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Abstract 

Herpes Simplex Virus 2 (HSV-2) nuclear egress is mediated by viral nuclear egress complex (NEC) 

proteins, pUL31 and pUL34, found at the inner nuclear membrane of infected cells (INM). Nuclear egress 

requires successful primary envelopment of a capsid at the INM, budding of the resulting capsid-containing 

vesicle into the perinuclear space (PNS), de-envelopment of the perinuclear virion at the outer nuclear 

membrane and release of the capsid into the cytoplasm. In this work, we demonstrate that HSV-2 pUL31 and 

pUL34 are phosphorylated by a viral protein kinase, called pUs3, which serves to prevent excessive INM 

deformation and accumulation of the primary enveloped virions (PEVs) in PNS after successful primary 

envelopment of capsids. It was found that a tegument protein, pUL21, modulates pUs3 dependent pUL31 

and pUL34 phosphorylation. We also determined that in UL21-knockout infected cells, pUs3 is differentially 

modified, and this modification is likely an autophosphorylation.   Higher levels of pUs3 phosphorylation 

were shown to result in augmentation of pUs3/PKA substrate phosphorylation levels, including pUL31 and 

pUL34. Excessive phosphorylation of the NEC components caused their aberrant distribution at the INM, 

extravagation of the nuclear envelope and failure of the capsids to undergo primary envelopment at the INM. 

We, therefore, postulate that that Us3 and UL21 deletions cause different types of the nuclear envelope defects 

in infected cells and that pUL21 acts upstream of pUs3 as a modulator of its kinase activity. This regulation 

mechanism was shown to be specific to HSV-2 and does not function in HSV-1 infected cells.  
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Chapter 1 

Introduction 

1.1 Herpes Simplex Virus Type 2 

Herpes simplex virus type 2, the species also termed Human alphaherpesvirus 2, is a 

pathogen from the genus of Simplexvirus, the subfamily of Alphaherpesvirinae, the family of 

Herpesviridae and the order of Herpesvirales (1, 2). Herpetic infections have evolved hand in 

hand alongside with Homo sapiens, which is why Herpesviridae, including HSV-2, are well-

adapted human pathogens (3). The manifestations of herpetic infections have been known since 

the times of Greco-Roman antiquity where “herpes” translates from classic Greek as “creeping” 

or “crawling” referring to spreading of the herpetic lesions on the skin (3).  

Herpes simplex virus type 1 (HSV-1) is primarily associated with herpes labialis disease, 

whereas HSV-2 is typically thought of as the causative agent of herpes genitalis (4). However, 

HSV-2 has been also associated with more generalized skin lesions, such as erythema 

multiforme, that include both genital and labial lesions (5). Asymptomatic HSV-2 infection 

accounts for 85-90% of cases (6) but can manifest in the form of a number of critical conditions, 

such as highly lethal acute neonatal encephalitis and retinal necrosis (7, 8).  

1.2 Virus Prevalence and Epidemiological Implications 

In 2012, an estimated 417 million people 15 to 49 years old were infected with HSV-2 

worldwide in both developing and developed countries (9) Of those, about 50 million people 

experience recurrent painful genital lesions (6, 10). HSV-2 remains among one of the most 

common sexually transmitted infections (11). Although the incidence of new infections is 3% in 
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the USA, it was expected in the early 2000s that the prevalence of HSV-2 in the USA would 

increase by 40 to 50% by 2025 (12, 13). More women have been found to be infected than men 

and the prevalence was found to be positively associated with an increasing number of sexual 

partners (14). HSV-2 infection is associated with increased risk of developing  oral and genital 

lesions, dementia, autoimmune disorders and an increased human immunodeficiency virus (HIV) 

susceptibility (11, 15–20). 

1.3 Viral Pathogenesis 

The virus has developed intricate survival and spreading mechanisms (17). HSV-2 is 

mostly spread through unprotected sexual contact (21), but can also be transmitted by the 

oropharyngeal route or even by direct contact with herpetic whitlow skin lesions (15, 16). HSV-2 

infection involves both lytic (productive) and latent (non-productive) virus replication programs 

(22).  Upon entering host epithelial lining cells, the virus immediately proceeds to a productive 

replication cycle, while concurrently accessing axonal terminals of mucosal sensory neurons, 

such as sensory neurons of the trigeminal ganglia (23). Viral capsids are retrogradely transported 

towards neuronal soma intracellularly, along axonal microtubules using both dynein and kinesin 

motors to move in a “stop-and-go” manner (17, 23, 24). In the neuronal soma, viral capsids eject 

their DNA into the nuclei of infected cells which is when the virus enters its latent state (17). 

Viral DNA is maintained in the nucleus as episomes coated by host histones bearing 

heterochromatin modifications that suppress the transcription of most virus genes. Only the 

latency associated transcript (LAT), a set of small RNA and miRNA molecules, are expressed 

from the virus genome during latency (17). LAT serves to inhibit the expression of lytic 

replication cycle gene products, such as ICP4 and thymidine kinase, while interfering with some 

host cell functions (18). In such a state, the virus becomes quasi-undetectable by the host 
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immune system and can silently remain in the infected cells for extended periods of time. Certain 

trigger conditions, such as fever due to a bacterial infection, exposure to UV light, stress and 

menstruation can induce reactivation of latent ganglionic HSV infection (17). During 

reactivation, viral genomic heterochromatin is re-organized (23). Expression of genes that 

encode proteins countering the activity of pro-latency miRNA transcripts, as well as host cell 

immune responses, begins (23). Further, the expression of structural and regulatory viral proteins 

allows for de-novo assembly of virion components and their anterograde transport to both 

peripheral and central branches of the neuron (22). The shedding of virions at the mucosal 

sensory neuron terminals occurs onto epithelial cells which is where the virus re-enters lytic 

replication cycle and may cause observable cytopathology (22). An HSV-2 infected host can 

infect another person at the time of virus shedding (19). HSV-2 shedding can occur up to 30 

times per year, while only 20% of shedding events result in a recurrence of HSV-2 symptoms 

(19). It has been estimated that a transfer of 104 of HSV genome copies is required for an 

infectious transmission of HSV-2 from an infected person to a healthy individual (19). After 

shedding, HSV-2 cannot survive in the external environment of the host for a long time but has 

to quickly invade the new host’s mucosal lining of the hollow organs or stratified epithelium of 

the skin (20). 

1.4 Disease Signs and Symptoms 

Herpes labialis and herpes genitalis are primary manifestations of an HSV-2 infections 

and involve formation of ulcers in the epithelial lining of oral cavity, vagina, urethra and external 

lesions on the penis (25, 26). Herpes genitalis symptoms include local pain and itching in more 

than 90% cases, dysuria in approximately 60% of cases, tender adenopathy in 80% of cases and 

other more generalized symptoms such as fever and tiredness (27). These symptoms are 



 

4 

 

recurrent in certain individuals and their occurrence correlates well with the HSV-2 virions being 

shed during reactivation of the virus (6). During viral shedding, even though the blisters may not 

be often readily visible, examination of skin and genital tract biopsies reveals the presence of 

HSV-related folliculitis, keratinocyte necrosis, lymphocytic infiltration and pustules of the 

epithelium (20). Along with physical pain, herpes symptoms cause significant psychological 

distress (28, 29).  

In HSV-2 related mucosal lesions, CD4+ lymphocyte infiltration is observed and normal 

functioning of dendritic cells is dysregulated (30, 31). Such mucosal lesions and dysregulation of 

the epithelium resident immune cells results in an enhanced acquisition of human 

immunodeficiency virus (HIV) (32). This information is consistent with a report that pooled 

adjusted risk of incident HIV acquisition is 5 times higher in those infected with HSV-2 than in 

uninfected individuals (33). 

There are several serious complications of HSV-2 infection, such as acute HSV-2 CNS 

infections in adults. These include the hemisphere HSV encephalitis, viral meningitis and, more 

rarely brain stem encephalitis (10, 34). HSV encephalitis is associated with brain parenchyma 

inflammation, inevitably leading to a plethora of neurological deficits and homeostasis 

dysregulation, including fever, confusion and disorientation, abnormal behavior, headache, 

altered consciousness, seizures, focal neurological disabilities, nausea, vomiting and aphasia 

(34). One of the hallmark signs of the brain inflammation, cerebral edema, can be readily 

visualized by computerized tomography (CT) scanning which often shows the regions of fluid 

accumulation in the temporal region of the brain (34). Electroencephalographic measurements of 

brain activity commonly demonstrate epileptiform discharges in the frontal and parietal lobes, 

typically 2 to 14 days after the onset of somatic symptoms (34). The diagnosis of HSV related 
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encephalitis is confirmed through the analysis of the cerebrospinal fluid (CSF) composition. In 

more than 95% of the patients severe predominantly lymphocytic pleiocytosis is found, and the 

CSF often contains traces of red blood cells (34). Interestingly, direct PCR testing for the 

presence of HSV-2 DNA may be negative in the first 3 days after the symptom onset so repeated 

testing is necessary (34). Since IgM cannot normally cross the blood-brain barrier, detection of 

viral protein reactive IgM in the CSF is a strong indicator of neuroinvasive herpes simplex 

encephalitis (HSE) (34). A rare, but highly debilitating sequella of HSE can involve the 

propagation of the viral infection through the optic nerve to cause acute retinal necrosis and can 

affect both immunocompromised and immunocompetent patients (35).  

Since the greatest incidence of HSV infections occur in women of reproductive age, the 

risk of the virus transmission to a fetus or a neonate is also a serious health concern (10, 36). 

Incident primary infection of the mother in the last trimester of the pregnancy puts the infant at a 

particularly high risk of acute infantile encephalitis (36). Transmission of HSV-2 from mother to 

neonate during delivery may result in 60% case fatality rate without treatment (37). This could 

be related to the lack of an adaptive immune response of the maternal immune system that could 

protect the fetus – i.e. maternal IgG against HSV-2 can be transported across the placenta to 

protect the fetus from infection. Neonatal HSV infection can be categorized into three categories: 

skin-eye-mouth syndrome, disseminated systemic infection or CNS infection (38). The most 

direct method of diagnosing neonate HSV infection is by PCR, which can be supplemented by an 

analysis of the CSF composition: even small changes in CSF neutrophil count can predict an 

HSV infection (38). Assessing higher neurological functions in infants is not reliable as neonates 

do not use the brain cortex for the execution of most activities (38).  
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1.5 Available Treatment Methods and Their Limitations 

Several antiviral drugs have been employed against HSV-2. One of them, acyclovir and 

its analogs, famciclovir and valacyclovir, are the most widely used for treating HSV-2 infection 

(39). Acyclovir was one of the first guanosine analog precursor antiviral drugs to exhibit both 

high selectivity for virus infected cells and low cytotoxicity (40). It is effective against HSV-1, 

HSV-2 and varicella-zoster virus (VZV) (41). Acyclovir is converted to its active metabolite, 

acyclovir triphosphate, exclusively in the HSV-2 infected cells as it requires the presence of viral 

thymidine kinase for bioactivation (42). Therefore, an active form of acyclovir, which inhibits 

HSV-2 DNA replication, is only found in virally infected cells and does not affect DNA 

replication in non-infected host cells (42). Acyclovir triphosphate is incorporated into the 

growing daughter DNA chain during viral genome replication which leads to chain termination. 

A valine ester form of acyclovir, valacyclovir, has been developed for increasing the oral 

bioavailability of acyclovir (41). Valacyclovir is commonly used for treatment of both genital 

and labial herpes infections (41). Acyclovir is also employed in treatment of HSV-2 encephalitis 

and significantly decreases encephalitis mortality (43). Still, up to 30% of HSV-2 encephalitis 

patients treated with acyclovir either die or experience serious neurological deficits (43). Over 

time, clinical acyclovir resistance has emerged (39) due to the mutations in the thymidine kinase 

and DNA polymerase genes (11, 44, 45). The HSV-2 adaptation renders acyclovir insufficient, 

especially in recurrent acute HSV-2 infection cases (46). Other antiviral agents, such as BAY 57-

1293, PNU-183792 & PNU-182171, have been developed. All of them target viral proteins the 

genes for which quickly mutate and adapt to evade the antiviral agents (47). 



 

7 

 

1.6 HSV-2 Virion Structure 

The herpes virion consists of a double-stranded DNA genome packaged into an 

icosahedral capsid surrounded by a complex layer of proteins called the tegument that contains 

20-25 different viral proteins, and potentially up to 50 host cell proteins (48–54). The capsid and 

the tegument are further surrounded by a lipid bilayer envelope studded with envelope proteins. 

The herpesvirus genome is packaged into the newly formed capsid in the nucleus of an infected 

cell under a pressure of tens of atmospheres (51, 55–57). The herpesvirus outer capsid shell 

(Figure 1.1) consists of five main structural proteins: pUL19 (VP5), pUL18 (VP23), pUL38 

(VP19C), pUL35 (VP26) and pUL6(58). pUL19 (VP5) is the major capsid protein which forms 

the capsomeres (58). 955 copies of pUL19 comprise the outer shell of a capsid (59). pUL19 units 

form 150 hexons that form the surfaces of the capsid icosahedron, with 11 pentons of pUL19 

forming the vertices of the structure and forming the sites of vertical bending (60). One of the 

vertices is unique and is comprised of 12 copies of pUL6 portal protein which forms the portal 

through which the viral genome is packaged (58). Two copies of pUL18 (VP23) and one copy of 

pUL38 (VP19C) form 320 triplexes that serve to connect and stabilize the adjacent capsomeres 

(58, 61). 900 copies of pUL35 (VP26) cover the outer surfaces of capsid hexons, but not pentons, 

one unit of pUL35 (VP26) per each unit of pUL19 (VP5) (58). The inner shell of a capsid, or 

scaffold of the capsid, is made of 1100 copies of a single protein called pUL26.5, or VP22a, or 

ICP35, and is removed by proteolysis during DNA packaging (59). 
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Figure 1.1: The structure of an HSV-2 capsid. The surface representation of 1250Å capsid. 

Black lines denote the axes of symmetry of the virtual icosahedron into which the capsid is 

embedded. pUL19 (VP5) pentons are located at the vertices, with the faces and edges of the 

capsid formed by pUL19 (VP5) hexons. pUL19 monomers are zippered to each other via 

triplexes consisting of one copy of pUL38 (VP19C) and two copies pUL18 (VP23). Adapted 

from (61). pUL35 (VP26) covers surfaces of the hexons.  
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1.7 Virus Attachment and Entry into the Cell 

HSV can enter the host cell via two routes. They enter keratinocytes and HeLa cells via 

endocytosis (62). HSV can also enter keratinocytes via direct fusion of the virion envelope with 

the host cell membrane, and this entry route is also employed by the virus for entering neurons, 

Hep2 cells and Vero cells (63–66). Regardless of the route, the virion has to undergo three 

consecutive steps of attachment to the cell surface, receptor binding and fusion of the virion 

envelope with host cell membranes to enter the cell.  

The attachment of virus is reversible but facilitates the downstream steps of entry (67). 

Initially, viral glycoproteins gC and gB recognize the cell surface heparan sulfate (HS) 

proteoglycans (67). The cells devoid of HS, due to enzymatic treatment or a genetic mutation, 

internalize HSV less efficiently but can still be infected (68, 69). gC plays a critical role in 

attachment of HSV-1, but not HSV-2, while gB is indispensable for HSV-2 attachment to cells 

(70). HSV-2 virions lacking gB bind to the cell surface significantly less efficiently and are 

barely infective due the roles of gB in downstream virion envelope fusion with the cell 

membranes and other functions of gB (70). Deletion of both HSV-2 gB and gC virtually 

abolishes all binding of the virus to the cell surface (70). HSV-2, therefore, appears to be unique 

amongst other herpesviruses in respect to the role of gB in HS binding, since other major 

Alphaherpesvirinae, such HSV-1, pseudorabies virus (PRV) and bovine herpesvirus-1 (BHV-1), 

principally rely on gC homologues for binding to the HS receptor (67, 71, 72).  

The interaction between gB, gC and HS enables the binding of glycoprotein D (gD) to a 

receptor from one of the following three types of receptors: herpesvirus entry mediator (HVEM), 

from the TNF receptor family, nectin-1 or nectin-2 isoforms, from the immunoglobulin 

superfamily, or 3-O-sulfonyltransferase modified (3-O-S) sites of the heparan sulfate receptors 
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(67).  After binding of gD to one of its cell surface receptors, the virion cannot detach from the 

cell surface.  

The binding of gD to one of its receptors induces the fusion of the virion envelope with 

the host cell membrane either directly or within a low-pH endosome (67). Receptor-bound gD 

triggers an interaction of gB and gH/gL and, together, the four proteins form a membrane-fusing 

complex (73). gH/gL act to promote the fusogenic function of gB whereby gB refolds from its 

prefusion conformation to insert its fusion loop into the host cell membrane (74). The gB fusion 

loop brings the host cell membrane and the virion envelope in proximity allowing for mixing of 

envelope and cell membrane lipids. Upon fusion of the virion envelope and the plasmalemma or 

the virion envelope and the low pH endosome membrane, the virus capsid is released into the 

cytoplasm (75, 76). Interestingly, gB, gH/gL and gD are also required for efficient fusion of the 

virally infected cells during syncytium formation: a signature cytopathology observed in virally 

infected cell cultures as well as in the fluid aspirated from the mucosal lesions of infected hosts 

(73). 

1.8 Tegument Disassociation and Capsid Trafficking towards the Nucleus 

The capsid enters the cytoplasm through a pore created by fusion of the virion envelope 

with the cell membrane or with the membrane of a low pH endosome (75). At this point, the 

capsid is associated with a coat of viral and host proteins called the tegument (51). The tegument 

can be structurally divided into inner and outer layers. The HSV tegument is composed of 4 main 

structural proteins: VP1/2, VP13/14, VP16 and VP22, which are products of UL36, UL47, UL48 

and UL49 genes (70, 77–80). The tegument also contains up to 20-25 other viral and up to 50 

host cell proteins (48–50). These proteins serve various functions, one of which is to recruit 
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dynein-dynactin complexes to a capsid to mediate its transport towards the microtubule 

organizing center (MTOC) and, then, towards the nucleus (81).  

Just after the entry into the cell the tegument surrounding a capsid, is a relatively stable 

and inert structure (82). It has been shown that the tegument integrity is preserved in vitro in the 

absence of the virion envelope under physiological conditions (83). It was also found, however, 

that, in the presence of excess amounts of ATP and Mg2+ ions, VP13/14 and VP22 proteins were 

released from the tegument which also required the presence pUL13 kinase (82). Accordingly, 

VP13/14 and VP22 were found to be phosphorylated by pUL13 upon release of the capsid into 

the cytoplasm (82). Additionally, host cell kinases also play a role in VP22 phosphorylation (84). 

These phosphorylation events are thought to promote VP13/14 and VP22 dissociation from the 

tegument.  

Upon initial disassociation of the major structural components, VP22 and VP13/14, the 

inner layer of the tegument, containing pUs3, pUL16, pUL37, ICP0, pUL14, pUL16 and pUL21, 

is exposed (85). In vitro, these tegument proteins were shown to recruit the microtubule-

associated motor proteins, such as dynein, dynactin, kinesin-1 and kinesin-2 (85). Most tegument 

proteins dissociate from the tegument, but then the inner tegument proteins VP1/2 (pUL36) and 

pUL37 remain associated with the capsid (86, 87). VP1/2 (pUL36) and pUL37 associate with 

dynein/dynactin complexes that can “march” along a microtubule towards its MTOC (-) end 

which enables the retrograde transportation of the virus towards the nucleus, including in the 

axons of peripheral neurons (88). The HSV transport in along the microtubules is not strictly 

unidirectional, however. Outer tegument proteins pUL47, pUL48 and pUL49 can  recruit kinesin 

motors to enable anterograde transport of a capsid along the microtubules (88). It was shown that 

the directionality of the capsid movement varied depending on the amounts of the above-
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mentioned tegument proteins that promote retrograde (during entry) or anterograde (during 

egress) transport (89).  

Beside the role of VP1/2 (pU36) in binding dynein/dynactin complexes, it also has been 

shown to be required for nuclear capsid attachment, unlike other tegument proteins, such as 

pUL37, VP5 and VP23(90). VP1/2(pUL36) has been shown to associate with nucleoporin 214 

(Nup214) and nucleoporin 358 (Nup358), two members of the nucleoporin protein family found 

on the cytoplasmic surface of the nuclear pore complexes (90, 91). Additionally, the N-terminal 

domain of VP1/2 was shown to be a highly conserved capsid nuclear localization signal (92). 

These functions of VP1/2 apparently serve to guide a capsid towards a nuclear pore complex to 

allow for translocation of the viral genome into the nucleus through the pore. 

1.9 Viral Genome 

In 1998, Dolan and co-workers published the first full-length HSV-2 genome sequence, 

that of strain HG52 assembled from sequences of cloned fragments spanning the genome (93).  It 

was established that the HSV-2 genome consists of ~154.7 kilobase pairs which comprise two 

major regions of the genome: the long (L) region and the short (S) region (93). The length of the 

Alphaherpesvirinae genome may, however, vary, depending on the species, between 124 to 295 

kilobase pairs (94). The L-region of the genome is approximately 130 kilobase pairs; it contains 

a terminal repeat of the long region (TRL) of the genome at its 5’ end and the internal repeat of 

the long region (IRL) of the genome at its 3’ end (93). Accordingly, the S-region, which spans 

kilobase pairs ~130 to ~154.7, is flanked by the internal repeat of the short region (IRS) at its 5’ 

end and the terminal repeat of the short region (TRS) at its 3’ end (93). The central parts of each 

region of the genome are unique and known as unique long (UL) and unique short (Us) (93). One 

origin of replication of the genome is found in the middle of the UL (OriL), but there is also an 
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origin of replication repeated twice, OriS, within IRs and TRs (93). 58 genes were identified in 

the UL region of the genome, alongside with 2 pairs of gene copies in the repeated parts of the 

long region, 13 Us genes and 1 pair of gene copies in the repeated parts of the short region, 

making up the 74 distinct genes, 3 of which are present in two copies each (93).  

Viral genome replication occurs in the nucleus of an infected cell, in loci called replication 

compartments (RCs), where late-gene transcription and viral genome encapsidation also occur 

(95). Parental viral genomes are copied by the viral polymerase holoenzyme, comprising DNA 

polymerase, pUL30, DNA-binding protein, ICP8, helicase/primase complex, pUL5, pUL8, 

pUL52, to produce daughter genomes that accumulate in the nucleus as long DNA concatemers. 

These concatemers are complete HSV-2 genomes covalently attached to each other at the 3’ end 

of each antecedent genome and 5’ of each subsequent (59). A tripartite nuclease, called the 

terminase, which consists of pUL15, pUL28 and pUL33, cleaves the concatemer at the genomic 

ends to produce the full-length genomic DNA fragments that can be packaged into nascent 

procapsids (59). The ATPase driven motor function of the terminase enables concerted 

packaging of the newly cleaved genomes into the capsids (59). 

1.10 Transcription of the Viral Genome 

One of the classic studies that investigated the regulation of HSV macromolecular synthesis 

showed that HSV proteins, based on temporal difference in their expression, can be classified 

into three categories: the α-proteins (encoded by immediate early genes) synthesized 2-4 hours 

post infection, the β-proteins (encoded by early genes) synthesized 4-8 hours post infection and 

the γ-proteins (encoded by late genes) synthesized up to 7-15 hours post infection (96–99). In the 

lytic cycle of an infection, 2-4 hours post virus entry, the expression of the immediate early (IE) 

viral genes begins (97). This stage of genome transcription does not require de-novo DNA 
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synthesis. The products of these genes include ICP0, ICP4 and ICP27 and serve to up-regulate 

the expression of early genes (97). Some immediate early gene products, such as ICP8, also play 

role in the initiation of DNA replication. 4-8 hours post infection, the expression of early genes 

becomes dominant (98). These genes encode several proteins that are required for viral DNA 

replication, including pUL5, pUL8, pUL9, pUL29, pUL30, pUL42 and pUL52 (98). Newly 

synthesized DNA templates are used for the transcription of late viral genes, at 7-15 hours post 

infection (99). The products of the late viral genes comprise more than 30 structural proteins, 

including those that serve as assembly materials for procapsids (98), such as pUL19, pUL35, 

pUL18 and pUL38. 

1.11 Capsid Assembly 

The HSV-2 capsid assembly is a concerted process that results in formation of a two-

shelled proteinaceous structure containing at least 11 main structural and many more accessory 

viral proteins (100–102). The assembly of herpes virus capsid occurs in the nucleus of an 

infected cell and starts with the formation of a portal ring. Each of the 12 pUL6 portal proteins 

requires association with a single pUL26.5 scaffold protein unit for portal formation (103–105). 

pUL26.5/pUL6 complex formation ensures that each procapsid has only one portal. To the 

portal, hexons and pentons of structural proteins are added until the procapsid assembly is 

completed. Each of the newly added capsomeres, comprised of VP5 molecules, also must be 

associated with a scaffold protein to be able to enter the nucleus and integrate into a newly 

forming capsid (106). This mechanism ensures that each capsid contains an equal number of 

internal shell (scaffold) proteins (59). The VP19c/VP23 triplexes are required to associate with 

each other and with their respective pentons or hexons to enter nucleus, whereas the scaffold 

proteins serve as nuclear localization factors without which no transport of capsid proteins to the 
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nucleus is possible (107). Once the capsid proteins organize into newly formed capsids, the 

cleaved full-length genomes are packaged into the capsids in ATP-driven packaging process 

mediated by the terminase complex (59). If viral DNA is successfully packaged into the capsid 

and maintained in the capsid under high pressure, the resulting nucleocapsids are called C-

capsids and are competent to escape the nucleus into the cytoplasm for further maturation by 

undergoing a process called nuclear egress (58).  

Often, if proper DNA packaging fails or a capsid fails to maintain the genome under high 

pressure, capsids lacking DNA may form and these are called B and A capsids (108, 109). B-

capsids contain the remnants of the scaffold proteins that are meant to be displaced by the 

genomic DNA indicating that, for some reason, DNA never entered those capsids. A-capsids, on 

the other hand, lose their DNA during or after genome packaging due to structural instability of 

the capsid.  

1.12 The Nuclear Egress Complex 

The nuclear egress complex (NEC) consists of the HSV pUL31 and pUL34 protein 

orthologs and localizes to the inner nuclear membrane of the infected cell (51, 110, 111). 

Deletion of pUL31 and pUL34 results in a 4-log reduction in viral replication and also in an 

accumulation of viral capsids in the nucleoplasm (112, 113). The pUL34 is a type II membrane 

protein with a transmembrane C-terminal and a nucleoplasmic N-terminal domain (51). The N-

terminal domain of pUL34 serves to recruit pUL31, which is a nucleoplasmic phosphoprotein 

(Figure 1.2A) (51, 114, 115). It was also shown to play a role in recruitment of capsids to the 

proximity of INM (116). The N-terminus of pUL31 forms a hook-like extension that wraps 

around pUL34, while globular core of pUL31 sits on top of the globular fold of pUL34 

resembling a pedestal (117). Since pUL31 and pUL34 have high affinity for each other (118), it 
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is speculated that they are mostly found in the cells in complex with each other. Crystallography 

studies on the NEC structure revealed that pUL31 and pUL34 can bind to each other at the INM 

forming hexamers of NEC heterodimers which can arrange into a honeycomb lattice that can 

introduce negative curvature at the INM (Figure 1.2B) (117). Mutations that disrupt intra- or 

inter- hexameric contacts result in a decreased budding efficiency in vitro(117). Artificially 

membrane-tethered pUL31 oligomers do not arrange into a hexagonal pattern but still can 

introduce the  INM curvatures (119). Thus, pUL34 must be required for proper NEC hexameric 

coat formation. The extent to which pUL31 and pUL34 curve the INM must be regulated to 

allow proper capsid envelopment, but not excessive INM perturbations. The NEC activity is not 

only crucial for a regulated deformation of the nuclear membranes during capsid envelopment at 

the INM, but also for the de-envelopment of the PEV at ONM (120). Additionally, well-gauged 

regulation of the NEC activity ensures that a PEV remains in a tight ~180-200nm pouch within 

PNS created by the distension of nuclear membranes which ensures the immediate access of a 

PEV to the ONM (Figure 1.2C) (121).  
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Figure 1.2: The nuclear egress complex structure (HSV-1) and function. A) X-ray 

crystallography revealed that pUL31 (orange) forms an N-terminal hook-shaped domain that 

wraps around the pUL34 (blue) pedestal. B) pUL31 and pUL34 heterodimers are organized into 

a sparce hexameric coat that organizes into rigid honeycomb lattice upon interaction with a 

capsid to enable capsid envelopment C) The PEV is held tightly between the inner and outer 

nuclear membranes to ensure rapid translocation into the cytoplasm. Adapted from (117, 121). 
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At the concentrations of pUL31 and pUL34 typical for an HSV infected cell, and in the 

presence of all other viral factors, the hexamers of the NEC heterodimers at the INM remain 

quiescent and do not cause curvature formation of the INM (121). High levels of pUL31 and 

pUL34 expression, however, typical for UL31 and UL34 co-transfected cells, result in 

spontaneous vesiculation of INM and scission of the membrane protrusions (121). Upon 

association of the NEC and a nascent capsid (122), the NEC is activated, which results in 

envelopment of the capsid at the INM (51). Once enveloped into a vesicle at the INM (121), the 

PEV is released into the PNS in proximity to the ONM(51). At the ONM, the envelope of the 

PEV fuses with the ONM releasing the capsid into cytoplasm for further maturation (51).  After 

nuclear egress, the capsid already bears an immature tegument to which other tegument proteins 

are added  in the cytoplasm (99). Finally, tegumented capsid acquires an envelope by undergoing 

secondary envelopment by budding into a post-Golgi compartment, containing mature viral 

envelope proteins,  and subsequently leaves the cell by exocytosis (99).  

Nuclear egress can be divided into four steps. First, the C-capsids must make their way to 

the nuclear periphery from the site of  DNA packaging through the peripheral layer of 

marginalized chromatin and nuclear lamina filaments (51). As the virus infection progresses, the 

HSV RCs, containing C-capsids destined for egress, move from the center of the nucleus towards 

the INM. During this movement, the RCs compress and marginalize host cell chromatin which 

constitutes one of the barriers preventing capsid access to the INM (95).  In fact, the “random 

walk” modelling of HSV-1 capsid sized particles in a three-dimension X-ray tomography 

reconstruction of an infected cell nucleus demonstrated that marginalized chromatin significantly 

restricts viral capsid diffusion (123). However, HSV-1 infection also induced formation of 

channels that penetrate the compacted layer of chromatin and allow for the passage of the 
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capsids towards the INM (124). The layer of marginalized chromatin is further surrounded by the 

layer of filamentous nuclear lamina, primarily composed of the proteins belonging to the lamin 

protein family, including lamin A/C (51). It was proposed that pUL31 and pUL34 may play a 

role in re-distribution of lamin A/C and lamin-associated protein 2 to allow capsids reach the 

INM (95). Simultaneously, lamins are phosphorylated by host cell and viral kinases to 

restructure the lamina and result in a local dissolution of lamins, potentially enabling the access 

of the capsids to the INM (125). It is important to note, however, that efficient HSV-1 capsid 

nuclear egress can occur even in the absence of lamin displacement and the correlation between 

the sites of the lamin dissolution and the sites of capsid envelopment at the INM is not well 

established (126). 

The second step of nuclear egress is mediated by the NEC components, pUL31 and 

pUL34, that act to initiate the envelopment of the capsid by the INM (51). Previous studies on 

PRV and HSV-1 have revealed that capsids can physically associate with the NEC component 

pUL31 (127, 128). Whether this association could play a role in the selection of C-capsids for 

further envelopment over A and B-capsids has not been established (51). It is known that the N-

terminal region of pUL31, which can be modified by phosphorylation, serves to escort the 

capsids to the site of envelopment at the INM (116, 129). It is, therefore, possible that pUL31 

phosphorylation status could play a role in the selectivity of the nuclear egress process to favor 

C-capsid envelopment (51). 

In the third step of nuclear egress, the enveloped capsid, PEV, buds into the PNS where it 

is tightly held between the INM and ONM in ~150-200 nm distension of the nuclear membranes. 

The hexagonal lattice of the nuclear egress complex inherently defines the size of the envelope to 

accommodate the capsid in a PEV vesicle with a diameter of roughly ~120nm (121).  



 

20 

 

Finally, the envelope of the PEV fuses with the ONM to release the capsid into the 

cytoplasm (130). The roles of gB and gH have been established in the process of the fusion of 

the virion envelope with the ONM during the last step of the nuclear egress (131).  gB is 

phosphorylated by pUs3 to enable PEV envelope fusion with the outer nuclear membrane by 

bringing the two membranes together via its fusion loop (76) 

The activity of the NEC must be tightly regulated by other viral proteins to prevent redundant 

and excessive folding of the nuclear envelope, preserving precious molecular resources that can 

potentially be used for the successful translocation of capsids. 

1.13 Regulation of the NEC by pUs3 

pUs3 is a promiscuous viral serine/threonine kinase that is conserved amongst the 

Alphaherpesvirinae (132). One of its prominent roles is in the blockage of apoptosis induced by 

proapoptotic cellular proteins, such as BCL2 associated agonist of cell death (BAD) (133). It is 

likely that pUs3 exerts this function through phosphorylation of specific cellular substrates, but 

the identity of substrates involved in the regulation of apoptosis has remained elusive. In vitro 

studies have revealed that the optimal phosphorylation consensus sequence of pUs3 is 

(R)nX(S/T)XX, where S/T (serine or threonine) is the residue phosphorylated, n is at least 3 and 

X can be Arg, Ala, Val, Pro, or Ser (134). This sequence closely resembles the target sequence of 

the cellular cAMP-dependent protein kinase A (PKA) (135). pUs3 phosphorylates PKA itself 

and the substrates of active PKA (133). 

In the case of the alphaherpesvirus, pseudorabies virus (PRV), it was shown that pUs3 

also exerts a profound effect on the cytoskeleton of the host cell, promoting the formation of cell 

projections containing both actin and microtubules (132). These projections contain virus 

capsids, predominantly moving towards the distal end of the projection (132). In Us3-null PRV 
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infected cells, the number of the virally induced cell projections was decreased which was 

associated with less efficient viral spread in the culture of sparsely seeded cells (132).  

pUs3 is one of the key regulators of NEC activity (51). Both pUL31 and pUL34 are 

substrates of pUs3 (111, 129). HSV-1 pUs3 colocalizes with pUL34, in the absence of other viral 

factors (111). In HSV-1 infected cells, however, as well as in PRV and HSV-2 infected cells, 

pUs3 is detected diffusely through the cell, while it still partially colocalizes with the NEC 

components at the nuclear rim (111, 136, 137). Cells infected with PRV, HSV-1, equine 

herpesvirus 1 (EHV-1) and Marek’s disease virus (MDV) Us3 mutant strains accumulate 

herniations of the INM containing clusters of PEVs at distinct foci between the INM and the 

ONM (111, 138–140). In Us3 mutant HSV-2 infected cells, herniations of the INM and 

accumulation of the PEVs in those herniations were also observed (42). These observations 

suggested a conserved central role of pUs3 kinase in the nuclear egress of Alphaherpesvirinae, 

with pUs3 being required to maintain optimal NEC activity, INM structural integrity and 

efficiency of PEV de-envelopment at the ONM. In the absence of HSV-1 pUs3, pUL34 was 

found to be distributed at the INM in a punctate manner (111). Consistent with this observation, 

in HSV-2 pUs3-null infected cells, the distribution of the NEC components at the INM was also 

punctate (Figure 1.3) (120). Extensive invaginations of the INM, associated with clusters of 

pUL31 and pUL34, were observed (120). The invaginations of the INM morphology could be 

explained by excessive activity of the NEC.  

 

 



 

22 

 

 

Figure 1.3: Appropriate NEC distribution and function at the INM requires regulation by 

Us3 and UL21. Even distribution of the NEC components at the INM and unperturbed INM 

morphology in WT infected Vero cells is evident. In the absence of regulation by UL21 and Us3, 

however, the distribution of the NEC components at the INM is irregular.  Adapted from (120). 
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It was shown that HSV-1 pUs3 phosphorylates several residues in the N-terminus of 

pUL31 which enables efficient envelopment of capsids at the INM and de-envelopment of PEVs  

at the ONM (129). The substitution of these N-terminal residues for alanine residues 

recapitulates the HSV-1 Us3-knockout infected cell INM phenotype suggesting that pUs3 

dependent N-terminal pUL31 phosphorylation could suppress NEC activation and prevent the 

formation of the INM herniations (129). Conversely, phosphomimetic substitutions of HSV-1 

pUL31 N-terminal serine residues to glutamic acid residues resulted in restoration of even 

distribution of the NEC components at the INM, but precluded efficient capsid envelopment at 

the INM (129). These findings suggest that differential and precise regulation of the pUL31 

phosphorylation state is required for efficient nuclear egress. As such, Mou et al. proposed a 

model for regulation of NEC activity in HSV-1 infected cells, whereby pUs3 mediated N-

terminal phosphorylation of pUL31 at the INM would maintain the quiescence of the NEC, 

while, in the presence of a capsid ready to egress, the switch of pUL31 to an unphosphorylated 

state would underlie NEC activation and the introduction of curvature to the INM for capsid 

envelopment (129). 

Finally, during the fourth step of the nuclear egress, gB is phosphorylated by pUs3 to 

enable PEV envelope fusion with the outer nuclear membrane (76). In cells infected with HSV 

mutants, lacking pUs3 and gB or gH, an accumulation of PEVs is observed in the PNS (76). This 

accumulation is explained by the inefficient de-envelopment of the PEVs at the ONM, in the 

absence of the above-mentioned glycoproteins and pUs3 kinase, since gB and gH are required 

for the fusion of the PEV envelop and ONM, while pUs3 is required to activate gB via 

phosphorylation. Notably, it has been speculated that 20 to 33% of the gB, found in the PEV, 

could also be phosphorylated by protein kinase A (76). 
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1.14 Regulation of the NEC by pUL21 

Another protein that plays role in regulation of the NEC is the tegument protein, pUL21. 

The majority of work on pUL21 has been conducted in HSV-1 and PRV, however, its homologs 

have been identified in other Alphaherpesvirinae (141). It plays role in an unidentified 

mechanism that promotes the initiation of viral gene expression (141–143). HSV pUL21 can 

associate with both capsids (144) and microtubules (145), so it has been hypothesized that it 

could also play role in capsid transport along microtubules. The absence of pUL21 results in a 

delay in viral gene expression (141). It is required for optimal virus replication, but, while the 

homology of HSV-1 and HSV-2 pUL21 is 84%, the two strains rely on pUL21 to a different 

extent (142). UL21 null HSV-1 can replicate in the absence of complementation, but produces 

smaller plaques and has replication deficiencies (142). HSV-2 ΔUL21, however, requires pUL21 

complementation for replication and demonstrates two following types of severe replication 

defects (142). Complementation, here, refers to the growth of the virus mutants on cells that 

express pUL21 (142). In addition to delays in the initiation of viral gene expression as seen in 

HSV-1 UL21 mutants, HSV-2 UL21 mutants also have defects in capsid envelopment at the 

INM (143). These defects underlie the overall low number of nuclear capsids observed, in HSV-

2 ΔUL21 infected cells, and a less efficient capsid trafficking from the nucleus to the cytoplasm 

(143). Additionally, in HSV-2 pUL21-null virus infected cells, unlike in HSV-1 pUL21-null and 

pUs3-null infected cells, no accumulation of the PEVs or capsids was observed in the PNS, 

despite dramatic protrusion and herniations of the nuclear envelope (120, 143). Transmission 

electron microscopy of UL21-knockout infected cells revealed multiple types of the nuclear 

envelope perturbations, mainly extravagations of the nuclear envelope into the cytoplasm, with a 
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lesser number of invaginations, as opposed to major INM herniations observed in pUs3-null 

infected cells(120). 

The Banfield lab also reported that cells infected with HSV-2 mutants, lacking pUL21, 

demonstrate a punctate distribution of the NEC components at the INM and herniations of the 

INM, which suggested a dysregulation of the NEC activity (Figure 1.3) (143, 146, 147). pUL21 

is capable of forming a complex with another tegument protein, called pUL16 (148), which 

could indicate that pU21 and pUL16 could act on the NEC together and that the phenotypes of 

the cells infected by UL16 or UL21 mutants could be similar. However, while, in pUL21-null 

infected cells, irregular punctate distribution of the NEC components was observed at the INM 

(Figure 1.3), in pUL16-null infected cells, the NEC distribution at the INM was similar to that of 

WT infected cells (120) suggesting that pUL21, but not pUL16, plays a direct role in regulation 

of the NEC. pUL21 likely modulates the NEC activity in such way that allows for efficient 

capsid translocation from the nucleus into the cytoplasm, while maintaining nuclear envelope 

morphology. Since, in HSV-1, pUs3 has been shown to regulate the NEC activity via 

phosphorylation events occurring at the N-terminus of pUL31, it is possible that pUL21 also 

regulates the NEC via pUL31 phosphorylation. In fact, knockdown of pUL31 expression 

precluded the INM perturbations formed in the absence of pUL21 suggesting that pUL21 acts to 

negatively regulate pUL31 activity to suppress excessive NEC activity (120). 

1.15 Rationale 

Despite the recognition of an important role for pUL21 and pUs3 in nuclear egress the 

mechanisms by which they regulate the NEC have remained elusive. The findings discussed 

above form the basis for the hypothesis that pUL21 and pUs3 are upstream regulators of NEC 

activity, enabling proper capsid envelopment at the INM. Since pUs3 was known to be a kinase 
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phosphorylating pUL31 in HSV-1, we speculated that HSV-2 pUs3 would similarly 

phosphorylate pUL31.  And, since we observed uneven distribution of the NEC components at 

the nuclear envelope, in both ΔUs3 and ΔUL21 infected cells, we speculated that pUL21 could 

act as an upstream activator of pUs3 and pUL31 phosphorylation levels would be similar in 

ΔUs3 and ΔUL21 infected cells. Unexpectedly, however, the findings of this study, indicate that, 

in the absence of pUL21, pUL31 and pUL34 were excessively phosphorylated by pUs3. We 

demonstrate that, in HSV-2 infected cells, pUs3 directly regulates pUL31 activity via 

phosphorylation, while pUL21, in turn, antagonizes pUs3 kinase activity. We, therefore, also 

aimed to establish how differential phosphorylation levels of pUL31 and pUL34 in WT, UL21-

mutant and Us3-mutant virus infected cells would affect the distribution of the NEC at the 

nuclear rim and morphology of the nuclear envelope.   
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Chapter 2 

Materials and Methods 

2.1 Cell Lines 

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

murine L fibroblast cells stably expressing HSV-2 pUL21 (L21) and immortalized human skin 

keratinocytes stably expressing HSV-2 pUL21 (HaCaT 186 21) were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% 

penicillin-streptomycin and 1% GlutaMax. The cells were grown at 37oC in a 5% CO2 

environment. L21 and HaCaT 186 21 cells were maintained in the presence of 5 µg/mL 

puromycin (InvivoGen, San Diego, CA, USA) as described previously (143). 

2.2 Viruses 

HSV-2 186 wild type (186; WT), 186 UL21 knockout (ΔUL21), 186 Us3 knockout 

(ΔUs3), 186 ΔUL21/ΔUs3 double mutant, 186 UL21 repaired (ΔUL21R) and 186 Us3 repaired 

(ΔUs3R) strains were used (120). HSV-1 F WT (F) and UL21 knockout strains FFS62/34 and 

FFS30/26 strains were also used (142). Additionally, recombinant ΔUL21 and ΔUL21R virus 

strains containing the N-terminal myc tag fused to pUL31 were used (ΔUL21 Myc-UL31 and 

ΔUL21R Myc-UL31, respectively) for purifying pUL31 (149). All viruses were propagated by 

infecting HaCaT 186 21 cells at 0.01 MOI and incubating them at 340C in 5% CO2 environment 

until the cytopathic effects, including formation of cell syncytia and rounding of the cells, in 80% 

of all cells was observed. 
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2.2.1 Cell Infections 

Viruses were thawed at 37oC in a water bath. The cryovials containing the viruses were 

pulsed 10 times, 1 second per each pulse, in a cup horn sonicator at 4oC to evenly disperse the 

viral particles in the suspension. 100 µL, 1 mL and 3 mL of virus-containing media were used to 

inoculate confluent cell monolayers grown in 35 mm wells of 6-well plates, 100 mm dishes and 

150 mm dishes, respectively. Cell monolayers were incubated for 1 hour at 37oC, in a 5% CO2 

environment, with an appropriate amount of the inocula and were manually rocked every 15 

minutes to allow for even distribution of the inoculum and virus adsorption. At the end of the 1-

hour incubation period, the inocula were aspirated, and fresh warm media were added onto the 

cells before incubation at 37oC in a 5% CO2 environment for the duration of an experiment. 

Depending on the experiment being performed, the cells were incubated in the presence of 100 

µg/mL protein kinase A (PKA) inhibitor PKI (Sigma-Aldrich, Oakville, ON) or 100 nm of the 

PP1γ inhibitor, okadaic acid (Cell Signaling Technology, Leiden, Nethderlands). 

Cells infected for the purpose of preparing high-titer virus stocks were incubated at 34oC in a 5% 

CO2 environment for 72 to 96 hours. 

2.2.2 Virus Stock Preparation via the Glass Bead Method 

The glass bead preparation method was adapted for preparing high-titer virus stocks 

(150). Confluent cell monolayers were grown on 150 mm dishes and infected as described above 

at an MOI of 0.01. Infected cells were incubated for 72 to 96 hours at 34oC until an extensive 

cytopathic effect was observed. Infected cells were harvested by scraping them into the medium 

and pelleting at 1500 rpm (200-250xg) in an Eppendorf centrifuge 5804 R rotor at 4oC. The 

media were removed, and the cells were resuspended in sucrose-phosphate-glutamate-albumin 

(SPGA) buffer (pH 8.0; 218 mM sucrose, 3.8 mM KH2PO4, 7.2 mM K2HPO4, 4.9 mM sodium-
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glutamate, 1% [w/v] BSA, 10% FCS [v/v]) at 37oC.  The cell suspensions were transferred to a 

fresh 15 mL conical tube containing 1.5 mL of glass beads (Sigma, G-8772, 425-600µL) and 

vortexed for 10 seconds to disrupt the cell membranes on a VortexGenie 2 vortex pedestal at 

setting “6” at room temperature. The cell debris and glass beads were removed by centrifugation 

of the samples for 5 minutes at 3500 rpm (1300-1500xg) in an Eppendorf centrifuge 5804 R 

rotor at 4oC. The virus containing supernatants were aliquoted in cryovials for long-term storage 

of the virus at -80oC.  

2.2.3 Titration of Virus Stocks 

To titer the virus stocks, the stock samples prepared as described above, were thawed at 

37oC and exposed to 10 1-second ultrasonic pulses in a cup horn sonicator at 4oC. A series of 10-

fold serial dilutions, ranging from 1X10-1 to 1X10-6, were prepared. 100 µL of each of the 

dilutions were used to inoculate confluent monolayers of L21 cells grown in 35 mm 6-well 

plates. Plates were rocked every 15 minutes for the duration of the 1h incubation. The inocula 

were then replaced with 2ml of DMEM/1% carboxy-methylcellulose supplemented with 2% 

FBS and 1% penicillin-streptomycin. Infected cells were incubated at 37oC in a 5% CO2 

environment for 72 hours. At the end of the incubation period, the presence of virus plaques on 

the cell monolayers was confirmed microscopically and the media were removed to fix and stain 

the cells with 0.5% methylene blue in 70% methanol for 1 hour. Methylene blue solution was 

removed, and the monolayers were rinsed with cold tap water, inverted and dried on paper 

towels. The number of plaques in each well was counted and the titers of the viruses were 

determined and expressed as PFU/mL. 
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2.3 Antibodies 

For Western blotting, rat polyclonal antiserum (“rat L”) against HSV pUL21 was used at 

a dilution of 1:600 (120); rat polyclonal (“rat L”) antiserum against HSV pUs3 was used at a 

dilution of 1:500 (120); rat polyclonal (“rat B”) antiserum against HSV pUL31 was used at a 

dilution of 1:200 (120); chicken polyclonal antiserum against HSV pUL34 was used at a dilution 

of 1:500 (120); mouse monoclonal antiserum against β-actin was used at a dilution of 1:2,000 

(Sigma, St. Louis, MO); mouse monoclonal antiserum against HSV ICP27 was used at a dilution 

of 1:500 (Virusys, Taneytown, MD); mouse monoclonal antiserum against PP1γ was used at a 

dilution of 1:1,000 (ThermoFisher Scientific, Waltham, MA); rabbit polyclonal antiserum against 

phospho-PKA substrate (RRXS*/T*) antiserum was used at a dilution of 1:1,500 (Cell Signaling. 

Whitby, ON). Horseradish peroxidase-conjugated goat anti mouse IgG (Jackson 

ImmunoResearch Laboratories, West Groove, PA), horseradish peroxidase-conjugated goat anti 

rabbit IgG, horseradish peroxidase-conjugated rabbit anti rat and horseradish peroxidase-

conjugated rabbit anti chicken IgG (Sigma-Aldrich, Oakville, ON) were used for Western 

blotting at a dilution of 1:22500, 1:5000, 1:80,000 and 1:80,000. 

2.4 Transfections 

For Western blotting, HeLa cells were seeded onto the 35 mm wells of 6-well plates and 

transfected the following day at a confluency of 80-90%. 2 hours prior to transfection, DMEM 

(10% FBS [v/v], 1% penicillin/streptomycin [v/v], 1% GlutaMax [v/v]) 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, 100 µL transfection cocktails were prepared consisting of 1 to 

2.5 µg of total plasmid DNA, 3 µL of X-tremeGENE HP DNA transfection reagent per 1 µg of 
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plasmid DNA and Opti-MEM, up to 100 µL. The mixtures were gently vortexed for 20 seconds 

at room temperature and incubated for at least 20 minutes. The transfection mixtures were then 

added slowly to HeLa cell monolayers and incubated for 18 hours at 37oC in a 5% CO2 

environment. 

2.5 Preparation of whole cell lysates for western blotting and immunoprecipitation 

Whole cell lysates of transfected cells, for the purposes of western blotting, and infected 

cells, for the purposes of Western blotting or immunoprecipitation, were prepared as follows.  

The appropriate cell monolayers (HeLa cells for transfections, Vero cells for infections) were 

grown to confluency and infected with the virus strains of interest. Infections of cell monolayers 

in 100 mm dishes at an MOI of 3 were used for immunoprecipitation purposes. Alternatively, the 

cell monolayers, grown in 35 mm dishes, infected for the purposes of conducting whole cell 

lysate Western blotting, were infected at an MOI of 1. Cell monolayers, transfected with 

appropriate plasmids for the purposes of whole cell lysate Western blotting, were also prepared 

in accord with the following protocol. After incubation of transfected or infected cells for 18-

hours, the medium was removed, and the cells were washed 3 times with ice-cold PBS. For lysis 

in 35 mm or 100 mm dishes respectively, 200 µL or 1 mL of RIPA lysis buffer (pH7.5; 10 mM 

TRIS/HCl, 150 mM NaCl, 0.5 mM EDTA, 0.1% SDS [w/v], 1% NP-40 [v/v], 1% sodium 

deoxycholate [w/v], 2.5 mM MgCl2; complete protease inhibitor cocktail  (Roche, Laval, QC), 1 

tablet/10 mL; PhosStop phosphatase inhibitor cocktail (Roche, Laval, QC) 1 tablet/10 mL) was 

added to each monolayer and lysis was  allowed to proceed for 20-40 minutes on ice. Cell lysates 

were scraped into microcentrifuge tubes and 1 µL of 250 units/µL benzonase nuclease was added 

(Santa Cruz Biotechnology, Dallas TX). Samples were repeatedly passed through 28-gauge 

needles to reduce viscosity and centrifuged for 10 minutes at 9,000 to 11,000 rpm (14,000xg) in 
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a Beckman Coulter Microfuge 20 at room temperature. The supernatants were transferred to 

fresh pre-chilled 1.5 mL microcentrifuge tubes for further use. Pellets were discarded. 

2.5.1 Treatment of lysates with λ protein phosphatase 

The whole cell lysates to be treated with λ protein phosphatase (λ PP) were prepared 

using the whole cell lysis method described above, except that protein phosphatase inhibitors 

were not included in the RIPA lysis buffer. 39 µL of lysates were supplemented with 11 µL of λ 

PP master mix, consisting of 5 µL of 10X NEBuffer Pack for Protein MetalloPhosphatases 

(PMP), 5 µL of 10 mM MnCl2 and 1 µL of 400 kUnits/mL of λ PP (New England BioLabs, 

Ipswich, MA). The reactions were incubated at 30oC for 30 to 40 minutes. Upon reaction 

completion, 25 µL of 3 X SDS sample buffer was added to the lysates and the samples were 

heated to 95oC in a water bath for 8 minutes. The samples were then loaded directly onto SDS-

PAGE gels.  

2.5.2 Co-immunoprecipitation of pUL21 and PP1γ 

300 µL of the lysates were aliquoted. 5 µL of respective antisera (rat polyclonal 

antiserum against pUL21 and mouse monoclonal antiserum against PP1γ) were added to each of 

the samples and they were incubated overnight at 4oC on a nutator. For pulling down the protein-

antibody complexes, Pierce protein G agarose (ThermoFisher Scientific, Waltham, MA) beads 

were prepared by transferring 500 µL of the bead slurry to a clean microcentrifuge tube, pelleting 

it for 2 minutes at 2000 rpm (350-500xg) in a Beckman Coulter Microfuge 20 at room 

temperature, washing the beads with NP-40 buffer (pH7.4; 10 mM TRIS/HCl, 150 mM, 1% NP-

40 [v/v], 1% sodium deoxycholate [w/v]) and performing these steps 2 more times. Finally, the 

beads were reconstituted in 500 µL of NP-40 buffer and 50 µL of the protein G beads were added 

to the tubes containing antibody complexes which were incubated for 3 hours at room 
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temperature on a nutator. Protein G-antibody complexes were pelleted for 2 minutes at 4500-

5000 rpm (2500xg) in a Beckman Coulter Microfuge 20 at room temperature. The supernatants 

were discarded and the beads were consecutively washed with 500 µL of the three wash buffers 

with the 2 minute pelleting steps at 4500-5000 rpm (2500xg) in between the washes (wash buffer 

#1: 20mM TRIS/HCl pH 7.5, 150mM NaCl, 1% NP-40 [v/v]; wash buffer#2: 20mM TRIS/HCl 

pH 8.8, 150mM NaCl, 1% NP-40 [v/v], 0.2% SDS [w/v]; wash buffer #3: 20mM TRIS/HCl pH 

6.8, 150mM NaCl, 1% NP-40 [v/v], 0.2% SDS [w/v]). Finally, the pellets were reconstituted in 

60 µL of NP-40 buffer, 30 µL of 3 X SDS buffer was added to the samples and they were 

incubated in 95oC water bath for 8 minutes before being ready for further Western blotting. 

2.5.3 Myc-tag immunoprecipitation 

Confluent monolayers of Vero cells grown in 100 mm dishes were infected with 186  

ΔUL21 Myc-UL31, ΔUL21R Myc-UL31, 186 WT or mock infected as described above. The 

cells were harvested by trypsinization in the presence of 1 mL trypsin-EDTA (0.25%), scraped 

into microcentrifuge tubes and pelleted at 2000-3000 rpm (500xg), 4oC for 5 minutes. The cells 

were washed by resuspending them with ice-cold PBS 3 times and then lysed in the presence of 

200 µL of ice-cold RIPA lysis buffer (pH7.5; 10 mM TRIS/HCl, 150 mM NaCl, 0.5 mM EDTA, 

0.1% SDS [w/v], 1% NP-40 [v/v], 1% sodium deoxycholate [w/v], 2.5 mM MgCl2; complete 

protease inhibitor cocktail, Roche, Laval, QC, 1 tablet/10 mL; PhosStop phosphatase inhibitor 

cocktail, Roche, Laval, QC 1 tablet/10 mL) for 30 minutes on ice. Each lysate sample received 1 

µL of 250 units/µL benzonase nuclease (Santa Cruz Biotechnology, Dallas TX) and was 

incubated on ice for 30 minutes. The myc-tagged proteins were purified from the lysates using 

Myc-Trap agarose beads (Bulldog Bio, Portsmouth, NH), according to the manufacturer’s 

instructions. The beads, with myc tagged proteins bound to them, were also washed with wash 
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buffers #1, #2 and #3, as described above. Eluted samples were further analyzed via SDS-PAGE 

and Western blotting. 

2.6 Western blotting 

The lysates for Western blotting were prepared as described above. Proteins were 

separated on a 10% SDS-PAGE gel run at 180 V for approximately 90 minutes and then 

transferred to PVDF membranes (Millipore, Billerica, MA) at 15 V for 30 to 35 minutes. 

Membranes were blocked at room temperature with Tris-buffered saline containing 0.05% Tween 

20 [v/v] (TBST) and 3% bovine serum albumin [w/v] (BSA) for at least 1 hour. Blocked 

membranes were incubated in the appropriate primary antibody diluted in 1% [w/v] BSA 

solution in TBST rocking overnight at 4oC. Then, the membranes were washed with TBST, 3 to 5 

times, for 5 minutes, after which they were incubated with the appropriate horseradish 

peroxidase-conjugated secondary antibody diluted in 1% [w/v] BSA solution in TBST for 30 

minutes at room temperature. The membranes were repeatedly washed 3 to 5 times with TBST 

for 5 minutes and were treated with Pierce ECL Western Blotting substrate (ThermoFisher 

Scientific, Rockford, IL). Membranes were then exposed to X-ray film to visualize antibody 

reactive proteins on the membranes. All experiments were repeated for at least 3 times. Western 

blot image quantification was performed using ImageJ software densitometry tool, according to 

the developer’s instructions.  

2.6.1 Phos-tag SDS-PAGE electrophoresis and Western blotting 

The lysates for Phos-tag western blotting were prepared as described above. The Phos-tag 

SDS-PAGE gels used for separating the proteins, on the basis of their phosphorylation state, 

contained 10 mL of water, 5 mL of 40% acrylamide solution [v/v], 5 mL of 1.5 M TRIS pH 8.8 

solution, 200 L of 10% SDS solution [w/v], 200 L of 10%  freshly made ammonium 
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persulfate [w/v] (APS), 200 L of 10 mM MnCl2 solution, 200 L of 5 mM Phos-Tag AAL-107 

solution in 3% ethanol/water [w/v] (final concentration: 50 M; Fujifilm, Osaka, Japan), 20 L 

of TEMED. Protein electrophoresis was conducted at 180 V for 90 minutes. Upon completion of 

the electrophoresis, the gels were transferred into plastic containers containing 20 mM EDTA in 

transfer buffer solution and soaked for 5 minutes to remove Mn2+ ions from the gels. The 

procedure was repeated 4-5 times by discarding the buffer and pouring fresh solution on the gels.  

Further, the proteins were transferred onto PVDF membranes (Millipore, Billerica, MA) at 15 V 

for 30 to 35 minutes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

36 

 

Chapter 3 

Results 

3.1 The role of pUL21 in regulation of pUs3 kinase function 

pUs3 is one of the key regulators of the NEC components, pUL31 and pUL34 (51). 

Dysregulation of the NEC activity results in a disruption of the INM integrity in both HSV-1 and 

HSV-2 infected cells (51). It has been previously shown that HSV-1 pUs3 phosphorylates pUL31 

to suppress excessive NEC activity (129). The Banfield lab also reported that in HSV-1 and 

HSV-2 UL21 mutant infected cells, increased activity of the NEC results in dramatic disruption 

of nuclear envelope integrity (120). Therefore, we hypothesized that UL21 could be an upstream 

regulator of pUs3 kinase activity.  

3.1.1 pUs3 is differentially modified in ΔUL21 infected cells 

Previously, a band appearing to be a higher molecular weight form of pUs3 was observed 

on western blots of ΔUL21 infected cell lysates prepared and analyzed by Dr. Renee Finnen 

(Finnen and Banfield, unpublished; Figure 3.1A). Since phosphorylated forms of pUs3 have 

been found in other Alphaherpesvirinae (151, 152), we aimed to elucidate whether HSV-2 pUs3 

was differentially phosphorylated in ΔUL21 infected cells. In ΔUL21 infected cell lysates a λ PP 

sensitive higher molecular weight form of pUs3 (~60 kDa) was detected that was not seen in 186 

infected cell lysates (Figure 3.1B). This suggests that a fraction of pUs3 is hyperphosphorylated 

in ΔUL21 infected cell lysates.  

To confirm that pUs3 was phosphorylated in the absence of pUL21, λ PP treated or 

untreated infected cell lysates were electrophoresed through 50 mM Phos-tag 10% acrylamide 

gels (Figure 3.1C) and analyzed by western blotting. Phos-tag western blotting provided better 
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resolution between forms of pUs3 and confirmed that, unlike in WT or ΔUL21R infected cells, 

pUs3 was phosphorylated in pUL21 deficient background as demonstrated by its sensitivity to λ 

PP treatment (Figure 3C). 
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Figure 3.1: HSV-2 pUs3 kinase is more heavily phosphorylated in ΔUL21 infected cells. 

Whole-cell lysates prepared at 18 hours post-infection from Vero cells mock infected or infected 

with HSV-2 WT (186) or mutant strains indicated at the top of each panel were electrophoresed 

through 8% polyacrylamide gels at 100 V for 140 minutes and transferred to PVDF membranes. 

Membranes were probed with antisera indicated to the right of each panel. Actin serves as a 

loading control. ICP27 served as an infectivity control. Molecular weight markers in kDa are 

indicated on the left side of the panels. (A) The data collected by Dr. R. Finnen revealed a higher 

molecular weight of pUs3 in ΔUL21 infected cells (indicated with an asterisk). (B) Whole-cell 

lysates prepared from Vero cells infected for 18 hours with HSV-2 strains indicated at the top of 

the panel were untreated or treated with λ PP for 30 minutes at 30oC. Resulting samples were 

electrophoresed through 8% polyacrylamide gels and transferred to PVDF membranes. 

Membranes were probed with antisera indicated to the right of each panel. Molecular weight 

markers in kDa are indicated on the left side of the panels. (C) The lysates of cells prepared as 

described in (B) were Phos-tag western blotted using 50mM Phos-tag 10% SDS-PAGE gels and 

probed for pUs3 and actin or blotted using regular or SDS-PAGE gels and probed for ICP27. 
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3.1.2 pUs3 substrates are more heavily phosphorylated in the absence of pUL21 

Phosphorylation of HSV-1 pUs3 was shown to increase its kinase activity (153). We 

hypothesized that a differential phosphorylation of HSV-2 pUs3, in the absence of pUL21, could 

also result in an alteration of HSV-2 pUs3 kinase activity affecting phosphorylation status of its 

substrates.  

To explore whether, in the absence of pUL21, phosphorylation levels of pUs3 substrates 

would be altered, western blots of mock, 186, ΔUL21/ΔUs3, ΔUL21R, ΔUL21, ΔUs3 or ΔUs3R 

infected cell lysates were probed for PKA substrates using phospho-(Ser/Thr) PKA-substrate 

specific antibody (Figure 3.2). PKA and pUs3 share functional similarity and pUs3 substrates 

structurally resemble PKA substrates (154). Phosphorylated pUs3 and PKA substrates 

(pUs3/PKA substrates) can be visualized using the above-mentioned antisera via western 

blotting.  

The two distinct phosphoproteins (<34 kDa and <26 kDa), and trace amounts of higher 

molecular weight phosphoproteins, were detected in mock infected cell lysates (Figure 3.2). In 

all other western blot lanes, numerous moderately abundant and 3 highly abundant 

phosphoproteins, at ~57, ~70 and ~90 kDa, were detected. Similar phosphoproteins were 

detected in 186 WT, ΔUL21R, ΔUs3R and ΔUs3 infected cell lysates, except for some 

phosphoproteins migrating at approximately 80 to 130 kDa, lacking from ΔUs3 infected cell 

lysates. This suggests that individual phosphoproteins equally detected in all the four samples 

were substrates of a kinase other than pUs3, likely PKA, since they persisted even in the absence 

of pUs3. In the absence of pUL21, a higher number of phosphorylated bands and a higher overall 

abundance of phosphoproteins was detected than in all other lysates. Notably, several 
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phosphoproteins detected in ΔUL21 infected cell lysates, including phosphoproteins migrating 

between 80 and 130 kDa, disappeared or became less abundant on the ΔUL21/ΔUs3 infected cell 

lysate blot, which suggests that they were exclusively pUs3 substrates. Another distinct band that 

was detected in the ΔUL21, but not the ΔUL21/ΔUs3, infected cell lysate blot was found in the 

region between ~26 and ~34 kDa. This band also must have represented a pUs3 exclusive 

substrate, but it is not clear whether it represented an individual isoform of one protein or 

multiple phosphoproteins migrating at a similar rate. It did not escape our attention that this band 

migrated at a rate consistent with the molecular weights of the NEC components, pUL31 and 

pUL34 (129). As such, the data presented above suggest that, in the absence of pUL21, pUs3 

mediated excessive phosphorylation of its substrates, potentially including the NEC components, 

can occur.  
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Figure 3.2: HSV-2 pUs3 kinase activity is upregulated in ΔUL21 infected cells. Whole-cell 

lysates prepared at 18 hours post-infection from mock infected Vero cells, or cells infected with 

HSV-2 WT (186) or mutant strains indicated at the top of the figure, were electrophoresed 

through 10% polyacrylamide gels and transferred to PVDF membranes. Membranes were probed 

with antisera indicated to the right of each panel. Molecular weight markers in kDa are indicated 

on the left side of the panels. The arrowhead on the right side of the top panel indicates the 

position of a hyperphosphorylated proteins detected in ΔUL21 infected cell lysates. 
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3.1.3 Exploring the effects of PKA inhibitor, PKI, on pUs3/PKA substrate phosphorylation 

profiles 

To further explore the roles of PKA and pUs3 in the NEC component phosphorylation, 

we treated infected Vero cells with a selective PKA inhibitor, PKI. Western blotted cell lysates 

were probed with phospho (Ser/Thr) PKA-substrate (pUs3/PKA substrates) specific antisera as 

described in section 3.1.2 (Figure 3.2).  

 PKI treatment did not have any observable effect on the phosphorylation levels of PKA 

substrates in uninfected cells (Figure 3.3). Consistent with the above-described findings, in all 

infected cell lysates, three abundant phosphoproteins migrating at ~57, ~70 and >90 kDa were 

detected. PKI treatment did not result in a decrease of their abundance, but marginally affected 

the abundance of phosphoproteins migrating at ~72 through ~130 kDa in all infected cell lysates. 

In the ΔUL21 infected cell lysate lane, we detected an increase in the abundance of 

phosphoproteins below 55 kDa and a unique abundant phosphoprotein band migrating ~34 kDa. 

Interestingly, PKI treatment resulted in a decrease of the abundance of phosphoproteins 

migrating below 55 kDa in the ΔUL21 infected cell lysate. PKI treatment did not affect the 

intensity of the phosphoproteins detected in ΔUs3 infected cell lysates. Therefore, it is possible 

that the concentrations of PKI used in the experiments were not high enough to inhibit PKA 

activity, or PKI action was not specific to the ortholog of PKA expressed in Vero cells. 

However, since PKI treatment resulted in a decrease in the abundance of phosphoproteins below 

55 kDa in ΔUL21 infected cell lysates, PKI could have inhibited pUs3 in the absence of pUL21. 
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Figure 3.3: PKI treatment decreased the levels of phosphorylation of the ~34 kDa 

phosphoprotein(s) detected in ΔUL21 infected cells. Whole-cell lysates prepared at 18 hours 

post-infection from mock infected Vero cells, or cells infected with HSV-2 WT (186) or mutant 

strains indicated at the top of the figure and treated or untreated with 100 µg/mL PKA inhibitor, 

PKI, for the duration of the 18-hour incubation, were electrophoresed through 10% 

polyacrylamide gels and transferred to PVDF membranes. Membranes were probed with antisera 

indicated to the right of each panel. Molecular weight markers in kDa are indicated on the left 

side of the panels. The arrowhead on the right side of the top panel indicates the position of a 

cluster of differentially phosphorylated proteins detected in ΔUL21 infected cell lysates. 
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3.2 Assessing the effects of pUL21 deletion on NEC component phosphorylation  

HSV-1 pUs3 mediated phosphorylation of pUL34 and the N-terminus of pUL31 have 

been described (129, 155), so we hypothesized that HSV-2 pUs3 could also phosphorylate HSV-

2 NEC components. Additionally, in light of the data described above (section 3.1.2), we 

anticipated that HSV-2 pUL21 could regulate pUs3-mediated NEC component phosphorylation. 

3.2.1 Assessing phosphorylation status of immunoprecipitated pUL31 

To purify pUL31 from both WT and ΔUL21 backgrounds, we immunoprecipitated 

pUL31 from the lysates of cells infected with either ΔUL21 myc-UL31 or ΔUL21R myc-UL31 

HSV-2, engineered by a previous graduate student Arash Nassiri (149), using Myc-Trap agarose 

beads (Bulldog Bio, Portsmouth, NH). Whole cell lysates of 186, ΔUL21 or mock infected cells 

and myc-trap immunoprecipitates were western blotted and probed for pUs3/PKA substrates 

(Figure 3.4).  

In 186 and ΔUL21 infected cell lysates, increased levels of the three phosphoproteins 

migrating at ~90kDa, ~70kDa and ~57kDa were observed, consistent with the above data. Since 

the films were exposed to the blots for a shorter period and lower amounts of samples were 

loaded onto the gels, other proteins were not detected. In myc-trap immunoprecipitates of 186, 

ΔUL21 or mock infected cell lysates, no proteins were detected confirming the lack of myc-

UL31 expression in those cells. On ΔUL21 myc-pUL31 and ΔUL21R myc-pUL31 infected cell 

lysate blots, probed with pUs3/PKA substrate reactive antisera, >34kDa bands were observed 

that were also detected when the membranes were re-probed with pUL31 reactive antisera. This 

suggests this >34 kDa protein represented pUL31. In ΔUL21 myc-pUL31 infected cells, pUL31 

was observably more heavily phosphorylated than in ΔUL21R myc-pUL31 infected cells, but the  
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difference was not striking. These data suggested that pUs3 kinase could hyperphosphorylate 

pUL31, in the absence of pUL21, but also were not conclusive. Additionally, ~70 and ~90kDa 

bands were found in ΔUL21 myc-pUL31 and ΔUL21R myc-pUL31 infected cell lysates. Since 

no such bands were detected in the 186 myc trap immunoprecipitated lysate, no contamination 

was possible that could result in the appearance of those bands. Therefore, it is possible that 

pUL31 co-immunoprecipitated with 90kDa and 70kDa proteins of unknown identity. 
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Figure 3.4: pUL31 is more heavily phosphorylated in ΔUL21 infected cells. Confluent 

monolayers of Vero cells were grown in 100mm dishes and infected with WT (186), ΔUL21, 

myc-pUL31 ΔUL21, myc-pUL31 ΔUL21R or mock infected. 18 hours post-infection the cells 

were lysed in RIPA buffer and treated with benzonase. Myc tagged proteins were 

immunoprecipitated as described in Materials and Methods. 10% SDS-PAGE electrophoresis and 

western blotting of immunoprecipitated cell lysates, alongside with whole cell lysates, was 

performed. Due to technical limitations of myc trap pellet resuspension in 3XSDS, only small 

amounts of the samples (7 µL) were loaded onto the western blot polyacrylamide gels. The blots 

were probed with antisera indicated on the right side of each panel. Incubation of myc-pUL31 

expressing cell lysate samples with myc trap agarose slurry, unlike in cell lysates in which myc-

pUL31 was not expressed, resulted in an immunoprecipitation of pUL31. Molecular weight 

markers in kDa are indicated on the left side of the panels.  
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3.2.2 Assessing phosphorylation status of pUL31 via Phos-tag western blotting 

We used one more approach to assess the effects of UL21 deletion on pUs3 kinase 

mediated phosphorylation of the NEC components, which provided us with conclusive evidence 

that pUL31 and pUL34 were both substrates of pUs3 and were excessively phosphorylated by 

pUs3 in ΔUL21 infected cells.  

 Using Phos-tag western blotting, we found that a λ PP-susceptible mono-phosphorylated 

form of pUL31 was resolved in lysates from 186 and ΔUL21R infections. λ PP treatment of 

lysates confirmed that ~30 kDa form of the protein was unphosphorylated.  There were 3 

observable λ PP-susceptible forms of pUL31 in ΔUL21 infected cell lysates (Figure 3.5A). It is 

conceivable that these three phosphorylated forms of pUL31 represented mono-, di- and tri- 

phosphorylated species of pUL31. This possibility is consistent with the fact that there are at 

least 7 possible sites of phosphorylation in the N-terminus of HSV-2 pUL31, spatially distributed 

into 3 groups (Figure 3.5D). Since two protein phosphoforms of pUL31 that were not detected in 

WT infected cells, were found in ΔUL21 infected cells, it is possible that a fraction of pUL31 

molecules was hyperphosphorylated (contained more phosphorylated amino acid residues that in 

WT background).  

In 186, ΔUL21 and ΔUL21R infected cell lysates, there were two phosphorylated forms, 

in addition to an unmodified form, of pUL34. An unanticipated outcome of these experiments 

was the observation that roughly half of the pUL21 in cells infected with 186, ΔUs3, ΔUS3R or 

ΔUL21R was modified by a λ PP-susceptible mono-phosphorylation.  
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Figure 3.5: HSV-2 pUL21 modulates pUs3 mediated phosphorylation of nuclear egress 

complex components pUL31 and pUL34. (A, B and C) Whole-cell protein lysates prepared at 

18 hours post-infection from mock infected Vero cells or cells infected with HSV-2 WT (186) or 

mutant strains indicated at the top of each panel were either untreated or treated with λ PP for 30 

minutes at 30oC. Resulting samples were electrophoresed through standard 10% polyacrylamide 

gels or through 50mM Phos-tag 10% polyacrylamide gels and proteins transferred to PVDF 

membranes. Membranes were probed with antisera indicated to the right of each panel. 

Molecular weight markers in kDa are indicated on the left side of the panels. Panel (D) 

represents the N-terminal amino acid sequence of pUL31 onto which the 3 groups of 

phosphorylatable serine and threonine residues were mapped. 
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To test whether Us3 deletion would have any effects on phosphorylation status of NEC 

components, we analyzed lysates from 186 WT, ΔUs3 or ΔUs3R infected cells. pUL31 

phosphorylation was virtually abolished in ΔUs3 infected cell lysates confirming our prediction 

that pUL31 phosphorylation is pUs3 mediated (Figure 3.5B). The abundance of higher molecular 

weight forms of pUL34 was also decreased, but not completely. This suggests that a host-cell or 

viral kinase, other than pUs3, could contribute to pUL34 phosphorylation. Us3 deletion did not 

affect pUL21 phosphorylation status suggesting it is phosphorylated by another kinase.  

To explore whether, in the absence of pUL21, excessive phosphorylation of pUL31 and 

the maintenance of a partially phosphorylated state of pUL34 depended exclusively on pUs3 

activity, we also examined ΔUL21/ΔUs3 double mutant virus infected cell lysates. In the 

absence of both pUL21 and pUs3, higher molecular weight forms of pUL31 and pUL34 became 

considerably less abundant (Figure 3.5C). This suggests that pUL31 phosphorylation almost 

exclusively depends on pUs3 kinase activity and the absence of pUL21 does not serve to 

promote pUL31 phosphorylation dependent on another host cell or viral kinase. Absence of 

pUL34 phosphorylation in the double mutant infected cell lysates suggests that pUL34 

monophosphorylation detected in ΔUs3 infected cell lysates may require pUL21.   
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3.2.3 Quantification of pUs3 dependent phosphorylation of the NEC components and 

assessment of the effects of pUL31 phosphorylation status on NEC distribution at the 

nuclear envelope 

To quantify the effects of UL21, Us3 or UL21/Us3 deletions on phosphorylation status of 

pUL31 and pUL34, we repeated each of the experiments outlined in section 3.2.2 at least 3 

times. Images of blots were acquired and, further, analyzed using Image J densitometry software 

to calculate the relative intensity of phosphorylated and unphosphorylated protein forms in each 

of the lysates (Figure 3.6A, B). It was found that relative intensity of pUL31 phosphoforms in 

ΔUL21 infected cells was approximately 5 times higher (p<.05) than in 186 infected cells. The 

relative intensity of phospho-pUL31 in 186 infected cell lysate was higher (p<.05) than in ΔUs3 

infected cell lysates, but comparable to that of ΔUL21/ΔUs3 infected cells.  

Relative intensity of pUL34 phosphoforms in ΔUL21 infected cells was increased by 

~30% compared to 186 infected cells (p<.05). The relative intensity of pUL34 phosphoform in 

WT virus infected cell lysate was also higher than in ΔUs3 infected cell lysates (p<.05), but not 

significantly different from that of ΔUL21/ ΔUs3 infected cell lysates.  

To assess whether significant changes in phosphorylation levels of pUL31 in the above-

described mutant infected cells would have any effects on pUL31 distribution at the nuclear rim, 

we infected subconfluent monolayers of Vero cells with 186 WT, ΔUL21, ΔUs3 or 

ΔUL21/ΔUs3 viruses and visualized pUL31 via indirect immunofluorescence (Figure 3.6C; 

experiment performed, and data collected by Dr. Renee Finnen). In all infection conditions, 

pUL31 localized to the nuclei of the infected cells. In HSV-2 ΔUL21 infected cells, where 

pUL31 is excessively phosphorylated by pUs3, we observed irregular localization of pUL31 at 

the nuclear rim and disruption of the nuclear envelope integrity evidenced by numerous outwards 
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distensions and blebs, we call extravagations. Conversely, while, in ΔUs3 and ΔUL21/ ΔUs3 

infected cells, pUL31 distribution at the nuclear rim was also irregular, the disruptions and blebs 

of the nuclear envelope pointed towards the center of the nucleus, not outwards. Such 

perturbations of the nuclear envelope we call invaginations. These data suggest that significant 

changes of the NEC component phosphorylation status in the absence of only pUL21 or pUs3, or 

both pUL21 and pUs3 cause an irregular distribution of pUL31 and the nuclear rim but the 

directionality of the nuclear envelope perturbations can change as a function of pUL31 

phosphorylation levels. Additionally, more experiments will have to be performed in the future 

to distinguish the effects of pU31 and pUL34 differential modifications on the INM morphology. 
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Figure 3.6: Significant changes in pUL31 phosphorylation status in ΔUL21, ΔUs3 and 

ΔUL21/ ΔUs3 infected cells underlie different types of the nuclear envelope defects. (A) WT 

(186), ΔUL21, ΔUs3, ΔUL21/ ΔUs3 Phos-tag western blots, probed for pUL31 and pUL34, were 

repeated 5, 4, 3 and 3 times, respectively. The images of respective blots were acquired and 

analyzed using Image J densitometry software to measure the cumulative density of 

phosphorylated and unphosphorylated protein forms. For each of infection conditions, these data 

were used to calculate the ratio of cumulative density of phosphorylated protein forms to 

cumulative density of unphosphorylated protein (relative intensity). Relative intensity 

distributions of pUL31 (A) and pUL34 (B) samples were plotted. Asterisks denote significant 

increases in relative intensity determined by Student’s T test; * = P value < 0.05. Error bars are 

standard errors of the mean. (C) Vero cells infected with 186 WT, ΔUL21, ΔUs3 or 

ΔUL21/ΔUs3 were analyzed for pUL31 localization using indirect immunofluorescence 

microscopy by Dr. Renee Finnen as previously described (120). 
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3.2.4 Assessing whether pUL21 could form a protein complex with PP1γ 

We could not exclude that increased levels of pUL31 and pUL34 phosphorylation in 

ΔUL21 infected cells could be caused by the inability of host cell phosphatases to counteract 

pUs3 kinase activity via dephosphorylation. This possibility was intriguing considering data, 

obtained by a former student in Dr. Banfield’s lab, Jennifer Manley, who demonstrated that, in 

HSV-2 infected cells, pUL21 was in proximity to PP1γ using BioID analysis (Manley and 

Banfield, unpublished). In this method, a promiscuous biotin ligase, called miniTurbo, is fused to 

the protein of interest (pUL21, in this case) that, if expressed and supplied with biotin, 

biotinylates other proteins in its proximity (156). Biotinylated proteins can then be purified and 

analyzed via liquid chromatography tandem mass spectrometry. One of the proteins detected in 

proximity of pUL21 was the protein phosphatase PP1γ catalytic subunit. PP1γ is a 

serine/threonine phosphatase that plays an essential role in regulation of diverse cellular 

processes (157). We therefore explored whether pUL21 and PP1γ could co-immunoprecipitate. γ 

 Confluent monolayers of Vero cells were infected with 186, ΔUL21 and ΔUL21R for 18 

hours and subsequently lysed in RIPA buffer. The lysates were then incubated with either PP1γ 

or pUL21 antisera before being immunoprecipitated in the presence of protein G agarose beads. 

Whole cell lysates and immunoprecipitates were western blotted and probed for either pUL21 or 

PP1γ. It was found that while both proteins were precipitated by their respective antisera, they 

did not co-immunoprecipitate (Figure 3.7). 
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Figure 3.7: pUL21 and PP1γ do not co-immunoprecipitate. Confluent monolayers of Vero 

cells were grown in 100 mm dishes and infected with virus strains indicated at the top of each 

panel. 18 hours post-infection the cells were lysed in ice-cold 1mL RIPA buffer and cell lysates 

were processed as described above. Whole cell lysate aliquots were reserved for native sample 

analysis. Remaining lysates were incubated overnight with antisera reactive against PP1γ or 

pUL21. Consequently, the samples were incubated with protein G agarose bead slurry. Protein G 

agarose beads, bound to immunoprecipitated protein, were washed as described above and re-

suspended in 3XSDS sample buffer. The lysates were then western blotted. Cross-reactive 

probing of the blots for pUL21 or PP1γ revealed that, in both cases, the two proteins did not co-

immunoprecipitate. 
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3.2.5 Characterizing the role of pUL21 in regulation of pUs3 dependent pUL31 and pUL34 

phosphorylation in HSV-1 infected cells 

Since it was established that pUL31 and pUL34 are excessively phosphorylated by pUs3 

in ΔUL21 HSV-2 infected cells, we aimed to establish whether HSV-1 pUL21 would also 

regulate pUs3 dependent pUL31 and pUL34 phosphorylation. To this end, we infected confluent 

monolayers of Vero cells with F (HSV-1 WT) or two independently isolated HSV-1 UL21 

CRISPR-Cas9 knockouts, FFS62/34 and FFS30/26, or mock infected the cells and incubated 

them for 18 hours. Two different UL21 mutants were used to ensure the specificity of CRISPR-

Cas9 mutagenesis. Cell lysates of the cells were prepared as described above and western 

blotted.  

Similar phosphoforms of pUs3, pUL31 and pUL34 were detected in the presence and in 

the absence of pUL21 (Figure 3.8). In all F and HSV-1 UL21-knockout virus infected cell 

lysates, two abundant forms of pUL31 and two forms of pUL34 were observed. pUs3 was not 

differentially modified in any lysates. These results demonstrate that pUs3 kinase dependent 

NEC component hyperphosphorylation does not occur in F, FFS62/34 and FFS30/26 infected 

cells. It was also observed that, unlike in HSV-2 infected cells, pUL21 was not phosphorylated in 

HSV-1 infected cells. 
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Figure 3.8: HSV-1 UL21 deletion does not have an observable effect on phosphorylation 

profiles of pUs3, pUL31 and pUL34. Whole-cell protein lysates prepared at 18 hours post-

infection from mock infected Vero cells or cells infected with HSV-1 WT (F) or mutant strains 

indicated at the top of each panel. Resulting samples were electrophoresed through standard 10% 

polyacrylamide gels or through 50mM Phos-tag 10% polyacrylamide gels and transferred to 

PVDF membranes. Membranes were probed with antisera indicated to the right of each panel. 

Molecular weight markers in kDa are indicated on the left side of the panels. 
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3.3 Assessing effects of pUs3 kinase on NEC components in a reductionist cell transfection 

system 

In 186, ΔUL21 and ΔUs3 infected Vero cells, the distribution of the NEC components at 

the INM is irregular and perturbations of the INM are evident (120). In this thesis, it was 

established that, in the absence of pUs3 kinase activity (ΔUs3 infected cells) or, alternatively, in 

the absence of pUL21 mediated pUs3 kinase activity downregulation (ΔUL21), or in the absence 

of both pUL21 and pUs3, phosphorylation status of both pUL31 and pUL34 was altered. 

Significant changes in pUL31 phosphorylation status in each of the conditions could lead to 

different types of the INM disruption as evidenced by data in section 3.2.4. To assess the effects 

that different phosphorylation states of the NEC components may have on INM morphology, we 

employed a reductionist cell transfection system to selectively express the proteins of interest 

and observe their effects on the nuclear envelope. pUL31 and pUL34 expression vectors that 

could be transfected into HeLa cells have been previously used as reductionist models for 

understanding pUL31 and pUL34 functions in the absence of other viral proteins and when co-

transfected with the proteins implicated in NEC activity regulation, such as pUL21, pUL16 and 

pUs3 (120, 146). 

3.3.1 Phosphorylation status of the NEC components in UL31 and UL34 transfected cells 

regulated the type of the INM perturbations caused by the NEC activity 

In previous studies by Dr. R. Finnen, the effects of EGFP-UL31 and UL34 co-

transfection in HeLa cells on the nuclear envelope morphology were demonstrated (Figure 3.9A; 

Finnen and Banfield, unpublished). In the absence of all other, except pUL34, EGFP-pUL31 

localized at the nuclear envelope in an irregular manner and extensive inwards invaginations of 

the nuclear envelope were observed. In EGFP-UL31, UL34 and Us3 co-transfected cells, 
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however, while NEC components were distributed irregularly at the INM, the INM perturbations 

changed their directionality and extravagated beyond the border of the nuclear envelope. These 

extravagations virtually disappeared in cells expressing pUL31, pUL34 and a kinase-dead form 

of pUs3 or in cells expressing pUL34, pUs3 and EGFP-pUL31 with N-terminal substitution of 

serine and threonine residues with alanine residues (EGFP-UL31 S/T→A).  

 Further, in each of the experimental conditions, the proportion of EGFP-pUL31 

fluorescence outside the nucleus was measured using Image Pro software. The image 

quantification confirmed that in EGFP-UL31, UL34 and Us3 co-transfected cells, the proportion 

of pUL31 fluorescence outside nucleus was significantly higher than in all other transfection 

conditions, including in cells expressing EGFP-pUL31, pUL34 and a kinase-dead form of pUs3; 

or EGFP-pUL31 S/T→A, pUL34 and pUs3 (Figure B; prepared by Dr. R. Finnen).  

 We aimed to explore whether the directionality of the INM perturbations in UL31 and 

UL34 transfected cells was affected by pUs3 regulated phosphorylation status of the N-terminus 

of pUL31. We transfected or co-transfected nearly confluent monolayers of HeLa cells with 

either of the following vector or their combinations: pCI-neo empty vector; EGFP-UL31; EGFP-

UL31+UL-34; EGFP-UL31+UL34+Us3; EGFP-UL31+UL-34+Us3KD; EGFP-UL31 S/T→A; 

EGFP-UL31 S/T→A+ UL34; EGFP-UL31 S/T→A+UL34+Us3; EGFP-UL31 

S/T→A+UL34+Us3KD. Equal amounts of each plasmid were used in co-transfections. 

Transfected cells were lysed and then analyzed by western blotting (Figure 3.9C).  
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Figure 3.9: Figure 4.9: NEC distribution and pUL31 hyperphosphorylation in transfected 

HeLa cells. (A) HeLa cells were co - transfected with the plasmid(s) indicated on the left of each 

panel. At 18 hours post transfection, cells were fixed, and nuclei were stained with Hoechst 

33342. Representative images of cells with bright fluorescence indicative of NEC 

overproduction are shown. Scale bars are 10 m. The 50 amino terminal amino acids of HSV - 2 

UL31 are shown underneath the panel with the potential Us3 substrates, grouped into three 

clusters, indicated in red. (B) To quantify the requirements for extravagation formation, HeLa 

cells were co- transfected with the plasmids indicated on the X axis, then fixed and stained as 

described in (A). Images were captured of 25 cells with bright fluorescence for each condition 

using a fixed PMT voltage for the EGFP channel and the percentage of fluorescence outside of 

the nucleus for each image was determined as described in Materials and Methods. Error bars are 

standard error of the mean. Asterisks denote significant decreases in the percentage of 

fluorescence outside of the nucleus in comparison to that of co - transfection with EGFP - UL31, 

UL34 and Us3, determined by Student’s T test ; **** = P value < 0.0001; * = P value < 0.05. 

(C) HeLa cells were transfected or co - transfected with the plasmid(s) indicated above each lane. 

Equal volumes of protein extracts prepared at 18 hours post transfection were separated on 

regular or Phos-tag SDS polyacrylamide gels and transferred to PVDF membranes. Membranes 

were probed with antisera indicated on the right of each panel. Molecular weight markers in kDa 

are indicated on the left side of each panel. Data in panels (A) and (B) were prepared by Dr. 

Renee Finnen. 
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 In EGFP-UL31+UL34+Us3 co-transfected cells, the NEC components were 

phosphorylated. This suggests that pUs3 phosphorylates the N-terminal serine and threonine 

residues of pUL31 since, when the N-terminal serine and threonine residues were replaced with 

alanine residues, no pUL31 phosphorylation was observed. Additionally, in the presence of 

kinase-dead pUs3, pUL31 was not phosphorylated which is consistent with the data described in 

section 3.2.2. Also, it was found that UL34 phosphorylation occurred in the presence of kinase 

active pUs3. pUL31 and pUL34 phosphorylation was shown to require pUs3 kinase activity 

since, in the presence of a kinase dead version of pUs3, no phosphorylation of these NEC 

components was observed. Finally, in EGFP-UL31+UL34+Us3 (but not Us3KD) transfected 

cells, pUs3 was phosphorylated, suggesting that its kinase activity may be required for an 

autophosphorylation. 

 These findings suggest that the NEC mediated INM extravagations observed in EGFP-

UL31+UL34+Us3 transfected cells are caused by excessive phosphorylation of the N-terminal 

serine and threonine residues of pUL31 mediated by pUs3 kinase activity, since, when those 

serine and threonine residues were replaced with alanine, no INM extravagations were observed 

at the INM, and the INM accumulated invaginations. 
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3.3.2 Phosphorylation status of the NEC components in HSV-2 infected HeLa cells  

To ensure that the data described above, collected from transfected HeLa cells, were not 

confounded by the activity of kinases or phosphatases exclusive to HeLa cells, we aimed to 

explore whether we could detect pUs3 mediated NEC phosphorylation events in HSV-2 infected 

HeLa cells, consistent with that shown in section 3.2.2. 

Confluent monolayers of HeLa cells were infected with WT, ΔUL21, ΔUL21R viruses or 

mock infected. After 18 hours, the cells were harvested. Cell lysates were prepared as described 

above and analyzed by western blotting.  

In 186 and ΔUL21R infected cell lysates, 6 individual forms of pUL31 were detected, 

with the fastest migrating form presumably representing unphosphorylated pUL31 (Figure 3.10). 

In ΔUL21 infected cell lysates, the mobility of many protein forms decreased suggesting heavier 

phosphorylation. Also, an additional form of pUL31, novel, more slowly migrating than the 

phosphoforms detected in WT infected cell lysates, was also detected. These data suggest that 

pUL31 was excessively phosphorylated in the absence of pUL21 which is consistent with our 

findings reported in section 3.2.2.  

In all infected cell lysates, three protein forms of pUL34 were detected, with the fastest 

migrating form likely representing the unphosphorylated form of the protein. In ΔUL21 infected 

cells, however, the unphosphorylated form was fainter than under other experimental conditions. 

These findings suggest that pUL34 was also more heavily phosphorylated in the absence of 

pUL21.  
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Figure 3.10: HSV-2 UL21 deletion exerts observable effects on phosphorylation profiles of 

pUs3, pUL31 and pUL34 in HeLa cells. Whole-cell protein lysates prepared at 18 hours post-

infection from mock infected HeLa cells or cells infected with HSV-2 WT (186) or mutant 

strains indicated at the top of each panel. Resulting samples were electrophoresed through 

standard 10% polyacrylamide gels or through 50mM Phos-tag 10% polyacrylamide gels and 

transferred to PVDF membranes. Membranes were probed with antisera indicated to the right of 

each panel. Molecular weight markers in kDa are indicated on the left side of the panels. 
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Chapter 4 

Discussion 

In this study we sought to analyze the functions of pUL21 and pUs3 in regulation of the 

NEC, the structure that enables capsid envelopment at the INM. pUs3 is one of the three kinases 

expressed by HSV that play a number of critical functions, from blocking apoptosis to regulation 

of the capsid nuclear egress (111, 158). In PRV (140), EHV-1 (138), MDV-1 (139), HSV-1 

(111) and HSV-2 (120) Us3 mutants, INM invaginations were observed and PEVs 

accumulations were also found in those herniations. pUL21 function has been studied less 

extensively. In cells infected with HSV-1 UL21-knockout viruses, nucleoplasmic invaginations 

of the INM and PEV accumulation in the nucleopasmic invaginations of the INM were also 

found (120). Whereas pUL21 is not essential for HSV-1 (141, 159), HSV-2 has a stricter 

requirement for pUL21 for efficient propagation (142). Specifically, a two-hour delay in the 

expression of immediate early, early and late genes occurs in HSV-2 UL21 mutant infected cells 

and cell-to-cell spread of the virus is particularly crippled (142, 143). Ultrastructural examination 

of HSV-2 ΔUL21 infected cells revealed a number of nuclear envelope perturbations, including 

extravagations of the nuclear membranes into the cytoplasm (120). Because in HSV-2 ΔUL21 

infected cells no congregations of the PEVs in the PNS and in the herniations of the INM are 

observed, we hypothesized that HSV-2 pUL21 could be a regulator of the NEC components 

enabling efficient nuclear egress upstream to primary envelopment of the capsids at the INM. In 

fact, pUL31 was required for envelope perturbations observed in HSV-2 ΔUL21 infected cells 

(120) suggesting that observed nuclear defects resulted from a failure of pUL21 regulation of the 

NEC. Additionally, since it was known that HSV-1 pUs3 regulates pUL31 and pUL34 via 

phosphorylation and we noticed a differential modification of HSV-2 pUs3, in the absence of 



 

71 

 

pUL21, we speculated that HSV-2 pUL21 could serve to regulate pUs3 dependent pUL31 

phosphorylation. We went on to characterize the differences in HSV-2 pUs3 dependent pUL31 

and pUL34 phosphorylation in ΔUL21, ΔUs3 and ΔUL21/ ΔUs3 deficient backgrounds. We 

discovered that different phosphorylation states of the NEC components underlie different types 

of the nuclear envelope perturbations observed in HSV-2 infections in which NEC activity was 

dysregulated.  

 Firstly, we analyzed the role of pUL21 in maintenance of appropriate phosphorylation 

levels of pUs3 substrates. To do so, we studied the effects of UL21 deletion on phosphorylation 

levels of pUs3/PKA substrates and investigated the effects of a PKI inhibitor, PKI, on pUs3/PKA 

substrate levels in infected cells. We were able to confirm that pUs3 was differentially 

phosphorylated itself and hyperphosphorylated several pUs3/PKA substrates. HSV-1 and HSV-2 

pUs3 share substrates specificity, regulate cell apoptosis and morphology similarly (160, 161). 

Although we did not establish a causative relationship between pUs3 hyperphosphorylation and 

its likely increased kinase activity, it is known that HSV-1 pUs3 has a phosphorylatable residue 

Ser-147, a serine to alanine substitution of which results in a significant decrease of kinase 

activity measured in vitro (162). HSV-1 pUs3 can be phosphorylated in vivo, a failure of which 

affects pUs3 localization in an infected cell (162). HSV-1 and HSV-2 share an 83% similarity in 

the nucleotide encoding regions of the two viruses (93); the C-terminal regions of HSV-1 and 

HSV-2 have an 84% sequence identity while the N-terminal regions share only 54% identity 

(163). In place of Ser-147, in HSV-2 pUs3, a phosphorylatable Asp-147 residue has been 

described and its substitution with alanine abolishes HSV-2 pUs3 kinase activity (161). In the 

work by the Kawaguchi lab, it is suggested that HSV-1 pUs3 Ser-147 allows for a transient 

regulation of kinase activity via phosphorylation/dephosphorylation, while HSV-2 pUs3 Asp-147 
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is phosphorylated constitutively which is required for maintenance of the kinase activity. Our 

data confound this possibility since we discovered that only a fraction of HSV-2 pUs3 was 

phosphorylated and required tight regulation by another viral factor, pUL21, for maintaining 

optimal kinase activity. Our findings described in section 3.1.1, however, are consistent with 

HSV-2 pUs3 phosphorylation characterized by Morimoto et al. (2009) and it is conceivable that 

a hyperphosphorylation of HSV-2 pUs3 kinase results in an increased kinase activity. This would 

explain why, in the absence of pUL21, we detected an increased number and abundance of 

exclusive pUs3 substrates (Figure 3.2). Therefore, HSV-2 pUL21 could serve as a “molecular 

brake” of pUs3 kinase preventing it from excessive phosphorylation of its substrates, but the 

exact molecular mechanism of this relationship is yet to be characterized. pUs3 kinase expressed 

in another alpherpesvirus, bovine herpesvirus-1 (BoHV-1), infected cells is known to be 

autophosphorylated (152, 164). Similarly, in one of our experiments that aimed to study pUs3 

dependent phosphorylation of the NEC components in transfected cells (Figure 3.9C), we noted 

that, in the absence of all other viral factors except NEC components, pUs3, but not the kinase 

dead form of pUs3, was phosphorylated, suggesting that its differential modification was also an 

autophosphorylation. It is, therefore, possible that pUL21 could regulate pUs3 kinase activity by 

modulating its autophoshphorylation.  

Interestingly, in HSV-1 UL21 mutant infected cells, we did not find any evidence of 

differential modification of pUs3 kinase (Figure 3.8). This suggests that HSV-1 and HSV-2 may 

differentially require pUL21 for regulating pUs3. In fact, the Kawaguchi lab conducted an 

original analysis of HSV-1 and HSV-2 pUs3 differences by constructing chimeric HSV-1 and 

HSV-2 virus strains with replacements of their Us3 with a HSV-2 and HSV-1 gene, respectively 

(163). The study showed that HSV-1 Us3 replacement with HSV-2 Us3 compensated for major 



 

73 

 

pUs3 functions, such as viral growth, blockage of apoptosis, downregulation of cell surface gB 

expression and cell rounding (163). HSV-2 Us3 replacement with HSV-1 Us3 precluded 

efficient virus spreading due to an impairment in nuclear egress.  

HSV-1 pUs3 also activates and functionally overlaps PKA in infected cells and pUs3 

mediated phosphorylation of PKA substrates is a major determinant of HSV anti-apoptotic 

activity (133). We, therefore, did not exclude a possibility that an enhancement in the abundance 

of phosphorylated pUs3/PKA substrates in ΔUL21 infected cells could result from an increased 

activity of PKA rather than pUs3. PKI treatment of infected Vero cells did not result in a 

decrease of exclusive PKA substrates, but only affected exclusive pUs3 substrates (Figure 3.3). 

While, the effects of PKI on other cell types, such as neural stem cells and mesenchymal-like 

stem cells, have been established (165–167), its effects on Vero cell PKA have not been studied 

extensively, with one study demonstrating no PKI effect on Vero host cell kinases (168). In the 

same study, PKI was used in Toxoplasma gondii infected Vero cells for inhibition of pathogen 

cAMP dependent protein kinase. It is, therefore, possible that, in our experiment outlined in 

section 3.1.3, PKI treatment resulted in an inhibition of HSV-2 pUs3, but not host cell PKA. This 

would explain why we observed a decrease in the abundance of phosphorylated pUs3, but not 

PKA, substrates detected in ΔUL21 infected cells.  

A previous study conducted by the Baines lab showed that HSV-1 pUL31 is dynamically 

controlled by pUs3 dependent phosphorylation as diagramed in Figure 4.1 (129). There is a 

mixture of phosphorylated and unphosphorylated forms of pUL31 and phosphorylated pUL31 

serves to preclude pUL31/pUL34 aggregations and excessive deformation of the INM. They also 

proposed that local dephosphorylation of pUL31 in the presence of a capsid primed to egress, via 

an unknown mechanism, causes capsid envelopment at the INM. HSV-1 pUs3 could be 
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important for the final stage of the nuclear egress, where the envelope of a PEV fuses with the 

ONM to release the capsid into cytoplasm. This process is achieved via both pUs3 dependent re-

phosphorylation of pUL31 found in the PEV and pUs3-dependent activation of a fusogenic gB 

(129).  
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Figure 4.1: Model of HSV-1 nuclear egress proposed by the Baines lab. (1) Capsids approach the site 

of egress. Most pUL31 in the NEC lattice is found in phosphorylated state to preclude aggregation and 

NEC activation. (2) The capsid approaches the site of egress, associates with pUL31/pUL34 complexes, 

in which pUL31 is hypophosphorylated. (3) The capsid acquires an envelope and buds into PNS. (4) 

pUs3 that was packaged in the PEV with the capsid phosphorylates pUL31 found within the PEV and 

promotes de-envelopment. (5) A change in conformation of fusion proteins, such as gB, results in a fusion 

of the PEV with the ONM. pUL31/pUL34 complexes remain tethered to the ONM. Adapted from Mou et 

al. (129).  
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We aimed to follow up on the work conducted by the Baines lab and explored the ways 

in which HSV-2 pUs3 could regulate nuclear egress in HSV-2. In order to elucidate whether 

possible HSV-2 pUs3 kinase activity enhancement, in the absence of pUL21, affected 

phosphorylation status of the HSV-2 nuclear egress components, we assessed phosphorylation 

levels of immunoprecipitated pUL31 using western blotting and probing with PKA substrate 

antibody and, further, using Phos-tag western blotting of infected cell lysates. While myc tagged 

pUL31 from a pUL21 deficient background was only slightly more heavily phosphorylated, it 

allowed us to identify that the ~34kDa protein band observed on ΔUL21 infected cell lysate 

western blot (Figure 3.2) likely represented pUL31, since its migration rate was clearly affected 

by the fusion of a myc tag. This finding suggests that pUs3, but not PKA, plays a role in pUL31 

phosphorylation regulation, since the above described ~34kDa was an exclusive substrate of 

pUs3. Using Phos-tag western blotting, we confirmed that both pUL31 and pUL34 were more 

heavily phosphorylated in the absence of pUL21.  

The data presented herein suggest that the function of the NEC components is tightly and 

dynamically regulated by pUs3 and pUL21 (Figure 4.2A).  
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Figure 4.2: Proposed models of nuclear egress of HSV-2 186 (A), ΔUs3 (B) and ΔUL21 (C).  

(A) Nuclear egress of 186. (1) Capsids approach the site of nuclear egress. pUL31/pUL34 are 

found as mixtures of unphosphorylated and phosphorylated forms, due to pUs3 kinase 

function, which maintains integrity of the INM morphology. (2) Capsid associates with 

the NEC components and with pUL21 which, in turn, recruits a host cell phosphatase to 

cause local dephosphorylation of pUL31 inducing primary envelopment of a capsid. (3, 4 

and 5) The capsid acquires an envelope and HSV-2 PEVs undergo the steps that HSV-1 

PEVs undergo during egress (Figure 4.1). Adapted from Mou et al. (129). 

(B)  Nuclear egress of ΔUs3. (1) Capsids approach the site of nuclear egress. pUL31 and 

pUL34 are hypophosphorylated, in the absence of pUs3. An increase in activity of the 

NEC components causes aggregation of pUL31/pUL34 and INM invaginations. (2) 

Capsids associate with the NEC components and acquire envelopes. (3) Due to the lack 

of further pUs3 mediated regulation of de-envelopment and due to distensions of 

perinuclear space, the efficiency of the diffusion of the PEVs towards the ONM and 

fusion of the PEV envelope with the ONM are decreased resulting in an accumulation of 

PEVs in the perinuclear space. Adapted from Mou et al. (129). 

(C) Nuclear egress of ΔUL21. (1) Most pUL31 and pUL34 are hyperphosphorylated, in the 

absence of pUL21, due to dysregulation of pUs3 kinase activity. Hyperphosphorylation 

of the NEC components does not create a conducive environment for capsid 

envelopment at the INM. Accumulation of capsids at the INM occurs and little to no 

PEVs in the perinuclear space are found. N-terminal hyperphosphorylation of pUL31 

possibly results in an accumulation of pUL31 at the ONM. Likely, pUL34 and pUL31 

localize to the ONM together as they are mostly found in complex form (118). 

Unregulated activity of the NEC components at the ONM causes extravagation of the 

nuclear envelope. Adapted from Mou et al. (129). 
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Our findings outlined in section 3.2.2. of the Results demonstrate that pUL31, in WT 

infected cells, exists predominantly as a mixed population of unphosphorylated and mono-

phosphorylated species. pUL34 also exists as a mixture of unphosphorylated and two distinct 

phosphorylated forms. This diverse, yet only moderately phosphorylated, set of protein forms 

underlies appropriate even distribution of the NEC components at the nuclear rim in HSV-2 

infected cells (Figure 3.6). Possibly, pUL21, associated with an egressing capsid, locally 

counteracts pUs3 activity to limit local phosphorylation of the NEC components which creates a 

conducive environment for capsid envelopment. This is consistent with a recent unpublished 

report by Stephen Graham, Collin Crump and Tomas Benedyk (Cambridge University; personal 

communication) suggesting that pUL21 may recruit a host cell phosphatase to dephosphorylate 

pUs3 and, possibly, the NEC components. In the absence of pUs3, as observed in ΔUs3 infected 

cells, the necessary phosphorylation levels of the NEC cannot be maintained (Figure 3.6) which 

apparently causes aggregations of pUL31 and pUL34 in punctate foci at the INM, distensions of 

the PNS and INM herniations containing PEVs (120). Similar to what was found in HSV-1 

(129), it is possible that certain levels of pUs3-dependent NEC component phosphorylation is 

required for precluding excessive NEC activity that would enable excessive INM deformation. 

This hypothesis would also explain why there is an increased number of PEV accumulating in 

the herniations of the INM in ΔUs3 infected cells (Figure 4.2B). The idea that 

hypophosphorylation of the NEC components leads to an increase in the activity of NEC and 

deformation of the nuclear envelope is consistent with the quantitative results of an experiment, 

outlined in section 3.3.1, in which HeLa cells were transfected with EGFP-UL31 and UL34, and 

analyzed via Phos-tag western blotting and fluorescence microscopy (Figure 3.9). In UL31 and 

UL34 transfected cells, the lack of pUs3 dependent phosphorylation of the NEC components, 
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caused their punctate distribution at the nuclear rim. It is possible that an increase in the number 

of the INM invaginations, arising in ΔUs3 cells, are conducive for capsid envelopment. 

However, PEVs may less readily access the ONM for translocation into the cytoplasm through 

distended INM invaginations. It is also possible that lack of pUs3 dependent gB phosphorylation 

reduces the efficiency of fusion of the PEV envelope with the ONM.  

Also, we noted that in ΔUs3 infected cells, mono- and di- phosphorylated forms of 

pUL34 persisted, although in lower quantities that in 186 infected cells. Therefore, pUL34 could 

be partially phosphorylated by a kinase, different than pUs3. The HSV kinase pUL13 has a role 

in regulation of the nuclear egress complex localization (151). It is, therefore, possible that the 

low-level monophosphorylation of pUL34 observed in the absence of pUs3 (Figure 4.5C) was 

due to pUL13 dependent pUL34 phosphorylation. 

Further, repeated Phos-tag western blotting and statistical analysis of the data confirmed 

that both pUL31 and pUL34 were phosphorylated significantly more heavily due to an increase 

of pUs3 kinase activity in ΔUL21 infected cells, where punctate NEC distribution at the nuclear 

rim was also observed. These findings are consistent with the fact that both pUL31 and pUL34 

are hyperphosphorylated in EGFP-UL31, UL34 and Us3 co-transfected cells. Interestingly, while 

we also observed the punctate distribution of the NEC components at the nuclear rim in 

transfected cells, an analysis by Dr. Renee Finnen revealed that there was a significant increase 

in nuclear envelope extravagations into the cytoplasm. Previous characterization of ΔUL21 

infected cells revealed similar extravagations of the nuclear envelope and the lack of PEV 

accumulation in the PNS (120). Therefore, it is possible that an increase in the number and the 

abundance of the NEC phosphoforms in ΔUL21 infected cells underlies an alteration in NEC 

component activity precluding primary capsid envelopment and causing nuclear extravagations 
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(Figure 4.2C). One possible explanation for the emergence of the nuclear envelope 

extravagations is the possibility of pUL31 accumulation at the ONM which causes the 

deformation of the ONM. This is consistent The N-terminal region of pUL31 serving as a 

nuclear localization signal for pUL31 (169). Therefore, pUs3 dependent hyperphosphorylation of 

the pUL31 N-terminus in ΔUL21 infected cells could preclude its proper re-location to the INM 

from the rough endoplasmic reticulum. This possibility is consistent with previous reports which 

showed that the N-terminal phosphorylation of host cell proteins could prevent their transport 

into the nucleus (170–173). To test this hypothesis, it would be possible to construct pUL31 with 

N-terminal serine and threonine substitutions with phosphomimetic and unphosphorylatable 

amino acid residues to confirm that pUs3 dependent N-terminal pUL31 phosphorylation is 

required for extravagation of the nuclear envelope. Intriguingly, in EGFP-UL31 S/T→A, UL34 

and Us3 co-transfected cells, in the absence of all other viral factors, we found a statistically 

significant, yet not complete, decrease of the nuclear envelope extravagations which supports the 

idea described above. The fact that the levels of extravagations in these cells were still higher 

than in EGFP-UL31, UL34 and Us3KD transfected cells, suggests that pUL34 hypo-

phosphorylation could also promote nuclear envelope extravagations, in the presence of pUs3 

and in the absence of pUL21. To elucidate the role of pUL34, studies could aim to characterize 

the phenotype of the nuclear envelope in cells transfected with UL34, in the presence or absence 

of other viral factors (pUs3, pUL31 and their above-described mutants), in which pUs3-

targetable serine/threonine residues were substituted with alanine residues. 

Finally, punctate distribution of the NEC components at the nuclear envelope and 

decreased phosphorylation levels of pUL31 and pUL34 in ΔUL21/ΔUs3 infected cells 

recapitulated the characterization of ΔUs3 infected cells. Also, in a redundant transfection model 
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that aimed to assess the phenotype of the nuclear envelope in EGFP-UL31 and UL34 transfected 

cells, in the absence of pUL21 and pUs3, nuclear envelope extravagations were practically 

lacking (Figure 3.9). This is consistent with the above proposed hypothesis that nuclear envelope 

extravagations require pUs3 mediated hyperphosphorylation of pUL31 accumulating at the 

ONM. 

 Interestingly, we found several differences in phosphorylation profiles of the NEC 

components, pUL21 and pUs3, in the absence of pUL21, in HSV-1 and HSV-2 infections. 

Contrary to what we observed in HSV-2, in HSV-1 infection, we did not find evidence of 

differential modification of pUL31, pUL34 and pUs3, in the absence of pUL21. Therefore, 

consistent with the reports on differential requirements of pUL21 in HSV-1 and HSV-2 and on 

different phenotypes of the nuclear envelope in HSV-1 and HSV-2 UL21 mutant infected cells 

(120, 142), pUL21 requirements for maintenance of proper phosphorylation profiles in HSV-1 

and HSV-2 must also be different. Interestingly, we detected a λPP sensitive differential 

modification of pUL21, in HSV-2, but not HSV-1, infected cells (Figure 3.8).  Future studies 

investigating the nature of this pUL21 differential modification will be required.  

 In summary, we examined the role of pUL21 and pUs3 in regulation of HSV-2 NEC 

components. A differential modification of pUs3, observed in the ΔUL21 infections, led us to 

suspect that pUL21 could be regulating pUs3 kinase activity via phosphorylation. As such, we 

analyzed the effects of UL21 deletion on phosphorylation levels of pUs3/PKA substrates and 

found that they were increased, likely, due to an increase in pUs3 kinase activity. Most notably, 

we established pUL31 and pUL34 as substrates of HSV-2 pUs3 and demonstrated using both 

infections and reductionist transfections of Us3, EGFP-UL31, UL34 and UL21 combinations 

that differential pUL31 and pUL34 phosphorylation underlies different types of the nuclear 
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envelope defects in infected cells. The NEC component hyperphosphorylation, in the absence of 

pUL21, was associated with the failure of the primary envelopment of capsids at the INM and 

nuclear envelope extravagations. Conversely, lower levels of the NEC component 

phosphorylation, in the absence of pUs3, were associated with extensive invaginations of the 

INM and accumulation of the PEVs in the PNS. We, therefore, propose a novel model of 

regulation of HSV-2 NEC by pUL21 and pUs3. It is, likely, that pUs3 is required for maintaining 

the NEC components in partially phosphorylated state, optimal for maintenance of the INM 

integrity, while pUL21 modulates pUs3 kinase activity to prevent excessive phosphorylation. 

When a nucleocapsids approaches the site of egress, pUL21, possibly via a host cell phosphatase, 

locally reverts pUs3 dependent pUL31/pUL34 phosphorylation and allows unphosphorylated 

NEC components to mediate the envelopment of the nucleocapsid. Further, pUs3 acts to re-

phosphorylate pUL31/pUL34 within the PEV and activates other fusogenic factors to allow for 

PEV envelope fusion with the ONM. Our study, for the first time, shed light on how pUL21 

regulates HSV-2 nuclear egress and informs further investigations focusing on pUL21 

interactions with other host and viral proteins, indispensable for efficient viral replication. Better 

understanding of interactions between well-conserved pUL21 regions and host cell factors, 

essential for virus propagation, may be used to create novel antiviral drugs. 
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