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Abstract 

The herpes simplex virus (HSV) UL31 gene encodes a conserved member of the herpesvirus 

nuclear egress complex that not only functions in the egress of DNA-containing capsids from the nucleus, 

but is also required for optimal viral genome expression, replication and packaging into capsids.  Here, 

we report that the UL31 protein from HSV-2 and the orthologous protein, ORF69, from Kaposi's 

sarcoma-associated herpesvirus (KSHV) are recruited to sites of DNA damage.  Recruitment of UL31 to 

sites of DNA damage occurred in HSV-2 infected cells, but did not require other viral proteins. The N-

terminus of UL31 contains sequences resembling a poly(ADP-ribose) (PAR) binding motif. As protein 

poly-ADP ribosylation (PARylation) is a hallmark of the DNA damage response we examined the 

relationship between PARylation and UL31 recruitment to DNA damage. While the PAR polymerase 

(PARP)1/2 inhibitor, olaparib, prevented UL31 recruitment to damaged DNA, KU55933 inhibition of 

signaling through the ataxia telangiectasia mutated (ATM) DNA damage response pathway had no effect. 

These findings were further supported by experiments demonstrating direct and specific interaction 

between HSV-2 UL31 and PAR using purified components. Co-transfection with the viral kinase Us3, 

known to phosphorylate UL31, inhibited UL31 recruitment to DNA damage but also prevented the 

recruitment of other proteins recruited to DNA damage sites. The viral E3 ubiquitin ligase ICP0 was 

observed to co-localize with UL31 in transfected cells in a manner that is independent of the PAR-binding 

ability of UL31.  However, inhibition of PARP1/2/3 did not reduce the ability of HSV-2 to replicate and 

we observed reduced PAR levels in the nuclei of infected cells. This study reveals a previously 

unrecognized function for UL31 orthologs and may suggest that the recognition of PAR by UL31 is 

coupled to the nuclear egress of herpesvirus capsids, influences viral DNA replication and packaging, or 

possibly modulates the DNA damage response mounted by virally infected cells. 



iii 

 

Acknowledgements 

To begin, I owe my deepest gratitude to my supervisor, Dr. Bruce Banfield, for his unconditional 

support throughout my time in his lab.  Your excitement and passion for microbiology and research were 

truly infectious.  Your dedication to your students is inspiring and you’ve made me a better student, 

researcher, communicator and person. I am also grateful to Dr. Renée Finnen whose training, guidance 

and patience have aided me greatly in my research abilities and I owe any lab skill I have to her help.  

Thanks to Dr. Sam Basta for teaching the best graduate course at Queen’s and for his guidance and 

support and to Dr. Steve Smith for allowing me to use his lab and for offering his expertise on all things 

biochemistry.  I would also like to thank David Langelaan for his indispensible help with protein 

purification and for the time he committed to helping me.  I would also like to express my appreciation 

for my past and present lab mates, Dr. Masany Jung, Thomas Hay, Arash Nassiri, Jie Gao, Michael Gulak 

for your friendship and for making me look forward to coming into lab everyday.  Thanks for being a 

great group of people to bounce ideas off of and collaborate with during my time here.  Thank you also to 

all my colleagues in DBMS for creating a positive school and work environment and for being such a fun 

bunch to spend time with.  Thanks to Carmen Chan who taught me how to use a reference manager as 

well as Tess Montminy and Cara Inglese for being my library companions during this time.  Finally, I’d 

like to thank my parents, brother and sister for their continued love and support in all aspects of my life.  

It has been an amazing ride!  Thank you. 



iv 

 

Table of Contents 
Abstract ......................................................................................................................................................... ii	

Acknowledgements ...................................................................................................................................... iii	
List of Figures ............................................................................................................................................. vii	

List of Abbreviations .................................................................................................................................. viii	
Chapter 1 Introduction .................................................................................................................................. 1	

Chapter 2 Literature Review ......................................................................................................................... 4	

2.1 Herpes Simplex Virus 2 ...................................................................................................................... 4	

2.1.1 Pathogenesis ................................................................................................................................. 5	
2.1.2 Clinical manifestations and treatment .......................................................................................... 6	

2.1.3 Virion structure ............................................................................................................................ 7	
2.2 HSV Lifecycle ..................................................................................................................................... 9	

2.2.1 Overview ...................................................................................................................................... 9	

2.2.2 HSV gene expression ................................................................................................................. 12	
2.2.3 HSV DNA replication & packaging ........................................................................................... 13	

2.2.3.1 Viral DNA synthesis ........................................................................................................... 13	
2.2.3.2 Replication compartment formation .................................................................................... 16	

2.2.3.3 Concatemeric DNA formation ............................................................................................ 17	
2.2.3.4 Capsid assembly and genome packaging ............................................................................ 17	
2.2.3.5 UL31 involvement in DNA replication and DNA packaging ............................................. 19	

2.2.4 Nuclear egress ............................................................................................................................ 19	

2.2.4.1 Disrupting the nuclear lamina ............................................................................................. 19	
2.2.4.2 Selecting C-capsids for primary envelopment .................................................................... 21	
2.2.4.3 Nuclear egress complex structure ....................................................................................... 22	

2.2.4.4 Primary envelopment .......................................................................................................... 22	

2.2.4.5 De-envelopment .................................................................................................................. 25	

2.3 Us3 .................................................................................................................................................... 26	

2.4 DNA repair ........................................................................................................................................ 26	

2.4.1 Initial DNA damage signal transduction .................................................................................... 27	
2.4.2 Double stranded DNA repair ...................................................................................................... 29	

2.4.2.1 Non-homologous end joining .............................................................................................. 29	

2.4.2.2 Homologous recombination ................................................................................................ 31	
2.4.2.3 Alternative non-homologous end joining ............................................................................ 31	
2.4.2.4 Single stranded annealing .................................................................................................... 33	



v 

  

2.4.3 Poly ADP-ribosylation ............................................................................................................... 34	
2.5 Research Rationale: HSV-2 is recruited to sites of laser microirradiation ....................................... 37	

Chapter 3 Materials and Methods ............................................................................................................... 40	

3.1 Cell Lines .......................................................................................................................................... 40	
3.2 Plasmids ............................................................................................................................................ 40	

3.2.1 Plasmid transfection ................................................................................................................... 42	
3.3 Viruses ............................................................................................................................................... 43	

3.3.1 Infecting cells with HSV-2 ......................................................................................................... 43	

3.3.2 Titration of HSV-2 stocks .......................................................................................................... 43	

3.4 Antibodies ......................................................................................................................................... 44	
3.5 Fluorescence recovery after photobleaching (FRAP) assays ............................................................ 45	

3.5.1 Correlative microscopy .............................................................................................................. 47	
3.5.2 Indirect immunofluorescence microscopy ................................................................................. 47	
3.5.3 Determining Δmax and AreaRecruit/AreaRad ................................................................................. 48	

3.6 Inhibitors ........................................................................................................................................... 48	

3.7 Purification of EGFP fusion proteins ................................................................................................ 49	
3.7.1 Western Blot ............................................................................................................................... 50	
3.7.2 Dot blot analysis ......................................................................................................................... 50	

Chapter 4 Results ........................................................................................................................................ 51	
4.1 UL31 recruitment to sites of laser microirradiation in HSV-2 infected cells ................................... 51	
4.2 Identifying the region of UL31 responsible for its recruitment to sites of laser microirradiation .... 53	

4.2.1 Recruitment of UL31 to sites of microirradiation is independent of its ability to interact with 

UL34 .................................................................................................................................................... 53	
The first EGFP-UL31 mutant that was tested was ΔCR1 that consists of EGFP-UL31 lacking the 

CR1 region.  The CR1 region (residues 59-126) is the portion of UL31 that contains the UL34 

binding domain.  While the ΔCR1 mutant was unable to bind UL34 (data not shown), it retained the 

ability to be .......................................................................................................................................... 53	

4.2.2 Recruitment of UL31 is dependent on the N-terminus of UL31 ................................................ 55	

4.2.3 UL31 localization to sites of microirradiation is negatively regulated by Us3 .......................... 55	
4.3 UL31 is recruited to sites of DNA damage ....................................................................................... 56	

4.3.1 DNA damage is being caused by laser microirradiation ............................................................ 56	

4.3.2 UL31 recruitment to DNA damage is unaltered by inhibition of ATM phosphorylation .......... 59	
4.4 UL31 is recruited to DNA damage due to its PAR-binding ability .................................................. 59	

4.4.1 UL31 recruitment to sites of laser microirradiation inhibited by PARP1/2/3 inhibition ........... 61	



vi 

 

4.4.2 Recruitment of UL31 to sites of DNA damage is conserved between diverse herpesviruses ... 64	
4.4.3 UL31 recruitment to sites of DNA damage is enhanced by PARG inhibition .......................... 64	

4.4.4 UL31 is a PAR-binding protein ................................................................................................. 65	

4.4.5 UL31 and ICP0 co-localize but not due to the PAR binding function of UL31 ........................ 68	
4.5 HSV-2 infection and PARylation ...................................................................................................... 68	

4.5.1 UL31, PARP, PAR and γ-H2AX during HSV-2 infection ........................................................ 68	
4.5.2 Replication of HSV-2 is unaffected by PARP1/2/3 inhibition .................................................. 71	

Chapter 5 Discussion ................................................................................................................................... 73	

References ................................................................................................................................................... 81	
 



vii 

 

List of Figures 

Figure 2.1 HSV virion structure and genome organization .......................................................................... 8	

Figure 2.2 HSV lifecycle ............................................................................................................................. 10	

Figure 2.3 HSV genome synthesis and packaging. ..................................................................................... 15	

Figure 2.4 HSV nuclear egress .................................................................................................................... 20	

Figure 2.5 The nuclear egress complex ....................................................................................................... 23	

Figure 2.6 DSB repair processes ................................................................................................................. 28	

Figure 2.7 Major methods of DSB repair .................................................................................................... 30	

Figure 2.8 Minor methods of DSB repair ................................................................................................... 32	

Figure 2.9 PARylation cycle ....................................................................................................................... 35	

Figure 2.10: UL31 accumulates at sites of laser microirradiation .............................................................. 38	

Figure 3.1 EGFP-tagged HSV2-UL31 constructs ....................................................................................... 41	

Figure 3.2 FRAP composites, graphical readout & Δmax .......................................................................... 46	

Figure 4.1 UL31 is preferentially recruited to sites of laser microirradiation in HSV-2 infected cells ...... 52	

Figure 4.2 Mutant UL31 recruitment to sites of laser microirradiation ...................................................... 54	

Figure 4.3 The effect of kinase active Us3 on the recruitment of UL31 to sites of laser microirradiation 57	

Figure 4.4: DNA damage is present at sites of laser induced microirradiation .......................................... 58	

Figure 4.5 UL31 recruitment to sites of DNA damage is not prevented by ATM inhibition ..................... 60	

Figure 4.6 Rate of recruitment of UL31 and NBS1 to sites of laser microirradiation ................................ 62	

Figure 4.7 UL31 recruitment to sites of laser microirradiation requires PARP1/2/3 activity .................... 63	

Figure 4.8 Inhibition of PARG results in a larger area of EGFP-UL31 recruitment .................................. 66	

Figure 4.9 EGFP-UL31 binds directly to PAR ........................................................................................... 67	

Figure 4.10 Transfected UL31 and ICP0 co-localize but not due to the PAR-binding domain ................. 69	

Figure 4.11: Localization and expression of PARP1, PAR and γ-H2AX during HSV-2 infection ............ 70	

Figure 4.12: PARP inhibitors have minimal impact on HSV-2 viral replication ....................................... 72	

 



viii 

 

List of Abbreviations 

53BP1-RIF1  p53-binding protein 1 

A-NHEJ  Alternative non-homologous end joining 

ARH   ADP-ribosyl acceptor hydrolase 

ATM   Ataxia telangiectasia mutated  

BER   Base excision repair 

BRCA1   Breast cancer 1 

BSA   Bovine serum albumin 

CHK2   Checkpoint kinase 2 

C-capsid  DNA filled capsid 

CVSC   Capsid vertex specific complex 

DEA   6,9-diamino-2-ethoxyacridine lactate 

DMEM   Dulbecco’s modified Eagle’s medium 

DNA-PKcs  DNA-dependent protein kinase catalytic subunits 

DSB   Double stranded DNA break  

EBNA1   EBV origin binding protein 

EBV   Epstein-Barr virus 

EGFP   Enhanced green fluorescent protein 

FBS   Fetal bovine serum 

FRAP   Fluorescence Recovery After Photobleaching 

gB | gD | gH | gL| gM Glycoprotein B | Glycoprotein D | Glycoprotein H | Glycoprotein L |  

Glycoprotein M 

HCMV   Human cytomegalovirus 

HHV   Human herpesvirus 

HIV   Human immunodeficiency virus 



ix 

 

hpi | hpt   Hours post-infection | Hours post-transfection  

HR   Homologous recombination   

HRP   Horseradish peroxidase 

HSV | HSV-1 | HSV-2 Herpes simplex virus | Herpes simples virus type 1 | Herpes simplex virus type 2 

INM   Inner nuclear membrane 

IRL | IRS  Internal repeat long | Internal repeat short 

JNK-AP-1  c-Jun N-terminal kinase, activator protein-1 

KDUs3   Kinase dead Us3 

KSHV   Kaposi’s sarcoma associated herpesvirus 

Ku70-80  Ku70 and Ku80 

LATs   Latency-associated transcripts 

LIG1 | LIG3  DNA ligase 1 | DNA ligase 3 

LR1 | LR2  Linking region 1 | Linking region 2 

MDC1   Mediator of DNA damage checkpoint 

MRN complex  MRE11, RAD50, NBS1 

MTOC   Microtubule organizing centre 

NEC   Nuclear egress complex 

NF-κB   Nuclear factor κB 

NHEJ   Non-homologous end joining 

NLS   Nuclear localization complex 

ONM   Outer nuclear membrane 

PAR   Poly(ADP-ribose) 

PARG   Poly(ADP-ribose) glycohydrolase 

PARP   Poly(ADP-ribose) polymerase 

PARP1/2/3  PARP 1, PARP 2 and PARP 3 



x 

  

PARylation  Poly-ADP ribosylation 

PBS | PBS+ BSA Phosphate Buffered Saline | Phosphate Buffered Ssaline + 1% bovine serum 

albumin  

PBM   PAR-binding motif 

PFU   Plaque forming units 

PML-NBs  Promyelocytic leukemia protein nuclear bodies 

Pol   HSV DNA polymerase 

PRV   Pseudorabies virus 

PVDF   Polyvinylidene difluoride 

ROI   Region of interest 

SEM   Standard error of the mean 

SSA   Single strand annealing 

TBS | TBST  Tris-buffered saline | Tris-buffered saline containing Tween 20 

TNKS   Tankyrase 

TRL | TRS  Terminal repeat long | Terminal repeat short 

TK   Thymidine kinase 

UL | Us   Unique long | Unique short 

VZV   Varicella zoster virus 

WRN   Werner nuclease 

WT   Wild-type virus  

WTUs3   Wild-type Us3



 

 

 1 

Chapter 1 

Introduction 

Herpesviruses have large double stranded DNA genomes that are expressed and replicated in viral 

replication compartments within the nuclei of infected cells.  The early stages of herpesvirus virion 

assembly also take place in the infected cell nucleus where newly synthesized viral genomes are packaged 

into preformed capsids; however, the final stages of virion maturation take place in the cytoplasm.  The 

translocation of DNA containing capsids (C-capsids) from the nucleoplasm to the cytoplasm begins with 

the recruitment of C-capsids to the inner nuclear membrane (INM) followed by their budding at the INM 

into the perinuclear space to form perinuclear virions.  Finally, the fusion of the perinuclear virion 

envelope with the outer nuclear membrane (ONM) releases the C-capsid into the cytoplasm.  This process 

is collectively referred to as nuclear egress and has been the subject of intense investigation (1–3).  

The herpesvirus nuclear egress complex is comprised of two viral proteins encoded by herpes 

simplex virus (HSV) genes UL31 and UL34 and orthologs of these genes in other herpesviruses.  UL31 

and UL34 interact directly and, when these proteins are co-expressed, they localize to the nucleoplasmic 

face of the INM (4, 5).  In the absence of other viral proteins, UL31 and UL34 have the remarkable 

capacity to direct the formation of vesicles derived from the INM in a process that has been examined in 

vitro using purified proteins and synthetic membranes (6, 7).  Recently, Lorenz and colleagues 

demonstrated that psuedorabies virus (PRV) UL31 was sufficient to direct vesicle formation and scission 

in vitro if it was artificially tethered to membranes suggesting that a key function of UL34 in nuclear 

membrane remodeling is recruitment of UL31 to the membrane (8).  As UL31 can also bind to nuclear 

capsids, one model for capsid recruitment to the INM posits that UL31 binds to C-capsids and recruits 

them to the INM where the interaction between UL31 and UL34 facilitates primary envelopment (9–11).  
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The viral serine/threonine kinase, Us3, is known to phosphorylate UL31 and plays a key role in de-

envelopment of capsids at the ONM as Us3 null virus accumulates in the perinuclear space (12). 

The UL31/UL34 complex plays a critical role in the nuclear egress of C-capsids as deletion of 

HSV-1 UL31 results in a 3-4 log reduction in the production of infectious virus in many, but not all, cell 

types (13, 14).  Early studies demonstrated that this replication deficiency was not only accompanied by 

the accumulation of C-capsids in the nucleus of infected cells but also with reductions in virus DNA 

replication and decreased packaging of viral genomes into capsids (14). More recently, a role for UL31 in 

promoting HSV-1 gene expression at early times after infection was described and correlated with the 

failure of cells infected with UL31 null viruses to activate NF-κB and the MAP kinase, JNK, both of 

which have been implicated in promoting virus infection (15, 16).  These findings suggested additional 

functions for UL31 beyond its role in nuclear egress.   

In this study we demonstrate that the N-terminus of HSV-2 UL31 contains sequences that 

mediate the localization of UL31 to the nucleus and nucleoli as well as poly(ADP-ribose) (PAR) binding 

activity.  PAR is a polymer of ADP ribose subunits synthesized by PAR polymerases (PARPs) using 

NAD+ as a substrate (17).  Poly(ADP-ribosyl)ation (PARylation), the covalent attachment of PAR to 

proteins via Glu, Asp and Lys residues, can range from two to approximately 200 ADP-ribose units in 

length.  PARylation of proteins occurs rapidly, yet transiently, in response to a variety of cellular stresses 

and can be reversed through the action of enzymes such as PAR glycohydrolase (PARG).  Seventeen 

PARPs have been identified in the human genome, however, the precise functions of many of these 

enzymes remains obscure. The most well studied PARPs, PARP1, PARP2 and PARP3 (PARP1/2/3), 

function as sensors of DNA damage (18). Upon direct binding to damaged DNA PARP1/2/3 undergo 

auto-PARylation, which coincides with PARylation of other proximal proteins.  The resulting foci of 

PARylated proteins serve as a platform for the recruitment of additional PAR binding proteins involved in 
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the coordination and execution of DNA damage repair.  These findings may suggest that the recognition of 

PAR by UL31 is coupled to the nuclear egress of herpesvirus capsids, influences viral DNA replication 

and packaging, or possibly modulates the DNA damage response mounted by virally infected cells. 
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Chapter 2 

Literature Review 

2.1 Herpes Simplex Virus 2 

Herpesviridae is a family of DNA viruses that cause infections in animals, including eight 

members known to commonly infect humans.  Herpesviruses are classified as such due to their shared 

viral particle morphology, similar replication strategies and lifelong latent infections with occasional 

reactivations that can occur with, or without the manifestation of disease (19).  The Herpesviridae viruses 

can be separated into three subfamilies: Alphaherpesvirinae, which includes herpes simplex virus types 1 

and 2 (HSV-1 and HSV-2) and varicella zoster virus (VZV); Betaherpesvirinae, which includes human 

cytomegalovirus (HCMV), human herpesvirus (HHV)-6A, HHV-6B and HHV-7; and 

Gammaherpesvirinae, which includes Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated 

herpesvirus (KSHV) (1).  The work in this thesis primarily focuses on the biology of HSV-2. 

While nearly 100% of adults are infected with at least one herpesvirus, the WHO estimates that in 

2012 there were 417 million people worldwide aged 15-49 years infected with HSV-2 (11.3% of 

individuals) and that 19.2 million became newly infected with HSV-2 (20).  HSV-2 is one of the most 

common sexually transmitted infections and is the main cause of genital herpes infections (19).  HSV-2 

has a higher prevalence in females compared to males (14.8% versus 8.0% in 2012) due to an increased 

susceptibility of women to the virus (20, 21). As a member of the Alphaherpesvirinae subfamily, HSV-2 

has a short replicative cycle in hosts and cell culture, a broad host range with the ability to replicate in a 

wide variety of host tissues, and the ability to establish latent infections in sensory ganglia (22).  
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2.1.1 Pathogenesis 

During primary infection, HSV-2 enters the body through breaks in mucosal membranes or the 

skin and establishes a lytic infection locally in epithelial cells at the site of contact. The virus then spreads 

from the site of primary infection by retrograde transport to the nuclei of sensory ganglia (dorsal root 

ganglia or sacral ganglia) that innervate the area (23).  In some infected neurons, the virus replicates 

productively resulting in the death of the neuron whereas in other neurons, the virus establishes a latent 

infection (24).   

A latent HSV-2 infection is characterized by the presence of viral genomes, a lack of viral 

replication or protein production in the nuclei of sensory ganglia, and little viral transcription other than 

transcription of latency-associated transcripts (LATs), which accumulate to high copy number within the 

neuronal nuclei (25).  Latent HSV-2 infections persist for the lifetime of the host with the virus 

periodically reactivating to produce infectious virus.  During reactivation, viral replication occurs within 

the reactivated neuron, and the virus is transported back down the axon where an infection in the 

epithelium is established in the dermatome where the primary infection occurred (26, 27).  Reactivation 

can be triggered by a variety of stress-related stimuli including heat, hormonal changes or surgical trauma 

to the infected neuron (26, 28, 29).  Recurring episodes are generally less severe compared to primary 

infections both in terms of the numbers of lesions and their duration (19).  In fact, approximately half of 

individuals infected asymptomatically shed virus instead of exhibiting clinical symptoms (19, 30). 

However, if the primary infection was symptomatic, the recurrences are typically symptomatic and occur 

at a greater frequency (median of 5 recurrences per year)(31). 
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2.1.2 Clinical manifestations and treatment 

Genital lesions are the most frequent clinical manifestation of HSV-2 infection, however an ever-

increasing number of cases of oral ulcerative lesions are attributed to HSV-2 although they recur less 

frequently than those caused by HSV-1 (32).  Symptoms of fever, malaise, anorexia and bilateral inguinal 

adenopathy have also been associated with primary infection in approximately one third of cases (19).  

Women also frequently have dysuria and urinary retention due to urethral infection.  The complete 

healing of the primary infection may take several weeks.  Primary and recurring symptoms are more 

severe in immunocompromised hosts, as interferon and humoral, mucosal and cellular immunity are 

important antiviral defenses.  

HSV-2 infections can also result in more severe disease with the development of meningitis, 

encephalitis or neonatal HSV.  Meningitis occurs, with symptoms that include neck stiffness, headache 

and nausea/vomiting, in approximately 8% of individuals infected with HSV-2 (33).  Viral encephalitis, 

or infection of the central nervous system (CNS), develops in 1 in 200,000 individuals and has a 70% 

mortality rate if left untreated (34).  Another often-fatal complication involves neonatal HSV-2, which 

occurs due to vertical transmission from mother to newborn during delivery. Neonatal HSV-2 can result 

in either local skin, eye or mouth disease; encephalitis (CNS infection); or a disseminated infection 

(multi-organ system infection) (19).  In Canada, neonatal HSV is reported in 6 cases per 100,000 live 

births with approximately 70% caused by HSV-2 (19, 35).  The mortality rate varies depending on the 

anatomical sites infected from 0 percent for skin, eye or mouth disease; 15 percent for encephalitis; and 

60 percent for newborns with disseminated infections.  However, a high morbidity rate is also observed 

with approximately 60% of infected children developing abnormally even with antiviral treatment (19). 

Additionally, HSV-2 is a significant global health problem as a HSV-2 infection increases the risk of 
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acquiring human immunodeficiency virus (HIV) by three-fold (36, 37).  Therefore, understanding HSV-2 

infection mechanisms is important as it has a wide-ranging effect on human health.  

The most commonly used treatments for HSV-2 are purine analog antivirals, including acyclovir 

and pencyclovir and their prodrugs: valacyclovir and famcyclovir (19).  These compounds are selectively 

phosphorylated in virally infected cells by the viral thymidine kinase (TK).  Further phosphorylation by 

cellular enzymes leads to the production of acyclovir or pencyclovir triphosphates that compete with the 

nucleotide dGTP resulting in incorporation of the purine analogs into elongating DNA strands.  The 

presence of the purine analogs in the DNA strands prevents the continued synthesis of DNA.  These drugs 

are specific for infected cells in part due to viral TK being required for phosphorylation of the purine 

analogs but also due to cellular DNA polymerases having much lower affinities for acyclovir or 

pencyclovir triphosphates than HSV-2 DNA polymerase (Pol) (38, 39).  However, while purine analogs 

and their derivatives can reduce the occurrence and duration of lesions they do not eliminate established 

latent infections (40, 41).  Furthermore, spontaneous mutations in the TK gene, and less frequently in the 

viral DNA polymerase gene, can result resistance of HSV-2 to these antiviral drugs (42). 

 

2.1.3 Virion structure 

The members of the family Herpesviridae all share a virion structure that consists of four distinct 

components: the core, capsid, tegument, and envelope (43)(Figure 2.1).  The central core consists of a 

tightly packed linear double-stranded DNA genome approximately 154,700 base pairs in length (44, 45).  

This DNA genome is contained within an icosahedral capsid that is surrounded by a layer of viral and 

cellular protein known as the tegument, which is in turn surrounded by a lipid envelope derived from 

cellular membranes (44).  The genome is divided into unique long (UL) and unique short (Us) segments, 
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Figure 2.1 HSV virion structure and genome organization 

Figure 2.1 HSV virion structure and genome organization. (A) Schematic of the HSV virion structure 
that consists of four distinct components: viral DNA genome, the icosahedral capsid, a layer of viral and 
cellular proteins known as the tegument, and the glycoprotein-studded envelope.  Adapted from (46). (B) 
HSV capsid tomogram showing hexons (green), pentons (light blue), the portal (dark blue) and triplexes 
(orange). Adapted from (47). (C) Schematic of depicting organization of HSV genome.  Unique long (UL) 
and unique short (Us) portions of genome are flanked by inverted repeats: terminal repeat long and 
internal repeat long (TRL and IRL) and terminal repeat short and internal repeat short (TRS and IRS). 
Adapted from (48). 
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each of which is flanked by a pair of inverted repeat elements (48).  The icosahedral capsid is a protein 

shell approximately 125nm in diameter which consists of 150 hexavalent capsomeres (hexons) composed 

of 6 copies of VP5 (ICP5) as well as one copy of VP26, 11 pentavalent capsomeres (pentons) composed 

of 5 copies of VP5 and one portal which consists of UL6.  Hexons form the faces and edges of the capsid, 

whereas the pentons and portal occupy the vertices of the capsid.  Groups of three capsomeres are 

connected by structures called triplexes, composed of two copies of VP23 and one copy of VP19C, with 

320 triplexes total within the capsid (43, 49).  Unique to herpesviruses is a layer of viral and cellular 

proteins that lies between the nucleocapsid and the envelope known as the tegument.  It is comprised of 

approximately 23 viral proteins and 49 host-cell proteins (50). The tegument has multiple roles, including 

linking the nucleocapsid to the envelope, transport of nucleocapsids to the nucleus, regulation of viral and 

host cell gene and protein expression during viral assembly and egress (51).  The lipid envelope of the 

virus is embedded with at least 11 different viral glycoproteins and several membrane associated proteins 

that are critical for viral entry and virus-induced cell fusion (52). 

 

2.2 HSV Lifecycle 

2.2.1 Overview 

For HSV-2 to establish an infection it must deliver its genome to the host cell nucleus, where the 

viral genome is then replicated, transcribed and packaged into capsids before egress of mature viral 

particles from the cell (Figure 2.2).   To achieve this, the HSV-2 particles must first enter the host cell by 

attaching to heparan sulfate on the cell surface (53, 54).  This process is mediated by the glycoproteins 

present on the surface of the viral envelope and results in the fusion of the viral envelope with the plasma 

membrane and the release of the nucleocapsid and tegument into the cytoplasm (54).  The tegument 
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Figure 2.2 HSV lifecycle 

Figure 2.2 HSV lifecycle.  I) Infection of host cells begins with viral attachment and entry into host cells. 
II) The nucleocapsid is then transported to the nucleus by the motor protein dynein that moves the 
nucleocapsid down microtubules (MT) towards the nuclear membrane (NM). III) At the nuclear 
membrane the nucleocapsid docks at a nuclear pore (NP) and injects the viral genome into the nucleus. 
IV) Gene expression results in the synthesis of new viral genomes and proteins, some of which are 
transported to the nucleus and assemble into capsids. V) Viral genomes then package into preformed 
capsids that recruit to the inner nuclear membrane. VI) At the inner nuclear membrane nucleocapsids gain 
a primary envelope by budding through the inner nuclear membrane into the perinuclear space. This 
envelope is subsequently lost through fusion with the outer nuclear membrane, which releases the 
nucleocapsid into the cytoplasm. VII) Capsids are then transported to the Golgi (G) or the trans-Golgi 
network (TGN) where they bud into cytoplasmic membranes gaining a mature envelope.  VIII) Finally, 
HSV is released into the extracellular space via exocytosis. Adapted from (55). 
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dissociates from the nucleocapsid upon entry with the exception of a few nucleocapsid associated proteins 

that mainly function in the nucleus (56–58).  The nucleocapsid is then transported by the cellular 

molecular motor protein dynein to the minus ends of microtubules that cluster in the microtubule 

organizing centre (MTOC)(59).  Depending on the proximity of the MTOC with the nucleus, the 

nucleocapsid may require additional transport from the MTOC to the nucleus on microtubules by the 

cellular molecular motor proteins belonging to the kinesin family (59).  At the nuclear membrane, the 

nucleocapsid docks at a nuclear pore complex and releases the viral genome into the nucleus through the 

pore, since at a 125nm diameter nucleocapsids are too large to fit through nuclear pores (60). The viral 

genome is then replicated and transcribed resulting in the production of additional viral genomes and viral 

proteins, some of which assemble into capsids within the nucleus (61).  The newly synthesized viral 

genomes are then packaged into preformed capsids that are too large to pass through nuclear pore 

complexes and require a unique process to exit the nucleus known as nuclear egress (61). Nuclear egress 

begins with the recruitment of nucleocapsids to the inner nuclear membrane (INM) followed by their 

budding at the INM into the perinuclear space to form perinuclear virions.  Fusion of the perinuclear 

virion envelope with the outer nuclear membrane (ONM) completes this process, releasing the 

nucleocapsid into the cytoplasm (1–3).  Subsequent to nuclear egress, cytoplasmic nucleocapsids acquire 

a final envelope by budding into membranes of the trans-Golgi network, or possibly at a late, or recycling, 

endosomal compartment (62, 63). Vesicles containing enveloped virions then traffic to the cell surface, 

where they fuse with the plasma membrane to release virions into the extracellular environment.  As the 

protein HSV-2 UL31, the focus of this report, is critical for the nuclear egress of capsids and has lesser 

known roles in gene expression, viral DNA replication and packaging of viral genomes into 

nucleocapsids (13), these processes will be reviewed in additional detail below. 

 



 

 

 12 

2.2.2 HSV gene expression 

Expression of the more than 80 individual genes in HSV takes place in a tightly regulated 

sequential manner with three distinct kinetic classes of genes: immediate early, early, and late (64).  

Immediate early genes are expressed with help from the tegument protein VP16 (UL48), after genome 

uncoating, which recruits the cellular transcription factors HCF-1 and Oct-1 to the immediate early gene 

promoters (65, 66).  In contrast, early genes require the expression of immediate early genes for 

expression and late genes require viral DNA replication (16).  In general, immediate early gene products 

regulate early and late gene expression, early gene products regulate viral genome replication and late 

gene products are structural components of the virion.  For example, ICP0 is an immediate early protein 

that triggers the switch from immediate early to early gene expression by releasing early and late genes 

from histone-mediated silencing (67). This staggered regulation of viral gene expression increases the 

likelihood of producing infectious virions as the structural proteins required for capsid formation are only 

produced when there are enough viral genomes available for packaging.  Late genes can further be 

subdivided into leaky late and true late genes.  The difference is that leaky late genes can be expressed at 

diminished levels in the absence of viral DNA replication whereas true late genes have a strict 

requirement for viral DNA replication for their expression (16).  

 As HSV enters a host cell, cellular signaling events transition the cell into a mode that favors viral 

propagation.  An example of this is the interaction of viral glycoprotein D (gD) with a tumor necrosis 

factor (TNF) receptor, which induces a transient activation of nuclear factor κB (NF-κB)(68).  This 

induction lasts until approximately 2 hours post infection (hpi), however a second wave of NF-κB 

initiates at approximately 6hpi and requires the viral gene product ICP27 (68, 69).  NF-κB is a 

transcriptional regulator, found in almost every cell type, which is activated in response to cell stress.  

While some viruses block NF-κB expression, HSV requires activation of NF-κB for efficient infection 



 

 

 13 

(15).  In fact, a 3 fold decrease in viral titres were seen in cells treated with an NF-κB inhibitor and 

infection of NF-κB knockout cells resulted in a 98% drop in virus yield compared to NF-κB expressing 

cells (70, 71).  A role for UL31 in promoting HSV-1 gene expression at early times after infection was 

also described and correlated with the failure of cells infected with UL31 null viruses to activate NF-κB 

as well as the c-Jun N-terminal kinase, activator protein-1 (JNK-AP-1) (15, 16).  The JNK-AP-1 pathway, 

common in many stress responses, is essential for HSV gene expression during reactivation by causing a 

methyl/phospho switch on HSV lytic promoters (72).  During viral latency, viral gene expression is 

prevented by histone dimethylation and the methyl/phospho switch at the viral promoter permits gene 

expression despite this repressive methylation. The E3 ligase, ICP0, also increases the activation of the 

JNK-AP-1 signal transduction pathway in transfected cells (73).  

 

2.2.3 HSV DNA replication & packaging 

2.2.3.1 Viral DNA synthesis 

The HSV genome contains three origins of replication: OriL in the UL coding region and two 

copies of OriS in the repeat regions (one in the TRS and one in the IRS) (49).  HSV mutants lacking one 

or two origins of replication are competent for lytic replication in vitro, however in vivo studies showed 

that deletion of OriL decreased pathogenesis and impaired reactivation from latency (75, 76).  HSV 

encodes seven essential replication proteins: a single-strand DNA-binding protein (ICP8), a two-subunit 

DNA polymerase (Pol (aka UL30) and UL42), a three-subunit helicase/primase complex (UL5, UL8 and 

UL52) and an origin binding protein (UL9) (49, 52).  

HSV DNA synthesis (Figure 2.3A) begins at one of the three viral origins of replication. At these 

sites viral proteins UL9 and ICP8 function in unwinding of the genome (78).  UL9, the HSV origin 
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binding protein, forms a dimer that binds to the origin of replication and in conjunction with ICP8 and 

ATP induces the formation of a hairpin.  ICP8 preferentially binds ssDNA and has helix-destabilizing 

activities preventing reannealing of DNA during DNA synthesis (74, 77).  Additionally, ICP8 forms 

dimers that hold the DNA in an extended conformation during DNA synthesis. Once UL9 and ICP8 have 

destabilized the helix, the viral helicase/primase is recruited to unwind the DNA and synthesize RNA 

primers to initiate DNA replication (79). The viral helicase/primase is a heterotrimer consisting of UL5, 

UL8 and UL52.  UL5 and UL52 as a complex have primase and helicase activities, while UL8 interacts 

with other components of the replication machinery potentially to coordinate the progression of the 

replication fork (80).  Interestingly, to observe efficient primase activity two or more of these 

heterotrimers must be present at the replication fork and may ensure the recruitment of two viral 

polymerase proteins to this site (79). The last of the HSV replication proteins recruited to the replication 

fork is the two-subunit polymerase, Pol and UL42 (81).  Pol is structurally similar to other α-like DNA 

polymerases containing a “thumb”, “palm”, and “fingers”, a 3’-5’ exonuclease domain, and a RNase H 

activity that degrades the RNA primers (82). Unusually, HSV Pol also has both 5’deoxyribose phosphate 

and abasic lyase activity, normally associated with DNA repair polymerases, that allows for the excision 

of damaged nucleotides thus allowing the DNA repair process of base excision repair (BER) to repair the 

strand (83).  The other subunit of the DNA polymerase, UL42, acts as a processivity factor by binding 

one of its surfaces to Pol, while the other surface mediates DNA binding (77). Functionally and 

structurally, UL42 is similar to a monomer of the eukaryotic sliding DNA clamp protein PCNA, however 

UL42  “hops” rather than “slides” on DNA meaning it dissociates from and reassociates with DNA rather 

than remaining intimately associated  during elongation (84). This allows UL42 to tightly and directly 

bind DNA while still maintaining the ability to move down the strand, allowing for efficient DNA 

synthesis (77).  Interestingly, both replicating and encapsidated viral genomes contain gaps, with an 
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Figure 2.3 HSV genome synthesis and packaging. 

Figure 2.3 HSV genome synthesis and packaging. (A) I) DNA replication showing the recognition of 
the origin of replication by UL9. II) The unwinding of the DNA by UL9 and ICP8. III) The replication 
fork (III). See text for details. Adapted from (85, 86). (B) DNA packaging into capsids.  Shows the 
maturation process of a procapsid into a C capsid while also demonstrating how A and B capsids are 
formed through errors in DNA packaging. See text for details. Adapted from (87). 
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average of 15 gaps, of approximately 30 base pairs, randomly distributed throughout the genome (88).  

However, filling these genome gaps in vitro did not impair the infectivity of transfected genomes (88). 

 

2.2.3.2 Replication compartment formation 

Viral infection results in the formation prereplicative sites that then become replication 

compartments: large globular domains in which viral DNA replication, cleavage and packaging and gene 

expression are thought to occur (77).  The earliest stage prereplicative sites require the presence of ICP4 

on a viral genome and the disruption of ND10 viral gene expression repressors, such as PML, by the viral 

protein ICP0 (89).  These sites contain ICP8, the helicase/primase complex, as well as UL9 and become 

replication compartments upon the recruitment of HSV Pol and UL42.  Each replication compartment 

forms around a single genome, but only a limited number of incoming genomes form replication 

compartments and go on to be expressed and replicated (90).  Formation of replication compartments is 

accompanied by the marginalization of cellular chromatin and a profound modification of nucleolar 

morphology (91, 92).  In HSV infection, the host chromatin marginalized to the nuclear periphery by the 

replication compartment is disrupted allowing the replication compartments to reach the nuclear envelope 

and for nuclear egress to occur (93).  However, this disruption is seen in neither UL31 nor UL34 

knockout viruses indicating their involvement in disrupting the cellular chromatin layer, as well as the 

nuclear lamina, allowing the replication compartment to access the nuclear envelope (93).  Additionally, 

after infection, cellular nucleoli increase in size, localize close to the nuclear membrane, and finally 

become fragmented.  Several viral proteins, including ICP0, localize at least transiently to nucleoli during 

infection (94).  
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2.2.3.3 Concatemeric DNA formation 

Complex, branched concatemers of the HSV genome must be made to ensure the encapsulation of 

a full genome into the capsid of progeny virus (77).  How this occurs is not well understood, but it is 

though that HSV may use viral and/or cellular recombination proteins during DNA replication (74).  

Several cellular factors involved in double-strand DNA break (DSB) repair, including MRE11, RAD50, 

and NBS1 (the MRN complex), are recruited to viral replication compartments.  Several of these factors 

are important for efficient virus production indicating that DSB repair pathways may be used during HSV 

infection (77).  Among the DSB repair pathways, it was found that single strand annealing (SSA) was 

increased in HSV-infected cells whereas homologous recombination (HR), non-homologous end joining 

(NHEJ) and alternative non-homologous end joining (A-NHEJ) decreased in infected cells (95). This 

indicates SSA is the likely method for concatemer formation.  The increase in SSA has been attributed to 

HSV UL12, a protein thought to form a system with ICP8 that is important in the production of viral 

concatemers.  However, proteins involved in base excision repair, non-homologous end joining, 

mismatch repair and the poly(ADP-ribose) polymerase (PARP) enzyme Tankyrase1 have all been 

implicated in efficient replication of HSV but their precise roles are not known (83, 96–98).   

 

2.2.3.4 Capsid assembly and genome packaging 

During HSV infection, capsid proteins are brought into the nuclei of infected cells and assembled 

around scaffold proteins into capsids that are subsequently packaged with viral DNA.  Scaffolding 

proteins include pre-VP22a (UL26.5), the maturational protease VP24 that is fused to the N-terminus of 

pre-VP21 (UL26), VP23 and VP19c (99, 100). To ensure proper capsid assembly a series of quality 

control steps are in place. For example VP5 (ICP5), the major capsid protein, must be attached to pre-
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VP22a, the major component of the scaffold, to enter the nucleus to ensure the correct number of scaffold 

proteins are present (101). 

For genome packaging to occur (Figure 2.3B), a tripartite enzyme called the terminase (UL15, 

UL28 and UL33) recognizes genomic ends in viral genome concatemers and cleaves them into precise 

genomic lengths (99).  The cleaved genomes are then tightly packed into the capsid through the portal 

using the robust ATPase-driven motor activity of the terminase(102).  Following the assembly of the 

procapsid, the viral protease VP24 processes the scaffold proteins (pre-VP21, pre-VP22a).  This 

processing of the scaffold applies high amounts of pressure to the interior of the capsid, causing a 

conformational change from a fragile and roughly spherical shape to an icosahedral and stable form (103).  

The scaffold is later degraded and/or expelled during DNA packaging (104).  Capsid stability is further 

enhanced by the minor capsid proteins of the capsid vertex specific complex (CVSC), UL17 and UL25, 

located on the vertices of the capsid (105, 106).   

These mature capsids containing DNA, termed C-capsids, are then preferentially recruited for 

transport out of the nucleus through nuclear egress.  However, failure in DNA packaging can result in 

accumulation of A-capsids and B-capsids (103, 107).  B capsids, representing approximately 20-30% of 

capsids formed in wild type HSV infected cells, occur when the scaffold proteins have been processed but 

the packaging machinery is not engaged, resulting in the scaffold being sealed inside the capsid.  B 

capsids are found exclusively in nuclei of cells infected with HSV DNA cleavage and packaging mutants, 

including mutants lacking the genes for the portal, the terminase subunits or UL17 (105, 108–110).  A 

capsids, the rarest form of capsids in cells infected with wild type HSV, are formed when the scaffold is 

expelled but DNA is not successfully packaged (103, 107).  A capsids are the predominate form of 

capsids in cells infected with virus lacking the gene UL25 leading to the hypothesis that UL25 is involved 

in capsid stabilization and/or DNA retention (111). 
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2.2.3.5 UL31 involvement in DNA replication and DNA packaging  

UL31 null viruses were found to have reductions in virus DNA replication and decreased 

packaging of viral genomes into capsids (13).  Analysis of UL31 orthologs from the betaherpesvirus 

MCMV (112) and the gammaherpesvirus EBV (113) have also indicated distinct roles for these proteins 

in packaging of viral DNA into capsids.  Furthermore, UL31 has also been isolated from replicating HSV 

genomes, supporting its involvement in DNA replication or packaging (114). 

 

2.2.4 Nuclear egress 

Nuclear egress is the process by which nucleocapsids are translocated across the nuclear envelope 

and into the cytoplasm, where the final stages in virion maturation take place.  The most widely accepted 

model is that C capsids are selected and brought to the INM for primary envelopment, pass through the 

perinuclear space and are then de-enveloped at the ONM (Figure 2.4)(1).   

 

2.2.4.1 Disrupting the nuclear lamina 

Nuclear egress of HSV capsids requires the participation of the two viral proteins that form the 

nuclear egress complex (NEC).  The herpesvirus NEC is comprised of two conserved viral proteins 

encoded by the HSV genes UL31 and UL34 and their orthologs in other herpesviruses.  UL34 is a type II 

membrane protein that localizes to the endoplasmic reticulum and nuclear membranes whereas UL31 is a 

soluble nucleoplasmic phosphoprotein. UL31 and UL34 interact directly and, when these proteins are co-

expressed, UL31 localizes to the nucleoplasmic face of the INM via its interaction with UL34 (4, 5).  

Furthermore, UL34 localization to the INM is also enhanced when UL31 is expressed.  Before nuclear 

egress can occur, the nuclear lamina, a dense protein meshwork of lamins that lines the nucleoplasmic 
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Figure 2.4 HSV nuclear egress 

Figure 2.4 HSV nuclear egress. I) Primary Envelopment. Following capsid assembly and packaging 
inside the nucleus, DNA filled capsids are recruited to the inner nuclear membrane (INM) through UL17 
and UL25 interactions with UL31. The nuclear egress complex (NEC), consisting of UL31 and UL34 
induces thinning of the nuclear lamina and mediates budding of the capsid into the INM and into the 
perinuclear space. II) De-envelopment.  The HSV virions within the perinuclear space contain tegument 
proteins, glycoproteins and the NEC.  Through a not fully understood mechanism the primary enveloped 
virion fuses with the outer nuclear membrane (ONM). The capsid and tegument proteins are released into 
the cytoplasm, leaving behind the NEC and the glycoproteins.  Adapted from (1). 
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side of the INM, must be disrupted (115).  The NEC is thought to play a major role in lamina disruption 

as overexpression of UL31 disrupts the nuclear lamina and lamina disruption is localized to areas with 

high concentrations of UL31 and UL34 (93, 116–118).  Functionally, the binding of UL31 and UL34 to 

lamins is thought to compete with lamin-lamin interactions, locally disassembling the lamina.  

Phosphorylation of lamins is also believed to play a large role in their disassembly (118, 119).  Viral 

kinases Us3 and UL13 along with cellular kinases, some of which are recruited by the NEC, 

phosphorylate the nuclear lamina resulting in further lamina disruption (116, 119, 120). 

 

 

2.2.4.2 Selecting C-capsids for primary envelopment 

C-capsids are preferentially enveloped at the INM at the expense of capsids lacking DNA (121).  

This selection is thought to be due to the recognition of the capsid vertex specific complex (CVSC), 

composed of UL17 and UL25 on the capsid, by the NEC (9).  This hypothesis is supported by the 

observation that UL31 interacts with both UL17 and UL25 on the capsid surface (122, 123).  This 

interaction is thought to be stronger after the completion of DNA packaging due to subtle conformational 

changes in the capsid structure.  The N-terminus of UL31 has been shown to be involved in the 

trafficking of C-capsids to nuclear membranes (124).  This model proposes that the N-terminus of UL31 

“masks” UL31/UL34 interactions, thus allowing UL31 to interact with the CVSC on C-capsids in the 

nucleus.  This interaction causes UL31 to become “unmasked” and transport capsids to UL34 in the 

nuclear membrane for nuclear egress.  UL31 is also thought to interact with UL33, a subunit of the viral 

terminase, suggesting that other interactions may also be involved in this process (125).  
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2.2.4.3 Nuclear egress complex structure 

The structure of the HSV-1 NEC has recently been solved (Figure 2.5), with the exception of the 

50 N-terminal amino acid residues of UL31 (50-306) and the N and C-termini of UL34 (residues 15-185 

of a 275 residue protein) that were removed to increase the solubility of the complex (126).  This structure 

confirms previous studies (127) that implicated the CR1 region of UL31 (residues 59-126) as being 

responsible for UL31/UL34 interactions. The region towards the C-terminal end of UL31 is predicted to 

interact with both the HSV capsid and to mediate contacts between copies of UL31.  The N-terminal end 

of UL31 is not included in the structure but it can be predicted that it will be proximal to the nuclear 

membrane during nuclear egress. 

 

2.2.4.4 Primary envelopment 

As stated above, the NEC is an important driver of nuclear egress.  The first step of nuclear egress 

is primary envelopment, which involves the capsid budding through the INM into the perinuclear space 

(13). In the absence of other viral proteins, UL31 and UL34 have the remarkable capacity to direct the 

formation of vesicles from the INM in a process that has been elegantly recapitulated in vitro using 

purified proteins and synthetic membranes (6, 7). Recently, Lorenz and colleagues demonstrated that 

psuedorabies virus (PRV) UL31 was sufficient to direct virion-sized vesicle formation and scission in 

vitro if it was artificially tethered to membranes, suggesting that a key function of UL34 in nuclear 

membrane remodeling is recruitment of UL31 to the membrane (8).  The UL31/UL34 complex plays a 

critical, although not strictly essential, role in the egress of C-capsids from the nucleus of infected cells 

insofar as deletion of HSV-1 UL31, for example, results in a 3-4 log reduction in the production of 

infectious virus in many, but not all, cell types (13, 112).  Early studies demonstrated that this replication 

deficiency was accompanied by the accumulation of C-capsids in the nucleus of infected cells (13).   
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Figure 2.5 The nuclear egress complex 

Figure 2.5 The nuclear egress complex.  The x-ray crystal structure of the nuclear egress complex 
composed of UL31 (amino acid residues 50-306) and UL34 (amino acid residues 15-185).  It is predicted 
that the N-terminal region of UL31 (not in structure) is proximal to the nuclear membrane while the C-
terminal region interacts with the capsid during nuclear egress. Adapted from (126). 
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UL31 is thought to mediate membrane deformation by forming oligomers in the presence of membranes 

resulting in the formation of a hexagonal lattice inside the budding membrane (6).  After budding through 

the INM, the NEC becomes incorporated into the perinuclear virus particle. 

 The exact composition of the primary envelope of HSV is unknown.  Besides the NEC, a subset 

of tegument proteins and glycoproteins are present in primary enveloped virions, although the majority of 

tegument proteins are acquired in the cytoplasm (128).  Perinuclear envelope tegument proteins include 

UL36, UL37, VP22, ICP0, ICP4, UL48, and Us3 (129–132) and the embedded glycoproteins include 

glycoproteins B, D, H, L, and M (gB, gD, gH, gL and gM, respectively)(128, 133–135).  Although 

glycoproteins are not essential for primary envelopment, several of the tegument proteins play a key role 

in this process.  One is the HSV kinase, Us3, which phosphorylates UL31 at serine residues located in its 

N-terminus (12).  Deletion of Us3 from HSV-1 and PRV disrupted NEC localization from a smooth 

distribution along the nuclear rim to distinct foci (136).  However, in HSV-2 the NEC does not require 

Us3 for smooth distribution (137).  UL31 mutant virus lacking the ability to be phosphorylated by Us3 

had defects in de-envelopment whereas phosphomemetic mutants of UL31 had defects in primary egress, 

indicating that regulation of UL31 phosphorylation is necessary for optimal nuclear egress to occur (12, 

137).  Other tegument proteins involved in primary envelopment are UL47 and ICP22 that form a 

complex with UL31, UL34 and Us3 (138).  UL47 null virus has shown defects in primary envelopment 

and ICP22 has been shown to ensure the proper localization of the NEC within the primary envelope.  

Therefore, while primary envelopment is primarily mediated by UL31 and UL34 other tegument proteins 

are known to regulate these interactions.   
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2.2.4.5 De-envelopment 

Once in the perinuclear space, primary enveloped virions must undergo de-envelopment, a 

process that consists of the fusion of the perinuclear virion envelope with the ONM and release of the 

capsid into the cytoplasm (1).  It is thought that this process is mediated by glycoproteins present in the 

primary envelope.  The core fusion proteins are thought to be gB and gH/gL as HSV mutants lacking gB 

and gH accumulate enveloped virus particles in the perinuclear space indicating defects in de-

envelopment (134).  Phosphorylation by the viral kinase Us3, on threonine 887 of gB is thought to induce 

gB-mediated fusion, allowing for membrane fusion to be regulated (139).  This ensures that membrane 

fusion only occurs between perinuclear virions and the ONM. Further regulating de-envelopment are 

UL20.5 and gK, proteins that interact with gB (140).  Mutant virus lacking the genes for these proteins 

accumulate virions in the perinuclear space while overexpression of gK in infected cells results in 

increased amount of virions in the perinuclear space compared to wild type cells (141–143). 

Curiously, deletion of HSV gB and gH results in only a three to five-fold decrease in enveloped 

particles reaching the cell surface compared to wild-type HSV (134, 139).  Therefore, an alternative 

mechanism for de-envelopment likely exists.  One possible mechanism could involve the NEC, as some 

of the perinuclear vesicles formed in cells transfected with the NEC were seen to fuse with the ONM (7).  

However, it is unlikely that UL31 or UL34 directly mediate fusion since they do not extend from the 

surface of the perinuclear virion, with the exception of five amino acids of UL34 (144).  Therefore, host 

proteins are likely involved in de-envelopment to some degree.  Regardless of the mechanism used, UL31 

and UL34 are not present in the mature extracellular virion and are retained within the ONM when de-

envelopment releases the capsid into the cytoplasm.  The NEC is then thought to separate and UL31 and 

UL34 independently re-enter the nucleus for recycling.  
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2.3  Us3 

Us3 is a serine/threonine protein kinase conserved amongst Alphaherpesviridae.  RnX(S/T)YY is 

the consensus target sequence of the PRV-Us3 homologue, where n is ≥2; X can be Arg, Ala, Val, Pro, or 

Ser; and Y can be any non-acidic amino acid residue (145). This sequence also appears to be the target of 

the HSV-2 Us3 homolog as its phosphorylation sites share this consensus sequence. Us3 has been 

suggested to play a critical role in HSV replication and pathogenicity, as catalytically inactive Us3 viruses 

have impaired growth in cell culture and reduced virulence, pathogenicity, and replication in mouse 

models (146).  Besides its role in nuclear egress, discussed in section 2.2.5, HSV-2 Us3 has roles in 

preventing virus-induced apoptosis, mediating the phosphorylation of histone deacetylases, cytoskeletal 

alterations, disruption of promyelocytic leukemia protein nuclear bodies (PML-NBs) and stimulating 

mRNA translation (137, 146–149).  

 

2.4 DNA repair 

In response to the constant challenges to genome integrity, our cells have evolved surveillance 

and repair systems to detect damaged DNA and signal its presence, thereby preventing transmission of 

genetic mutations.  Repair pathways respond to an array of DNA damages: DNA mismatches, base 

adducts, abnormal DNA bases, UV photoproducts, interstrand DNA, single strand DNA nicks and 

double-stranded DNA breaks (DSBs)(150). There are many DNA repair pathways including non-

homologous end joining (NHEJ), homologous recombination (HR), base excision repair (BER), 

alternative non-homologous end joining (A-NHEJ), and single strand annealing (SSA) (151).  This report 

will reveal that UL31 is quickly recruited to sites of laser microirradiation induced DNA damage.  The 
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DNA repair mechanisms investigated as possibilities for this recruitment were double stranded DNA 

repair and PARP mediated DNA repair pathways and thus are further discussed below.   

 

2.4.1 Initial DNA damage signal transduction 

Double stranded DNA break repair is a complex system that utilizes many sensors and amplifiers.  

Sensor proteins recognize the DSB with varying kinetics and include PARP1 (see section 2.5.3, below), 

the MRN complex, hSSB1 and Ku70 and Ku80 (Ku70-80) (Figure 2.6) (152).  During the initiation of 

DSB repair, MRE11, RAD50, and NBS1 (the MRN complex) bind to DSBs and facilitates the activation 

of ataxia telangiectasia mutated (ATM) (153).  ATM, a serine/threonine kinase, autophosphorylates itself, 

resulting in its activation, and subsequently phosphorylates numerous substrates in the surrounding 

chromatin.  One of these substrates is H2AX, an H2A histone variant that becomes γH2AX upon 

phosphorylation, one of the earliest markers of DSB signaling (154).  γH2AX then recruits MDC1 

(mediator of DNA damage checkpoint) that recruits additional MRN-ATM complexes resulting in the 

phosphorylation of H2AX more distal to the DSB (155).  MDC1 also recruits RNF8, which promotes 

ubiquination of an unknown target (156).  This ubiquination target is recognized by RNF168 which then 

initiates H2A and H2AX ubiquination and with the help of RNF8 forms ubiquitin chains (157, 158).  This 

overall signaling pathway leads to downstream phosphorylation of checkpoint kinase 2 (CHK2), p53 and 

CDC25, which triggers checkpoint activation and cell cycle arrest, allowing time for DNA repair (159).  

Depending on a variety of factors, one of the various methods of DSB DNA repair, described in detail 

below, is selected to repair the damage.   
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Figure 2.6 DSB repair processes 

Figure 2.6 DSB repair processes. (A) I) Exposure to ionizing radiation induces a DSB. II) Sensor 
proteins immediately recognize DSB including PARP1, which induces PARylation of PARP1 itself and 
DNA repair proteins. III) The kinases ATM and DNA-PKcs are recruited by the MRN complex and Ku80 
respectively. These kinases then autophosphorylate themselves and ATM also phosphorylates H2AX 
(γH2AX) close to the break site (H2AX containing nucleosomes shown in red) and MDC1 rapidly binds 
γH2AX. IV) MDC1 recruits more MRN-ATM complexes, which phosphorylate more distal H2AX, as 
well as RNF8, which promotes the ubiquination of an unknown target. This unknown target is recognized 
by RNF168, which initiates H2A and H2AX ubiquination. RNF8 and RNF168 then promote K63 
ubiquitin chain formation. Adapted from (156). (B) Recruitment kinetics of various DNA damage repair 
proteins. Adapted from (152).  
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2.4.2 Double stranded DNA repair 

Double stranded DNA breaks are the most deleterious form of DNA damage because they do not 

leave an intact complementary strand to be used as a template for repair.  HR and NHEJ are the first line 

of defense in response to a DSB (156).  NHEJ is the major repair pathway as it does not require a 

template but is therefore prone to introduction of errors (160).  In contrast, homologous recombination 

requires a sister chromatid sequence and is mainly used for error free repair of DSBs incurred during 

DNA replication.   After the DNA break is sensed and signal transduction has been activated, one of these 

pathways is chosen for DNA repair.  This selection depends on the chemical complexity of the breaks 

(HR preferred for extensive damage), the state of the chromatin and the stage of the cell cycle (HR prefers 

sister chromatid templates)(161–164).  The selection of which pathway is used is further mediated by the 

increased presence of p53-binding protein 1 (53BP1-RIF1) in NHEJ or breast cancer 1 (BRCA1) in HR 

(165).  If there are defects in HR and NHEJ, as seen during HSV infection, DSB repair can also switch to 

alternate mechanism known as alternative NHEJ or Single Strand Annealing.   

 

2.4.2.1 Non-homologous end joining 

NHEJ involves recognition of the damaged DNA ends, removal of non-ligatable groups, and 

ligation (Figure 2.7A) (160).  Ku70 and Ku80 (Ku70-80) act as the sensor proteins that bind to the DNA 

ends (166).  This results in the recruitment of DNA-dependent protein kinase catalytic subunits (DNA-

PKcs) which are autophosphorylated activating its nuclease function, and allowing for the removal of the 

break ends (167).  Finally, XRCC4-Ligase IV ligates the strands together resulting in break repair (168, 

169).  To select for NHEJ and prevent HR, 53BP1-RIF1 binds to the H4-K20me2 histone subunit that  
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Figure 2.7 Major methods of DSB repair 

Figure 2.7 Major methods of DSB repair. (A) Non-homologous end joining.  53BP1 and RIF1 are 
recruited via 53BP1 binding to H4-K20me2, preventing BRCA1 accumulation.  The XRCC4-LigIV-XLF 
complex promotes DSB ligation. (B) Homologous recombination. I) The BRCA1 complex binds to 
ubiquitin chains at the DSB leading to exclusion of 53BP1.  CtIP and the MRN complex initiate resection, 
creating ssDNA overhangs that are bound by hSSb1 and RPA and recruits ATR-ATRIP.  II) The BRCA1-
PALB2_BRCA2 complex recruits RAD51 to DSB, which then catalyze a homology search, strand 
invasion and subsequent DNA repair.  Adapted from (156). 
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prevents breast cancer 1 (BRCA1), a key enzyme in HR, from accumulating (165).  Interestingly, DNA-

PKcs as well as RNF8 and RNF168 are degraded by HSV-ICPO (170, 171).  By targeting these ligases, 

ICP0 causes a loss of ubiquination on H2A, prevents accumulation of activated DNA repair proteins and 

enhances viral fitness (171).  

 

2.4.2.2 Homologous recombination 

For homologous repair to occur after the initial signaling cascade, the MRN-complex and CtIP 

promotes HR by removing Ku70-80 from the double stranded DNA ends (Figure 2.7B) (172).  These 

proteins along with the helicase and nucleases then cause the resection of the ends into single stranded 

3’ends that are bound by the proteins hSSB1 and RPA (173, 174).  Subsequently, the BRCA1 complex 

binds to K63 ubiquitin chains near the DSB (165).  This leads to 53BP1 to be excluded from the region of 

the DSB, thereby allowing the BRCA1-PALB2-BRCA2 complex to displace RPA from the ssDNA 3’ 

tail.  The BRCA1-PALB2-BRCA2 complex finally stimulates the production of the RAD51 

nucleoprotein filament, which catalyzes the homology search and strand invasion (175).  This produces a 

structure known as the D-loop that allows the extension of the DNA by a DNA polymerase to restore lost 

information. 

 

2.4.2.3 Alternative non-homologous end joining 

Following the failure of classic NHEJ or HR, A-NHEJ can be used to repair the DNA damage 

(Figure 2.8A).  This process is highly mutagenic causing deletions and insertions at the DNA break due to 

its reliance on microhomology (~8 base pairs) to anneal the DNA strands (176).  Additionally, A-NHEJ 

has no built-in mechanism for restoring the DNA sequence in the vicinity of the DSB and can catalyze 
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Figure 2.8 Minor methods of DSB repair 

Figure 2.8 Minor methods of DSB repair.  (A) Alternative non-homologous end joining. Adapted from 
(177).  While much is unknown about this pathway, PARP1 acts as the sensor for the DNA break and 
works with the MRN complex, CtIP and BRCA1 to prepare the strand for either ligase1 (LIG1) or ligase3 
(LIG3)/ XRCC1. (B) Single strand annealing.  Upon recognition of the DSB the 3’ ends are recessed into 
ssDNA that are bound with Rad52.  Rad52 acts to find a homologous sequence within the DNA which are 
bound and the 3’ tails are removed by Ercc1/Ercc4(XPF) that then proceeds to ligate the strands. Adapted 
from (178). 
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the joining of unrelated DNA molecules.  In this pathway PARP1 acts as the sensor for DNA 

discontinuities (179).  In A-NHEJ, DNA end stabilization is thought to be provided by histone H1 but it is 

also possible that A-NHEJ might “backup” HR by acting on short resected ends produced during the latter 

process (180, 181).  While much about this pathway is unknown, the MRN complex, the Werner nuclease 

(WRN), CtIP and BRCA1 are all known to play functional roles (182, 183).  It has been proposed that 

either ligase1, ligase3/ XRCC1, or both, are responsible for the ligation of the strands (184, 185).  

 

2.4.2.4 Single stranded annealing 

SSA is a recombinational, error-prone mechanism of DSB repair, which requires large 

homologous DNA sequences of approximately 200 base pairs in order to anneal strands (Figure 2.8B) 

(186).  The decision of cells to repair DSBs by SSA as opposed to HR is due to the absence of Rad54, as 

Rad54 function favours HR (187).  Similar to HR, the first step of repair involves creating recessed DNA 

ends, however Rad52 proteins bind the ssDNA as opposed to Rad51 used in HR (188).  Next, the single-

strand DNA 3’ ends pair their large homologous sequence. ERCC1 and ERCC4 (aka XPF) then form an 

endonuclease that cleaves the nonhomologous 3’ tails and fills in the gaps (178).  This results in a 

recombination product that contains one copy of the homologous sequence, with the region between the 

two homologous sequences forming 3’ tails and being deleted.  While NHEJ, A-NHEJ and HR are all 

decreased during HSV infection, SSA is upregulated suggesting its importance during HSV infection 

(95). 
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2.4.3 Poly ADP-ribosylation 

Poly(ADP-ribose) (PAR) is a polymer of ADP ribose subunits synthesized by PAR polymerases 

(PARPs) using NAD+ as a substrate (Figure 2.9)(17).  Poly(ADP-ribosyl)ation (PARylation), the 

covalent attachment of  PAR to proteins via Glu, Asp and Lys residues, can range from two to 

approximately 200 ADP-ribose units in length.  These polymers may be linear or branched depending on 

the PARP catalyzing the polymerization reaction.  Seventeen PARPs have been identified in the human 

genome, however, the precise functions of many of these enzymes remains obscure. PARylation of 

proteins occurs rapidly, yet transiently, in response to a variety of cellular stresses and can be reversed 

through the action of enzymes such as PAR glycohydrolase (PARG) and ADP-ribosyl-acceptor 

hydrolases (ARH) (189). PARG is the primary enzyme responsible for catalyzing the hydrolysis of bonds 

between ADP-ribose residues. ARH, on the other hand, cleaves the linkage fusing the first ADP-ribose to 

the target protein, returning it to its unmodified form.  Instead of PARylation, many PARP subtypes 

attach single ADP-ribose subunits to a protein for a variety of reasons, including the inhibition of protein-

protein interactions and targeting proteins for ubiquination and degradation (17).   

Three PARPs, PARP1, PARP2 and the lesser studied PARP3, function as sensors of DNA 

damage (18, 190).  PARP1 is activated by different types of lesions including single-strand breaks, DNA 

crosslinks, stalled replication forks and DSBs, PARP2 has been proposed to recognize gaps and flap 

structures in DNA, and PARP3 more selectively binds DSBs (190).  Upon direct binding to damaged 

DNA these PARPs undergo auto-PARylation, which coincides with PARylation of other proximal 

proteins.  The resulting foci of PARylated proteins serve as a platform for the recruitment of additional 

PAR binding proteins involved in the coordination and execution of DNA repair, with PARP1 being most 

involved with base excision repair.  PAR-binding motifs are found in Ku70, DNA-PKcs, MRE11, ATM 

(see Section 2.5.1) and XRCC1, the last of which is involved in end processing, gap filling, and ligation 
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Figure 2.9 PARylation cycle 

Figure 2.9 PARylation cycle. I) The enzyme poly(ADP-ribose) polymerase (PARP), in response to DNA 
damage, converts NAD+ into ADP-ribose and nicotinamide and transfers the ADP-ribose onto the target 
protein.  II) PARP continues to attach repeating units of ADP-ribose synthesizing linear chains (up to 200 
units) with branching every 20-50 residues known as poly(ADP-ribose) (PAR). III) ADP-ribose residues 
can be removed by the enzyme PAR glycohydrolase (PARG). Adapted from (191). 
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during BER (192).  PARP1 also plays a significant role in nucleoli where substantial amounts of PARP 

and PAR are located (193).  Disruption of PARP1 enzymatic activity caused nucleolar disintegration and 

aberrant localization of nucleolar-specific proteins (193).  Furthermore, PARP1 is involved in controlling 

precursors to rRNA processing and ribosome assembly. 

While less studied, an array of functions have been attributed to other PARP subtypes. For 

example, tankyrase (TNKS)1 and TNKS2 share functions in antagonizing Wnt signaling, maintaining 

telomere length and vesicle trafficking (194–196).  Furthermore, it would appear some PARPs have 

antiviral functions as overexpression of PARP13 (aka ZAP) has been shown to restrict replication of 

several viral families including promoting latency, as opposed to lytic infection in herpesviruses (197).  

Recently, analysis of the PARP genes of different primates indicate that PARPs 4,9,14 and 15 as well as 

PARP13 are rapidly evolving under positive selection (198).  Positive selection is typical of domains that 

are locked in antagonistic “arms races” with viral factors indicating a potential role as antivirals for these 

PARPs. 

Two HSV proteins are known to be modified by PARylation, ICP4 and VP22 (199, 200).  ICP4 is 

an essential transcriptional regulator and VP22, a major tegument protein.  VP22a is produced when 

VP22 is modified by PARylation, VP22a localizes to the nucleus unlike non-PARylated VP22 which is 

primarily found in the cytoplasm (200). 

Recent studies suggest that PARylation is both stimulated and stabilized in HSV-1 infected cells 

(201). Metabolomics studies of HSV-1 infection demonstrated a precipitous decline in cellular NAD+ 

levels in HSV-1 infected cells that was dependent on active viral DNA replication (201, 202). The drop in 

NAD+ levels was accompanied by robust PARylation of proteins in infected cells and could be prevented 

by pharmacological inhibition of PARP1, PARP2 and PARP3 (PARP1/2/3) (201). Notably, the HSV-1 

ICP0 protein promotes proteasome-mediated degradation of the 111 kDa PARG isoform (201), which 
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would be predicted to prolong the stability of PARylated species in infected cells.  While PARylation was 

mainly due to the activities of PARP1/2/3, specific inhibition of these enzymes had no measurable effect 

on HSV-1 replication. However, it is noteworthy that the replication of a variety of herpesviruses is 

influenced by PARPs. Li and colleagues demonstrated that the PARP activities of TNKS1 and TNKS2 

are required for efficient HSV-1 replication (96) and that HSV-ICP0 relocated TNKS1 and TNKS2 to the 

nucleus during infection.  In contrast, global inhibition of PARP activity correlated with increased latent 

virus genome replication for the gammaherpesviruses EBV and KSHV (203, 204).   In a study aimed at 

identifying cellular and viral factors associated with replicating viral DNA both UL31 and PARP1 were 

identified (114).   

 

2.5 Research Rationale: HSV-2 is recruited to sites of laser microirradiation 

We previously observed that EGFP tagged HSV-2 UL31 protein was efficiently recruited to sites 

of laser induced microirradiation (Figure 2.10).  While performing fluorescence recovering after 

photobleaching (FRAP) experiments, in which regions of the nuclei of HeLa cells transfected with EGFP-

UL31 were microirradiated with a 405nm laser, EGFP-UL31 was recruited to regions of microirradiation.  

This contrasts with what was seen with EGFP alone where no preferential recruitment to sites of nuclear 

microirradiation in the nuclei of cells was observed.  It was hypothesized that this recruitment to sites of 

microirradiation would occur in infected cells and that this activity played a significant role during HSV-2 

infection.  As 405nm laser exposure has been shown to result in DNA damage (205) it was further 

hypothesized that UL31 could be recruited to sites of microirradiation due to the DNA damage occurring 

there.  If UL31 was recruited to DNA damage, it was hypothesized that this recruitment may function in  

viral genome replication and/or genome packaging functions that have been ascribed to UL31 (13).  It  
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Figure 2.10: UL31 accumulates at sites of laser microirradiation 

Figure 2.10: UL31 accumulates at sites of laser microirradiation. Cells were transfected with EGFP 
(n=22) or EGFP-UL31 (n=20). Images were taken immediately before, immediately after, and 30 seconds 
after the areas indicated by the arrowheads were microirradiated with a 405 nm laser for 3 seconds.  The 
graphs display quantitation of the average fluorescence intensity of the microirradiated areas (Bleach), as 
well as distal control areas. Error bars are standard error of the mean.  See section 3.5 for additional 
details. 
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was anticipated that this novel function of UL31 would play an important role in the viral replication 

cycle and could potentially serve as a target for future antiviral therapies. 
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Chapter 3 

Materials and Methods 

3.1 Cell Lines 

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

stably expressing EGFP-UL31 (HeLa/EGFP31), murine L fibroblast cells stably expressing EGFP (L-

EGFP), and life-extended human diploid foreskin fibroblasts (T12) were maintained in Dulbecco’s 

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

streptomycin, and 1% GlutaMax and grown at 37°C in a 5% CO2 environment.  Additionally, 

HeLa/EGFP31 cells were maintained in 400µg/ml G418 and L-EGFP cells were maintained in the 

presence of 5 µg/ml puromycin (InvivoGen, San Diego, CA, USA) as described previously (206). 

 

3.2 Plasmids 

Various HSV-2 UL31 or UL31 ortholog expression plasmids were used in this study (Figure 3.1).  

EGFP-WTUL31, constructed by Kristen Piche, drives the expression of wild type UL31 with EGFP fused 

to its N-terminus.  WTUL31-EGFP contains EGPF being fused to the C-terminus of WTUL31. To 

construct WTUL31-EGFP, PCR utilizing a forward primer 5’- GATCAGATCTATGTATGACATCGCC 

CCCCG-3’ and reverse primer 5’-GATCGAATTCGCGGCGGAGGAAACTCGTCGAA-3’ were used to 

amplify the UL31 gene using EGFP-UL31 as a template.  The product was digested with EcoRI and BglII 

and ligated into similarly digested pEGFP-N1 (Clontech).  The UL31 mutants: ΔCR1, and N63, were 

constructed by Thomas Hay and the Δ45 mutant was constructed by Renée Finnen, all of which have 

EGFP fused to their N-termini.  ΔCR1 is UL31 lacking the CR1 region required for UL31 interaction 



 

 

 41 

 

 

Figure 3.1 EGFP-tagged HSV2-UL31 constructs 

Figure 3.1 EGFP-tagged HSV2-UL31 constructs. A series of EGFP tagged UL31 constructs and 
mutants were built.  EGFP-WTUL31 and WTUL31-EGFP are wild types version of UL31 with EGFP 
tagged to the N-terminus and C-terminus respectively.  Myc-WTUL31 is produced from the Myc-31 
∆21R HSV-2 virus and has a Myc-tag fused to its N-terminus.  The mutants: ΔCR1, Δ45, N63, all have 
EGFP fused to their N-termini.  ΔCR1 is lacking the CR1 region which allows for UL31/UL34 
interaction (127).  Δ45 is lacking the N-terminal 45 amino acids of UL31 whereas N63 consists of solely 
the N-terminal 63 amino acids of UL31. The sequence of the N-terminal 63 amino acid is shown. 
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with UL34 (127).  Δ45 is UL31 lacking the N-terminal 45 amino acids of UL31 whereas N63 consists of 

solely the N-terminal 63 amino acids of UL31. Wild type HSV-2 Us3 (WTUs3), kinase dead HSV-2 Us3 

(KDUs3), and HSV-2 ICP0 expressed in pCI-neo plasmids were constructed by Renée Finnen.  Craig 

McCormick and Eric Pringle, Dalhousie University, provided KSHV DNA and Karen Mossman, 

McMaster University, provided HCMV DNA that served as templates for the construction of EGFP-

ORF69 and EGFP-UL53 expression plasmids built by Renée Finnen.  The pNBS1-2EGFP expression 

plasmid was provided by Jiri Lukas, University of Copenhagen (207) and the plasmid pDEST47 

containing the gene for the macro domain H2A1.1 fused to EGFP was provided by Andrew Jefferson and 

Ivan Ahel, University of Oxford (208). 

 

3.2.1 Plasmid transfection 

For fluorescent and indirect immunofluorescence microscopy, HeLa cells growing on glass 

bottom dishes or glass bottom dishes etched with alphanumeric grids (MatTek, Ashland, MA) were 

transfected.  DMEM (+10% FBS, 1% penicillin/streptomycin, 1% GlutaMAX) was replaced with Opti-

MEM reduced serum medium (Invitrogen, Burlington ON) approximately 20 minutes prior to 

transfection.  For transfections and co-transfections, a transfection cocktail was prepared consisting of 

1µg of total plasmid DNA, 3µl of X-tremeGENE HP DNA Transfection Reagent (Roche, Laval, QC) and 

Opti-MEM to 100µl.  This transfection cocktail was then mixed for approximately 20 seconds and 

incubated at room temperature for 15 minutes.  The 100µl transfection cocktail was then added to the 

cells growing in Opti-MEM, which were then incubated at 37°C in a 5% CO2 environment overnight. 
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3.3 Viruses 

Wild type HSV-2 (WT) strains 186 and HG52, and Myc-tagged UL31, UL21 repair HSV-2 

(Myc-31 Δ21R) were propagated and titered on Vero cells. When making virus stocks, free virus and 

infected cell lysates were collected and stored at -80°C. 

 

3.3.1 Infecting cells with HSV-2 

To infect cells, HSV-2 aliquots were thawed at 37°C, and subsequently exposed to ten 1-second 

pulses in a cup horn sonicator at 4°C to disperse aggregated viral particles.  Aliquots were then 

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

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

inoculum was then removed, cells treated with low pH citrate buffer (40nM sodium citrate, 10mM KCl, 

135mM NaCl, pH 3.0) for 2 minutes to deactivate remaining extracellular virus, and fresh medium added.  

Cells were then incubated at 37°C in a 5% CO2 environment until the indicated hour post infection (hpi) 

when free virus and infected cell lysates were collected, or further experiments were performed on the 

infected cells.   

 

3.3.2 Titration of HSV-2 stocks 

To titer HSV-2 stocks, the virus sample was thawed at 37°C and subsequently exposed to ten 1-

second pulses in a cup horn sonicator at 4°C to disperse aggregated viral particles.  Samples were then 

centrifuged at 956 xg for 3 minutes at 4°C to pellet cellular debris.  Supernatants then underwent a 10-

fold serial dilution ranging from the undiluted stock to a 1 X 105 dilution.  Confluent Vero cell 
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monolayers growing in 6-well dishes were subsequently incubated with 100µl of inoculum for 1 hour at 

37°C in a 5% CO2 environment.  Dishes were rocked every 15 minutes for the duration of incubation to 

prevent the cell monolayer from drying out.  The inoculum was then aspirated and replaced with 2ml of 

DMEM/1% methocel supplemented with 2% FBS and 1% penicillin-streptomycin, and cells were 

incubated at 37°C in a 5% CO2 environment for 72 hours.  Cells were then fixed and stained with 0.5% 

methylene blue in 70% methanol at 3 days post-infection.  All plaque assays were carried out in duplicate.  

Plaques were counted and the number of plaque forming units per milliliter (pfu/ml) present in the 

undiluted stock calculated. 

 

3.4 Antibodies 

For indirect immunofluorescence microscopy, chicken polyclonal antiserum against HSV-2 UL34 

was used at a dilution of 1:200; mouse anti-phospho-Histone H2A.X monoclonal antibody (EMD 

Millipore, Billerica, MA) which stains for γH2AX was used at a dilution of 1:500; rabbit anti-ATM 

(phospho S1981) monoclonal antibody (Abcam, Cambridge, MA) was used at a dilution of 1:100; mouse 

anti-PAR polymer clone 10H monoclonal antibody (Tulip Biolabs, Lansdale, PA) was used at a dilution 

of 1:100; rat polyclonal antiserum against HSV-2 ICPO (Santa Cruz Biotechnology, Santa Cruz, CA) was 

used at a dilution of 1:100; mouse anti-PARP-1 monoclonal antibody (DSHB, Iowa City, IA); rabbit anti-

myc (Sigma, Oakville, ON) was used at a dilution of 1:100.  Alexa Fluor 568 conjugated goat anti-

chicken, Alexa Fluor 568 conjugated donkey anti-mouse, Alexa Fluor 568 conjugated goat anti-rabbit, 

Alexa Fluor 647 conjugated donkey anti-mouse, and Alexa Fluor 647 chicken anti-rat (Molecular Probes, 

Eugene, OR) were all used at a dilution of 1:500.  For Western blot and dot blot analyses mouse 

monoclonal EGFP antibody (Clontech Laboratories, Mountain View, CA) was used at a dilution of 
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1:1,000; mouse anti-PAR polymer Clone 10H monoclonal antibody were used at dilutions of 1:100; 

horseradish peroxidase (HRP)-conjugated goat anti-mouse (Sigma, Oakville, ON) were used at a dilution 

of 1:10,000. 

 

3.5 Fluorescence recovery after photobleaching (FRAP) assays 

HeLa cells growing in glass bottom dishes were transfected with a total of one µg of plasmid 

DNA as indicated above (section 3.2.1).  16 hours after transfection, the medium was replaced with warm 

DMEM (lacking phenol red+10% FBS) and the cells were mounted onto an Olympus FV1000 confocal 

microscope and maintained at 37°C in a humidified 5% CO2 environment.  Transfected cells were 

identified using a 60X(1.42NA) oil immersion objective and a 488 nm laser line set at 5% power.  Images 

(512 by 512 pixels with a digital zoom factor of 6) were collected at a rate of one frame every 3 seconds 

for 40 frames total with the exception of the rate of recruitment experiment where images were collected 

one frame every 5 seconds for 100 frames.  Five frames were collected before a defined region of the 

imaged cells was microirradiated by repeated scanning with a 405 nm laser set at 100% power for a total 

of 3 seconds.  Before, during, and after microirradiation, fluorescence intensities in irradiated and non-

irradiated control regions were measured using Olympus Fluoview software version 1.7.3.0.  Data were 

exported into Microsoft Excel for graphical presentation and composites of representative images were 

prepared using Adobe Photoshop (Figure 3.2).  For HSV-2 infected HeLa/EGFP-UL31 cells, similar 

procedures were used except cells were imaged 5 hours after being infected with WT HSV-2 at an MOI 

of 0.1. 
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Figure 3.2 FRAP composites, graphical readout & Δmax  

Figure 3.2 FRAP composites, graphical readout & Δmax. During a FRAP experiment a region of the 
nucleus of an EGFP-tagged protein transfected cell is photobleached through microirradiation with a 
405nm laser for 3 seconds.  Protein from the remainder of the nucleus then diffuses into the 
photobleached region until a new equilibrium is established.  Composite images shown will be from 
immediately before (A), immediately after (B) and 30 seconds after (C) the laser microirradiation event.  
A graphical representation of a FRAP experiment is also shown with the x and y-axis representing time 
and % of initial florescence respectively.  The lines represent the region of the cell that was 
microirradiated (Bleach) and a region within the same nuclei that was not microirradiated (Control). We 
define Δmax as the largest positive difference between the fluorescence intensity of the Bleach and 
Control areas over the course of the experiment. Adapted from (209). 
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3.5.1 Correlative microscopy 

Cells growing on glass bottom dishes etched with an alphanumeric grid were transfected as 

described above.  FRAP assays were then performed on 2-4 cells within a specific quadrant of the grid.  

These assays used the same parameters as in the FRAP assays described in section 3.5 with the exception 

that three frames were collected before microirradiation, at a rate of one frame per second, with a total of 

5 frames being captured.  Immediately after the last cell was microirradiated, cells were washed twice 

with PBS then fixed in 4% para-formaldehyde/PBS in preparation for indirect immunofluorescence 

microscopy (section 3.5.2).  After staining, cells that were subjected to FRAP assays were re-located 

using the alpha-numeric grid and additional images were acquired using an Olympus FV1000 confocal 

microscope using a 60X (1.42NA) oil immersion objective, a digital zoom factor of 6 and Fluoview 

software version 1.7.3.0.  Composites of representative images were prepared using Adobe Photoshop 

software. 

 

3.5.2 Indirect immunofluorescence microscopy  

Transfected or infected HeLa cells grown on glass bottom dishes were washed three times with 

PBS then fixed in 4% para-formaldehyde in PBS at room temperature for 15 minutes.  Fixed cells were 

then washed twice with PBS and stored in PBS containing 1% BSA (PBS+BSA).  Cells were 

permeabilized with PBS+BSA containing 0.1% Triton X-100 for 3 minutes, washed three times with 

PBS+BSA and incubated in the presence of primary antibody diluted in PBS+BSA for 45 minutes at 

room temperature.  Cells were again washed three times with PBS+BSA before the appropriate Alexa 

Fluor-conjugated secondary antibody diluted in PBS+BSA was applied for 30 minutes at room 

temperature.  To visualize the nuclei of cells, cells were washed in PBS and were stained with 0.5µg/ml 

Hoechst 33342 (Sigma, St. Louis, MO) in PBS for 7 minutes.  Stained cells were then washed twice in 
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PBS and stored in PBS+BSA at 4°C.  Images of stained cells were acquired using an Olympus FV1000 

confocal microscope using a 60X (1.42-numerical-aperture) objective, a digital zoom factor of 6 and 

Fluoview software version 1.7.3.0.  Composites of representative images were prepared using Adobe 

Photoshop software. 

 

3.5.3 Determining Δmax and AreaRecruit/AreaRad 

To gauge the ability of recombinant EGFP proteins to be recruited to sites of DNA damage 

during microirradiation experiments, Δmax values were calculated.   We define Δmax as the maximum 

positive difference between the fluorescence intensity of the microirradiated region and a control region 

within a cell nucleus (Figure 3.2). We define area of recruitment (AreaRecruit) /area of radiation (AreaRad) 

as the ratio between the area of the region of protein recruitment and the initial ROI that was 

microirradiated (Figure 4.8). Comparisons of Δmax and AreaRecruit/AreaRad values were made utilizing 

unpaired t-tests with unequal variance. 

 

3.6 Inhibitors  

To inhibit ataxia telangiectasia mutated (ATM) kinase, cells were treated with 10µM KU-55933 

(EMD Millipore, Billerica, MA) 2 hours prior to imaging experiments (210).  To inhibit PARP1/2/3, cells 

were treated with 10nM olaparib (LC Laboratories, Woburn, MA) two hours prior to imaging 

experiments(211)pa.  Cells were treated with 10nM of olaparib 2 hours prior to infection, the inoculum 

adjusted to 10nM olaparib as was the medium used to replace the inoculum after the 1-hour incubation 

with virus.  To inhibit PARG, cells were treated with 1µM 6,9-diamino-2-ethoxyacridine lactate 
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monohydrate (DEA) (amsbio LLC, Cambridge, MA) two hours prior to imaging experiments (212). 

Control samples in these experiments received an equivalent amount of DMSO (0.1% final).   

 

3.7 Purification of EGFP fusion proteins 

A GFP-Trap kit (Chromotek, Hauppauge, NY) was used to purify EGFP and EGFP-UL31 from 

L/EGFP cells or HeLa/EGFP-UL31, respectively.   Confluent cells growing on 150mm dishes were 

washed once with 20ml cold PBS then scraped into 3ml of cold PBS.  The following steps were then 

performed on ice or at 4°C. Cells were centrifuged at 500xg for 3minutes, washed twice in PBS, and 

resuspended in 200µl of lysis buffer (10mM Tris/Cl pH 7.5, 150mM NaCl, 0.5mM EDTA, 0.5% NP-40, 

1mM PMSF, protease inhibitor cocktail (Roche, Laval, QC)).  Lysates were then placed on ice for 30 

minutes and were pipetted to mix every 10 minutes.  At the end of this incubation, lysates were 

centrifuged at 20,000xg for 10 minutes.  The supernatant was then transferred to a pre-chilled tube the 

volume was adjusted to 500µl with dilution buffer (10mM Tris/Cl pH 7.5, 150mM NaCl, 0.5mM EDTA, 

1mM PMSF, protease inhibitor cocktail). GFP-Trap beads (30µl) were washed twice and then 

resuspended in dilution buffer (500µl each with 2,500xg centrifugation for 2 minutes between to re-

pellet).  The cell lysate supernatant was then mixed with the GFP-trap beads and put on a nutator for 2 

hours at 4°C before being centrifuged at 2,500xg for 2 minutes.  Beads were then washed three times with 

500µl dilution buffer with 2-minute 2,500xg centrifugation steps between each wash.  The GFP Trap 

beads were then transferred to a new tube and EGFP tagged proteins were eluted in 50µl of 0.2 M glycine 

pH 2.5 by mixing this elution buffer with the beads for 30 seconds followed by centrifugation at 2,500xg 

for 2 minutes to pellet the beads.  The supernatant was then transferred to a fresh tube and neutralized by 

adding 5µl of Tris pH 10.4.  EGFP-tagged proteins were stored at -20°C.  
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3.7.1 Western Blot 

To estimate the relative concentration of proteins a Western blot was performed.  A portion of the 

purified proteins was added to the appropriate volume of 3xSDS-PAGE loading buffer added to achieve a 

final concentration of 1xSDS-PAGE loading buffer and were boiled for 5 minutes. Proteins were 

separated on a 10% SDS-PAGE gel run at 180V for 85 minutes and then transferred to polyvinylidene 

fluoride (PVDF) membranes (Millipore, Billerica, MA) at 15V for 30 minutes.  Membranes were 

subsequently blocked with Tris-buffered saline (TBS) containing 0.05% Tween-20 (TBST) and 3% BSA 

overnight at 4°C.  After blocking, the membranes were probed for 1 hour at room temperature with 

appropriate dilutions of primary antibody diluted in TBST+ 1%BSA, washed three times in TBST, 

incubated for 30 minutes at room temperature with the appropriate dilutions of horseradish peroxidase-

conjugated secondary antibody diluted in TBST 1% BSA and then washed three times in TBST. 

Membranes were treated with Pierce ECL Western blotting substrate (Thermo Scientific, Rockford, IL) 

and exposed to film.  

 

3.7.2 Dot blot analysis 

For dot blot analyses (213), purified proteins were diluted into a volume of 170µl of TBST and 

transferred onto a PVDF membrane in duplicate using a vacuum manifold.  The samples were air-dried, 

washed three times in TBST followed by a one-hour incubation in TBST.  One set of samples was 

incubated with 250nM PAR polymer (amsbio, Cambridge, MA) for one hour at room temperature, 

washed 3 times in TBST then both sets of samples were blocked in TBST/3% BSA for 1 hour at room 

temperature. Blocked membranes were then probed and visualized using the same methods as seen above 

(section 3.7.1) with one membrane being probed for EGFP and the other for PAR.   
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Chapter 4 

Results 

4.1 UL31 recruitment to sites of laser microirradiation in HSV-2 infected cells 

To determine whether HSV-2 UL31 was recruited to sites of laser microirradiation in virally 

infected cells, HeLa cells stably expressing EGFP-UL31 (HeLa/EGFP31) and growing on glass bottom 

dishes etched with alphanumeric grids were infected with WT HSV-2.  This was done to address the 

technical challenges that came from performing FRAP experiments on virally infected cells.  One of these 

challenges was that at approximately 6 hpi, margination of cellular chromatin occurs.  This is problematic 

as different levels of recruitment of UL31 might occur depending if cellular chromatin or the viral 

replication compartments are microirradiated.  In contrast, prior to 6 hpi little UL31 has been synthesized 

by the infected cell leading to difficulties in the detection of UL31.  HeLa/EGFP31 cells helped eliminate 

this second issue as they express levels of EGFP-UL31 that are readily detected in live cells.  This method 

also allowed infected cells to be identified, as during infection production of UL34 facilitates the re-

localization of a fraction of EGFP-UL31 to the INM.  A time point of 5 hpi was chosen because at this 

time in infection, sufficient UL34 levels had been produced to identify infected cells by the recruitment of 

UL31 to the nuclear membrane, but UL34 levels remained low enough that sufficient UL31 remained in 

the nucleoplasm to enable the execution of FRAP experiments. Upon laser microirradiation of infected 

cell nuclei, EGFP-UL31 was recruited to irradiated sites with a modestly, but significantly, lower amount 

than that seen in uninfected HeLa EGFP-UL31 (Figure 4.1). To confirm that these cells were infected, 

cells upon which FRAP experiments were performed were immediately fixed and stained for UL34 

(Figure 4.1A).  The alphanumeric grid etched into the dishes allowed for the microirradiated cells to be 

relocated after immunohistochemistry.  To simplify the quantification of the data, Δmax values were 
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Figure 4.1 UL31 is preferentially recruited to sites of laser microirradiation in HSV-2 infected cells 

Figure 4.1 UL31 is preferentially recruited to sites of laser microirradiation in HSV-2 infected cells.  
(A) HeLa/EGFP31 cells were infected with HSV-2 at an MOI of 0.1 at 5 hpi.  Images from before 
irradiation (indicated by arrowheads) and immediately after irradiation with a 405 nm laser for 3 seconds 
were taken. Cells were then immediately fixed and stained for UL34. Cells that had been irradiated were 
then relocated and additional images were taken (Fixed Cells). (B) Quantitative analysis of UL31 
recruitment to sites of laser microirradiation. N=19 for infected cells in two independent experiments, n= 
5 for uninfected cells. Using an unpaired t test the Δmax of UL31 in uninfected HeLa/EGFP31 cells was 
compared to the Δmax of HSV-2 infected HeLa/EGFP31 cells (* p <0.05). See sections 3.3 & 3.5 for 
additional details. 
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calculated for infected and uninfected cells (Figure 4.1B).  We define Δmax as the maximum positive 

difference between the fluorescence intensity of the microirradiated region and a control non-

microirradiated region within the same nucleus (Figure 3.2).  These findings indicate that EGFP-UL31 

can be recruited to sites of laser microirradiation in HSV-2 infected cells, although to significantly lower 

levels than in uninfected cells. 

 

4.2 Identifying the region of UL31 responsible for its recruitment to sites of laser 

microirradiation 

To determine which regions of UL31 were needed for UL31 recruitment to sites of laser 

microirradiation, several expression constructs and UL31 mutants were prepared (Figure 3.1).  The first 

of these was UL31-EGFP, which consists of wild-type UL31 with GFP fused to its C-terminus as 

opposed to EGFP-UL31 in which EGFP is fused to its N-terminus.  UL31-EGFP is recruited to sites of 

laser microirradiation to a lesser extent than EGFP-UL31 (Figure 4.2).  However, as it is still 

preferentially recruited to sites of laser microirradiation it can be concluded that N-terminal tagging of 

UL31 is not required for this activity.  

 

4.2.1 Recruitment of UL31 to sites of microirradiation is independent of its ability to interact with 

UL34 

The first EGFP-UL31 mutant that was tested was ΔCR1 that consists of EGFP-UL31 lacking the 

CR1 region.  The CR1 region (residues 59-126) is the portion of UL31 that contains the UL34 binding 

domain.  While the ΔCR1 mutant was unable to bind UL34 (data not shown), it retained the ability to be 
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Figure 4.2 Mutant UL31 recruitment to sites of laser microirradiation 

Figure 4.2 Mutant UL31 recruitment to sites of laser microirradiation. HeLa cells expressing either 
WT, ΔCR1, Δ45, N63 EGFP-UL31 fusions or a WTUL31-EGFP fusion were subjected to FRAP (see 
Figure 3.1 for constructs).  Images are from immediately before, immediately after and 30 seconds after 
bleaching. The graphs display time against percentage of initial fluorescence intensity in multiple cells 
(n≥ 8 per condition) of the microirradiated areas (Bleach), as well as distal control areas. Error bars 
represent the standard error of the mean (SEM).  See section 3.5 for additional details. 
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recruited to sites of laser microirradiation (Figure 4.2).  This indicates that the ability of UL31 to be 

recruited to these sites is independent of its ability to interact with UL34.   

 

4.2.2 Recruitment of UL31 is dependent on the N-terminus of UL31 

The final EGFP-UL31 mutants that were tested were Δ45 and N63 which are composed of 

EGFP-UL31 lacking the N-terminal 45 amino acids of UL31 and the N-terminal 63 amino acids of UL31 

alone, respectively (Figure 4.2).  Δ45 was not recruited to sites of laser microirradiation whereas N63 was 

efficiently recruited to these sites.  The Δ45 mutant maintained the ability to be recruited to the INM by 

UL34.  These data indicate that the N-terminus of UL31 is both necessary and sufficient for UL31 

recruitment to sites of laser microirradiation.  The N-terminal 63 resides of HSV-1 UL31 contain several 

noteworthy features, likely conserved in HSV-2 UL31, including serine residues that are known to be 

phosphorylated by the serine/threonine kinase, Us3 (12),  a nucleotydilation site (214),  and a nuclear 

localization signal (124, 215).  It was observed that the Δ45 mutant displayed increased cytoplasmic 

localization likely due to the removal of the aforementioned nuclear localization signal.  It was also 

discovered that while WTUL31 has an even distribution throughout the nuclei of cells, Δ45 appears to be 

excluded from the nucleoli of cells whereas N63 is expressed at higher levels in the nucleoli than the rest 

of the nucleus.  Thus the N-terminus of UL31 contains sequence allowing the protein to localize to the 

nucleoli as well as the sequence that allows for UL31 recruitment to sites of laser microirradiation. 

 

4.2.3 UL31 localization to sites of microirradiation is negatively regulated by Us3 

The N-terminus of UL31 contains seven serine residues thought to be phosphorylated by HSV-2 

serine/threonine kinase Us3 (12).  To determine whether this phosphorylation had a regulatory effect on 
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UL31 recruitment to sites of laser microirradiation, HeLa cells were co-transfected with UL31 and either 

wild-type active kinase Us3 (WTUs3) or a kinase dead Us3 (KDUs3).  FRAP experiments were 

performed on these transfected cells (Figure 4.3A).  To quantify the results of these FRAP assays, the 

Δmax (Figure 3.2) was calculated for EGFP tagged UL31, NBS1 (a DSB repair protein) and the H2A1.1 

macro domain (a PAR-binding protein) with both WTUs3 and KDUs3 (Figure 4.3B).  For all proteins 

tested, the presence of WTUs3 caused a significant decrease in their ability to be recruited to laser 

microirradiated sites compared to KDUs3.  Interestingly, WTUs3 also prevented UL31 from localizing to 

the nucleoli of cells whereas with KDUs3 UL31 was present in nucleoli at similar levels to the rest of the 

nucleus.  Therefore, Us3 prevented UL31 recruitment to sites of laser microirradiation as well as UL31 

localization to nucleoli similar to what was seen with the Δ45 mutant.  However, as other proteins that are 

recruited to sites of laser microirradiation also had their recruitment inhibited it is possible that the 

inhibition is the result of the phosphorylation of a cellular protein rather than due to the phosphorylation 

of UL31 itself.  

 

4.3 UL31 is recruited to sites of DNA damage  

4.3.1 DNA damage is being caused by laser microirradiation  

As intense 405nm laser microirradiation causes DNA damage, including both single and double 

stranded breaks (205), we hypothesized that UL31 was being recruited to sites of DNA damage. Cells on 

alpha-numeric grid bottom dishes were microirradiated as described above and were then immediately 

fixed and stained for γH2AX (Figure 4.4), an excellent marker for double-stranded DNA damage (154).  

Relocating the cells that had been irradiated using the alphanumeric grid revealed that γH2AX co-

localized with UL31 at the microirradiation site (Figure 4.4).  These data are consistent with the idea that  
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Figure 4.3 The effect of kinase active Us3 on the recruitment of UL31 to sites of laser microirradiation 

Figure 4.3 The effect of kinase active Us3 on the recruitment of UL31 to sites of laser 
microirradiation.  (A) HeLa cells co-expressing EGFP-UL31 with either wild type Us3 (WTUs3) or 
kinase dead Us3 (KDUs3) were subjected to FRAP (arrowheads).  Images are from immediately before, 
immediately after and 30 seconds after microirradiation. Arrows denote the location of nucleoli. (B) The 
Δmax of UL31, NBS1 and H2A1.1 macro domain with and without active Us3. FRAP experiments were 
performed and a Δmax was calculated for each construct (n≥14). Error bars represent standard error of the 
mean.  (** p<0.01, *** p<0.001).  See section 3.5 for additional details. 
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Figure 4.4: DNA damage is present at sites of laser induced microirradiation 

Figure 4.4: DNA damage is present at sites of laser-induced microirradiation.  Images of a live HeLa 
cell transfected with EGFP-UL31 on a grid-bottom dish immediately before, and immediately after the 
area within the white circle was microirradiated (left panels).  Cells were immediately fixed and stained 
for γH2AX, a marker of DNA damage (right panels).  Cells were then relocated and images were taken of 
the fixed cells.  See subsection 3.5.1 for additional details. 

 

 

 

 

 

 

 

 

 



 

 

 59 

UL31 is recruited to sites of microirradiation due to the DNA damage induced at these sites.  However, 

further studies were required to discover exactly how UL31 was recruited. 

 

4.3.2 UL31 recruitment to DNA damage is unaltered by inhibition of ATM phosphorylation 

The MRN complex, composed of MRE11, RAD50 and NBS1, is a cellular sensor of double 

stranded DNA-break events (216).  In response to a double-stranded DNA break the MRN complex 

recruits and tethers ATM, the primary signal kinase, to the sites of the DNA break.  When this kinase is 

activated it mediates phosphorylation of itself as well as the Ser139 of the histone H2A variant H2AX 

marking the site of DNA damage.  Since we observed UL31 recruitment to sites of DNA damage, we next 

explored the possibility that ATM phosphorylation mediated double stranded break repair, which is 

involved in viral DNA replication and concatemer formation (95), and could promote the recruitment of 

UL31 to sites of microirradiation.  To test this hypothesis, we utilized the ATM specific inhibitor, 

KU55933 (217), on EGFP-UL31 transfected cells.  While ATM phosphorylation (P-ATM) was seen at 

irradiated sites in cells treated with DMSO (vehicle control), it was not seen at microirradiated sites in 

cells treated with 10µM KU55933 indicating that KU55933 was able to inhibit ATM phosphorylation 

(Figure 4.5A).  Contrarily, ATM inhibition had no significant effect on the ability of UL31 to localize to 

sites of DNA damage (Figure 4.5), indicating that UL31 recruitment to these sites is independent of ATM 

activation. 

 

4.4 UL31 is recruited to DNA damage due to its PAR-binding ability 

While examining the cellular double stranded break repair machinery, including the rate of 

recruitment of NBS1, it was observed that UL31 was recruited to sites of DNA damage at a much faster  
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Figure 4.5 UL31 recruitment to sites of DNA damage is not prevented by ATM inhibition 

Figure 4.5 UL31 recruitment to sites of DNA damage is not prevented by ATM inhibition. (A) Cells 
expressing EGFP-UL31 were treated with 0.1% DMSO (vehicle) or 10µM KU55933, an ATM inhibitor, 
two hours prior to imaging.  Images of cells were captured immediately before, and immediately after the 
areas indicated by the white circles were microirradiated.  Cells were immediately fixed and stained for 
phospho-ATM.  Microirradiated cells were relocated and images were captured. (B) Δmax (Figure 3.2) of 
DMSO (n=8) and KU55933 (n=8) treated cells was determined. Error bars represent standard error of the 
mean (ns= not significant). See section 3.5 for additional details. 
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rate (Δmax occurs approximately 30sec after irradiation) than NBS1 (Δmax reached approximately 3 

minutes after irradiation).  Previous studies have investigated the recruitment kinetics of various DNA 

damage repair proteins (152). In comparison to these studies (Figure 2.6B), we observed that the 

recruitment of UL31 to sites of DNA damage had a similar kinetics profile to PARP1 and XRCC1, a PAR 

binding protein (Figure 4.6).  Furthermore, between UL31 residues 37 and 44 is a sequence, RASRKSLP, 

that has 87.5% similarity to the PAR-binding motif (PBM) (213).  The presence of a putative PBM within 

UL31 is significant as PARylation is a posttranslational modification performed by PARP1/2/3 that is 

stimulated by, and at, sites of DNA damage that recruits PAR-binding proteins responsible for chromatin 

modifications and repair of damaged DNA (218). 

 

4.4.1 UL31 recruitment to sites of laser microirradiation inhibited by PARP1/2/3 inhibition 

To test whether UL31 recruitment to sites of laser microirradiation was dependent on PARP1/2/3 

activity we utilized the poly(ADP-ribose) polymerase (PARP) 1/2/3 inhibitor, olaparib (Figure 4.7). 

FRAP experiments were performed on cells transfected with EGFP-UL31 incubated with either 50nM 

olaparib or DMSO vehicle control (Figure 4.7A).  Cells were immediately fixed and stained for phospho-

ATM and PAR, relocated and reimaged. While cells treated with the DMSO vehicle control still recruited 

UL31 to sites of microirradiation, olaparib treated cells showed severely reduced ability of UL31 to be 

recruited to sites of microirradiation.  This indicates that UL31 recruitment to sites of DNA damage is 

dependent on active PARylation in this region.  There does seem to be some PARylation in the olaparib 

treated cells, but much less compared to background than the control.  It was observed that olaparib 

treated cells also had a decreased ATM signal compared to background as well, however PARP1/2/3 

inhibition has previously been shown to cause cells to display reduced ATM phosphorylation (219).  The 

inhibitory effect of olaparib was quantified by examining the Δmax of UL31 and various other constructs  
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Figure 4.6 Rate of recruitment of UL31 and NBS1 to sites of laser microirradiation 

Figure 4.6 Rate of recruitment of UL31 and NBS1 to sites of laser microirradiation. HeLa cells 
expressing either WT EGFP-UL31 (n=4) or NBS-1 (n=5) were subjected to FRAP.  The graphs display 
time against percentage of initial fluorescence intensity in multiple cells.  Error bars represent the 
standard error of the mean (SEM).  See section 3.5 for additional details. 
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Figure 4.7 UL31 recruitment to sites of laser microirradiation requires PARP1/2/3 activity 

Figure 4.7 UL31 recruitment to sites of laser microirradiation requires PARP1/2/3 activity. (A) 
Cells expressing EGFP-UL31 were treated with 0.1% DMSO (vehicle) or 50nM olaparib, a PARP1/2/3 
inhibitor, two hours prior to imaging. Images of cells were captured immediately before, and immediately 
after the region indicated by the white arrowheads were microirradiated before cells were fixed and 
stained for phospho-ATM and PAR.  Arrows indicate the higher PAR stain background in the olaparib 
treated cell. (B) The Δmax (Figure 3.2) of various UL31 orthologs. Cells transfected with plasmids 
expressing the indicated EGFP tagged protein were microirradiated and incubated with DMSO(-) or 
50nM olaparib(+) as described above and the Δmax was calculated for each construct (n≥14). Error bars 
represent standard error of the mean. (ns=not significant, ** p<0.01, *** p<0.001).  See section 3.5 for 
additional details. 



 

 

 64 

(Figure 4.7B).  As a positive control, H2A1.1 macro domain, a quintessential PAR-binding protein, was 

shown to be potently inhibited by olaparib.  This is in contrast with the negative control NBS1, a DSB 

sensor protein, which did not have its recruitment to DNA damage inhibited by olaparib.  Recruitment of 

N63, the N-terminal 63 amino acids of UL31, to sites of microirradiation was also inhibited by olaparib.  

These data indicate that UL31 recruitment to sites of DNA damage is dependent on PARP1/2/3 activity 

and that the protein behaves similarly to a PAR-binding protein. 

 

4.4.2 Recruitment of UL31 to sites of DNA damage is conserved between diverse herpesviruses  

Humans are the natural host of eight distinct herpesviruses: HSV-1 and 2 as well as varicella-

zoster virus are members of the Alphaherpesvirinae subfamily, HCMV along with HHV6 and HHV7 

belong to the Betaherpesvirinae subfamily and KSHV and EBV are in the Gammaherpesvirinae 

subfamily. To investigate whether the PARP1/2/3 dependent recruitment of HSV-2 UL31 to sites of laser 

microirradiation was conserved between Herpesviridae subfamilies, ORF69 and UL53, the UL31 

orthologs from KSHV and HCMV, respectively, were fused to EGFP and tested for PARP1/2/3 

dependent recruitment to sites of laser microirradiation. Whereas there was little evidence of UL53 

recruitment, ORF69 demonstrated significant recruitment to sites of laser microirradiation that was 

sensitive to olaparib and therefore dependent upon PARP1/2/3 activity (Figure 4.7B). 

 

4.4.3 UL31 recruitment to sites of DNA damage is enhanced by PARG inhibition 

As it was demonstrated that UL31 recruitment to sites of DNA damage was dependent on 

PARP1/2/3 activity we postulated that inhibition of PARG, a key enzyme in dismantling PAR chains, 

might enhance UL31 recruitment to sites of DNA damage.  Representative images from FRAP 
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experiments performed on cells transfected with EGFP-UL31 and incubated with either 1µM DEA, a 

PARG inhibitor, or DMSO (vehicle control) are shown in Figure 4.8A.  The area to which UL31 was 

recruited was much larger in cells treated with DEA compared to those treated with DMSO.  To quantify 

these data a ratio of areas was calculated (AreaRecruit/AreaRad).  We defined the ratio of areas as the area of 

UL31 preferential recruitment at its maximum (AreaRecruit) divided by the area of the original region of 

interest (ROI) where microirradiation occurred (AreaRad) (Figure 4.8B).  In cells treated with DEA this 

ratio averaged 3.85, meaning the average zone of UL31 recruitment had an area 3.85 times larger than the 

region which was microirradiated compared to DMSO treated cells that averaged a ratio of ~2.6 (Figure 

4.8C).  The regions of UL31 recruitment in DEA treated cells were also observed to have increased 

irregularity when compared to site of UL31 recruitment in untreated cells. A similar trend was also 

observed with the PAR-binding protein, H2A1.1 macro domain, with a significantly larger ratio of areas 

observed in DEA treated cells compared to untreated cells.  NBS1 on the other hand, showed no 

significant increase in the ratio of areas between treated and untreated cells, indicating this ratio increase 

was specific to PAR-binding proteins. 

 

4.4.4 UL31 is a PAR-binding protein 

To test whether UL31 could bind PAR directly, a GFP-Trap kit was used to affinity purify 

unfused EGFP and EGFP-UL31 (Figure 4.9A).  Purified BSA, EGFP and UL31-EGFP were then spotted 

in duplicate onto PVDF membranes and either probed using EGFP antiserum or incubated in purified 

PAR followed by anti-PAR antiserum (213).  The results of two independent experiments are shown 

(Figure 4.9B), which indicate that EGFP-UL31 was capable of binding PAR directly whereas unfused 

EGFP and BSA were not. 
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Figure 4.8 Inhibition of PARG results in a larger area of EGFP-UL31 recruitment 

Figure 4.8: Inhibition of PARG results in a larger area of EGFP-UL31 recruitment. (A) Cells 
expressing EGFP-UL31 were treated with 0.1% DMSO (vehicle) or 1µM DEA, a PARG inhibitor, two 
hours prior to imaging. Images of cells were captured immediately before, immediately after and 30 
seconds after the region within the region of interest (ROI- white circle) was microirradiated. Scale and 
ROI size were consistent between all cells irradiated. (B) We define ratio of areas as the ratio between the 
area of the region of protein recruitment (AreaRecruit) and the initial ROI that was microirradiated 
(AreaRad). (C) The ratio of areas of UL31, NBS1 and H2A1.1 macro domain in DMSO and DEA treated 
cells. FRAP experiments were performed and the AreaRecruit/ AreaRad was calculated for each construct 
(n≥11). Error bars represent standard error of the mean.  (ns=not significant, * p<0.05, *** p<0.001). See 
section 3.5 for additional details. 
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Figure 4.9 EGFP-UL31 binds directly to PAR 

Figure 4.9 EGFP-UL31 binds directly to PAR. (A) Western blot of GFP-TRAP purified EGFP and 
EGFP-UL31 probed with an EGFP monoclonal antibody. Migration of molecular weight markers (in 
kDa) is shown on the left of the blot. (B) Purified BSA, EGFP and EGFP-UL31 were spotted onto PVDF 
membranes in duplicate. One sample was probed for EGFP and the other was first incubated in PAR 
polymer and subsequently probed for PAR. The results from two independent experiments are shown. 
See section 3.7 for additional details. 
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4.4.5 UL31 and ICP0 co-localize but not due to the PAR binding function of UL31 

The HSV-2 protein ICP0 has been shown to relocate and co-localize with the PARP5a and 

PARP5b subtypes at nuclear ICP0 foci (Figure 4.10)[28].  Although these PARPs are different subtypes 

than those involved with DNA damage (PARP1/2/3) they could play an important role in the PAR-

binding activity of UL31.  To determine whether this relocation of PARP5 to the nuclei of cells by ICP0 

had an effect on UL31 and its PAR-binding activity, EGFP-tagged UL31 or UL31 mutants were co-

transfected with HSV-2 ICP0 and then cells were fixed and stained with an anti-ICP0 antibody.  It was 

observed that wild type UL31 and the Δ45 mutant co-localized with ICP0 at nuclear ICP0 foci. However, 

neither the N63 mutant or the H2A1.1 macro domain were seen to co-localize with ICP0.  This indicates 

that although UL31/ICP0 co-localize, this activity is independent of the PAR-binding ability of UL31. 

 

4.5 HSV-2 infection and PARylation 

4.5.1 UL31, PARP, PAR and γ-H2AX during HSV-2 infection 

It has been noted that a dramatic decrease in NAD+ begins at 6hpi in HSV-1 infected cells due to 

increased PARP activity and increased amounts of PARylation (201). To observe if changes occurred in 

expression levels or localization of PARP and PAR during infection, and whether any interactions with 

UL31 could be observed, cells were infected with Myc-UL31 Δ21R HSV-2, which is a UL21 knockout-

repair virus with a Myc tag added to the N-terminus of UL31.  This strain of virus behaves the same as 

wild type in all respects except for the addition of Myc to the N-terminus of UL31 (data not published).  

At a time point of 6 hpi, cells were fixed and then stained for Myc and either PARP1, PAR, or H2AX 

(Figure 4.11). Using confocal microscopy, it was observed that PARP relocated to viral replication 

compartments in infected cells and was expressed at similar levels as PARP in non-infected cells.  

Interestingly, although myc-UL31 also localized to these compartments it did not co-localize with PARP.   
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Figure 4.10 Transfected UL31 and ICP0 co-localize but not due to the PAR-binding domain 

Figure 4.10 Transfected UL31 and ICP0 co-localize but not due to the PAR-binding domain.   HeLa 

cells were co-transfected with HSV-2 ICP0 and EGFP-tagged proteins (green), and then fixed and stained 

for ICP0 (white). Composites of representative images are shown.  See subsection 3.5.2 for additional 

details. 
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Figure 4.11: Localization and expression of PARP1, PAR and γ-H2AX during HSV-2 infection 

Figure 4.11: Localization and expression of PARP1, PAR and γ-H2AX during HSV-2 infection. 
HeLa cells were infected with myc-tagged UL31 HSV-2 at an MOI of 0.1. 6 hpi cells were fixed and 
stained for myc (green), PARP-1, PAR, γ-H2AX (red) as well as Hoechst 33342.  Infected cells can be 
identified by the presence of myc-UL31 in the nuclear membrane (arrows). Composite of representative 
images of an infected and uninfected cell shown are shown.  See subsections 3.3.1 & 3.5.2 for additional 
details. 
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In contrast to PARP, γ-H2AX was expressed at higher levels in infected cells compared to uninfected 

cells, confirming that DSB repair increases in virally infected cells.  Surprisingly, PAR levels in the 

nuclei of infected cells was mixed, with PAR expressed in some infected cells resembling uninfected cells 

and others expressed PAR at lower levels than uninfected cells (displayed in figure).  This indicates that 

at 6 hpi γ-H2AX levels are increased, PARP levels are comparable, and PAR levels are equal or 

decreased in comparison to uninfected cells. 

 

4.5.2 Replication of HSV-2 is unaffected by PARP1/2/3 inhibition 

As we have determined that UL31 has PAR-binding activity, we next tested whether the 

inhibition of PARP1/2/3 would affect viral replication. T12 cells treated with either 50nM of olaparib or 

DMSO were infected with wild-type virus at an MOI of 0.01. Cell-associated and released virus were 

collected together at 0, 18, 24 and 48 hpi and titrated by plaque assay on monolayers of Vero cells (Figure 

4.12).  The results of this experiment demonstrated very similar virus replication kinetics in untreated and 

olaparib treated infected cells.  This indicates that PARP1/2/3 inhibition did not alter the ability of HSV-2 

to replicate.   
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Figure 4.12: PARP inhibitors have minimal impact on HSV-2 viral replication 

Figure 4.12: PARP inhibitors have minimal impact on HSV-2 viral replication.  T12 cells in the 
presence of DMSO or 50nM olaparib were infected with wild type HSV-2.  Virus was collected and 
titrated at 0, 24, 48 and 72 hpi.  The experiment was done in duplicate.  See subsection 3.3.2 for 
additional details. 
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Chapter 5 

Discussion 

We have identified sequences in the N-terminus of HSV-2 UL31 that are necessary and sufficient 

for PARP1/2/3 dependent recruitment to sites of DNA damage.  These observations are consistent with 

PAR binding activity of full length UL31 (Figure 4.9) and the presence of several putative PAR-binding 

motifs (PBM), HKR/X(2) /AVIQY/KR/KR/AVIL/VILFP, within the N-terminus of the protein (213).  We 

determined the N-terminal 63 amino acids contributed to UL31 recruitment to sites of microirradiation 

(Figure 4.2).  This region contains multiple basic residues that partially resemble a canonical PBM with 

the closest being residues 37-44 (RASRKSLP), where only the serine residues appear to be out of PBM 

context.   

The N-terminus of UL31 contains sequences that are important for UL31 function (12, 124). 

Work from the Baines laboratory indicated that a deletion of codons 2-44 from UL31 was unable to 

complement a UL31 null virus, suggesting the N-terminus of UL31 contributes to UL31 function.  In 

another recent study, a HSV-1 virus lacking the N-terminal 44 amino acids of UL31, and another with the 

basic residues removed from the N-terminus of UL31 were built (124).  During infection with these 

viruses, mutant UL31 still attached to nucleocapsids but had defects in its ability to translocate capsids to 

the nuclear periphery and also had defects in nuclear egress, resulting in a virus that could not form 

plaques.  Attaching an artificial basic patch to the N-terminus of UL31 of the virus which had its basic 

patches removed caused it to be viable and partially restored the defects in translocation of nuclear 

capsids and nuclear egress (124).  This group further suggested that the N-terminus of UL31 is important 

for membrane budding.  This is further supported by the structural model of the HSV-1 NEC, which 

predicts that the N-terminus of UL31 is proximal to the nuclear membrane during nuclear egress (126).  
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We speculate that the ability of UL31 to bind PAR through its N-terminus is a critical activity and that 

loss of these sequences resulted in both the failure of the 2-44 deletion to complement the UL31 null 

strain and the defects in nuclear egress observed.  Interestingly, Blaho and colleagues accurately predicted 

that HSV-1 UL31 would be modified by nucleotidylation based on the presence of the sequence, RRASR, 

found in residues 37-41 of HSV-1 UL31 and in residues 36-41 of HSV-2 UL31 (214).  This sequence 

overlaps the putative PBM identified in HSV-2 UL31.  While the significance of UL31 nucleotidylation 

remains to be determined and the site of nucleotidylation has not been identified, these findings further 

highlight the importance of the N-terminal region of UL31 and may represent a method of regulating the 

PAR-binding function of this region.    

The presence of WT-Us3 was shown to exclude UL31 from cellular nucleoli (Figure 4.3).  This 

could indicate that Us3 mediated phosphorylation of UL31 prevents the ability of UL31 to localize to the 

nucleolus.  In our study of EGFP-UL31 mutants it was observed that wild type UL31 was found in the 

nucleoli and nucleus at similar levels, the ∆45 mutant had a decreased presence in the nucleolus and the 

N63 mutant had an increased presence in the nucleoli indicating the N-terminal 45 amino acids are 

required for nucleolar localization of UL31.  Interestingly, cellular nucleoli contain large quantities of 

PARP1 and PAR (193) indicating that nucleolar localization of UL31 could be related to its PAR-binding 

function.  We also determined that the presence of kinase-active Us3, but not a kinase-dead Us3, reduced 

the ability of UL31 to be recruited to sites of DNA damage (Figure 4.3).  This could explain why less 

UL31 was recruited to sites of DNA damage in HSV-2 infected cells compared to uninfected cells (Figure 

4.1B), as Us3 was expressed in the infected cells.  Serine residues in the N-terminus of HSV-1 UL31 

serve as substrates for the viral Us3 kinase and mutation of these serines to alanines resulted in reduced 

virus replication kinetics (116).  However, we also observed that NBS-1 and H2A1.1 macro domain 

showed reduced ability to be recruited to sites of DNA damage making it unlikely that Us3 
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phosphorylation of UL31 could be the sole cause of this decreased recruitment to sites of DNA damage.  

It was noted that cells transfected with WT-Us3 had smaller nuclei, possibly due to the cytoskeleton 

remodeling function attributed to Us3.  This may have resulted in a greater percentage of the EGFP-

tagged protein being microirradiated within the nucleus during FRAP experiments, decreasing the amount 

of UL31 available to be recruited to the site of laser microirradiation.  

A recent analysis of PRV-UL31 from the Mettenleiter group identified N-terminal sequences 

required for its nuclear localization (215).  Substitution of four arginine residues for alanine in this region 

resulted in predominantly cytoplasmic localization of the protein.  Additionally, this mutant failed to 

completely complement a UL31 null virus when provided in trans.  By contrast, cells expressing an N-

terminal truncation of 26 residues not only failed to complement the UL31 null virus, but also inhibited 

growth of the WT parental strain suggesting that this mutant is a dominant negative allele (215).  The 

authors of this study suggested that the inhibitory effect of the truncation mutant might be due to 

diversion of UL34 to cytoplasmic membranes by restriction of UL31 to the cytoplasm.  While this is a 

most reasonable hypothesis, in light of the findings presented here, we might expect that uncoupling a 

critical PAR binding activity from the remainder of the UL31 molecule could also result in a dominant 

negative phenotype.  In support of this latter idea, we also found that PRV-UL31 was capable of olaparib-

dependent recruitment to sites of laser microirradiation (data not shown) and sequences resembling a 

PBM are located in the PRV UL31 N-terminus.  

Consistent with the analysis of PRV-UL31 (215), we determined that sequences required for 

HSV-2 UL31 nuclear localization are contained within its N-terminal 45 residues and that the N-terminal 

63 residues of UL31 are sufficient to restrict an EGFP fusion protein to the nucleus.  The conservation of 

a functional NLS within the N-terminus of UL31 orthologs has also been demonstrated for M53 from 

MCMV and UL53 from HCMV (220, 221).  A previous study concluded that WT-UL31 was excluded 
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from the nucleoli in 90% of transfected cells and residues 44-110 were required for nuclear localization 

(91).  These findings are in stark contrast to the results presented here.  The reasons for these 

discrepancies are not clear as the overall design used for the two studies was similar and identical HSV-2 

UL31 genes were used.  A key difference between the two analyses was that UL31 localization in living 

cells is demonstrated here, in contrast to the analyses done in fixed cells presented in the previous report.  

We have noted a difference in the localization pattern of EGFP-UL31 in living cells versus fixed cells 

(Figure 4.4, 4.5A, and 4.7A) insofar as the nuclei of living cells appear to contain more soluble/diffuse 

EGFP-UL31 that is absent from fixed cells where nucleolar localization is more prominent. We 

hypothesize that this is due to extraction of soluble UL31 of cells during cell fixation and 

permeabilization prior to immunohistochemistry.  

It is intriguing that UL31 has the capacity to bind to PAR because recent studies suggest that 

PARylation is both stimulated and stabilized in HSV-1 infected cells (201).  Metabolomics studies of 

HSV-1 infection demonstrated a precipitous decline in cellular NAD+ levels in HSV-1 infected cells that 

required viral DNA replication (201, 202).  The drop in NAD+ levels was accompanied by robust 

PARylation of proteins in infected cells and could be prevented by pharmacological inhibition of 

PARP1/2/3 (201).  This differs from what we observed in HSV-2 infected cells (Figure 4.11), where PAR 

levels were either similar or lower than in non-infected cells.  However, we looked at PAR in fixed cells 

using confocal microscopy at 6hpi whereas they examined whole cell lysates at 8 hpi using western blot 

analysis, which is potentially the cause for the source of this discrepancy.   

While PARylation was mainly due to the activities of PARP1/2/3, specific inhibition of these 

enzymes had no measurable effect on HSV-1 (201) and HSV-2 replication (Figure 4.12).  However, it is 

noteworthy that the replication of a variety of herpesviruses is influenced by PARPs.  For example, 

PARP13 has antiviral functions against several viral families, including herpesviruses (222).  In response 
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to this activity HSV UL41 has evolved to promote the degradation of PARP13 mRNA (222).  Other 

PARPs likely have anti-viral functions as well as analysis of the PARP genes of different primates 

indicate that PARPs 4, 9, 14 and 15 as well as PARP13 are rapidly evolving under positive selection 

indicating they are locked in an antagonistic “arms race” with viral factors (198).   

Li and colleagues demonstrated that the PARP activities of TNKS1 and TNKS2 are required for 

efficient HSV-1 replication (96), whereas global inhibition of PARP activity correlated with increased 

latent virus genome replication for the gammaherpesviruses EBV and KSHV (203, 204).  In the case of 

EBV, TNKS1, TNKS2, and PARP1 all bind to the viral genome at the origin of replication, OriP, which 

is required for genome maintenance during latency (203, 223).  Additionally, these PARPs can PARylate 

the EBV origin binding protein (EBNA1), preventing it from binding to OriP (223). As EBNA1 binding 

to OriP is required for recruitment of factors that promote genome replication during latency, inhibition of 

PARP activity correlates with increased virus genome replication and may suggest that these enzymes 

function as part of an intrinsic cellular antiviral response. EBNA1 also binds to PAR in vitro, however, 

the significance of this activity is not well understood (224). The PAR binding activity of EBNA1 is 

mediated by the linking regions 1 and 2 (LR1 and LR2) of the protein that bind to AT-rich DNA 

sequences as well as G-rich RNA sequences (225–227). It is well appreciated that some PAR-binding 

domains are also able to bind RNA sequences (228), which is perhaps not surprising given the structural 

similarities between PAR and RNA polymers. It may be that the UL31 PAR-binding activity described 

herein is indicative of the capacity of UL31 to bind to other nucleic acids. If this were the case it might 

also explain why inhibition of PARP1/2/3 activity had little effect on HSV-1 replication (201) and HSV-2 

replication (Figure 4.12). Experiments to examine UL31 interactions with DNA and RNA should help to 

clarify the significance of the PAR binding activity described here. 
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HSV infection activates multiple cellular DNA damage responses, some of which appear to be 

detrimental to virus infection (e.g. non-homologous end joining) whereas others are beneficial for virus 

replication (e.g. single stranded annealing) (216). HSV modulates these cellular responses to damaged 

DNA by stimulating some responses and disarming others. Virus DNA replication results in complex, 

branched, concatemers of virus genomes containing many nicks and gaps that can be recognized by the 

cellular DNA damage response machinery including PARP1/2/3 (88, 229–231).  The HSV-1 proteins 

UL12 and ICP8 have been proposed to use single stranded annealing DNA repair to process these 

replication products into forms competent for packaging into capsids (231, 232). Furthermore, it is 

estimated that the nicks and gaps in the herpesvirus genome are removed during viral replication by the 

viral polymerase and repaired by BER, a process that uses PARP1 as its primary sensor (83).  In a study 

aimed at identifying cellular and viral factors associated with replicating viral DNA both UL31 and 

PARP1 were identified (114).  As UL31 deletion mutants demonstrate defects in genome replication and 

packaging (13), it might be that UL31 recruitment to damaged virus DNA contributes to the processing of 

replicated virus DNA into a form competent for packaging into capsids.  

We demonstrated PARP1/2/3 dependent recruitment of the HSV, PRV and KSHV UL31 

orthologs to sites of DNA damage but not the HCMV ortholog, suggesting that PAR-binding activity is 

widely, but not exclusively, conserved.  A possible clue to why HCMV might lack this function comes 

from metabolomics studies on HCMV infected cells (202, 233).  Unlike the 10-fold decline in NAD+ 

levels observed in HSV-1 infected cells that corresponded with increased PARP1/2/3 dependent 

PARylation, the levels of NAD+ did not change substantially over the course of HCMV infection (202).  

As PARP1/2/3 are major consumers of NAD+, these findings may suggest that these enzymes are not 

activated and that PAR is less abundant throughout HCMV infection.  Interestingly, significant reductions 

in cellular NAD+ levels were observed 48h after KSHV infection (234).   
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We demonstrated that inhibition of PARG resulted in a larger area of UL31 recruitment (Figure 

4.8) likely due to inhibited degradation of the PAR chains causing them to expand to over a larger area.  

Notably, the HSV-1 ICP0 protein promotes proteasome-mediated degradation of the 111 kDa PARG 

isoform (201), which would be predicted to prolong the stability of PARylated species in infected cells.  

Furthermore, HSV-1 ICP0 transports TNKS1 and TNKS2 into the nuclei of infected cells (96).  While we 

did observe that WT EGFP-UL31 and ICP0 co-localized in transfected cells (Figure 4.10), the UL31 

mutant N63 did not, indicating that this interaction is independent of the PAR-binding function of UL31.  

This co-localization could imply a direct role of UL31 in gene expression as both UL31 and ICP0 are 

known to activate the JNK pathway (16, 73).  Alternatively, when overexpressed, UL31 could be a target 

for ICP0 mediated ubiquitination and degradation.  

Several distinct activities have been ascribed to UL31 orthologs including roles in DNA 

replication, packaging of DNA into the capsid, nuclear egress of DNA containing capsids and activation 

of the transcription factor NF-κB.  How UL31 binding to PAR might facilitate one or more of these 

activities is uncertain at present and will require the phenotypic analysis of mutant HSV-2 strains that 

specifically lack UL31 PAR-binding function. 

Funk and colleagues proposed a model where UL31 in the cytoplasm and crossing the nuclear 

membrane of infected cells had its ability to interact with UL34 “masked” by the N-terminus of UL31.  

Then, once attached to nucleocapsids, UL31 is “unmasked” and becomes capable of transporting 

nucleocapsids to the INM through interactions with UL34 (124).  We propose that the PAR-binding 

function of the N-terminus of UL31 plays an important role in “unmasking” UL31.  High levels of 

PARylation at sites of viral DNA replication and packaging could allow for UL31 to become 

“unmasked”, through the N-terminus of UL31 binding to PAR, upon reaching these sites.  This would 

allow UL31 to only become capable of binding UL34 once UL31 is already in the vicinity of DNA filled 
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nucleocapsids, allowing for efficient binding and subsequent transport of nucleocapsids to sites of nuclear 

egress.   
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