times with PBS and
further stained with DAPI for 5 minutes at 37°C. The coverslips were then mounted on glass
slides using mounting solution and sealed with nail polish. The coverslips were imaged using
the Nikon Eclipse TE300 Fluorescence at 1000x magnification.
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Chapter 3

Functional Characterization of HCMV Open Reading Frame US20
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Abstract

Human Cytomegalovirus (HCMV) is a beta-herpesvirus that has been shown to cause
high morbidity and mortality in neonates and immunocompromised individuals, such as organ
transplant recipients and AIDS patients. Given the high-protein-coding capacity of HCMV,
substantial work still needs to be done in order to understand this complex virus and its
associated diseases. In this study, we characterized the US20 open reading frame (ORF), a
member of the US12 gene family, and its protein product (pUS20). Using a recombinant HCMV
virus expressing US20 protein tagged at the C terminus with a tandem affinity tag, we confirmed
the in silico predictions that pUS20 is a membrane protein that can form homo-dimers.
Furthermore, we determined pUS20 to be expressed during the early phase of replication, with a
unique specific cytoplasmic localization that occurred only during the late phase of replication.
Co-localization results suggested pUS20 did transiently localize to early endosome, but did not
localize to either the endoplasmic reticulum (ER) or the trans-Golgi network (TGN) at 72 hours
post infection. This study also found that the US20 ORF itself to be dispensable for viral
replication in cultured human foreskin fibroblasts, retinal pigment epithelial cells, human
microvascular endothelial cells, and differentiate monocytes. Using recombinant viruses
expressing truncated forms of pUS20, we dissected the roles of the transmembrane domains on
pUS20’s expression levels, subcellular localization, and dimerization. Lastly, using an
immunoprecipitation and mass-spectrometry approach with 293T cells transiently expressing
pUS20, we were able to identify multiple potential protein binding partners. Currently, we have
been able to confirm the association of pUS20 with valosin containing protein (VCP) under the
context of infection. VCP is implicated in various multiple cellular processes, including cell
cycle regulation, nuclear envelope formation, and the ubiquitin proteasome system. Mutations in
VCP have also been shown to be correlated with certain neurodegenerative diseases, which
presents the hypothesis that US20 and VCP may be a mechanism that contributes to brain
damage caused by HCMV infection in neonates and children.
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Introduction

Human Cytomegalovirus (HCMV), a ubiquitous beta-herpesvirus, is the largest virus
known to infect human with a genome size of roughly 250 kilobases. While HCMV infection is
life-long, a vast majority of healthy children and adults will remain generally asymptomatic.
Serious clinical manifestations can occur following congenital infection of children or
reactivation of the virus in immunocompromised individuals, such as organ transplant recipients
or HIV infected patients [1]. While significant genetic and molecular work has been done to
characterize many of HCMV’s 160 or more genes, the function of a majority of the genes is still
not well understood.

The US12 family is a distinct gene family, containing 10 contiguous genes (US10
through US21), located in the unique short (US) region of the HCMV genome (Figure 3.1) [2].
As of yet, homologs of the US12 family have only been found present in cytomegalovirus (CMV)
strains capable of infecting higher primates, including chimpanzee CMV and rhesus CMV [3].
The US12 family is present in both clinical and lab-adapted strains of HCMV, such as Towne
and AD169. Furthermore, all members of this family share a common characteristic of having
multiple hydrophobic domains, which has led to comparisons of the US12 family with the seven-
transmembrane (7TM) super group of proteins [3]. Global gene deletion studies have
determined individual US12 family members to be nonessential for viral replication in cultured
human fibroblasts [4, 5]. In addition, proteomic studies of HCMYV particles using mass
spectrometry did not find any US12 family member in the virion [6]. Currently, the function of
the gene family and its genes has not been determined, however, based upon sequence motif
analysis, roles in apoptosis and cell proliferation have been suggested [3].

In this study we present a characterization of the US20 open reading frame (ORF) and its
membrane protein product, pUS20. Using a recombinant HCMV virus expressing a C terminus
tagged pUS20, we examined the protein’s expression level and subcellular localization during
the viral replication cycle. In addition we found, through co-immunoprecipitation and
immunoblotting, that pUS20 was able to form homo-dimers during infection. We dissected the
seven predicted transmembrane domains to determine their roles in pUS20’s protein levels,
subcellular localization and dimerization. Using viral growth curves, we found US20 ORF to be
dispensable for viral replication in multiple cell types, including fibroblasts, epithelial,
endothelial, and monocytes/macrophages. Lastly, through immunoprecipitation and mass-
spectrometry and co-immunoprecipitation, we were able to confirm the association of pUS20
and valosin containing protein (VCP) during infection.

Results
Bioinformatic Analysis of US20 peptide

To identify the potential transmembrane domains of US20, we submitted the translated
nucleotide sequence of the predicted US20 ORF to several online transmembrane domain
prediction websites, including HMMTOP (http://www.enzim.hu/hmmtop/), Sosui
(http://bp.nuap.nagoya-u.ac.jp/sosui/), TMHMM (http://www.cbs.dtu.dk/services/ TMHMM-2.0/),
and TopPred (http://mobyle.pasteur.fr/cgi-bin/portal.py?#forms::toppred). All of the online
algorithms predicted pUS20, the protein product of US20 ORF, to have seven transmembrane
domains (Figure 3.2A), with each algorithm predicting slightly different lengths for each domain.
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Figure 3.1. Genomic Map of US12 gene family of the HCMV Towne strain.
The thick bands denote the Hind 11 restriction enzyme sites and the predicted lengths between
the sites. Genes indicated in white are members of the US12 gene family.
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™1 T™M2 ™3 ™4 TMS T™6 ™7
HMMTOP 31-49 62-80 89-106 119-136 145-163 176-199 208-226
Sosui 28-50 61-83 90-112 114-135 144-166 175-197 207-229
TMHMM 29-51 61-83 90-109 114-136 143-162 177-199 211-233
Mobyle 32-52 62-82 89-109 117-137 144-164 175-191 208-228

Predicted 28-52 61-83 89-112  114-137 143-166 175-199 207-233
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Figure 3.2. Bioinformatic predictions of HCMV pUS20.

(A) The predicted nucleotide sequence of US20 was translated and submitted to various
transmembrane prediction algorithms. All algorithms predicted pUS20 to have seven
transmembrane domains. We consolidated the results and generated our prediction of US20’s
transmembrane domains in the listed row marked “Prediction”. (B) The amino acid sequence of
pUS20 among the viral strains AD169, various HCMV clinical strains, chimpanzee CMV and
rhesus CMV were compared using the ClustalW method. (C) The US20 translated sequence
was submitted to BLAST search and predicted to have a Bax-inhibitor-1 domain.
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For our experiments, we consolidated the results by assuming the size of the transmembrane
domain to be as large as possible. A transmembrane domain map was then constructed, which
we annotated as “Predicted” (Figure 3.2A).

Given that we intended to study US20 using the Towne strain, which has been
characterized as a lab-adapted strain [7], we compared the amino acid sequence of pUS20 of the
Towne strain with other lab adapted and clinical strains of HCMV to ensure that there was no
major deletions, mutations or significant variability in the Towne homolog (Figure 3.2B). We
found that the pUS20 homolog in the Towne strain had over 98% sequence similarity to both lab
adapted (ie. AD169) and clinical strains (ie. Toledo and Merlin). Thus, we were confident that
the US20 gene in our lab-adapted strain would function in a manner similar to its clinical strain
counterpart. We also compared the pUS20 sequence from the Towne strain to its homolog in
chimpanzee CMV (CCMV) and rhesus CMV (RhCMV) and found a sequence similarity of 74.4%
and 41.9%, respectively.

Lastly, we also submitted the translated nucleotide sequence of US20 to the NCBI Basic
Local Alignment Search Tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and found the
gene to have a Bax-inhibitor-1 like domain (Figure 3.2C), which was consistent with previously
predictions [3].

US20 ORF encodes a transmembrane peptide

To validate the prediction that pUS20 was a transmembrane protein, we examined the
ability of pUS20 to aggregate at high temperatures during sample preparation for western blot
assay, a phenomenon referred to as “thermal aggregation” [8]. For our studies, we used a
bacterial artificial chromosome (BAC)-infectious clone containing the genome of HCMV Towne,
which has been shown to replicate at levels similar to the HCMV Towne strain in human
foreskin fibroblasts (HFF) [4]. Applying the mutagenesis strategy previously used by our lab for
deletion studies [4], we constructed the recombinant virus, US20-3xF-His, by inserting a tandem
affinity tag, consisting of a 3xFLAG tag epitope and 6x Histidine epitope linked with a tobacco
etch virus (TEV) cleavage site, at the 3’ terminus of the US20 gene (Figure 3.3A). We infected
HFFs with US20-3xF-His virus at a high multiplicity of infection (MOI) and harvested the cells
at 72 hours post infection. The lysate was treated with reducing agent beta-mercaptoethanol,
incubated either at 37°C for 45 minutes or 95°C for 10 minutes, separated by SDS-PAGE, and
then immunoblotted with anti-FLAG antibodies. The 95°C incubated sample only had a band
greater 170 kilodaltons (kDa) and appeared to not have entered the resolution portion of the
SDS-PAGE gel. This result suggested that the sudden denaturation by the high temperature
caused pUS20 to aggregate. However, the 37°C incubated sample had a prominent band present
at 28kDa, which corresponded with the predicted size of pUS20 (Figure 3.3B). The “thermal
aggregation” verifies the presence of hydrophobic domains and supports the prediction that
pUS20 is a transmembrane protein.

HCMV pUS20 localization is conserved in various human cell types
The subcellular localization of pUS20 was examined by immunofluorescence assay using

anti-FLAG antibodies. HFFs, retinal pigment epithelial (RPE) cells, and human microvascular
endothelial (HMVEC) cells were infected with US20-3xF-His virus. After 72 hours, the cells
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Figure 3.3. Thermal Aggregation of HCMV pUS20.

(A) Construction strategy of US20-3xF-His recombinant virus. (B) Human foreskin fibroblasts
(HFF) were infected with either the US20-3xF-His (US20) virus or the wild-type Towne BAC
(HCMVTowne BAC) at a high MOI. Lysate was harvested at 72 hours post infection. The samples
were then treated with beta-mercaptoethanol and either incubated at 95°C for 10 minutes or 37°C
for 45 minutes. The samples were run on an SDS-PAGE gel and immunoblotted using anti-
FLAG antibody to detect tagged pUS20 or B-actin antibody (loading control).

77



were fixed and probed with anti-FLAG antibodies. We observed pUS20 a specific cytoplasmic
localization that was consistent in HFFs, RPEs, and HMVECs (Figure 3.4).

HCMV pUS20 transiently localizes to early endosomes, while it does not localize to the ER or
TGN at 72 hpi

Using previous localization studies which examined US12 family genes in the secretory
pathway as a guide [9], we performed immunofluorescence assays using organelle markers to
determine pUS20’s cytoplasmic localization in relation to the endoplasmic reticulum (anti-Bip),
early endosomes (anti-EEA), and the trans-Golgi network (anti-golgin245) (Figure 3.5) under the
context of infection. In our studies we did not find any co-localization of tagged pUS20 with
either Bip or Golgin245, which suggests that the pUS20 does not localize to the ER or the trans-
Golgi network at 72hpi. We did find a small number of cells in which there was co-localization
of pUS20 and EEA1, which suggests that pUS20 does traffic through but does not remain in
endosomes.

HCMV pUS20 is expressed as early as 4 hours post infection

To determine when pUS20 was expressed during the viral replication cycle, we used the
recombinant HCMV virus, US20-2xF-PA, which was previously constructed by our group.
Similar to the US20-3xF-His virus, the US20-2xF-PA virus was constructed to express pUS20
tagged at the C terminus, however, we used a different tandem affinity tag containing two FLAG
tag epitopes and two Protein A epitopes linked with a tobacco etch virus (TEV) cleavage site.
We infected HFFs with US20-2xF-PA virus at a high MOI and then harvested the cells at 0, 4, 8,
12, 24, and 72 hours post infection. pUS20 expression in the harvested lysates was determined
by immunoblotting using anti-FLAG antibodies. We identified an immunoreactive band of 47
kDa in size, which correlated with the predicted 28 kDa of US20 and the 19 kDa tandem affinity
tag. This 47 kDa band representing pUS20 was present in all lanes except for 0 hpi, indicating
that pUS20 is expressed as early as 4 hours post infection (Figure 3.6), suggesting that pUS20 is
expressed during the early phase of protein expression.

Unique HCMV pUS20 cytoplasmic localization is prominent as early as 36 hours post infection
in human foreskin fibroblasts

We followed the western blot time course assay with an immunofluorescence time course
assay in HFF cells to determine when during viral replication did pUS20 localize to the specific
cytoplasmic structure. Briefly, HFF cells were infected with US20-2xF-PA virus at a high MOI
and then probed with anti-FLAG antibodies. To allow us to use the FITC fluorophore, we
removed the fluorescence caused by the green fluorescent protein (GFP) expressed by the BAC
by adding methanol, which not only fixed the cells, but also denatured the GFP to quench the
fluorescence. We found pUS20 to localize to the cytoplasmic structure as early as 36 hours post
infection (Figure 3.7). This observation suggests that pUS20’s localization to the cytoplasmic
structure occurs during the late phase of replication, which occurs between 24 to 36 hours post
infection [1].
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Human Foreskin Fibroblast Retinal Pigment Epithelial  Human Microvascular Endothelial
HFF RPE HMVEC

Uninfected

Figure 3.4. Immunofluorescence assay shows that cytoplasmic localization of pUS20 is
consistent in various cell types.

HFFs, RPEs and HMVECs were infected at a high MOI with the US20-3xF-His virus. Cells
were then fixed with methanol at 72hpi and probed with anti-FLAG antibody. Secondary anti-
mouse conjugated with fluorescein was then added for visualization. DAPI staining was
performed to visualize the nucleus. Images presented are merged images.
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Figure 3.5. Immunofluorescence assay shows co-localization of pUS20 and EEAL.

HFFs were infected with US20-3xF-His virus at high MOI for 72 hpi. Cells were fixed with
methanol and then incubated with primary anti-FLAG; DAPI; and either anti-Bip, anti-EEAL, or
anti-Golgin245. Anti-FLAG antibody was visualized with secondary anti-mouse conjugated
with Alexa Fluor® 647 or FITC, while anti-EEAL and anti-Golgin245 were visualized with
secondary anti-rabbit conjugated with Alexa Fluor® 488. Anti-Bip was visualized with
secondary anti-rabbit conjugated with Texas Red.
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Figure 3.6. Western Blot determines that pUS20 is expressed as early as 4 hpi.

HFF cells were infected at a high MOI with the US20-2xF-PA virus, which expresses pUS20
tagged with a FLAG and Protein A epitope at the C terminus. Infected cellular lysates were
harvested at the indicated time points and separated on a 10% SDS-PAGE gel. The resulting
membrane was immunoblotted with anti-FLAG (FLAG) antibody to identify tagged pUS20 and
anti-p actin as a loading control.
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Subcellular localization of HCMV pUS20 is not dependent on late gene expression

Given that we found pUS20 to be expressed as early as 4 hours post infection, we sought
to determine if the subcellular location of pUS20 during the late phase of viral replication was
dependent on other viral proteins expressed after 24 hours post infection. To block late gene
expression during infection, we initially pretreated HFFs with phosphonoacetic acid (PAA),
which has been previously shown to be a successful inhibitor of viral DNA synthesis. This
inhibition results in the blocking of late gene expression [10]. The cells were then infected with
US20-3xF-His virus and the media was then replaced after 2 hours with fresh media
supplemented with PAA. The cells were fixed after 72 hpi and subjected to an
immunofluorescence assay using anti-FLAG antibody. We found that pUS20 was still able to
localize to the cytoplasmic structure regardless of the presence or absence of PAA in the media
(Figure 3.8). As a control for the effectiveness of PAA, a similar immunofluorescence assay
was performed on PAA treated, infected cells using anti-pp28 antibody, which has been
commonly used as a marker for late gene expression [11, 12]. The significant reduction of pp28
expression we observed in PAA treated cells confirmed that late gene expression was
significantly inhibited by the drug (Figure 3.8). This result further provides evidence that
pUS20 is expressed before the late phase of replication and that late gene expression is not
essential for pUS20’s cytoplasmic localization.

pUS20’s C terminus tail does not face the extra-cellular space

Since pUS20 was predicted to have seven transmembrane domains, we hypothesized that
pUS20 could share characteristics with other multi-transmembrane spanning proteins, including
the superfamily of G-protein-coupled receptors (GPCRs). GPCRs are expressed on the surface
of the cell and commonly have their N terminus facing the extracellular space and the C terminus
facing the intracellular space [13]. However, there are also multi-spanning transmembrane
proteins that have their C terminus tail facing the extracellular space [14]. To examine if the
pUS20 cytoplasmic localization we observed was at the cell surface, we performed a selective-
permeabilization immunofluorescence assay [15, 16]. Briefly, we infected HFFs with US20-
2xF-PA virus for 72hpi and then treated the cells with only paraformaldehyde, which fixed but
did not permeabilize the cells, thus preventing any antibodies from entering the cell during the
immunostaining process. As a negative control, we also infected HFFs with UL123-2xF-PA
virus, which had the UL123 gene tagged with our FLAG and Protein A epitope at the C terminus.
UL123, also known as IE1, is a transactivator protein that has been shown to localize to the
nucleus [17].

We observed no fluorescence signal of puS20 in cells that were only fixed and not
permeabilized (Figure 3.9), while the control cells that were fixed and permeabilized with
Triton-X did show pUS20 cytoplasmic localization. Similar results were also observed with
UL123, which was expected considering that UL123 conventionally localizes to the nucleus.
This result indicated that the C-terminus tail of pUS20 did not face the extracellular surface.
However, if the topology and orientation of pUS20 was similar to other GPCRs, this result was
expected since the C terminus tail for GPCRs typically faces the cytoplasm. To determine if the
orientation of pUS20 was similar to GPCR, we examined the staining of US20 (1-206) virus
(Figure 3.13), which expressed a truncated form of pUS20 that not only had no transmembrane
(TM) domain 7 but was also tagged at the end of the peptide loop between TM6 and TM7, which
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Figure 3.8. Immunofluorescence shows that PAA does not inhibit pUS20’s cytoplasmic

localization.

HFFs, pretreated with 500 ug/mL phosphonoacetic acid (PAA), were infected with either the
US20-3xF-His (US20) or wild-type Towne BAC (HCMVTowne BAC) virus at an MOI of 1.
After 2 hours, the infectious inoculum was then replaced with fresh media supplemented with
PAA. Infected cells were fixed with methanol at 72hpi and then incubated with either anti-
FLAG or anti-pp28 antibodies. Secondary anti-mouse conjugated with fluorescein was then
added for visualization. DAPI staining was performed to visualize the nucleus. The images
presented are merged.
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Figure 3.9. Immunofluorescence shows no US20 staining in unpermeabilized cells infected
with US20-2xF-PA virus.

HFF cells were infected with either US20- or UL123- tagged virus (C terminus tagged with
FLAG and Protein A epitopes) at a high MOI. Cells were then fixed at 72hpi with 4%
paraformaldehyde and either permeabilized with 0.5% Triton-X or mock permeabilized (PBS).
Primary anti-FLAG antibody was added and then visualized using the Histostain SP kit
(Invitrogen) and streptavidin-TRITC. DAPI staining was then performed to visualize the
nucleus.
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would be expected to face the extracellular space. We found that nonpermeabilized cells
infected with US20 (1-206) virus also did not exhibit cytoplasmic staining (data not shown).
From this data, we concluded that the C-terminus of pUS20 does not face the extracellular space
and that the specific cytoplasmic localization we observed is not at the surface of the cell. These
results show that pUS20 remains internalized inside of the cell and does not traffic to the cell
surface.

HCMV US20 gene is not essential for viral replication in HFFs , RPEs, HMVECs, and
differentiated THP-1 macrophages.

To study the role of the US20 gene in the context of viral replication, we constructed a
deletion mutant virus which replaced the US20 gene with a Zeocin antibiotic resistance marker
(Figure 3.10A). The PCR results and restriction digest profile of the recombinant BAC
confirmed the replacement of US20 and no nonspecific genomic recombination in the BAC
(Figure 3.10B, C). The recombinant BAC was transfected into HFFs and the resulting virus,
US20ko, was harvested after two weeks. To further confirm the deletion of the US20 gene, we
harvested RNA from HFFs infected with either the US20ko virus or the wild-type HCMV
Towne BAC virus at 72 hours post infection and performed a northern blot using a radiolabelled
probe specific to the last 300 nucleotides of the US20 gene. We found two bands present in the
wild-type virus lane, indicating that the US20 gene expressed a two kilobases transcript and a six
kilobases transcript (Figure 3.10D). As expected, the bands were not present in the lane
containing RNA harvested from the cells infected with the US20ko virus.

To examine the role of the US20 gene in HCMV replication in vitro, we conducted multi-
step growth curves of the US20ko virus in HFFs, retinal pigment endothelials (RPE), and human
microvascular endothelial cells (HMVECs). While HFFs are not usually infected with HCMV
[18], both RPEs [19] and HMVECSs [1] have been shown to be natural reservoirs for lytic HCMV
infection. The deletion of US20 did not change replication levels of HCMV in HFFs (Figure
3.11A), which correlated with previous results from our lab [4] and others [5]. Because of
HCMV’s large genome and coding potential, there is significant data suggesting that the virus
encodes tropism factors that influence replication in specific cell types [1, 4] and temperance
factors, which cause the virus to become hypervirulent upon deletion [4]. Previous data in our
lab indicated that the deletion of either US16 or US19 ORFs caused their respective mutant
knock out virus to growth better in HMVECS relative to the wild-type virus [4]. Given that
US16 and US19 are part of the US12 family of genes, which US20 is also a member, we thought
the US20ko virus would also show a similar phenotype. However, our multi-step growth curve
results showed that the US20ko virus grew at wild-type levels indicating that the US20 ORF did
not influence viral replication levels in either RPEs (Figure 3.11B) or HMVECs (Figure 3.11C).

We also sought to determine if US20 played a role in HCMV replication in macrophages,
which, depending on its differentiation state, is a major site of latent and lytic infection [1].
Using THP-1 myelomonocytic cells differentiated with 12-O-tetradecanoylphorbol-13-acetate
(TPA), which has been shown to be permissive to infection by the Towne strain [20], we
conducted a multi-step growth curve study. While THP-1 cells have been shown to be
permissive to infection by HCMV within 24 hours of treatment with TPA [21], a recent study
showed that the monocytes go through multiple differentiation states after treatment evident by
cellular morphological changes [22]. Furthermore, a longer differentiation time of THP-1 by
TPA was found to increase titers [22]. For our experiment, we pretreated undifferentiated THP-1
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Figure 3.10. Construction of US20ko virus.

(A) Schematic of the deletion of the US20 ORF in the wild-type Towne BAC (WTTowne BAC)
and replacement with a Zeocin resistance gene (ZeocinR) by insertion deletion mutagenesis. (B)
PCR using primers flanking US20 ORF. (C) Restriction digest was performed on the
recombinant and wild-type Towne BAC using Hind 11l enzyme. (D) RNA from HFF cells
infected with either the US20 knock out (US20(koZeo)) or wild-type Towne BAC virus after 72
hpi was harvested and separated on an agarose gel. The subsequent membrane was probed with
a radiolabelled oligomer specific to the last 300 nucleotides of US20 and imaged using a
phosophoimager.
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Figure 3.11. Viral growth curves show that the deletion of US20 ORF does not impact

fitness of the virus in various cell types.

(A)HFF, (B) RPE, (and C) HMVEC were infected with either US20 deletion virus (US20ko) or
wild-type Towne BAC (WTBAC) at their respective MOI. Infected cells were harvested at
was titrated in HFF cells. GFP expressing plaques were
counted using a fluorescence microscope. Each experiment was performed in triplicate.

various time points and the lysate

88




cells with TPA for either 1, 3, or 7 days and then infected them with either the US20ko or the
wild-type virus at a MOI of 0.1. For all three differentiation time points, we found that the
US20ko viral titers were at levels similar to the wild type virus (Figure 3.12), which indicated
that the deletion of the US20 ORF did not impact viral replication at various stages of monocyte
differentiation. We also noticed that the titers at 7 days post infection for THP-1 cells that were
differentiated for 72 hours had titers that were 10 times less than the infected THP-1 cells were
differentiated for only 24 hour, which was unexpected.

Deletion of predicted pUS20 transmembrane domains alters protein levels of pUS20 and
destabilizes the specific cytoplasmic localization

To study the role of the predicted transmembrane domains in the cytoplasmic localization
of pUS20, we constructed several viruses that expressed truncated forms of pUS20 using the
previously mentioned homologous recombination techniques. Using the predictions (Figure
3.2A) as a guide, we systematically deleted each of the predicted transmembrane (TM) domains
(Figure 3.13A). In addition to deleting the predicted domains, we also inserted a 3xFlag and
polyhistidine tandem affinity tag (3xFlag-6xHis-KanR) at the C terminus end to allow us to track
the truncated protein. PCR and restriction digestion of the modified BACs confirmed that the tag
inserted in the US20 gene and that no unwanted genomic recombination took place (Figure
3.13B). The recombinant BACs were also sequenced, which not only confirmed the deletion of
the predicted transmembrane domains but also insured that the tag was inserted in frame. Based
upon visualization of CPE and GFP expression in infected HFFs, we determined that the
truncated mutants grew at levels similar to the wild-type (Figure 3.13C).

In our immunoblotting experiments of our truncation mutants, we observed that the
protein levels of the truncated pUS20 in infected HFFs decreased for some of the recombinant
viruses. We quantified the band intensities using ImageQuant, using IE72 (IE1) as a loading
control and to normalize for possible variation in virion concentration of the inoculum. We
found that the protein levels of truncated pUS20 in the viruses, US20 (1-142), US20(1-113),
US20 (1-88), US20(1-60), and US20(1-27) to be less than 50% of the protein levels of the full
length pUS20 of the US20(3xF-His) virus. While the pUS20 levels of US20 (1-206) and US20
(1-174) were roughly equivalent to US20-3xF-His (Figure 3.14A). These results indicated that
the lack of predicted TM5, TM6, and TM7 reduced protein levels of pUS20.

To determine if the change in protein levels was occurring at the RNA stage or the
protein stage, we performed gRT-PCR to measure levels of US20 mRNA in RNA samples taken
from HFFs infected with US20(1-60), US20-3xF-His, and wild-type Towne BAC. The results
showed that the US20 mRNA levels were the same for both US20(1-60) and US20-3xF-His
(Figure 3.14B), suggesting that the change in protein level was not occurring during transcription.
A growth curve study of US20(1-60), US20-3xF-His and wild-type Towne BAC in HFF
quantitatively showed that truncating pUS20 did not impact the fitness of the virus (Figure
3.14C). This confirmed that the reduction in protein levels was not because of a reduction in
viral replication.

For the immunofluorescence assay, we infected HFFs with the recombinant viruses
expressing the truncated forms of pUS20 and fixed the cells at 72 hpi (Figure 3.15). We found
that the truncated pUS20 expressed by the US20(1-88), US20(1-113), US20(1-143), US20(1-
174), and US20(1-206) viruses all exhibited a distinctive cytoplasmic localization similar to the
phenotype that we observed with the nontruncated pUS20 expressed by the US20-3xFlag-His
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Figure 3.12. Viral growth curve shows that deletion of US20 ORF does not impact infection
and replication in differentiated THP-1 cells.

THP-1 cells were initially differentiated for either 1, 3, or 7 days with TPA and then infected
with either US20 deletion virus (US20ko) or wildtype Towne BAC (WTBAC) virus at an MOI
of 0.1. The supernatant was harvested and titered on HFFs. GFP expressing plaques were
counted using a fluorescent microscope. All experiments were performed in triplicate.
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Figure 3.13. Construction of US20 Truncation mutants.

(A) Schematic of truncation mutants. Insertion deletion mutagenesis was used to delete the
predicted transmembrane domains and insert an affinity tag containing a 3xFLAG and a poly-
histidine epitope at the C terminus. (B) PCR using primers flanking US20 confirmed the deletion
and insertion of the tag. Restriction digests were performed on the recombinant BACs using
Hind 111 restriction enzymes. (C) HFFs were infected with the truncation mutants for 72 hpi and
viral fitness was determined by visualization of GFP expressing cells.
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Figure 3.14. Truncation of pUS20 results in reduction in protein levels.

(A) HFF cells were infected at an MOI of 1 with the US20 truncation mutants, the tagged US20
virus (US20-3xF-6xHis) and the wild-type Towne BAC (WTBAC). The lysates were harvested
and immunoblotted with either anti-FLAG to identify pUS20 or anti-1E72 to control for viral
infection. ImageQuant was used to quantify the expression, using IE72 for normalization. The
results were the normalized in reference to US20-3xF-His. (B) gRT-PCR results measuring
US20 mRNA levels in lysates harvested from US20(1-60), US20(3xF-His), and WTBAC virus.
CT values were first normalized to IE1 transcript levels and then normalized to US20(3xF-His).
(C) Viral growth curve of US20(1-60) in HFFs infected at MOI of 0.005.
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virus. We also observed that US20(1-60) virus, which expressed the truncated pUS20 with only
TML1, showed both the distinctive and a dispersive cytoplasmic localization, while US20(1-27),
which expressed the truncated pUS20 with no TM domains, showed only the dispersive
cytoplasmic localization. This data suggests that the transmembrane (TM) domains 2, 3, 4, 5, 6,
and 7 are not essential for the specific cytoplasmic localization of pUS20.

pUS20 forms oligomers

It has become generally accepted that GPCRs can form homo- and hetero- dimers [23]
and that this dimerization can play a role in transport to the plasma membrane [24], ligand-
promoted regulation [25], signal transduction [26], and receptor internalization [27]. Since both
GPCRs and pUS20 share a common trait of having seven transmembrane domains, we
hypothesized that pUS20 could also form dimers and oligomers. Briefly, samples were prepared
by infecting HFFs with the US20-3xF-His virus, harvesting the proteins at 72 hpi, selectively
adding dithiothreitol (DTT), and then incubating the samples at 37°C. DTT is a reducing agent
that has been used by other groups in the past to show homo-dimerization [28]. For the US20-
3xF-His samples, we were able to see the 28-kDa -immunoreactive band, representing the
tandem affinity tagged pUS20 monomer, under reducing (DTT) and non-reducing (minus DTT)
conditions (Figure 3.16). We also observed an immunoreactive band that migrated at a size
predicted for a tandem affinity tagged pUS20 dimer (56 kDa), which showed an increase in
immunostaining under non-reducing conditions.

To confirm the homo-dimerization of pUS20, we used a co-immunoprecipitation
approach, which has not only been used to demonstrate the existence of homo-dimers, but also
hetero-dimers of GPCRs [29]. Prior to the co-transfection experiment, we wanted to see if the
cloned and tagged pUS20 behaved similarly to the pUS20 expressed during viral infection. We
repeated the “thermal aggregation” experiment (Figure 3.2A) using lysates from 293T cells
either transiently expressing cMyc-US20 or US20-FLAG. In both cases, using the respective
antibodies, we found an immunoreactive band at 25kDa in samples incubated at 37°C, which
was slightly smaller than the size of the pUS20 with the 3xF-6xHis tag (Figure 3.17A). For the
samples that were incubated at 97°C, we saw an immunoreactive band greater than 170kDa and
no bands present at 25 kDa in cells transiently expressing cMyc-US20 and several large bands
greater than 55 kDa in cells transiently expressing US20-FLAG. Even though we saw a 25 kDa
band in both the 37°C and 97°C incubated samples from cells transiently expressing US20-
FLAG, the band intensity was less for the 97°C incubated sample. In addition, we determined
that both cMyc-US20 and US20-FLAG could form homo-dimers and homo-oligomers through
immunoblotting using identical sample preparation conditions from the infection experiments
(Figure 3.17B). From these results, we concluded that both transiently expressed tagged pUS20
in 293T cells behaved similarly to the tagged pUS20 expressed during HCMV infection.

For the co-immunoprecipitation, 293T cells were co-transfected with plasmids expressing
N-terminus c-Myc tagged pUS20 (cMyc-US20) and C-terminus FLAG tagged pUS20 (US20-
FLAG). The protein lysates were harvested and US20-FLAG complexes were
immunoprecipitated with anti-FLAG antibodies. The elutions were then separated under non-
reducing conditions (no DTT) and the resulting membrane was immunoblotted with either anti-
FLAG or anti-cMyc antibodies. From our eluted US20-FLAG complexes from cells transiently
expressing both plasmids, we had immunoreactive bands of 50 kDa and 75 kDa in size using
anti-FLAG antibodies for staining (Figure 3.18A) and immunoreactive bands of 25 kDa, 50 kDa,
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Figure 3.16. Immunoblot of pUS20 shows homo-dimerization.

HFF cells were infected with either US20-tagged virus (C terminus tagged with 3xFLAG and
poly histidine epitopes) or wildtype Towne BAC (WTTowne BAC virus. Cells were harvested at
72hpi and protein samples treated with either 0.1M dithiothreitol (DTT) (reduced) or water (non-
reduced), incubated at 37°C for 30 minutes and separated on a 10%SDS-PAGE gel. The *
indicates the monomer, while the ** represents the dimer.
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Figure 3.17. Immunoblotting of cMyc-tagged pUS20 and FLAG-tagged pUS20 shows
dimerization.
293T cells were transfected with either pcDNA plasmid expressing US20 tagged at the C
terminus with FLAG epitopes (US20-2xF), pPCMV-Myc plasmid expressing US20 tagged at the
N terminus with a cMyc epitope (myc-US20) or an empty plasmid (Neg). Proteins were then
harvested after 48 hours. (A) Samples were treated with beta-mercaptoethanol and heated at
either >95° or 37° Celsius. (B) Samples were either treated with DTT (+) or water (-) and then
heated at 37° Celsius. All samples were run on 10% SDS-PAGE gel. The resulting membranes
were immunoblotted with either anti-FLAG or anti-cMyc antibody to identify pUS20. Anti-beta
actin immunoblotting served as a loading control. * indicates the US20 monomer, while **
represents the dimer.
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Figure 3.18. Co-immunoprecipitation shows dimerization of transiently expressed cMyc-
US20 and US20-Flag.

293T cells were transfected with either a plasmid expressing a N- terminus cMyc-tagged pUS20
(cMYC-US20), a plasmid expressing C-terminus FLAG-tagged pUS20 (US20-FLAG), or both
plasmids. Protein lysates were harvested after 48 hours and then subjected to
immunoprecipitation (IP) using anti-FLAG antibody and Protein A/G beads. Proteins were
eluted from the beads with 3XxFLAG peptides (150 pg/uL) and separated on a 10% SDS-PAGE
gel. Membranes were then immunoblotted with either (A) anti-FLAG or (B) anti-cMyc
antibodies.
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and 75 kDa in size when we probed with anti-cMyc antibody (Figure 3.18B). This result showed
that both US20-FLAG and cMyc-US20 peptides did associate with each other strengthening the
hypothesis that pUS20 can form homo-dimers and higher order oligomers.

To identify specific regions of pUS20 important for its homo-dimerization, we examined
the ability of our truncated pUS20 peptides expressed by our recombinant viruses to form dimers
or oligomers. Following the approach we took with the full-length tagged pUS20 expressed by
US20-3xF-His, we infected HFFs with the recombinant viruses and harvested the lysates after 72
hpi. The lysates were then selectively treated with DTT and then separated on a SDS-PAGE gel.
We found that lanes containing lysates from US20(1-142), US20(1-174), and US20(1-206) had
two distinct immunoreactive bands, the smaller band representing the truncated monomer and
the second band representing the dimer (Figure 3.19). While we did identify an immunoreactive
band representing the monomer for US20(1-27), US20(1-60), US20(1-88), and US20(1-113),
there was no “dimer” band visible suggesting that the truncated pUS20 expressed by these
viruses were unable to form dimers. From these results, we believe that pUS20 does not need
TM5, TM6, and TM7 in order to form dimers.

HCMV US20 ORF gene does not modulate Caspase 3 activation after staurosporine treatment

Because our BLAST search predicted a Bax-inhibitor-1-like domain in pUS20, we
hypothesized that pUS20 may have functions similar to the Bax-inhibitor-1 protein. Originally
discovered in yeast cells [30], Bax-inhibitor-1 (BI-1) and its orthologs have been shown to
inhibit BAX-induced apoptosis in yeast, mammalian, and plant cells [30-32]. The topology of
BI-1 is still not fully understood with bioinformatical analysis suggesting six to seven
transmembrane domains, with the seventh domain being less hydrophobic than the first six
domains [33]. The shared characteristic of having multiple transmembrane domain further
strengthened the possibility that pUS20 could function similarly to BI-1.

We decided to examine US20 ORF’s ability to inhibit BAX-induced apoptosis using
staurosporine (STS), a potent inhibitor of protein kinases produced by Streptomyces
staurosporeus [34], as the apoptosis inducer. STS has been used successfully by various groups
to trigger Bax-induced apoptosis [35, 36]. Furthermore, overexpression of BI-1 in 293T cells
has been successfully shown to inhibit apoptosis induced by STS [30]. We first sought to
examine if the overexpression of US20-FLAG would prevent be able to prevent apoptosis
induced by STS. Briefly, 293T cells were transfected with either the US20-FLAG expressing
plasmid or empty plasmid and then treated with STS for six hours. The cells were then assayed
for apoptosis by measuring Caspase-3 activity, one of the main apoptosis executioners, with the
expectation that inducing apoptosis would cause an increase in Caspase-3 cleavage activity [37,
38]. We found that there was no significant difference in Caspase-3 activity between cells over
expressing US20-FLAG and the control, suggesting that pUS20 is unable to inhibit apoptosis
induced by STS (Figure 3.20A). We believe that the higher levels of Caspase-3 activity in 293T
cells treated with STS that were not transfected, relative to the levels in transfected cells was the
result of cell death caused by transfection process. The protein lysates from the experiment were
also harvested and immunostained with anti-FLAG antibodies to indicate transient expression of
US20-FLAG (Figure 3.20B).

To see if the deletion of the US20 ORF would impact STS-induced apoptosis during
HCMV infection, we infected HFF cells with either the US20ko or wild-type Towne BAC virus
for 72 hours and then treated the cells with STS for 6 hours. The protein lysates were then

98



(\
ST SR LN\ SR A S
IR IR O S AR R X
kDa + -+ -+ -+ - 4+ -+ -+ - + - 4+ - DIT
55— ‘4‘ 7]
*%
43— o " A
34—
— .
17— -. ~ .

99

FLAG

IE1

Figure 3.19. Immunoblot of pUS20 truncated mutants suggests that TM5-TM7 are not
necessary for dimerization.
HFF were infected with recombinant viruses expressing truncated forms of pUS20, with each
truncated peptide tagged at the C terminus with a 3XFLAG and poly histidine epitope. In
addition, we also infected cells with a virus expressing the full length-tagged US20 (3x-Flag His)
or wildtype Towne BAC virus (WTTowne BAC) as controls. Infected cells were harvested at
72hpi, lysates were treated with either 0.1M dithiothreitol(DTT) (reduced) or water (non-
reduced) and then incubated at 37°C for 30 minutes. Samples were run on a 10%SDS-PAGE gel
and immunblotted with either anti-FLAG antibody or anti-HCMV IE1 antibody. The * indicates
the monomer, while the ** represents the dimer.
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Figure 3.20. Over expression of US20-FLAG does not change Caspase-3 activity induced by
STS treatment.

(A) 293T cells transiently expressing US20 tagged at the C terminus with FLAG epitopes (US20)
were treated with 1uM of STS or mock treated (DMSO) for six hours. Cells were then lysed and
Caspase 3 activity was measured using the Caspase-3 Assay Kit( BD Pharmingen). Resulting
fluorescence was measured using a luminometer. Experiments were repeated in triplicate. (B)
Cellular lysates from figure A were also run on 10% SDS-PAGE gel, transferred and
immunoblotted with either anti-FLAG or anti-beta actin.
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harvested and then assayed for Caspase-3 activity. As expected, cells that were treated with STS
had higher levels of Caspase-3 activity, however, we did not see any difference in levels between
samples from cells infected with either US20ko virus or wild-type Towne BAC virus indicating
that the deletion had no impact on apoptosis (Figure 3.21). We did notice that uninfected HFFs
that were treated with STS had higher levels of Caspase-3 activity than the infected cells, which
we believe to be the result of HCMV’s termination of cell cycle progression in human fibroblast
cells [39]. This termination would prevent cellular replication in infected cells, resulting in
fewer cells relative to the uninfected at the 72 hours harvest time point. The results of this
experiment suggest that US20 ORF may not play a role in apoptosis despite having the Bax-
inhibitor-1 domain.

HCMV pUS20 associates with valosin containing protein (VCP)

To help elucidate the function of US20 ORF, we used immunoprecipitation (IP) to
identify proteins that interacted with pUS20. Briefly, we transiently expressed cMyc-US20 in
293T cells and performed an IP using anti-cMyc antibodies and Protein A/G beads. The eluted
proteins were separated on a 10% SDS-PAGE gel and then stained with coomassie blue. We
identified one band of 25 kDa, two bands of 72 kDa and two bands of 95 kDa in size present in
the lane containing lysates from the cMyc-US20 expressing cells but were absent in the negative
control (empty plasmid) (Figure 3.22A). The two bands of 95 kDa were excised as one group,
the two bands of 72 kDa were also excised as another, and the 25kDa band was excised on its
own. After excision from the gel, the bands were submitted for identification by mass
spectrometry. We identified the bands to be Sodium Potassium ATPase alpha-1 subunit,
Calnexin, transitional endoplasmic reticulum ATPase (VCP), succinate dehydrogenase
flavoprotein subunit, and three heat shock proteins (HSP-90, HSP-71, HSP 70) (Figure 3.22B).

As of yet, we have been able to confirm the association of pUS20 and transitional
endoplasmic reticulum ATPase (also referred to as VCP) under the context of infection by co-
immunoprecipitation (co-IP). Briefly, we infected HFFs at high MOI with the US20-3xF-His or
wild-type Towne BAC virus and harvested the lysate after 72 hpi. We incubated the lysate with
anti-FLAG antibodies and Protein A/G beads, washed the beads, and eluted the attached proteins.
The proteins were then separated on a 10% SDS-PAGE gel and then either immunoblotted with
anti-FLAG or anti-VCP. An immunoreactive band at 95 kDa representing VCP was present in
both the input lanes and the lane containing the elution from the co-IP of the US20-3xF-His
infected cells (Figure 3.23A). A reciprocal co-1P was also performed using anti-VCP and
Protein A/G beads, but the presence of a nonspecific band roughly the same size as pUS20
caused the results to be inconclusive (data not shown). In addition to the co-IP, we also found
VCP to co-localize with certain aggregates of pUS20 in the context of infection using confocal
fluorescence microscopy (Figure 3.23B). These results confirm that pUS20 does associate with
V/CP under the context of HCMV infection.

Discussion
In this study we extensively profiled the HCMV US20 ORF using a recombinant HCMV
virus expressing an epitope tagged US20 protein. We were able to show that US20 ORF

encodes a single protein of 28 kDa in size, which we designated pUS20. Furthermore, our
kinetic studies found pUS20 to be expressed during the early phase of HCMV infection, which
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Figure 3.21. The presence of US20 ORF in HCMYV does not impact Caspase-3 activity in
infected HFF cells treated with STS.

HFF cells were infected with either HCMV US20 deletion virus (US20ko) or wild-type Towne
BAC (WTBAC) virus. After 72 hours, the infected cells were treated with either 1uM of
staurosporine (STS) or mock treated (DMSO) for six hours. Cells were then lysed and Caspase-
3 activity was measured using the Caspase-3 Assay kit (BD Pharmingen). Resulting
fluorescence was measured using a luminometer. Experiments were repeated in triplicate.
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excised
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1]
2|
3
Excised Identified Protein Predicted molecular weight (kDa) SwissProt
Bands Accession #
1 Na(+)/K(+) ATPase alpha-1 subunit 112.9 (Large isoform)/ 74.1 (Small isoform) P05023
Calnexin 67.6 P27824
Transitional endoplasmic reticulum ATPase (VCP) 89.3 P55072
HSP-90-beta 83.3 P08238
2 Heat shock cognate 71 kDa protein 70.8 P11142
Heat shock 70 kDa protein 1A/1B 70.1 P08107
Succinate dehydrogenase [ubiquinone] flavoprotein subunit 72.7 P31040
3 cMyc-US20

Figure 3.22. Identifying pUS20’s interacting partners using immunoprecipitation.

Protein lysates from 293T cells transiently expressing cMyc-US20 or empty plasmids ((-) control)
were immunoprecipiated using anti-cMyc antibodies and Protein A/G beads. Eluted proteins
were separated on a 10% SDS-PAGE gel and stained with coomassie blue (A). We identified
five distinct bands that were not present in the negative control, which we submitted for
identification by mass spectrometry (B).
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Figure 3.23. Confirmation of pUS20 and VCP association by co-immunoprecipitation and
IFA.

To confirm the localization of pUS20 and VCP, we performed a co-immunoprecipitation using
anti-FLAG and Protein A/G beads on lysates harvested from HFF cells either infected with
US20-3xF-6xHis or wild-type Towne BAC (WTTowne BAC). Eluted proteins were separated on
a 10% SDS-PAGE gel and immunoblotted using anti-VCP, anti-FLAG, and anti-pp28 (A). The
bands present at 26 and 55 kDa represent the light and heavy chain of the anti-FLAG antibody,
respectively. An IFA was performed on HFFs infected with US20-3x-6xHis virus for 72 hpi.
Cells were fixed with methanol and then stained with anti-VCP, anti-FLAG, and DAPI. Anti-
VCP was visualized with secondary anti-rabbit conjugated to AlexaFluor®488, while anti-FLAG
was visualized with secondary anti-mouse conjugated to AlexaFluor®647. The arrow indicates
co-localization of the two stained proteins.
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was consistent with Chambers et al. who also determined the US20 transcript to be expressed
during the early phase of replication by DNA microarray [40]. Through immunofluorescence,
we found pUS20 to localize to a specific cytoplasmic structures after 36 hpi, which we found to
not be a part of the ER or the TGN using Bip and Golgin245 antibodies, respectively, as markers.
We did find a small population of cells exhibiting co-localization of pUS20 and EEAL,
suggesting that while pUS20 may be present in endosomes, the localization is transient. In
addition, we found that the cytoplasmic localization was not dependent on other viral genes
expressed during the last phase of HCMV replication.

Through topology prediction software, we identified seven hydrophobic regions, which
indicated that pUS20 was a membrane protein with seven transmembrane domains. This
prediction was supported by our evidence that tagged pUS20 showed thermal aggregation
properties, which is a common phenomenon for heat-denatured membrane proteins [8]. Given
the prediction of seven transmembrane domains, we considered that pUS20 would localize to the
surface of the cell in a fashion similar to G-protein coupled receptors (GPCRs) [41]. However,
our IFA studies involving selective permeabilization of the cellular membrane did not detect
pUS20 at the surface of the cell, indicating that pUS20 remains internalized in the cell.

Our growth curve studies of the recombinant virus with the US20 gene knocked out
concluded that the gene is not essential for infection and replication in HFF, RPE, HMVEC and
differentiated THP-1. Despite the fact that US20 is dispensable for viral growth in the cell lines
we studied, we still believe US20 to be essential for in vivo infection, since the virus would be
under evolutionary pressure to remove genes that did not contribute to infection and replication
of its host. An example would be the ORF m155 in murine cytomegalovirus (MCMV). While
the m155 knock out virus showed no growth defect in cell culture, a dramatic attenuation of viral
virulence and growth was observed in the animal model [42]. These results suggest that we may
not be able to observe a replication phenotype of the US20ko virus in a cell culture model and
that a more complex model may be necessary to observe the virus’ impact on replication and
infection.

One property that pUS20 does appear to share with some GPCRs, is its ability to form
homo-dimers or homo-oligomers, which we showed through co-immunoprecipitation. While we
are still not sure what functional role this property plays in HCMV infection, we can hypothesize
based upon existing literature. Homo-dimerization has been shown to allow GPCRs to escape
the ER quality-control system [23], so the dimerization of pUS20 may allow the protein to
escape degradation. Homo-dimerization has also been found to be important for internalization
of receptors [43], which could explain why pUS20 is not expressed on the surface of the cell. In
addition to homo-oligomers, GPCRs have also been found to form hetero-dimers and there is
evidence to support its role in pharmacological diversity [26] and internalization [44].
Furthermore, BILF1, a GPCR encoded by herpesvirus Epstein-Barr virus (EBV), was shown to
hetero-dimerize with a subset of human chemokine receptors, although the consequence of the
“hijacking” was not explored [45]. Given that both EBV and CMV are herpesviruses, it is
possible that pUS20 may also hetero-dimerize with other seven transmembrane proteins in a
similar fashion.

The recombinant viruses expressing truncated forms of pUS20 allowed us to further
decipher the impact of the seven predicted transmembrane (TM) domains on the properties we
observed. We found that the deletion of the TM5 through TM7 reduced the protein levels of
pUS20, with additional TM deletions resulting in further decreases in protein levels. This
suggests that TM1 through TM5 may be important for maintaining high protein level. The lack
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of difference in US20 RNA transcripts in HFFs infected with either US20(1-60) and US20-3xF-
His suggests that the reduced protein level phenotype occurred after transcription. In addition,
we found that deleting TM 2 through 7 resulted in a destabilization of pUS20’s cytoplasmic
localization. Lastly, we determined that the deletion of TM 4 through TM7 resulted in the
inability of pUS20 to form a homo-dimer. Given these results, we believe that there may be a
correlation between the stability of pUS20 protein levels and its ability to dimerize, which would
support the theory that pUS20 needs to dimerize in order to avoid the ER quality-control system.
We can also infer from these results that the unique cytoplasmic localization of pUS20 may not
relate to its ability to dimerize.

Our initial hypothesis of US20 ORF was that it played a role in apoptosis, given the bax-
inhibitor-1 domain that we predicted via BLAST. However, our overexpression of puS20 in
293T cells was unable to inhibit apoptosis induced by staurosporine and we observed no
difference in apoptosis resistance for the HFFs infected with US20ko virus. These results
suggest that the US20 ORF does not play a major role in apoptosis.

Through a combination of immunoprecipitation and mass spectrometry, we were able to
identify multiple potential proteins that could associate with pUS20. So far, we have been able
to confirm the association of Valosin Containing Protein(\VVCP) aka Translational Endoplasmic
Reticulum ATPase with pUS20. VCP is a ubiquitously expressed protein belonging to the
AAA+ (ATPase associated with various activities) protein family, that has been implicated in
many cellular processes including cell cycle regulation, nuclear envelope formation, Golgi
biogenesis, autophagy, and the ubiquitin proteasome system [46]. In addition to cellular process,
VCP has also been shown to play a role in viral infection, specifically the HBx protein of
Hepatitis B [47]. The protein has also been found to be associated with neurodegenerative
disease, which links VCP to brain function [48]. Given the abnormalities in brain development
of fetuses with congenital HCMV infection [49], the interaction of pUS20 and VCP could be a
factor in HCMV infection of the brain.

While the associations have not yet been confirmed by co-immunoprecipitation, the pull
down of Sodium Potassium ATPase alpha-1 subunit and succinate dehydrogenase flavoprotein
presents new possible hypotheses for the function of US20. Sodium Potassium ATPase alpha-1
subunit is a component of the membrane-associated enzyme that catalyzes the transfer of Sodium
and Potassium ions across the surface of the plasma membrane [50]. Previous studies of HCMV
in fibroblasts have shown that HCMYV infection causes an increase in host cell plasma membrane
potential and this may be the result of viral-stimulation of Na+/K+ ATPase [51]. Succinate
dehydrogenase flavoprotein (SDHA) is a key enzyme in the tricarboxylic acid cycle (TCA) and
can also contribute to the electron transport chain [52]. Previous studies have shown that HCMV
infection increases the transcript levels of SDHA, along with other metabolic components in an
effort to provide sufficient resources for viral replication [53]. The potential association of
pUS20 with these two proteins suggests that US20 may modify these host proteins to benefit the
virus during infection.

In this study we have examined the innate characteristics of the US20 ORF and its
protein product. The identification of pUS20 and VCP’s interaction is also exciting since it may
potentially be a mechanism explaining how HCMYV causes brain damage in infants. Despite the
fact that the function of US20 ORF still remains uncertain at this point, this study provides a
foundation and direction for future studies to further explain US20’s role in HCMV infection.

Materials and Methods
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Cells and media

Human primary foreskin fibroblasts (HFF) (CC-2509, Clonetics, San Diego, CA) and
human embryonic kidney 293 cells (HEK293T) (ATCC, Manassas, VA) were propagated using
Dulbecco’s Modified Eagle Medium (D-MEM) (Invitrogen, Carlsbad, CA) supplemented with
10% FBS, 1% Penstrep, and 0.2% Fungizone. Retinal pigment epithelials (RPE) (C4000-1,
Clontech, Mountain View, CA) that were immortalized with human telomerase reverse
transcriptase (hnTERT) were propagated with DMEM/F-12 media (Invitrogen, Carlsbad, CA)
supplemented with 10% FBS, 17.3mL Sodium Bicarbonate, 1% Penstrep, 0.2%Fungizone, and
5mL L-glutamine. Human microvascular endothelial cells (HMVEC) (CC-2527, Clonetics, San
Diego, CA) were propagated with the EGM-2 MV BulletKit (Lonza, Basel, Switzerland).
Human acute monocytic leukemia cell line (THP-1) (ATCC, Manassas, VA) were propagated in
RPMI Medium 1640 (Invitrogen, Carlsbad, CA) supplemented with 10% FBS, 1mM Sodium
Pyruvate, 0.05mM B-Mercaptoethanol, 10mM HEPES, 1% Penstrep, and 0.2% Fungizone.

Plasmids

The US20-FLAG plasmid was constructed using the pcDNA3.1(+) plasmid (Invitrogen,
Carlsbad, CA) as the backbone. Using the primers US20-2xFLAG-KPNZ1up and 2xFLAG-
NOT1dn, we PCR amplified US20 and its C terminus FLAG affinity tag using the US20-2xF-PA
BAC, which we previously constructed, as the template. During the amplification, we also
inserted a KPNL1 cut site upstream of the cloned US20 and three UAA stop codons and a NOT1
cut site downstream. Both the PCR product and pcDNA3.1(+) were digested with KPN1 and
NOT1 restriction enzymes (New England Biolabs, Ipswich, MA), separated on 10% agarose gel,
gel excised and purified using a gel extraction kit (Qiagen, Valencia, CA). The digested plasmid
and PCR product were then ligated together using ligase (Invitrogen, Carlsbad, CA) and then
transfected into chemically competent E. Coli Top10 cells (Invitrogen, Carlsbad, CA). Cells
were allowed to recover for one hour at 37°C and then plated on LB plates supplemented with
ampicillin antibiotics. Colonies were picked after 16 hours, propagated and the purified DNA
was submitted for sequencing at the UC Berkeley DNA Sequencing Facility (Berkeley, CA).
The cMyc-US20 plasmid was constructed in a similar fashion using the pCMV-Myc plasmid
(Clontech, Mountain View, CA) as the backbone and the PCR primers, cMyc-US20-Sallup and
cMyc-US20-Kpnldn.

Antibodies

Anti-FLAG antibodies, used for identifying pUS20 expressed from US20-FLAG plasmid,
US20-2xF-PA virus and US20-3xF-His virus, were purchased from Sigma Aldrich (Saint Louis,
MO). Antibodies against EEA1 (made in rabbit), Golgin45 (made in rabbit), Bip/GRP78 (made
in rabbit), and B-actin (made in mouse) were purchased from Santa Cruz Biotechnologies, Inc.
(Santa Cruz, CA). HCMV Immediate Early 1 (IE1 aka IE72) antibody (made in mouse) was
purchased from Millipore, Inc. (Billerica, MA). HCMV pp28 antibody (made in mouse) was
purchased from Virusys Corporation (Taneytown, MD). C-Myc antibody (made in mouse) was
purchased from Clontech (Mountain View, CA). Anti-VCP (made in rabbit) was purchased from
Cell Signaling Technology ® (Beverly, MA). Secondary antibodies for immunoblotting
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(peroxidase anti-mouse 1gG) and immunofluorescence (fluorescein anti-mouse IgG, texas red
anti-mouse 1gG, texas red anti-rabbit 1gG) were purchased from Vector Laboratories
(Burlingame, CA). Lastly, secondary antibodies for immunofluorescence, anti-mouse Alexa
Fluor® 647 and anti-rabbit Alexa Fluor® 488 were purchased from Invitrogen (Carlsbad, CA).

Bioinformatic Analysis

The sequence of the US20 ORF in the Towne strain was obtained from our own
sequencing data of the wild-type Towne BAC [4]. The predicted peptide sequence of pUS20
was obtained by using the translation software in Lasergene EditSeq (DNASTAR, Madison, WI).
To obtain prediction topology data of pUS20, we submitted the peptide sequence to several
online algorithms listed on the EXPASyY website. Prediction of domains in pUS20 was
performed by submitting the peptide sequence to the BLAST website and using the protein blast
program (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequence similarity analysis of pUS20
homologs was performed by obtaining the US20 DNA sequences of different viral strains from
the nucleotide database at NCBI (http://www.ncbi.nlm.nih.gov/genbank/). The in silico
translated sequences were then aligned and compared using Lasergene MegAlign (DNASTAR,
Madison, W1).

Construction and Propagation of Recombinant HCMV virus

The US20-3xF-His virus, along with the recombinant viruses expressing truncated forms
of pUS20, was constructed by allele exchange mutagenesis [4]. Using a pUCK19 plasmid as our
template which was modified in our lab to be a tandem affinity tag containing: a 3xFlag epitope,
a tobacco etch virus cleavage site, and a poly histidine epitope, we generated the targeting
cassette by PCR. Using primers 5-13, listed in the supplementary primer table, and the template,
we PCR amplified tag cassettes containing the tandem affinity tag and a kanamycin resistance
gene with 70-75 nucleotide arms that were homologous to the sequences flanking the insertion
site. The resulting PCR products were then run on a 1% agarose gel and the 1.6 kilobase band
was gel purified using a gel extraction kit (Qiagen, Valencia, CA). The purified PCR product
was then electroporated into an electroporation competent E. Coli EL350 strain, which harbored
the wild-type Towne BAC. The electroporated bacteria were incubated in a shaker at 30°C to
allow for recovery and lambda red recombination to occur and then plated on a Luria Bertani
(LB) agar plate supplemented with 12.5ug/mL Chloramphenicol and 100ug/mL Kanamycin.
The bacteria were then returned to the 30°C incubator for 48 hours and positive clones were
identified by colony PCR using primers 14 and 15 that flanked the predicted US20 ORF. A
successful recombination event was determined by a band shift of 1.5kb when the PCR products
were run on a 1.5% gel. To obtain sufficient amount of the recombinant BAC, we grew up large
cultures and purified the BACs using the Nucleobond® PC500 kit (Clontech, Mountain View,
CA). PCR amplicons of the insertion site in the recombinant BACs were submitted to UC
Berkeley DNA Sequencing Facility (Berkeley, CA) to confirm insertion was in frame. Purified
recombinant BACs was then electroporated into human foreskin fibroblasts and the cells were
then seeded in a T-25 Flask. The DMEM media was changed the day after electroporation and
the cells were incubated at 37°C and 5% CO, for 14 to 21 days till 100% cytopathic effect (CPE)
was evident. CPE was determined by plaque formation and green fluorescent protein (GFP)
visualization using a Nikon Eclipse TE300 Fluorescence microscope (Nikon, Tokyo, Japan).
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The construction of the US20ko virus was performed in a manner similar to the approach
taken above. We used primers 16 and 17 and the pZeo plasmid as a template to generate our
deletion cassette which contained the Zeocin resistance gene flanked by arms homology
targeting the US20 ORF. Steps identical to the ones explained above were taken to generate the
recombinant BAC with the replacement of US20 ORF with the Zeocin resistance gene, except
for the substitution of 50 pg/mL of Zeocin for kanamycin antibiotics.

All viruses generated from the recombinant BACs were harvested by scraping the flasks
with a plastic scraper. The infectious inoculum was then frozen in liquid nitrogen and thawed in
a 37°C water bath. This freeze-thaw process was repeated three times and the infectious
inoculum was then centrifuged for 30 minutes at 4000RPM, 4°C to remove cellular debris. The
supernatant containing the infectious inoculum were then aliquot and stored at -80°C.

Restriction Digest Profile and Southern Blot

The recombinant HCMV BAC DNA was harvested using lysing reagents from the
QIAprep® Spin Miniprep Kit (Qiagen, Valencia, CA) and a modified protocol. The harvested
BACs were digested with Hindll1I restriction enzyme (New England Biolabs, Ipswich, MA) for
16 hours at 37°C. The digested products were then separated on a 0.8% agarose gel overnight at
4°C. The resulting gel containing the restriction digest profile of the recombinant BACs was
then placed into a capillary transfer apparatus overnight to allow for the DNA to transfer from
the gel to the GeneScreen Plus® Hybridization Transfer Membrane (Perkin Elmer, Wellesley,
MA). The membrane was then quickly rinsed in distilled water and the DNA was fixed by UV-
crosslinking using a UV Stratalinker® 1800 (Agilent Technologies, Santa Clara, CA).

The membrane was then incubated with prehybridization solution (20xSSC/Formamide/
Non-Fat Dried Milk) containing salmon sperm DNA (ssDNA) for three hours at 65°C. The
template for the radioactive probe was prepared by PCR amplifying the Zeocin Resistance Gene
from the modified pZeo plasmid, separating the PCR product from the plasmid template by gel
electrophoresis and then excising the ~500 bp fragment from the agarose gel using the
QIAquick® Gel Extraction Kit (Qiagen, Valencia, CA). Using the excised fragment, we
generated the radioactive probe by “random primed” DNA labeling using the Random Primed
DNA Labeling Kit (Roche, Mannheim, Germany) and alpha- **P dCTPs nucleotides (Perkin
Elmer, Wellesley, MA). The membrane was then incubated with fresh hybridization solution,
ssDNA, and the radiolabelled probe overnight at 65°C. Following the overnight probing, the
membrane was washed with 20xSSC-based solutions of various concentrations, exposed, and
visualized using the phosophoimager, Storm 840 (GE Healthcare, Waukesha, W1).

Thermal Aggregation

Protein lysates from either HFFs infected with US20-3xF-His after 72 hours or 293T
cells transiently expressing either cMyc-US20 or US20-FLAG were harvested using M-PER
lysing reagent (Thermo-scientific, Rockford, IL). Loading dye supplemented with 2-
mercaptoethanol was then added to the samples. Thermal aggregation was induced by boiling
the samples at >95°C for 10 minutes, while the control samples were incubated at 37°C for 30
minutes. The samples were then separated on a 5% stacking and 10% resolving SDS-PAGE gel
and the proteins were electrotransferred to a nitrocellulose membrane (BioRad, Hercules,CA).
Membranes were blocked with 5% Nonfat Dry Milk (NFDM) for two hours and then stained
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with either anti-FLAG or anti-cMyc antibodies to probe for puS20 for two hours. Anti-f-actin
antibody was also added to measure protein loading levels. Following the primary antibody
incubation, the membranes were washed three times with PBS supplemented with 0.05%
Tween20 and then stained with peroxidase horse anti-mouse IgG secondary antibody for two
hours. Membranes were again washed three times with PBS supplemented with 0.05% Tween20
and then treated with Western Lightning® plus-ECL (Perkin Elmer, Wellesley, MA). The
treated membranes were then exposed to film.

Immunofluorescence Assay

HFFs, RPEs, and HMVECs were seeded on glass coverslips that were placed in a 12-well
plate at 1.5x10° cells/well and allowed to grow overnight at 37°C and 5% CO,. The cells were
then infected with US20-2xF-PA at a multiplicity of infection (MOI) of 1 and the virus was
allowed to adsorb for two hours. After which, the infectious inoculum was removed and
replaced with supplemented DMEM. The infected cells were then incubated for 72 hours at
37°C and 5% CO,, washed with phosphate buffered saline (PBS) and fixed with methanol for
one hour at -20°C. After fixation, the cells were treated with 1% bovine serum albumin (BSA)
in PBS for 30 minutes and then stained with anti-FLAG for one hour at 37°C. Next, the cells
were washed three times with PBS and stained with anti-mouse secondary antibody conjugated
to Fluorescein (Vector Labs, Burlingame, CA) for one hour at 37°C. The cells were the washed
again three times with PBS and further stained with DAPI (Invitrogen, Carlsbad, CA) for five
minutes at 37°C. The coverslips were then mounted on glass slides using mounting solution and
sealed with nail polish. The coverslips were imaged using a Eclipse TE300 Fluorescence
microscope (Nikon, Tokyo, Japan) at 1000x magnification. Images were processed and merged
using Adobe Photoshop.

For the immunofluorescence studies involving the secretory pathway, HFFs were
infected with US20-3xF-His virus and fixed with methanol. Cells were then incubated with
primary antibodies against FLAG, Bip, EEAL, and Golgin245, followed by secondary antibodies,
anti-mouse Alexa Fluor® 647 and anti-rabbit Alexa Fluor® 488. Visualization and co-
localization studies were carried out at the CNR Biological Imaging Facility (Berkeley, CA)
using the LSM710 Confocal Microscope (Nikon, Tokyo, Japan).

Protein Kinetic Studies

For the immunoblotting component of the study, HFFs were infected with the US20-2xF-
PA virus and cells were harvested at 0, 4, 8, 12, 24, and 72 hours post infection. The lysates
were harvested and sample dye supplemented with B-mercaptoethanol was added. The samples
were then separated on a 10% SDS-PAGE gel and then electrotransferred to a nitrocellulose
membrane. Western blotting using anti-FLAG antibodies to visualize pUS20 was performed as
describe above. For the immunofluorescence (IFA) part of the study, HFFs infected with US20-
2XF-PA were fixed with methanol at 0, 4, 12, 24, 36, and 72 hpi. The IFA was competed as
previously described.

For the phosphonoacetic acid (PAA) study, HFFs were pretreated with 500 pg/mL of
PAA for an hour prior to infection and the infected with US20-3xF-His or wild-type Towne
BAC virus. After two hours, the media was replaced with fresh DMEM supplemented with PAA.
At 72 hpi, the cells were fixed with methanol and then probed with either primary antibody anti-
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FLAG or anti-pp28. Secondary anti-mouse conjugated to fluorescein was added for
visualization.

Selective permeabilization immunofluorescence assay

HFFs were infected with either US20-2xF-PA or UL123-2xF-PA, which were
constructed from a previous study. After 72 hours, all cells were fixed with 4%
paraformaldehyde and then either treated with 0.5% Triton-X (permeabilized) or PBS (not-
permeabilized). Primary anti-FLAG antibody was added followed by visualization with
Histostain SP kit (Invitrogen, Carlsbad,CA) and streptavidin-TRITC (Vector Labs, Burlingame,
CA).

Northern Blot

Human foreskin fibroblasts (HFF) were infected with either recombinant US20 knock out
or wildtype Towne BAC virus at a MOI greater than 1, and then harvested after 72hpi. Total
RNAs were isolated from the cells using Trizol (Invitrogen, Carlsbad, CA) following the
manufacturer’s recommendation and then separated on a 1% agarose gel supplemented with 37%
formaldehyde, 20X MOPS and ethidium bromide. Stability of the RNA was confirmed by the
presence of the ribosomal RNA. Using a capillary transfer apparatus, we transferred the RNA
from the gel to the GeneScreen Plus® Hybridization Transfer Membrane (Perkin Elmer,
Wellesley, MA). Using primers 18 and 19, we generated a 300 nucleotide PCR product that was
complementary to the 3’ end of the predicted US20. Using the PCR product, we generated a
radioactive probe by “random primed” DNA labeling using the Random Primed DNA Labeling
Kit (Roche, Mannheim, Germany) and alpha- *P dCTPs nucleotides (Perkin Elmer, Wellesley,
MA). The membrane was initially blocked with prehybridization solution containing sSSDNA
and then incubated with fresh hybridization solution, sSDNA, and the radiolabelled probe
overnight at 65°C. Following the overnight probing, the membrane was washed with SSC-based
solutions of various concentrations, exposed, and visualized using the Storm 840
phosphorimager (GE Healthcare, Waukesha, WI).

Plaque-based growth assays

HFF, RPE, and HMVEC were infected at a low MOI with either recombinant US20
knock out or wild-type Towne BAC derived virus. THP-1 cells were pretreated with 12-O-
tetradecanoylphorbol-13-acetate (TPA) for either 1, 2, or 7 days prior to infection with the
viruses. Viral progeny were harvested from infected cells at various time points starting from 0
up to 21 days post infection by either physical scraping and repeated freeze-thawing cycles or
harvesting the supernatant.

The harvested infectious lysate was titrated by first serially diluting the lysates in 10 fold
increments and then adding the dilutions to HFFs. The virus was allowed to adsorb to the cells
for two hours and then an agarose overlay, consisting of a 1:1 mixture of 2% Type VIl agarose
(Sigma-Aldrich, St. Louis, MO) and 2x DMEM, was added over the cells. The cells were stored
in a 37°C incubator at 5% CO, for 14 days, after which, the number of infectious particles was
determined by counting the number of plaques present in the well using a Nikon Eclipse TE300
Fluorescence microscope (Nikon, Tokyo, Japan).
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Quantification of protein expression

HFF were infected with recombinant viruses expressing truncated forms of pUS20 at an
MOI of 1 for 72 hours. Loading dye supplemented with DTT was added to the protein lysates
harvested from the cells. SDS-PAGE and Western blot techniques were used as described above
using anti-FLAG and anti-1E72 antibodies. The resulting film was scanned and the bands were
quantified using ImageQuant™ TL software (GE Healthcare Life Sciences, Piscataway, NJ).
Arbitrary intensity values were then obtained for all bands. Values for bands reactive to anti-
FLAG were normalized to its corresponding band reactive to anti-IE72. The data was then
presented as fold differences relative to the full length tagged pUS20 (US20-3xF-His).
Qualitative real-time PCR

RNA from HFF cells infected with recombinant viruses for 72 hpi was harvested using
Trizol (Invitrogen, Carlsbad, CA) following the manufacturer’s recommendation. Reverse
transcriptase PCR was performed on the harvested RNA to obtain the cDNA. gRT-PCR was
performed on the cDNA using primers 20 and 21, which amplified the 3xF-His epitope tag, to
quantify the US20 transcript. We also used primers 22 and 23 to quantify IE1 to be used as a
loading control. The resulting Ct values were first normalized to IE1 and then normalized to the
Ct values of the US20-3xF-His virus.

Dimerization and co-immunoprecipitation

For all studies examining dimerization under the context of infection, we harvested the
HFF cells after 72 hours. Protein sample buffer was added to protein lysates supplemented with
either DTT or water. The samples were then incubated at 37°C for 30 minutes and then
separated on a 10% SDS-PAGE gel. A western blot was then performed using anti-FLAG or
anti-1E1.

For studies examining transient expressing of puS20, 293T cells were first seeded on a
12 well plate at 1.5x10° cells/well. After 12 hours, the cells were transfected with 2ug of either
cMyc-US20 or US20-FLAG plasmid using 2 uL of Lipofectamine 2000 (Invitrogen, Carlsbad,
CA). The protein lysates were then harvested after 48 hours and also selectively incubated with
sample buffer containing DTT. SDS-PAGE and western blotting were then performed using
anti-FLAG and anti-cMyc antibodies. B-actin immunoblotting was also used as a loading control.

For the co-immunoprecipitation study, we co-transfected 293T cells using Lipofectamine
2000 with 1ug of cMyc-US20 and 16 pg of US20-FLAG plasmid. Cells were lysed with M-
PER supplemented with Complete Protease Inhibitor Cocktail (Roche, Basel, Switzerland) for 30
minutes on ice. Non-soluble debris was pelleted by centrifugation at 14,000 RPM for 30 minutes
at 4°C and the supernatant was transferred to a fresh tube. The supernatant was then pre-cleared
with Protein A/G PLUS-agarose beads (Santa Cruz Biotechnology, Inc, Santa Cruz, CA) for one
hour. After centrifugation and transfer of supernatant, the pre-cleared lysate was then incubated
with anti-FLAG antibodies for two hours in a tumbler at 4°C. Protein A/G PLUS-agarose beads
were then added to the supernatant and returned to the tumbler for one hour at 4°C. The beads
were then washed four times with pre-chilled PBS and then transferred to a spin column
(Thermo Fisher Scientific, Rockford, IL) The proteins were then eluted with 150 pg/uL
3XFLAG peptides (Sigma Aldrich, St. Louis, MO). Sample buffer with no reducing agent was
added to the eluted proteins. After a 30 minute incubation at 37°C, the proteins were then
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separated on a 10% SDS-PAGE gel, transferred to a membrane and then immunoblotted using
anti-FLAG or anti-cMyc antibodies.

Caspase 3 Assay

293T cells were seeded at 1.5x10° in a 12 well plate and then transfected with US20-
FLAG plasmid. After 48 hours, the cells were treated with 1uM Staurosporine (STS) (EMD,
Gibbstown, NJ) for six hours. The cells were then washed with PBS and then lysed using the
Cell Lysis Buffer provided in the Caspase-3 Assay Kit (BD Biosciences, Franklin Lakes, NJ).
Capase-3 activity levels were then quantified by following the manufacturer’s protocol and then
detecting the fluorescence at the 420 nm wavelength using a Spectra Max® M2 plate reader
(Molecular Devices, Sunnyvale, CA).

For the experiment involving recombinant viruses, we infected HFF with either the
US20ko or the wild-type Towne BAC virus at a MOI of 1. After 72 hours, we then treated the
infected cells with 1uM STS. Caspase 3 activity was measured using the approach described
above.

Immunoprecipitation and mass spectrometry

For the immunoprecipitation, we seeded a T-75 with 8x10° cells and then transfected the
cells with 24pg of cMyc-US20 plasmid with 60uL of Lipofectamine 2000. After 48 hours, the
cells were washed with PBS and removed from the surface of the flask with a cell scrapper. The
cells were then pelleted by centrifuging at 300xg for five minutes and lysed on ice for 30 minutes
using M-PER supplemented with Complete Protease Inhibitor Cocktail. The sample was
centrifuged at 14,000 rpm for 30 minutes at 4°C to pellet the insoluble debris. The supernatant
was then pre-cleared with Protein A/G PLUS-agarose beads for 30 minutes and then briefly
centrifuged to pellet the beads. The supernatant was then incubated with anti-cMyc antibodies
for two hours in a tumbler at 4°C followed by an one hour incubation after adding Protein A/G
PLUS-agarose beads. The beads were then washed four times with ice-cold PBS and then
transferred to a spin column. Protein sample buffer supplemented with 0.1M DTT was added to
the column and then incubated for 30 minutes at 37°C. The eluted proteins were collected by
centrifugation and then separated on a 10% SDS-PAGE gel. The gel was then stained with
coomassie blue for 30 minutes and then destained overnight using an acetic acid methanol
solution. Bands were visualized and submitted to the HHMI Mass Spectrometry Laboratory
(Berkeley, CA) for processing and identification by mass spectrometry.

For the co-immunoprecipitation study, 3.0 x10° HFFs were infected with US20-3xF-His
virus. After 72 hours, the cells were harvested and lysed using the approach describe above. We
performed an IP using anti-FLAG antibodies and the eluted proteins were separated on a 10%
SDS-PAGE gel. The proteins were then transferred to a nitrocellulose membrane and then
immunoblotted with either anti-FLAG or anti-VCP antibodies.
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Chapter 4

Predicted SUMOylation site of HCMV ORF UL44 is not essential for viral
replication
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Abstract

SUMOQylation is a recently discovered post-translation modification that has been shown
to be utilized by viruses to regulate protein function. Two proteins of Human Cytomegalovirus
(HCMV), IE1 and IE2, have already been identified to be targets of SUMOylation. Initial
studies by our collaborators were able to identify an interaction between the SUMQylation
enzyme, UBC9, and UL44 by yeast two-hybrid and co-immunoprecipitation studies, leading to
the hypothesis that UL44 is a SUMOylated. In this study, we used a recombinant HCMV virus
containing a lysine to alanine mutation at the predicted SUMOylation ywKxE motif near the C
terminus of UL44 to study the importance of the motif in the context of infection. We found that
the mutation of the SUMOylation target site in UL44 did not affect DNA replication or viral
replication in human foreskin fibroblasts. We were also able to observe through radiolabeling
and immunoprecipitation experiments that the mutation caused a loss in expression of a high
molecular weight form of UL44. These results indicate that the predicted SUMOylation site in
UL44 is not essential for viral replication in tissue culture.
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Introduction

Viral proteins expressed by Human Cytomegalovirus (HCMV) can undergo various types
of post-translational modifications, examples include the glycosylation of viral glycoproteins [1],
phosphorylation of pULG69 [2], myristoylation of pp28 [3]. SUMOylation is a post-translational
modification in which an 11kDa SUMO moiety is covalently attached to a lysine residue in the
consensus sequence, wKxE (where v corresponds to a large hydrophobic amino acid, K is a
lysine residue, x is any amino acid and E is a glutamic acid residue), of the target protein [4].
There are a wide range of functions that have been found to be regulated by the SUMOylation
system, including cell cycle regulation, transcription, cellular localization, degradation, and
chromatin organization [5]. Given that viruses can utilize or hijack cellular host systems to aid
in propagation, it was not surprising when, two years after the initial discovery of SUMO in 1997,
HCMYV immediate-early 1 protein (IE1) was discovered to be SUMOylated [6]. Subsequent
work by various groups showed that , while SUMOylation was not essential for IE1 function, the
SUMOylated form of IE1 enhanced the expression of immediate early 2 protein (IE2) [7], which
was also found to be a target of sumoylation by Lee and Ahn [8]. In addition to HCMV, SUMO
has been found to play a role the pathogenesis of various human viral pathogens including herpes
simplex, papillomavirus, HIV, SARS, and poxvirus vaccinia [4].

HCMV open reading frame (ORF) UL44 is a processivity factor, a component of the
virally encoded dimeric DNA polymerase, that has been well established to be essential for viral
replication in vitro [1, 9]. Previous studies of UL44 established that UL44 forms a C clamp
holodimer structure that wraps around DNA, similar to PCNA and Herpes Simplex Virus UL42
[10]. While the N terminus has been found to be sufficient for all of the biochemical functions
of UL44 in vitro, including dimerization, interaction with UL54, binding to dsDNA and
stimulation of long-chain DNA synthesis [1], recombinant HCMV genomes lacking the C
terminus residues of UL44 were found to inhibit viral replication [11]. This suggests that the C
terminus may have some form of functional domain.

Preliminary studies from a collaborating lab identified, through yeast two-hybrid
screening, an interaction between UL44 and SUMO-conjugating enzyme UBC9. This
interaction was then validated by overexpression and co-immunoprecipitation experiments.
Furthermore, using SUMOQylation prediction algorithms, we were able to identify a wKxE motif
near the end of the C terminus of UL44, providing additional evidence that UL44 can be
SUMOylated (Figure 4.1). In this study we found that the mutation of the lysine residue of the
yKxE motif in UL44, which is the substrate used by UBC?9 to covalently link SUMO to the
protein [12], was not essential for DNA replication or viral fitness in human foreskin fibroblasts.

Results
Recombinant HCMV with UL44K410A mutation does not significantly impact viral replication.

Using the SUMOsp 2.0 Online Server Program (http://sumosp.biocuckoo.org/online.php),
which predicts SUMOylation sites based upon sequence, we identified a single yKxE motif
starting at amino acid 409 of UL44 (Figure 4.1). To determine the relevance of this predicted
motif for viral replication, we constructed the recombinant virus, UL44K410A, containing a
double point mutation that changed the codon AAA at nucleotide position 1228 to GCA of UL44
(Figure 4.2A). This mutation resulted in the substitution mutation of the lysine residue at
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Figure 4.1. Map of UL44 and predicted SUMOylation site.

HCMYV open reading frame (ORF) UL44 is located on the complementary strand between UL43
and UL45. The 1302 bp gene expresses a peptide of 433 amino acids in length, which contains a
predicted wKxE motif (shaded in grey) near the C terminus end the of the peptide, starting at

amino acid 409.
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Figure 4.2. Construction of UL44-K410A recombinant virus.

(A) The UL44-K410A virus contained a point mutation, illustrated in grey, resulting in the
replacement of the lysine residue at position 410 with an alanine. Both the UL44-K410A and the
UL44-WTZeo virus had a Zeocin Resistance Gene (ZeoR) inserted downstream of the UL44
ORF in the viral genome. (B) The mutant UL44 ORF was subcloned upstream of a ZeoR gene
of a pZeo plasmid. A target cassette consisting of both the mutant UL44 ORF and ZeoR flanked
by arms of homology was constructed by PCR. The cassette was transformed into E. Coli
containing the wild-type Towne BAC, where by homologous recombination generated the

UL44-K410A construct.
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Figure 4.2. Construction of UL44-K410A recombinant virus (continued).

(C) PCR of the UL44 ORF in the viruses UL44-K410A, UL44-WTZeo and wild-type Towne
BAC(WTTowneBAC) using primers flanking the ORF. (D) The constructs were digested with
Hindlll restriction enzyme and separated on a 1% agarose gel. (E) The digested DNA in the gel
was then transferred to a membrane and probed with a radiolabelled probe specific to the Zeocin
Resistance Gene.

124



position 410 of the yKxE motif to an alanine residue. This mutation has been shown by
previous groups to successfully prevent SUMOylation of the target protein at that specific site
[13, 14].

In addition to the UL44-K410A virus, we also constructed the control recombinant virus,
UL44-WTZeo in which no mutation was present at the **°lysine, but contained the Zeocin
Antibiotic Resistance (ZeoR) gene in order to control for any phenotypes caused by the
additional 7 nucleotides and the antibiotic resistance gene that were inserted into the genome of
both the UL44-K410A and UL44-WTZeo virus. Briefly, using a plasmid constructed by our
collaborators that contained a cloned UL44 with the point mutations, we subcloned the mutant
UL44 ORF into a pZeo plasmid with a ZeoR gene seven nucleotides downstream of the cloning
site. The mutant UL44 ORF and ZeoR insertion cassette was constructed with flanking arms of
homology by PCR and the product was then transformed into an EL350 E.Coli strain harboring
the wild-type Towne BAC. After recombination and selection, virus was then generated from
the recombinant BAC (Figure 4.2B).

To confirm and validate the ET recombination between the cassette and the BAC, the
recombinant BACs were checked by PCR using primers flanking the UL44 ORF. The shift in
size from 1.4 kilobase pairs (kbp) to 1.9 kbp corresponded with the addition of the 500
nucleotide in length ZeoR gene, thus indicating that the cassette inserted into the correct location
(Figure 4.2C). Furthermore, we digested the recombinant BACs with HindlIl restriction enzyme
and the resulting profiles of constructs UL44-K410A and UL44-WTZeo were identical to the
wild-type Towne BAC, showing that no unwanted recombination occurred (Figure 4.2D). To
confirm that the cassette only inserted once into the genome, a southern blot was performed on
the restriction digest profile using a nucleotide probe specific for the ZeoR gene. The results
identified a single band of 11.3 kbp in length, which corresponded to the expected size of the
Hindlll digested fragment containing the UL44 ORF (Figure 4.2E). Lastly, the mutant BACs
were sequenced to confirm that the point mutations were present in the genome.

A multi-step, low growth curve study was performed using the UL44-K410A, UL44-
WTZeo, and wild-type Towne BAC to examine if the predicted SUMOylation site at *°lysine
impacted viral replication in primary human foreskin fibroblasts (HFF) cells (Figure 4.3). We
infected the HFFs at a MOI of 0.1 and harvested the cells at 0, 1, 3, 7, 10, and 14 days post
infection (dpi). While all three viruses had similar titers at three dpi, both the UL44-K410A and
UL44-WTZeo virus had titers 10 times greater than the wild-type Towne BAC virus at 10 dpi.
We also observed that the UL44-K410A virus had titers 2 times greater than the UL-44WTZeo.
The results from this growth curve study indicated that the “*lysine site is not essential for viral
replication in HFFs.

Mutation K410A does not affect DNA replication in tissue culture

Since UL44 has been established to be a processivity factor, we sought to examine if the
predicted SUMOylation site at “°lysine played a role in DNA replication. Using DNA harvested
3 dpi from HFFs infected with either UL44-K410A, UL44-WTZeo, or wild-type Towne BAC,
we performed a real-time quantitative PCR (qPCR) experiment to quantitatively measure the
viral genome copies using primers specific to the Major Immediate Early Protein (MIEP). The
MIEP gene has been used by other several groups as a means to quantify HCMV genome copy
number [15]. Genome copy numbers of UL44-K410A were found to be similar to levels of the
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Figure 4.3. Growth Curve of UL44-K410A recombinant virus in HFFs.

HFFs were infected at a multiplicity of infection (MOI) of 0.1 with UL44-K410A, UL44-WTZeo
and wild-type Towne BAC virus (WTBAC). Infected cells were harvested at 0, 1, 3, 7, 10 and
14 days post infection (dpi) and titered on HFF cells. GFP expressing plagues were counted by
eye after 14 days using a fluorescence microscope. The experiment was performed in triplicate.
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wild-type Towne BAC (Figure 4.4), thus the predicted SUMOylation site at “*lysine does not
impact DNA replication efficiency of HCMV in tissue culture.

UL44 K410A mutation weakens expression of a potential high molecular weight form of UL44

Given that SUMOylation increases the molecular weight of the target protein by 11 kDa
or more, depending on the number of SUMO moieties attached, we hypothesized that the
mutation of the lysine residue would prevent SUMOylation at that site resulting in a loss of a
high molecular weight form of UL44. To determine if this was the case, we performed an
immunoprecipitation(IP) on lysates labeled with 35S Methionine from 72 hours infected HFFs
using anti-UL44 antibodies. We found three distinct bands that had a relative estimated
molecular weight of 50, 60, and 70 kilodaltons (kDa) for both the wild-type Towne BAC and
UL44-WTZeo virus (Figure 4.5). However, only the 50 and the 60 kDa bands were present in
the UL44-K410A lane. We found that the level of expression of the 50 kDa form to be the same
for all three viruses and the molecular weight correlated with the literature [16]. This result
suggests the possibility that both the 60 and 70 kDa bands were higher molecular weight forms
of UL44 and the deletion of SUMOylation site may have inhibited the expression of the 70kDa
form.,

Discussion

In this study, we found that the mutation of the *°lysine residue of the predicted wKxE
motif to be not essential for HCMV replication in HFFs in tissue culture. This result, coupled
with our collaborators’ data of the interaction between UL44 and UBC9, suggests that
SUMOylation at “*lysine is not essential for HCMV DNA replication or virion production in
tissue culture. These results suggest that SUMOylation of UL44 may only occur under specific
conditions that were not present in the HFF infection model that we used for this study. It is also
a possibility that SUMOylation and its downstream effects may be viral strain specific, which
was observed for HCMV Immediate Early 2 IE2, a transactivator gene essential for viral
replication in tissue culture [9, 17]. A study performed by Lee and Ahn found that mutations of
the SUMOylation sites of IE2 did not have an effect on the replication of the HCMV Towne
strain in fibroblasts[8], while mutations of the same SUMOylation sites were found by Berndt et
al. to impair viral replication of the AD169 and VR1814 strains[18]. Thus, it is possible that the
lack of a replication defect by our UL44 mutant is specific to the Towne Strain.

Our immunoprecipitation using anti-UL44 antibodies identified three distinct bands for
the wild-type Towne BAC virus, which we hypothesized to be various forms of UL44 that may
have been post-translational modified. Some evidence to support this hypothesis was seen by
Strang et al., who was able to identify a high molecular weight form of UL44 by IP and mass
spectrometry [16]. In our studies, we observed that the K410A mutation of UL44 caused a
reduction in expression of the largest band in the lane, suggesting that the largest band was the
SUMOylated form of UL44. However, without having done additional experiments, we cannot
rule out the possibility that the largest band is not UL44, but rather a completely different protein.

The function of SUMOylation in the context of HCMV infection is still unknown.
Studies of SUMOylation of HCMV IE1 and IE2 indicated that SUMO may serve as a method to
enhance transactivation of genes [7, 19], in an effort to increase viral replication. The
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Figure 4.4. Real Time Quantitative PCR of MIEP gene of UL44-K410A recombinant virus
at 72 hours post infection.

HFFs were infected with recombinant (UL44-K410A and UL44-WTZeo) or wild-type Towne
BAC virus at a MOI of 0.05. Real time quantitative PCR (qPCR), using primers for the major
immediate early protein (MIEP) gene, was used to determine the relative genome copy number
from DNA samples harvested from the infected cells at 72 hpi. Results were normalized against
GAPDH, the internal control, analyzed by the AACT method, and presented as fold change
relative to the wild-type Towne BAC. The results presented are an average of quadruplicate
experiments.
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Figure 4.5. Immunoprecipitation of UL44 in cells labeled with 35S-Methionine.

HFFs were infected with either recombinant (UL44-K410A, UL44-WTZeo), wild-type Towne
BAC virus (HCMVTowneBAC), or mock infected (Uninfected). Infected cells were then
labeled with 35S Methionine and harvested after 72hpi. IP was performed using
anti-ICP36(UL44) antibodies or anti-FLAG as a control and IP’d proteins were run on a 10%
SDS-PAGE gel. Gel was then fixed, dried, and then imaged with a phosphoimager. Arrow
indicates a band present in lanes 1 and 3, but not as prevelant in lane 2.
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SUMOylation of UL44 may also be a mechanism to enhance viral DNA replication, although
this regulation may only be apparent in an in-vivo setting.

Materials and Methods
Cells and media

Human primary foreskin fibroblasts (HFF) (CC-2509, Clonetics, San Diego, CA) were
propagated using Dulbecco’s Modified Eagle Medium (D-MEM) (Invitrogen, Carlsbad, CA)
supplemented with 10% FBS, 1% Penstrep, and 0.2% Fungizone.

Plasmids

The pCMV plasmid expressing the cloned UL44 with the K410A mutation was a gift
from a collaborating lab (Ao Shen).

Construction and propagation of recombinant virus

To construct the HCMV Towne UL44-K410A mutant virus (designated UL44-K410A)
and the control virus, HCMV Towne wild-type with Zeocin insertion (designated UL44-WTZeo),
we first subcloned the entire UL44 mutant ORF, containing the point mutation or the wild-type
UL44 into a pZeo plasmid, respectively. Using the pPCMV-HA-UL44-K410A plasmid and the
wild-type Towne BAC as the template, we amplified their respective UL44 ORFs and attached
on flanking Sphl and BamHI cut site, by PCR using primers, 44k410aSphlup and
44k10aBamH1dn . The PCR products were gel purified, digested with Sphl and BamHI (New
England Biolabs, Ipswich, MA), and ligated into the pZeo plasmid, which was also digested with
the same restriction enzymes. The ligated products were then transformed into chemically
competent E. Coli Top10 cells (Invitrogen, Carlsbad, CA) and plated on LSLB agar plates for
Zeocin antibiotic selection (Invitrogen). The Top10 cells containing either the plasmid with
UL44K410A (pZeo-UL44K410A) or UL44WT (pZeo-UL44WT) were propagated and the
plasmids were purified and sequenced to confirm the ligation. Using the pZeo-UL44K410A as
the template, we generated an insertion cassette by PCR using the following primers:
44k410aZeoup and 44k410aZeodn. The resulting PCR product contained the entire UL440RF
and downstream Zeocin resistance gene flanked by two targeting arms that had 46 nucleotides of
homology to the nucleotides immediately flanking the UL44 ORF in the wild-type Towne BAC.

This insertion cassette was gel purified and then electroporated into E. Coli EL350
containing the wild-type Towne BAC for lambda RED recombination between the cassette and
BAC. The electroporated cells were then plated on LSLB plates supplemented with
chloramphenicol and zeocin antibiotics. To confirm the deletion of the wildtype UL44 and
replacement with the insertion cassette, we performed colony PCR using primers: UL44up2 and
UL44dn3. The PCR product was also sequenced to confirm that the point mutation was
maintained in the mutant BAC, designated UL44K410A-BAC. The process was repeated using
the pZeo-UL44WT as the template to generate the UL44WTZeo-BAC. To confirm that no
undesired recombination occurred, we digested both mutant BACs and the wildtype HCMV 1oune
BAC with HindlIl and ran the products on a 1% agarose gel to generate a restriction digest
profile. To confirm that our insertion cassettes only inserted a single time into the BAC, the
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restriction digest profile was transferred to a GeneScreenPlus® Hybridization Transfer
Membrane (Perkin Elmer) and then subjected to a southern blot using a radiolabelled P probe
with homology to the Zeocin resistance gene cassette. The UL44-K410A and the UL44-WTZeo
mutant viruses were generated by electroporating the UL44K410A-BAC and UL44WTZeo-BAC,
respectively, into HFFs. The wild-type Towne BAC virus was also produced in a similar manner.
The electroporated cells were then incubated at 37°C and 5% CO, for three weeks and harvested
when 100% cytopathetic effect was apparent in the cells.

Multi-step Viral Growth Curve

The replication and spread abilities of our mutant viruses were determined by multi-step
virus growth curves in HFFs. The appropriate virus were added to a HFF monolayer at 95%
confluency at a MOI of 0.1. The inoculum was removed after two hours and each well was then
washed with PBS. Supplemented DMEM was added to the cells and then the plate was incubated
at 37° C and 5% CO,. Cells were collected by scraping the plate with a micropipette tip at the
indicated time points post infection: 0, 1, 3, 5, 7, 10, and 14 days. To release virus from infected
cells, collected cells was frozen at -80°C and then thawed in a 37°C water bath three times.
Infectious virus at each time point was titrated on HFF cells seeded at 95% confluency. The
inoculum was serial diluted in 10-fold increments with DMEM supplemented with serum. The
diluted innoculum was then added to HFF cells and allowed to adsorb for two hours. The viral
inoculum was then removed and an overlay containing DMEM supplemented with serum and 2%
Type VII Agarose (Sigma Aldrich, St. Louis, MO) was added to each well. The infections were
allowed to proceed for 14 days, and the fluorescing plaques were counted using a Eclipse TE300
Fluorescence microscope (Nikon, Tokyo, Japan). Titrations of each time point were performed in
triplicate.

Real-Time Qualitative PCR

HFFs were infected with either UL44-K410A, UL44-WTZeo, or the wild-type Towne
BAC virus at a MOI of 0.05. DNA from infected cells was harvested after 72 hours point
infection using the QIAamp® DNA blood Mini Kit (Qiagen, Valencia, CA). PCR reactions
were then prepared using Dynamo HS SYBR Green (Thermo Scientific, Waltham, MA),
harvested DNA, and primers to amplify either the MIEP or GAPDH genes. The reactions were
run in an iCycler thermal cycler (BioRad, Hercules, CA) for 40 cycles. CT Values were
extrapolated from the iCycler software into Microsoft Excel and relative fold differences were
calculated using the AACT method comparing the recombinant viruses to the wild-type.

Immunoprecipitation of 35S Methionine labeled UL44

HFFs were seeded on a 6 well plate (3x10°) and then infected with either UL44-K410A,
UL44-WTZeo, or the wild-type Towne BAC virus at a MOI of 1. After 72 hours, the cells were
washed with PBS twice and then starved by incubating the cells with DMEM deficient in
methionine for one hour. The media was then replaced with DMEM supplemented with one mCi
of 35[S] methionine (Perkin EImer, Waltham, MA) and further incubated for two hours at 37°C,
5% CO, to allow for incorporation. Briefly, the cells were washed twice with PBS and the
radiolabeled proteins were harvested using M-PER® (Thermo Scientific, Rockford, IL) as a
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lysing agent and then scraped with a plastic scraper. The resulting lysate was then incubated on
ice for 30 minutes and then centrifuged at16,000 x g for 20 mins to remove cellular non-soluble
debris. Preclearing was performed by adding Protein A/G Plus-Agarose beads (Santa Cruz
Biotechnology, Santa Cruz, CA) and incubating for 30 minutes in a tumbler at 4°C. The
precleared lysate with the addition of anti-UL44 (ICP36) (Virusys Corp., Taneytown, MD) or
anti-FLAG (Sigma Aldrich, St. Louis, MO) was then incubated for two hours at 4°C in a tumbler.
Protein A/G Plus-Agarose beads were then added to the mixture and then further incubated for
an addition hour. The beads were repeatedly washed with PBS, eluted with reduced sample
buffer, and boiled at 95°C for 10 minutes. Eluted IP’d proteins were separated on a 10% SDS-
PAGE gel that was then fixed with 40% methanol/10% acetic acid and dried with a Slab Gel
Dryer SQD2000 (Savant). The dried gel was then imaged using a Storm 840 phosphoimager
(GE Healthcare, Waukesha, W1).
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