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Abstract 

The herpes simplex virus type 2 (HSV-2) is an important human pathogen that is the main cause 

of genital herpes infections and has a significant and wide-ranging impact on human health. HSV-2 

infections are one of the most common sexually transmitted diseases and are highly prevalent worldwide, 

thus making understanding their infection mechanisms all the more relevant. The UL21 gene, which is 

conserved amongst members of the Alphaherpesvirinae subfamily, encodes a tegument protein that is 

essential for HSV-2 propagation. More specifically, UL21 plays a critical role in the primary envelopment 

of capsids during nuclear egress, however the precise mechanism by which it does this is unclear. To 

investigate the role of UL21 in HSV-2 nuclear egress, we focused on events upstream of primary 

envelopment. First, we examined the role of UL21 in disrupting the localization of nuclear lamins during 

infection. Nuclear rim localization of lamins A, C, B1, and B2 was indistinguishable between the wild-

type (WT), UL21 null (∆UL21), or repaired (∆UL21R) HSV-2 strains, suggesting UL21 is not implicated 

in the disassembly of nuclear lamins at the nuclear membrane. Additionally, UL21 did not influence the 

localization of the nuclear egress complex (NEC), composed of UL31 and UL34, insofar as cellular and 

virally-encoded UL31 and UL34 localization patterns were indistinguishable between the UL21 null, and 

repaired or wild-type strains. Lastly, in an attempt to characterize interacting partners for UL21, we 

focused on proteins implicated in nuclear egress or proteins that may function to recruit UL21 to the 

nuclear membrane, where it may carry out its essential role(s). While no interactions were detected 

between UL21 and key mediators of primary envelopment including UL31, UL34, or Us3, UL21 

localization at the nuclear rim was enhanced by the overexpression of the inner nuclear membrane 

protein, LAP2β, suggesting a potential interaction between the two proteins. However, more experiments 

are warranted before any conclusive remarks can be made regarding such interaction. Taken together, 

these data have shed light on HSV-2 nuclear egress and have eliminated possible theories regarding the 

role of UL21 in HSV-2 primary envelopment. 
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Chapter 1 

Introduction 

The Alphaherpesvirinae, a subfamily of the Herpesviridae viruses, includes the herpes simplex 

virus (HSV) types 1 and 2, which are the most common causes of oral and genital herpes infections, 

respectively (46). Herpesviruses are complex in structure and their mature particle contains both viral and 

cellular proteins (146). These particles are composed of a linear, double-stranded viral DNA genome 

enclosed within an icosahedral capsid, a unique proteinaceous layer that surrounds the nucleocapsid 

called the tegument, and a lipid envelope derived from cellular membranes during virion maturation (83, 

153).  

Primary infection of the host by herpesvirus normally begins with entry into epithelial cells, such 

as mucosal cells in the oropharynx or genitalia, and is followed by spread to other cell types (104). During 

virus entry into the cell, the viral and cellular membranes fuse, resulting in the delivery of the viral 

nucleocapsid into the cytoplasm (91, 221). The incoming nucleocapsids then traffic to the nucleus, dock 

at nuclear pore complexes, and inject their viral DNA genome into the nucleoplasm, where transcription 

of viral genes and genome replication takes place (53, 104, 190). Late in productive infection, capsids are 

assembled and packaged with the viral genome inside the nucleus. Next, DNA-filled capsids undergo a 

series of sequential events collectively known as nuclear egress. These include recruitment of capsids to 

the nuclear membrane, primary envelopment, and de-envelopment, which altogether result in the 

translocation of nucleocapsids through the nuclear envelope and into the cytoplasm (155, 217). During 

primary envelopment intranuclear nucleocapsids acquire an envelope by budding at the inner nuclear 

membrane, thereby entering the perinuclear space. Next, perinuclear virus particles undergo de-

envelopment, which involves the fusion of the virion envelope with the outer nuclear membrane, resulting 
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in the release of nucleocapsids into the cytoplasm. During egress, newly formed nucleocapsids acquire a 

preliminary layer of tegument in the nucleus and cytoplasm (104, 110). In the cytoplasm, capsids traffic 

to the trans-Golgi network where additional tegument proteins are incorporated as they undergo 

secondary envelopment. This results in the formation of mature, infectious virions inside cellular vesicles, 

which are transported to the cell surface where they fuse with the plasma membrane and release infectious 

virions into extracellular space via exocytosis, thus completing the virus’ replication cycle (154).  

UL21 is a capsid-associated tegument protein that is conserved among members of the 

Alphaherpesvirinae subfamily (127). Contrary to work previously published on HSV-1 UL21 protein (11, 

147, 167), recent experiments from our laboratory have demonstrated that UL21 is essential for HSV-2 

propagation (127). More specifically, UL21 seems to be involved in primary envelopment of virions, as 

the deletion of UL21 results in the accumulation of mature and immature capsids in the nucleus and a 

significant reduction in the total number of capsids found in the cytoplasm. Interestingly, there appears to 

be no congregation of UL21 null capsids at the inner nuclear membrane and no accumulation of primary 

enveloped virions in the perinuclear space, suggesting that UL21 null capsids are defective at a stage prior 

to their recruitment to the inner nuclear membrane. However, the exact mechanism by which UL21 

facilitates primary envelopment has yet to be determined.  

The purpose of this study was to analyze the function(s) of the UL21 protein in HSV-2 nuclear 

egress and to define the mechanism by which UL21 promotes the envelopment of capsids at the inner 

nuclear membrane. The lack of UL21-null capsids at the inner nuclear membrane or the lack of 

accumulation of primary enveloped capsids in the perinuclear space formed the basis of our research into 

events prior to primary envelopment. Based on these observations, we hypothesize that UL21 may be 

implicated in one or more processes, all of which must occur before primary envelopment of HSV-2 

capsids can be initiated. These include the disruption of the nuclear lamina, proper localization of the 
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nuclear egress complex, and/or modulation of the nuclear egress complex activity via direct or indirect 

interactions. The research described here will help to better elucidate the functions of UL21, including its 

role in nuclear egress. Moreover, further characterization of the herpesvirus nuclear egress pathway, as 

outlined in this study, may shed light on novel intrinsic cellular processes, thereby enhancing our 

understanding of basic cellular biology.   
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Chapter 2 

Literature Review 

 

2.1 Herpes Simplex Virus 2 

 

Herpesvirales is an order of DNA viruses and includes the Herpesviridae family viruses that 

infect animals, including humans (46). The Herpesviridae viruses can be separated into three subfamilies, 

Alphaherpesvirinae, Betaherpesvirinae and Gammaherpesvirinae. The Alphaherpesvirinae subfamily are 

mostly neurotropic herpesviruses such as the human pathogens, herpes simplex virus types 1 and 2 (HSV-

1 and HSV-2), varicella zoster virus, and the swine pathogen, pseudorabies virus (PrV). Herpesviruses 

share many characteristics, including some structural components, replication strategies, and the fact that 

they all establish lifelong latent infections marked by occasional reactivations of virus with, or without, 

disease manifestations (104, 200).  

To date, nine members of the Herpesviridae family have been identified to infect humans (81, 

98). While close to 100% of the adult population is infected with at least one of these viruses, worldwide, 

approximately 90% of people are infected with either or both HSV-1 and HSV-2 (239). HSV-2 is an 

important human pathogen that is the main cause of genital herpes infections. HSV-2 infections are one of 

the most common sexually transmitted infections and are highly prevalent worldwide, affecting both men 

and women (223). It is estimated that in 2012 the overall prevalence of HSV-2 among 15-49 year olds 

worldwide was 11.3%, with consistently higher prevalence in females compared to males (14.8% versus 

8.0%) and higher overall prevalence observed in Africa (31.5%) followed by the Americas (14.4%) (137).  

Further confounding this significant global health issue is the fact that HSV-2 infection both facilitates the 
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acquisition and transmission of the human immunodeficiency virus (HIV) and is fuelling the epidemic 

spread of HIV in sub-Saharan Africa (2, 17, 243). Prior or recent infection with HSV-2 increases the risk 

of HIV-1 acquisition >3-fold (66, 240). Furthermore, it is estimated that in some regions, ~25% of new 

HIV infections can be directly attributed to the role of HSV-2 in facilitating the spread HIV (2). As such, 

HSV-2 has a significant and wide-ranging impact on human health, which makes understanding its 

infection and propagation mechanisms all the more relevant.  

 

2.1.1 Pathogenesis  

 

HSV-2 initially infects and replicates in the mucoepithelial cells and initiates lytic or productive 

infection at the site of contact (200). The pathology associated with an acute infection consists of 

development of multinucleated giant cells, ballooning degeneration of epithelial cells, focal necrosis, 

eosionophilic intranuclear inclusion bodies, and an inflammatory response characterized by an initial 

polymorphonuclear neutrophil infiltrate and a subsequent mononuclear cell infiltrate (200). Next, the 

virus spreads to local sensory neurons and travels by retrograde transport along sensory nerves to the 

sensory ganglia that innervate the site of infection (i.e. the dorsal root or sacral ganglia) (74, 200). 

Establishment of latency occurs in the ganglionic neurons for the remainder of life of the host. While 

propagation during a lytic infection enables these viruses to transmit to new hosts in order to maintain 

viral reservoirs, latency provides them with advantages to escape host immune surveillance, so as to 

establish lifelong persistent infections. Upon reactivation, the virus initiates lytic replication and travels 

down the neuronal axons, often to a site near the site of initial infection, where the epithelium is 

subsequently infected (200). Recurrent infections tend to be confined to the dermatome of primary 

infection, however, they do not necessarily occur at precisely the same anatomic location (215). It is 
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important to note that only a subset of patients exhibit clinical disease from reactivation. Individuals 

without clinical disease will also reactivate and spread the virus through subclinical shedding (74).  

 

2.1.2 Signs and symptoms 

 

The primary symptom associated with HSV-2 infection is ulcerative genital lesions. The 

approximate incubation time from sexual contact to the onset of lesions in clinically evident infections is 

5 days (200). Lesions begin as small erythematous papules, which soon form vesicles and then pustules. 

Within 3-5 days, the vesculopustular lesions break, resulting in painful coalesced ulcers that subsequently 

dry. These genital lesions are usually multiple (mean number 20), bilateral, and extensive and are 

accompanied by bilateral enlarged, tender inguinal lymph nodes, which persist for weeks to months. In 

addition to local genital lesions, approximately one-third of those infected with HSV-2 exhibit systemic 

symptoms such as fever, malaise, and myalgia. Unlike primary infections, recurrent infections of HSV-2 

are generally less severe and of shorter duration. Symptoms of recurrent HSV-2 are usually localized to 

the genital region and are not systemic. These include grouped vesicular lesions in the external genital 

region, which are often accompanied with mild pain and itching sensation.  

In addition to the symptoms associated with primary and recurrent infections, HSV-2 infection 

can lead to other serious complications. Approximately 1% of those infected with HSV-2 develop aseptic 

meningitis with neck rigidity and severe headache (200). Furthermore, transmission of virus during 

delivery through an infected mother’s genital secretions results in devastating, and often fatal, neonatal 

infections. The greatest risk of this transmission is associated with primary infection of the mother close 

to labour or within the last trimester (24, 74, 102). This is likely due to the fact that recurrent infections as 

well as infections prior to pregnancy or earlier in gestation allow for the transplacental passage of 
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antibodies against HSV-2 to the fetus. Due to the absence of a normal immune response in the neonate, 

neonatal HSV-2 is an extremely severe disease with an overall mortality rate of approximately 60% (200). 

Clinical presentation of neonatal infection includes local skin/mucous membrane disease, CNS disease, or 

disseminated infection with widespread internal organ involvement including the liver, lungs, and adrenal 

glands. Encephalitis is a very serious and life-threatening manifestation of neonatal HSV-2 infection, 

marked by bulging of the fontanelle, focal or generalized seizures, and progressive neurologic impairment 

(40, 44, 102).  

 

2.1.3 Available treatments  

 

Currently, the most commonly used antiviral drug against HSV-2 is the nucleoside analog 

precursor acyclovir (200). Upon uptake by virally infected cells, acyclovir is converted into a 

monophosphate form by the virally-encoded thymidine kinase (57, 73), and then to a triphosphate form 

by cellular kinases (157). This active triphosphate form of acyclovir is a potent inhibitor of viral DNA 

polymerase (70, 71), as it gets incorporated into an elongating DNA strand, and due to the absence of a 

3’-OH group, halts further elongation through chain termination (56). Phosphorylation of acyclovir is 

imperative for its antiviral properties since non-phosphorylated acyclovir is in its inactive form. 

Furthermore, the initial phosphorylation of acyclovir by the viral thymidine kinase allows for the 

specificity of this drug towards infected cells (43, 57).  

Two other antiviral drugs used against HSV-2 infections are valacyclovir and famciclovir (200). 

Valacyclovir, an esterified derivative of acyclovir, is a prodrug that is rapidly converted to acyclovir, and 

as such follows the same mechanism of action as its parent compound. Famciclovir is a prodrug of 

penciclovir, a guanosine nucleoside analog. After conversion, penciclovir is phosphorylated in the same 
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manner as acyclovir. Similar to acyclovir and valacyclovir, famciclovir is a potent inhibitor of viral DNA 

polymerase and thus impairs the virus’ ability to replicate within the cell. Both acyclovir and valacyclovir 

are equally effective in treating HSV-2 infections (61), while famciclovir has been shown to be slightly 

less efficacious in suppressing genital herpes infections and associated viral shedding when compared to 

valacyclovir (241). Furthermore, of the three mentioned drugs, famciclovir has the highest oral 

bioavailability at 77% (200, 241), followed by valacyclovir (54%) and acyclovir (15-20%) (61). Hence, 

the former two antiviral drugs allow for easier dosing regiments and higher patient compliance when 

compared to acyclovir (61), which due to its low oral bioavailability requires frequent dosing to maintain 

acceptable blood concentrations (48, 125). It is important to note however, that while acyclovir and its 

derivatives are able to reduce duration of lesions and viral shedding, they are not effective against latent 

infections (192, 202). Additionally, acyclovir and its derivatives’ heavy reliance on virally-encoded 

thymidine kinase and DNA polymerase, create a selective pressure for spontaneous mutations in the viral 

genes encoding thymidine kinase and DNA polymerase, which confer resistance against acyclovir (60, 

207).   

 

2.1.4 Virion structure 

 

Herpesviruses are complex in structure and their mature particle contains both viral and cellular 

proteins (146). These particles consist of four morphologically distinct structures, the core, capsid, 

tegument, and envelope (Figure 2.1A & B) (83). The inner core comprising the linear, double-stranded 

viral DNA genome is enclosed within an icosahedral capsid. The nucleocapsid is surrounded by a unique 

proteinaceous layer designated as tegument, which, in turn, is enclosed in a lipid envelope derived from 

cellular membranes during virion maturation. The HSV-2 genome is approximately 154,700 base pairs in  
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Figure 2.1 HSV virion structure and genome organization. A) Schematic of the HSV virion consisting 
of the viral DNA genome enclosed within an icosahedral capsid, a proteinaceous layer surrounding the 
nucleocapsid called the tegument, and a glycoprotein studded lipid envelope. Adapted from (64). B) 
Cutaway view of the HSV virion topogram showing the viral glycoproteins (yellow), envelope (blue), 
tegument (orange) and capsid (light blue). Scale bar represents 100nm. Adapted from (83). C) Schematic 
depicting the overall organization of the HSV genome. Unique long (UL) and unique short (Us) portions 
of genome are flanked on either side by their associated inverted repeats (TRL and IRL, and IRS and 
TRS). Together, TRL, UL, and IRL make up the L region, and IRS, Us, and TRS comprise the S region. 
Adapted from (54). 
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length and is organized into unique long (UL) and unique short (Us) segments (54), each of which is 

flanked by a pair of inverted repeat elements (Figure 2.1C) (41, 198). The icosahedral capsid, which 

houses the viral genome, is a protein shell that is approximately 125nm in diameter and consists of a total 

of 162 capsomeres, of which 150 are hexavalent (hexons), 11 are pentavalent (pentons), and one 

comprises the portal (172, 244). Pentons are composed of 5 copies of the major capsid protein VP5 

(ICP5) and occupy capsid vertices, except one, which houses the portal comprised of UL6. In contrast, 

hexons are composed of 6 copies of VP5 (ICP5) as well as a single copy of VP26 (252), and occupy the 

faces and edges of the icosahedron (15, 208). Capsomeres are connected in groups of three by structures 

called triplexes (320 in total), which consist of a single copy of VP19C and two copies of VP23 (172). 

The tegument, a proteinaceous compartment that lies between the nucleocapsid and the envelope, 

is unique to herpesviruses and is comprised of approximately 23 viral proteins and 49 host-cell proteins 

(140). The tegument can be divided into a capsid-associated region called the ‘inner tegument’ and an 

envelope proximal portion called the ‘outer tegument’. While it shares some functional similarities with 

the matrix of enveloped RNA viruses in linking the nucleocapsid and the envelope, the tegument is also 

thought to have other much broader functions. Based on the characterization of a small number of 

tegument proteins, it is thought that the tegument plays important roles in multiple aspects of the viral life 

cycle, including the transport of nucleocapsids to the host cell nucleus and regulation of viral and host cell 

gene and protein expression, with some components functioning late in infection during viral assembly 

and egress (110). Interestingly, despite the tegument’s diverse roles either immediately after infection or 

during assembly of virions, the majority of viral tegument proteins are dispensable in cell culture (110). 

This suggests there is a high level of redundancy and plasticity in the packaging of tegument proteins (50, 

156).  
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The viral envelope is studded with approximately 11 different viral glycoproteins, with a total of 

600 to 750 glycoprotein spikes covering the envelope of a virion (83). These glycoproteins, which have a 

non-random distribution, indicative of functional clustering, are critical for viral entry (i.e. attachment, 

fusion and penetration), and also play important roles in the nuclear egress of capsids and final assembly 

of virions as discussed in sections 2.2 and 2.3.  

 

2.2 Early Events in HSV Lifecycle  

 

2.2.1 Overview 

 

To establish primary infection, the virus must gain entry into mucoepithelial cells in order to 

deliver its genome into the host cell nucleus, where replication and transcription of the viral genome and 

subsequent virion assembly take place. As such, the HSV lifecycle begins when a virus particle gains 

entry into the host cell (Figure 2.2). This involves the attachment of the virion to cell surface receptors 

(94, 95, 211), followed by the fusion of the viral envelope with the plasma membrane and deposition of 

the nucleocapsid into the cytoplasm (5). Once inside the cytoplasm, capsids traffic to the nucleus by 

associating with the microtubule-dependent cellular molecular motor, dyenin (219). Upon reaching the 

nuclear envelope, capsids bind to nuclear pore complexes (181) and inject their viral DNA genome into 

the nucleus where transcription of viral genes and genome replication takes place. 

 

2.2.2 Virus entry 

 

Virus entry (i.e. attachment, fusion and penetration) is mediated by virally-encoded glycoproteins 
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Figure 2.2 Early events in the HSV lifecycle. Infection of the host with HSV begins with virus entry 
into cells. Virus entry (i.e. attachment, fusion and penetration) is mediated by virally-encoded 
glycoproteins present on the virus envelope. Following virus entry, the outer tegument is lost, leaving 
only the nucleocapsid with its associated inner tegument to be transported to the nucleus. The 
nucleocapsid is transported towards the nucleus by associating with the microtubule-dependent cellular 
molecular motor dyenin. At the nuclear envelope, the nucleocapsid docks at a nuclear pore complex and 
releases its genome into the nucleus. Adapted from (110). 
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that are present on the surface of the virus envelope (Figure 2.3). HSV virions attach to host cells through 

the interaction of glycoproteins B and C (gB and gC, respectively) with heparan sulfate on cell surface 

proteoglycans (94, 95, 211), or with dendritic cell-specific C-type lectin, dendritic cell-specific 

intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), which facilitates attachment during 

infection of dendritic cells (47). While gC is dispensable for viral attachment in vitro (124, 229), its 

deletion decreases the efficiency of virus binding (95, 214). Interestingly, reliance on gB and gC for virus 

attachment seems to differ between HSV-1 and HSV-2, with gB primarily mediating attachment in HSV-

2 (34, 124). This reliance on different glycoproteins, as well as differences in tropism between HSV-1 and 

HSV-2 due to varying recognition of heparan sulfates, may explain why HSV-1 tends to cause orolabial 

infections, while HSV-2 causes genital infections (34, 93).  

 HSV entry requires the coordinated functions of four viral glycoproteins, gD, and the core fusion 

machinery composed of gB, and the heterodimeric complex of gH and gL (gH/gL) (91). Following 

attachment to cell surface heparan sulfate via gB and gC, gD binds to one of three classes of receptors. 

These include a member of the tumor necrosis factor (TNF) receptor family called the herpes virus entry 

mediator (HVEM), cell adhesion molecules of the immunoglobulin superfamily, nectin-1 and nectin-2, 

and 3-O-sulfated heparan sulfate (30, 220). While the N-terminal region of gD contains its receptor-

binding site, its C-terminal region is necessary for triggering fusion and has been termed the “pro-fusion 

domain” (36). In the absence of receptor binding, the gD C-terminus is anchored near its N-terminus, 

masking gD’s receptor-binding site (119). Receptor binding results in a conformational change in gD that 

uncovers its N-terminus and is necessary for both receptor binding and triggering fusion (Figure 2.3) 

(126). 

Upon binding to its receptor, gD must transmit a signal to gH/gL and/or gB, with gD being 

reported to associate with both gH/gL and gB (76). Furthermore, a critical step in fusion is the interaction 
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Figure 2.3 Steps in HSV entry. Virus particles attach to host cells through the interaction of gB and gC 
with heparan sulfate proteoglycans (HSPG). Following attachment, gD binds to one of its receptors 
(HVEM), which results a conformational change in gD that moves its C-terminal “pro-fusion domain”. 
This allows gD to interact with both gB and gH/gL. By binding to receptor-bound gD, the gH/gL complex 
undergoes a conformational change into an activated state and thus regulates the fusogenic properties of 
gB. (91) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

dicating that !excessive" flexibility of the C terminus is
deleterious for gD function [110]. This suggests that
the displacement of the gD C-terminus has to occur at
the time of receptor binding to properly activate the
fusion machinery. Alternatively, the destabilization of
the C terminus, as in the case with gD(W294A), may
lead to a premature irreversible activation of mem-
brane fusion. The gD triggering system is likely shared
among alphaherpesviruses because the PxxWmotif is
conserved among a number of animal alphaherpesvi-
ruses, including PRV and BHV-1, which also use
nectins as receptors [8].
What happens after the trigger has been activated by
the receptor? It is likely that an activation signal is
transmitted to gB and gH/gL, which results in
conformational changes in these proteins thus leading
to membrane fusion. A proline-rich region (PRR) of
gD between residues 260 and 285 likely plays a crucial
role in this signaling [115].Upon receptor binding, this
segment may become exposed to contact the fusion
machinery. Alternatively, it may function as a hinge to
expose a still unidentified region of gD that can then
interact with the fusion proteins.
Recently, it was proposed that the activation of the
fusion machinery of herpesviruses bears resemblance
to that of gamma-retroviruses [116]. In Friend and
Moloney murine leukemia viruses, (Fr-MLVand Mo-
MLV), a PRR connects the receptor-binding domain
(RBD) and the fusogenic domain of the viral fusion
glycoprotein Env. Binding of receptor to the RBD
triggers the conformational change in the fusogenic
part of the protein in a manner that is dependent on
PRR. The gD core where receptors bind is also
followed by a PRR in the C-terminal extension, the
position of which is affected by receptor binding.
Interestingly, gD like the MLV RBD has an IgV core
with long loops [117]. Thus, whether the receptor
binding and fusogenic functions are located on one
protein, as in MLV Env, or on separate proteins, as in
herpesviruses, there are mechanistic similarities in the

activation of the fusogenic machinery triggered by
receptor binding.

The role of gB in herpesvirus entry

gB is the most highly conserved entry glycoprotein in
herpesviruses and is required for viral entry. The first
indication that gB is likely involved in membrane
fusion came from the observation that point and
truncation mutants within the cytoplasmic domain of
gB display a striking syncytial phenotype [118].
Although wild-type gB elicits little to no cell-cell
fusion, mutants that induce rampant formation of
syncytia occur with considerable frequency. Although
necessary, gB alone is insufficient for either viral entry
or for virus-free cell-cell fusion. Most herpesviruses
require at least gH/gL in addition to gB for both
processes [119, 120]. The only exception to this rule
was reported for EBV [121]. There, fusion of epithe-
lial cells wasmediated by amutant formof gB that had
a truncated cytoplasmic tail and occurred in the
absence of gH/gL.
The recently determined crystal structure of the
ectodomain of HSV-1 gB represented a significant
breakthrough in understanding the role of gB in entry
[122]. The structure revealed the location of residues
111–725, nearly the entire ectodomain (Fig. 3A, B).
Trimeric gB is a spike with the approximate dimen-
sions of 85#80#160 $, consistent with previous EM
studies [123]. Each protomer consists of five distinct
domains (Fig. 3A) and has a complex architecture
whereby the polypeptide chain traverses the entire
length of the ectodomain three times.
Unexpectedly, gB contains two pleckstrin homology
(PH) domains arranged in tandem. One is composed
of the entire domain II, and the other, of the upper
subdomain of domain I (Fig. 3A). In cytoplasmic
signaling pathways, proteins with this fold serve as
scaffolds for phosphoinositide binding and function to

Figure 4. Illustration of steps during HSV entry. Structures of gD and gB have been placed in the context of HSV entry to illustrate
molecular changes and interactions during attachment, receptor binding, and the post-fusion state. The relative position of each protein is
hypothetical. The gB and gD crystallographic structures are drawn to scale relative to each other.

1660 E. E. Heldwein and C. Krummenacher Entry of herpesviruses into cells
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between gH/gL and gB, with the latter glycoprotein being required for a committed and expanding fusion 

pore (6-8, 145). By binding to receptor-bound gD, the gH/gL complex, which acts as a regulator of 

fusion, undergoes a conformational change into an activated state (4, 5). gB, which shares structural 

homology to glycoprotein G, the sole fusion protein of vesicular stomatitis virus (VSV), acts as the 

fusogen of HSV (92, 197). In this model, the binding of gD to its receptor triggers fusion by activating the 

gH/gL complex, which in turn regulates the fusogenic properties of gB in a cascading fashion to drive 

fusion. Depending on the cell type, HSV can enter cells by fusion at the plasma membrane or fusion at an 

endosomal membrane after it has been endocytosed by the cell (37). However, what dictates the choice 

between endocytosis and fusion at the plasma membrane is, for the most part, unclear. It is possible that 

the ability to enter cells using different pathways facilitates the productive infection of the multiple cell 

types encountered by HSV (37). Regardless of the entry pathway, however, gB, gH/gL and gD are 

required for virus entry, resulting in the delivery of the viral nucleocapsid into the cytoplasm (5). 

 

2.2.3 Tegument dissociation and capsid trafficking 

 

Upon delivery of the nucleocapsid into the cytoplasm, the outer tegument dissociates from the 

capsid, leaving the nucleocapsid with its associated inner tegument proteins including Us3, UL25, UL36, 

and UL37 (38, 80), to be transported to the host cell nucleus (80). The dissociation of the outer tegument 

is a phosphorylation-dependent event that is triggered by cellular kinases, as well as the viral kinases Us3 

and UL13 (110, 160, 161). Following outer tegument dissociation, incoming nucleocapsids are 

transported to the host nuclear envelope by the cellular microtubule-associated motor system (219). The 

motor protein dyenin (219) as well as the cofactor dynactin (53, 246) are recruited to nucleocapsids and 

are responsible for the movement of capsids towards the minus-end of microtubules. However, capsid 
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movement towards the nucleus occurs in a saltatory fashion, with frequent reversals in direction. The 

bidirectionality of capsid movement is due to the activity of plus-end directed motor proteins including 

kinesin-1 and kinesin-2 that are simultaneously bound to capsids in addition to dyenin and dynactin (190, 

218). Furthermore, there appears to be some form of regulation in directing the net movement of capsids 

that is directly related to the composition of the tegument that is associated with capsids (218). In vitro 

capsid motility experiments have demonstrated that dynein and kinesin motor proteins bind to distinct 

surface features on capsids and that a modification to tegument composition is responsible for the change 

in affinity of capsids for motors. Therefore, tegument composition is thought to serve as the main 

regulatory mechanism for controlling capsid directionality (190, 246). Interestingly, nuclear targeting and 

transport of viral nucleocapsids is believed to be mediated by the inner tegument proteins UL36 and 

UL37 (3, 38, 118, 196, 246), which may explain why these components remain capsid associated during 

tegument dissociation. 

 

2.2.4 Docking at nuclear pores and genome uncoating 

 

 Once at the nuclear envelope, nucleocapsids dock at nuclear pore complexes (NPCs) and inject 

their viral DNA genome into the nucleus where viral gene expression and genome replication takes place. 

NPCs, which allow for the transport of cargo across the nuclear envelope, can facilitate the transport of 

molecules with a maximum width of ~5nm by passive transport (158, 226), and ~39nm by active 

transport (179). However, the HSV nucleocapsid, which is approximately 125nm in diameter (172), is too 

large to pass through the NPC and must therefore dock at a NPC and eject its DNA into the nucleus. The 

viral protein UL25, which occupies the vertices of capsids in complex with UL17, has been demonstrated 

to interact with the nucleoporin Nup214, with knockdowns of Nup214 displaying delayed nuclear import 

(181). Moreover, it appears that UL36 also plays an important role in nuclear docking of incoming 
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capsids, as the deletion of the N-terminal nuclear localization signal of UL36 results in the accumulation 

of capsids at the microtubule organizing center or in the vicinity of the nuclear envelope, but not at NPCs 

(1). This suggests that UL36 plays a role in the early routing of incoming capsids to NPCs and is 

necessary for successful infection (1).  

 Genome uncoating is the next step in the HSV lifecycle following docking at the NPC. A key 

HSV capsid protein that is likely to facilitate this step is UL6, which forms a portal at a single capsid 

vertex that serves as the site for DNA packaging during assembly and for genome release during 

uncoating (170, 171). It is not yet clear, however, how the capsid is oriented such that this single vertex is 

directly opposite the NPC.  Other viral proteins thought to be involved in genome uncoating include 

UL25 and UL36. UL25, which has been characterized to participate in DNA packaging and nuclear 

egress of capsids, is also implicated in interactions with NPC components (181) and in genome uncoating 

(188). Furthermore, UL25 is also an interaction partner of UL36, which is required for capsid attachment 

to NPCs (38) and genome uncoating (18). It appears that the proteolytic cleavage of UL36 following the 

association of capsid with a NPC is a necessary step for uncoating of the viral genome and thus serves as 

the regulator of this process (107). 

 

2.2.5 Gene Expression 

 

The HSV genome is organized into three distinct kinetic classes, immediate early, early, and late, 

all of which are temporally regulated (97). Immediate early genes are expressed after genome uncoating 

and do not have any pre-requisites for expression. This is in contrast to early and late gene expression, 

which require the expression of immediate early genes and viral DNA replication, respectively, for their 

expression (97). Immediate early gene transcription requires the participation of the transcription factor 
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and tegument protein VP16 (UL48) (247). Once inside the cell, VP16 associates with the cellular 

transcription factor HCF-1 (122). The VP16/HCF-1 complex is then transported to the nucleus where it 

associates with another cellular transcription factor, Oct-1, forming the VP16-induced complex (175, 225, 

247). This complex then binds to specific ‘TAATGARAT’ sequences at the promoters of immediate early 

genes, and activates their transcription (247). Immediate early gene products in turn regulate the 

expression of early and late genes, the products of which are mediators of viral genome replication and 

structural components of the virion, respectively (110). For instance, the immediate early protein ICP4 

acts as a transcriptional activator of early and late genes, as well as a repressor of immediate early genes 

(182). ICP0 is another immediate early protein that triggers the switch from immediate early to early gene 

expression by releasing early and late genes from histone-mediated silencing (29, 84). Although the 

mechanism by which DNA replication regulates late gene expression is still unclear, it has been 

demonstrated that in addition to ICP4, the immediate early protein ICP27 is also implicated in activating a 

subset of late genes (210). This temporal regulation of viral gene expression increases the likelihood of 

producing infectious virions since structural proteins required for capsid formation are only synthesized 

when there is enough replicated viral genome available for packaging. 

 

2.3 Late Events in HSV Lifecycle  

 

2.3.1 Overview 

 

At late times during productive infection, new virus particles start to assemble inside the nucleus 

of infected cells. Newly translated capsid proteins are translocated to the nucleus, where they are 

assembled into capsids that are subsequently packaged with the newly replicated viral DNA. Next, mature 
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DNA-containing capsids termed C-capsids, are recruited to the inner nuclear membrane where they 

undergo nuclear egress, a process that leads to the translocation of nucleocapsids through the nuclear 

envelope and into the cytoplasm (Figure 2.4) (104). Once in the cytoplasm, nucleocapsids traffic along 

microtubules via a kinesin-dependent manner towards the Golgi or trans-Golgi network (TGN) (104, 

190). At the TGN, capsids undergo secondary envelopment resulting in the formation of mature, 

infectious virions inside a cellular vesicle. Envelopment at the TGN is mediated by interactions between 

the capsid and its inner tegument proteins with outer tegument proteins associated with the cytoplasmic 

tails of glycoproteins or with membrane bound tegument proteins present in the Golgi (86). Finally, virion 

filled vesicles are transported to the cell surface where they fuse with the plasma membrane, releasing 

virions into the extracellular space via exocytosis, thus ending the virus’ replication cycle (153). 

 

2.3.2 Capsid assembly and packaging 

 

 Late in productive infection, newly translated capsid proteins are assembled into capsids that are 

subsequently packaged with viral DNA. Capsid formation involves the assembly of the major capsid 

protein, VP5 (ICP5), around a scaffold, resulting in the formation of a procapsid (Figure 2.5) (32, 149). 

As previously stated, faces and edges of the icosahedral capsid are composed of hexons (6 copies of VP5 

and a single copy of VP26) (172, 252), while capsid vertices are made of pentons (5 copies of VP5) (172, 

244), except one vertex that is occupied by 12 copies of UL6, giving rise to the portal (171). The scaffold 

proteins include pre-VP22a, the maturational protease VP24 fused to the N-terminus of pre-VP21, VP23, 

and VP19c (32). Following the completion of procapsid assembly, the scaffolding proteins are processed 

by the viral protease VP24 as part of procapsid maturation, and concomitant with viral DNA packaging, 

these processed scaffolding proteins (VP22a, VP21) are expelled from the capsid. Scaffold processing as  
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Figure 2.4 Late events in the HSV lifecycle. Following capsid assembly and packaging inside the 
nucleus, newly formed nucleocapsids bud into the inner nuclear membrane (primary envelopment) and 
enter the perinuclear space. Next, these primary enveloped virions fuse with the outer nuclear membrane 
(de-envelopment) and are released into the cytoplasm where they undergo further maturation. In the 
cytoplasm, capsids are transported to the Golgi or the trans-Golgi network (TGN) via kinesin-dependent 
transport. At the Golgi, capsids bind to and bud into cytoplasmic membranes (secondary envelopment) 
where they acquire their envelope, and are released into the extracellular space via exocytosis. Adapted 
from (110). 
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Figure 2.5 Assembly and maturation of the HSV nucleocapsid. Successive states of the HSV 
nucleocapsid as it progresses through maturation and DNA packaging. See text for details. Adapted from 
(32). 
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well as packaging of DNA, which applies a significant amount of pressure on the inner surface of the 

capsid, result in the conformational change of the capsid into its mature form, marked by a more angular 

and robust structure (96, 169, 233). 

It is important to note that in addition to the DNA-containing mature capsids, termed C-capsids, 

there are two other types of capsids that accumulate in the nucleus of infected cells as a result of failure in 

DNA packaging (Figure 2.5) (32). B-capsids are structurally mature capsids with processed but not 

expelled scaffolding proteins. These capsids do not contain any DNA, suggesting that packaging was not 

initiated. A-capsids also have structurally mature shells, but unlike B-capsids, they contain no scaffold, 

and are viewed as particles on which DNA packaging was initiated but subsequently disrupted with loss 

of the packaged DNA (19). The maturity of the viral capsid becomes important when it is time for the 

nucleocapsid to exit the nucleus. Like a quality control mechanism, C-capsids are preferentially processed 

out of the nucleus and into the cytoplasm (234). 

 

2.3.3 Nuclear egress  

 

Nuclear egress refers to a series of events that result in the translocation of nucleocapsids through 

the nuclear envelope and into the cytoplasm, where they continue maturation and eventually exit the cell. 

Several models have been proposed to explain this process, among which the most widely accepted is the 

envelopment-deenvelopment-reenvelopment model (155, 217). In this pathway, intranuclear C-capsids 

acquire an envelope by budding at the inner nuclear membrane, thereby entering the perinuclear space 

(Figure 2.6). This process is known as primary envelopment. Perinuclear virus particles undergo de-

envelopment, which involves the fusion of the virion envelope with the outer nuclear membrane, resulting 

in the release of the nucleocapsid into the cytoplasm. However, before nuclear egress can be initiated, 
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Figure 2.6 HSV nuclear egress pathway overview. Following capsid assembly and packaging inside the 
nucleus, newly formed nucleocapsids bud into the inner nuclear membrane (INM) (primary envelopment) 
and enter the perinuclear space. Next, these primary enveloped virions fuse with the outer nuclear 
membrane (ONM) (de-envelopment) and are released into the cytoplasm where they undergo further 
maturation. Adapted from (104). 
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several important events must first occur, these include the dissolution of the nuclear lamina, selection of 

mature capsids for envelopment, and recruitment of capsids to the nuclear egress complex (NEC) (104). 

 

2.3.3.1 Crossing the nuclear lamina  

 

In order to undergo primary envelopment, nucleocapsids need to engage the inner nuclear 

membrane. To do so, they must first bypass the underlying nuclear lamina, which represents a formidable 

obstacle. The nuclear lamina is a dense protein meshwork that lines the nucleoplasmic side of the inner 

nuclear membrane, provides structural support for the nuclear envelope and mediates several nuclear and 

cytoplasmic processes (25, 82). The nuclear lamina is composed of a network of lamin polymers, which 

are type-V intermediate filament proteins (63). Nuclear lamins are separated into two classes, A-type and 

B-type, on the basis of their biochemical properties and behaviour during mitosis (227). A-type lamins are 

expressed in differentiated cells, disperse as soluble proteins during mitosis, and have neutral isoelectric 

points, while B-type lamins are expressed in all cells, tend to remain associated with membranes during 

mitosis, and have acidic isoelectric points (75). In mammals, A-type lamins, which include lamins A, C, 

C2 and AΔ10, are encoded by a single gene (LMNA in humans), and arise by alternative mRNA splicing 

(63, 135, 141). Lamin A and lamin C are the major A-type lamins and are expressed in somatic cells, 

whereas lamin C2 is uniquely expressed in the testis. Lamin AΔ10 is also found in somatic cells however 

its overall expression profile remains unknown (27). B-type lamins (B1, B2 and B3), are encoded by two 

separate genes. Lamin B1 and lamin B2 are encoded by LMNB1 and LMNB2, respectively, in humans and 

are widely expressed in somatic cells (134, 184, 236). Lamin B3 is derived from LMNB2 by alternative 

splicing, and is only expressed in the testis (72).  
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The disassembly and reassembly of the nuclear lamina is tightly regulated with the cell cycle, as 

it is structurally static during interphase or in non-dividing cells (90, 185). Disassembly of the nuclear 

lamina during mitosis and apoptosis correlates with the phosphorylation of lamins by cellular kinases cell 

division cycle 2 (Cdc2) and protein kinase Cδ (PKCδ), respectively (23, 42, 90, 173, 183, 185). It has 

been previously shown that infection with herpesviruses results in the disruption of the nuclear lamina 

and similar to the disassembly of lamins during mitosis, this disruption is, at least in part, 

phosphorylation-dependent (193). 

 The herpesvirus-induced nuclear lamina disruption is thought to proceed through multiple 

mechanisms involving various viral and cellular factors. Nuclear egress of HSV capsids requires the 

participation of two viral proteins that form the nuclear egress complex (NEC) (194, 199, 249). The NEC, 

which is conserved throughout the Herpesviridae family, is associated with the inner nuclear membrane 

and mediates primary envelopment. However, it also plays a major role in the disruption of the nuclear 

lamina, leading up to nuclear egress (193). One component of NEC is a type II membrane protein that is 

C-terminally anchored in the nuclear envelope and is designated as UL34. This membrane-associated 

protein interacts with the other, much more soluble component of NEC, a nuclear phosphoprotein named 

UL31 (131, 194, 199). Both members of the NEC cause conformational changes in the nuclear lamina 

possibly by direct interactions with nuclear lamins as well as by recruiting cellular kinases (154). Lamina 

disruption appears to be localized to areas with high concentrations of UL31 and UL34 suggesting that 

the binding of UL31 and UL34 to lamins may compete with lamin-lamin interactions, resulting in their 

disruption (165, 193). In further support of this, overexpression of UL31 can disrupt the nuclear lamina, 

displaying similar effects to the overexpression of dominant-negative forms of lamins, which result in the 

disruption of A-type lamins (101, 193). Additionally, the UL31/UL34 NEC complex recruits cellular 

kinases, in particular PKCδ and PKCα, to the nuclear envelope (166, 180). One or both of these kinases 
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mediates the phosphorylation of lamin B, possibly leading to thinning of the lamina, thus promoting 

capsid budding (129). However, lamin B phosphorylation is only partially reduced by PKC inhibitors 

(129, 180), suggesting a role for additional kinase(s) in phosphorylation of lamins. 

 Virally-encoded protein kinases, such as Us3 and UL13, are also key players in the dissolution of 

the nuclear lamina observed during herpesvirus infection (31, 129, 163, 165). Us3, an alphaherpesvirus 

tegument protein, is responsible for phosphorylating lamins A and C thus augmenting solubilization of 

the lamina (21, 163, 165). Furthermore, Us3 also phosphorylates the integral inner nuclear membrane 

protein emerin, which directly binds and tethers lamins A and C to the inner nuclear membrane (128, 

159). This phosphorylation appears to reduce the affinity of lamins for emerin and helps to sever 

connections between lamins and the inner nuclear membrane. Emerin is also phosphorylated by the 

UL34-recruited PKCδ (128), which contributes to the disruption of the nuclear lamina. Additionally, the 

HSV-1 UL13 and its orthologs, which are a component of the viral tegument (177), possess a Cdc2-like 

kinase activity, and therefore play a role in the phosphorylation and dispersion of the nuclear lamina (109, 

121, 130, 143). 

 

2.3.3.2 Selecting mature capsids for primary envelopment 

 

Following the disruption of the nuclear lamina, herpesvirus nucleocapsids gain access to the inner 

nuclear membrane and to the NEC. It was previously thought that nuclear actin filaments induced by 

herpesvirus infection facilitated the intranuclear movement of viral capsids to the inner nuclear membrane 

(230). However, recent work by Bosse et al. have demonstrated that herpesvirus nuclear capsid motility is 

not dependent on nuclear F-actin, thus reopening the question of how intranuclear capsids move to the 

inner nuclear membrane (22). Once at the inner nuclear membrane, nucleocapsids have to dock at the 
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NEC, which as discussed below, is required for primary envelopment. In several herpesviruses, C-capsids 

are preferentially enveloped at the inner nuclear membrane (131, 234). A structure that may play a role in 

facilitating this selection is a complex of the conserved minor capsid-associated proteins UL17 and UL25 

(248) and is designated as the capsid vertex-specific component (CVSC) (232). This complex is believed 

to bind C-capsids more efficiently after DNA packaging is complete since its binding is enhanced by the 

subtle conformational change that occurs in the capsid structure as a result of the mounting outward 

pressure during DNA packaging (234). Furthermore, the CVSC has been demonstrated to interact with 

UL31 of the NEC either directly or indirectly (131), independently of UL34 and Us3 (248). This supports 

a model in which the CVSC binds C-capsids after DNA packaging is complete and either recruits UL31 

in the nucleoplasm or engages it within the NEC to effectively select DNA-containing capsids for 

envelopment. Consistent with this is the observation that capsids lacking either UL17 or UL25 have 

impaired primary envelopment and are retained within the nucleoplasm (114, 120). Furthermore, in 

addition to the CVSC, other interactions between the NEC and the capsid have been described either via 

UL33 (65) or directly with the core capsid (131) and as such may also play a role in selecting mature 

DNA-containing capsids for envelopment. This process, which resembles a quality control mechanism, 

functions to conserve viral resources such that only capsids with the potential to produce infectious 

virions move on to the next step of the virion assembly pathway. 

 

2.3.3.3 Primary envelopment  

 

As previously stated, the first step in nuclear egress is primary envelopment, which is mediated 

by the NEC, a heterodimeric complex of UL31 and UL34 (Figure 2.7). Deletion mutations of either of the 

two proteins result in a drastic impairment of primary envelopment and accumulation of nucleocapsids  
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Figure 2.7 HSV primary envelopment. The HSV nuclear egress complex (NEC), which includes UL31 
and UL34, induces thinning of the nuclear lamina, enabling the nucleocapsid to engage the inner nuclear 
membrane (INM). Viral proteins UL17 and UL25 form the capsid vertex-specific component (CVSC) on 
the surface of nucleocapsids and are important in selecting mature, DNA containing capsids for primary 
envelopment. The capsid buds into the INM and enters the perinuclear space. At this stage, part of the 
tegument is already bound to the capsid, including Us3, which plays an important role in later stages of 
egress. (104). 
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within the nucleoplasm (33, 69, 116, 194, 199). Interestingly, in some cell types, PrV UL31 and UL34 

expression alone (i.e. without expression of other viral proteins) is sufficient to drive formation of 

perinuclear vesicles with a diameter similar to that of virions (113). The same phenomenon is also 

observed when Kaposi's sarcoma-associated herpesvirus UL31 and UL34 orthologues, ORF67 and 

ORF69, respectively, are transiently co-expressed (51). This suggests that the NEC plays an important 

role in primary envelopment of HSV capsids and that UL31 and UL34 are the only viral proteins required 

for the formation of primary envelopes.  

 Although both UL31 and UL34 are ultimately localized at the inner nuclear membrane (Figure 

2.7), UL31 requires UL34 expression for its nuclear membrane targeting (69, 194), whereas UL34 is 

intrinsically targeted to the nuclear membrane (116). However, UL34 localization is enhanced in the 

presence of UL31 (69, 194). Additionally, phosphorylation of both HSV-1 and PrV UL31 and UL34 by 

Us3 (108, 164, 189, 193) regulates the localization of the NEC, as deletion of Us3 disrupts its localization 

from a smooth nuclear rim distribution to distinct foci (115, 164, 195). Once the NEC is recruited to the 

inner nuclear membrane and it engages with CVSC-bound C-capsids, the UL31/UL34 complex mediates 

primary envelopment, and becomes incorporated into the perinuclear virus particles (69, 195). Using in 

vitro artificial membrane systems, it was demonstrated that the HSV-1 and PrV UL31 and UL34 alone 

(i.e. without the participation of any cellular factors) are sufficient for membrane budding and scission 

and thus represent a complete membrane deformation and scission machinery (20, 139). More 

specifically, PrV UL31 was determined to be responsible for mediating all events necessary for 

membrane budding and scission, with UL34 functioning only in the recruitment of UL31 to the inner 

nuclear membrane, but not membrane remodeling itself (139). UL31 is thought to mediate membrane 

deformation and scission by oligomerizing on the inner surface of the membrane to form buds, which 

constrict to form vesicles. As such, in the cellular context, once UL31 is recruited to the inner nuclear 
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membrane by UL34, it self-interacts to induce membrane deformation, which leads to scission and vesicle 

formation. 

The exact composition of the primary enveloped herpes virion is still unknown and is the subject 

of some dispute. Besides the presence of the nucleocapsid, the NEC is also present in all primary 

enveloped herpesviruses. It is important to note however, that UL31 and UL34 are not present in mature 

extracellular virus particles (140) and are lost by budding from the outer nuclear membrane during de-

envelopment (69). This further strengthens the current herpesvirus envelopment-deenvelopment-

reenvelopment egress model. Additionally, herpesviruses acquire a small subset of their tegument 

proteins in the nucleus, which are present in the primary enveloped virions. These include UL36 (VP1-2), 

UL41 (vhs), UL49 (VP22), UL48 (VP16), UL11 and Us3 (10, 132, 168, 178, 191, 195). The tegument of 

perinuclear virions, however, is significantly less dense than that of mature virions, suggesting that the 

majority of the tegument is acquired in the cytoplasm (9, 79). Perinuclear HSV particles also contain 

several glycoproteins including gM, gB, gD, and the heterodimeric complex of gH and gL (gH/gL) (14, 

59, 224). However, there is currently no evidence to suggest that any of these proteins are essential for 

primary envelopment. Interestingly, recent work by the Kawaguchi group has demonstrated the 

involvement of several other viral proteins in primary envelopment. The HSV-1 UL47, a major structural 

protein in the virion tegument (140) that is detected in primary and secondary enveloped virions, as well 

as in extracellular virions, was found to form a complex with UL31, UL34, Us3, and ICP22 (136, 144), 

and play a regulatory role in primary envelopment of capsids, with UL47 null mutants displaying defects 

in primary envelopment (136). Moreover, the HSV-1 immediate early protein ICP22 was found to co-

localize with UL31 and UL34 at the nuclear membrane and play a role in the proper localization of these 

proteins and in primary envelopment (144). As such, while UL31 and UL34 are sufficient for the 
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formation of primary envelopes, primary envelopment appears to be heavily regulated via interactions 

between the NEC and other viral proteins.  

 

2.3.3.4 De-envelopment  

 

Following primary envelopment of nucleocapsids, enveloped particles in the perinuclear space 

fuse with the outer nuclear membrane in order to release capsids into the cytoplasm (Figure 2.8). This is 

the second stage of nuclear egress and is termed de-envelopment. The details of de-envelopment are 

poorly understood, but it may be mediated, at least in part, by glycoproteins that are present on 

perinuclear virions. The process of de-envelopment appears to be similar to herpesvirus entry into the 

cell, which involves fusion between the viral envelope and the plasma membrane or endosome (91, 221). 

Furthermore, the same HSV glycoproteins that are required for fusion during entry, gD, gB, and the 

gH/gL complex, are also found in perinuclear particles, as well as in the inner and outer nuclear 

membranes (59, 224). The role of gB and gH/gL, the core fusion machinery, in de-envelopment is 

supported by studies demonstrating the accumulation of enveloped virus particles in the perinuclear space 

during infection with an HSV mutant lacking both gB and gH (59). It is important to note that while HSV 

lacking just gB displays minor defects in nuclear egress, both gB and gH/gL are required for fusion 

during HSV entry, suggesting that the two fusion events are mechanistically different. 

The fusogenic activity of gB and gH/gL seems to be highly regulated inside HSV infected cells as 

promiscuous fusion of cellular membranes would result in their homogenization and the degradation of 

cellular architecture, thereby impairing viral replication (104). gB fusogenic activity is regulated via its 

cytoplasmic domain, which is located within the tegument of virus particles (245). Us3-dependent 

phosphorylation of threonine 887 in the cytoplasmic domain of gB seems to induce gB-mediated fusion,  



 

 

 32 

 

 

Figure 2.8 HSV de-envelopment. Following primary envelopment, enveloped HSV virions within the 
perinuclear space containing viral glycoproteins, some tegument and the NEC, fuse with the outer nuclear 
membrane (ONM). This results in the release of capsids into the cytoplasm, leaving behind UL31 and 
UL34 in the ONM. Adapted from (104). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 33 

as mutations of the threonine residue impair de-envelopment of capsids at the outer nuclear membrane 

(245). Deletion of Us3 also results in a similar phenotype (115, 195, 238). Moreover, mutations that 

impair phosphorylation of UL31 by Us3 reduce de-envelopment as well (164). As such, Us3 appears to 

be a key regulator of nuclear egress as its kinase activity is required at multiple points along the nuclear 

egress pathway. Additionally, HSV membrane fusion during de-envelopment is negatively regulated by 

viral membrane proteins UL20 and gK. HSV UL20 mutants also lacking the UL20.5 gene accumulate 

enveloped particles in the perinuclear space (13). Similarly, deletion mutations affecting gK, which is 

primarily localized to the ER and nuclear membranes (100), lead to defects in nuclear egress (99, 103). 

Furthermore, the overexpression of gK in virally infected cells considerably increases the number of 

primary enveloped virions in the perinuclear space when compared to wild-type cells (99). Evidence 

demonstrating an interaction between gB and both gK and UL20 (35), suggest that the latter proteins 

negatively regulate fusion with the outer nuclear membrane by interacting with gB.  

 In addition to the glycoprotein-mediated fusion model, other mechanisms have been proposed 

that could facilitate fusion of the primary envelope with the outer nuclear membrane. This stems from the 

observation that even with the deletion of HSV gB and gH, which result in significant accumulation of 

enveloped virions within the perinuclear space, there is still a considerable number of enveloped particles 

found on cell surfaces (59, 245). This suggests that there are alternative mechanisms for de-envelopment 

that do not involve glycoproteins used during entry. For instance, the NEC may be involved in promoting 

de-envelopment, as transient expression of UL31 and UL34 in host cells produces empty enveloped 

perinuclear vesicles, some of which have been observed to fuse with the outer nuclear membrane (113). 

Another possible factor involved in de-envelopment of HSV-1 nucleocapsids may be the tegument 

protein UL48 (VP16) (162). In the absence of UL48, large numbers of enveloped particles accumulate in 
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the perinuclear space. Nonetheless, the involvement of UL48 and many other factors suspected to be 

involved in the HSV egress pathway remain to be the subject of much debate. 

 

2.4 UL21 

 

One other important viral protein that is implicated in herpesvirus nuclear egress is UL21, a 

capsid associated tegument protein that is conserved amongst members of the Alphaherpesvirinae (127). 

The UL21 gene encodes a protein of 535 amino acids in HSV-1 and 532 amino acids in HSV-2, which is 

predicted to have a molecular mass of approximately 62 kDa (54, 127, 148). Furthermore, the HSV-2 

UL21 protein shares 84% amino acid identity with its HSV-1 ortholog and is a late gene product in both 

viruses (127). In HSV-1, UL21 does not appear to be an essential protein as UL21 null mutants are 

replication competent with a 2-4 hour delay in the expression of immediate early genes and only a 3- to 

10-fold reduction in virus production at late times post-infection (11, 147). However, discrepancies exist 

between the reported phenotypes of PrV UL21 null mutants. Deletion of UL21 in the PrV Kaplan strain 

leads to minor defects in virus propagation in cultured cells, with no defects in capsid maturation (112, 

117). In contrast, PrV NIA-3 UL21 null mutants display defects in cleavage and packaging of viral DNA 

into capsids, and grow poorly in cell culture (49, 237). However, deletion of UL21 in both Kaplan and 

NIA-3 strains leads to decreased plaque size and attenuated virulence in mice and in swine (49, 111, 117). 

Additionally, UL21 primarily localizes to cytoplasmic granules in HSV-1 and PrV, with some diffuse 

nuclear localization also observed (11, 117, 228).  

 While the precise functions of UL21 in HSV infection are still unclear, it appears to be a 

multifunctional tegument protein with interactions with both cellular and viral factors. UL21 has been 

noted to promote the outgrowth of long cellular processes in non-neural cells (228). Although the 
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mechanism by which UL21 does this is unknown, in vitro studies have demonstrated the co-localization 

of UL21 with microtubules and the microtubule associated protein tau, and its ability to stimulate 

microtubule polymerization. As such, UL21 is thought to play a role in the intracellular trafficking of 

capsids along microtubules (228). Furthermore, UL21 is known to interact with another tegument protein, 

UL16, and together along with UL11 they form the UL11/UL16/UL21 complex (112, 138, 169). UL16, a 

capsid associated protein, is able to simultaneously bind UL21 as well as UL11, a trans-Golgi network 

membrane-associated protein (89, 151, 204). Additionally, both UL11 and UL16 are capable of 

interacting with gE, a glycoprotein important for cell-to-cell spread and virus-induced cell fusion (16, 52, 

242), via its tail domain (58, 85, 250). Recently, it was demonstrated that UL11, UL16, and UL21 form a 

complex on the cytoplasmic tail of gE, and are necessary for the normal processing, plasma membrane 

expression, and function of this glycoprotein (86). Interestingly, like UL21, UL11 is also found to be 

associated with nuclear membranes, and in the absence of this protein, HSV-1 accumulates roughly three 

times more capsids at the inner nuclear membrane than when the protein is expressed (10, 12). Since 

UL16 is also present in the nucleus of infected cells (11, 112, 127, 150, 169), it is possible that the 

UL11/UL16/UL21 complex may have nuclear functions as well.  

Further complicating the role of UL21 in infection is its essential function in HSV-2. Whereas the 

deletion of UL21 only slightly reduces virus production in HSV-1 (11, 147), recent experiments from our 

laboratory have demonstrated that UL21 is essential for HSV-2 propagation, as the UL21 null virus was 

only able to replicate in complementing cells expressing UL21 in trans (127). Furthermore, while a two-

hour delay in the production of mRNA transcripts corresponding to immediate early, early and late genes 

and a similar delay in protein expression was observed for this strain, at late times post-infection the 

UL21 null virus accumulated proteins to wild-type levels. This suggests that the observed delay in gene 

expression is not responsible for the failure of this strain to propagate in non-complementing cells, and 
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that the essential role for UL21 is likely downstream of this event. More specifically, UL21 was proposed 

to be involved in primary envelopment of virions, as the deletion of UL21 resulted in the accumulation of 

mature and immature capsids in the nucleus and a significant reduction in the total number of capsids 

found in the cytoplasm of infected cells (127). Interestingly, there appears to be no congregation of UL21 

null capsids at the inner nuclear membrane and no accumulation of primary enveloped virions in the 

perinuclear space, suggesting that UL21 null capsids are defective at a stage prior to their recruitment to 

the inner nuclear membrane (127). Nevertheless, the exact mechanism by which UL21 facilitates primary 

envelopment is still unclear. 

 

2.5 Research Rationale  

 

Based on the aforementioned observations regarding UL21 and its critical role in HSV-2 nuclear 

egress, our research seeks to define the mechanism by which UL21 promotes primary envelopment of 

HSV-2 C-capsids at the inner nuclear membrane. We hypothesize that UL21 may be implicated in one or 

more of the following processes, all of which must occur before primary envelopment of HSV-2 capsids 

can be initiated. It is possible that UL21 may take part in the disruption of the nuclear lamina since failure 

to disrupt the lamina would be predicted to result in the accumulation of nucleoplasmic C-capsids, a 

phenotype that is observed with the UL21 null strain (127). Moreover, the association of UL21 with the 

nuclear membrane (Banfield, unpublished), coupled with the UL21 null capsid’s inability to undergo 

primary envelopment (127), led to our hypothesis that UL21 might be required for the proper localization 

of the NEC components at the inner nuclear membrane. Improper localization of UL31 and/or UL34 

would be predicted to result in the accumulation of C-capsids in the nucleus, as observed with the UL21 

knockout strain (127). Lastly, it is possible that instead of or in addition to playing a role in the 
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localization of the NEC, UL21 may be implicated in modulating its function. UL21 may, either directly or 

indirectly, interact with the NEC and influence its activity. While UL31 and UL34 alone are sufficient for 

forming primary envelopes (20, 139), other mediators such as Us3 are required for effective primary 

envelopment of virions (163, 195, 201). Therefore, it is possible that UL21 partakes in regulating the 

NEC by either directly interacting with UL31 and/or UL34 or by interacting with other proteins 

implicated in NEC regulation, such as Us3. 
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Chapter 3 

Materials and Methods 

 

3.1 Cell Lines 

 

African green monkey kidney cells (Vero), human cervical carcinoma cells (HeLa), HeLa cells 

stably expressing EGFP-UL31 (HeLa/EGFP-UL31), HeLa cells stably expressing EGFP-UL34 

(HeLa/EGFP-UL34), murine L fibroblast cells (L), and L cells stably expressing UL21 (L21) (127), were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 1% penicillin-streptomycin, and 1% GlutaMAX and grown at 37°C in a 5% CO2 

environment. HeLa/EGFP-UL31 and HeLa/EGFP-UL34 cells were constructed by transfecting HeLa 

cells with plasmids encoding EGFP-UL31 and EGFP-UL34, respectively, and selecting for G418 

resistant cells in medium containing 400µg/ml G418. G418-resistant cells stably expressing EGFP-UL31 

or EGFP-UL34 were identified and isolated with the aid of a Nikon TE200 inverted epifluorescence 

microscope and were maintained in medium supplemented with 400µg/ml G418. L21 cells were 

maintained in the presence of 5µg/ml of Puromycin (InvivoGen, San Diego, CA, USA) as described 

previously (127). 
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3.2 Viruses 

 

The wild-type (WT), UL21 knockout (∆UL21), and UL21 repaired (∆UL21R) HSV-2 viruses 

have been described previously (127). When making virus stocks, free virus and infected cell lysates were 

collected and stored at -80°C. All viral strains were propagated and titered on L21 cells. 

 

3.2.1 Infecting cells  

 

To infect cells, viruses were thawed at 37°C, and exposed to ten 1-second pulses in a cup horn 

sonicator at 4°C to separate aggregated viral particles. Free virus and infected cell lysates were then 

centrifuged at 956 Xg for 3 minutes at 4°C to pellet cellular debris. Cell monolayers were incubated with 

the appropriate volume of virus-containing medium for 1 hour at 37°C in a 5% CO2 environment. The 

inoculum was then aspirated, fresh medium was added, and the cells were incubated at 37°C in a 5% CO2 

environment for the duration of the experiment.  

 

3.2.2 Titering virus stocks 

 

To titer virus stocks, the virus sample was thawed at 37°C and exposed to ten 1-second pulses in 

a cup horn sonicator at 4°C to separate aggregated viral particles. Free virus and infected cell lysates were 

then centrifuged at 956 Xg for 3 minutes at 4°C to pellet cellular debris. 10-fold serial dilutions of the 

virus sample were prepared ranging from the undiluted sample to 1 X 10-5 dilution. Confluent L21 cell 

monolayers in 6-well plates were subsequently incubated with 100µl of inoculum for 1 hour at 37°C in a 

5% CO2 environment. Plates were rocked every 15 minutes for the duration of incubation to allow for 

virus adsorption. The inoculum was then aspirated and replaced with 2ml of DMEM/1% methocel 
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supplemented with 2% FBS and 1% penicillin-streptomycin, and cells were incubated at 37°C in a 5% 

CO2 environment for 72 hours. Cells were fixed and stained with 0.5% methylene blue in 70% methanol 

at 3 days post-infection. All plaque assays were carried out in duplicate. Number of plaques were counted 

manually and used to calculate the number of plaque forming units per sample unit volume (PFU/ml).  

The sizes of plaques formed by the recombinant Myc-UL31 ∆21 and Myc-UL31 ∆21R strains 

were compared to those of their parental strains ∆UL21 and ∆U21R, respectively. 72-hour plaque assays 

of each strain performed on L21 cells were scanned, and using Image-Pro 6.3 software, the area of each 

plaque was measured in pixels (n=91 for Myc-UL31 ∆21; n=46 for Myc-UL31 ∆21R; n=56 for ∆UL21; 

n=61 for ∆UL21R). The average plaque area and standard error of the mean was calculated for each 

strain. Two-tailed unpaired t-tests were performed to determine the statistical significance of the 

difference in plaque sizes between strains. 

 

3.2.3 Generating Myc-UL31 ∆21 and Myc-UL31 ∆21R viruses 

 

Recombinant HSV-2 strains containing an N-terminal myc tag fused to UL31, in either the UL21 

null (∆UL21) or repaired (∆UL21R) backgrounds were constructed by the two-step Red-mediated 

mutagenesis procedure (231), using pYEbac373-∆UL21 and pYEbac373-∆UL21R (127) in E. coli 

GS1783. Primers 5’- ACA CTC GAT CTC TCT CCT GTC CCT GGA GCA CAC CCT CTG TAC CTA 

CGT GTG AAA TAA ACC ATG GAG CAG AAG CTC ATC TCG GAG GAG GAC CTG GGC AGC 

AGG ATG ACG ACG ATA AGT AGG G -3’ (UL31_myc_BAC_F) and 5’-CGC GGC CGG GCC CGG 

GCC GGG AGC CGG AGC GAC GGG GGG CGA TGT CAT AGC TGC CCA GGT CCT CCT CCG 

AGA TGA GCT TCA ACC AAT TAA CCA ATT CTG ATT AG -3’ (UL31_myc_BAC_R) were used to 

amplify a PCR product from pEP-Kan-S2, a kind gift of Dr. Klaus Osterrieder, Freie Universität Berlin, 
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and used to introduce the myc tag upstream of UL31 in pYEbac373-∆UL21 and pYEbac373-∆UL21R. 

Taq polymerase was used for all amplification steps in generating recombinant strains. PCR reaction 

conditions for the amplification of the kanamycin resistance cassette were as follows: pre-heat lid to 

105ºC, i) 2 minutes at 95ºC, ii) 30 seconds at 95ºC, iii) 30 seconds at 52ºC, iv) 1 minute 40 seconds at 

72ºC, repeat ii-iv 10X, v) 30 seconds at 95ºC, vi) 30 seconds at 68ºC, vii) 1 minute 40 seconds at 72ºC, 

repeat v-vii 25X, viii) 5 minutes at 72ºC, hold at 4ºC. Restriction fragment length polymorphism analysis 

was used to confirm the integrity of each recombinant BAC clone compared to the WT BAC 

(pYEbac373) by digestion with EcoRI. Additionally, a PCR fragment that spanned the modified region of 

interest was amplified and sequenced to confirm the appropriate protein fusion. Primers 5’- AGG TAT 

TTG TGC CGA AGC CCA C -3’ (UL32_screen_F) and 5’- GCG GTG CTC AAA GAT CGT ATT G -3’ 

(UL31_screen_R) were used for PCR screening of clones with the following PCR conditions: pre-heat lid 

to 105ºC, i) 3 minutes at 94ºC, ii) 40 seconds at 94ºC, iii) 30 seconds at 66.3ºC, iv) 1 minute 45 seconds at 

72ºC, repeat ii-iv 29X, v) 10 minutes at 72ºC, hold at 4ºC.  

To produce HSV-2 186 strains that lacked the BAC DNA sequences, WT or recombinant 

pYEbac373, UL21 expressing plasmid pUL21 (127), and the nuclear localization signal (NLS)-Cre-

expressing plasmid pOG231 (174) were co-transfected into Vero cells. Briefly, 100mm dishes of Vero 

cells were trypsinized and resuspended in DMEM/10% FBS/1% penicillin-streptomycin/1% GlutaMAX 

containing 10 mM N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid, N,N-bis(2-hydroxyethyl)taurine 

(BES) (pH 7.2). 1µg of each of pYEbac373, pOG231, and pUL21 was added to a 250µl Vero cell 

suspension, which was then transferred into an electroporation cuvette (0.4-cm gap; Fisher Scientific, 

Toronto, ON, Canada). Electroporation was carried out at settings of 210 V, 950 µF, and 200 Ω by using 

a BTX ECM 630 electroporator. Cells and DNA were immediately plated in 100-mm dishes and mixed 

with ~!1 X 106 L21 cells. The infection was allowed to proceed for up to 3 days. Plaques were detected 
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using a Nikon TE200 inverted epifluorescence microscope. Plaques were collected and the recombinant 

strains were plaque purified once on complementing L21 cells. 

 

3.3 Antibodies 

 

For indirect immunofluorescence microscopy, rat polyclonal antiserum against HSV-2 ICP0 was 

used at a dilution of 1:100 (Santa Cruz Biotechnology, Santa Cruz, CA); mouse monoclonal antibody 

against gC was used at a dilution of 1:300 (Virusys, Sykesville, MD); mouse monoclonal antibody against 

human lamin A/C was used at a dilution of 1:100 (EMD Millipore, Temecula, CA); mouse monoclonal 

antibody against c-myc was used at a dilution of 1:200 (Roche, Laval, QC); rat polyclonal antiserum 

against HSV Us3 (62) was used at a dilution of 1:1,000; chicken polyclonal antiserum against HSV-2 

UL34 was used at a dilution of 1:200; goat polyclonal antiserum against lamin B1/B2 was used at a 

dilution of 1:50 (Santa Cruz Biotechnology, Santa Cruz, CA). Alexa Fluor 488-conjugated donkey anti-

mouse immunoglobulin G polyclonal antibody, Alexa Fluor 568-conjugated donkey anti-mouse 

immunoglobulin G polyclonal antibody, Alexa Fluor 568-conjugated goat anti-rat immunoglobulin G 

polyclonal antibody, Alexa Fluor 568-conjugated goat anti-chicken immunoglobulin G polyclonal 

antibody, Alexa Fluor 488-conjugated donkey anti-rat immunoglobulin G polyclonal antibody, and Alexa 

Fluor 568-conjugated donkey anti-goat immunoglobulin G polyclonal antibody were used at a dilution of 

1:500 for indirect immunofluorescence microscopy (Invitrogen-Molecular Probes, Carlsbad, CA). For 

Western blotting, rat polyclonal antiserum against UL21 was used at a dilution of 1:1,500; mouse 

monoclonal antibody against c-myc was used at a dilution of 1:400; rat polyclonal antiserum against HSV 

Us3 (62) was used at a dilution of 1:500; chicken polyclonal antiserum against HSV-2 UL34 was used at 

a dilution of 1:500. Horseradish peroxidase-conjugated rabbit anti rat IgG, horseradish peroxidase-
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conjugated goat anti mouse IgG, and horseradish peroxidase-conjugated rabbit anti chicken IgG were 

used for Western blotting at a dilution of 1:80,000, 1:5,000, and 1:15,000 respectively (Sigma, St. Louis, 

MO). 

 

3.4 Co-Immunoprecipitation  

 

HeLa cells were seeded in 100mm dishes and grown to ~70% confluency. Cells were infected 

with either Myc-UL31 ∆21 or Myc-UL31 ∆21R strains at an MOI of 0.03 (limited by low virus titers). At 

24 hours post-infection, cells were scraped and washed 3 times with PBS. Pelleted cells were resuspended 

in 700µl of 0.5% NP-40 lysis buffer (50mM Tris-HCL pH 8.0, 120mM NaCl, 0.5% NP-40, 1mM NaF) 

supplemented with a protease inhibitor cocktail (Roche, Laval, QC). Following a 3-minute incubation on 

ice, lysates were centrifuged at 6797 Xg for 3 minutes at 4ºC to pellet cellular debris. Approximately 50µl 

of the lysate was kept as a control, while the remaining ~700µl was incubated overnight at 4ºC on a 

Nutator with 5µl of either rat polyclonal antiserum against UL21 (for UL21 immunoprecipitation) or with 

mouse monoclonal antibody against c-myc (for myc-UL31 immunoprecipitation). The following day, 

50µl of Protein G Plus Agarose (Thermo Scientific, Waltham, MA) was added to the sample and 

incubated for an additional 2 hours at 4ºC on a Nutator. Next, the sample was centrifuged at 16,100 Xg at 

4ºC for 90 seconds to pellet the Protein G-antibody complex. The pelleted sample was washed 3 times 

with 0.5% NP-40 lysis buffer, resuspended in 60µl of 1X SDS-PAGE loading buffer, and boiled for 5 

minutes. 10µl of the immunoprecipitated (IP) sample or 10µl of whole cell extract (WCE) (diluted to 1X 

SDS-PAGE loading buffer) was loaded into a 10% SDS-PAGE gel. The gel was run at 180V for 

approximately 70 minutes. Electrophoresed proteins were transferred to a polyvinylidene difluoride 



 

 

 44 

(PVDF) membrane (Millipore, Billerica, MA), blocked overnight at 4ºC, and probed with the appropriate 

primary and horseradish peroxidase-conjugated secondary antibody the following day. 

 

3.5 Western Blotting  

 

Infected cells from a 70-80% confluent 100mm dish were washed 3 times with PBS and scrapped 

into 200µl of cold PBS containing 0.5µM phenylmethanesulfonylfluoride (PMSF) and supplemented with 

a protease inhibitor cocktail (Roche, Laval, QC). Upon the addition of 100µl of 3X SDS-PAGE loading 

buffer, cell lysates were passed three times through a 28½-gauge syringe in order to decrease their 

viscosity. Lysates were boiled for 5 minutes at 100ºC and stored at -20ºC. Proteins were separated on a 

10% SDS-PAGE gel run at 180V for approximately 70 minutes and then transferred onto PVDF 

membranes (Millipore, Billerica, MA) at 15 V for 30 minutes. Membranes were blocked overnight at 4ºC 

with Tris-buffered saline containing 0.05% Tween 20 (TBST) and 3% bovine serum albumin (BSA). 

Blocked membranes were incubated in the appropriate primary antibody diluted in TBST 1% BSA for 

one hour at room temperature. Next, membranes were washed three times in TBST for 3 minutes, and 

incubated with the appropriate horseradish peroxidase-conjugated secondary antibody diluted in TBST 

1% BSA for one hour at room temperature. Membranes were again washed three times in TBST for 3 

minutes, and were treated with Pierce ECL Western Blotting substrate (Thermo Scientific, Rockford, IL) 

and exposed to film. 
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3.6 Plasmid Transfection 

 

The EGFP-LAP2α (235) and EGFP-Emerin (176) plasmid constructs were kind gifts from Dr. 

Roland Foisner, Medical University Vienna, and Dr. Howard J. Worman, Columbia University, 

respectively. Dr. Tokuko Haraguichi, Osaka University, kindly provided us with plasmid constructs for 

EGFP-LAP2β (212), EGFP-LBR (87), and EGFP-BAF (88). 

For indirect immunofluorescence microscopy, HeLa cells were seeded onto glass coverslips in 6-

well plates and transfected the following day. Approximately 2 hours before transfection, DMEM (+10% 

FBS, 1% penicillin/streptomycin, 1% GlutaMAX) was replaced with Opti-MEM reduced serum medium 

(Invitrogen, Burlington, ON). Transfections were carried out using X-tremeGENE HP DNA Transfection 

Reagent (Roche, Laval, QC), as per manufacturer’s instructions. For co-transfections, a 100µl transfection 

cocktail was prepared consisting of 1µg of total plasmid DNA, 3µl of X-tremeGENE HP DNA 

Transfection Reagent, and Opti-MEM up to 100µl. Upon adding plasmid DNA and the X-tremeGENE 

HP DNA Transfection Reagent to Opti-MEM, the transfection cocktail was mixed for approximately 20 

seconds and incubated at room temperature for 30 minutes. The 100µl transfection cocktail was then 

added to cells, which were subsequently incubated at 37ºC in a 5% CO2 environment overnight. 

 

3.7 Immunofluorescence Microscopy 

 

For indirect immunofluorescence microscopy, HeLa, HeLa/EGFP-UL31, or HeLa/EGFP-UL34 

cells were seeded onto 35mm glass-bottom dishes (MatTek, Ashland, MA) or onto glass coverslips. Cells 

were infected, and at indicated times post-infection, cells were washed three times with PBS and then 

fixed in 4% formaldehyde in PBS for 10 minutes at room temperature. Fixed cells were washed three 
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times with PBS containing 1% BSA (PBS-BSA) and permeabilized with PBS-BSA containing 0.1% 

Triton X-100 for 5 minutes.  Cells were again washed three times with PBS-BSA, and incubated in the 

presence of primary antibody diluted in PBS-BSA for 45 minutes at room temperature. Cells were 

washed three times with PBS-BSA, and the appropriate Alexa Fluor-conjugated secondary antibody 

diluted in PBS-BSA was applied for 30 minutes at room temperature. Cells were again washed with PBS-

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

minutes at room temperature to visualize nuclei of cells. Cells were washed three times with PBS. Stained 

cells on glass-bottom dishes were stored at 4ºC in PBS-BSA. Stained cells on glass coverslips were 

mounted onto microscope slides in PBS containing 50% glycerol, and stored at 4ºC. Images were 

captured by using an Olympus FV1000 laser scanning confocal microscope and Fluoview 4.01 software 

through a 60X, 1.42-numerical-aperture (NA), oil immersion objective and a digital zoom factor of 4. 

Approximately 40 fields of view were analyzed for each set of conditions, with ten or more images being 

captured. Composites are representative images that were assembled by using Adobe Photoshop CS6. 
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Chapter 4 

Results 

 

4.1 The Role of UL21 in Nuclear Lamina Disruption 

 

4.1.1 UL21 is not involved in lamin A/C disruption 

 

To determine whether HSV-2 UL21 participates in nuclear lamina disruption, we studied the 

localization of lamin A/C, a component of the nuclear lamina, in infected cells by immunofluorescence 

microscopy. HeLa cells were plated onto coverslips and infected with the WT, ΔUL21, or ΔUL21R 

strains at an MOI of 0.1. Cells were fixed at either 7 or 17 hours post-infection and were stained for 

human lamin A/C and with Hoechst 33342 to label DNA, as well as for either ICP0 or Us3, which were 

used as markers of virus infection. As expected, lamin A/C had a smooth nuclear rim localization in the 

uninfected cell (Figure 4.1). Although there appeared to be major morphological changes in the structure 

of the nuclear lamina by 17 hours post-infection, lamin A/C localization was indistinguishable in cells 

infected with WT, ∆UL21, or ∆UL21R strains at 7 and 17 hours post-infection. This suggests that UL21 

deficiency does not have an effect on lamin A/C localization during HSV-2 infection. 

 

4.1.2 UL21 is not involved in lamin B disruption 

 

While A-type lamins such as lamins A and C are one component of the nuclear lamina, UL21 

may also play a role in the disruption of other lamins, including lamin B1. Interestingly, lamin B1 is  
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Figure 4.1 Lamin A/C localization is indistinguishable in cells infected with WT, ∆UL21, or 
∆UL21R strains. HeLa cells were infected with HSV-2 WT, ∆UL21, or ∆UL21R at an MOI of 0.1. At 
the indicated times post-infection, cells were fixed and stained for human lamin A/C (green) and for 
HSV-2 ICP0 or Us3 (red), and with Hoechst 33342 (blue) to label DNA. Composite of representative 
images. See section 3.7 for details. 
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critical in maintaining nuclear integrity and a normal meshwork structure of lamins A, C, and B2 (213).  

Therefore, it is possible that the disassembly of B-type lamins is sufficient for instigating the dissolution 

of the nuclear lamina. As such, failure to disrupt B-type lamins would be predicted to result in the 

accumulation of capsids in the nucleus, a phenotype that is observed with the UL21 null (ΔUL21) strain. 

To analyze the role of HSV-2 UL21 in disrupting B-type lamins during infection, we studied the 

localization of lamins B1 and B2 in infected cells by immunofluorescence microscopy. HeLa cells were 

plated onto glass-bottom dishes and infected with the WT, ΔUL21, or ΔUL21R strains at an MOI of 0.1. 

Cells were fixed at either 7 or 17 hours post-infection and stained for lamin B1/B2 and with Hoechst 

33342 to label DNA, as well as for either ICP0 or Us3, which were used as markers of virus infection. 

Similar to lamin A/C, lamin B1/B2 localization in the uninfected cell was as expected, insofar as it had a 

smooth nuclear rim localization (Figure 4.2). Despite the observed morphological changes in the nuclear 

lamina structure by 17 hours post-infection, the localization of lamin B1/B2 was indistinguishable 

between strains at 7 and 17 hours post-infection, indicating that UL21 is not implicated in lamin B1/B2 

disruption during infection. 

 

4.2 The Role of UL21 in NEC Localization 

 

Due to the unavailability of antiserum reactive against the HSV-2 UL31 protein, stably 

transfected cell lines expressing EGFP-UL31 or EGFP-UL34, as well as recombinant HSV-2 strains 

containing an N-terminal myc tag fused to UL31, in either the UL21 null (∆UL21) or repaired (∆UL21R) 

backgrounds, were constructed in order to study the role of UL21 in proper localization of the NEC. 
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Figure 4.2 Lamin B1/B2 localization is indistinguishable in cells infected with WT, ∆UL21, or 
∆UL21R strains. HeLa cells were infected with HSV-2 WT, ∆UL21, or ∆UL21R at an MOI of 0.1. At 
the indicated times post-infection, cells were fixed and stained for lamin B1/B2 (green) and for HSV-2 
ICP0 or Us3 (red), and with Hoechst 33342 (blue) to label DNA. Composite of representative images. See 
section 3.7 for details. 
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4.2.1 UL21 does not influence cellular-encoded UL31 localization 

 

HeLa cells stably expressing EGFP-UL31 (HeLa/EGFP-UL31) were plated onto coverslips and 

infected with the WT, ΔUL21, or ΔUL21R strains at an MOI of 0.1. Cells were fixed at either 7 or 17 

hours post-infection and stained for either HSV-2 ICP0 or UL34 (used as markers of virus infection), as 

well as with Hoechst 33342 to label DNA. Not surprisingly, EGFP-UL31 had a diffuse nucleoplasmic 

localization in uninfected cells, and was recruited to the nuclear membrane upon expression of UL34 in 

WT-infected cells (Figure 4.3). Furthermore, EGFP-UL31 localization patterns were indistinguishable 

between strains at 7 and 17 hours post-infection, suggesting that UL21 deficiency does not have an effect 

on the localization of cellular-encoded UL31. 

 

4.2.2 UL21 does not influence cellular-encoded UL34 localization 

 

To complement the above observation, a stably transfected cell line expressing EGFP-UL34 

(Hela/EGFP-UL34) was constructed in order to study the localization of cellular-encoded UL34 in 

infected cells by immunofluorescence microscopy. HeLa/EGFP-UL34 cells were plated onto coverslips 

and infected with the WT, ΔUL21, or ΔUL21R strains at an MOI of 0.1. Cells were fixed at either 7 or 17 

hours post-infection and stained for either HSV-2 ICP0 or gC (used as markers of virus infection), as well 

as with Hoechst 33342 to label DNA. EGFP-UL34 localization patterns were as expected in both 

uninfected and WT-infected cells, insofar as EGFP-UL34 predominantly localized to the nuclear 

membrane and the endoplasmic reticulum (Figure 4.4). Additionally, there appeared to be no major 

differences in the localization of EGFP-UL34 between strains at 7 and 17 hours post-infection, suggesting 

that UL21 deficiency does not have an effect on the localization of cellular-encoded UL34. 
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Figure 4.3 UL21 does not influence cellular-encoded UL31 localization. HeLa/EGFP-UL31 cells, 
expressing EGFP-UL31 (green), were infected with HSV-2 WT, ∆UL21, or ∆UL21R at an MOI of 0.1. 
At the indicated times post-infection, cells were fixed and stained for either HSV-2 ICP0 or UL34 (red) as 
well as with Hoechst 33342 (blue) to label DNA. Composite of representative images. See section 3.7 for 
details. 
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Figure 4.4 UL21 does not influence cellular-encoded UL34 localization. HeLa/EGFP-UL34 cells, 
expressing EGFP-UL34 (green), were infected with HSV-2 WT, ∆UL21, or ∆UL21R at an MOI of 0.1. 
At the indicated times post-infection, cells were fixed and stained for either HSV-2 ICP0 or gC (red) as 
well as with Hoechst 33342 (blue) to label DNA. Composite of representative images. See section 3.7 for 
details. 
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4.2.3 The role of UL21 in the localization of virally-encoded NEC components 

 

While cellular-encoded UL31 and UL34 were useful in studying the effects of UL21 on NEC 

localization, they were not necessarily representative of virally-encoded NEC components expressed 

during infection, whose expression is under the control of viral promoters. As such, in order to study the 

localization of virally-encoded NEC components, we constructed recombinant HSV-2 strains containing 

an N-terminal myc tag fused to UL31, in either the UL21 null (∆UL21) or repaired (∆UL21R) 

backgrounds, using a two-step Red-mediated mutagenesis procedure in E. coli strains bearing an 

infectious HSV-2 BAC (127). However, before the newly constructed recombinant HSV-2 strains could 

be used to study the localization of the NEC, they had to be characterized in order to ensure they were the 

strains we had intended to construct, insofar as they both expressed myc-UL31, were able to efficiently 

replicate on complementing cells, and that the Myc-UL31 ∆21 strain did not express UL21.  

 

4.2.3.1 Characterization of the Myc-UL31 ∆21 and Myc-UL31 ∆21R strains 

 

To determine whether the newly constructed Myc-UL31 ∆21 and Myc-UL31 ∆21R strains 

express myc-UL31, HeLa cells were infected with either strain at an MOI of 0.03 (limited by low virus 

titers) and at 24 hours post-infection, cells were lysed and whole cell lysates were analyzed by Western 

blotting using antisera reactive against myc (to detect myc-UL31), UL21 and UL34. Lysates were 

analyzed for the expression of UL21 in order to ensure that Myc-UL31 ∆21 is null for UL21 while Myc-

UL31 ∆21R readily expresses this protein. Furthermore, in this instance, UL34 was used as a marker for 

virus infection. While no UL21 was detected in the Myc-UL31 ∆21 whole cell lysate, expression of both 

myc-UL31 (~34 kDa) and UL34 (~30 kDa) proteins was observed in this strain (Figure 4.5). Similarly, 

expression of myc-UL31 and UL34, as well as UL21 (~62 kDa) was detected in the Myc-UL31 ∆21R  
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Figure 4.5 Myc-UL31 ∆21 and Myc-UL31 ∆21R express myc-UL31. HeLa cells were infected with 
either Myc-UL31 ∆21 or Myc-UL31 ∆21R at an MOI of 0.03. At 24 hours post-infection, cells were 
lysed and whole cell lysates were run on a 10% SDS-PAGE gel. Electrophoresed proteins were 
immunoblotted (IB) with antiserum against UL21, antibody against c-myc, and antiserum against HSV-2 
UL34. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 56 

strain. To supplement these findings, plaque assays of Myc-UL31 ∆21 and Myc-UL31 ∆21R strains were 

performed on complementing L21 and non-complementing L cells in order to assess the ability of these 

strains to form plaques. As expected, the Myc-UL31 ∆21 strain failed to form plaques on monolayers of L 

cells, whereas visible plaques were readily detected on L21 cells 3 days post-infection (Figure 4.6). In 

contrast, the Myc-UL31 ∆21R strain was able to produce plaques on both L21 and L cells by 3 days post-

infection. These findings are analogous to the plaque-forming abilities of the parental ∆UL21 and 

∆UL21R strains (data not shown). Lastly, in order to ensure that the introduction of the myc tag upstream 

of UL31 did not adversely affect the virus’ ability to replicate within cells, plaque morphologies on 72-

hour plaque assays of the Myc-UL31 ∆21 and Myc-UL31 ∆21R strains, performed on L21 cells, were 

compared to those of HSV-2 ∆UL21 and ∆UL21R (Figure 4.7A). Plaque assays of each strain were 

scanned, and using Image-Pro 6.3, the area of each plaque was measured (units = pixels). Next, the 

average plaque area (in pixels) for each strain was calculated and two-tailed unpaired t-tests were 

performed to determine if the difference in plaque size between Myc-UL31 ∆21 and ∆UL21 and between 

Myc-UL31 ∆21R and ∆UL21R was statistically significant. The average area of plaques produced by the 

newly constructed Myc-UL31 ∆21 and Myc-UL31 ∆21R strains were similar to that of their parental 

strains ∆UL21 and ∆UL21R, respectively, with differences in average plaque area not being statistically 

significant (p=0.73) (Figure 4.7B). 

 

4.2.3.2 UL21 does not influence the localization of virally-encoded NEC components 

 

To study the role of UL21 in the localization of virally-encoded NEC, HeLa cells were infected with 

Myc-UL31 ∆21 or Myc-UL31 ∆21R strains at an MOI of 0.1. Cells were fixed at either 7 or 17 hours 

post-infection and stained for c-myc (to detect UL31) and HSV-2 UL34, and with Hoechst 33342 to label 
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Figure 4.6 Myc-UL31 ∆21R forms plaques on L and L21 cells while Myc-UL31 ∆21 only forms 
plaques on L21 cells. L21 or L cell monolayers were infected with 10-fold serial dilutions of either Myc-
UL31 ∆21 or Myc-UL31 ∆21R. Cells were fixed and stained with 0.5% methylene blue in 70% methanol 
at 72 hours post-infection. 
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Figure 4.7 Myc-UL31 ∆21 and Myc-UL31 ∆21R form plaques of equal area compared to their 
parental ∆UL21 and ∆UL21R strains, respectively. A) Plaque morphologies of Myc-UL31 ∆21 and 
Myc-UL31 ∆21R was compared to those of their parental strains, ∆UL21 and ∆UL21R, respectively. B) 
Using Image-Pro 6.3, the area of each plaque (reported in pixels) was measured for Myc-UL31 ∆21 
(n=91), Myc-UL31 ∆21R (n=46), ∆UL21 (n=56), and ∆UL21R (n=61). The average plaque area was 
calculated for each strain and differences in plaque size between Myc-UL31 ∆21 and ∆UL21 and between 
Myc-UL31 ∆21R and ∆UL21R were analyzed by two-tailed unpaired t-test (p=0.73). Error bars represent 
standard error of the mean (SEM). 
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DNA. As expected, myc-UL31 was recruited to the nuclear membrane upon UL34 expression, which was 

predominantly localized to the nuclear membrane and the endoplasmic reticulum. However, no 

differences were observed in the localization of virally-encoded myc-UL31 or UL34 between strains at 7 

and 17 hours post-infection (Figure 4.8), suggesting that UL21 is not implicated in the localization of the 

NEC at the nuclear rim.  

 

4.3 UL21 and its Interacting Partners 

 

In order to elucidate the role of UL21 in HSV-2 nuclear egress, we next focused on characterizing 

its interacting partners. The apparent function of UL21 in primary envelopment, led us to speculate that it 

may be implicated in modulating the activity of the NEC via direct or indirect interactions with UL31, 

UL34, and/or Us3. Furthermore, based on our previous finding that UL21 localizes to the nuclear rim 

(127), and the more recent observation that UL21 is specifically localized to the nuclear membrane 

(Banfield, unpublished), we explored the possibility that UL21 may interact with inner nuclear membrane 

proteins such as lamin B receptor (LBR), emerin, barrier-to-autoregulation factor (BAF), and lamina 

associated polypeptide (LAP) 2β, and exert its nuclear egress functions via one or more of these proteins. 

 

4.3.1 UL21 does not interact with key mediators of primary envelopment 

 

To test whether UL21 modulates the activity of the NEC through direct or indirect interactions, we 

immunoprecipitated UL21 or myc-UL31 in the context of an infection, and probed for key mediators of 

primary envelopment including myc-UL31, UL34, and Us3. To do this, HeLa cells were infected with 

Myc-UL31 ∆21 or Myc-UL31 ∆21R strains at an MOI of 0.03 (limited by low virus titers). At 24 hours 
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Figure 4.8 UL21 does not mediate NEC localization at the inner nuclear membrane. HeLa cells were 
infected with HSV-2 ∆UL21 or ∆UL21R strains expressing myc-UL31 at an MOI of 0.1. At the indicated 
times post-infection, cells were fixed and stained for c-myc (green), HSV-2 UL34, and with Hoechst 
33342 (blue) to label DNA. Composite of representative images. See section 3.7 for details. 
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post-infection, cells were lysed and either UL21 or myc-UL31 was immunoprecipitated. 

Immunoprecipitated (IP) samples as well as control whole cell extracts (WCE) were run on a 10% SDS-

PAGE gel and probed for UL21, c-myc (to detect myc-UL31), UL34, and Us3. UL21 

immunoprecipitation failed to co-immunoprecipitate myc-UL31, UL34, or Us3 (Figure 4.9). In contrast, 

myc-UL31 co-immunoprecipitated UL34, however, it did not precipitate UL21 or Us3. Collectively, these 

data suggest there are no interactions between UL21 and key mediators of primary envelopment including 

UL31, UL34, or Us3. However, no inferences can be made regarding transient or weak interactions that 

may have been disrupted during protein extraction or immunoprecipitation.   

 

4.3.2 UL21 may interact with known inner nuclear membrane proteins 

 

To determine whether UL21 interacts with some of the well-characterized inner nuclear membrane 

proteins, including emerin, LBR, BAF, and LAP2β, HeLa cells were co-transfected with either UL21-

mCherry (UL21-mCh) fusion protein and enhanced green fluorescent protein (EGFP), or with 

combinations of UL21-mCh and EGFP-fusion constructs of emerin, LBR, BAF, and LAP2β, as well as 

the non-membrane bound LAP2α, which was used as a negative control. The underlying principle behind 

this experiment is that if UL21 interacts with any of the aforementioned EGFP-inner nuclear membrane 

proteins, then over-expression of these membrane proteins will drive UL21-mCh localization to the 

nuclear membrane; where enhanced UL21-mCh fluorescence is detected in comparison to the UL21-

mCh/EGFP co-transfection. HeLa cells were also co-transfected with combinations of unfused mCherry 

(mCh) and EGFP-fusion constructs of emerin, LBR, BAF, LAP2α, and LAP2β as negative controls. 

UL21-mCh was observed to have a diffuse nuclear and cytoplasmic localization when co-expressed with 

EGFP (Figures 4.10 – 4.12). No enhancement of nuclear rim staining was observed when UL21-mCh was 
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Figure 4.9 UL21 does not interact with any of the key mediators of primary envelopment. HeLa 
cells were infected with Myc-UL31 ∆21 or Myc-UL31 ∆21R strains at an MOI of 0.03. At 24 hours post-
infections cells were lysed and (A) UL21 or (B) Myc-UL31 was immunoprecipitated (IP) by incubating 
the lysates with either anti-UL21 antiserum or anti-c-myc antibody. IP lysates and whole cell extract 
(WCE) controls were run on a 10% SDS- PAGE gel. Electrophoresed proteins were immunoblotted (IB) 
with antiserum against UL21, antibody against c-myc, antiserum against HSV-2 UL34, and antiserum 
against HSV Us3.  
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Figure 4.10 UL21 localization at the nuclear rim is not enhanced by over-expression of BAF or 
emerin. HeLa cells were co-transfected with either UL21-mCh and EGFP or with combinations of UL21-
mCh and EGFP-BAF or EGFP-Emerin. HeLa cells were also co-transfected with unfused mCh and 
EGFP-BAF or EGFP-Emerin, which were used as negative controls. At 24 hours post-infection, cells 
were fixed and stained with Hoechst 33342 (blue) to label DNA. Composite of representative images. See 
section 3.7 for details.  
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Figure 4.11 UL21 localization at the nuclear rim is enhanced by over-expression of LAP2β. HeLa 
cells were co-transfected with either UL21-mCh and EGFP or with combinations of UL21-mCh and 
EGFP-LAP2α or EGFP-LAP2β. HeLa cells were also co-transfected with unfused mCh and EGFP-
LAP2α or EGFP-LAP2β, which were used as negative controls. At 24 hours post-infection, cells were 
fixed and stained with Hoechst 33342 (blue) to label DNA. Composite of representative images. See 
section 3.7 for details. 
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Figure 4.12 UL21 localization at the nuclear rim is not enhanced by over-expression of LBR. HeLa 
cells were co-transfected with either UL21-mCh and EGFP or with UL21-mCh and EGFP-LBR. HeLa 
cells were also co-transfected with unfused mCh and EGFP-LBR, which was used as a negative control. 
At 24 hours post-infection, cells were fixed and stained with Hoechst 33342 (blue) to label DNA. 
Composite of representative images. See section 3.7 for details. 
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co-transfected with EGFP-BAF or EGFP-Emerin (Figure 4.10). Similarly, UL21-mCh localization at the 

nuclear membrane was not enhanced when it was co-expressed with the soluble EGFP-LAP2α (Figure 

4.11) or EGFP-LBR (Figure 4.12). However, nuclear rim localization of UL21-mCh was augmented 

when it was co-expressed with LAP2β (Figure 4.11), suggesting that UL21 may potentially interact with 

LAP2β. It should be noted however, that while results from this experiment are indicative of a potential 

interacting partner for UL21, we were not sufficiently satisfied by the data obtained through this 

experiment, and as such more conclusive studies are required in order to make any inferences regarding 

interactions between UL21 and any of the aforementioned inner nuclear membrane proteins, as outlined 

in Chapter 5.  
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Chapter 5 

Discussion 

In this study, we set out to characterize the function(s) of the HSV-2 UL21 protein in nuclear 

egress of capsids at the nuclear membrane. Whereas UL21 is not essential in HSV-1 (11, 147), we have 

recently demonstrated that UL21 null HSV-2 mutants are unable to replicate in non-complementing cells 

with defects in nuclear egress (127). More specifically, due to the lack of congregation of UL21 null 

capsids at the inner nuclear membrane and no accumulation of primary enveloped virions in the 

perinuclear space, we anticipated UL21 to play an essential role at a stage prior to the onset of primary 

envelopment. As such, in trying to identify the role of UL21 in nuclear egress, we focused on events that 

must occur before primary envelopment can be initiated, including dissolution of the nuclear lamina and 

the proper localization of the NEC. We also attempted to characterize the interacting partners of UL21, 

focusing on proteins that are either implicated in nuclear egress or that may function in recruiting UL21 to 

the nuclear membrane, where it may carry out its essential role(s).  

 Firstly, we analyzed the role of UL21 in the disruption of the nuclear lamina. To do so, we 

studied the localization of lamins A, C, B1, and B2 during infection with either the wild-type, UL21 null 

(∆UL21), or repaired (∆UL21R) HSV-2 strains. While there were major morphological changes in the 

overall structure of the lamins by 17 hours post-infection, we did not observe any differences in the 

localization of lamins A, C, B1, and B2 between strains at 7 or 17 hours post-infection (Figure 4.1 & 

Figure 4.2). Consequently, UL21, or lack there of, does not appear to play a role in the disassembly of the 

nuclear lamins at the nuclear membrane. Interestingly, the localization of lamins in wild-type-infected 

cells at 17 hours post-infection, as described here, was notably different than that previously described for 

cells infected with wild-type HSV-1 (180, 193, 209, 216). In contrast to the relatively uniform nuclear rim 
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staining of lamin A/C and B1/B2 in wild-type-infected cells observed in this study, lamin A/C (193, 209, 

216) and B1/B2 (180, 209) staining is uneven and discontinuous along the nuclear rim of HSV-1 infected 

cells. While we cannot make any conclusive remarks as to whether or not the nuclear lamina is disrupted 

in the infected cells analyzed in this study, we can infer that the localization of nuclear lamins at the 

nuclear rim is considerably different in HSV-2 infected cells when compared to cells infected with HSV-

1. This discrepancy between HSV-1 and HSV-2 implies that the nuclear egress pathway may be 

mechanistically different in the two viruses. Although HSV-1 and HSV-2 share roughly 83% nucleotide 

identity in protein coding regions (54), this would not be the first time a difference has been noted 

between the two strains (39, 55, 123). Currently, most of what is thought to occur during HSV-2 nuclear 

egress is based on what is known about this process in HSV-1 and PrV, as HSV-2 is a relatively 

understudied member of the Alphaherpesvirinae subfamily. Therefore, it is possible that just like UL21, 

which appears to play different roles in HSV-2 than in HSV-1 (127), the disassembly of the nuclear 

lamina during infection may also be different in HSV-2 than in HSV-1. Furthermore, it may also be that 

there are other sites for primary envelopment/nuclear egress than the peripheral nuclear membrane.  For 

instance, it is possible that instead of or in addition to nuclear egress at the nuclear periphery, capsids may 

exist the nucleus through the nucleoplasmic reticulum, a complex, branched network of invaginations that 

reach deep within the nucleoplasm.  

While the nuclear envelope was initially viewed as a smoothly curved convex surface, 3D 

imaging techniques such as confocal microscopy have demonstrated that the nuclear envelope contains 

convolutions including deep, branching invaginations, which are indistinguishable from isolated nuclear 

foci when viewed using 2D imaging techniques (67, 68, 187, 203, 206). These nucleoplasmic reticulum 

invaginations can be separated into two classes (142). In type I invaginations, only the inner nuclear 

membrane invaginates into the nucleoplasm, thus forming channels that do not contain a cytoplasmic 
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core, that lack nuclear pore complexes, and that are only incompletely ensheathed by a nuclear lamina. In 

contrast, a type II invagination is a double-membrane-walled invagination of the inner and outer nuclear 

membranes enclosing a cytoplasmic core. These channels have a continuous perinuclear space with that 

of the nuclear envelope, contain nuclear pore complexes which bridge the two membranes, and are 

associated with a nucleoplasmic lamina. The existence of the nucleoplasmic reticulum within the nucleus, 

which has now been reported in a wide variety of cells from the plant and animal kingdoms (142), 

including HeLa cells, provides sites deep within the nucleus that are capable of carrying out the 

conventional functions of the peripheral nuclear envelope. Accordingly, it is possible that the nuclear 

egress of capsids observed at the nuclear periphery, may also extend deep into the nucleoplasm where 

capsids can exit the nucleus through the branched network of invaginations that form the nucleoplasmic 

reticulum. In fact, several studies have demonstrated the involvement of extensive virally-induced type I 

and type II nucleoplasmic reticulum networks in the primary envelopment and subsequent transport of 

herpesvirus capsids to the nuclear periphery (28, 186, 209). These networks are either free of nuclear 

lamina (28), or have sections missing lamins A, B, or C (195). Interestingly, UL34, which localizes to the 

inner nuclear membrane, is also found in the nucleoplasmic reticulum (195), and the Epstein-Barr virus 

(EBV) homologs of UL31 and UL34 (BFLF2 and BFRF1, respectively) have been demonstrated to cause 

extensive nucleoplasmic reticulum proliferation (77). Furthermore, primary envelopment of HSV-1 

capsids at the nucleoplasmic reticulum has been previously noted (224), with more recent studies 

demonstrating the localization of HSV-1 gM at nuclear invaginations early during infection (251). 

Collectively, these observations raise the possibility that nuclear egress of HSV-2 capsids may occur at 

the nucleoplasmic reticulum, which if true, would require the analysis of the role of UL21 in primary 

envelopment at these sites. As such, future studies should analyze the integrity of the nuclear lamina in 
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the nucleoplasmic reticulum between wild-type, ∆UL21, and ∆UL21R HSV-2 strains in order to further 

explore the role of UL21 in disassembly of the nuclear lamina.  

The NEC, a complex of the conserved viral proteins UL31 and UL34, is critical for the primary 

envelopment of capsids at the inner nuclear membrane. While UL34 does not directly partake in 

membrane remodeling, it is required for the proper localization of UL31, which mediates all events 

necessary for membrane budding and scission, to the inner nuclear membrane (20, 139). Therefore, the 

improper localization of UL31 and/or UL34 would be predicted to result in defects in primary 

envelopment and the subsequent accumulation of capsids inside the nucleus, a phenotype that is observed 

in cells infected with ∆UL21 (127). As such, we set out to analyze a potential role of UL21 in the proper 

localization of the NEC. To do so, we created cell lines stably expressing either EGFP-UL31 or EGFP-

UL34 and studied the localization of these cellular-encoded proteins in the context of infection. Both 

cellular-encoded EGFP-UL31 (Figure 4.3) and EGFP-UL34 (Figure 4.4) localization patterns were 

indistinguishable between wild-type, ∆UL21, and ∆UL21R HSV-2 strains at 7 or 17 hours post-infection. 

To determine if this is also true regarding virally-encoded NEC, we constructed recombinant HSV-2 

strains containing an N-terminal myc tag fused to UL31, in either the ∆UL21 or ∆UL21R backgrounds. In 

order to characterize the newly constructed recombinant HSV-2 strains, we analyzed their ability to 

express UL21 and myc-UL31, as well as their ability to form plaques on complementing and non-

complementing cell lines. Both strains readily expressed myc-UL31 and UL34, but only Myc-UL31 

∆21R expressed UL21 (Figure 4.5). Not surprisingly, only Myc-UL31 ∆21R was able to form plaques on 

non-complementing L cells (Figure 4.6). Moreover, the plaque morphology of both Myc-UL31 ∆21 and 

Myc-UL31 ∆21R strains was compared to that of their parental strains, ∆UL21 and ∆UL21R, 

respectively, with all four strains forming plaques of equal sizes (p=0.73) (Figure 4.7). This suggests that 

the introduction of the myc tag upstream of UL31 in Myc-UL31 ∆21 and Myc-UL31 ∆21R HSV-2 
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strains, did not adversely affect the virus’ ability to replicate within cells. Altogether, these results 

indicate that the newly constructed recombinant HSV-2 strains are in fact Myc-UL31 ∆21 and Myc-UL31 

∆21R, insofar as both strains express myc-UL31 with only Myc-UL31 ∆21R expressing the UL21 

protein.  

Following the characterization of Myc-UL31 ∆21 and Myc-UL31 ∆21R, we used these strains to 

study the role of UL21 in the localization of virally-encoded myc-UL31 and UL34. Similar to cellular-

encoded NEC components, no differences were observed in the localization of virally-encoded myc-

UL31 and UL34 between the wild-type, ∆UL21, or ∆UL21R at 7 or 17 hours post-infection (Figure 4.8). 

Collectively, these results suggest that UL21 is not implicated in the proper localization of the NEC. 

Interestingly, in addition to the localization of cellular and virally-encoded UL31/UL34 at the nuclear rim, 

we observed the nucleoplasmic reticulum localization of these proteins using 3D image reconstruction 

(data not shown). This further supports a model in which nuclear egress of capsids occurs deep within the 

nucleoplasm of infected cells, where capsids bud into the inner nuclear membrane of the nucleoplasmic 

reticulum. In this model, capsids have a higher degree of access to sites of envelopment and will not be 

required to travel far within the nucleus, which usually ranges between 5–10 µm in diameter in 

mammalian cells (133), to reach these sites. As such, future studies should analyze the localization of the 

NEC in the nucleoplasmic reticulum between wild-type, ∆UL21, and ∆UL21R HSV-2 strains in order to 

further explore the role of UL21 in the localization of the NEC.  

In order to elucidate the interacting partners of UL21, we focused on two groups of proteins, 

those that are already known to be involved in nuclear egress, including UL31, UL34, and Us3, and those 

that have the capacity to recruit UL21 to the nuclear membrane, where it may carry out its essential 

role(s). To study potential interactions between UL21 and the former group of proteins, we 

immunoprecipitated UL21 or myc-UL31 in the context of an infection, and probed for key mediators of 
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primary envelopment including myc-UL31, UL34, and Us3. UL21 immunoprecipitation failed to co-

immunoprecipitate myc-UL31, UL34, or Us3 (Figure 4.9). In contrast, myc-UL31 co-immunoprecipitated 

UL34, however, it did not precipitate UL21 or Us3. It should be noted that while a band corresponding to 

Us3 was present in the UL21 IP lysate of cells infected with Myc-UL31 ∆21 and Myc-UL31 ∆21R, as 

well as in the myc IP lysate of cells infected with Myc-UL31 ∆21, Us3 was not actually co-precipitated in 

these lysates. We suspect that these bands represent the non-specific binding of antibodies against UL21 

and c-myc to Us3. The Myc-UL31 ∆21 strain does not express UL21 (Figure 4.5), therefore 

immunoprecipitating UL21 should not theoretically co-immunoprecipitate any other proteins, including 

Us3. Furthermore, immunoprecipitating UL21 or myc-UL31 enriched these proteins when compared to 

whole cell extracts (Figure 4.9). As a result, any other protein being co-immunoprecipitated with these 

proteins should become enriched as well. However, this was not the case for Us3, where a lower amount 

of this protein was present in the IP samples than in the whole cell extracts (Figure 4.9). While we cannot 

make any inferences regarding transient or weak interactions that may have been disrupted during the 

immunoprecipitation of proteins, collectively, these data suggest there are no interactions between UL21 

and key mediators of primary envelopment including UL31, UL34, or Us3.  

Compellingly, recent studies have implicated other viral proteins in the nuclear egress of HSV 

capsids. The HSV-1 major virion structural protein and regulator of viral replication and pathogenicity, 

UL47, has been shown to regulate primary envelopment by forming a complex with UL34, UL31, and/or 

Us3 at the nuclear membrane (136). This complex was later found to also include the immediate early 

protein ICP22, which co-localized with UL31 and UL34 at the nuclear membrane and was demonstrated 

to play a role in the proper localization of these proteins and in primary envelopment (144). Accordingly, 

there appears to be several other important mediators of primary envelopment that were not considered 
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when trying to elucidate interacting partners for UL21. As such, future studies should analyze possible 

interactions between UL21 and ICP22 or UL47.  

The localization of UL21 to the nuclear rim (11, 86, 127) and its association with the nuclear 

membrane (Banfield, unpublished) led us to suspect a possible interaction between UL21 and nuclear 

membrane protein(s). More specifically, the saturable localization of UL21 to the inner nuclear membrane 

in the absence of other viral proteins (Banfield, unpublished), suggests that UL21 does not have an 

intrinsic ability to associate with membranes and that its membrane localization is directed through an 

interaction with a cellular protein. To test this theory, we used a screening procedure based on the 

assumption that overexpressing a nuclear membrane-localized UL21 interacting partner would increase 

the amount of UL21 in the nuclear membrane, which is normally low or is masked by nucleoplasmic 

UL21. Incidentally, this method has been used previously to identify LAP1 as a torsinA interacting 

partner (78). As such, cells were co-transfected with UL21-mCh fusion protein and EGFP-fusion 

constructs of emerin, LBR, BAF, LAP2β, and LAP2α, the non-membrane isoform of the LAP2 family. 

UL21-mCh had a diffuse nuclear and cytoplasmic localization when it was co-expressed with EGFP, with 

no apparent nuclear rim localization (Figures 4.10 – 4.12). The nuclear membrane localization of UL21-

mCh was not enhanced when it was co-transfected with EGFP-BAF (Figure 4.10), EGFP-Emerin (Figure 

4.10), the soluble EGFP-LAP2α (Figure 4.11), or EGFP-LBR (Figure 4.12). In contrast, nuclear rim 

localization of UL21-mCh appeared to be augmented when it was co-expressed with the membrane-

integrated isoform of the LAP2 family, LAP2β (Figure 4.11), suggesting a potential interaction between 

UL21 and LAP2β. It should be noted however, that while results from this experiment are indicative of a 

possible interacting partner for UL21, we also observed enhanced nuclear rim staining of UL21-mCh in a 

few cells co-transfected with EGFP-Emerin and EGFP-LBR. As such, we are not sufficiently satisfied 

with the data presented here, since the inability to detect noticeable nuclear rim staining of UL21-mCh 
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may be due to the overexpression of this protein, as cells observed to have augmented nuclear rim 

localization did not appear to express much of UL21. To overcome this issue, future studies should look 

into creating a cell line that stably expresses UL21-mCh and using it to further analyze potential 

interacting partners for UL21 by transfecting these cells with EGFP-fusion constructs of inner nuclear 

membrane proteins. Furthermore, while this study only looked at four membrane-bound and one soluble 

isoform of inner nuclear membrane proteins, there are at least 18-20 inner nuclear membrane proteins 

(including splice variants) that have been described, most of which have large nucleoplasmic domains and 

are known to interact with lamins (26), and as such are possible candidates for interacting with UL21. 

Additionally, 67 putative integral nuclear envelope proteins have also been described, some with links to 

a variety of dystrophies, and are therefore worth investigating for potential interactions with UL21 (205).  

Two important viral proteins that were not investigated in this study with respect to interactions 

with UL21 are UL16 and UL11. In HSV-1 and PrV, UL21 is known to interact with UL16, and together 

along with UL11 they form the UL11/UL16/UL21 complex (89, 112, 138, 169). The UL11/UL16/UL21 

heterotrimer binds to the cytoplasmic tail of gE (58, 85, 250), a viral glycoprotein required for viral cell-

to-cell spread (105, 106) and virus-induced cell fusion (45), and regulates these functions (86). 

Interestingly, the presence of UL11 (10, 12) and UL16 (112, 150, 169) in the nucleus of infected cells, 

warrants an investigation into the function of the UL11/UL16/UL21 complex in HSV-2 nuclear egress. 

More specifically, future studies should attempt to reproduce interactions between UL11, UL16, and 

UL21 as well as the nuclear localization of these proteins in HSV-2. 

Recent work by Metrick et al. has determined the crystal structure of the conserved N-terminal 

domain of HSV-1 UL21, which has a unique sail-like fold and evolutionarily conserved features (152). 

This breakthrough provides an important framework for elucidating the multiple roles of UL21, including 

its potential nuclear functions as a complex with UL16 and UL11. UL21 shares 28 conserved residues 
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among 16 alphaherpesviruses, of which 21 residues are within the N-terminal domain of this protein, with 

12 being surface exposed (152). In combination with these evolutionarily conserved residues, the 

distribution of charged amino acid residues on the surface of the UL21 N-terminus pinpoint several 

regions of potential functional importance, which may be involved in interactions with UL16 or other as 

yet unknown proteins. As such, mutational analysis of the UL21 N-terminal regions outlined by Metrick 

et al. (152) may help further characterize the interaction between UL21 and UL16 and allows for 

structure-guided functional exploration of the role(s) of UL21 in nuclear egress of HSV-2.   

Lastly, a theory that was never explored in this study is the possibility that UL21 may facilitate 

the binding of other proteins to capsids, which in turn bridge the interaction between the C-capsid and the 

NEC at the inner nuclear membrane. Since UL21 has been reported to tightly associate with the capsid 

(190), it may be that HSV-2 UL21 participates either directly or indirectly, in the recruitment of the 

capsid vertex-specific component (CVSC), comprising of UL17 and UL25, to the capsid, or is involved in 

the recruitment of UL31 to the CVSC on the capsid. The CVSC, which is thought to facilitate the 

selection of C-capsids for primary envelopment (131, 234, 248), is essential for nuclear egress as capsids 

lacking either UL17 or UL25 have impaired primary envelopment and are retained within the 

nucleoplasm (114, 120). Furthermore, the CVSC has been demonstrated to interact with UL31 of the 

NEC either directly or indirectly (131), independently of UL34 and Us3 (248). As such, failure to recruit 

UL17/UL25 or UL31 to capsids would be predicted to result in the accumulation of C-capsids in the 

nucleus, as seen with the ΔUL21 mutant (127). To test whether UL21 participates in the recruitment of 

these proteins to capsids, future studies should analyze the composition of C-capsids in the ΔUL21 and 

WT/ΔUL21R virus strains.  

In summary, we have examined the role of the HSV-2 UL21 protein at multiple steps prior to the 

onset of primary envelopment. The lack of congregation of UL21 null capsids at the inner nuclear 
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membrane and no accumulation of primary enveloped virions in the perinuclear space led us to suspect a 

role for UL21 upstream of primary envelopment. As such, we analyzed the role of UL21 in disrupting the 

localization of nuclear lamins during infection. While we did not observe any major differences in the 

localization of lamins at the nuclear periphery in the presence or absence of UL21, we have yet to analyze 

the localization of the nuclear lamina associated with the nucleoplasmic reticulum, which is a potential 

site for nuclear egress. We also studied the role of UL21 in the localization of the NEC at the nuclear 

periphery and found that it did not influence the nuclear rim localization of UL31 or UL34. However, we 

did not investigate the role of UL21 in the localization of the NEC at the nucleoplasmic reticulum, which 

would be warranted in the probable event that primary envelopment takes place at these invaginations. 

Lastly, we attempted to characterize the interacting partners of UL21 by focusing on proteins that are 

implicated in primary envelopment and proteins that are capable of recruiting UL21 to the nuclear 

membrane, where it is localized. Whereas we did not detect any interactions between UL21 and key 

mediators of primary envelopment, localization of UL21 at the nuclear rim appeared to be enhanced by 

the overexpression of LAP2β, suggesting a potential interaction between the two proteins. Despite all of 

this, the molecular mechanism by which UL21 facilitates primary envelopment remains unclear. As such, 

further experiments are required to elucidate its role in nuclear egress and provide further insight into the 

herpesvirus nuclear egress pathway. Interestingly, it was recently discovered that the once thought 

herpesvirus-exclusive nuclear egress mechanism is also used in drosophila to transport large 

ribonucleoprotein granules across the nuclear membrane (222). This finding raises the possibility that the 

envelopment-deenvelopment nuclear egress pathway is not as uncommon as once thought, and that it may 

in fact be a natural phenomenon exploited by herpesviruses, thus increasing the urgency to better 

understand this pathway. 
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