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Abstract 

The herpes simplex virus type 2 (HSV-2) UL21 protein is conserved between all 

members of the Alphaherpesvirinae subfamily. Although UL21 is essential for virus propagation 

in HSV-2, its function in viral replication is poorly understood. Cells infected with HSV-2 strains 

lacking UL21 exhibit an approximate two-hour delay in viral gene expression that cannot be 

explained by a defect in virus entry or capsid engagement with, or movement along, 

microtubules. However, we noted a defect in the ability of UL21 knockout (KO21) capsids to 

associate with the nucleus after infection. We found that the delay in viral gene expression was 

not directly due to the absence of UL21 insofar as cells stably expressing UL21 could not 

complement the delay in gene expression. We suggest that the KO21 delay in gene expression is 

due to alterations in virion composition and that in the absence of UL21, a key virion component 

required for the timely delivery of capsids to the nucleus fails to be packaged into virions. 

Interestingly, at late times after infection, levels of viral proteins in KO21 infected cells reach 

wild-type levels, indicating that a secondary function is responsible for the essential nature of 

UL21. We found that at late times post-infection KO21 infected cells accumulated capsids in the 

nucleus but these fail to reach the cytoplasm and mature into infectious virions. Thus, we 

hypothesize that the essential function of UL21 is to facilitate capsid trafficking from the nucleus 

to the cytoplasm. Moreover, the viral glycoproteins gD and gC were retained in the endoplasmic 

reticulum, and were under-glycosylated in KO21 infected cells. It is therefore possible that the 

absence of UL21 prevents the targeting of glycoproteins to the inner nuclear membrane, 

preventing the formation or function of the nuclear egress complex.  
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Chapter 1 

General Introduction 

  

The Alphaherpesvirinae is a subfamily of the Herpesviridae, which include herpes 

simplex virus types 1 and 2 (HSV-1 and HSV-2), the most common causes of oral and genital 

herpes infections respectively. Herpesviruses are composed of a double-stranded DNA genome, 

contained within an icosahedral capsid, which is surrounded by a proteinaceous tegument layer, 

which in turn is surrounded by a lipid envelope [1]. The first step in the life cycle of HSV-2 is the 

attachment of the virus to the plasma membrane of the cell. Following this, the capsid enters the 

cytoplasm as the viral and cellular membranes fuse [2, 3]. The viral capsid then traffics to the 

nucleus where it docks at a nuclear pore complex through which the genome is delivered into the 

nucleoplasm, where the expression of viral genes and DNA replication occur [4, 5]. The gene 

products of HSV-2 are categorized into three different kinetic classes, immediate-early, early, and 

late, which are temporally regulated to allow for the efficient replication of the virus [6, 7]. Inside 

the nucleus, viral capsids assemble, and are filled with single copies of the viral genome. The 

DNA-filled capsids then bud from the inner nuclear membrane into the perinuclear space, thereby 

acquiring a primary envelope [8, 9]. De-envelopment occurs as the primary envelope fuses with 

the outer nuclear membrane, depositing unenveloped capsids in the cytoplasm. In the nucleus and 

cytoplasm, a preliminary layer of tegument is acquired, and capsids traffic to the trans-Golgi 

network, where they receive additional tegument proteins as they undergo secondary 

envelopment. Free infectious virions are then released from the cell by exocytosis [10-12]. 

 UL21 is a tegument protein conserved across all alphaherpesviruses [13]. In HSV-1, 
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UL21 has been shown to interact with microtubules, and promote the growth of long cellular 

processes [14] and because of this, it has been implicated in capsid trafficking along microtubules 

towards the trans-Golgi network [15]. Contrary to work previously published on the HSV-1 UL21 

protein [16-18], recent experiments from our laboratory have demonstrated that the HSV-2 UL21 

protein is essential for viral replication. Moreover, we described a two-hour delay in viral gene 

expression and a nuclear egress defect associated with strains lacking UL21 [13]. It has also 

become clear that UL21 plays a role in virion assembly. In HSV-1, UL21 has been found to bind 

UL16, an interaction which promotes the formation of a complex between UL16, UL11, and the 

viral glycoprotein gE; and the proteins in this complex are dependent on each other for packaging 

into virions. Interestingly, UL21 was found to play a role in the transport, processing, and 

function of gE [11]. 

 The purpose of this study was to analyze the function of the UL21 protein in HSV-2. We 

systematically examined steps in the viral life cycle in order to determine roles for UL21 in virus 

replication. Examining the two-hour delay in gene expression associated with viruses lacking 

UL21 formed the basis of our research into the early events in viral replication. Similarly, 

defining the essential role for UL21 lead to our investigation of late events in the viral life cycle. 

By elucidating a relationship between UL21 and nuclear egress, as well as further establishing a 

role in glycoprotein processing, the research performed here will not only lead to a better 

understanding of the specific functions of UL21, but also provide invaluable insight into the life 

cycle of HSV-2 and the complexity of virus-host cell interactions.   
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Chapter 2 

Literature Review 

 

  

2.1 Herpes simplex virus-2 

Herpes simplex viruses (HSV) include two human herpes viruses, herpes simplex virus 1 

(HSV-1), and herpes simplex virus 2 (HSV-2) [19]. Both HSV-1 and HSV-2 replicate in 

epithelial cells consistent with the formation of orogenital lesions [20], and establish latent life-

long infections in sensory ganglia [21, 22]. HSV-2 infections are highly prevalent, with an 

estimated 16 percent of the global population being seropositive [23]. The high incidence of 

infection is accompanied by a large economic burden, as the cost per year in the United States of 

America alone was predicted to be $1.8 billion in 2000 [24].   

2.1.1 Signs and Symptoms  

Although HSV-2 infection can be asymptomatic, the most well known symptom associated 

with infection is painful ulcerative genital lesions. Primary infections are generally more severe 

than recurrent infections, characterized by both the local pain of the genital lesions observed in 

recurrent infections, as well as a series of systemic symptoms including headaches, fevers, and 

muscle pain [25]. In immunocompromised individuals however, a potentially fatal disseminated 

infection can occur during primary infection, causing a number of problems including gastric 

ulcerations, hepatitis, pancreatitis, and encephalitis [26, 27]. One complication of HSV-2 

infection is neonatal infections, which occur when a newborn infant is exposed to HSV-2 during 
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delivery. Although the likelihood of this occurring during a latent or reoccurring infection of the 

pregnant woman is low, primary infections during pregnancy increases the risk of a neonatal 

infection [28], with a higher risk being associated the later in pregnancy the incident infection 

occurs [28, 29]. This disparity in the rate of neonatal infection acquisition is due to the reliance on 

passive transplacental delivery of maternal IgG to the fetus that can prevent infection, and so 

primary infection occurring late in pregnancy provides insufficient time for class switching from 

IgM, which is unable to cross the placenta [28, 30-32]. Neonatal infections are often extremely 

severe, with untreated cases only having an estimated 40 percent survival rate [33]. The clinical 

presentation of neonatal infection is heterogeneous, with 22.9 percent of infected neonates 

developing a fully disseminated infection, 43.4 percent with skin, eye, and mouth infectious, and 

33.7 percent developing encephalitis [34]. Another complication of an HSV-2 infection is acute 

retinal necrosis syndrome (ARN) [35], which generally occurs from a reactivation in a cranial 

nerve following neonatal infection or the infection of an immunocompromised individual [36]. 

Patients with ARN usually have inflammation of the uveal layer resulting in red eye with 

associated ocular pain, as well as photophobia and blurred vision. ARN is characterized by severe 

and progressive retinal necrosis leading to retinal detachment in most cases [37, 38]. If not treated 

in a timely manner, the resultant retinal detachment can lead to a permanent loss of visual acuity, 

or even blindness [38]. Lastly, due to the neurotropic nature of HSV-2, infection can target the 

central nervous system (CNS), although this generally occurs in immunocompromised 

individuals. Infection of the CNS manifests as aseptic meningitis [25], spinal cord lesions [39], or 

encephalitis [40]. Infection of the CNS is very severe, as the lesions and inflammation can cause 

loss of higher brain function [40],  paralysis, or even death [25, 41], as untreated herpes simplex 

encephalitis has a mortality greater than 70 percent [41].  
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2.1.2 Available treatments 

HSV-2 infections are typically treated with acyclovir, or one of its derivatives, famciclovir, or 

valacyclovir. Acyclovir is a guanine nucleoside analog precursor, which upon uptake by virally 

infected cells, is phosphorylated by the viral enzyme thymidine kinase to a monophosphate form. 

This phosphorylation step is essential for the activity of acyclovir, and due to its reliance on a 

viral enzyme, allows for specificity towards HSV-2 infected cells [42, 43]. Upon 

triphosphorylation by host cell kinases [43], the active acyclovir nucleoside analog inhibits HSV-

2 replication by being incorporated into an elongating DNA strand, preventing further elongation 

due to the lack of a 3’-OH group [44-46]. In terms of the efficacy of acyclovir and its derivatives, 

valacyclovir and acyclovir were found to be equally efficacious [47], where as famciclovir was 

found to be less effective than valacyclovir [48]. With that said, the bioavailability of orally 

delivered valacyclovir is greater than that of acyclovir, allowing for easier dosing regimes and 

higher patient compliance [47]. There are however, some issues with using acyclovir and its 

derivatives for the treatment of HSV-2, the first being that while treatment can reduce viral 

shedding and lesion duration, it is unable to cure latent infection [49, 50]. Moreover, due to the 

antiviral properties associated with acyclovir heavily relying on the virally encoded thymidine 

kinase and DNA polymerase, spontaneous mutations in the genes encoding thymidine kinase and 

DNA polymerase can occur, conferring resistance to acyclovir [51]. Acyclovir resistant HSV-2 

has classically been an issue in immunocompromised patients [52, 53], and in such cases patients 

may be treated with either foscarnet, a pyrophosphate analog [54, 55], or the nucleoside analog 

cidofovir [56, 57], however both of these drugs are nephrotoxic [58, 59]. 
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2.1.3 Structure of the HSV virion 

The HSV virion is comprised of a linear DNA genome inside an icosahedral capsid, which is 

in turn surrounded by a proteinaceous layer called the tegument. The tegument is encapsulated by 

a lipid bilayer envelope, which is studded with glycoproteins (Figure 2.1A) [1]. The genome size 

of HSV-1 and HSV-2 is approximately 152 kilobase pairs and 155 kilobase pairs, respectively 

[60, 61]. The HSV genome is organized into the unique long (UL) region, and the unique short 

(Us) region. Both the UL and Us regions are flanked by inverted repeat elements, and are 

conjoined by one or more copies of a directly repeated sequence. The directly repeated sequence 

is also found at either terminus of the genome (Figure 2.1B) [60]. The viral capsid contains 

complexes of the major capsid protein ICP5, and the minor capsid proteins VP26, VP23, and 

VP19C, which assemble to form 12 pentons, 150 hexons, and 320 triplexes [62-64]. A penton 

consists of 5 copies of ICP5, a hexon consist of 6 copies of ICP5 and a single copy of VP26 [64], 

and triplexes consist of a single copy of VP19C, and two copies of VP23 [63]. 
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Figure 2.1: The structure of the HSV virion and its genome organization. A) A cutaway view 
of a single virion tomogram showing the viral glycoproteins (yellow), the viral envelope 
(dark blue), the tegument layer (orange), and the capsid (light blue) [1]. B) The organization 
of the genome is depicted, with long (L) and short (s) segments compromising of the unique 
long (UL) and the unique short (Us) regions, with their associated inverted repeats (TRL and 
IRL, and IRs and TRs). Also shown are the directly repeated regions (a) at either end of the 
genome, as well as a directly repeated region in an opposite orientation (a’) in between the L 
and S segments. Adapted from [61]. 

A) 

B) 
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 The tegument layer provides a ready to use cache of viral and host-cell proteins to initiate 

infection, supporting a wide range of roles as discussed in Section 2.2. Approximately 23 viral 

proteins and 49 host-cell proteins are packaged in the HSV tegument [65]. Although there is a 

greater variety of host-cell proteins, they are present at low copy numbers, ranging from 1-3 

copies being packaged [65], where as approximately 1000 copies of some viral tegument proteins 

such as VP16 can be present, making up the bulk of the tegument [66, 67]. Interestingly, despite 

the critical roles of the tegument, the majority of viral tegument proteins are dispensable for 

infection in culture, indicating a high level of redundancy among tegument proteins and plasticity 

in packaging [66, 68]. The viral envelope contains approximately 10 different viral glycoproteins, 

with between 600-750 glycoproteins total per virion [1]. Many of the glycoproteins expressed on 

the envelope of mature virions are important for attachment and penetration of the plasma 

membrane [69], as is discussed in Section 2.2.  

 

2.2 Early events in the life cycle of HSV 

2.2.1 Overview 

In order to establish a productive infection, the viral genome must enter the nucleus, however 

there are several barriers to infection. First the extracellular virus must pass through the plasma 

membrane of the cell. To do this the viral envelope fuses with the plasma membrane, depositing 

the capsid into the cytoplasm [2, 3]. Following entry, the capsid must navigate to the nucleus, an 

event estimated to take up to 230 years in a 1cm long neuron if left to diffusion alone [70]. To 

circumvent this, capsids associate with the microtubule motor dynein, enabling rapid transport 

along microtubules [5]. After reaching the nucleus, the genome must pass both the outer and 
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inner nuclear membranes before the expression of viral genes and DNA replication can 

commence. Capsids must therefore associate with nuclear pore complexes (NPCs) in order for 

successful genome delivery to take place (Figure 2.2) [4].   
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Figure 2.2: Early events in the viral infectious cycle. Viral glycoproteins and their interaction 
with attachment and entry mediators are responsible for driving the fusion between the host 
cell’s membrane and the viral envelope. After fusion occurs, the capsid enters the cell and the 
outer tegument layer dissociates. The capsid then associates with dyenin via an interaction 
with inner tegument proteins, and traffics along microtubules to the nucleus. The capsid 
docks onto an NPC, and ejects its genome into the nucleus, where the expression of viral 
genes can occur. Adapted from [66].  
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2.2.2 Attachment and penetration 

The attachment of HSV relies primarily on the glycoproteins C and B (gC and gB, 

respectively), and their interaction with heparan sulfate proteoglycans [71, 72]. Both gC and the 

heparan sulfate binding domain of gB are dispensable for infection, and it has been shown that 

HSV-1 relies heavily on gC for attachment, while attachment in HSV-2 is mediated primarily by 

gB [73, 74]. The differences in tropism between HSV-1 and HSV-2 brought about by the varying 

recognition of heparan sulfate and the reliance on different glycoproteins for attachment likely 

explains why HSV-1 tends to favor oral infection, while HSV-2 frequently causes genital 

infection [73, 75].  Interestingly, in HSV-1 the binding of gC to heparan sulfate was found to be 

both necessary and sufficient to elicit a change in tegument structure, namely terminating the 

association between the tegument protein UL16 and the capsid. It is thought that this attachment 

mediated event plays a role in freeing the capsid from the viral envelope, allowing it to be 

released into the cytoplasm for trafficking following penetration [76]. In addition to the use of 

heparan sulfate as an attachment mediator, both gC and gB are able to bind to the C-type lectin 

DC-SIGN expressed by dendritic cells, playing a role in the susceptibility of dendritic cells to 

HSV infection [77].  

Virus penetration into the host cell can occur in three ways depending on the host cell type. 

The fusigenic machinery of HSV can function to elicit penetration at neutral-pH on the cell 

surface as seen in Vero cells, during low-pH dependent endocytis as observed in HeLa cells, or in 

a low-pH independent endocytotic pathway as seen in C10 murine melanoma cells [2, 3]. HSV 

fusion is a complex process, relying on the coordinated functions of four essential viral 

glycoproteins, glycoprotein D (gD), gB, and two glycoproteins which form a complex, 

glycoprotein H and L (gH and gL, respectively) [78]. After attachment to a cell via the interaction 



 

 

 12 

of gC or gB with heparan sulfate, gD binds to one of several entry mediators, including a member 

of the tumor necrosis factor/ nerve growth factor (TNF/NGF) family called herpes virus entry 

mediator (HVEM) [79], as well as nectin-1, nectin-2, or 3-O-sulfated heparan sulfate [80]. Upon 

the binding of a receptor, gD undergoes a conformational change exposing a pro-fusion domain 

[81, 82], and then recruits and complexes with gB, gH, and gL [83]. The gH/gL complex acts as a 

regulator of fusion, and by binding to gD, a conformational change to a fusion-promoting state 

occurs [84, 85]. gB is the fusogen of HSV, with structural homology to glycoprotein G from 

vesicular stomatitis virus (VSV), which is both necessary and sufficient for fusion in VSV [86]. 

In this manner, gD is observed to be the trigger for a fusion event, and gH/gL act as the regulator 

of the fusogenic properties of gB, activating the fusogen only after gD is bound to an entry 

mediator. It is unclear whether gB is the sole fusogen of HSV, or if gH plays an accompanying 

role. Cells expressing gB on their surface are able to undergo cell-cell fusion with the addition of 

soluble gD and gH/gL [85]. As the gH provided was not membrane bound, this result would 

support the model where gB alone is the fusogen, and gH functions as an activator. Moreover, 

unlike gB, gH/gL does not share any structural similarity to any fusogenic proteins [87]. On the 

other hand, it has been shown that gH can induce the mixing of lipids from adjacent membranes, 

a process called hemifusion, in the absence of gB [88], however these observations were not 

reproducible in an independent study [89].   

 

2.2.3 Tegument disassociation and capsid trafficking towards the nucleus 

Following fusion, the capsid must navigate from the cell periphery to the nucleus, where it 

deposits its genome for gene expression and DNA replication. In order for capsids to traffic to the 

nucleus, the outer layer of tegument must first dissociate from the capsid, however the tegument 
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has been shown to maintain its structural integrity in physiological salt conditions independent of 

the presence of a viral envelope [90]. In order to induce this tegument dissociation, cellular 

kinases, as well as the viral kinase UL13, phosphorylate select tegument proteins, allowing these 

freed proteins to act on a diverse set of cellular targets, as well as revealing the inner, capsid-

associated, tegument layer [91, 92]. To traffic to the nucleus, capsids utilize the microtubule 

tracks in place in cells, and direct movement towards the minus-end of microtubules via the 

motor protein dynein [5]. In addition to cytoplasmic dynein, the cofactor dynactin, an enhancer of 

the processivity of motor proteins, is recruited to viral capsids, and plays a role in their transport 

[93, 94]. However, when observing capsid movement in infected cells, it was found that 

movement takes place in a saltatory, or stop-and-go, manner, with frequent reversals in direction. 

This bidirectionality implied that both dynein and plus-end directed motor proteins are bound 

simultaneously to incoming capsids [12], and indeed capsids were found to associate with 

multiple copies of dynein, dynactin, as well as the plus-end motor proteins kinesin-1 and kinesin-

2 simultaneously [95]. With the presence of dynein, directing capsids to the nucleus towards the 

minus-end, and kinesins, which direct the capsid to the cell periphery towards the plus-end of 

microtubules, it became clear that there must be some form of regulation in order to drive the net 

movement towards the nucleus. Directional regulation was found to be localized to individual 

capsids, as opposed to a generalized cellular change. Upon superinfecting a cell late in infection, 

normal capsid movement towards the nucleus was observed with incoming viruses, despite the 

fact that a large amount of plus-end directed trafficking towards the cell periphery was occurring 

with newly replicated virus [12]. It has become apparent that the tegument and its appropriate 

dissociation play an imperative role in regulating the directionality of viral capsids. By stripping 

off successive layers of tegument with varying salt concentrations, it has been shown that fully 
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tegumented capsids and capsids with no associated tegument were unable to effectively associate 

with motor proteins, and were consequently unable to traffic during in vitro capsid motility 

experiments, whereas capsids with the inner tegument were able to associate with motor proteins 

and traffic [94, 95]. Moreover, lower concentrations of salt, and therefore more tegument was 

associated with both kinesin and dynein binding; where as higher concentrations of salt, 

corresponding to less tegument was associated with the binding of dynein, but not kinesin [95]. 

Changes in tegument composition exposing either specific inner tegument proteins or higher 

ordered structures are therefore the main regulatory mechanism for controlling capsid 

directionality [96].  

Evidence suggests that the tegument protein UL36 plays an important role in the dynein-

dependent trafficking of viral capsids towards the nucleus. UL36 (also called VP1/2) is an inner 

tegument protein that is closely associated with the capsid, and consistent with previous 

experiments, is exposed to the cytoplasm after treatment with high concentrations of salt [95]. 

Similarly, UL36 remains associated with the capsid during trafficking in infected cells [97]. In 

pseudorabies virus (PRV), which, like HSV-1 and HSV-2, belongs to the subfamily 

Alphaherpesvirinae, UL36 was shown to affect dynein-dependent trafficking only in the presence 

of UL25 [98]. UL25 is a viral protein that plays a role in DNA packaging, and is found to 

associate with the vertices of capsids [99]. Upon binding of UL25, a proline-rich region of UL36 

was exposed, which is required for the interaction with dynein and dynactin. Deleting the proline-

rich region led to a decrease in capsid trafficking towards the nucleus in culture, as well as 

impaired neurovirulence in mice. Similarly, by removing the site responsible for UL25 binding, 

UL36 was shown to associate with and traffic along microtubules in the absence of any other 

viral proteins [98].  
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2.2.4 Nuclear pore docking and genome uncoating 

In order for the viral gene expression and genome replication to occur, the genome must enter 

the nucleus, and to do so, it must transit the outer and inner nuclear membranes. The nuclear 

membrane is studded with between 3,000-5,000 NPCs, which span the inner and outer nuclear 

membranes and acts as sites for nuclear-cytoplasmic transport [100]. The NPC consists of 

approximately 456 individual proteins made up of 30 proteins termed nucleoporins [101, 102]. 

The NPC has several distinct structural features, and is comprised of a central ring embedded in 

the membrane, a nuclear ring with eight nuclear filaments joined by a terminal ring, forming the 

nuclear basket, as well as a cytoplasmic ring with eight cytoplasmic filaments [103]. The central 

channel formed by the NPC is quite dynamic, and can accommodate cargo with a maximum 

width of between 2.6-9 nm by passive transport [104, 105], or 39 nm by active transport [106]. 

However, the HSV capsid is approximately 124 nm wide [107], and is therefore unable to pass 

through the NPC channel. The cytoplasmic filaments of the NPC consist of two nucleoporins, 

Nup214, which is anchored to the cytoplasmic ring, and Nup358, which is closer to the distal end 

of the filaments [108]. The C-terminal end of the capsid associated protein UL25 has been shown 

to directly interact with Nup214, and knockdowns of Nup214 delay nuclear import, and cause a 

corresponding delay in gene expression [4]. On the other hand, silencing Nup358 attenuates 

capsid binding to the NPC [109]. An interaction between Nup358 and HSV capsids has also been 

described, however it is unclear what viral protein is involved [109]. Importin β is a protein 

involved in the nucleocytoplasmic shuttling of cargo, which relies on the RanGTP/RanGDP 

exchange cycle. Importin β binds to the nuclear localization signal (NLS) of a protein, and 

transports it through the nuclear pore into the nucleus, where importin β releases the cargo 

following phosphorylation by RanGTP [110]. In vitro studies of capsid-NPC docking have 
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demonstrated a requirement for importin β and a functional RanGTP/RanGDP exchange cycle, 

with importin β being both necessary and sufficient for docking [111]. It has come to light that 

the N-terminus of UL36 contains an NLS essential for docking, as deleting the NLS doesn’t 

impair trafficking, but capsids are found to accumulate at the microtubule organizing centers, or 

close to the nucleus, but not associated with an NPC [112]. Although it is unclear if the NLS of 

UL36 is involved in the detachment of capsids from microtubules, or how it might play a role in 

nuclear targeting following retrograde transport, it has been suggested that importin β binds 

specifically to the NLS of UL36 to facilitate the capsid-nucleus attachment [112].    

After attachment to the nuclear pore, the viral genome must be uncoated and traverse the 

NPC channel. A portal consisting of 12 copies of UL6 arranged to form a ring serves as the site 

for DNA packaging and uncoating. The portal replaces one of the ICP5 pentons at a capsid 

vertex, forming a 5 nm channel [113]. It is not clear how the capsid orients itself in order to 

position the portal directly opposite the NPC, however UL25 has been shown to interact with 

both UL6 and UL36 [4], and so it is possible that the NLS of UL36 is only exposed at sites where 

it is associated with UL6 through UL25. Alternatively, UL6 itself could engage the NPC or 

cellular import machinery in some manner. It is unclear what the exact trigger for genome 

uncoating is, however some insight into this process has been gained. A temperature sensitive 

mutation mapping to the UL36 gene, was found to mediate capsid trafficking along microtubules 

as well as associate with NPCs, but was unable to uncoat its genome at non-permissive 

temperatures [114, 115]. More recent studies have demonstrated that the proteolytic cleavage of 

UL36 is necessary for uncoating, and the temperature sensitive mutant was unable to undergo 

UL36 cleavage at non-permissive temperatures. Moreover, it was found that cleavage only occurs 

following the association of the capsid with the NPC [116]. Similarly, the cleavage of UL6 was 
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associated with genome uncoating in vitro [117]. Genome uncoating occurs in a polarized 

manner, with the Us segment entering the nucleoplasm first. This allows the α4 gene, an 

immediate early gene encoding ICP4, a transcription factor required for early gene expression, to 

be the first gene exposed to transcription machinery [118]. 

2.2.5 Gene expression 

HSV genes are organized into three distinct kinetic classes, immediate early, early, and late, 

that are temporally regulated based on the progression of the viral life cycle [7]. Immediate early 

genes are expressed immediately following uncoating as they do not require any previous viral 

protein synthesis. A pre-requisite for early gene expression is the expression of immediate early 

genes [7]. Late genes are characterized by their requirement for DNA replication, and are further 

separated into two subclasses, leaky-late and true-late genes. In the absence of DNA replication, 

leaky-late genes suffer reduced expression, where as the expression of true-late genes is 

completely abolished [6]. Although viral proteins are often multifunctional, immediate early 

genes are associated with the induction of early gene transcription, early genes are involved in the 

replication of viral genomes, and late genes are associated with structural components of the 

virion [66]. In this manner, the virus is able to regulate the progression through the life cycle, as 

proteins necessary for capsid formation would not be synthesized until there is a sufficiently large 

cache of viral genomes available for packaging, thus increasing the likelihood of producing 

infectious virions. The main transcription factor responsible for immediate early gene expression 

is the tegument protein VP16.  Between 500-1000 copies of VP16 are present in the tegument of 

a single virion [67]. Inside the cell, VP16 rapidly disassociates from the virus capsids, and is 

transported to the nucleus after associating with a cellular transcription factor HCF-1 [119]. VP16 

complexed with HCF-1 then associates with another cellular transcription factor Oct-1 on specific 
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‘TAATGARAT’ sequences found at the promoters of immediate early genes, forming what is 

known as the VP16-induced complex [67, 120, 121]. The VP16-induced complex targets a 

number of RNA polymerase II general transcription factors, including TFIIA, TFIIB, TFIID, and 

TFIIH [122-125], as well as a Mediator ARC92, which serves as a regulatory bridge between the 

VP16-induced complex and RNA polymerase II [124, 126, 127]. VP16 is therefore able to 

activate the expression of the immediate early genes due to the recruitment of RNA polymerase 

II. 

 The switch from immediate early gene expression to early gene expression is mediated by 

ICP4, which acts as a transcriptional activator of early and late genes, and as a repressor of 

immediate early genes (including its own expression) [128]. The repression of immediate early 

genes by ICP4 requires an ICP4 binding site downstream of the TATA box. Following binding, 

ICP4 interacts with the general transcription factors TFIID and TFIIB of RNA polymerase II, key 

components of the preinitiation complex, in order to repress gene expression [129]. For both early 

and late promoters, the transcriptional preinitiation complex forms only in the presence of ICP4 

[130]. ICP4 displays regional specificity for the different promoters, with the C-terminus being 

required for transcription initiation of late, but not early genes. Interestingly, the ICP4 mediated 

formation of preinitiation complexes on late promoters occurs even in the absence of DNA 

replication. This indicates a priming of late gene expression well before it actually occurs, as well 

as a need for other proteins whose presence is reliant upon DNA replication for the expression of 

late genes [130]. The transactivation of genes by ICP4, like ICP4 mediated repression, has been 

shown to involve the binding of TFIID and TFIIB, as well as multiple interactions with the 

regulatory bridge Mediator [131, 132]. Another protein that facilitates the transition from 

immediate early gene expression to early gene expression is the tegument protein ICP0 [133]. 
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Immediately following the uncoating of the viral genome into the nucleus, the genome is bound 

by histones and effectively silenced. In order to circumvent this, HCF-1 in the VP16-induced 

complex recruits lysine specific demethylase 1 (LSD1) to the promoters of immediate early genes 

to demethylate histones, while early and late genes are still undergoing histone mediated silencing 

[134]. After sufficient expression of the immediate early gene ICP0 however, ICP0 interacts with 

CoREST, a member of the histone deacetylase 1/2-CoREST-REST repressor complex, releasing 

the early and late genes from histone mediated silencing [135]. The immediate early protein 

ICP27 contributes to the activation of a subset of late genes in addition to ICP4 [136], however, 

the mechanism by which DNA replication triggers late gene expression is not yet understood.  

 

2.3 Late events in the life cycle of HSV 

2.3.1 Overview 

The replication of the HSV genome occurs in the nucleus, and is mediated by seven essential 

genes; UL5, UL8, and UL52, which encode subunits of the helicase-primase complex; UL9, 

which encodes the origin of replication-binding helicase; ICP8, a single stranded DNA binding 

protein; UL30, the DNA polymerase; and UL42, a DNA polymerase clamp [137-141]. The origin 

binding helicase UL9 interacts with one of the origin of replications found on the HSV genome 

and recruits ICP8 to destabilize the double stranded DNA helix [142]. The DNA polymerase, 

DNA polymerase clamp, and the helicase-primase complex are loaded onto the replisome, 

initiating replication [143]. DNA replication continues by a rolling circle mechanism, generating 

long strands of DNA containing multiple repeats of the genome, called concatemers, which 

become heavily branched by homologous recombination occurring between replication forks 
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[144, 145]. Capsid assembly occurs in the nucleus, and initiates with associations between the 

portal protein UL6 and scaffolding proteins forming an inner shell, followed by the formation of 

the outer capsid [146, 147]. DNA packaging machinery interacts with the portal and triggers the 

release or degradation of the scaffolding [148]. As the DNA enters the capsid, a terminase 

complex consisting of UL15, UL28, and UL33, recognizes genomic ends of concatemeric DNA, 

leading to cleavage of a single copy of the viral genome [149-152]. Following DNA packaging, 

capsids must exit the nucleus, budding out of the nucleus into the perinuclear space, acquiring a 

primary envelope in the process [8, 9, 153]. The enveloped capsids then undergo de-envelopment 

at the outer nuclear membrane and enter the cytoplasm, where they traffic along microtubules in a 

kinesin dependent manner towards the trans-Golgi network [10, 12]. Capsid envelopment at the 

TGN is drivern by interactions between the capsid and inner tegument proteins with outer 

tegument proteins associated to the cytoplasmic tails of glycoproteins, or with membrane 

associated tegument proteins [11]. After budding to trans-Gogli derived vesicles, the virion filled 

vesicles are targeted for exocytosis and the mature extracellular virions are able to infect new 

cells (Figure 2.3) [154].   
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Figure 2.3: Late events in the viral infectious cycle. The capsid assembles in the nucleus, and 
is filled with a genome. Capsids then bud out of the nucleus into the perinuclear space, 
acquiring an envelope from the inner nuclear membrane. The capsid then buds out of the 
perinuclear space into the cytoplasm, losing it`s envelope in the process. In the cytoplasm, the 
capsid traffics along microtubules towards trans-Golgi derived vesicles, which it buds into, 
acquiring its envelope in the process. The fusion of the virion-containing vesicles with the 
cell membrane release the viruses to initiate subsequent infections. Adapted from [154].  
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2.3.2 Nuclear Egress 

Following capsid assembly, DNA filled capsids (C capsids) are preferentially bound to UL25 

and UL17, termed the C capsid specific complex (CCSC) [155]. The binding of the CCSC to a 

capsid allows for the recruitment of UL31, a component of the nuclear egress complex (NEC), to 

facilitate primary envelopment into the perinuclear space [156]. In this way the preferential 

association of the CCSC with C capsids as opposed to unfilled or immature capsids increases the 

likelihood of assembling a functional virion, as unfilled capsids would loose the opportunity to 

receive a copy of the viral genome after leaving the confines of the nucleus. In addition to 

selecting DNA filled capsids, both UL25 and UL17 play roles in DNA packaging as well as the 

cleavage of viral genomes from concatemeric DNA [157, 158]. The NEC consists of two 

proteins, UL34, a tail-anchored type II membrane protein, and UL31, a nuclear phosphoprotein, 

both of which localize to the inner nuclear membrane in an interdependent manner [8, 9, 159-

161]. The interactions between the CCSC and UL31, and UL31 with UL34 are thought to be the 

main way in which nuclear capsids are targeted to the nucleoplasmic side of the inner nuclear rim 

for budding [156]. Moreover, UL31 and UL34 are thought to be the main effectors of primary 

envelopment, facilitating the deformation of the inner nuclear membrane around a capsid and 

release into the perinuclear space [8, 9, 162]. In PRV, the simultaneous expression of UL31 and 

UL34 was necessary and sufficient for the invagination of the inner nuclear membrane and the 

formation of capsid sized perinuclear vesicles in the absence of viral infection [163], although 

this has not been reported for HSV. The exact method in which the NEC promotes membrane 

curvature and budding into the perinuclear space is unclear and could involve other viral or 

cellular proteins, or be solely mediated by UL31 and UL34 interactions [162]. However, it has 

come to light that the budding of HSV capsids from the nucleus occurs in a manner similar to the 
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nuclear export of large ribonucleoprotein particles in Drosophila, which suggests that HSV takes 

advantage of cellular factors involved in the nuclear budding of these large cellular complexes 

[164].  

In order to bud out of the nucleoplasm, the capsid must first bypass the nuclear lamina 

meshwork. The lamina consists of five types of filaments, lamin A, B1, B2, and C, with B-type 

lamin being ubiquitously expressed in all tissue types [165, 166]. A number of lamin binding 

proteins including lamina-associated protein 1 and 2, and emerin, serve to anchor the lamina 

meshwork to the inner nuclear membrane, ultimately providing structural rigidity to the nucleus 

[167-170]. During HSV infection, the local disruption of the nuclear lamina is observed to occur 

in a manner dependent on the NEC. Evidence suggests that both UL34 and UL31 can directly 

affect the lamina, as the expression of either UL34 or UL31 independent of any other viral 

protein was sufficient for a partial relocalization of the lamina, and both proteins were found to 

bind to lamin A and C in vitro [171]. Moreover, the viral kinase UL13 phosphorylates lamin A, 

C, and B1 in vitro, and was able to disrupt the nuclear lamina when expressed outside the context 

of viral infection [172]. Another viral kinase, Us3 is recruited by the NEC and plays a role in the 

adequate localization of the UL31/UL34 complex, is known to phosphorylate lamin A and C 

leading to lamin depolymerization [173, 174]. Us3 is also involved in the phosphorylation of 

emerin, altering its association with the inner nuclear membrane, although this was also observed 

to a lesser extent during viral infection in the absence of Us3, indicating that the virus also 

recruits cellular kinases for emerin phosphorylation [175, 176]. One cellular kinase that is 

recruited to the inner nuclear membrane by the NEC is protein kinase Cγ (PKCγ), which has been 

shown to phosphorylate and disrupt lamin B in a Us3 dependent fashion, as well as emerin [176, 

177].  
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Once inside the perinuclear space, the primary envelope must fuse with the outer nuclear 

membrane in order to deposit the capsid in the cytoplasm. In order to do this, HSV partly relies 

on the fusion machinery used during entry. The lumen of the endoplasmic reticulum (ER) is 

contiguous with the perinuclear space, and so as viral glycoproteins are synthesized they are 

deposited in the inner and outer nuclear membranes [10, 178]. Capsids that acquire their primary 

envelope are therefore able to incorporate these fusogenic glycoproteins into the perinuclear 

virions. Mutational analysis of the gB amino acids responsible for mediating fusion revealed that 

by ablating gB fusogenic activity, the majority of primary enveloped virions accumulated in the 

perinuclear space [10, 179]. Similarly, the deletion of gH lead to the partial accumulation of 

virions in the perinuclear space, indicating that there is functional redundancy between gB and 

gH in terms of de-envelopment [10]. It is possible that the NEC plays a role in the packaging of 

fusogenic glcycoproteins into the primary envelope, as UL34 and UL31 are needed for the 

localization of glycoprotein M (gM) and gD to the inner nuclear membrane, and to sites of 

primary envelopment [180]. As both the inner and outer nuclear membranes are studded with 

viral glycoproteins, one would assume that indiscriminate fusion would occur, destroying the 

integrity of the nucleus. However, the fusogenic properties of gB rely on triggers and inhibitors to 

regulate fusion so as to maintain the independent nuclear membranes, but allow for viral de-

envelopment. Us3 is known to directly phosphorylate the cytoplasmic tail of gB to induce viral 

fusion, and as such, Us3 mutants look phenotypically similar to gB mutants [181]. Evidence 

suggests that the viral glycoprotein K (gK) is a negative regulator of gB. A direct interaction 

between gB and gK has been observed, and over expression of gK leads to the perinucular 

accumulation of primary enveloped capsids [182, 183]. Lastly, the cellular ATPase torsinA found 

in the perinuclear space likely plays a role in nuclear egress, as the over expression of torsinA 
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inhibited de-envelopment [184]. Moreover, a recent study has demonstrated that torsinA mutants 

are defective in the nuclear export of large ribonucleoprotein complexes, leading to their 

aggregation in the perinuclear space [185]. 

2.3.3 Glycoprotein processing  

Viral glycoproteins are translated on the ER, and enter the secretory pathway for processing. 

The glycoproteins are transported to the Golgi, and targeted to trans-Golgi derived vesicles, 

which serve as sites for secondary envelopment. The targeting of the trans-Golgi derived vesicles 

for exocytosis, resulting in the expression of glycoproteins on the plasma membrane and the 

release of mature infectious virions as the vesicles fuse with the plasma membrane (Figure 2.4). 

In the ER, the initial N-linked glycosylation at asparagine residues occurs co-translationally, and 

is mediated by the enzyme oligosaccharyltransferase [186, 187]. A number of molecular 

chaperones such as GRP78, GRP94, and calnexin bind to the glycoproteins, preventing transport 

to the Golgi until the glycoproteins are processed further and folded correctly [188, 189]. The 

processing is different, with respect to the number of glycosylation sites and the type of 

glycosylation for each viral glycoprotein. Moreover, there can be some variability in terms of the 

processing state of each glycan before being transported to the Golgi [190]. After appropriate 

processing in the ER, glycoproteins disassociate from the chaperones, and are able to undergo 

anterograde transport to the Golgi for further processing. Studies where the accumulation of viral 

glycoproteins in the ER was caused either by the addition of an ER retention motif, or by 

perturbing ER-Golgi transport, have shown that ER glycoproteins are immature or under 

processed, and viruses are unable to undergo secondary envelopment [191, 192]. In the Golgi, the 

N-linked high mannose glycans that were added in the ER are processed to complex mannose 

type glycans [186, 190, 193, 194], and further proteolytic processing as well as the addition of O-
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linked glycans may take place [186, 191, 195, 196]. Trans-Golgi sorting motifs present on the 

cytoplasmic tail of gE and gI have been well characterized, and are responsible for their 

accumulation in the trans-Golgi network even in the absence of other viral proteins [197-199]. 

Moreover, all viral glycoproteins are found to accumulate at the trans-Golgi network [200], and 

over time, as infection results in the upregulation of the exocytotic pathway, the majority of 

glycoproteins also accumulate at the plasma membrane at sites of viral egress [11, 201]. 
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Figure 2.4: The secretory pathway and viral glycoproteins. Glycoproteins are synthesized by 
ribosomes in the ER and initial glycosylation occurs co-translationally. Post-translational 
modifications enable the anterograde transport of glycoproteins to the Golgi in vesicles, 
where they are exposed to Golgi resident enzymes for further modifications. Fully processed 
glycoproteins are then packaged into trans-Golgi derived vesicles, where they are targeted to 
the cell membrane, and become sites of viral secondary envelopment (adapted from [202]).   
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2.4 UL21 

UL21 is a tegument protein conserved across the Alphaherpesvirinae subfamily, and has been 

reported to be approximately 523, 535, and 532 amino acids long in PRV, HSV-1, and HSV-2, 

respectively [13, 203]. Moreover, the amino acid sequence of UL21 shares 84% identity between 

HSV-1 and HSV-2 [13]. UL21 is dispensable for infection in both PRV and HSV-1, and studies 

elucidating its role in viral replication are ongoing [16, 18, 204, 205]. There have been conflicting 

reports describing a putative function of UL21 in PRV, as UL21 mutants derived from the Kaplan 

strain are significantly attenuated in swine, with only a slight decrease in replication in cell 

culture [204, 205]. On the other hand, UL21 mutants derived from the NIA-3 strain of PRV were 

observed to have DNA cleavage and packaging defects in cultured cells [203, 206]. In HSV-1, it 

was demonstrated that UL21 is expressed as a late gene, and is mainly localized to distinct 

cytoplasmic granules, although diffuse nuclear or perinuclear localization was sometimes 

observed [16].  Similar to the Kaplan strain of PRV, UL21 mutants in HSV-1 have moderate 

defects in replication and small plaque sizes compared to the wild-type virus, with no evidence of 

any role in the cleavage or packaging of viral genomic DNA [16-18]. Interestingly, an 

approximate two to four hour delay in the expression of immediate early genes was associated 

with a UL21 knockout virus in HSV-1, which was shown to be due to a post-attachment stage in 

the viral life cycle [17]. 

2.4.1 UL21 is essential for viral replication in HSV-2 

A recent study performed by Le Sage, Jung, Alter, et al., (2013) has demonstrated that unlike 

HSV-1 or PRV, UL21 in HSV-2 is essential for viral replication, as the UL21 knockout virus was 

only able to replicate on cell lines expressing UL21 in-trans [13]. An approximate two-hour delay 

in the production of mRNA transcripts from immediate-early, early, and late genes was 
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associated with a UL21 knockout virus, corresponding with a similar delay in protein synthesis. 

Interestingly, at late times post-infection, viral protein accumulation reached wild-type levels, 

indicating that there is not a profound block in HSV-2 gene expression in the absence of UL21, 

meaning the essential role for UL21 essential is likely later in infection [13]. When examining 

late times in infection, we identified a blockage in the nuclear egress pathway of cells infected 

with the UL21 knockout virus, leading to the accumulation of capsids in the nucleus, likely 

preventing secondary envelopment and egress [13]. 

2.4.2 Binding partners of UL21 

While an exhaustive list of UL21 binding partners has yet to be determined, an association 

between UL21 and tubulin has been noted [14]. Although transfection of UL21 from HSV-1 into 

cells promoted the outgrowth of long cellular processes, and UL21 was noted to promote 

polymerization of microtubules in vitro, a direct interaction between UL21 and tubulin was not 

shown in in vitro assays [14]. However, UL21 was found to colocalize with microtubules and the 

microtubule associate protein tau by indirect immunofluorescence. Due to this association, UL21 

has been implicated in mediating capsid trafficking along microtubules [14]. Similarly, UL21 in 

HSV-1 has been shown to bind to and alter the distribution of the intermediate filament glial 

fibrillary acidic protein (GFAP), as it was found to aberrantly accumulate in the cytoplasm in 

cells infected with a UL21 knockout virus [18]. Lastly, an interaction between the tegument 

protein UL16 and the C-terminal region of UL21 has been described in both HSV-1 and PRV 

[204, 207]. Deeper probing of this interaction has shown the formation of a tripartite complex of 

tegument proteins including the membrane associated UL11, and UL16 and UL21 on the 

cytoplasmic tail of gE. The coordinated assembly of this complex was initiated by the UL21-

UL16 interaction, which induced a conformational change in UL16, increasing its affinity for 
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UL11 binding, which in turn activated gE binding (Figure 2.5). Each of these proteins were 

reliant on one another for packaging into newly formed virions, and were required for the normal 

processing, plasma membrane expression, and function of gE [11]. 

2.4.3 Rational 

As HSV-2 strains lacking UL21 are associated with a two-hour delay in gene expression [13], 

it is clear that UL21 likely plays a role in gene expression, or in an upstream event in the viral 

replication cycle. We therefore sought to identify the role for UL21 early in viral replication 

contributing to the observed gene expression delay. As UL21 has previously been implicated in 

mediating trafficking along microtubules [14], we hypothesized that this delay is due to a defect 

in capsid trafficking, ultimately preventing the association between capsids and NPCs. However, 

as the delay in gene expression is not likely responsible for the essential nature of UL21 [13], we 

sought to identify a role for UL21 late in viral replication. Due to the established role for UL21 in 

gE processing in HSV-1 [11], we hypothesized that UL21 plays a role in glycoprotein processing 

in HSV-2, possibly contributing to its essential nature.  
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Figure 2.5: UL21 activates the assembly of a complex on the cytoplasmic tail of gE. In the 
absence of UL21, UL16 interacts weakly with either UL11 or gE, however following UL21 
binding, a conformational change occurs increasing affinity for UL11. Finally, UL11 binding 
allows for the interaction between UL16 and gE. Adapted from [11]. 
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Chapter 3 

Materials and Methods 

 

3.1 Cell lines 

Cell lines used in this study include African green monkey kidney cells (Vero cells), which 

were provided by ATCC, human cervical carcinoma cells (HeLa cells), rabbit kidney 13 cells 

stably expressing a GFP- α-Tubulin fusion (RK13-GFPTub cells), life-extended foreskin 

fibroblast cells (T12 cells), murine L fibroblast cells (L cells), L cells stably expressing UL21 

(L21 cells) [13], and human embryonic kidney cells (HEK293T cells). All cell lines were grown 

in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), and 

1% penicillin-streptomycin, in a 5% CO2 environment. L21 cells were maintained in the presence 

of 5µg/ml of Puromycin (Cedarlane Laboratories, Burlington, ON, Canada) as described 

previously [13]. RK13-GFPTub cells were maintained in the presence of G418 at a concentration 

of 0.5µg/ml.  

 

3.2 Viruses 

 The wild-type (WT) HSV-2 virus, UL21 knockout (KO21) virus, and UL21 repaired (21R) 

virus have been described previously [13]. All viral strains were propagated and titered on L21 

cells. When making viral stocks free virus and infected cell lysates were collected and stored at 

−80oC. Upon performing an infection, viruses were thawed at 37oC, and exposed to ten 1-second 

pulses in a cup horn sonicator at 4oC to separate aggregated viral particles, and then centrifuged at 
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1000Xg for 5 minutes to pellet cell debris. Cell monolayers were then incubated with the virus-

containing medium for 1 hour at 37 oC in a 5% CO2 environment. The virus-containing medium 

was then aspirated, and fresh medium was added. Cells were then incubated at 37 oC with 5% 

CO2 for the duration of the experiment to permit viral replication.  

3.2.1 Generating the KO21 mCherry/VP26 virus 

A UL21 knockout virus containing an mCherry fused to the N-terminus of the minor capsid 

protein VP26, referred to as KO21 mCherry/VP26, was made in order to observe capsid 

trafficking and localization during virus infection of cells. In order to create this virus, L21 cells 

were co-infected with a UL21 knockout virus containing the bacterial artificial chromosome 

vector sequence, and a virus containing an mCherry-VP26 fusion and a wild-type copy of UL21 

(referred to as WT mCherry/VP26). Infected cell debris was harvested after 48 hours, and used to 

infect L21 cells at varying dilutions. Plaques expressing only mCherry were picked, and then 

used to infect both L and L21 cells to ensure recombination and a UL21 knockout. Lastly, viruses 

that formed plaques on L21 cells but not L cells (non-UL21 complementing cell line) were 

plaque-purified to homogeneity with the assistance of Dr. Bruce Banfield.  

 

3.3 Antibodies 

Rat polyclonal antibody against ICP0 was used for indirect immunofluorescence microscopy 

at a dilution of 1:200 (Santa Cruz Biotechnology, Santa Cruz, CA). Rat polyclonal antibody 

against Us2 was used for indirect immunofluorescence microscopy at a dilution of 1:200 (as 

previously described [208]). Rat polyclonal antibody against UL21was used for indirect 

immunofluorescence microscopy at a dilution of 1:1,000, and for Western blotting at a dilution of 
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1:3,000.  Mouse monoclonal antibody against ICP8 was used for indirect immunofluorescence 

microscopy at a dilution of 1:10 000 (Virusys, Sykesville, MD). Mouse monoclonal antibody 

against gD was used for indirect immunofluorescence microscopy at a dilution of 1:2,000, and for 

Western blotting at a dilution of 1:80,000 (Virusys, Skesville, MD). Mouse monoclonal antibody 

against gC was used for indirect immunofluorescence microscopy at a dilution of 1:1,000 

(Virusys, Sykesville, MD). Mouse monoclonal antibody against ICP5 was used for indirect 

immunofluorescence microscopy at a dilution of 1:1,000 (Virusys, Sykesville, MD). Mouse 

monoclonal antibody against the transferrin receptor was used for indirect immunofluorescence 

microscopy at a dilution of 1:200 (Invitrogen-Molecular Probes, Carlsbad, CA). Mouse 

monoclonal antibody against giantin was used for indirect immunofluorescence microscopy at a 

dilution of 1:1,000 (AbCam, Cambridge, UK). Mouse monoclonal antibody against actin was 

used for Western blotting at a dilution of 1:2,000 (Sigma, St. Louis, MO). Rabbit monoclonal 

antibody against the FLAG epitope was used for indirect immunofluorescence microscopy at a 

dilution of 1:160 (Sigma, St. Louis, MO). Rabbit monoclonal antibody against calnexin was used 

for indirect immunofluorescence microscopy at a dilution of 1:200 (Sigma, St. Louis, MO). 

Rabbit polyclonal antibody against promyelocytic leukemia protein (PML) was used for indirect 

immunofluorescence microscopy at a dilution of 1:50 (Santa Cruz Biotechnology, Santa Cruz, 

CA). Horseradish peroxidase-conjugated rabbit anti rat IgG and horseradish peroxidase-

conjugated goat anti mouse IgG were used for Western blotting at a dilution of 1:80,000 and 

1:5,000 respectively (Sigma, St. Louis, MO). Alexa Fluor 488, 568, or 647- conjugated secondary 

antibodies were used for indirect immunofluorescence microscopy at a dilution of 1:500 

(Invitrogen-Molecular Probes, Carlsbad, CA). 
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3.4 Expression plasmids 

The pJR70 plasmid is an mCherry expression vector, which has been previously described 

[209]. Similarly, the EGFP expression vector pEGFP, UL21 expression vector pUL21, and 

UL21-EGFP fusion plasmid pUL21-GFP have been previously described [13]. The FLAG-VP16 

fusion plasmid was kindly provided by Dr.Renée Finnen, who cloned the VP16 gene of HSV-2 

into the pFLAG-CMV-2 plasmid (Sigma, St. Louis, MO). A series of UL21 deletions were 

created by directionally cloning truncated UL21 sequences into the pJR70 plasmid, creating C-

terminal fusions between the truncated UL21 products and mCherry. The pUL21-GFP plasmid 

was used as a template for the PCR amplification, and all PCR products were generated using pfx 

polymerase (Invitrogen, Burlington, ON) according to the manufacturers instructions. A UL21 

PCR product containing a deletion of the first 18 codons was produced using the forward primer 

5’-ATA TCA CTC GAG ATG ACG GCA GAC AGA AAC CGC-3’, and the reverse primer 5’-

TGA TGA GGA TCC ACA GAC TGG CCG TGC T-3’. A UL21 PCR product containing a 

deletion of the first 49 codons was produced using the forward primer 5’-ATA TCA GAG ATG 

AAG TTT GGC CTG GTG GTC C-3’, and the reverse primer 5’-TGA TGA GGA TCC ACA 

GAC TGG CCG TGC T-3’. A UL21 PCR product containing a deletion of the first 100 codons 

was produced using the forward primer 5’-ATA TCA CTC GAG ATG GTG AGC TCC GAG 

CGA GAC-3’, and the reverse primer 5’-TGA TGA GGA TCC ACA GAC TGG CCG TGC T-

3’. A UL21 PCR product containing a deletion of the first 148 codons was produced using the 

forward primer 5’-ATA TCA CTC GAG ATG CTA TTT GAG CAC CCG GCG ATC G-3’, and 

the reverse primer 5’-TGA TGA GGA TCC ACA GAC TGG CCG TGC T-3’. A UL21 PCR 

product containing a deletion in the last 32 codons was produced using the forward primer 5’-

TCA ACA CTC GAG ATG GAG CTC AGC TAT GCC AC-3’, and the reverse primer 5’-TGA 
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TGA GGA TCC CGG CGG TCA AAC GCG GAC ATC C-3’. A UL21 PCR product containing 

a deletion in the last 88 codons was produced using the forward primer 5’-TCA ACA CTC GAG 

ATG GAG CTC AGC TAT GCC AC-3’, and the reverse primer 5’-TGA TGA GGA TCC CGC 

AGG CGT TGC GAG TCC ACA AAG CG-3’. Lastly, A full length UL21 PCR product was 

produced using the forward primer 5’-TCA ACA CTC GAG ATG GAG CTC AGC TAT GCC 

AC-3’, and the reverse primer 5’-TGA TGA GGA TCC ACA GAC TGG CCG TGC T-3’. 

Following PCR, all products were purified from PCR reaction components using the QIAquick 

PCR purification kit (QIAGEN, Toronto, ON). All PCR products listed above and the plasmid 

pJR70 were digested with the restriction endonucleases XhoI and BamHI (NEB, Ipswich, MA), 

and the products were separated on a 1% agarose gel. The digested UL21 sequences and pJR70 

were gel purified from the gel using the QIAquick gel extraction kit (QIAGEN, Toronto, ON). 

PCR products were then ligated into pJR70 with the Quick ligation kit (NEB, Ipswich, MA), and 

transformed into chemically competent Escherichia coli (E. coli) strain DH5α. Colonies 

containing the plasmids were selected using 1µg/ml of kanamycin. Plasmid DNA was isolated 

using the QIAprep miniprep kit (QIAGEN, Toronto, ON), and the presence of the UL21 sequence 

was confirmed by XhoI and BamHI digestion. The anticipated gene fusions and mutations were 

confirmed by DNA sequencing (ACGT, Toronto, ON).  

The protein de-stabilizing domain L106P was fused to the C-terminus of UL21 either 

immediately downstream the UL21 coding region, or after a 19 amino acid long spacer region 

consisting of ‘DPGSGSEFGGGSGGGSGGS’. To make these fusion plasmids, the pL106Pin 

plasmid (kindly provided by Dr. V. Le Sage) was used as a template for PCR reactions. To 

generate a PCR product without a spacer region, the forward primer 5’-TGA TGA GGA TCC 

TAT GGG AGT GCA GGT GGA AC-3’, and the reverse primer 5’-TGA TGT GCG GCC GCT 
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CAT TCC GGT TTT AGA AGC TC-3’, were used. To generate a PCR product with the spacer 

region, the forward primer 5’-TGA TGA GGA TCC GGG CTC TGG CTC TGA ATT TGG TGG 

TGG CTC TGG TGG TGG TTC TGG TGG TGG TTC TAT GGG AGT GCA GGT GGA GGA 

AC-3’, and the reverse primer 5’-TGA TGT GCG GCC GCT CAT TCC GGT TTT AGA AGC 

TC-3’, were used. Following PCR, both products were purified from PCR reaction components 

using the QIAquick PCR purification kit (QIAGEN, Toronto, ON). The PCR products and the 

pUL21-GFP plasmid were digested by BamHI and NotI (NEB, Ipswich, MA). The restriction 

sites on pUL21-GFP were such that GFP was excised from the plasmid after digestion without 

interfering with the UL21 coding sequence. Following separation on a 1% agarose gel, the 

digested PCR products and pUL21-GFP were gel purified with the QIAquick gel extraction kit 

(QIAGEN, Toronto, ON). PCR products were then ligated into pUL21-GFP with the Quick 

ligation kit (NEB, Ipswich, MA), and transformed into chemically competent E. coli strain DH5α. 

Plasmid DNA was isolated using QIAprep miniprep kit (QIAGEN, Toronto, ON), the presence of 

the fusion was confirmed by BamHI and NotI digestion, and the anticipated DNA sequence was 

confirmed (ACGT, Toronto, ON). 

To enable regulation of UL21 expression using the N79 ribozyme [153], an N79-UL21 fusion 

was constructed (pN79-UL21). An N79-Us3 fusion plasmid was constructed by a former lab 

member, Susan M. Johnston. The pN79-Us3 plasmid was digested with XhoI and HindIII 

restriction endonucleases (NEB, Ipswich, MA), to release a DNA fragment containing two N79 

ribozymes for sublconing into the pUL21 plasmid. The pUL21 plasmid was also digested with 

XhoI and HindIII, and following gel purification of both the plasmid and the double N79-

containing fragment with the QIAquik gel extraction kit (QIAGEN, Toronto, ON), were then 

ligated together, and transformed into chemically competent E. coli strain DH5α. Lastly, an N79-
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UL21 fusion was created with a 30 nucleotide spacer region separating the ribozyme from the 

UL21 coding sequence (pN79_Spacer_UL21). To do this, the pUL21 plasmid was used as a 

template, and the PCR product was produced with the forward primer 5’-ATG AAA GCT TTC 

AGA ATT GGT TAA TTG GTT GTA ACA CTG GAT GGA GCT CAG CTA TGC CAC-3’, 

and the reverse primer 5’-TCA TAC TCT AGA TCA CAC AGA CTG GCC GTG G-3’. The 

PCR product was then purified from PCR reaction components using the QIAquick PCR 

purification kit (QIAGEN, Toronto, ON). The PCR product and the pN79-UL21 plasmid were 

then digested with HindIII and XbaI restriction endonucleases (NEB, Ipswich, MA). Following 

separation on a 1% agarose gel, the digested PCR product and pUL21 were gel purified with the 

QIAquick gel extraction kit (QIAGEN, Toronto, ON). The PCR product was then ligated into 

pUL21 with the Quick ligation kit (NEB, Ipswich, MA), and transformed into chemically 

competent E. coli strain DH5α. The colonied containing plasmids were selected for with 1µg/ml 

of kanamycin. Plasmid DNA was isolated using QIAprep miniprep kit (QIAGEN, Toronto, ON), 

the presence of the N79-UL21 and N79-Spacer-UL21 fusion was confirmed XhoI and HindIII, or 

HindIII and XbaI digestion, respectively, and the anticipated DNA sequence was confirmed 

(ACGT, Toronto, ON). 

3.4.1 Plasmid Transfections 

For indirect immunofluorescence microscopy, 35mm glass-bottom dishes (MatTek, Ashland, 

MA) were seeded with Vero cells, and transfected the following day at 70% confluency with 1µg 

of plasmid DNA, or co-transfected with 1µg of both plasmid DNA and a reporter plasmid using 

6µl of the FuGENE 6 transfection reagent (Roche, Laval, QC), as per manufacturers instructions. 

1 hour before the transfection, DMEM(+10% FBS) was aspirated and cells were washed in 

Phosphate Buffered Saline (PBS). Cells were then incubated in Opti-MEM reduced serum 
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medium (Invitrogen, Burlington, ON). The plasmid DNA and FuGENE were separately added to 

Opti-MEM for a total volume of 100µl, and mixed for 5 seconds before being incubated at room 

temperature for 30 minutes. The transfection cocktail was then added to the cells in 900µl of 

Opti-MEM, and after a 6 hour incubation at 37oC in a 5% CO2, cells were washed in PBS and 

then incubated overnight in DMEM(+10% FBS). For Western blotting, 100mm dishes were 

seeded with HEK293T cells for transfection the following day at 70% confluency. A transfection 

cocktail was prepared by adding 500µl of a mixture containing 62.5µl of 2M CaCl2, 8µg of 

plasmid DNA, and 12µg of calf thymus DNA, drop-wise to 500µl of 2X HEPES buffered saline 

(HeBS) consisting of 300mM NaCl, 50mM HEPES, 12mM dextrose, 1.5mM Na2HPO4�H2O, and 

10mM KCl dissolved in water at pH 7.08. This cocktail was then added drop-wise to 9ml of 

DMEM(+10% FBS) overlaying the cells, and incubated overnight. The next day cells were then 

washed in PBS, and fresh DMEM(+10% FBS) was added.  

 

3.5 Virus Penetration assays 

L21 cells were seeded onto 6-well cluster dishes for infection at 70% confluency the 

following day. Cells were infected with 10-fold dilutions of virus, with an MOI of 0.1 being the 

most concentrated. Cells were pre-incubated with wild-type HSV-2 (WT), a UL21 knockout virus 

(KO21), or the repaired UL21 virus (21R) on ice for 1 hour to synchronize the infection. The 

dishes were then placed in the 370C incubator, and rinsed in 1mL of a low pH citrate buffer (40 

mM Na citrate/ 10mM KCL/135 mM NaCL, pH 3) at 0, 10, 20, 30, 40, 60, or 80 minutes after the 

start of incubation for one minute to inactivate extracellular virions. Cells were then washed three 

times in PBS to remove the citrate buffer, and then medium containing 1% methylcellulose as 
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added. Cells were then incubated for three days to allow for plaque formation. The 

methylcellulose was then removed, and cells were fixed and stained in 0.5% methylene blue in 

70% methanol for approximately 30 minutes. Excess methylene blue was washed away, and 

plaque numbers were then counted in order to determine the appropriate number of plaque 

forming units per mL for each virus at the indicated time points. This was performed twice for 

each condition to ensure the validity of the obtained results. 

  

3.6 Immunofluorescence Microscopy 

Infected or transfected cells seeded on 35mm glass-bottom dishes or on glass coverslips were 

washed in PBS, and then fixed in 4% formaldehyde in PBS for 10 minutes at room temperature. 

Cells were then washed three times in 1% Bovine Serum Albumin (BSA)/PBS for 5 minutes. 

Cells were then permeabilized in 0.1% TritonX-100 in PBS/BSA for 10 minutes, washed three 

times in 1% BSA/PBS for 5 minutes, and then incubated in the presence of primary antibody 

diluted in 1% BSA/PBS for 1 hour at room temperature. Cells were washed three times in 1% 

BSA/PBS for 5 minutes, incubated in the presence of secondary antibody diluted in 1% BSA/PBS 

for 30 minutes at room temperature, washed three times in 1% BSA/PBS for 5 minutes, and then 

incubated with 0.5µg/ml of Hoechst 33342 (Sigma, St. Louis, MO) in PBS for 7 minutes to 

visualize nuclei. Cells were then washed three times in 1% PBS/BSA for 5 minutes, and glass-

bottom dishes were stored at 4oC in 1% PBS/BSA. Glass coverslips were stored at 4oC in 

PBS+50% glycerol after being affixed to microscope slides. Images were captured with an 

Olympus FV1000 laser scanning confocal microscope and Fluoview 2.01, or with a Nikon TE200 
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inverted epifluorescence microscope equipped with a cooled CCD camera and MetaMorph 

7.1.2.0 software.   

3.6.1 Three-dimensional imaging of virally infected cells 

To examine the nuclear association of HSV-2 capsids, Vero cells at 70% confluency were 

incubated on ice with either the KO21/mCherry-VP26 or WT/mCherry-VP26 strains at an MOI 

of 0.1 for 1 hour to synchronize the infection. Warm DMEM(+10% FBS) was added, and cells 

were then incubated in a 37oC with 5% C02 environment, and at 10, 30, and 60 minutes, cells 

were washed once in PBS, and then fixed with 4% formaldehyde in PBS for 10 minutes at room 

temperature. Cells were then washed three times in 1% BSA/PBS for 5 minutes and stained with 

0.5µg/ml Hoechst 33342 (Sigma, St. Louis, MO) in PBS to visualize the nuclei. Cells were 

washed three times in 1% PBS/BSA, and Z-series of infected cells were acquired with between 

20-35 sections taken throughout each cell using a step size of 0.4µm on the Olympus FV1000 

laser scanning confocal microscope with a 60X 1.42NA oil immersion objective. Three-

dimensional reconstructions facilitated by the Fluoview 2.01 software were then used for the 

quantification of both the total capsid number and the nucleus associated capsid number at early 

times after infection by manually counting the total number of individual HSV-2 capsids found 

within a cell, and the number of individual capsids that localize to the nucleus, respectively. A 

minimum of 100 capsids and their localization (either cytoplasmic or nuclear associated) was 

recorded for each condition. 

When examining the total cytoplasmic capsid number at late times after infection, Vero cells 

at 70% confluency were infected with either the KO21/mCherry-VP26 or WT/mCherry-VP26 

strains at an MOI of 0.01 for 24 hours. Cells were fixed with 4% formaldehyde in PBS for 10 

minutes at room temperature. Cells were then washed three times in 1% BSA/PBS for 5 minutes 
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and stained with 0.5µg/ml Hoechst 33342 (Sigma, St. Louis, MO) in PBS to visualize the nuclei. 

Cells were washed three times in 1% PBS/BSA, and Z-series of infected cells were acquired with 

between 20-35 sections taken throughout each cell using a step size of 0.4µm on a Olympus 

FV1000 laser scanning confocal microscope with a 60X 1.42NA oil immersion objective as 

described above. Three-dimensional reconstructions facilitated by the Fluoview 2.01 software 

were then used for determining the number of cytoplasmic capsids.  

3.6.2 Live cell imaging 

To examine nuclear egress, Vero cells at 70% confluency were infected with either the 

KO21/mCherry-VP26 or WT/mCherry-VP26 strains at an MOI of 0.01 for 18 hours. DMEM 

(+10% FBS) without phenol red was then added, and dishes were placed in a humidified 37oC 

chamber and maintained in a 5% CO2 environment for imaging utilizing the Olympus FV1000 

laser scanning confocal microscope. When examining capsid movement along microtubules, 

RK13-GFPTub cells at 60% confluency were infected with either the KO21/mCherry-VP26 or 

WT/mCherry-VP26 strains at an MOI of 0.1. Immediately after the addition of the inoculum, 

DMEM (+10% FBS) without phenol red was added, and dishes were placed in a humidified 37oC 

chamber and maintained in a 5% CO2 environment for imaging. Imaging occurred for a 

maximum of 15 minutes after the addition of DMEM(+10% FBS) without phenol red, utilizing 

the Olympus FV1000 laser scanning confocal microscope. Capsid movement was traced 

manually by indicating the center of individual eapsids capsid throughout each frame, and the 

average speeds and maximum speeds were calculated with the aid of Image-Pro Plus version 6.3.  
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3.7 Western blotting 

Infected cells from a 70-80% confluent 100mm dish were washed in 10 mL of cold PBS, 

scrapped into 100µl of cold PBS, and upon the addition of 50µl of 3x SDS-PAGE loading buffer, 

passed three times through a 28½ gauge syringe in order to reduce the viscosity of the cell 

lysates. Lysates were than boiled for 5 minutes at 100oC. Cell lysates were separated on a 10% 

SDS- PAGE gel. Electrophoresed proteins were then transferred to a PVDF membrane 

(Millipore, Billerica, MA) at 20V for 25 minutes. The membranes were then blocked with Tris 

Buffered Saline (50mM Tris-Cl, 150mM NaCl in water, pH 7.5) containing 0.05% Tween20 

(TBST) and 3% BSA at 4oC. For membranes probed using UL21 antiserum, blocking occurred 

for 1 hour, while membranes probed for actin or gD were blocked overnight. Membranes were 

incubated in the appropriate primary antibody diluted in TBST 1% BSA overnight at 4oC for anti- 

UL21 membranes, or for one hour at room temperature for anti- actin or gD membranes. 

Membranes were than washed three times in TBST for 5 minutes, and incubated with the 

appropriate horseradish peroxidase- conjugated secondary antibody diluted in TBST 1% BSA for 

one hour at room temperature. The membranes were again washed three times for 5 minutes in 

TBST, and then were treated with Pierce ECL Western Blotting substrate (Thermo Scientific, 

Rockford, IL). 

3.7.1 Endo H Digestions 

Vero cells at 70% confulency were infected at an MOI of 0.1 with the KO21 or 21R virus. At 

24 hours post infection, cell lysates were harvested in the manner described above, and passed 

through a 28½ gauge syringe as described above. 9µl of infected cell lysate was combined with 

1µl of 10X glycoprotein denaturing buffer (NEB, Ipswich, MA), and boiled at 100oC for 10 

minutes to denature glycoproteins. 2µl of 10X G5 reaction buffer (NEB, Ipswich, MA),7µl of 
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dH2O, and 1µl of Endo H (NEB, Ipswich, MA) was added, as per the manufacturers instructions, 

and the reaction was incubated at 37oC overnight to allow for the glycosidic cleavage of viral 

glycoproteins. The entire reaction volume was then loaded into a well of a 10% SDS- PAGE gel, 

and run alongside 9µl of the undigested cell lysate. Western blotting was performed as described 

above, and then densitometry comparing total glycoprotein levels in the undigested control to the 

amount of Endo H sensitive glycoprotein was performed with ImageJ 1.46 software.   

 

3.8 Flow cytometry 

Vero cells at 70% confluency were infected with either the KO21 or 21R virus at an MOI of 

1. At 18 hours post infection, cells were washed in PBS, incubated in %0.05 trypsin for 10 

minutes at 37oC, resuspended in DMEM(+10% FBS), and centrifuged at 1000Xg for 5 minutes at 

4oC. All subsequent centrifugation steps occurred at 1000Xg for 5 minutes at 4oC. Cell pellets 

were then washed three times in PBS, and centrifuged between each wash step, before being 

fixed in 1% formaldehyde in PBS for 20 minutes. Cells were centrifuged, and were either 

permeabilized in 1%BSA/PBS + 0.1% TritonX-100 for 5 minutes at room temperature to observe 

total glycoprotein expression levels, or left non-permeabilized to observe glycoprotein surface 

expression levels. Cells were centrifuged, and then incubated with gD, gC, or transferrin receptor 

specific primary antibody diluted in 1% BSA/PBS for 1 hour at room temperature, and then 

centrifuged to pellet cells and aspirate the supernatant. Following two washes with cold 1% 

BSA/PBS, and the associated centrifuging, cells were stained with Alexa Fluor 488- conjugated 

secondary antibody diluted 1:500 in 1% BSA/PBS for 30 minutes at room temperature. Cells 

were centrifuged, and then washed twice in cold PBS. Flow cytometry was preformed on an 
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Epics XL-MCL flow cytometer. Data was then analyzed with Expo 32 software (Beckman 

Coulter, Miami, FL). 

 

3.9 Brefaldin A assay 

Seventy percent confluent Vero cells on 35mm glass bottom dishes were infected with the 

KO21 or 21R virus at an MOI of 0.01, and at 8 hours post infection treated with either 3µg/ml of 

Brefeldin A (BFA) (Bioshop, Burlington, ON) to disrupt cell Golgi structure, or 3µg/ml of 95% 

ethanol (vehicle), in DMEM(+10% FBS) for 2 hours. Cells were either fixed with 4% 

formaldehyde in PBS for 10 minutes at this point, or were washed three times in PBS, and 

incubated in fresh DMEM(+10% FBS) without BFA for 30 minutes or 1 hour before fixation to 

allow for the recovery of the Golgi. Following fixation, cells were washed three times in 1% 

BSA/PBS for 5 minutes, and then probed for giantin and Us2 as described in 3.6, above. 

Representative images were captured wit an Olympus FV1000 scanning confocal microscope. 

Forty infected cells for each sample were scored as either having an intact Golgi, or a dispersed 

Golgi based on giantin expression. Infected cells were identified based on Us2 expression.  
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Chapter 4 

Results 

 

4.1 Evaluating the role of UL21 early in viral infection 

Our lab has previously shown that there is an approximate two hour delay in gene expression 

associated with the KO21 virus [13]. As immediate-early gene expression eponymously occurs 

immediately after the uncoating of the viral genome, it is likely that the observed delay is due to 

an event in the viral life cycle upstream of immediate-early gene expression in which UL21 plays 

a role, or that UL21 acts as a transcriptional activator of immediate-early genes. Work by a 

former post-doctoral fellow Dr. V. Le Sage demonstrated that UL21 does not act as a 

transcriptional activator (Le Sage and Banfield, unpublished data), and so we sought to determine 

what the function of UL21 is specifically in early events in the viral life cycle, and how its 

absence might cause the observed gene expression delay.   

4.1.1 Penetration assay 

In examining the role of UL21 during early events in the viral life cycle, we first evaluated 

the ability of the KO21 virion to penetrate the plasma membrane of the cell, as any defect in viral 

penetration would delay all downstream events including viral gene expression. To determine if 

viral penetration was perturbed in the absence of UL21, we performed an assay measuring rates 

of viral penetration, where L cells stably expressing UL21 (L21 cells) were incubated with KO21, 

WT, or 21R strains at 4oC to permit attachment while inhibiting penetration. Cells were then 

incubated with the virus at 37oC for set times to permit the penetration of the plasma membrane, 
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before inactivating extracellular viruses (Figure 4.1). After counting plaque numbers three days 

later, it became clear that the ability of the KO21 virus to penetrate the cell clustered quite closely 

to that of the WT and 21R virus. Based on these findings we conclude that there was no defect in 

viral penetration associated with the KO21 virus.  
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Figure 4.1: The KO21 virus does not have a defect in penetration. L21 cells were incubated 
on ice with wild-type (WT), UL21 knockout (KO21), or the repaired UL21 knockout (21R) 
virus for 1 hour to synchronize the infection. Cells were then shifted to 37oC and washed with 
a low pH citrate at the indicated times after the temperature shift. Medium containing 1% 
methylcellulose was added, and cells were incubated at 37oC for three days to allow plaques 
to form. Plaque numbers are expressed as a percentage of the maximum observed. Error bars 
represent standard error of the mean from 2 replicates.  
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4.1.2 Evaluating capsid trafficking along microtubules 

After penetration, capsids must traffic along microtubules towards the nucleus, where they 

dock onto NPCs and inject their genome into the nucleoplasm for the expression of viral genes 

and subsequent genome replication. In HSV-1, UL21 has been shown to colocalize with tubulin, 

and induces the formation of long cellular processes, suggesting that UL21 is involved in capsid 

trafficking along microtubules [14]. In order to assess the ability of capsid trafficking in the 

absence of UL21, we infected RK13-GFPTub cells with KO21/mCherry-VP26 or WT/mCherry-

VP26 strains and performed live cell imaging to observe in vivo capsid trafficking events. RK13-

GFPTub cells have green fluorescent microtubules, therefore allowing for the identification of 

microtubule-associated capsids. Similarly, VP26 is a minor capsid protein [64], and by tagging it 

with mCherry, we are able to visualize individual capsids. After tracking the movement of a 

number of individual capsids along microtubules from infected cells, no difference in terms of the 

average speed of viral capsids from KO21/mCherry-VP26 or WT/mCherry-VP26 infected cells 

were detected (Figure 4.2A). However, the trafficking of capsids is highly saltatory in nature, and 

so any differences in capsid speed would be underplayed as long pauses between periods of 

movement is not uncommon [12]. We therefore measured the maximum speed of individual 

capsids over the course of 30-second runs (Figure 4.2B), and found that there was no significant 

difference. Due to the nature of the experiment, we were unable to assess the directionality of 

capsid movement, and the presence of bidirectional movement was difficult to ascertain. To 

associate with the nucleus, capsids must traffic to the minus-end of microtubules at the 

microtubule-organizing center in a dynein dependent manner [93]. It is therefore unclear whether 

the observed capsid movement in KO21/mCherry-VP26 infected cells was dynein-dependent and 

directed towards the nucleus, or kinesin-dependent.  
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Figure 4.2: KO21 capsids can traffic along microtubules at normal rates. RK13 cells stably 
expressing GFP-tagged tubulin were infected with either the KO21/mCherry-VP26 strain or 
the WT/mCherry-VP26 strain. Live cell imaging was preformed to observe capsid trafficking 
events in vivo by confocal microscopy, and capsid movement along microtubules was 
manually traced using image-pro plus software. A) The average speed of tracked capsids. B) 
The maximum speed of tracked capsids. Data shown is representative of 2 independent 
experiments. Capsid movement was traced for a maximum of 30 seconds, or until capsids had 
exited the field of view.  

A) 

B) 
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4.1.3 Capsid-nucleus association 

The next step in the viral life cycle we probed was the ability of capsids to associate with the 

nucleus. To do this, Vero cells were infected with the KO21/mCherry-VP26 or the WT/mCherry-

VP26 strains at varying times post infection in order to visualize individual capsids, and then 

fixed and stained with Hoechst 33342 to visualize the nuclei. Z-stacks of infected cells were 

acquired with a step size of 0.4µm in order to create three-dimensional reconstructions of infected 

cells.  Total capsid numbers as well as nucleus associated capsid numbers were determined 

(Figure 4.3). In WT/mCherry-VP26 infected cells, the percentage of capsids associated with the 

nucleus increased throughout the infection, with approximately 7% of capsids found to be 

associated with the nucleus at 10 minutes after infection, and increasing to 16% at the end of the 

experiment. However, the percentage of capsids associated with the nucleus in KO21/mCherry-

VP26 infected cells remained largely fixed at approximately 5% for all time points tested. We 

therefore conclude that in the absence of UL21, capsids are unable to associate with the nucleus. 

It is likely that the basal level of nuclear associated capsids observed in KO21/mCherry-VP26 

infected cells occur due to viruses penetrating the cell membrane close to the nucleus, where as 

bona fide trafficking towards the nucleus is occurring in WT infected cells.  
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Figure 4.3: KO21 capsids display a defect in the ability to associate with the nucleus. Vero 
cells were incubated on ice with either the KO21/mCherry-VP26 strain or the WT/mCherry-
VP26 strain for 1 hour. Cells were shifted to 37oC and fixed and stained with Hoechst at 10, 
30, and 60 mins after the initiation of infection. Z-stacks of cells were acquired with a step 
size of 0.4 µm by confocal microscopy. Total cell-associated capsid numbers were counted, 
as were nuclear associated capsid numbers. Error bars represent standard error of the mean 
from 2 replicates. 
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4.1.4 UL21 and PML-NBs 

Promyelocytic leukemia (PML) nuclear bodies (PML-NBs) are elements of the intrinsic 

antiviral defenses of a cell, and are well documented in their ability to inhibit HSV replication by 

repressing viral gene transcription. The tegument protein ICP0 has been shown to target PML-NB 

components for degradation in infected cells, and thereby escape PML-NB mediated gene 

repression [210, 211]. Similarly, our lab has demonstrated that another tegument protein, Us3, 

specifically targets PML-NBs for disruption [212]. Interestingly, studies performed by a former 

post-doctoral fellow, Dr. V. Le Sage, have indicated that in the absence of UL21, Us3 is 

relocalized to discrete puncta found diffusely throughout the cytoplasm (Le Sage and Banfield, 

unpublished data). We therefore sought to evaluate the effect of UL21 on PML-NB disruption. To 

do this, T12 cells were incubated on ice for 1 hour with the WT or KO21 virus at an MOI of 0.01.  

Cells were then shifted up to 37oC, and then fixed and stained with Hoechst, and probed for the 

expression of ICP0 to identify infected cells, and PML protein to quantify PML-NBs at 2, 4, and 

6 hours post infection (hpi). No differences in the number of PML-NBs were observed between 

WT and KO21 infected cells at 2 hpi (Figure 4.4).  At 4 and 6 hpi, no PML-NBs were observed in 

WT or KO21 infected cells (data not shown). It is therefore unlikely that UL21 plays a role in 

PML-NB disruption.   
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Figure 4.4: The KO21 virus is able to disperse PML-NBs at normal rates. T12 cells infected 
with either WT or KO21 strains at an MOI of 0.01, after a 1-hour preincubation on ice were 
fixed and probed for ICP0 and PML expression 2-hours after infection. Infected cells were 
identified by ICP0 expression, and the number of PML-NBs were determined for 20 infected 
cells for each condition. Error bars represent standard deviation between samples, and the 
data presented is representative of 2 independent experiments.   
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4.2 Evaluating whether the two hour delay in gene expression is directly due to the 

absence of UL21, or indirectly due to a secondary effect on virion composition 

The tegument composition of HSV-2 is highly complex, with between 20 to 23 viral proteins 

and up to 49 host cell proteins being packaged [65]. An exhaustive list of the binding partners of 

UL21 is not available, however UL21 has been shown to play a role in the incorporation of 

UL16, UL11, gE, and Us3 into virions [11, 207, 213]. It is therefore possible that any observed 

defect in the early events of the viral lifecycle, including both the delay in gene expression and 

the capsid-nucleus association defect, associated with the KO21 virus could be caused by the 

absence of a protein other than UL21 from the virion, due to the reliance on direct or indirect 

interactions with UL21.  

4.2.1 Complementing the gene expression delay with UL21 

It was important to determine if the 2-hour delay in gene expression associated with the 

KO21 virus was due directly to the absence of UL21, and so we sought to complement UL21 

expression in trans and observe the kinetics of gene expression. To do this we infected L cells, or 

L cells stably expressing UL21 (L21) with the KO21 or WT virus at an MOI of 0.1, and observed 

the kinetics of viral protein expression. We examined the expression of the immediate-early gene 

ICP0, the early gene ICP8, and the late gene gD at 2, 4, and 6 hpi. We found that at 4 hpi only 

WT infected L21 cells expressed ICP8 and gD, whereas similar levels of expression in KO21 

infected L21 cells was not observed until 6 hpi (Figure 4.5A). Similarly, at 6 hpi, ICP0 expression 

was observed in the cytoplasm in WT but not KO21 infected L21 cells. Localization of ICP0 to 

the cytoplasm occurs only late in infection, as ICP0 must translocate from the nucleus to the 

cytoplasm to be packaged into virions [214]. Moreover, we quantified the number of ICP0 

expressing L21 cells also expressing ICP8 (Figure 4.5B) or gD (Figure 4.5C). We found that the 
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percentage of ICP0+/ICP8+ cells decreased from 56.5% and 95.5% in WT infected cells at 4 and 6 

hpi respectively, to 4% and 25.5% in KO21 infected cells at 4 and 6 hpi respectively. Similarly, 

the percentage of ICP0+/gD+ cells decreased from 48% and 74.5% after infection with the WT at 

4 and 6 hpi respectively, to 2% and 16.5% in KO21 infected cells at 4 and 6 hpi respectively. We 

therefore conclude that UL21 expression in trans cannot complement the gene expression delay 

associated with the KO21 virus. It is therefore likely that the observed early defects in the viral 

infectious cycle are due to the absence of a UL21 binding partner, rather than the absence of 

UL21 itself.  
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Figure 4.5: The two-hour delay in gene expression associated with the KO21 virus is non-
complemented by cells stably expressing UL21. L or L21 cells were infected with the KO21 
or WT virus at an MOI of 0.1. Infected cells were stained with Hoechst to visualize cell 
nuclei, and probed for the expression of ICP0 and ICP8, or ICP0 and gD at 2, 4, and 6 hpi. A) 
ICP0 expression is seen in red, ICP8 or gD expression is in green, and Hoechst staining is in 
blue. B) The percentage of ICP0 positive infected L21 cells expressing ICP8 is shown. C) 
The percentage of ICP0 positive infected L21 cells expressing gD is shown. Error bars 
represent standard error of the mean from 2 replicates.  
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4.2.2 Complementing the gene expression delay with VP16 

Work from a previous post-doctoral fellow in our lab, Dr. V. Le Sage identified a VP16 

packaging defect associated with the KO21 virus (Le Sage and Banfield, unpublished data). VP16 

is a tegument protein of HSV-2, and packaged VP16 is targeted to the nucleus where it acts as a 

transcriptional activator for immediate-early genes [119]. We therefore sought to test whether or 

not the VP16 packaging defect was the cause of the delay in gene expression associated with the 

KO21 virus. To do this, we transfected Vero cells with a FLAG-VP16 expression plasmid, and 

then infected the transfected cells with the KO21 or WT virus at an MOI of 0.1. We looked for 

the kinetics of the immediate early gene ICP0, the early gene ICP8, as well as the late gene ICP5 

at 2, 4, and 6 hpi. We found that WT-infected cells transfected with FLAG-VP16 expressed ICP8 

and ICP5 robustly at 6 hpi, where as KO21-infected cells transfected with FLAG-VP16 did not 

express detectable ICP5 at 6 hpi, and although some ICP8 expression was observed at 6 hpi, it 

was less robust than in WT infected cells (Figure 4.6). Furthermore, at 6 hpi the nuclei of WT 

infected cells transfected with FLAG-VP16 are partitioned into replication compartments and the 

loss of nuclear structural integrity is consistent with that of a cell late in infection, where as KO21 

infected cells transfected with FLAG-VP16 have structurally intact nuclei. We therefore conclude 

that the VP16 packaging defect is not the cause of the delay gene expression associated with the 

KO21 virus, as VP16 provided in trans is unable to complement the delay.  
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Figure 4.6: The two-hour delay in gene expression associated with the KO21 virus is not 
complemented by cells transiently transfected with a FLAG-VP16 expression plasmid. Vero 
cells were transiently transfected with 1µg of a plasmid containing a recombinant FLAG-
VP16 gene. 24 hours after transfection, cells were infected with WT or KO21 viruses at an 
MOI of 0.1, and then probed for the expression of A) FLAG-VP16, ICP0, and ICP8; or B) 
FLAG-VP16, ICP0, and ICP5; at 2, 4, and 6 hpi. FLAG-VP16 probing was done with an anti 
FLAG antibody, to discriminate VP16 transfected cells from virally encoded VP16. 
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4.3 Establishing a role for UL21 in nuclear egress 

Although there is a defined two-hour delay in gene expression associated with the KO21 

virus, previous experiments in our lab have shown that the KO21 virus accumulates normal levels 

of viral protein at late times in infection [13]. Moreover, we have provided evidence that suggests 

the two-hour delay is not directly due to the absence of UL21, but is instead due to changes in the 

virion composition (Section 4.2.1). It is therefore likely that the function of UL21 lies 

downstream immediate-early gene expression, and so we wished to examine the functions of 

UL21 at late times of infection.  

 

4.3.1 UL21 localizes to the nuclear rim 

Previous experiments in our lab have demonstrated that UL21 is likely associated with the 

inner nuclear membrane in the absence of other viral proteins [13]. This is particularly interesting 

as nuclear egress machinery assembles at the nuclear rim, which suggests that UL21 plays a role 

in nuclear egress. In order to determine if we could observe the nuclear rim localization of UL21 

in infected cells, Vero cells were transfected with a plasmid capable of expressing either a UL21-

EGFP fusion, or unfused EGFP as a control for UL21-EGFP localization. 24 hours after 

transfection, cells were infected with WT virus at an MOI of 1. At 24 hours after infection, cells 

were fixed and probed for gD to identify infected cells (Figure 4.7). Consistent with previous 

experiments, we found that UL21 localized to the nuclear rim of infected cells.  
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Figure 4.7: UL21 localizes to the nuclear rim in infected cells. Vero cells were transfected 
with a plasmid containing a UL21-EGFP fusion (top panel) or EGFP (bottom panel), and 
infected with WT virus at an MOI of 1. 24 hours after infection, cells were fixed and probed 
for gD expression. Nuclear rim localization of UL21-EGFP is indicated by the arrow, and 
cytoplasmic puncta is indicated by the arrowhead. 
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4.3.2 The KO21 virus has a defect in nuclear egress 

Vero cells were infected with the KO21/mCherry-VP26 or the WT/mCherry-VP26 virus at an 

MOI of 0.01, fixed and stained with Hoechst 33342 at 24 hpi, and examined by confocal 

microscopy. A nuclear egress defect was readily observed as the majority of KO21/mCherry-

VP26 capsids remained in the nucleus, whereas WT/mCherry-VP26 capsids were largely 

cytoplasmic (Figure 4.8A). Z-stacks of infected cells were acquired and three-dimensional 

models were generated in order to enable the quantification of cytoplasmic capsids. A significant 

decrease in the number of cytoplasmic capsids was observed in KO21 infected cells compared to 

WT infected cells (Figure 4.8B). This nuclear egress defect was confirmed by live cell imaging at 

14 hpi (data not shown). These findings are also consistent with the quantification of nuclear and 

cytoplasmic capsids by electron microscopy performed by our collaborators at Cornell University 

[13]. It is therefore clear that UL21 plays a role in nuclear egress, as capsids in KO21 infected 

cells are retained in the nucleus.  
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Figure 4.8: UL21 plays a role in nuclear egress. A) Vero cells were infected with the 
KO21/mCherry-VP26 (bottom panel), or the WT/mCherry-VP26 (top panel) virus. The cells 
were fixed at 24 hpi, and stained with Hoechst to visualize nuclei. Z-stacks of infected cells 
were acquired in order to create three-dimensional models; this was necessary so that all 
cellular capsids were identified. Arrowheads indicate cytoplasmic capsids in KO21 infected 
cells. B) The total number of cellular capsids were counted in infected cells at 24 hpi with 
KO21/mCherry-VP26 or WT/mCherry-VP26. The asterisk indicates cells where greater than 
200 cytoplasmic capsids are present. The majority of the capsids in the KO21/mCherry-VP26 
virus are retained in the nucleus, where as a large number of capsids are cytoplasmic after 
infection with the WT/mCherry-VP26 virus. 
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4.3.3 The N-terminal region of UL21 is likely important for its function 

We have constructed a series of UL21 deletions, consisting of four N-terminal deletions (the 

first 18, 49, 100, and 148 amino acids) and two C-terminal deletions (the last 32, and 88 amino 

acids), and in order to observe the localization of transfected cells, the UL21 truncation products 

were fused C-terminally to mCherry. Although there was no differences in the localization of C-

terminal truncation transfected cells (data not shown), cells transfected with the 18 amino acid N-

terminal deletion were observed to have complete nuclear exclusion of UL21 (Figure 4.9). 

Interestingly, previous work from our lab has shown that viruses containing N-terminal fusions to  

UL21 are unable to replicate. Similarly, our lab has shown that the introduction of a nonsense 

mutation immediately downstream the first ATG of the UL21 gene resulted in translation 

initiation at a second in-frame ATG (codon 63). This truncation product was unable to 

complement viral replication (Le Sage and Banfield, unpublished data). In cells transfected with 

larger N-terminal deletions, UL21 was found diffusely throughout the cell. We found that full 

length UL21 fused to mCherry was localized diffusely throughout the nucleus, as opposed to the 

nuclear rim localization described previously (Figure 4.7). This could indicate the mCherry tag 

itself disrupts UL21 localization and function. 
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Figure 4.9: The N-terminus of UL21 is important for its nuclear localization. HeLa cells 
transfected with either pJR70 (mCherry), a plasmid containing a full length UL21 gene fused 
to mCherry (UL21), or a plasmid containing an 18 amino acid N-terminal truncation of UL21 
fused to mCherry (N-term Δ18). 
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4.4 Establishing a role for UL21 in glycoprotein processing 

Nuclear egress is a complex process involving a number of viral and cellular proteins. 

Although the role of glycoproteins in primary envelopment is poorly understood, glycoproteins 

studding the inner nuclear membrane are incorporated into budding capsids and are known to be 

essential for secondary envelopment [215]. UL34, a member of the NEC, is synthesized on the 

ER, and must be targeted to the inner nuclear membrane in order to facilitate nuclear egress. 

Interactions between UL34 and gD have been described in HSV-1, and are necessary for 

targeting gD to the inner nuclear membrane [180]. Similarly, in HSV-2, UL34 and gD could be 

interdependent for their inner nuclear membrane localization.  

 

4.4.1 Glycoproteins are aberrantly localized in KO21 infected cells 

Vero cells were infected with either the KO21 or 21R viruses and fixed and probed for the 

viral glycoproteins gD or gC as well as Us2 at 14hpi. We found that glycoprotein in KO21 

infected cells seemed to accumulate in the endoplasmic reticulum (ER), where as glycoprotein in 

WT infected cells were localizing with what looked like the Golgi (Figure 4.10). 
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Figure 4.10: Viral glycoproteins are retained in the endoplasmic reticulum after infection 
with the KO21 virus. Vero cells infected with the KO21 or 21R virus at an MOI of 0.1 were 
probed for gD and Us2 expression (top panel), or gC and Us2 expression (bottom panel), at 
14 hpi.  
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4.4.2 KO21 infected cells have a defect in glycoprotein processing 

 

Glycoproteins in the ER are transported to the Golgi for processing by Golgi resident 

enzymes before being secreted or incorporated into virions, and so if glycoproteins are 

accumulating in the ER in KO21 infected cells, one would hypothesize that those glycoproteins 

are under-glycosylated. Endoglycosidase H (Endo H) is a glycosidase isolated from Streptomyces 

plicatus, which specifically cleaves N-linked high mannose oligosaccharides before they are 

processed in the Golgi [186, 194, 216]. We therefore utilized Endo H to determine differences in 

the susceptibility of viral glycoproteins between KO21 and 21R infected cells to strengthen our 

hypothesis that glycoproteins in KO21 infected cells accumulate in the ER and are therefore 

under-processed. To do this, Vero cells were infected with 21R or KO21 virus at an MOI of 1, 

and at 24 hpi infected cells were harvested and lysates were digested with Endo H. Digested and 

undigested lysates were separated on an SDS-PAGE gel and probed for the expression of gD by 

Western blotting (Figure 4.11A). The percentage of glycoprotein susceptible to Endo H was then 

determined by densitometry (Figure 4.11B). We found a significant difference in glycoprotein 

sensitivity to Endo H between 21R and KO21 infected cells, with little to no Endo H resistant 

glycoprotein present in KO21 infected cells. This establishes that there is a glycoprotein 

processing defect associated with the KO21 virus, and this corresponds with the aberrant 

glycoprotein localization in KO21 infected cells. 
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Figure 4.11: Glycoproteins in KO21 infected cells are underprocessed. A) KO21 or WT infected 
Vero cells were harvested after 24 hours, and cell lysates were digested with Endo H overnight. 
Endo H digested cell lysates were run next to an equivalent amount of undigested lysate on an 
SDS-PAGE gel, and probed for the expression of gD. B) Western Blots were analyzed by 
densitometry to determine the total amount of glycoprotein in an infected cell, and the amount of 
glycoprotein susceptible to Endo H digestion, which allowed for the calculation of the percentage 
of glycoprotein susceptible to Endo H. Error bars represent standard error from 2 independent 
experiments.   
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4.4.3 There is a decrease in the surface expression of viral glycoproteins in KO21 infected   

cells 

 

Viral glycoproteins are synthesized in the ER, and travel in vesicles to the Golgi for 

processing. Mature glycoproteins can then be packaged into Golgi-derived vesicles where they 

are incorporated into virions during secondary envelopment. As secretory vesicles studded with 

viral glycoproteins fuse with the cell membrane, the expression of viral glycoproteins on the cell 

membrane increases drastically [201]. We therefore sought to test whether viral glycoproteins 

were being expressed on the cell membrane of KO21 infected cells. To do this, Vero cells were 

infected with either the KO21 or 21R virus. At 18 hpi, cells were either permeabilzed with Triton-

X 100 or left non-permeabilzed (to observe total expression or surface expression, respectively), 

and probed for gD, gC, or the cellular transferrin receptor, and flow cytometry was performed. 

While the total expression of viral glycoproteins in KO21 infected cells was similar to 21R 

infected cells, KO21 infected cells had a drastic decrease in the surface expression of viral 

glycoproteins (Figure 4.12). The mean fluorescence intensity for the surface expression of gD in 

KO21 infected cells was 35% that of the levels observed in 21R infected cells. Similarly, The 

mean fluorescence intensity of gC surface expression in KO21 infected cells was 47% that of the 

levels observed in 21R infected cells. 
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Figure 4.12: Cells infected with the KO21 virus display a defect in glycoprotein surface 
expression. Vero cells infected with the 21R or KO21 virus at an MOI of 1 were probed for 
their surface expression of the viral glycoproteins gD and gC, as well as the cellular 
transferrin receptor by flow cytometry. A) Surface expression can be observed in the non-
permeabilized data set, where as total expression can be observed in the permeabilized data-
set. Uninfected cells with secondary antibody only are shown in the grey filled curve, 
uninfected cells with both primary and secondary are shown in the solid black line with no 
fill, 21R infected cells are shown in the solid grey line with no fill, and KO21 infected cells 
are shown in the dashed black line with no fill. b) Quantification of the mean fluorescence 
intensity of KO21 and 21R infected cells for non-permeabilized (B) and permeabilized (C) 
data sets.   
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4.4.4 The Golgi remains structurally intact in KO21 infected cells 

 

After having observed a deficiency in the surface expression of viral glycoproteins, and their 

accumulation in the ER in KO21 infected cells, we wished to examine the structural integrity of 

the Golgi in KO21 infected cells. Vero cells were infected with either the KO21 or 21R virus, and 

probed for the expression of calnexin to visualize the endoplasmic reticulum, giantin to visualize 

the Golgi, and Us2 to identify virally infected cells at 6 and 14 hpi (Figure 4.13). No differences 

in Golgi structure were readily observed between KO21 and 21R infected cells. 
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Figure 4.13: KO21 infected cells have a structurally intact Golgi. Vero cells were infected 
with either the KO21 or the 21R virus at an MOI of 1 and were probed for the expression of 
calnexin to visualize the ER, giantin to visualize the Golgi, and Us2 to identify virally 
infected cells at 6 and 14 hpi.   
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4.4.5 KO21 infected cells do not have altered rates of ER-Golgi vesicle trafficking 

 

It is possible that glycoproteins are retained in the ER in KO21 infected cells due to a 

perturbation in the cells secretory pathway. We therefore utilized Brefeldin A (BFA), a fungal 

antibiotic which reversibly inhibits the trafficking of vesicles from the ER to the Golgi ultimately 

causing the collapse of the Golgi into the ER due in part to the retrograde trafficking of vesicles 

from the Golgi to the ER [217]. Vero cells were infected with the KO21 or 21R virus, and at 8hpi 

treated with either 3µg of BFA or 3µg of  95% ethanol (vehicle) for 2 hours. Cells were then 

fixed and probed for the expression of giantin and Us2, or after 30 minutes or 1 hour recovery 

times, to allow for the re-formation of the Golgi. Following treatment with BFA, giantin 

expression indicated that the Golgi had been dispersed in KO21 and 21R infected cells. 

Moreover, we found that KO21 infected cells were able to recover Golgi structure after the 

removal of BFA at rates similar to that of 21R infected and uninfected cells (Figures 4.14), 

indicating that UL21 does not play a role in inhibiting ER to Golgi vesicle trafficking. 
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Figure 4.14: KO21 infected cells exposed to Brefeldin A are able to recover Golgi structure at 
a normal rate after the removal of the drug. A) Vero cells were infected with the KO21 or the 
21R virus at an MOI of 1. At 8 hpi cells were treated with either 3µg of Brefeldin A (BFA) to 
disrupt the Golgi apparatus, or 95% ethanol (vehicle) for 2 hours. Cells were washed and 
incubated in BFA free medium for 30 mins or 1 hour to permit the recovery of the Golgi. Cells 
were then probed for the expression of giantin to visualize the Golgi, and Us2. B) The 
percentage of infected cells with an intact Golgi after BFA or vehicle treatment and recovery 
was quantified. Error bars represent standard error from ≥2 independent experiments.   
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Chapter 5 

Discussion 

In this study we sought to analyze the function of UL21 in the life cycle of HSV-2. In 

HSV-1, a two to four hour delay in the expression of immediate early genes was associated with a 

UL21 knockout virus [17]. Similarly, we have described an approximate two hour delay in the 

expression of immediate early genes, as well as early and late genes in HSV-2 [13]. We therefore 

sought to systematically probe different stages in viral infection leading up to gene expression in 

order to determine a potential role for UL21. Firstly we found that the ability to penetrate the 

plasma membrane of a cell was not significantly effected by the absence of UL21 (Figure 4.1), 

which is consistent with previous findings in HSV-1 where the two hour delay in gene expression 

was shown to be due to a post-attachment step [17]. However, when examining the rate at which 

capsids were able to associate with the nucleus, we found that higher percentages of capsids 

associated with the nucleus over time in WT infected cells, while the percentage of capsids 

associated with the nucleus remained low in KO21 infected cells (Figure 4.3). If KO21 capsids 

were not effectively targeted to the nucleus, genome uncoating would be delayed, which could 

potentially explain the two-hour delay in gene expression associated with the KO21 virus. Due to 

UL21 having previously been implicated in transport along microtubules [14], we hypothesized 

that the KO21 capsid would have defects in dynein-dependent trafficking towards the nucleus, 

which would account for the inability to associate with the nucleus. Upon performing capsid 

trafficking assays, we found no significant differences in the speed of capsid transport between 

KO21 and WT infected cells (Figure 4.2). However, the inability to differentiate between dynein-

dependent movement from kinesin-dependent movement is a significant limitation of our capsid 
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trafficking assay. It is therefore possible that while the speed of capsid trafficking was not 

impaired, KO21 capsids were unable to undergo dynein-dependent movement, and so the 

majority of capsid motion measured was mediated by kinesin. Repeating these assays in the 

presence of dynein or kinesin specific small molecule inhibitors could potentially resolve this 

issue. Alternatively, there could be a defect in the targeting of capsids to NPCs once KO21 

capsids have reached the microtubule-organizing center, while dynein-dependent trafficking is 

unaffected. In HSV-1, mutants of UL36 were unable to dock on NPCs, and as dynein-dependent 

trafficking was not impaired, capsids accumulated at the microtubule-organizing center [112]. 

However, our fluorescence microscopy data of mCherry-tagged capsids gathered while 

examining rates of nucleus association (Figure 4.3) provided no evidence of capsid accumulating 

at the microtubule-organizing center in cells infected with the KO21 virus, which would suggest 

that this is not the case (data not shown). We therefore find it likely that the two-hour delay in 

gene expression observed with the KO21 virus is due to an inability to engage dynein, which is 

manifested as a defect in the capsid-nucleus association. To support this hypothesis, it would be 

informative to examine rates of genome uncoating by subjecting lysed cells to DNase treatment, 

as viral DNA becomes DNase-sensitive only after it has left its protective capsid [111]. 

Alternatively, it may be possible to measure rates of uncoating by labeling viral genomes with 

fluorescent markers [218]. 

We were interested in determining whether or not the absence of UL21 itself was 

responsible for the two-hour delay in gene expression observed with the KO21 virus, or if a 

secondary effect due to the absence of a UL21 binding partner was at play. To test this, we 

infected cells stably expressing UL21, and found that UL21 expression in trans was insufficient 

to complement the delay in gene expression (Figure 4.5). The tegument is highly plastic in nature, 
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and it has been shown in PRV that the absence of the tegument protein UL49 leads to an increase 

in the packaging of cellular proteins such as actin in order to compensate the lack of viral 

tegument [68]. With this in mind, we propose that the delay in viral gene expression is due to an 

inability to traffic capsids towards the nucleus in a dynein-dependent manner. However, the 

regulatory factors that differentiate between plus-end directed capsid transport towards the cell 

periphery versus minus-end direct transport towards the nucleus seems to be locally driven, and 

not due to a cell-wide specific change [12]. It is therefore possible that when we attempted to 

complement the putative trafficking defect, UL21 was unable to associate with the incoming 

capsids due to the compensatory packaging of host cell proteins blocking sites of UL21 

association in the tegument or on the capsid. As the directionality of capsid trafficking is a locally 

driven phenomenon, the ectopic expression of UL21 could be unable to affect the dynein-

dependent motion of KO21 capsids, thus preventing the complementation of the gene expression 

delay. Similarly, any perturbed event that may have caused the observed defect in capsid-nucleus 

association including both dynein-dependent trafficking and nuclear targeting from the 

microtubule-organizing centers, could be due to the compensatory packaging of the tegument 

interfering with the formation of higher ordered structures necessary for host protein interactions, 

or obstructing adequate tegument disassociation. Instead, we attribute the inability of L21 cells to 

complement the gene expression delay associated with the KO21 virus to the absence of a 

tegument protein that relies on UL21 for packaging in the virion. A VP16 packaging defect has 

been attributed to the KO21 virus (Le Sage and Banfield, unpublished data), although we found 

that providing KO21 infected cells with VP16 expression in trans was unable to complement the 

two-hour delay in gene expression (Figure 4.6). Moreover, in HSV-1, the packaging of the 

tegument proteins UL11 and UL16, as well as gE are reduced in the absence of UL21 [11]. To the 
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best of our knowledge an exhaustive list of UL21 binding partners has not been ascertained, and 

the tegument composition of the KO21 virus could potentially be drastically different from the 

WT virus leading to the observed defects early in infection. A study determining the 

compositional differences between KO21 and WT virions is clearly warranted and should help 

resolve these issues.   

We have identified a role for UL21 in the localization and processing of gC and gD in 

HSV-2. Immunofluorescence microscopy of gC and gD revealed that viral glycoproteins were 

being retained in the ER during KO21 infection (Figure 4.10), which would prevent further 

glycoprotein processing in the Golgi, and the targeting of glycoproteins to trans-Golgi derived 

vesicles for secondary envelopment. Unfortunately, we were unable to simultaneously probe for 

Golgi specific markers as gC, gD, and giantin antibodies were all raised in mice, and so, while 

developing a hypothesis on glycoprotein localization we ultimately relied on clear differences in 

glycoprotein expression between KO21 and 21R infected cells, as well as knowledge of the 

typical morphologies of the ER and Golgi. To further support the conclusion that viral 

glycoproteins were being retained in the ER in KO21 infected cells, we performed Endo H 

digestions on KO21 and 21R cell lysates (Figure 4.11). Virtually all of the gD in KO21 infected 

cells was sensitive to Endo H, indicating that the high mannose-type N-linked glycans were not 

processed to complex mannose-type by the resident enzymes in the Golgi, while only 

approximately 30% of gD in WT infected cells was resistant to Endo H. Total cellular gD was 

tested, and so one would expect a significant amount of recently made glycoprotein to remain in 

the ER and therefore be under-processed. In order to achieve better resolution of glycoprotein 

processing events, it may be necessary to perform pulse-chase experiments, which would allow 

for the identification and analysis of glycoproteins synthesized during a defined window in time. 
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It would also be interesting to see if UL21 provided in trans could complement the glycoprotein-

processing defect described here. We anticipate that this defect is due to the absence of UL21, 

and not because of any defects in incoming virions as gD and gC are late genes and at this stage 

in the viral life cycle it is likely that gene expression has caught up or is nearing WT levels. 

 As glycoproteins were under-processed in KO21 infected cells, we felt it was unlikely 

that gD and gC were targeted to trans-Golgi derived vesicles and from there accumulate on the 

cell surface. In support of the observation that gD and gC are retained in the ER and are therefore 

unable to move throughout the secretory pathway, flow cytometric analysis of KO21 infected 

cells revealed defects in the surface expression of viral glycoproteins (Figure 4.12). The fact that 

gD was not adequately expressed on the cell surface in KO21 infected cells likely indicates a 

functional change in gD, as the surface expression of gD has been found to prevent superinfection 

from incoming virus in HSV-1 [219]. Similarly, in HSV-1, UL21 has been implicated in the 

surface expression of the viral glycoprotein gE, effectively impeding the cell-to-cell spread of the 

virus, although this was attributed to an interaction between UL21, UL16, and UL11 on the 

cytoplasmic tail of gE [11]. UL11 has been implicated in interacting with the cytoplasmic tail of 

gD [220]; however, no such interaction is known for gC. Although the mechanism at this point is 

unclear, it is apparent that UL21 plays a role in the proper localization and therefore the function 

of a number of viral glycoproteins. Probing for gD expression provided clear evidence of a 

surface expression defect, as total gD expression was higher in KO21 infected cells relative to 

21R infected cells, while surface expression was significantly reduced. On the other hand, the 

total expression of gC was higher in 21R infected cells, and so the decreased surface expression 

of gC observed in KO21 infected cells could be a product of reduced gene expression rather than 

a defect in gC surface expression. 
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 The ER retention, under-processing, and lack of surface expression of viral glycoproteins 

observed in this study could reflect an inability to maintain the secretory pathway in KO21 

infected cells. If this were the case, one would suppose viral infection naturally interferes with the 

secretory pathway, and UL21 is necessary for its maintenance. However, the viral life cycle relies 

quite heavily on the secretory pathway as secondary envelopment takes place on trans-Golgi 

derived vesicles, and viral egress is coupled with exocytosis. HSV-1 infection was found to 

induce the redistribution of Golgi membrane proteins to the cell surface at late times in infection 

in order to promote viral egress [201], indicating that viral infection has a propensity to interfere 

with the secretory pathway. It could be possible, although counterintuitive, that HSV-2 relies 

mainly on the functions of UL21 to offset this adverse effect on the secretory pathway during 

infection. To test this hypothesis, we exposed KO21 infected cells to BFA, which reversibly 

disrupts the trafficking of ER-Golgi vesicles and induces the collapse of the Golgi. Upon 

removing BFA, we found that KO21 infected cells were able to recover Golgi structure at rates 

equal to 21R infected and uninfected cells (Figure 4.14). The main route for Golgi recovery is by 

the trafficking of vesicles from the ER to the Golgi, we therefore conclude that ER-Golgi 

trafficking was not impaired in KO21 infected cells. This data is of considerable interest as it 

suggests that the retention of viral glycoproteins in the ER in the absence of UL21 was due to a 

glycoprotein specific effect, and not because of interference with ER-Golgi vesicle trafficking. It 

would be interesting to look at the processing states and localization of other viral and cellular 

glycoproteins in the context of a KO21 infection, as it is possible that UL21 plays a role in 

directing the Golgi targeting of all viral glycoproteins and not just gD, gC, and gE. Furthermore, 

while there is clear evidence supporting a UL21 mediated effect on gE in HSV-1 [11], this has yet 

to be confirmed in HSV-2 or other members of Alphaherpesvirinae. Lastly, inhibiting viral 
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protein synthesis at late times in infection could be very informative, as one would expect 

glycoprotein to move out of the ER over time and accumulate in trans-Golgi derived vesicles and 

on the cell surface in WT or 21R infected cells, where as glycoprotein in KO21 infected cells 

should remain in the ER.  

While examining nuclear egress, individual capsids were quantified, and we found very 

few capsids in the cytoplasm in KO21 infected cells (Figure 4.8). Capsids were identified using 

an mCherry tagged fusion to a VP26 gene, and at late times post-infection, only diffuse nuclear 

accumulation of VP26 was observed, therefore we were unable to determine any quantitative 

information about nuclear capsids in KO21 infected cells. This is a significant limitation, as 

although the number of cytoplasmic capsids in infected cells suggests a blockage in nuclear 

egress, very little information can be discerned as to why capsids are unable to leave the nucleus. 

Defects in any stage of the nuclear egress pathway including targeting capsids to the inner nuclear 

membrane, primary envelopment or de-envelopment could be responsible for the retention of 

KO21 capsids in the nucleus. Alternatively, defects in capsid assembly or a drastic reduction in 

capsid stability could also have the appearance of a nuclear egress defect. Electron microscopy 

performed by our collaborators of cells infected with either the WT or KO21 virus at 14 hpi 

demonstrated that nucleocapsids were assembled in KO21 infected cells [13]. Interestingly, these 

studies revealed that KO21 infected cells were found to have significantly less total capsids per 

cell. One possible explanation for this observation is that due to the two-hour delay in gene 

expression, capsid assembly in KO21 infected cells lags behind WT levels at later times in 

infection. Repeating this quantitative electron microscopy experiment at multiple time points 

might help shed light on the kinetics of virus assembly in KO21 infected cells. If there is a 

consistent significant lag in total capsid numbers, it would suggest that other factors are 
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responsible for the reduction in capsid numbers observed in the initial electron microscopy study, 

where as if this was due to the gene expression delay, KO21 total capsid numbers would be two-

hours behind WT levels at each time point. We find that there is approximately equal levels of 

viral gene expression between WT and KO21 infected cells at 24 hpi [13], and so it seems 

unlikely that the reduction in capsids is due to the initial gene expression delay. Moreover, UL21 

has been implicated in DNA packaging and cleavage in PRV [203, 206], suggesting that UL21 

plays a role in capsid assembly or maturation in HSV-2. Despite this, when analyzing the ratios 

between nuclear and cytoplasmic capsids, the percentage of cytoplasmic capsids was significantly 

reduced in KO21 infected cells [13], indicating that there is a genuine defect in nuclear egress 

independent of the UL21 effect on capsid assembly or stability.  

The nuclear egress defect associated with the KO21 virus (Figure 4.8) is of interest 

because there was no evidence of capsids accumulating in the perinuclear space, indicating that 

the blockage likely occurs in primary envelopment [13]. While the importance of glycoproteins in 

de-envelopment is well known, it is not yet clear how or if glycoproteins play a role in primary 

envelopment. A number of glycoproteins including gD are found on the inner nuclear membrane 

which could possibly contribute to primary envelopment. Furthermore, UL34, a member of the 

nuclear egress complex, binds to the cytoplasmic tail of gD, recruiting it to sites of viral budding 

[180]. Interestingly, we have shown that UL21 localizes to the nuclear rim in WT infected cells at 

late times post infection (Figure 4.7). We therefore propose a model for primary egress in which 

UL21 interacts with the tails of viral glycoproteins, either allowing for an interaction between 

glycoproteins and UL34 by exposing a UL34 binding site, or by recruiting glycoproteins to sites 

enriched with UL34 on the inner nuclear membrane (Figure 5.1). It is also possible that UL21 

plays a role in the recruitment of the CCSC to DNA filled capsids, or the recruitment of UL31 to 
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the CCSC, which would prevent the targeting of capsids to the inner nuclear membrane for 

primary envelopment. In support of this, electron microscopy of KO21 infected cells performed 

by our collaborators showed that DNA filled capsids were located diffusely throughout the 

nucleus, as opposed to accumulating at the inner nuclear membrane or in the perinuclear space 

[13].  
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 Figure 5.1: A proposed model for the role of UL21 in nuclear egress. UL31 associates with 
C-capsids and is targeted to the inner nuclear membrane for primary envelopment mediated 
by an interaction with UL34. UL21 associated with the tails of viral glycoproteins facilitates 
glycoprotein localization to the inner nuclear membrane. This UL21 mediated process is 
necessary for the targeting of UL34 to sites of nuclear egress (adapted from [154]).  
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 Future studies looking at the composition of the nucleocapsid in KO21 infected cells are 

certainly warranted, as the presence or absence of the CCSC or UL31 would shed light on the role 

of UL21 in targeting capsids to the inner nuclear membrane. Similarly, the point at which UL21 

associates with the capsid is not yet clear. UL21 is thought to be closely associated with the 

capsid, and in this manner, plays a role in secondary envelopment via the UL21-UL16-UL11-gE 

complex that forms on the cytoplasmic side of trans-Golgi derived vesicles [11]. However, the 

nuclear localization of UL21 suggests that UL21 may associate with capsids in the nucleus. If this 

is the case, UL21 could potentially be involved in the formation of the CCSC, or play a role in 

recruiting UL31 to capsids. Alternatively, capsid-bound UL21 interacting with the NEC, or the 

tails of glycoproteins on the inner nuclear membrane could help to facilitate primary 

envelopment. The absence of UL21 in viral infection causes the relocalization of Us3 to punctate 

cytoplasmic granules (Le Sage and Banfield, unpublished data), and Us3 is involved in the 

disruption of the nuclear lamina meshwork as well as directing the localization of the NEC to the 

inner nuclear membrane [173-175]. It is therefore possible that the nuclear egress defect 

associated with the UL21 knockout virus is caused by the Us3 mediated aberrant localization of 

the NEC, or by a failure to adequately disrupt the nuclear lamina network. Ultimately, it would be 

beneficial to examine the localization of UL31 and UL34 in the context of a KO21 infection, to 

determine if they colocalize at the inner nuclear membrane, as well as to examine the state of 

lamina disruption at late points in infection.  

  In summary, we have examined sequential steps in the life cycle of HSV-2 in order to 

define a function for the UL21 protein. We have identified a defect in the ability of capsids 

lacking UL21 to associate with the nucleus following entry, and find it likely that this is due to an 

inability to undergo dynein-dependent movement. However, this defect early in the life cycle of 
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HSV-2 was not complemented by cells stably UL21 expressing, and so we hypothesize that the 

absence of UL21 leads to additional changes in the tegument composition of viruses, in turn 

leading to the inability of capsids to associate with the nucleus. By examining later stages in 

infection, we found that viral capsids are unable to exit out of the nucleus in the absence of UL21. 

Similarly, infection with the KO21 virus lead to the retention of gC and gD in the ER, ultimately 

preventing the processing and function of these glycoproteins. It is likely that the mislocalization 

of viral glycoprotein and the nuclear egress defect associated with the KO21 virus are related 

phenomena, and so we suggest a possible model for nuclear egress in which UL21 associates with 

glycoproteins leading to their localization to the inner nuclear membrane. We propose that the 

UL21 mediated localization of glycoproteins is important for the function of the NEC in HSV-2, 

and in its absence, the NEC is unable to facilitate primary envelopment. 
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Appendix A 

The Small Molecule Regulation of UL21 

The function of herpesvirus gene products are generally determined after isolation of 

mutant viruses followed by observing the resultant abnormal viral replication phenotypes in 

infected cells. However, mutations disrupting essential genes prevent the replication of viruses, 

and so they present a particular challenge in terms of elucidating gene function due to the lack of 

mutant viral progeny. Utilizing complementing cell lines to aid in viral replication can confound 

results as protein expressed in trans may be packaged into newly replicated virions. Small 

molecule based gene regulation allows for the temporal regulation of a gene of interest by 

modulating the exposure of a system to its cognate small molecule. These systems can therefore 

be utilized for the study of essential viral gene products by perturbing gene expression at different 

points in the viral life cycle and observing how it effects viral replication. A minimum of two 

components are required for adequate regulation of a target gene: a small molecule, and a 

receptor molecule, which binds to the small molecule, effecting a change in the expression of the 

gene [221].The receptor molecule can assert regulation of the target gene either by interacting 

with an operator sequence, or directly in the case of genetic fusions. In order for a regulatory 

system of this kind to be of practical benefit, the regulatory pathway should not only be 

stringently controlled by the small molecule, but also adaptable to multiple target genes, and 

remain functional in a wide variety of cell lines as well as in animal models. 

There are, however, a few intrinsic caveats to the pharmacological regulation of genes. It 

is important to ensure that there are no pleiotropic effects caused by interactions of a small 

molecule with other endogenous molecules, this is paramount as lengthy drug exposures in order 

to maintain gene activation/repression are commonplace, likely amplifying any toxic effects 
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[222]. Secondly, background expression in the absence of induction is extremely problematic as 

the cellular or phenotypic changes caused by unwanted expression would be attributed to a 

secondary source, rather than an effect of the target gene, and so these systems often require the 

engineering of semi-synthetic small molecules or regulatory domains to ensure optimization 

[153]. As biological processes are intricately probed, the stringent control of gene expression will 

become a necessity. Several systems have been shown to allow robust regulation of target genes 

in mammals in response to pharmacological agents. The utility of these systems are characterized 

by having high modularity, allowing for optimization in different scenarios, low background 

expression, nominal pleiotropic effects, and the ability to control a wide range of target genes. We 

therefore sought to utilize two small-molecule dependent regulatory systems, the N79 ribozyme, 

and the L106P destabilizing domain for the conditional expression of UL21.  

 

5.1 The N79 ribozyme 

The N79 ribozyme is a modified hammerhead ribozyme from Schistosoma mansoni. N79 is 

able to undergo self-cleavage, preventing the translation of downstream genes when included in a 

mammalian mRNA transcript, as well as a demonstrable attenuation of cleavage ability upon 

interaction of the small-molecule toyocamycin with its catalytic site (Figure A.1) [153]. UL21 

was directionally cloned into a plasmid containing two N79 ribozymes under the control of the 

HCMV major immediate early promoter, and this N79-UL21 expression plasmid was co-

transfected with an mCherry expression plasmid into Vero cells. Cells were exposed to 1µM of 

toyocamycin, and were fixed and probed for UL21 expression at 6 and 24 hours after the addition 

of toyocamycin. A high percentage of cells expressing UL21 was observed in the absence of 

toyocamycin (Figure A.2A and Figure A.2B). Moreover, 293T cells transfected with the N79-
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UL21 expression plasmid expressed significantly lower levels of UL21 in the presence of 

toyocamycin than cells transfected with a UL21 expression construct, (Figure A.2C) indicating 

poor inhibition of the ribozyme’s autocatalytic ability. Similarly, an N79-Spacer- UL21 construct 

was cloned and transfected into cells, however it was also characterized by an inability to 

effectively regulate UL21 expression due to high background levels in the absence of 

toyocamycin and poor levels of induction in its presence (data not shown). We therefore find that 

the N79 ribozyme is unable to effectively regulate UL21.  
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Figure A.1: Gene regulation by the N79 ribozyme. In the presence of the small molecule 
toyocamycin, the ribozyme is inactivated, allowing the production of the protein of interest. 
In the absence of the small molecule, the ribozyme cleaves itself, preventing protein 
expression, and targeting the cleaved mRNA transcript for degradation. Adapted from [153]. 
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Figure A.2: Cells transfected with an N79-UL21 construct express UL21 irrespective 
of toyocamycin exposure. A) Vero cells co-transfected with an N79-UL21 
expression plasmid and an mCherry containing plasmid are treated with toyocamcin 24 
after transfection, and are fixed 6 or 24 hours after treatment. Samples are probed for the 
expression of UL21, and stained with Hoechst. B) The total number of transfected cells 
and the number of UL21 expressing cells were quantified. Transfected cells were 
identified based on mCherry expression. C) 293T cells transfected with the N79-UL21 
expression plasmid were probed for UL21 expression by Western Blotting. UL21 
expression is oberved in the absence of toyocamycin, and UL21 expression levels are 
considerably lower than cells transfected with a plasmid containing UL21 without the 
N79 fusion, indicating poor levels of induction. 
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5.2 L106P destabilization domain 

The L106P destabilizing domain is a small molecule dependent gene regulatory system that 

utilizes a highly unstable FK506 binding protein mutant, termed L106P, which confers its innate 

instability to fused proteins, leading to rapid degradation of the target protein. In the presence of 

its cognate small molecule, Shield-1, L106P undergoes a large increase in stability, which is 

again transferred to the fused protein, providing a model for the conditional expression of a gene 

of interest (Figure A.3) [223]. Essentially, L106P was shown to cause reversible knockdowns, 

leading to morphological changes of the cell. Although the amount of Shield-1 needed for 

stabilization differed for each fusion, and so required moderate optimization between systems, it 

was clearly demonstrated that L106P shows promise as a tool for elucidating gene function in 

viruses [224].A C-terminal UL21-L106P fusion was made and co-transfected into Vero cells with 

an EGFP expression plasmid and fixed and probed for UL21 expression 24 hours after the 

addition of 1µM of Shield-1 or a vehicle control (95% ethanol). Although some background 

expression was observed, there was an increase in UL21 expression in the presence of Shield-1 

(Figure A.4A and Figure A.4B). This effect was also observed in 293T cells by western blotting 

(Figure A.4C). A second UL21- L106P fusion was made with an 18 amino acid linker; however, 

it was characterized by higher background levels and poorer levels of induction upon Shield-1 

exposure (data not shown).  
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Figure A.3: L106P and Protein De-Stabilization Mediated Gene Regulation. L106P is 
stabilized in the presence of Shield-1, allowing for continued expression of the target protein. 
In the absence of Shield-1, L106P is de-stabilized, leading to rapid degradation of the target 
protein. Adapted from [223]. 
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Figure A.4: Cells transfected with a UL21-L106P construct conditionally express UL21. A), 
(B) Vero cells co-transfected with a plasmid containing the UL21-L106P fusion and an EGFP 
containing plasmid express UL21 in low levels in the absence of Shield-1, and significantly 
higher levels in the presence of Shield-1. (C) 293T cells transfected with a plasmid containing 
the UL21-L106P fusion express high levels of UL21 only in the presence of Shield-1, as 
shown by Western blotting probing for UL21 expression. 
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Due to the stringent regulation of UL21 expression we observed in transfected cells, we felt it 

necessary to test whether the UL21-L106P fusion could complement the replication of KO21 

infected cells, and whether it could to so in a Shield-1 dependent manner. HeLa cells were either 

co-transfected with a UL21-L106P fusion construct and an EGFP containing plasmid, or 

transfected with a UL21-EGFP fusion construct. 24 hours after transfection cells were treated 

with 1µM of Shield-1 or of a vehicle control (95% ethanol). 24 hours after treatment, cells were 

infected with the KO21 virus at an MOI of 0.01, and the infection was allowed to proceed for 48 

hours in the presence of Shield-1 or the vehicle control. Cells were then fixed and probed for the 

expression of ICP8 in order to allow for the identification of infected cells. We observed that cells 

transfected with the UL21-L106P fusion construct were able to complement viral replication in a 

Shield-1 dependent manner, as in the absence of Shield-1 viral replication was limited (Figure 

A.5). 
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Figure A.5: A UL21-L106P fusion can regulate viral replication in a Shield-1 dependent 
manner. HeLa cells transfected with the UL21-L106P constructs and an EGFP expression 
plasmid or transfected with a UL21-EGFP fusion construct were infected with the KO21 
virus at an MOI of 0.01 in the presence or absence of Shield-1. 48 hours after infection cells 
were fixed and probed for ICP8 expression. In the absence of Shield-1 a minor amount of 
viral replication is observed (the white arrow indicates a cell that is both transfected and 
infected), where as in the presence of Shield-1 robust viral replication is observed, similar to 
that of the infected cells transfected with the UL21-EGFP construct. 
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We have demonstrated that UL21 expression can be regulated in a small molecule dependent 

manner. By fusing UL21 to the de-stabilizing domain L106P, UL21 expression was stringently 

controlled by the presence or absence of L106P’s cognate small molecule Shield-1. Moreover, by 

infecting cells with the KO21 virus that have been transfected with a UL21-L106P expression 

plasmid, we were able to complement viral replication in a Shield-1 dependent manner (Figure 

A.5). Theoretically, by building the UL21-L106P fusion into a virus, we could temporally 

regulate the expression of UL21 by introducing Shield-1 at different times after infection. 

Similarly, due to the reversibility of the L106P system, the removal of Shield-1 should bring 

about the rapid degradation of UL21 [223]. Having stringent temporal control of UL21 

expression will allow us to selectively evaluate the different roles of UL21 in the viral life cycle 

independent of previous blockages. For example, we could allow for adequate glycoprotein 

processing and localization in the presence of Shield-1, and then upon the removal of Shield-1 

probe for a UL21 mediated nuclear egress defect independent of glycoprotein localization. 

Alternatively, by providing Shield-1 to bypass the nuclear effect and glycoprotein processing 

defects identified in this study, we could analyze the extent that UL21 is required for secondary 

envelopment via the removal of Shield-1, which should inhibit the formation of the UL21-UL16-

UL11-gE complex. Furthermore, the UL21-L106P fusion also provides a method with which to 

regulate UL21 in a dose-dependent manner, allowing for the titration of UL21 protein in order to 

determine relative concentrations needed to bypass certain blockages in infection. It would also 

be interesting to determine whether the packaging of UL21 in the tegument plays an imperative 

role in viral infection, an experiment which could be performed by propagating a virus containing 

a UL21-L106P fusion in the presence of Shield-1, and then comparing the progression in viral life 

cycle between cells infected in the presence or absence of Shield-1. Although we know that the 
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UL21-L106P fusion can complement viral replication (Figure A.5), there remains a possibility 

that the fusion has other deleterious effects on tegumentation due to the fusion of the L106P 

moiety. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


