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Abstract 

The herpes simplex virus (HSV) UL16 gene is conserved throughout the Herpesviridae 

and the herpes simplex virus type 1 (HSV-1) UL16 protein forms complex with another virus 

protein called UL21. Previous studies demonstrated that, unlike HSV-1, herpes simplex virus 

type 2 (HSV-2) UL21 was essential for virus propagation and the translocation of capsids from 

the nucleus to the cytoplasm - a critical process in virus morphogenesis called nuclear egress. We 

hypothesized that if a UL16/UL21 complex were required for nuclear egress then HSV-2 lacking 

UL16 would have a similar phenotype as HSV-2 lacking UL21. Deletion of HSV-2 UL16 

resulted in a 200 to 4,000-fold reduction in virus propagation, depending on the cell type, and 

like UL21, UL16 was critical for the nuclear egress of capsids. 

 Our findings related to HSV-2 UL16 were in stark contrast to what has been observed 

with UL16 mutants of HSV-1 and pseudorabies virus (PRV) where roughly 10-fold replication 

deficiencies were reported that were accompanied by defects in the secondary envelopment of 

cytoplasmic capsids. To resolve these discrepancies, multiple UL16 null mutants were 

constructed in different HSV strains and their phenotypes characterized side-by-side. This 

analysis showed that all the HSV-2 UL16 mutants had 50 to 100-fold replication deficiencies that 

were accompanied by defects in the nuclear egress of capsids as well as defects in the 

envelopment of cytoplasmic capsids. By contrast, most HSV-1 UL16 mutants had 10-fold 

replication deficiencies that were accompanied by defects in envelopment of cytoplasmic 

capsids. These findings indicated that UL16 has HSV species-specific functions.  

Nuclear egress requires the disruption of the nuclear lamina and proper localization of 

nuclear egress complex (NEC) components, UL31 and UL34. To investigate the requirements 

for UL16 and UL21 in nuclear egress we examined the disruption of the nuclear lamina and the 
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localization of NEC in infected cells. Similar to UL21, UL16 was not involved in the disruption 

of nuclear lamina integrity. Interestingly, HSV-2 UL21 is required for proper localization of the 

NEC while UL16 is not, suggesting that UL16 and UL21 play distinct roles in the nuclear egress 

of HSV-2 capsids.  
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Chapter 1 Introduction 

Herpes simplex virus type 2 (HSV-2) infects more than 500 million people worldwide, 

and at least one in every six people in the United States are infected with HSV-2 (291). HSV-2 

infections are presently incurable, and once infected, immunocompetent individuals often 

experience recurrent genital lesions for the duration of their lives. Neonatal or congenital 

transmission of the virus from the mother, while rare, frequently results in devastating central 

nervous system (CNS) infections. Data suggest that HSV-2 contributes to the transmission of 

human immunodeficiency virus (HIV), and the risk of HIV infection is 3-fold higher among 

HSV-2 infected individuals (78). HSV-2 has significant impact on the public and the individuals 

infected, so it is important to eliminate it. However, recent attempts to produce a HSV-2 vaccine 

were great failures (46), so it still remains important to determine the mechanism of HSV-2 

infection to identify new strategies to prevent its transmission. 

Herpes simplex virus (HSV) virions are complex assemblages containing almost 100 

different viral and cellular proteins (162). Infectious virus particles are comprised of an 

icosahedral nucleocapsid, containing a linear double-stranded DNA genome, surrounded by a 

lipid envelope embedded with glycoproteins. Between the nucleocapsid and the envelope lies a 

proteinaceous compartment called the tegument. The initial stages of herpesvirus assembly take 

place in the host nucleus where newly replicated virus genomes are packaged into preformed 

capsids. DNA-containing capsids (C-capsids) and their associated tegument proteins gain access 

to the cytoplasm by undergoing a process called nuclear egress (179). During this process, 

intranuclear C-capsids acquire a primary envelope by budding into the inner nuclear membrane 

(INM) and the primary enveloped virions in the perinuclear space (PNS=space between the INM 

and the outer nuclear membrane (ONM)) are subsequently de-enveloped by fusing with the 
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ONM releasing capsids into the cytoplasm. Once in the cytoplasm, the tegument continues to 

assemble through the recruitment of tegument proteins to capsid components, interactions 

between the various tegument proteins, and interactions between tegument proteins and the 

cytoplasmic tails of membrane glycoproteins destined for the envelope of mature virions (177, 

178). The virion acquires its final envelope through budding of capsid-tegument complexes into 

membranes derived from a post-Golgi compartment in a process referred to as secondary 

envelopment (120). Vesicles containing enveloped virus then traffic to, and fuse with, the plasma 

membrane of the cell, releasing mature virus into the extracellular environment (111). 

This study concerns the functions of HSV-2 UL16, a tegument protein conserved 

throughout the Herpesviridae (62), however, its specific roles in the virus replicative cycle are 

poorly understood. In herpes simplex virus type 1 (HSV-1), pseudorabies virus (PRV), human 

cytomegalovirus (HCMV) and murine gammaherpesvirus-68 (MHV-68), UL16 orthologs 

function in secondary envelopment (11, 132, 255). Notably, the MHV-68 UL16 ortholog, 

ORF33, also has a role in the egress of capsids from the nucleus to the cytoplasm suggesting that 

ORF33 has both nuclear and cytoplasmic functions (96, 241). Previous studies from Banfield 

laboratory demonstrated that the tegument protein UL21 is required for efficient nuclear egress 

of HSV-2 capsids and its deletion from the HSV-2 genome prevented virus propagation (124). 

These findings were in stark contrast to what was observed with HSV-1 and PRV UL21 deletion 

mutants where comparatively modest defects in virus propagation were noted (9, 57, 132, 136, 

170, 278). These results suggested that UL21 performs a unique role in HSV-2 infection. In 

HSV-1 and PRV, UL21 interacts with UL16 (103, 132). Based on these findings, we 

hypothesized that if a UL21/UL16 complex was required for HSV-2 nuclear egress then HSV-2 

lacking UL16 would have a similar phenotype as HSV-2 lacking UL21. To investigate this 
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hypothesis, we constructed a HSV-2 (186) UL16 mutant (Δ16) and characterized its phenotype. 

We demonstrated that deletion of HSV-2 UL16 resulted in a 4,000-fold reduction in virus 

propagation in L cells and a 200-fold reduction in virus propagation in Vero cells that was 

reversed upon repair of Δ16 (Δ16R), or by infecting UL16 expressing cells with Δ16. The 

kinetics of viral gene expression in cells infected with Δ16 were indistinguishable from cells 

infected with Δ16R or parental virus. Additionally, similar numbers of capsids were isolated 

from the nuclei of cells infected with Δ16 and parental virus. However, transmission electron 

microscopy (TEM), fluorescence in situ hybridization (FISH) experiments and fluorescent capsid 

localization assays all indicated a failure of Δ16 C-capsids to exit the nucleus of infected cells. 

Taken together, these data indicate that, like UL21, UL16 is critical for HSV-2 propagation and 

suggest that UL16 and UL21 proteins function together to facilitate the nuclear egress of capsids. 

 Because orthologs of the HSV UL16 gene are conserved throughout the Herpesviridae, 

one might expect that these proteins perform similar functions for all herpesviruses. Our findings 

related to HSV-2 UL16 were not consistent with what has been observed with UL16 mutants of 

HSV-1 and PRV where roughly 10-fold replication deficiencies were reported that were 

accompanied by defects in the secondary envelopment of cytoplasmic capsids. One possible 

explanation for this discrepancy was that the HSV-2 186 strain was not representative of the 

HSV-2 species. To address this possibility, multiple UL16 null mutants were constructed in 

multiple HSV-2 and HSV-1 strains by clustered regularly interspaced short palindromic repeat 

(CRISPR)/Cas9 mutagenesis and their phenotypes characterized side-by-side. This analysis 

showed that all the HSV-2 UL16 mutants had 50 to 100-fold replication deficiencies on Vero 

cells that were accompanied by defects in the nuclear egress of capsids as well as defects in the 

secondary envelopment of cytoplasmic capsids. By contrast, most HSV-1 UL16 mutants had 10-
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fold replication deficiencies that were accompanied by defects in secondary envelopment of 

cytoplasmic capsids. These findings indicated that UL16 has HSV species-specific functions. 

Interestingly, HSV-1 UL16 could promote the nuclear egress of HSV-2 UL16 null strains, 

suggesting that, unlike HSV-1, HSV-2 lacks an activity that can compensate for nuclear egress in 

the absence of UL16. 

The disruption of nuclear lamina integrity and proper localization of the nuclear egress 

complex (NEC) components, UL31 and UL34 are prerequisites for nuclear egress of capsids. 

HSV-2 UL21 and UL16 have been demonstrated to function in nuclear egress (83, 145). To 

investigate the requirements for UL16 and UL21 in nuclear egress we examined the disruption of 

the nuclear lamina and the localization of NEC components, UL31 and UL34, in infected cells. 

The data indicated that UL16 is not involved in the disruption of nuclear lamina integrity or the 

appropriate localization of the NEC. UL21 is also not required for the disruption of lamina 

integrity, however, it is required for the appropriate localization of the NEC. Electron 

microscopy of ∆16 and ∆21 (an HSV-2 UL21 deletion mutant) infected Vero cells showed 

numerous capsids in the nucleoplasm of cells infected with both strains, however, in ∆21 

infected cells, non-enveloped capsids also localized to the nuclear periphery where they were 

associated with aberrant nuclear envelope structures. These data indicate that HSV-2 UL16 and 

UL21 play distinct roles during nuclear egress of capsids. 

Us3 is a viral serine/threonine kinase that plays a role in nuclear egress as deletion, or 

deactivation, of Us3 in PRV and HSV-1 result in defects in de-envelopment and primary 

enveloped virions accumulate in enlarged invaginations of the INM (273, 317). Similarly, HSV-

2 Us3 may also function in nuclear egress as deletion of Us3, resulted in NEC components 

localizing to distinct foci at the nuclear membrane, which may represent accumulations of 
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primary enveloped virions. To test if UL16 and Us3 play distinct roles in nuclear egress, an 

HSV-2 (186) double mutant Δ16/ΔUs3 was constructed. Although the NEC localized at the 

nuclear rim in Δ16/ΔUs3 infected cells, distinct foci were observed, but smaller than those seen 

in ΔUs3 infected cells. In general, the NEC in Δ16/ΔUs3 infected cells localized at nuclear rim, 

more similar to what has been observed in Δ16 infected cells suggesting the phenotype of 

Δ16/ΔUs3 is similar to Δ16. These findings suggest that UL16 and Us3 play distinct roles in 

nuclear egress.  
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Chapter 2 Literature Review 

2.1 The Herpesviridae family 

 More than 200 herpesviruses have been identified to date and they are highly 

disseminated in nature infecting a diverse range of hosts from bivalves to humans. The 

International Committee on Taxonomy of Viruses defined that herpesviruses infecting mammals, 

birds and reptiles belong to the Herpesviridae family (138). Members of the Herpesviridae 

family share four significant biological properties: 1) They encode large numbers of enzymes 

including, but not limited to, thymidine kinase, dUTPase, DNA polymerase, helicase and a 

primase which are required for viral nucleic acid synthesis and metabolism; 2) The replication of 

viral DNA and assembly of capsids occur in the nucleus, while acquisition of tegument and final 

envelopment of DNA-containing capsids take place in the cytoplasm; 3) Virus progeny are 

released from infected cells by lysis; and 4) Herpesviruses establish latent infections in cells of 

their hosts (138). In the late 1970s, before any viral DNA sequences had been determined, the 

Herpesviridae were classified into three subfamilies (Alphaherpesvirinae, Betaherpesvirinae and 

Gammaherpesvirinae) on the basis of their features including host range, duration of 

reproductive cycle and cell culture characteristics (211). Importantly, the growing amounts of 

nucleotide and amino acid sequence information support this classification through more 

rigorous parameters including genome arrangements, gene homology and viral protein homology.  

Nine herpesviruses that have humans as their primary host have been identified and they 

are distributed in the three main subfamilies of the Herpesviridae. Members of the 

Alphaherpesvirinae have a wide host range and multiply rapidly in cell culture. HSV-1, HSV-2, 

and varicella-zoster virus (VZV) are human herpesviruses that belong to the Alphaherpesvirinae 

(53, 54, 256). They establish latent infections asymptomatically in peripheral nerve ganglia such 
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as dorsal root ganglia (DRG), trigeminal ganglia and cranial ganglia (24, 199, 226, 276). Human 

members of the Betaherpesvirinae include HCMV (also known as human herpesvirus 5), human 

herpesviruses type 6A (HHV-6A), human herpesviruses type 6B (HHV-6B) and human 

herpesviruses type 7 (HHV-7). They have a restricted host range, a long replicative cycle and 

frequently infect non-neuronal cells such as cells in secretory glands, lymphoreticular cells, 

kidneys, and other tissues and infected cells become significantly enlarged (cytomegaly) (1, 53, 

54). Epstein-Barr virus (EBV) and Kaposi's sarcoma–associated herpesvirus (KSHV, also known 

as HHV-8) are members of the Gammaherpesvirinae subfamily. They are lymphotropic and 

usually infect B cells, while KSHV can also infect other cells such as endothelial cells, 

monocytes, keratinocytes. Infection with these agents can also lead to a number of different types 

of cancers (25, 53, 54, 106, 130, 219).  

2.1.1 HSV 

Formally recognized more than 100 years ago, HSV comprises two species: HSV-1 and 

HSV-2. HSV is one of the most intensively investigated viruses and the first human herpesvirus 

discovered (230). HSV-1 and HSV-2 serve as models and tools to study virus infection, aiming 

to understand principals both general to viruses and specific to herpesviruses (138). HSV 

infections are distributed extensively in the world in both well-developed and developing 

countries (158). In general, HSV-1 infection causes oral herpes known as “cold sores” by oral-to-

oral mucosal transmission while HSV-2 is a sexually transmitted virus that causes genital herpes 

(97). 30% of primary infections are associated with symptoms of fever, malaise and bilateral 

inguinal adenopathy (15, 19, 138). Dysuria and urinary retention are frequently seen in women 

that have urethral infections (19, 207). It usually takes several weeks for the primary infection to 

heal. Although HSV-1 and HSV-2 are usually transmitted by different routes and involve 
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different anatomical sites, emerging studies have shown that these two viruses are overlapping in 

epidemiology and clinical manifestations (15, 142). This is because sexual transmissions of HSV 

are not only through genital-genital transmission but also through oral-genital transmission. 

More recently, HSV-1 has become a significant cause of genital herpes, however, genital herpes 

caused by HSV-1 infection is less likely to recur and less clinically severe than that caused by 

HSV-2 infection (142).  

My studies, and the subject of this thesis, are mainly focused on HSV-2 infection. More 

than 500 million people have HSV-2 infection globally (158, 159). Most genital herpes 

infections are asymptomatic, while symptoms of genital herpes include genital ulcers that 

correlate with pain. Once infected with HSV-2, immunocompetent individuals often experience 

recurrent genital lesions for the duration of their lives (97). By contrast, immunocompromised 

hosts are at increased risks for more severe HSV-2 infections and clinical symptoms because 

innate, humoral, mucosal and cellular immunity are significant antiviral factors (138). Strikingly, 

epidemiological investigations have found that 90% of human immunodeficiency virus (HIV) 

patients are also infected with HSV-2, and that infection with HSV-2 significantly increase the 

transmission of HIV as well as the susceptibility to HIV infection (207, 280). The control of 

HSV-2 infection is difficult as people who carry HSV-2 can spread the infection to others due to 

frequent shedding of virus in both the presence and absence of genital lesions (97). What makes 

the situation even worse is that infants can become infected with HSV-2 from their mother 

during delivery and, rarely, the fetus can become infected through the placenta. These infections 

often result in CNS damage and death (207, 211).  

There is no cure for herpesvirus infections. Available drugs help eliminate the pain 

associated with ulcerations and reduce the likelihood of transmission. There are few drugs 
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approved for the treatment of HSV infections such as acyclovir, valacyclovir and famciclovir, all 

of which target the viral DNA polymerase and inhibit viral DNA replication (225, 287). 

Extensive clinical use of acyclovir leads to resistant HSV strain emergence, especially in 

immunosuppressed patients (117, 202). Therefore, new anti-herpes drugs are needed. 

Despite significant efforts, there is no licensed HSV vaccine. An extensive clinical trial 

of a HSV-2 subunit vaccine demonstrated that the vaccine, which once held promise, failed to 

protect HSV-2 disease or infection (17). This failure was a great blow to both academic and 

industrial researchers. While some scientists are developing and testing new potential vaccine 

candidates, others are going back to the basic biology of genital herpes infections to understand 

the immunobiology and cell biology of HSV-2 infections to identify new vulnerabilities that can 

be exploited to treat HSV disease. Therefore, in order to control HSV-2 infection and 

transmission effectively, more work is needed to fully understand HSV-2 infection. 

2.1.2 VZV  

VZV is a ubiquitous human pathogen that belongs to the Alphaherpesvirinae subfamily. 

Children are usually the targets of VZV primary infections resulting in varicella (also known as 

chickenpox), which is accompanied by fever and an itchy vesicular rash (190). VZV establishes 

latent infections in ganglionic neurons, and can reactivate to cause zoster (also known as shingles) 

(63, 256). Cell-free VZV virions contained within vesicular fluid or infectious virus released into 

respiratory secretions can be transmitted by direct contact or airborne spread and subsequent 

replication of the virus in respiratory mucosal epithelial cells (98, 121). VZV has a tropism for T 

cells and mucosal epithelial cells transfer virus to T cells in tonsillar tissues (3, 240). During 

varicella, virus gains access to skin by migration of infected T cells out of capillaries that transfer 

the virus to cutaneous epithelial cells leading to the formation of the vesicular rash. Infected 



! 10!

epithelial cells within varicella vesicles transfer the virus to the axon terminals of sensory 

neurons that innervate the skin. It is in these sensory neurons where latency is established. When 

neurons in one of these ganglia reactivates infection the virus spreads down the nerve back to the 

skin where a rash forms, this is shingles or zoster (63, 256). Typically only one ganglion 

reactivates, so instead of having a full body rash, the rash associated with shingles is restricted to 

the skin regions serviced by that ganglion (i.e. a single neurodermatome) (3, 139, 240). Live 

attenuated varicella vaccine is the only vaccine that prevents a human herpesvirus infection and 

has been used routinely since the 1980s (79, 85, 247). 

2.2 HSV virion structure  

Majority of the investigations in human herpesvirus simplex virus are conducted in HSV-

1, only limited work have been done in HSV-2. HSV-1 and HSV-2 are close enough in virus 

replication and morphogenesis in infected cells, therefore, our introduction of HSV virions are 

mostly from work based on HSV-1. HSV virions are comprised of four main structural features 

including an internal core containing a double-stranded linear DNA genome of roughly 150 kbp; 

an approximately 125 nm diameter icosahedral capsid surrounding the genome; the tegument is 

an “amorphous-appearing” layer of protein surrounding the nucleocapsid (the capsid containing 

the virus genome); glycoproteins are embedded in a lipid envelope that surrounds the tegument 

(53, 54, 228, 229). These general structures were initially explored with the electron microscope, 

but recently more detailed information about herpes virion structure has been provided by cryo-

electron microscopy (cryo-EM) studies which suggested that the spherical particle virion has a 

186 nm average diameter (225 nm if glycoprotein spikes are included) (53, 93). Very recently, 

higher resolution structures of HSV capsids were obtained by optimized cryo-EM (Figure 2-1). 

Together with the previous lower-resolution EM, a model was proposed to elucidate the ordered 
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assembly of a capsid, where basic assembly units (a triplex formed by capsid proteins VP23 and 

VP19C, and its covalently linked lasso triangle formed by three VP5 molecules) gather into 

higher-order structures and guide the assembly into the correct geometry (298).The capsid 

structure was described at an atomic level, which provide the molecular basis to understand the 

drivers of capsid assembly and guide the design of anti-herpes drugs (51, 298).   

  

 

Figure 2-1. HSV capsid and virion structure. (A) 3.1-Å structure of HSV-2 B-capsid (detailed in Section 
2.3.3.3) by cryo-EM. Surface representation of HSV-2’s 1250-Å-wide capsid. Particle icosahedral facets 
are indicated by black solid and dashed lines. (B) Architecture of virion structure. Outer surface showing 
the glycoprotein spikes embedded in the envelope membrane. Inner parts underneath the envelope 
showing the capsid and the tegument. Figures are adapted from (105, 298).  

2.2.1 HSV genome structure  

Before viral DNA and amino acid sequences were known, herpesviruses were classified 

on the basis of their biological properties (228). Presently, this framework is supported more 

reliably through the extensive knowledge of the genomes of these viruses (53). Genome lengths 

and G+C compositions are distinguishing properties of herpesvirus genomes. Genome lengths 

range from about 124 to 295 kbps (53). G+C content of herpesvirus DNA can vary from 31% to 
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77% (53). The genome size of HSV-1 and HSV-2 are around 152kbp and 154kbp with G + C 

contents of 68.3% and 70.4%, respectively (62, 171). The HSV genome is composed of long (L) 

and short (S) segments. Each segment contains a unique sequence (UL or US) flanked by inverted 

repeated sequences at both terminals (277). The genome structures of HSVs are designated 

according to the scheme shown in Figure 2-2. 

 

Figure 2-2. Schematic diagram of HSV DNA sequence arrangement. Unique DNA regions UL and Us are 
flanked by inverted repeated sequences (TRL, IRL, TRS and IRS). Virion DNA consists of four isomers 
resulting from inversion of L and S at the joint region (IRL-IRs). The reiterated sequence bracketing the L 
component were designated ab and b’a’; while the reiterated sequence bracketing the S component were 
designated a’c’ and ca. Figure is adapted from (151). 
 
2.2.2 The nucleocapsid 

The nucleocapsid consists of the core and the capsid (53, 178). The core contains the 

linear double strand DNA which does not contain histones, but highly purified virion genomes 

contain the polyamines spermidine and spermine to neutralize the DNA phosphate backbone and 

are thought to enable packing of the DNA at high density (86, 125). The icosahedral capsid of 

herpesvirus is made of 162 capsomers (oligomers of capsid proteins) including 150 hexons and 

12 pentons, and these capsomers are connected by 320 triplexes (193, 286). Based on 

biochemical studies and analyses of structural proteins, we know that there are two types of 

capsomers – pentons and hexons (300). There are 11 pentons at the icosahedral vertices, the 12th 

vertex is the portal made up of UL6, which is critical for DNA entry and exit from the capsid 

(191). Hexons are on the faces of the icosahedron. The pentons are made up of five copies of 
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VP5. The hexons are made up of six copies of VP5 and each VP5 in a hexon has single molecule 

of VP26 at its tip (193). Capsomers are held together by triplexes comprised of VP23 and 

VP19C (45, 193, 238, 258, 274, 300). The capsid vertex specific complex (CVSC) of UL17, 

UL25 and UL36 forms a central five-helix bundle that anchors UL36 to the capsid and allows it 

to serve as a hub for tegument recruitment (51). 

2.2.3 The tegument 

The tegument is a largely unstructured compartment located between the capsid and 

envelope. Approximately 23 viral proteins are found to localize to the tegument in addition to an 

estimated 49 cell-encoded proteins (53, 162). Tegument proteins have multiple roles including 

linking the capsid to envelope, translocation of capsids to the nucleus, regulation of viral gene 

expression and silencing host cell gene expression for the promotion of virus replication. This 

thesis is focusing on a tegument in HSV-2 called UL16 (detailed in Section 2.4). 

2.2.4 The envelope 

The envelope is comprised of viral glycoproteins and a lipid bilayer that is acquired from 

host cell membranes (53). The distinct virus-encoded glycoproteins embedded in the lipid 

membrane are gB, gC, gD, gE, gG, gH, gI, gK, gL, gM while the gJ and gN that are expressed in 

infected cells have not been confirmed to be present in the virion envelope (53, 61, 162, 185, 

246, 253). The roles of envelope glycoproteins include mediation of virus entry, egress, cell-to-

cell spread of infection and immune evasion. 

2.3 HSV lytic cycle  

 Herpesvirus infection can result in both lytic and latent infections of host cells (114, 137). 

Latency is a strategy for the virus to escape the surveillance of the host immune system and 

establish lifelong infection (211) whereas the lytic cycle promotes virus propagation and 
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transmission to new hosts (211). During lytic replication (Figure 2-3), after attachment and 

penetration (steps 1 and 2), capsids enter the cytoplasm (step 3) and are transported along 

microtubules (step 4) towards a nuclear pore where the DNA is injected into the nucleus (step 5) 

(65, 290). By taking advantage of the host cell nuclear transcription machinery as well as viral 

transcription factors packaged into the tegument of the infecting virion (step 6), immediate early 

(IE) genes are quickly transcribed and those mRNAs are translated into proteins that regulate 

early (E) gene transcription. Replication of viral DNA does not occur until the E genes are 

expressed and many E gene products are involved in viral DNA replication (120). The late (L) 

genes are expressed using newly replicated viral DNA as templates for transcription, and encode 

viral structure proteins required for virus assembly (120). Herpes virions initiate their assembly 

in the nucleus and complete this process in the cytoplasm (steps 7-13). The widely accepted 

model describing virion assembly is that capsids experience envelopment twice during 

maturation: DNA is packaged into the capsids (step 8) in the nucleus followed by capsid 

envelopment (primary envelopment) at the INM (steps 9 and 10) followed by de-envelopment at 

the ONM (step 11). Cytoplasmic nucleocapsids acquire a final envelope (secondary envelopment) 

by budding into the trans-Golgi network (TGN) (step 12) and are associated with TGN derived 

vesicles (step 13) that mediate their exit from the cell (step 14) (177, 211).  
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Figure 2-3. Lytic replication of HSV. After an extracellular virion attaches (step 1) to a host cell 
membrane and has penetrated (step 2), capsids are transported along microtubules towards the nucleus 
(steps 3 and 4) and dock at a nuclear pore (step 5). Viral DNA is released into the host nucleus where 
genome replication takes place (step 6). Viral genes are expressed and capsids assembled (step 7), viral 
DNA is packaged into capsids (step 8) and undergo primary envelopment (steps 9 and 10) to escape the 
nucleus. During capsid delivery to the cytoplasm the primary envelope is lost (step 11). The final 
envelope is acquired during secondary envelopment by budding to the TGN (step 12). Finally, vesicles 
containing mature virions are transported to the cell surface where they fuse with the plasma membrane 
releasing infectious virus from the host cell (step 13 and 14). Figure is adapted from (178). 
 
2.3.1 Attachment and entry  

 The initial attachment of a virion to the cell surface triggers a cascade of viral and host 

cell protein interactions that leads to fusion of virion membranes to the host cell membrane. Viral 

glycoprotein B (gB), gC, gD, gH and gL are essential for HSV attachment and entry (253). gC 

first binds to cell surface heparan sulfate proteoglycans (HSPGs) and places the virion in 
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proximity to the target cell membrane and specific virus receptors contained within it (109, 243, 

246). However, gC is not essential for entry, as gB can mediate the attachment step by also 

binding to heparan sulfate glycosaminoglycans in the absence of gC (18, 261). This step is 

followed by receptor-mediated entry requiring gD. In this step, gD binds to one or more 

unrelated cell surface receptors including nectins, herpesvirus entry mediator (HVEM) or 3-O-

sulfated heparan sulfate (3-O-HS) (49, 166, 180, 245, 252).  

Nectins are cell adhesion molecules that belong to the immunoglobulin (Ig) superfamily 

and are found at adherent junctions between cells including epithelial cells or at neuronal 

synapses (234). There are four types of nectins, but only nectin-1 and nectin-2 mediate HSV 

entry (234). HVEM is a tumor necrosis factor (TNF) family member that is expressed in a 

variety of cell types including lymphocytes, epithelial cells and fibroblasts (44). The receptor 3-

O-HS is a 3-O-sulfotransferase modified heparan sulfate (196). It is broadly expressed on human 

cells and mediates HSV-1 entry efficiently but not HSV-2 entry (32).  

After activation, conformational changes of gD, which expose its hidden region by 

displacement of its C-terminus, leads to its interaction with gH/gL (4). This activated form of 

gH/gL, in association with gB, induces the insertion of a gB fusion loop into the cell membrane 

(4, 5). A conformation change of gB then induces HSV membrane fusion with the cell 

membrane (Figure 2-4). gB and the heterodimer gH/gL function as the virus “core fusion 

machinery” (64), whereas gD is an accessory fusion protein that triggers the core fusion 

machinery for virus entry and/or cell-to-cell spread (4, 185). The cooperation of these 

glycoproteins results in the release of viral capsids into the cell cytoplasm.  
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Figure 2-4. HSV binding and fusion events. First, gD binds to specific receptors (nectin-1 is shown as an 
example), which activate HSV entry into target cells (step 1). Receptor binding mediates a conversion of 
gD to expose its hidden region, which is proposed to interact with gH/gL (step 2). This interaction results 
in a conformational change in gH/gL that enables it to transform gB into a fusogenic state. 
Conformational changes in gB induce insertion of fusion loops into the opposing cellular lipid membrane 
(step 3) and an interaction between the ectodomains of gB and gH/gL (step 4). This converts gB to play a 
role as a fusogen, resulting in fusion of the viral envelope with cell membranes and delivery of the 
nucleocapsid into the target cell (step 5). Figure is adapted from (64). 
 

As the viral envelope fuses with the cellular membrane, capsids enter the host cell 

accompanied by disassociation of most tegument proteins from the capsid. These tegument 

proteins either remain in the cytoplasm or are imported into the nucleus to perform functions 

there. For example, Vhs is a tegument protein that degrades host cell mRNAs in the cytoplasm 

(141), whereas the VP16 tegument protein is a potent transcriptional transactivator for viral IE 

genes in the nucleus (187, 197, 268). After entering a host cell, capsids are transported along 

microtubules towards the microtubule organizing center (MTOC), utilizing the motor protein 

dynein, and subsequently use kinesin motor proteins to get from the MTOC to nuclear pore 

complexes (NPCs). (26, 250). This transport requires the capsid-associated tegument proteins 
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VP1/2 (UL36) and UL37, viral components that recruit microtubule motor proteins during capsid 

transport to NPCs (163).  

2.3.2 Genome uncoating at NPC  

The icosahedral capsids (~125nm in diameter) are too large to cross the NPC central 

channel (~60nm in diameter), so capsids must dock at a nuclear pore before releasing the viral 

DNA into the nucleus. Viral DNA is contained within the capsids at high pressure, and the high 

internal pressure of tens of atmospheres is capable of powering ejection of viral DNA through 

the NPC channel into the nucleus (14).  

Viral capsid proteins play roles in targeting capsids to the NPC for viral genome 

uncoating. Tegument protein VP1/2 was also found to function in DNA uncoating, as impaired 

viral DNA release into the nuclei was observed in a temperature sensitive mutant of UL36 (122). 

UL25 is a minor capsid protein required for stabilization of C-capsids and this stabilization may 

be reversed during viral DNA uncoating to allow viral DNA release into the nucleus (216, 259). 

In a temperature sensitive UL25 mutant (ts1249), viral DNA was retained in capsids docked at 

the NPC at the nonpermissive temperature (216). In addition, the C-terminus of UL25 might be 

required for initiating DNA release from NPC-bound capsids, but the specific mechanism is 

unclear (115). Later in infection, UL25 is also required to retain viral DNA within the capsid 

(259). The complex of VP1/2, UL25 and UL17 are thought to keep DNA contained within the 

capsids at high pressure (259, 265). UL6, the portal of the capsid, has been suggested to interact 

with VP1/2 and UL25 and promote the association of capsids with nuclear pores through which 

the capsid releases the viral DNA into the nucleus (191, 208). Release of viral DNA also requires 

receptors on NPCs. Receptors on the NPC like importin β, nucleoporins CAN/Nup124 and hCG1 
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are all reported to interact with HSV capsids and facilitate the process of capsid docking (200, 

208).  

The trigger for releasing the genome is unclear, however, it has been demonstrated that 

proteolytic cleavage of VP1/2 occurs when capsids dock at the NPC, which suggested a cleavage 

of a tegument protein leading to loss of the protein is critical for viral genome uncoating (122). 

After the viral DNA is ejected into nucleoplasm, transcription of the viral genome and DNA 

replication take place in the nucleus.  

2.3.3 Viral gene expression and replication 

Three groups of virus-specific polypeptides have been established to describe the scheme 

of viral gene expression, designated as IE, E and L gene products, and they are synthesized 

coordinately and sequentially during infection (Figure 2-5) (113). The IE genes are expressed in 

the absence of de novo viral protein synthesis. Expression of E genes is regulated by IE gene 

products, and is required for viral DNA replication. L gene products expressed late in infection 

are essential for virion assembly, maturation and egress. 
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Figure 2-5. HSV viral gene expression and genome replication. (a) Linear viral DNA enters the host cell 
nucleus and rapidly circularizes. (b) Transcriptional transactivation of IE genes by viral tegument protein 
VP16, IE genes are expressed using host RNA polymerase II. (c) IE proteins are transported into the 
nucleus and transactivate E gene expression. The products of E genes include proteins that are required 
for viral DNA replication. (d) DNA replication promotes the expression of the L genes, many of which 
encode viral structural proteins. (e, f) Viral capsid assembly and progeny DNA encapsidation take place 
in the nucleus. (g) Virions egress from the nucleus and the cell. Figure is adapted from (137). 
 
2.3.3.1 IE gene expression 

IE genes are probably the most well studied genes in the HSV genome. The five HSV IE 

gene encoded proteins are ICP4 (RS1), ICP0 (RL2), ICP27 (UL54), ICP22 (US1), and ICP47 

(US12) and expression of these genes is regulated by various cis-acting elements including 

TATA and CAAT elements. Specifically, the five genes listed above are directly controlled by a 

viral trans-activator protein VP16 (UL48) that is an abundant component of the HSV tegument 
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(187, 267, 268). VP16 is released from the incoming capsid into host cytoplasm and first 

associates with host cell factor (HCF) for translocation into the nucleus, then this heterodimeric 

complex binds to octamer binding transcription factor-1 (Oct-1) on TAATGARAT (R = purine) 

site in the promoters of IE genes (116, 143). HCF serves to stabilize the VP16 and Oct-1 

interaction (116). VP16 is a multifunctional protein that contains two functionally distinct 

regions, one at its carboxy-terminal region is responsible for activating IE gene transcription and 

the other one near its transcriptional activation region is responsible for forming complex with 

HCF and Oct-1 (182, 257).  

The IE protein, ICP4, is necessary for the activation of both E and L gene expression. 

ICP4 has multifunctional domains that facilitate transcriptional transactivation, dimerization, 

nuclear localization, transcriptional repression and DNA binding. ICP4 promotes transcriptional 

activation by interacting with TATA-binding protein (TBP)-containing general transcription 

factor (TFIID) through TBP-associated factor 250 (TAF250) (94, 150), and the recruitment of 

TFIID is promoted by another co-activator protein called high mobility group factor 1 (HMG1) 

through the ability of HMG1 to bend DNA (36). A change in DNA conformation induced by 

HMG1 may allow ICP4 to bind to TFIID more efficiently (60, 150). In addition, ICP4 is 

responsible for repression of transcription promoters through interaction with general 

transcription factors TBP and TFIIB (95, 140).  

ICP27 is another IE protein that is essential for HSV lytic replication. Multiple functional 

domains of ICP27 have been identified including those involved in transcriptional transactivation, 

transcriptional repression, nuclear localization, RNA binding and nuclear export. ICP27 is 

mainly reported to play post-transcriptional roles in inhibition of mRNA splicing early in 

infection, and binding and transport of intronless viral mRNA from the nucleus to the cytoplasm 
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for translation late in infection (102, 172, 214, 236, 251). ICP27 also affects gene expression and 

can regulate ICP4 binding to DNA (233, 273). In the absence of ICP27, the level of viral DNA 

replication was limited to 8% to 23% of wild type (WT) levels (273).  

ICP22 is nonessential in many cell types, however, it is indispensible for efficient virus 

replication and expression of ICP0 and L genes in rodent cell lines and primary human cells 

(239). HSV-1 utilizes host RNA polymerase II (RNA Pol II) transcription machinery to express 

viral genes, and the phosphorylation of RNA Pol II large subunit is required for this process 

(210). ICP22 promotes the phosphorylation of RNA Pol II large subunit indicating that ICP22 

promotes viral gene transcription by modification of the phosphorylation of RNA pol II (157, 

224). Another viral component, the serine/threonine kinase UL13, is also associated with the 

phosphorylation of the large subunit of RNA pol II (157). Replication compartments are globular 

areas in the infected cell nucleus where viral transcription and DNA replication occurs (218). 

ICP22 promotes the formation of nuclear foci near replication compartments that contain 

chaperone proteins, proteasomal components, and ubiquinated proteins (29, 156). These nuclear 

foci are called virus induced chaperone-enriched (VICE) domains (156). VICE domains are 

thought to play a role in protein quality control by remodeling or degrading misfolded proteins, 

and their reorganization of host chaperone machinery could help the virus reduce the toxic 

effects of misfolded proteins and provide access to the correct folding of viral proteins by host 

chaperone machinery (16, 156). Thus, ICP22 facilitates viral replication by promoting formation 

of VICE domains (13, 152, 153).  

The HSV ICP0 IE protein enhances viral gene expression by suppressing the cellular 

silencing of viral DNA (123). Nuclear domain10 (ND10, also called promyelocytic leukaemia 

(PML) nuclear bodies) are important components of the cellular anti-viral defence arsenal. Upon 
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viral DNA entry into the nucleus, ND10 bodies converge at the viral DNA and restrict viral 

DNA expression (68, 169). However, this anti-viral process is counteracted by viral tegument 

component ICP0. ICP0 is a RING-type E3 ubiquitin ligase that facilitates the degradation of 

promyelocytic leukaemia (PML) protein, the key organizer of ND10 (41, 66, 71, 118, 119). ICP0 

localization to the nucleus at ND10 and degradation of PML leads to the dispersal of ND10 

components and de-repression of incoming viral DNA (67, 70, 206, 296). This suggests that 

ICP0 contributes to viral gene expression by inducing the degradation of cellular repressor(s) 

(206). A model proposed to explain this is that a cellular repressor of the viral lytic pathway is a 

target of ICP0 induced proteolysis (69). Interestingly, ICP0 is poorly expressed in neurons where 

viral gene expression is inhibited, suggesting establishment of latency in neurons is in part due to 

lack of ICP0 accumulation (42). ICP0 also interacts with different cellular proteins including 

cyclin D3, translation elongation factor EF-1δ, a ubiquitin-specific protease and transcription 

factor BMAL1, these interactions with cellular proteins suggest additional roles for ICP0 during 

infection (72, 126, 128, 129). 

ICP47 is an IE gene product that suppresses antigen presentation. To evade host immune 

surveillance, HSV compromises host cytotoxic T-lymphocytes by inhibition of the ATP-binding 

cassette transporter associated with antigen processing (TAP) via ICP47. In the absence of a 

functional TAP transporter, peptide antigen delivery to class I MHC molecules in the lumen of 

the endoplasmic reticulum (ER) is inhibited, and as a consequence, MHC I molecules that lack 

peptides are retained in the ER and ultimately directed to the proteasome for degradation (2, 110, 

264, 297). This results in a failure of T-cells to recognize and kill virally infected cells. 
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2.3.3.2 E gene expression and DNA replication 

E gene expression is activated by IE gene products. As described above, ICP0 and ICP4 

are responsible for transactivation of early genes. ICP4 promotes transcriptional activation by 

interacting with TFIID, TAF250 and TBP (94, 150). In the meantime, ICP0 targets PML for 

degradation, which causes the dispersal of ND10 and de-repression of viral gene expression (31, 

88). ICP27 inhibits mRNA splicing at early times in infection and transports intronless viral 

mRNA from the nucleus to the cytoplasm to facilitate the translation of E genes in the cytoplasm 

(102, 251). Many of the E gene products are involved in DNA replication. Seven early proteins 

are essential for DNA synthesis: UL9, ICP8 (UL29), Pol (UL30), UL42, UL5, UL8 and UL52. It 

is accepted that the origin-binding protein, UL9, forms a dimer to bind specific elements in the 

origins of replication (oriL or oriS) to unwind DNA, then UL9 recruits ICP8 (single–strand DNA 

binding protein) dimers to single-stranded DNA (ssDNA) that prevents reannealing of DNA (43, 

165, 283). UL9 and ICP8 recruit a helicase/primase (H/P) complex formed by UL5, UL8 and 

UL52, to the replication forks to further unwind dsDNA and mediate the synthesis of RNA 

primers required for lagging strand synthesis (167). Conformational changes of H/P complex and 

RNA primer recruit polymerase, Pol, and the polymerase processivity factor, UL42, to the 

replication forks to initiate leading- and lagging-strand DNA synthesis (35). Formation of 

concatemeric DNA is a prerequisite for generation of progeny virus. The specific mechanism for 

concatemeric genome formation is not clear, but HSV is thought to use viral and/or cellular 

recombination proteins during DNA replication to produce a form of the viral genome that can 

be packaged to the capsids (283).  

2.3.3.3 L gene expression and capsid assembly 

The onset of viral DNA synthesis increases expression of the viral L genes. ICP4, ICP0 
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and ICP27, along with cellular transcriptional factors, mediate activation of the L genes in 

replication compartments. Following viral DNA synthesis, some of the L proteins (e.g. capsid 

proteins) localize to the infected cell nucleus where capsid assembly occurs. Some other L gene 

encoded proteins, like tegument proteins and glycoproteins function at later steps in virion 

maturation in the cytoplasm. As described above, capsids components like pentons and hexons 

comprised of VP5 and triplexes, comprised of VP23 and VP19c, are assembled before entering 

the nucleus. VP5 needs to interact with scaffold proteins to enter the nucleus before the assembly 

of procapsids (194, 282) and VP23 cannot enter the nucleus without interacting with VP19c (201, 

269). In the nucleus, capsid assembly begins with the formation of the portal ring. The ring-like 

portal is comprised of 12 copies of the UL6 protein (191, 270). UL6 interacts with pre-VP22, the 

major scaffold protein, and this interaction nucleates the addition of VP5 and pre-VP22 complex 

to initiate procapsid formation (Figure 2-6) (192, 209). A complex formed by UL15, UL28 and 

UL33 called the terminase is associated with the procapsid by interacting with portal protein 

UL6 (284), and the terminase is required for the encapsidation of DNA (107, 108). Terminase 

cleaves the concatemeric DNA into monomer viral genome and pumps the monomer into capsid 

through portal utilizing ATP hydrolysis as the energy source (52, 299). During DNA packaging, 

round procapsids undergo a structural change to form an angularized icosahedral capsid. During 

this transformation, pre-VP22 is cleaved by UL26 into VP22a and the scaffold proteins detach 

from the inner capsid shell (84, 107). The capsid inner cavity is then packaged with DNA 

resulting in the formation of a C-capsid (Figure 2-6). In addition to procapsids and C-capsids two 

other types of capsids exist. B-capsids contain no DNA, but retain a core largely composed of the 

cleaved VP22a scaffold protein and are thought to be a dead end assembly intermediate (107). 

Empty A-capsids are not filled with DNA or scaffold protein and are regarded as abortive 
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capsids that fail to be packaged with viral DNA, or fail to retain viral DNA once packaged (87, 

227).   

 

Figure 2-6. HSV capsid maturation. Precursors of mature C-capsids are called procapsids.  Their shells 
consist mainly of VP5 (pentons and hexons are shown in dark blue and light blue, respectively) and are 
roughly spherical. Triplexes (green) composed of VP19c and VP23 link the pentons and hexons. In 
addition, one vertex of the capsid contains 12 copies of UL6 (pink) that forms the portal. The scaffold 
protein UL26 is an extended version of UL26.5, which is cleaved by itself to release viral protease VP24 
and pre-VP21. The protease also removes the final 25 amino acids from the major scaffold protein pre-
VP22a, which detaches the scaffold from the surface of the inner shell. The surface shell then switches 
from round to polyhedral in shape, and VP26 binds to the outer tips of VP5 hexons, but not VP5 pentons. 
The inner scaffold is then lost in A-capsids, retained in B-capsids, or replaced with DNA in C-capsids. 
During the packaging process, the DNA is threaded through the portal by a molecular motor called the 
terminase (not shown). Maturation of the procapsid involves irreversible angularization that stabilizes the 
structure, and in the case of C-capsids, helps to seal the DNA inside. A- and B-capsids are dead end 
products, whereas the C-capsid goes on to become enveloped at the INM. Figure is adapted from (138, 
271). 

2.3.4 Nuclear egress  

  Once viral genomic DNA is packaged into capsids in the nucleus, the DNA containing C-

capsid must be transported from the nucleus to the cytoplasm where final virion maturation takes 

place. The nuclear membrane is a double membrane composed of the INM facing the 

nucleoplasm and the ONM facing the cytoplasm. The translocation of intranuclear, DNA-

containing C-capsids from the nucleoplasm to the cytoplasm by crossing the INM and ONM is 
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called nuclear egress (Figure 2-7). To enable nuclear egress, herpesviruses must dissolve the 

nuclear lamina, a dense meshwork of protein filaments that underlies the INM in the 

nucleoplasm (120), recruit C-capsids to the INM and bud into the INM to acquire a primary 

envelope, primary enveloped virions in the PNS then fuse with the ONM releasing a C-capsid 

into the cytoplasm (120).  

       

Figure 2-7. HSV nuclear egress. Following capsid assembly and packaging inside the nucleus, newly 
formed nucleocapsids bud into the INM (primary envelopment) and enter the PNS. Next, these primary 
enveloped virions fuse with the ONM (de-envelopment) and are released into the cytoplasm where they 
undergo further maturation. Figure is modified from (120).  

The nuclear lamina is a type-V intermediate filament protein meshwork associated with 

the nucleoplasmic surface of the INM and mainly comprised of two classes of proteins: type-A 

lamins (lamin A and C) and type-B lamins (lamin B1 and B2) (58, 59). The lamina supports the 

nuclear membrane structure and regulates some nuclear and cytoplasmic exchange processes, 

such as chromatin organization, gene regulation and signal transduction (30, 92). It also 
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represents a formidable obstacle between egressing nucleocapsids and the INM. 

The assembly and disassembly of the lamina is regulated during the cell cycle.  

During mitosis and apoptosis, in response to variable stimuli, cellular kinases cell division cycle 

2 (Cdc2), protein kinase C (PKC), protein kinase A (PKA), and mitogen-activated protein 

kinases (MAPK) such as p44, p42, and p38 phosphorylate lamins leading to the disassembly of 

the nuclear lamina (12, 27, 212, 213). Herpesvirus infections result in the disruption of the 

nuclear lamina (221). However, not only cellular factors but also viral proteins are utilized in the 

process of lamina disruption. The NEC consisting of viral proteins UL31 and UL34 are required 

for recruitment of viral and cellular kinases that phosphorylate lamins and lead to local 

dissolution of the nuclear lamina (21, 120, 222). UL31 and UL34 are conserved herpesvirus 

proteins (81, 89, 186, 222, 223). UL31 is a nucleoplasmic phosphoprotein and UL34 is a type II 

transmembrane protein that is anchored in the INM with only 3 residues extending to the PNS 

(38, 242). The NEC binds directly to lamins and modifies their conformation, which contributes 

to the disassociation of the nuclear lamina (221). This step is necessary for nuclear capsids to 

gain access to the INM, which is also essential for the initiation of primary envelopment (23, 

183, 221, 248). Additionally, UL31 and UL34 recruit PKC and the viral kinase Us3 to the lamina 

that phosphorylate lamin B and lamin A/C, respectively (183, 205). There is no extensive nuclear 

lamina disruption in infected cells, as the phosphorylation happens in nuclear membrane areas 

with high concentrations of the NEC during infection (221). Lamin B phosphorylation is only 

partially reduced by PKC inhibitors, suggesting a role for additional kinase(s) in phosphorylation 

of lamins (205). Us3 phosphorylates lamin A/C and emerin, a cellular INM protein that binds to 

lamin A/C (146, 181). This phosphorylation appears to promote solubilization of the lamina and 

reduce the affinity of emerin for the INM and the lamina. Moreover, PKC also phosphorylates 
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emerin, which also helps to disassemble the lamina (147). Similar to the cellular Cdc-2 kinase 

mentioned above, the viral kinase UL13 is responsible for phosphorylation and disruption of 

nuclear lamina through its Cdc2-like activity (33, 127). In addition, dispersal of marginalized 

cellular chromatin that is tethered to the lamina also requires the NEC, which causes disruption 

of nuclear lamina indirectly and further weakens the integrity of the nuclear lamina (248).  

Once the barrier of the nuclear lamina is disrupted, DNA-containing C-capsids are 

preferentially selected for envelopment at the INM. C-capsids are the dominant type of capsids 

selected to undergo primary envelopment, implying that primary envelopment is regulated by a 

quality-control mechanism. A complex of viral proteins UL17 and UL25 is highly enriched on 

C-capsids (265, 293), and is reported to be the structure involved in selecting C-capsids for 

primary envelopment (271). The reason is because this complex binds to C-capsids more 

efficiently as its binding ability is enhanced by the subtle conformational change that occurs in 

the capsid structure during DNA packaging (271). Arguments against this model have arisen 

based on the observations that the CVSC is not only present on C-capsids but also A- and B-

capsids suggesting that other mechanism may be used for the specific selection of C-capsids. As 

A-, B- and C-capsids have distinct structure, it is possible that the C-capsids are selected based 

on the interaction between UL25 and UL31 and this promotes their budding to the INM (262). 

Free nucleoplasmic UL31 (i.e. not in complex with UL34) has been proposed to bind to C-

capsids via the CVSC thereby linking the C-capsid to the NEC (293). However, A, B and C-

capsids contain similar levels of UL31 suggesting that UL31 binding is not the basis for C-capsid 

selectivity (148). It is possible, however, that the conformation of UL31 on the surface of C-

capsids is different than that found on the surface of A- or B-capsids (82).  

Once C-capsids are recruited to the INM, their primary envelopment at the INM involves 
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membrane budding through deformation of the INM (22). UL31 and UL34 are essential for this 

step as in the absence of either protein, accumulation of intranuclear capsids was observed and 

viral production drops by roughly four orders of magnitude (39, 242). The NEC is important for 

driving membrane budding. UL31 and UL34 have the capacity to form vesicles in the PNS in the 

absence of other viral proteins (133), and the NEC mediates membrane budding by forming a 

hexagonal coat inside the budding membrane (20, 21, 99). During budding through the INM, the 

NEC becomes incorporated into the primary enveloped virions (81). In the PNS, primary 

enveloped virions contain a subset of tegument proteins and glycoproteins, for example tegument 

VP1/2, VP22, Vhs, VP16, UL11, UL51 and Us3 (8, 149, 187, 195, 204, 220, 223) and the 

embedded glycoproteins include gB, gD, gH, gL and gM (7, 74, 254, 266). In general, there are 

fewer tegument proteins in the primary enveloped virions located in the PNS than that of mature 

virions in the cytoplasm suggests that more tegument proteins are added onto capsids in the 

cytoplasm during later maturation steps (7, 80). 

The last stage of nuclear egress is called de-envelopment. During this stage, the primary 

envelope fuses with the ONM delivering naked capsids into the cytoplasm. De-envelopment is 

thought to be mediated by glycoproteins embedded in primary envelopes. gB and gH/gL, the 

core fusion protein in virion entry were reported to be important for de-envelopment in HSV-1 

but not in PRV (74, 131). Deletion of gB or/and gH in HSV-1 leads to primary enveloped virions 

accumulating in the PNS (74). Viral tegument proteins also play regulatory roles in de-

envelopment. For instance, in the absence of HSV-1 UL51, primary enveloped virions 

accumulate in the PNS and viral titres drop by roughly 100-fold (195). Us3 phosphorylates 

serine residues on the N-terminus of UL31 (184). In the absence of Us3 in HSV-1 and PRV or 

mutation of serine residues on UL31, primary enveloped virions were observed to accumulate in 
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the PNS (135, 184, 279). Us3 is important for efficient de-envelopment, though virus production 

is only reduced approximately 10-fold in the absence of Us3 (217). As the primary envelope 

fuses with the ONM, the NEC and all the glycoproteins of the primary enveloped virion are 

retained in the ONM (249).  

2.3.5 Secondary envelopment  

  Once capsids are released into the cytoplasm, tegument protein assembly continues 

through protein-protein interactions between tegument proteins and capsid proteins as well as 

tegument and tegument proteins (249). The tegumentation of capsids is a complicated event as 

numerous tegument proteins associate with each other. VP1/2 and UL37 are associated with 

intranuclear capsids and cytoplasmic capsids and they are thought to be critical for 

tegumentation (28, 34, 51, 235). A recent high resolution structure of the HSV-2 capsid structure 

revealed the UL36 structure on capsid surface suggesting its role for tegument recruitment (298).   

Secondary envelopment occurs as the tegument-coated capsid acquires its final envelope 

by budding into cytoplasmic membranes of the TGN or endosomes (91, 112, 272). This process 

involves interaction between capsid outer tegument proteins and viral glycoproteins on 

cytoplasmic membranes. Some tegument proteins such as UL16, UL46, UL47, VP16 and VP22 

work as central organizers because they link the tegument proteins and the viral glycoproteins 

(37, 80, 103, 198, 275, 294, 295). These glycoproteins bridge TGN or endosomal membranes 

onto capsids to promote envelopment. The subject of this thesis, UL16, is a tegument protein 

which forms a complex with UL11 to promote secondary envelopment (37, 295). UL11, a 

tegument protein modified by myristylation, palmitoylation and phosphorylation, accumulates on 

cytoplasmic membranes in HSV-1 infected cells (8, 161, 164). Deletion of UL11 leads to 

accumulation of unenveloped capsids in the cytoplasm, suggesting UL11 plays a role in budding 
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events for secondary envelopment of capsids (11). UL16 associates with cytoplasmic capsids and 

its interaction with UL11 promotes capsids to interact with cytoplasmic membranes (37, 176, 

295). Once capsids wrapped in TGN-mediated vesicles forming mature virions, they are 

transported to the cell surface where they fuse with plasma membrane and are released from the 

infected cells. 

2.4 The UL16 protein 

UL16 is a tegument protein conserved throughout the Herpesviridae (132). UL16 

orthologs are encoded by the UL16 gene in HSV-1, HSV-2, duck plague virus (DPV) and PRV, 

while encoded by the UL94 gene in HCMV, ORF44 in VZV, ORF11 in HHV-6, ORF46 in 

equine herpesvirus (EHV-1) and the BGLF2 gene in EBV (63, 104, 132, 188, 203, 289). The 

UL16 gene is contained within the intron of the UL15 gene and arranged antisense to the UL15 

ORF in HSV-1 and HSV-2 (62). This gene organization is also conserved in VZV, EBV, HCMV 

and channel cat-fish virus (CCV) (6, 10, 40, 50, 55, 56, 171, 188). The UL16 gene of HSV-1 is a 

nonessential gene which encodes a 373 amino acid protein with a predicted molecular mass of 

40kDa while the UL16 counterpart of HSV-2 is comprised of 372 amino acids and has a mass of 

approximately 41kDa (188, 203). In HSV-2, interestingly, the UL16 gene is predicted to utilize a 

CUG as its translation initiation codon instead of AUG, which is different from what is found in 

HSV-1 (62, 203).  

Deletion of HSV-1 and PRV UL16 orthologs led to a 10-fold reduction in virus 

propagation and defects in secondary envelopment (11, 132, 255). By contrast, deletion of the 

HCMV UL16 ortholog, UL94, and the MHV-68 ortholog, ORF33, prevented virus propagation 

altogether and, consistent with a role for the encoded proteins in secondary envelopment, 

resulted in the accumulation of C-capsids in the cytoplasm of infected cells (96, 215). Notably, 
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the MHV-68 ORF33 mutant also displayed defects in the egress of capsids from the nucleus to 

the cytoplasm suggesting that ORF33 has both nuclear and cytoplasmic functions (96, 241). 

Previous work performed on HSV-1 UL16 has revealed a number of interesting features 

of the protein. Firstly, UL16 has the capacity to interact directly with several virion structural 

components including the tegument proteins VP22 and UL21 (101, 103, 255), the membrane 

associated tegument protein UL11 (37, 160, 295), and the envelope protein gE (294). The 

interactions of VP22, UL11 and gE with UL16 map to the N-terminal half of UL16 whereas the 

C-terminal portion of UL16 regulates the ability of UL16 to bind to these partners. There is 

strong evidence that UL16 can simultaneously interact with UL21, UL11 and gE suggesting that 

multiple non-overlapping binding sites for these proteins exist on the UL16 surface (101). Thus, 

UL16 might be expected to be a key structural component of the HSV-1 virion insofar as its 

interactions predict a capacity to link the virion envelope to the tegument and underlying capsid. 

Secondly, UL16 has the remarkable capacity to respond to signal transduction across the virion 

envelope (174, 175). Upon interaction of virion envelope proteins with cellular attachment 

receptors, UL16 within the virion loosens its association with the capsid. While UL16 localizes 

to the nucleus of infected cells at times when capsids are being assembled, viral genomes are 

being packaged and nuclear egress is occurring (188), UL16 is not bound to nuclear capsids 

(173). By contrast, capsids isolated from the cytoplasm of infected cells are associated with 

UL16 (173). The identity of capsid or capsid-associated proteins through which UL16 is 

recruited to capsids is not known. 

A single report on HSV-2 UL16 has suggested that it loosely interacts with C-capsids but 

does not interact with A-or B-capsids that lack viral genomic DNA (203). In contrast to what 

was observed for HSV-1 UL16 (188); HSV-2 UL16 was not detected in extracellular virions, 
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suggesting that UL16-capsid interactions are transient (203). The authors of this study also 

demonstrated that purified UL16 had DNA binding activity, possibly mediated by its putative 

zinc finger domain (288), and suggested that UL16 might function in the packaging and/or 

cleavage of viral genomic DNA. 

2.5 Scope of this thesis  

Previous studies from the Banfield laboratory demonstrated that the tegument protein 

UL21 was required for efficient nuclear egress of HSV-2 capsids and its deletion from the HSV-

2 genome prevented virus propagation (145). These findings contrasted what was observed with 

HSV-1 and PRV UL21 deletion mutants where comparatively modest defects in virus 

propagation were noted (9, 57, 132, 136, 170, 278). These results suggested that UL21 performs 

a unique role in HSV-2 infection. As both HSV-1 and PRV UL21 interact with UL16 (103, 132), 

we hypothesized that if a UL21/UL16 complex was required for HSV-2 nuclear egress, then 

HSV-2 lacking UL16 would have a similar phenotype as HSV-2 lacking UL21. Based on this 

hypothesis, the studies described in this thesis were aimed to explore the role of HSV-2 UL16 in 

nuclear egress in following ways: 1) To examine if HSV-2 UL16 contributes to nuclear egress; 2) 

To resolve discrepancies between HSV-1 and HSV-2 in the reported roles of UL16 in virus 

propagation, and 3) To address the role of UL16 in nuclear egress including disruption of nuclear 

lamina and NEC localization. 
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Chapter 3 Materials and Methods 

3.1 Cell lines 

Human cervical carcinoma cells (HeLa), human keratinocytes (HaCaT), African green 

monkey kidney cells (Vero) and human embryonic kidney 293T cells (HEK 293T, or 293T) 

were acquired from the ATCC. Phoenix-AMPHO cells were generously provided by Craig 

McCormick, Dalhousie University. The murine L fibroblast cell line was a kind gift from Frank 

Tufaro, University of British Columbia. UL16 expressing cell lines were isolated by retroviral 

transduction using an amphotropic Phoenix-Moloney murine leukemia virus (MMLV) system 

(260). This system is based on MMLV and allows for delivery of genes to dividing mammalian 

cells. In brief, plasmids pBMN-IP-UL16 or pBMN-IP-UL16K (see below, detailed in section 3.3) 

were transfected into Phoenix-AMPHO cells to produce the retroviruses. HSV-2 UL16 

expressing cell lines (L16, Vero16 and 293T16) and HSV-1 UL16 expressing cell lines (L16K 

and Vero16K) were isolated by transducing either Vero, 293T or L cells with the corresponding 

amphotrophic retroviruses, and were selected using 2 µg/mL puromycin (InvivoGen) 48 h after 

transduction. To confirm UL16 expression, cell extracts were prepared and analyzed by Western 

blotting using HSV-2 or HSV-1 UL16 antiserum (Figure 4-9A). All cell lines were cultured 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. 

3.2 Viruses 

Full length infectious HSV-2 186 BAC, pYEbac373, was kindly provided by Dr. Y. 

Kawaguchi and transferred into Escherichia coli (E. coli) strain GS1783 by Dr. Valerie Le Sage 

(145). The HSV-2 186 strain UL16 knockout (Δ16), and UL16 repaired (Δ16R) viruses, 
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constructed by the two-step Red-mediated mutagenesis, were described below (detailed in 

section 3.6) (83). HSV-2 strains 186 and SD90e were kind gifts from David Knipe, Harvard 

University. The HSV-2 strain HG52 was kindly provided by Aidan Dolan and Duncan McGeoch, 

University of Glasgow. HSV-1 strains F and KOS were generously provided by Lynn Enquist, 

Princeton University. HSV-2 (SD90e, HG52 strains) and HSV-1 (KOS, F strains) multiple 

strains were used as template to construct UL16 mutants by CRISPR/Cas9 mutagenesis. 

(detailed in section 3.15). 

WT/mCh-VP26 (83) was used as template to construct Δ16/mCh-VP26 by by using 

CRISPR/Cas9-based mutagenesis as described below (detailed in section 3.6). Δ16/Us3 was a 

dual mutant of both HSV-2 UL16 and Us3 loci, which was derived from ΔUs3 by using 

CRISPER/Cas9 mutagenesis. 

3.3 Plasmid construction 

HSV-2 UL16 expression plasmid pCI-16 was constructed by amplifying the UL16 gene 

from HSV-2 strain 186 DNA using forward primer 5’- GACTGAATTCATGCTGG 

CACAGCGGGCACTCTGG -3’ and reverse primer 5’- GACTGTCGACTTATTTGTAA 

TCGGACGATGAGGCTCTGGCC -3’. The PCR product was digested with EcoRI (restriction 

site underlined) and SalI (restriction site underlined) and ligated into similarly digested pCI-neo 

(Promega).   

For producing polyclonal antisera against HSV-2 UL16, sequences containing UL16 

codons 181 to 372 were amplified by PCR using primers 5’- AATGAATTCCATG 

ACCGACACCGCACCGGAA -3’ and 5’- GATCTCGAGTTATTTGTAATCGCTGCT 

G -3’ from a synthetic HSV-2 UL16 gene that had been codon optimized for expression in E. coli  

(Bio Basic). The PCR products were digested with EcoRI (restriction site underlined) and XhoI 
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(restriction site underlined) and inserted into a pET21a(+)-derived plasmid containing upstream 

DNA coding for a hexahistidine tag, the protein G B1 domain, and a tobacco etch virus (TEV) 

protease recognition sequence that was kindly provided by Steven Smith, Queen’s University.  

To construct UL16 expressing cell lines, UL16 sequences were amplified by PCR using 

the forward primer 5’- GACTGAATTCATGCTGGCACAGCGGGCACTCTGG -3’ and reverse 

primers 5’- GACTCTCGAGTTATTTGTAATCGGACGATGAGGCTCTGGCC -3’. The PCR 

product was digested with EcoRI (restriction site underlined) and XhoI (restriction site 

underlined) and ligated into similarly digested pBMN-IP (a kind gift of Craig McCormick, 

Dalhousie University) to yield pBMN-IP-UL16. pBMN-IP-UL16 was transfected into Phoenix-

AMPHO cells to produce the retroviruses used to construct L16, 293T, Vero16. 

To construct pBMN-IP-UL16K, UL16 KOS sequences were amplified from HSV-1 KOS 

genomic DNA by PCR using the forward primer 5’- GACTGAATTCATGGCGCAGCTGGGA 

C -3’ containing an EcoRI restriction site (underlined) and reverse primer 5’- GACTCTCGAGT 

TATTCGGATCGCTTG -3’ containing a XhoI restriction site (underlined). The PCR product 

was digested with EcoRI and XhoI and ligated into similarly digested pBMN-IP to yield pBMN-

IP-UL16K. pBMN-IP-UL16K was transfected into Phoenix-AMPHO cells to produce the 

retroviruses used to construct L16K and Vero16K. 

Guide RNAs (gRNAs) used for producing the UL16 mutant strains were expressed from 

the guide RNA-Cas9 expression plasmid pX330-U6-Chimeric_BB-CBh-hSpCas9, a gift from 

Feng Zhang, Broad Institute of MIT and Harvard (48). To construct these gRNA expression 

plasmids the top-strand oligonucleotide was annealed to the bottom-strand oligonucleotide 

(Table 1) and the double-stranded product was cloned into pX330-U6-Chimeric_BB-CBh-
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hSpCas9, that had been digested with BbsI. Three different UL16 gRNAs were designed, for 

both HSV-1 and HSV-2, to produce different UL16 deletions. 

For producing the Δ16/mCh-VP26 strain, the top-strand oligonucleotide 5’- CACCGCC 

GACAACGTCCGGGCGCT -3’ was annealed to the bottom-strand oligonucleotide 5’- AAAC 

AGCGCCCGGACGTTGTCGGC -3’, and the double-stranded product was cloned into guide 

RNA-Cas9 expression plasmid pX330-U6-Chimeric_BB-CBh-hSpCas9 that had been digested 

with BbsI to produce pUL35gRNA1.  

3.4 Protein expression and antisera production 

Recombinant UL16 fusion proteins were expressed in E. coli strain Rosetta (DE3). 

Bacteria were lysed and inclusion bodies purified using the B-Per protein purification kit 

(Thermo Fisher Scientific) according to the manufacturer’s instructions. Proteins in inclusion 

bodies were separated on preparative SDS PAGE gels and the bands corresponding to the UL16 

fusion proteins excised and sent to Cedarlane Laboratories to immunize chickens for polyclonal 

antibody production. 
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Table 1. Oligonucleotides used to produce HSV-2 and HSV-1 UL16 gRNAs 

 
 

gRNAs Predicted 
nucleotide 

cleavage sitea  

Top strand (5'-3')   Bottom strand (5'-3') 

HSV-2 UL16 

gRNAs 

nt28 5’-CACCGCGGGCACTCTGGCGTCCCC-3’ 

 

5’- AAACGGGGACGCCAGAGTGCCCGC-3’ 

nt177 5’-CACCGCGTCGTTCGGGGGGACGAG-3’ 
 

5’-CACCGCGTCGTTCGGGGGGACGAG-3’ 

nt1078 5’-CACCGAGCTGCCCCGCGGTCGCGC-3’ 

 

5’- AAACGCGCGACCGCGGGGCAGCTC-3’ 

HSV-1 UL16 

gRNAs 

nt99 5’- AAACCCGTTGCCCGGGCCGTTGCC-3’ 

 

5’-CACCGGCAACGGCCCGGGCAACGG-3’      

nt430 5’- AAACGACCCCGCTCCTGTGCACCC-3’ 

 

5’-CACCGGGTGCACAGGAGCGGGGTC -3' 

nt1095 5’-CACCGGGTGCACAGGAGCGGGGTC-3'   5’-CACCGGCAACGGCCCGGGCAACGG-3' 

a Nucleotide position in the UL16 gene targeted by the gRNA 
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3.5 Antibodies 

Rat polyclonal antiserum against HSV-2 UL31 was used for Western blotting at a 

dilution of 1:200 and was used for indirect immunofluorescence microscopy at a dilution of 

1:200. Chicken polyclonal antiserum against HSV-2 UL16 (83) was used for Western blotting at 

a dilution of 1: 200, mouse monoclonal antibody against HSV-2 ICP27 (Virusys) was used for 

Western blotting at a dilution of 1: 1,000. Rabbit polyclonal antiserum against HSV-1 UL16 was 

a kind gift from John Wills, Pennsylvania State University(100), which was used for Western 

blotting at a dilution of 1: 3,000, rat polyclonal antiserum against Us3 (77) was used for indirect 

immunofluorescence microscopy at a dilution of 1: 1,000 and was used for Western blotting at a 

dilution of 1:500. Rat polyclonal antiserum against HSV-2 ICP0 (145) was used for indirect 

immunofluorescence microscopy at a dilution of 1:200, mouse monoclonal antibody against 

HSV-2 ICP8 (Virusys) was used for indirect immunofluorescence microscopy at a dilution of 

1:10,000 and for Western blotting at a dilution of 1:16,000. Mouse monoclonal antibody against 

HSV gD (Virusys) was used for indirect immunofluorescence microscopy at a dilution of 

1:1,000, rat polyclonal antiserum against UL21 (145) was used for Western blotting at a dilution 

of 1:3,000, and mouse monoclonal antibody against β-actin (Sigma) was used for Western 

blotting at a dilution of 1:2,000. Chicken polyclonal antiserum against UL34 was used for 

Western blotting at a dilution of 1:200 and for immunofluorescence microscopy at a dilution of 

1:200. Alexa Fluor 488-conjugated goat anti-mouse IgG, Alexa Fluor 488-conjugated goat anti-

rat IgG, Alexa Fluor 568-conjugated goat anti-chicken IgG and Alexa Fluor 568-conjugated goat 

anti-rat IgG (Invitrogen-Molecular Probes) were used at a dilution of 1:500 for indirect 

immunofluorescence microscopy. Horseradish peroxidase-conjugated goat anti-mouse IgG, 

horseradish peroxidase-conjugated goat anti-chicken IgY, horseradish peroxidase-conjugated 
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goat anti-rabbit IgG and horseradish peroxidase-conjugated rabbit anti-rat IgG (Sigma) were 

used for Western blotting at dilutions of 1:10,000, 1:30,000, 1:5,000 and 1:80,000, respectively.  

3.6 Construction of recombinant HSV-2 strains 

The full-length infectious HSV-2 186 BAC pYEbac373 was constructed as described 

previously (145). The HSV-2 mutant with a knockout of the UL16 gene (Δ16 BAC) was 

constructed by the two-step Red-mediated mutagenesis procedure using pYEbac373 in E. coli 

GS1783 (145, 263). Primers 5’- CCTCTGCTTTTGGTGCGTCTCCGGTCCCTTCCCCACC 

ACCAACCTACCAGCGCCGGGTGGAGGATGACGACGATAAGTAGGG -3’ and 5’- GCTG 

GTATACGATGACAGAACGCAGAGGCGCCACCCGGCGCTGGTAGGTAGGTTGGTGGT 

GGGGCAACCAATTAACCAATTCTGATTAG -3’ were used to amplify a PCR product from 

pEP-Kan-S2, a kind gift for Klaus Osterrieder, Freie Universität Berlin, and used to remove most 

of the UL16 coding sequence, leaving only the last 32 codons. To repair HSV-2 Δ16, the I-SceI-

flanked kanamycin cassette portion of pEP-Kan-S2 was amplified by using primers 5’-GATCGG 

CGCGCCCAAGGATGACGACGATAAGTAGGG-3’ and 5’-GATCGGCGCGCCACAGCGC 

GTTGGCGGAATCGATGTGGGCCGTCGGGGCGCAGGCTCGAGCGGCCGCCAGTGTGA

TGG-3’ designed to introduce AscI sites (italicized) and the additional UL16-derived sequence 

(underlined) to facilitate recombination. The PCR product was then introduced unto the unique 

AscI site within the UL16 gene of pCI-16 to generate pTH123. Primers 5’- GGCCCCTCTGCTT 

TTGGTGCGTCTCCGGTCCCTTCCCCACCACCAACATGGCACAGCGGGCACTCTGGCG

TCCC -3’ and 5’- TTATTTGTAATCGGACGATGAGGC -3’ were used to amplify a PCR 

product from pTH123. This PCR product was then used for the two-step Red-mediated 

mutagenesis procedure of pYEbac373-Δ16 to restore the complete UL16 gene (pYEbac373-

Δ16R).  
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Restriction fragment length polymorphism analysis was used to confirm the integrity of 

each recombinant BAC clone compared to the WT BAC by digestion with EcoRI. Additionally, 

a PCR fragment that spanned the mutated or repaired region of interest was amplified and 

sequenced to confirm that the anticipated sequences were present. Virus lacking BAC sequences 

was reconstituted from pYEbac373-Δ16 and pYEbac373-Δ16R DNA as described previously 

(145).  

mCherry was fused to the N terminus of the capsid protein VP26 in the Δ16 strain by 

using CRISPR/Cas9-based mutagenesis as described previously for the manipulation of HSV-1 

genomes (232). Using WT/mCh-VP26 viral DNA (145) as a template, a PCR product containing 

582 nucleotides upstream of mCherry, mCherry-UL35, and 521 nucleotides downstream of the 

UL35 stop codon was amplified by using forward primer 5’- GATCGAATTCGAGCAGACCA 

ACGTGATTCTGC -3’ and reverse primer 5’- GATCGAATTCGCTTCAGACGCTGCA 

CATCTCC -3’. Genomic DNA prepared from Δ16 was cotransfected into 293T16 cells stably 

expressing HSV-2 UL16 along with the PCR product, as described above, and the Cas9 and 

guide RNA expression plasmid pUL35gRNA1, which mediates the cleavage of the UL35 gene at 

codon 18. At 120 h post transfection, cells and medium were harvested, frozen at -80˚C, thawed 

and sonicated with 10, 1 second, pulses in a cup-horn sonicator. Serial 10-fold dilutions of this 

preparation were used to inoculate monolayers of L16 cells growing in 6-well cluster dishes, and 

plaques were allowed to form in semisolid medium for 48 h. Plaques were screened for red 

fluorescent puncta with the aid of a Nikon TE200 inverted epifluorescence microscope. Red 

fluorescent plaques were picked, and their associated viruses were purified to homogeneity by 

two rounds of plaque purification. Sequences upstream, downstream, and within the UL35 locus 

were determined from isolate Δ16/mCh-VP26 to verify that the expected recombination events 



! 43!

had taken place.  

3.7 Indirect immunofluorescence microscopy 

Vero cells growing on 25mm glass cover slips were infected and, at the indicated times 

post-infection, washed three times with PBS then fixed in 4% paraformaldehyde /PBS for 10 

minutes at room temperature. Fixed cells were washed with PBS containing 1% bovine serum 

albumin (PBS/BSA) and permeabilized with PBS/BSA containing 0.1% Triton X-100 for 2 

minutes. Cells were again washed thrice in PBS/BSA and primary antiserum, diluted in 

PBS/BSA, was applied for 45 minutes at room temperature. Cells were washed with PBS/BSA, 

and the appropriate Alexa Fluor-conjugated secondary antibody diluted in PBS/BSA was applied 

for 30 minutes. Cells were then washed with PBS/BSA. Nuclei were visualized by incubating 

cells with Hochest 33342 (Sigma) diluted to 0.5 µg/mL in PBS. Images were captured using an 

Olympus FV1000 laser scanning confocal microscope and Fluoview 2.01 software through a 

60X, 1.42NA, oil immersion objective and a digital zoom factor of 4. Composites are 

representative images that were assembled using Adobe Photoshop CC. 

3.8 Capsid preparation 

Capsid purification was performed similarly to what was described previously (148). Five 

150-mm dishes containing confluent Vero cell monolayers were infected with the WT or Δ16 

virus at a multiplicity of infection (MOI) of 10 PFU/cell. At 18 h post-infection (hpi), cells were 

collected by scraping and pelleted at 1,000 × g for 10 min at 4°C. The supernatants were 

discarded, and cells were resuspended in 50 ml of cold PBS and pelleted at 1,000 × g for 10 min 

at 4°C. Cells were lysed on ice for 30 min in 50 ml of cold NP-40 lysis buffer (150 mM NaCl, 10 

mM Tris [pH 7.2], 2 mM MgCl2, 1% NP-40) containing 5 mM dithiothreitol and protease 

inhibitors (Roche). Nuclei were collected by centrifugation at 1,000 × g for 10 min at 4°C, 
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resuspended in 3 ml NP-40 lysis buffer, and sonicated with three 1-min pulses in a cup-horn 

sonicator. Disrupted nuclei were successively passed through 18-, 21-, and 25-gauge syringe 

needles, 100 U of Benzonase nuclease (Santa Cruz Biotechnology) was added, and the nuclear 

lysate was incubated at 37°C for 15 min. The nuclear lysate was clarified by centrifugation at 

3,000 × g for 10 min at 4°C, and 500µL of the clarified nuclear lysate was layered onto a 2.5-ml 

35% (wt/vol) sucrose cushion prepared in TNE (500 mM NaCl, 20 mM Tris [pH 7.6], 1 mM 

EDTA) and centrifuged at 38,000×g for 45 min at 4°C in a Beckman TLA100.3 rotor. Pellets 

containing nucleocapsids were resuspended in 100µL of TNE and sonicated briefly, and capsids 

were layered onto 10-ml 20% to 50% (wt/vol) linear sucrose gradients and centrifuged in a 

Beckman SW41 rotor at 77,000 × g for 1 h. After centrifugation, A, B, and C-capsids were 

observed as distinct light-scattering bands. Gradients were fractionated from the top of the tube, 

1-ml fractions were mixed with 1 ml TNE, and capsids were pelleted by centrifugation at 32,000 

× g for 30 min at 4°C in a Beckman TLA100.2 rotor. Pellets were resuspended in 35µL of 1 × 

SDS-PAGE loading buffer, boiled for 5 min, and analyzed by SDS-PAGE and silver staining.  

3.9 FISH 

FISH was performed by using methods similar to those reported previously (73). Briefly, 

Vero cells plated onto 35-mm glass-bottom dishes (MatTek) were infected with the WT, Δ16, or 

Δ16R strain at an MOI of 0.1 and fixed by using cold (4°C) 95% ethanol–5% acetic acid at 25 

hpi. A biotinylated probe against the HSV-2 unique short region was produced by using a Biotin 

DecaLabel DNA labeling kit (Thermo Fisher Scientific). Cells were prehybridized in 1 ml of 

hybridization buffer (50% formamide, 10% dextran sulfate, 4×SSC [1×SSC is 0.15 M NaCl plus 

0.015 M sodium citrate]) at 37°C for 30 min. The probe was added to a final concentration of 1 

ng/µL, and the cells were heated to 95°C for 2 min to denature the probe and target DNA. 
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Hybridization was performed in a humidified 37°C chamber overnight. The next day, cells were 

washed with 2×SSC at 60°C for 5 min, followed by washing with 2×SSC at room temperature. 

After a further wash with PBS–1% fetal bovine serum (FBS), cells were incubated with Alexa 

Fluor 568-conjugated streptavidin (Invitrogen-Molecular Probes) diluted 1:3,000 in PBS–1% 

FBS. Nuclei were visualized by incubating cells with Hochest 33342 (Sigma) diluted to 0.5 

µg/ml in PBS. Images were captured by using an Olympus FV1000 confocal laser scanning 

microscope and FV10 ASW 4.01 software through a 60×, 1.42-NA oil immersion objective and 

a digital zoom factor of 4. Composites are representative images that were assembled by using 

Adobe Photoshop CC. To quantify the results, x, y, and z series of cells were acquired with a z 

step size of 0.5 µm by using an Olympus FV1000 confocal microscope equipped with a 60×, 

1.42-NA oil immersion objective. Three- dimensional reconstructions were used for the 

quantification of cytoplasmic viral DNA puncta in entire cells.  

3.10 TEM 

Vero cells growing in 100-mm dishes were infected with virus at an MOI of 3 and 

processed for TEM at 16 hpi. Infected cells were rinsed with PBS three times before fixing in 1.5 

mL of 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 60 mins. Cells were 

collected by scrapping into fixative and centrifugation at 300×g for 5 min. Cell pellets were 

carefully enrobed in an equal volume of molten 5% low-melting point agarose and allowed to 

cool. Specimens embedded in agarose were incubated in 2.5% glutaraldehyde in 0.1 M sodium 

cacodylate buffer (pH 7.4) for 1.5 h and were rinsed three times in 0.1 M sodium cacodylate 

buffer (pH 7.4), then post-fixed in 1% osmium tetroxide for 1 hr. The fixed cells in agarose were 

rinsed with distilled water 3 times and stained in 0.5% uranyl acetate overnight before 

dehydration in ascending grades of ethanol (30%-100%). Samples were transitioned from 
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ethanol to infiltration with propylene oxide and embedded in Embed-812 hard resin (Electron 

Microscopy Sciences). Blocks were sectioned at 50-60 nm and stained with uranyl acetate and 

Reynolds’ lead citrate. Images were collected using a Hitachi H-7000 transmission electron 

microscope operating at 75kV. 

3.11 Co-immunoprecipitation (co-IP) 

Methods used were similar to those described previously (189). In brief, monolayers of 

Vero cells (100-mm dish) were infected with virus at an MOI of 0.1 and harvested at 24 hpi, 

cells were then washed twice with PBS and incubated with 1mL of lysis buffer (50mM Tris-HCl 

pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X-100) containing protease inhibitors (Roche) on 

ice for 10 minutes. Cell lysates were centrifuged at 13,000 rpm for 10 minutes. 5µl of rat 

polyclonal antiserum against UL21 or UL16 were added to the supernatants that were incubated 

overnight at 4˚C on a nutator. The following day, 40µl of Protein G Plus Agarose (Thermo 

Scientific, Waltham, MA) or Chicken IgY Precipitation Resin (GenScript, Piscataway, USA) 

was added to the sample and incubated for an additional 2 h at room temperature on a nutator. 

Next, the sample was centrifuged at 16,100×g for 90s to pellet the Protein G-antibody or chicken 

IgY resin-antibody complexes. Pelleted samples were washed 3 times with lysis buffer, 

resuspended in 30µl of 1×SDS-PAGE loading buffer, and boiled for 5 minutes. 10µl of the IP 

sample or 10µl of whole cell lysate (diluted to 1X SDS-PAGE loading buffer) was loaded into a 

10% SDS-PAGE gel. The gel was run at 180V for approximately 85 minutes. Electrophoresed 

proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, 

MA), blocked overnight at 4°C, and probed with the appropriate primary and horseradish 

peroxidase-conjugated secondary antibody the following day. 
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3.12 Cell lysate preparation for Western blotting 

 Virus infected cells were washed 3 times with PBS and scrapped into 200µl of PBS 

containing protease inhibitor cocktail (Roche, Laval, QC). 100µl of 3X SDS-PAGE loading 

buffer was added to the cell lysates to achieve final concentration and boiled for 5 minutes at 

100°C and stored at -20°C. Proteins were separated on a 10% SDS-PAGE gel and then 

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

Membranes were blocked overnight at 4°C with Tris-buffered saline containing 0.05% Tween 20 

(TBST) and 3% BSA. Blocked membranes were incubated in the appropriate primary antibody 

diluted in TBST 1% BSA overnight at 4°C. Next, membranes were washed three times in TBST 

for 3 minutes, and incubated with the appropriate horseradish peroxidase-conjugated secondary 

antibody diluted in TBST 1% BSA for one hour at room temperature. Membranes were again 

washed three times in TBST for 3 minutes, and were treated with Pierce ECL Western Blotting 

substrate (Thermo Scientific, Rockford, IL) and exposed to film. 

3.13 Kinetics analysis of virus replication 

 Cells were infected with viruses at MOI of 0.01 for 1 h to enable the attachment and 

penetration of the virus. Residual viruses from the inoculum were inactivated by incubating the 

cells for 3 minutes in a low-pH citrate buffer (40 mM sodium citrate, 10 mM potassium chloride, 

135 mM sodium chloride, pH 3.0). Cells and medium were harvested together at 0, 24, 48, and 

72 hpi, and virus was titrated on monolayers of L16 cells. 

3.14 Plaque size measurements 

 Monolayers of Vero cells were prepared on 35-mm glass bottom dishes (MatTek), and 

infected with virus at an MOI of 0.005. Plaques were allowed to form for 24h prior to fixation 

and processing for indirect immunofluorescence microscopy (83) using antisera against the HSV 



! 48!

Us3 protein (76). Images of plaques were captured on a Nikon TE200 inverted epifluorescence 

microscope using a 10 × objective and a cooled CCD camera. To quantify these results, the 

numbers of pixels in the area of each plaque were counted using Image-Pro 6.3 software. Results 

shown were derived from 40 distinct plaques per strain. 

3.15 CRISPR/Cas9 mutagenesis of the UL16 locus 

Viral DNA of each strain (SD90e, HG52, KOS, or F) was purified as described 

previously (237). 293T16 cells growing in 100-mm dishes were co-transfected with 16µg of 

purified viral genomic DNA along with 1µg each of two UL16 guide RNA expression plasmids 

using a calcium phosphate co-precipitation method (90). 24h after transfection, the culture 

medium was replaced with semisolid medium containing 0.5% methyl cellulose to allow for 

plaque formation. Five to six days later, plaques were picked. Viral DNA isolated from a portion 

of the picked plaque was used for screening for UL16 deletions by PCR. The UL16 locus from 

viruses bearing UL16 deletions were sequenced in their entirety to determine the precise nature 

of the UL16 mutations introduced. Roughly 50% of plaques picked had UL16 deletions or frame 

shift mutations. 
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Chapter 4 Results 

4.1 HSV-2 (186) UL16 is critical for nuclear egress of capsids 

4.1.1 UL16 is critical for virus propagation  

Previous studies suggested that UL16 is nonessential for both HSV-1 and PRV where 

deletion of UL16 resulted in an approximate 10-fold reduction in virus replication (11, 132). To 

determine the significance of UL16 during HSV-2 replication, we constructed a HSV-2 UL16 

null BAC (Δ16 BAC). Three days after co-transfection of the parental WT BAC into Vero cells 

along with the empty vector, pCI-neo, plaque formation was evident and was visualized by 

EGFP fluorescence derived from BAC sequences (Figure 4-1A). By contrast, co-transfection of 

the Δ16 BAC with empty vector yielded no plaques, however, single fluorescent cells were seen 

(arrowhead). To test if UL16 provided in trans could enable the spread of Δ16 BAC derived 

virus between cells, Vero cells were co-transfected with the Δ16 BAC along with the UL16 

expression plasmid, pCI-16. This resulted in the formation of small foci of fluorescent cells and 

suggested that the UL16 protein present in a transfected cell could enable Δ16 BAC derived 

virus produced in that cell to spread to adjacent cells. This unexpected finding indicated that 

UL16 is important for HSV-2 spread between cells. 

To further explore the possibility that UL16 is critical for virus spread we constructed a 

UL16 expressing L cell line, L16. L16 cells were used to reconstitute and propagate virus from 

the Δ16 BAC. Additionally, the UL16 deletion in the Δ16 BAC was repaired and used to 

reconstitute the Δ16R virus. Extracts were prepared from L and L16 cells infected with WT, Δ16 

and Δ16R viruses and analyzed by Western blotting using polyclonal antibodies produced 

against HSV-2 UL16 (Figure 4-1B). Analysis of mock-infected L and L16 cell extracts identified 

a band of approximately 41kDa in L16 cells that was absent in the L cell lysate, confirming that 
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L16 cells produce UL16. Additionally, analysis of Δ16 and Δ16R infected L cell extracts 

confirmed that Δ16 failed to produce UL16 and that UL16 production was restored in Δ16R. 

To determine if UL16 was important for plaque formation WT, Δ16 and Δ16R viruses 

were used to infect monolayers of L and L16 cells and plaques were allowed to form under semi-

solid medium. Three days after infection monolayers were fixed and stained (Figure 4-1C). All 

three strains formed plaques on L16 cells, whereas only WT and Δ16R strains formed plaques on 

L cells. These data indicate that L16 cells were able to complement the ability of Δ16 to form 

plaques and that UL16 was critical for the cell-to-cell spread of virus. 
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Figure 4-1. Deletion of HSV-2 UL16 prevents the spread of infection between cells. (A) Vero cells were 
cotransfected with the HSV-2 WT BAC or Δ16 BAC along with pCI-neo (empty vector) or the UL16 
expression plasmid pCI-16. Spread of infection was visualized at 70 h post-transfection by GFP 
expression encoded by BAC sequences. Representative images are shown. The arrowhead indicates a 
single Δ16 BAC-transfected cell from which infection failed to spread. (B, top) Extracts prepared from L 
and L16 cells infected with the WT, Δ16, and Δ16R viruses at 24 hpi were analyzed by Western blotting 
using chicken polyclonal antibodies produced against HSV-2 UL16. (Bottom) A blot identical to that 
shown at the top was probed for β-actin and served as a loading control. Migration positions of molecular 
mass standards (in kilodaltons) are indicated on the left, and arrowheads on the right indicate the positions 
of UL16 and β-actin, respectively. (C) Plaques formed by the WT, Δ16, and Δ16R strains on monolayers 
of L and L16 cells. Identical dilutions of each strain were used to infect L and L16 cell monolayers. Cells 
were fixed and stained with 0.5% methylene blue in 70% methanol at 3 days post-infection. 
 
4.1.2 Multistep replication analysis of Δ16  

To measure the extent of the Δ16 virus replication defect, a multistep replication analysis 

was performed. L and L16 cells were infected with HSV-2 Δ16 and Δ16R at a multiplicity of 

infection (MOI) of 0.01 for 1h to enable attachment and penetration of the virus. Cells and 
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medium were harvested together at 0, 24, 48 and 72 hpi and virus titrated on monolayers of L16 

cells. The results showed that at 72hpi Δ16 grown on L cells had a 946(+/- 37)-fold growth 

defect compared to Δ16 grown on L cells (Figure 4-2A). This reduction in virus replication on L 

cell monolayers was reversed upon repair of Δ16 (Δ16R). As expected, the replication of Δ16R 

was not further enhanced in L16 cells. Taken together, these data provided strong evidence that 

HSV-2 UL16 is much more important for virus propagation than the HSV-1 and PRV UL16 

orthologs. 

To ensure that the failure of Δ16 to propagate on L cells was not cell type specific, Vero 

cells were tested for their ability to support Δ16 replication (Figure 4-2B). Vero cells were 

infected with HSV-2 Δ16 and Δ16R at an MOI of 0.01. Cells and medium were harvested 

together at 0, 24, 48 and 72 hpi and virus titrated on monolayers of L16 cells. Whereas WT and 

Δ16R infected Vero cells produced similar amounts of infectious virus, the Δ16 strain displayed 

a 230(+/- 44)-fold growth defect compared to Δ16R. These findings indicate that Δ16 displays 

replication defects on multiple cell lines. 
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Figure 4-2. Replication of Δ16. (A) L and L16 cells were infected with Δ16 anΔ16R at an MOI of 0.01. 
At the indicated time points, cells and medium were harvested together and titrated on monolayers of L16 
cells. (B) Vero cells were infected with Δ16, Δ16R, or the WT at an MOI of 0.01. At the indicated time 
points, cells and medium were harvested together and titrated on monolayers of L16 cells. Each data point 
represents the average of data from two biological replicates, each of which had three technical replicates. 
Error bars are standard errors of the means. 
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4.1.3 Kinetics of HSV-2 Δ16 virus gene expression 

To explore the replication defect of Δ16 more closely, we examined the expression 

kinetics of virus proteins belonging to different kinetic classes in non-complementing Vero cells 

by confocal microscopy and Western blotting. Vero cells were infected with Δ16, Δ16R and WT 

virus at low multiplicity (MOI=0.01) and fixed at 4, 6 and 8 hpi. The expression of the IE protein, 

ICP0, the E protein, ICP8 and the L protein gD were detected using rat polyclonal antisera 

against ICP0 and mouse monoclonal antibodies against ICP8 and gD. ICP0 was detected in 

nuclear puncta at 4 hpi in Δ16, Δ16R and WT infected cells (Figure 4-3). The localization of 

ICP8 to replication compartments was observed at 6 hpi in Δ16, Δ16R and WT infected cells and 

the L gene product gD was localized to the Golgi by 8 hpi. To quantify these results, infected 

cells in 10 randomly selected fields were evaluated under each condition. At 6 hpi the percentage 

of infected cells that were double positive for ICP0 and ICP8 were 37%, 40% and 56% for Δ16, 

WT and Δ16R, respectively. At 8 hpi, 84%, 85% and 88% of infected cells were double positive 

for ICP0 and ICP8. From 6 to 8 hpi, the proportions of infected cells positive for ICP0 and gD 

increased from 36% to 73% for Δ16, 52% to 69% for WT and 55% to 69% for Δ16R, 

respectively. These experiments did not reveal any substantial deficiencies in the kinetics of Δ16 

gene expression. 



! 55!

     

Figure 4-3. Kinetics of HSV-2 protein expression are unaffected by deletion of UL16. Shown are 
confocal micrographs of Vero cells infected with the WT, Δ16, and Δ16R strains for 4, 6, and 8 h. Cells 
were stained for the IE protein ICP0, the E protein ICP8, and the L protein gD. Nuclei were visualized by 
staining cells with Hochest 33342 (blue). 
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To complement the microscopy experiments described above, Western blot analysis of 

protein expression was performed using antisera against the IE protein ICP27, the E protein Us3, 

and the L proteins UL21 and UL16 (Figure 4-4). Vero cells were infected with WT HSV-2, Δ16, 

or Δ16R at a MOI of 3 and cell lysates prepared for SDS-PAGE analysis at 4 and 8 hpi. While 

modest reductions in the levels of ICP27, Us3 and UL21 were observed at 4 hpi in Δ16 infected 

lysates compared to WT and Δ16R lysates, this reduction was not apparent at 8 hpi. As expected 

UL16 expression was not detected in cells infected with Δ16. These data, combined with the 

microscopy shown above (Figure 4-3), suggest that defects in virus protein production cannot 

explain the substantial defect in virus propagation observed for Δ16. 

 

Figure 4-4. HSV-2 protein expression in Δ16-infected cells. Vero cells were infected with the WT, Δ16, 
and Δ16R strains for 4 or 8 h, and cell lysates were prepared and analyzed for ICP27 (IE), Us3 (E), UL21 
(L), and UL16 contents by Western blotting. The HSV-2 UL21 protein is labile. The slower-migrating 
band represents full-length UL21, and the faster-migrating band is a degradation product. Migration 
positions of molecular mass standards (in kilodaltons) are indicated on the left. 
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4.1.4 Capsids assemble efficiently in Δ16 infected cells 

The data so far demonstrated that the Δ16 strain, while exhibiting severe replication 

defects, produced viral gene products of each kinetic class. These findings raised the possibility 

that the Δ16 strain was defective in some aspect of virus assembly or maturation. To begin our 

analysis of Δ16 assembly, we prepared and analyzed capsids from the nuclei of infected Vero 

cells. A, B and C-capsids were separated by ultracentrifugation on 20-50% continuous sucrose 

gradients (Figure 4-5A). The intensity of the light-diffracting bands representing A, B and C-

capsids were indistinguishable between WT and Δ16 preparations suggesting that similar 

quantities of each type of capsid were produced by each strain. The composition of A, B and C-

capsids prepared from WT and Δ16 infected cells was analyzed by SDS-PAGE and silver 

staining (Figure 4-5B). No obvious differences in protein composition were observed between 

the capsid preparations derived from WT and Δ16 strains.  
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Figure 4-5. Similar amounts of A-, B-, and C-capsids are produced in WT HSV-2- and Δ16-infected 
cells. (A) At 18 hpi, nuclear capsids were extracted from Vero cells infected with the WT and Δ16 strains, 
and A-, B-, and C-capsids were separated by ultracentrifugation through 20% to 50% linear sucrose 
gradients as described in Chapter 3. Images of ultracentrifuge tubes after capsid separation reveal A-, B-, 
and C-capsid bands of similar intensities on both WT and Δ16 gradients. (B) After fractionation of the 
gradients, fractions containing A-, B-, and C-capsids were run on 10% SDS-PAGE gels that were 
subsequently silver stained to visualize the protein. No obvious differences in capsid protein composition 
between capsids isolated from WT-infected cells and those isolated from Δ16-infected cells were 
observed. Migration positions of the capsid shell proteins VP5 and VP23 are indicated, as is the migration 
position of the scaffold protein VP22a, not found in A- or C-capsids. Images representative of results 
from three independent experiments are shown in panels A and B. 

4.1.5 UL16 is critical for nuclear egress of capsids 

4.1.5.1 Ultrastructural analysis of Δ16 

Given that capsid assembly appeared normal in Δ16 infected cells, it was of interest to 

determine if loss of UL16 impacted virion maturation. Inspired by the observations that deletion 

of UL21 from HSV-2 resulted in a nuclear egress defect and that UL16 and UL21 have been 

reported to interact (103, 124, 132), we hypothesized that UL16 may also function in nuclear 
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egress. This possibility was first examined by TEM. Vero cells were infected with Δ16 and 

Δ16R at an MOI of 3.0. At 16 hpi, the cells were fixed and processed for TEM. Whereas 

cytoplasmic capsids (Figure 4-6A, arrowhead) and enveloped virions (Figure 4-6A, arrow) could 

be seen in the cytoplasm of Δ16R infected Vero cells, these structures were not seen in the 

cytoplasm of Δ16 infected cells (Figure 4-6C). Consistent with the findings shown in Figure 4-

5A, nuclear capsids were readily detected in nuclei of both Δ16R and Δ16 infected cells (Figure 

4-6B to D, arrowheads). These data suggested that like UL21, UL16 might also function in 

nuclear egress of capsids. 
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Figure 4-6. Δ16 is defective in nuclear egress. Vero cells were infected with Δ16R (A and B) or Δ16 (C 
and D) at an MOI of 3. At 16 hpi, cells were fixed and processed for TEM as described in Chapter 3. 
Cytoplasmic capsids (arrowheads) and enveloped virions (arrow) can be seen in the cytoplasm (Cyt) of 
Δ16R-infected Vero cells (A); these structures were not seen in the cytoplasm of Δ16-infected cells (C). 
Nuclear capsids were readily detected in the nuclei (Nu) of both Δ16R- and Δ16-infected cells 
(arrowheads in panels B to D). 
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4.1.5.2 FISH analysis of viral DNA localization 

To corroborate the electron microscopy data, FISH was performed to localize viral DNA 

in Δ16 infected cells. Vero cells were infected with WT, Δ16 and Δ16R strains. At 25 hpi cells 

were fixed and processed for FISH. Viral DNA in cells was hybridized to a biotinylated probe 

directed against the HSV-2 unique short region and visualized using a streptavidin Texas Red 

conjugate. Nuclei were identified using Hochest 33342 (Figure 4-7A). In cells infected with WT 

and Δ16R, abundant fluorescence signal was detected both in the nucleus and in cytoplasmic 

puncta that represent DNA filled capsids/virions. By contrast, while significant signal was found 

in the nuclei of Δ16 infected cells, cytoplasmic puncta were observed much less frequently. To 

quantify the results, WT (n=18), Δ16 (n=19) and Δ16R (n=18) infected cells were imaged in 

three dimensions and the total numbers of viral DNA puncta in the cytoplasm were determined 

for each entire cell (Figure 4-7B). The differences between the numbers of puncta in WT/Δ16R 

and Δ16 infected cells were highly significant (P=<0.0001). These findings suggest that C-

capsids are not exported efficiently from the nuclei of Δ16 infected cells. 
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Figure 4-7. Less viral DNA localizes to the cytoplasm of Δ16-infected cells. (A) Representative images 
of WT-, Δ16-, and Δ16R-infected cells subjected to FISH analysis using a probe corresponding to the 
unique short region of the HSV-2 genome. Vero cells were infected with the WT, Δ16, and Δ16R strains. 
At 25 hpi, cells were fixed and processed for FISH as described in Chapter 3. The red signal identifies 
viral DNA. Nuclei were visualized by staining cells with Hochest 33342 (blue signal). Note the abundant 
red puncta in the cytoplasm of WT- and Δ16R-infected cells that represent viral genomic DNA associated 
with cytoplasmic C-capsids. DIC, differential interference contrast. (B) Quantification of cytoplasmic 
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DNA puncta. WT (n=18)-, Δ16 (n=19)-, and Δ16R (n=18)-infected cells were imaged in three dimensions 
by acquiring a series of z images taken from the bottom to the top of each cell by confocal microscopy 
using a step size of 0.4µm, and the total numbers of viral DNA puncta in the cytoplasm were determined 
for each entire cell (***, P<0.0001; ns, not significant). Horizontal bars represent the mean numbers of 
viral DNA puncta in each specimen. 

4.1.5.3 Capsid localization analysis  

As an additional approach to measuring capsid localization in infected cells we 

constructed viruses with mCherry fused to the N-terminus of the capsid protein VP26 (mCh-

VP26) in WT and Δ16 viruses and quantified the cytoplasmic localization of fluorescent capsids 

in infected cells. Vero cells were infected with Δ16/mCh-VP26 or WT/mCh-VP26 strains and at 

24 hpi were fixed and stained with Hochest 33342 to identify nuclei. In these experiments 

cytoplasmic capsids appear as red puncta (Figure 4-8A, arrowheads). Whereas cells infected with 

the WT/mCh-VP26 strain had many cytoplasmic capsids, cytoplasmic capsids were rarely seen 

in confocal sections of cells infected with Δ16/mCh-VP26. To quantify these experiments, 

infected cells were imaged in three dimensions, and the numbers of viral capsids in the 

cytoplasm were counted in each entire cell (Figure 4-8B). Most WT/mCh-VP26 infected cells 

(n=17) had roughly 100 cytoplasmic capsids while most Δ16/mCh-VP26 infected cells (n=17) 

had less than 10. The differences between the numbers of capsids in WT/mCh-VP26 and 

Δ16/mCh-VP26 infected cells were highly significant (P=<0.0001). Collectively, these findings 

indicate that UL16 is required for the efficient nuclear egress of HSV-2 capsids. 
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Figure 4-8. Quantification of cytoplasmic capsids in Δ16- and WT HSV-2-infected cells. (A) 
Representative images of WT/mCh-VP26- and Δ16/mCh-VP26-infected cells. Vero cells were infected 
with the Δ16/mCh-VP26 or WT/mCh-VP26 strain, and at 24 hpi, they were fixed and stained with 
Hochest 33342 to identify nuclei (blue). Cytoplasmic capsids appear as red puncta (arrowheads). (B) 
Quantification of cytoplasmic capsids in infected cells. Infected cells were imaged in three dimensions, 
and the numbers of viral capsids in the cytoplasm were determined for each entire cell. Most WT/mCh-
VP26-infected cells (n=17) had roughly 100 cytoplasmic capsids, while most Δ16/mCh-VP26-infected 
cells (n=17) had <10 (***, P<0.0001). Horizontal bars represent the mean numbers of capsids in each 
specimen. 
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4.2 Comparative analysis of UL16 mutants derived from HSV-2 and HSV-1 

4.2.1 Construction of HSV UL16 mutant viruses 

We constructed UL16 deletions in multiple HSV-2 and HSV-1 strains to enable a 

comparative analysis of these viruses. To avoid any selective pressure during the isolation of 

these strains UL16 expressing cell lines were used. UL16 deletions were constructed in HSV-2 

strains SD90e and HG52, and HSV-1 strains KOS and F by CRISPR/Cas9-based mutagenesis as 

described in Chapter 3. Strain HG52 is a well-studied HSV-2 reference strain that was the first to 

be completely sequenced (62), whereas strain SD90e is a low-passage-number clinical isolate 

that has been proposed to serve as a new HSV-2 reference strain (47, 144). For the construction 

of new HSV-1 UL16 mutants, we chose to utilize strains F and KOS, two well-studied laboratory 

strains that have been used by others to study the function of UL16 (255). Two mutants derived 

independently from each strain were selected for further study and all mutants studied were used 

at low passage. DNA sequencing of HSV-2 and HSV-1 deletion mutants revealed the exact 

nature of the UL16 mutants isolated (Figure 4-9B and C). To verify that the UL16 mutants did 

not express UL16, Vero cells were infected with the different HSV-2 and HSV-1 UL16 mutants 

at MOI of 0.5 and cells lysates prepared at 24 hpi. Western blots of cell lysates were probed for 

HSV-2 and HSV-1 UL16, the immediate early protein ICP27 (infection control) and β-actin 

(loading control) (Figure 4-9D and E). Full-length UL16 was observed in all wild type virus 

infected cell lysates, while no full-length UL16 protein was expressed in lysates from any UL16 

mutant infected cells. Notably, UL16SΔ10-59 and UL16KΔ6-139 infected cell lysates, contained 

truncated UL16 proteins identified by asterisks in Figure 4-9D and E. These data confirmed that 

all UL16 mutants failed to produce full length UL16 protein. 
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Figure 4-9. Construction and verification of HSV UL16 mutants. Western blot analysis of UL16-
expressing cell lines used for the construction and analysis of UL16 mutants (A). Cell lysates were 
harvested and analyzed by Western blotting for HSV-2 UL16 and HSV-1 UL16. Lysates from Vero cells 
infected with HSV-1 and L cells infected with HSV-2 were used as positive controls. In panel A, single 
asterisks indicate HSV-1 UL16 protein (~41kDa) and double asterisks indicate HSV-2 UL16 protein 
(~42kDa). β-Actin was used as a loading control. Diagrams of full-length (WT) and mutant UL16 
proteins from HSV-2 (B) and HSV-1 (C) are shown. Four UL16 deletion mutants of each HSV species 
were selected for further analysis. Blue bars indicate UL16 protein sequence, dashed lines represent 
deleted sequences and green bars indicate non-UL16 amino acids that arise due to frame shift. In the 
nomenclature used, the first letter after UL16 indicates the parental strain (S= SD90e; H= HG52; K= 
KOS, F= F); ∆ refers to an in-frame deletion and the numbers following ∆ indicate the position of the 
codons that were deleted from the UL16 gene; FS refers to a frame shift and the first number following 
FS refers to the position of the codon where the frame shift occurred and the last number refers to the 
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number of non-UL16 amino acids. Western blots of cell lysates from Vero cells infected with the strains 
shown in B and C were probed using antiserum against HSV-2 UL16 (D) or HSV-1 UL16 (E). ICP27 
antiserum was used as a positive control for viral infection, while β-actin was used as a loading control. 
Single asterisks in D and E indicate truncated forms of UL16. Double asterisk indicates position of a non-
specific band detected in HG52 infected cell lysates in panel D. 

4.2.2 UL16 is required for efficient cell-to-cell spread of HSV strains  

4.2.2.1 Cell-to-cell spread of HSV UL16 mutants 

To determine if the cell-to-cell spread properties of these new UL16 deletion mutants 

were consistent with our results with HSV-2 strain 186 (83) and those reported by others for 

HSV-1 strains KOS and F (255), monolayers of L, L16 (express HSV-2 UL16), L16K (express 

HSV-1 UL16) or Vero cells were infected with UL16 mutants and their parental viruses (Figure 

4-10). At 72 hpi, cells were fixed and stained with methylene blue. All HSV-2 UL16 null 

mutants formed visible plaques on complementing L16 cells, but did not form visible plaques on 

non-complementing L cells (Figure 4-10A). Similarly, all HSV-1 UL16 mutants formed visible 

plaques on complementing L16K cells, but not on L cells (Figure 4-10C). Importantly, all UL16 

null strains formed visible plaques on non-complementing Vero cells, albeit much smaller than 

those formed in comparison to their parental strains (Figure 4-10A and C), indicating some 

capacity for spread between Vero cells that was not seen on L cell monolayers. These data 

suggested that HSV-1 and HSV-2 UL16 mutants have similar deficiencies in cell-to-cell spread.  

4.2.2.2 Plaque size measurement of HSV UL16 mutants 

To quantify the abilities of UL16 deletion viruses to spread, we measured the area of the 

plaques produced by the UL16 deletion mutants on non-complementing Vero cells. At 24 hpi 

plaques were fixed and stained using antisera against HSV Us3 and the areas of the plaques 

measured using ImagePro 6.3. The two HSV-2 (SD90e) UL16 mutants formed plaques 

approximately 13% of the size of their parental strain, while HSV-2 (HG52) UL16 mutant 
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plaques were around 8% the size of WT HG52 plaques (Figure 4-10B). In addition, the plaque 

size of our original HSV-2 186 strain UL16 null mutant, Δ16, was 14% that of WT 186 strain 

(Figure 4-10B). Surprisingly, all HSV-1 UL16 null mutants formed plaques roughly 95% smaller 

than their parental strains, similar to what was observed with HSV-2 UL16 null strains (Figure 4-

10D). Collectively, these findings suggested that UL16 is critical for virus spread on non-

complementing cells and no obvious differences between HSV-2 and HSV-1 virus spread were 

observed in the absence of UL16. 

 

 

Figure 4-10. Cell-to-cell spread capabilities of HSV UL16 mutants. (A, C) Identical dilutions of each 
HSV strain were used to infect the non-complementing and complementing cell monolayers indicated. 
Cells were fixed and stained with 0.5% methylene blue in 70% methanol at 72 hpi. (B, D) Vero cells were 
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infected with the indicated viruses, and cells were fixed and plaques stained using antiserum against HSV 
Us3 by indirect immunofluorescence microscopy at 24 hpi. Plaque sizes were determined as described in 
Chapter 3 (n = 40 plaques per strain). Error bars represent standard error of means. HSV wild type strains 
186, SD90e, HG52, KOS and F were normalized to 100%. (***, P<0.0001). 

4.2.3 Replication kinetics of HSV-2 and HSV-1 UL16 null strains  

To provide a more comprehensive view of the replication defects of HSV-2 and HSV-1 

UL16 deletion mutants, we performed multi-step growth analysis. Monolayers of Vero cells were 

infected with HSV-2 and HSV-1 UL16 mutants and their corresponding parental strains at an 

MOI of 0.01. Cells and medium were harvested together at indicated time points after infection 

and titrated on monolayers of complementing L16 cells. The results showed that the HSV-2 

(SD90e and HG52) UL16 deletions had approximately 100-fold and 50-fold reductions in end-

point titres compared their parental strains, respectively (Figure 4-11). By contrast, with one 

exception, our KOS and F UL16 mutants had roughly 10-fold reductions in virus replication 

compared to their parental strain (Figure 4-11). UL16FFS27/3 was an outlier insofar as it 

replicated much more poorly (400-fold lower than WT F) than the other HSV-1 strains analyzed. 

With the exception of the UL16FFS27/3 strain, these data are consistent with previous findings 

(11, 83, 255) indicating that HSV-2 UL16 mutants replicate less efficiently than HSV-1 UL16 

mutants. 
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Figure 4-11. Replication kinetics of HSV UL16 deletion mutants. Monolayers of Vero cells were infected 
with parental HSV strains (A. SD90e, B. HG52, C. KOS, and D. F) and their corresponding UL16 
deletion mutants at an MOI of 0.01. Cells and medium were harvested together at indicated times post 
infection, and titrated on monolayers of L16 cells. Each data point represents the average data from two 
biological replicates, each of which was titrated in triplicate. Error bars are standard errors of the means. 
 
4.2.4 Reciprocal complementation between HSV-2 and HSV-1 UL16  

To examine whether HSV-2 and HSV-1 UL16 proteins could functionally compensate 

for each other, reciprocal complementation assays were performed. Monolayers of Vero, Vero16 

(expressing HSV-2 UL16) and Vero16K (expressing HSV-1 UL16) were infected with the same 

dilutions of HSV-2 and HSV-1 UL16 deletion viruses and their parental strains. At 72 hpi cells 

were fixed and stained with methylene blue. Interestingly, all HSV-2 and HSV-1 UL16 mutants 

formed plaques on Vero, Vero16 and Vero16K (Figure 4-12A). A similar experiment was 

performed on L, L16 and L16K cells that also demonstrated reciprocal complementation of these 
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strains (Figure 4-12B). Notably, UL16 mutants formed very small plaques on Vero cells 

compared to their parental strains, consistent with the data shown above (Figure 4-10). Parental 

strains of HSV-1 and HSV-2 had indistinguishable plating efficiencies on Vero, Vero16 and 

Vero16K cells. By contrast, HSV-2 UL16 mutants had 2.9(+/-1.4)-fold higher plating efficiency 

on Vero16 cells and 3.2(+/-1.8)-fold higher plating efficiency on Vero16K cells compared to 

Vero cells. HSV-1 UL16 mutants had 2.9(+/-1.0)-fold higher plating efficiency on Vero16 cells 

and 3.9(+/-0.6)-fold higher plating efficiency on Vero16K cells compared to Vero cells. Plating 

efficiencies on L cells could not be determined using this assay because macroscopic plaques 

failed to form on L cell monolayers infected with UL16 mutant viruses. To quantify reciprocal 

complementation of plaque formation we measured the area of the plaques produced by SD90e, 

UL16S∆10-360, KOS and UL16K∆28-359 on monolayers of Vero, Vero16 and Vero16K cells 

(Figure 4-12) as described in Figure 4-10. Plaque sizes of both UL16 mutant strains were 

significantly increased on both complementing cell lines. Collectively, these data indicate that 

the HSV-2 UL16 protein can complement HSV-1 UL16 null strains (Figure 4-12A) and vice 

versa (Figure 4-12B).  
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Figure 4-12. Reciprocal complementation between HSV- 2 and HSV-1 UL16. Monolayers of Vero, 
Vero16 and Vero16K cells were infected with identical dilutions of each HSV-2 and HSV-1 UL16 mutant 
(A). Monolayers of L, L16 and L16K were infected with identical dilutions of each HSV-2 and HSV-1 
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UL16 mutant (B). For A and B, cells were fixed and stained with 0.5% methylene blue in 70% methanol 
at 72 hpi. (C) Vero, Vero16 or Vero16K were infected with the indicated viruses, and cells were fixed and 
plaques stained using antiserum against HSV Us3 by indirect immunofluorescence microscopy at 24 hpi. 
Plaque sizes were determined as described in Chapter 3 (n = 40 plaques per strain). Error bars represent 
standard error of means. HSV wild type strains SD90e and KOS were normalized to 100%. *** 
P<0.0001, * P<0.05. 

4.2.5 Species-specific requirements for the UL16 protein 

4.2.5.1 Ultrastructural analysis of HSV UL16 mutants 

To define and compare the stages at which our HSV-2 and HSV-1 UL16 mutants were 

blocked in their maturation, TEM was performed. Vero cells were infected with HSV-1 and 

HSV-2 UL16 mutants and corresponding parental strains, and cells were fixed and processed for 

TEM at 16 hpi as described in Chapter 3. A, B and C-capsids were readily observed in the nuclei 

of parental HSV-2 (SD90e) infected cells (Figure 4-13A), and UL16SΔ10-360 infected cells 

(Figure 4-13C). However, similar to what we reported previously for HSV-2 (186) (83), many 

more cytoplasmic capsids were observed in HSV-2 (SD90e) infected cells (Figure 4-13B) than in 

cells infected with its corresponding UL16 mutant, UL16SΔ10-360 (Figure 4-13D). Numerous 

capsids were observed both in the nuclei and cytoplasm of HSV-1 (F) and UL16FΔ139-359 

infected cells (Figure 4-14). However, fewer enveloped cytoplasmic capsids were observed in 

cells infected with the UL16 mutant, UL16FΔ139-359 (Figure 4-14D), compared to HSV-1 (F) 

infected cells (Figure 4-14B). These findings are consistent with previous reports indicating that 

HSV-1 UL16 functions in secondary envelopment (255). 
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Figure 4-13. Ultrastructural analysis of HSV-2 infected cells. Vero cells were infected with HSV-2 
SD90e (A and B) and the UL16 deletion mutant, UL16SΔ10-360 (C and D), at an MOI of 3. At 16 hpi, 
cells were fixed and processed for TEM as described in Chapter 3. Non-enveloped cytoplasmic capsids 
and enveloped virions can be observed in the cytoplasm of SD90e infected Vero cells (B). These 
structures were rarely observed in the cytoplasm of UL16SΔ10-360 infected cells (D). Nuclear capsids 
were readily detected in the nuclei of SD90e (A) and UL16SΔ10-360 (C) infected cells. Insets in each 
panel show magnified portions of the images. White arrowhead in the panel A inset identifies an A 
capsid, whereas a B-capsid is identified with a black arrow and a C capsid identified with a black 
arrowhead. Inset to panel B identifies an enveloped capsid with a black arrow and a non-enveloped capsid 
with a black arrowhead. 
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Figure 4-14. Ultrastructural analysis of HSV-1 infected cells. Vero cells were infected with HSV-1 F (A 
and B) and the UL16 deletion mutant, UL16FΔ139-359 (C and D), at an MOI of 3. At 16 hpi, cells were 
fixed and processed for TEM as described in Chapter 3. Non-enveloped cytoplasmic capsids and 
enveloped virions can be observed in the cytoplasm of F infected cells (B). Enveloped virions were less 
frequently observed in the cytoplasm of UL16FΔ139-359 infected cells where non-enveloped capsids 
were abundant (D). Nuclear capsids were readily detected in the nuclei of both F (A) and UL16FΔ139-
359 (C) infected cells. 
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4.2.5.2 Quantification analysis of capsids distribution of HSV UL16 mutants 

To quantify the distribution of capsids in the presence and absence of UL16, viral 

particles at various stages of maturation were classified and counted in ten independent images 

of Vero cells infected with the strains listed in Table 2 and the ratios of intranuclear C-

capsids:cytoplasmic capsids and enveloped:cytoplasmic capsids were analyzed in more detail 

(Figure 4-15). We chose to focus on intranuclear C-capsids, instead of A-, B- and C-capsids 

together, because C-capsids are preferentially selected for primary envelopment (231). The ratio 

of intranuclear C-capsids:cytoplasmic capsids was significantly greater in cells infected with 

HSV-2 UL16 mutants than in cells infected with their parental counterparts (Figure 4-15). By 

contrast, the ratio of intranuclear C-capsids:cytoplasmic capsids was greater for parental HSV-1 

strains than for their UL16 mutants suggesting that HSV-1 UL16 does not play a discernable role 

in nuclear egress. The fact that the ratios of intranuclear C-capsids:cytoplasmic capsids were 

significantly lower for HSV-1 UL16 mutants compared to their parental strains is likely due to 

defects in secondary envelopment leading to the accumulation of cytoplasmic capsids in cells 

infected with the UL16 mutant strains (Table 2 and Figure 4-14D). The mean ratios of 

enveloped/cytoplasmic capsids for HSV-2 and HSV-1 UL16 mutant strains were significantly 

lower than their parental strains indicating that UL16 functions in secondary envelopment for 

both species of HSV (Figure 4-15B). Taken together these data indicate that UL16 has species-

specific functions in HSV infection such that HSV-2 relies strongly on UL16 for nuclear egress 

whereas both HSV-2 and HSV-1 rely on UL16 for efficient secondary envelopment. 
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Table 2. Quantification of intracellular capsids in Vero cells infected with UL16 mutant and parental HSV strains a 

 
 

Strain Total Number of 
Capsids 

Intranuclear Capsids  Cytoplasmic Capsids 
PNS 

Capsids A+B  C  
 

Non-Enveloped  Enveloped  
SD90e 948 377(39.8c) 96(10.1)  

 250(26.4)  53(5.6) 172(18.1) 
UL16SΔ10-360 992 677(68.2) 75(7.6)  

 159(16)  13(1.3) 68(6.9) 

     
 

    
HG52 1429 676(47.3) 107(7.5)  

 441(30.9)  163(11.4) 42(2.9) 
UL16HΔ10-360 990 702(70.9) 91(9.2)  

 156(15.7)  29(2.9) 12(1.2) 

     
 

    
KOS 850 249(29.3) 75(8.8)  

 296(34.8)  171(20.1) 59(6.9) 
UL16KΔ28-359 1058 506(47.8) 58(5.5)  

 452(42.8)  35(3.3) 7(0.7) 

     
 

    
F 663 217(32.7) 77(11.6)  

 175(26.4)  126(19) 68(10.3) 
UL16FΔ139-359 1778 892(50.2) 84(4.7)  

 671(37.7)  99(5.6) 32(1.8) 
a Capsids were counted in different cellular compartments from 10 images/strain derived from multiple sections in two independent experiments. 
b Numbers in parentheses represent the percentage of capsids in each category.
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Figure 4-15. Analysis of capsid distribution in cells infected with HSV UL16 deletion mutants. 
(A) Ratio of intranuclear C-capsids:cytoplasmic capsids of parental HSV strains and their 
corresponding UL16 deletion mutants and were determined. Values were calculated from 10 
independent images per strain. Error bars represent standard error of the means. (B) Ratio of 
enveloped:cytoplasmic capsids of parental HSV strains and their corresponding UL16 deletion 
mutants were calculated using the same methodology as in (A). *** P<0.0001, ** P<0.001, * 
P<0.05. 

4.2.6 HSV-1 UL16 complements the nuclear egress of HSV-2 

Because HSV-1 did not appear to require UL16 for nuclear egress we were 

interested in determining if the HSV-1 UL16 protein had the capacity to promote the 

nuclear egress of an HSV-2 UL16 mutant. To test this, Vero16 and Vero16K cells were 

infected with UL16SΔ10-360 and UL16KΔ28-359, processed for TEM (Figure 4-16) and 

the TEM data quantified (Figure 4-17). Both Vero16 and Vero16K cells were able to 

support the nuclear egress of UL16SΔ10-360 as evidenced by the appearance of 

numerous cytoplasmic capsids (Figure 4-16A and B). Quantification of these data 
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indicated that complementation of UL16SΔ10-360 in Vero16 and Vero16K cells resulted 

in more robust nuclear egress than that seen with the parental SD90e strain (Figure 4-

17A). Furthermore, HSV-2 and HSV-1 UL16 were indistinguishable in their ability to 

complement the UL16SΔ10-360 nuclear egress defect. Expression of HSV-1 UL16, but 

not HSV-2 UL16, modestly, but significantly, promoted the nuclear egress of the 

UL16KΔ28-359 strain (Figure 4-17A). As expected, both HSV-2 and HSV-1 UL16 

proteins were able to complement secondary envelopment of both HSV species (Figure 

4-17B). Collectively, these data suggest that HSV-1 encodes a function, missing in HSV-

2, that can compensate for nuclear egress in the absence of UL16. 

 



! 80!

 

Figure 4-16. Ultrastructural analysis of trans-complemented UL16 mutants. Vero16 cells 
expressing HSV-2 UL16 (A and C) and Vero16K cells expressing HSV-1 UL16 (B and D) were 
infected with UL16SΔ10-360 (A and B) and UL16KΔ28-359 (C and D), at an MOI of 3. At 16 
hpi, cells were fixed and processed for TEM as Chapter 3. Numerous nuclear and cytoplasmic 
capsids can be observed in all infected cells.  
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Figure 4-17. Quantitative analysis of UL16 trans-complementation. (A) Ratio of intranuclear C-
capsids:cytoplasmic capsids of representative HSV-2 and HSV-1 UL16 mutants complemented 
either by HSV-2 (Vero16) or HSV-1 (Vero16K) UL16 protein. Values were calculated from 10 
independent images per strain. Error bars represent standard error of the means. (B) Ratio of 
enveloped:cytoplasmic capsids of representative HSV-2 and HSV-1 UL16 mutants 
complemented either by HSV-2 or HSV-1 UL16 protein were calculated using the same 
methodology as in (A). *** P<0.0001, ** P<0.001, * P<0.05. Dashed lines indicate values 
obtained for parental strains on Vero cells. 
 
4.3 The role of UL16 in nuclear egress 

Previous work from the Banfield lab demonstrated that the HSV-2 UL21 protein 

also functions in nuclear egress (145). The HSV-1 UL16 protein forms complexes with 

several viral proteins, including UL21 (103, 132). Our data indicated that HSV-2 UL16 

co-IP’d with HSV-2 UL21 (Figure 4-18), suggesting that these two components interact 

with each other in infected cells. The reciprocal co-IP assay was unsuccessful as the 

UL16 antiserum used precipitated UL21 from Δ16 infected cell lysates (not shown). 
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Taken together, these data indicate that, like UL21, UL16 is critical for HSV-2 

propagation and suggest that the UL16 and UL21 proteins may function together to 

facilitate the nuclear egress of capsids. To investigate the role of UL16 in nuclear egress, 

we focused on the events upstream of primary envelopment, including dissolution of the 

nuclear lamina and proper NEC localization. 

 

Figure 4-18. Co-immunoprecipitation of UL16 and UL21 from HSV-2 infected cells. Vero cells 
were infected with HSV-2 WT, Δ16 and Δ21, cell lysates were harvested at 24 hpi, and 
immunoprecipations performed using HSV-2 UL16 or UL21 antibodies. Precipitated proteins 
were analyzed by Western blotting using UL16 and UL21 antisera. 

4.3.1 UL16 is not required for lamin A/C disruption 

To determine whether HSV-2 UL16 participates in nuclear lamina disruption, 

immunofluorescence microscopy was utilized to study the localization of lamin A/C in 

infected cells. Vero cells were plated onto coverslips and infected with WT or Δ16 strains 

at an MOI of 0.1. Cells were fixed at 8 hpi and stained using antiserum against human 

lamin A/C, antiserum against HSV-2 UL31 (infection control) and with Hochest 33342 to 

label DNA. As expected, lamin A/C had smooth, uniform and continuous nuclear rim 

localization in mock infected cells (Figure 4-19).  HSV infected cells display altered 

localization of lamin A/C (183, 221), and, as expected, lamin A/C localized at the nuclear 

rim in a “patchy”, discontinuous pattern in WT infected cells (Figure 4-19). Lamin A/C 
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localization was indistinguishable in cells infected with WT and ∆16 as gaps (indicated 

by white arrowheads in Figure 4-19) in the lamina also formed in ∆16 infected cells. 

These data suggested that the absence of UL16 did not prevent lamin A/C disruption 

during HSV-2 infection.   

 

Figure 4-19. Localization of lamin A/C in infected cells. Shown are confocal micrographs of 
Vero cells infected with the WT, Δ16 strains for 8h. Cells were stained for the lamin A/C, the 
viral protein UL31 (green) for infection control. Nuclei were visualized by staining cells with 
Hochest 33342 (blue). The gaps of lamins A/C (red) are indicated by white arrowhead. 

4.3.2 UL16 is not required for lamin B1/B2 disruption 

Like lamin A/C, lamin B also exerts an important role in maintaining the structure 

and function of the lamina (59, 205). To determine if HSV-2 UL16 deficiencies would 

have influence on lamin B disruption, Vero cells were infected with WT HSV-2 and Δ16 

then fixed at 8 hpi. The localization of lamin B1/B2 and viral protein ICP8 (infectivity 
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control) were determined by using goat polyclonal antiserum against lamin B1/B2 and 

mouse monoclonal antibodies against ICP8. Images were captured by confocal 

microscopy. There was no difference in the localization of lamin B1/B2 between WT 

and Δ16 infected cells as gaps in the lamina formed at the nuclear rim in cells infected 

with both viruses (Figure 4-20). In mock-infected cells, lamin B1/B2 was smoothly 

localized to the nuclear rim. This suggests that UL16 is not required for lamin B1/B2 

disruption during infection. 

 

Figure 4-20. Localization of lamin B1/B2 in infected cells. Shown are confocal micrographs of 
Vero cells infected with the WT and Δ16 strains for 8h. Cells were stained for lamin B1/B2 (red) 
and the viral protein ICP8 (green). Nuclei were visualized by staining cells with Hochest 33342 
(blue). The gaps in lamin B1/B2 staining are indicated by white arrowheads. 
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4.3.3 UL16 does not influence NEC localization 

Vero cells were infected with virus (WT, Δ16, Δ21, or ΔUs3) and fixed for 

indirect immunofluorescence microscopy at 8 hpi. Rat polyclonal antiserum against 

UL31 and chicken polyclonal antiserum against UL34 were used to stain infected cells. 

Images were captured by confocal microscopy (Figure 4-21). In WT and Δ16 infected 

cells, UL31 and UL34 localized smoothly and evenly to the nuclear rim. By contrast, 

UL31 and UL34 exhibited different localization to the nuclear membrane as they formed 

"patch-like" puncta on the nuclear membrane when UL21 was absent. As a control, the 

localization of UL31 and UL34 in ΔUs3 infected cells was examined. As expected, UL31 

and UL34 localized to distinct uniform patches at the nuclear rim that have been reported 

to represent accumulations of perinuclear virions seen in cells infected with HSV-1 and 

PRV Us3 mutants (135, 244, 285). The data suggested that UL21 and Us3 were required 

for appropriate localization of UL31 and UL34, while UL16 was not. Furthermore, these 

findings strongly suggest that, contrary to our initial hypothesis, UL16, UL21 and Us3 

likely play distinct roles in nuclear egress. 
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Figure 4-21. NEC localization in infected cells. Shown are confocal micrographs of Vero cells 
infected with the WT, Δ16, Δ21 and ΔUs3 strains for 8h (A) and Δ16/ΔUs3 strain for 8h (B). 
Cells were stained for the UL31 (green) and UL34 (red). Nuclei were visualized by staining cells 
with Hochest 33342 (blue). 



! 87!

4.3.4 NEC localization of double mutant Δ16/Us3 

The above data suggested that HSV-2 UL16, UL21 and Us3 play distinct roles in 

the nuclear egress of capsids. Our data demonstrated that HSV-2 UL16 is not required for 

lamina disruption (Figure 4-19 and Figure 4-20), proper localization of the NEC (Figure 

4-21), or the production of C-capsids (Figure 4-5). Moreover, C-capsids in cells infected 

with HSV-2 UL16 mutant strains are distributed throughout the nucleus and do not 

accumulate at the nuclear periphery (Figure 4-13). Taken together, these data suggest that 

UL16 does not function in primary envelopment but likely plays a role in the recruitment 

of capsids to the INM. UL21 is not required for the disruption of lamina integrity (189), 

but it is required for the appropriate localization of the NEC (Figure 4-21). Preliminary 

EM data also showed that capsids were present adjacent to the INM but were not 

undergoing primary envelopment (145). These findings suggested UL21 is likely 

functioning in primary envelopment at the INM. In the absence of HSV-2 Us3, the NEC 

was mislocalized (Figure 4-21). This observation is consistent with what has been 

observed by others studying HSV-1 and PRV (244, 285), who have suggested that the 

mislocalized sites of NEC components correlate with accumulations of primary 

enveloped virions in the PNS of Us3 mutants. These findings suggest that Us3 functions 

in de-envelopment of primary enveloped virions. As such, we propose a model (Figure 4-

22) whereby UL16 is working prior to UL21 and Us3. To test if UL16 functions 

upstream of capsid recruitment to the INM, both UL16 and Us3 were deleted (Δ16/ΔUs3) 

in the HSV-2 186 strain by using CRISPR/Cas9 mutagenesis.  

Vero cells were infected with the Δ16/ΔUs3 double mutant and fixed at 8 hpi, The 

localization of the NEC was detected by using antiserum against UL31 or UL34. Images 
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were captured by confocal microscopy. Although the NEC localized at the nuclear rim in 

Δ16/ΔUs3 infected cells, distinct foci were observed (Figure 4-21Figure 4-21B), but 

smaller than those seen in ΔUs3 infected cells (Figure 4-21A). In general, the NEC in 

Δ16/ΔUs3 infected cells localized at nuclear rim, more similar to what has been observed 

in Δ16 infected cells (Figure 4-21A) suggesting the phenotype of Δ16/ΔUs3 is similar to 

Δ16.  

 

Figure 4-22. Nuclear egress model of UL16, UL21 and Us3 activities. (1) UL16 is associated 
with the recruitment of capsids to the INM; (2) UL21 is required for the efficient envelopment of 
capsids at the INM; (3) Us3 participates in regulating efficient de-envelopment of primary 
enveloped virions. Image modified from (120). 
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Chapter 5 Discussion 

5.1 HSV-2 186 UL16 is critical for nuclear egress 

5.1.1 UL16 is critical for HSV-2 replication 

The herpes simplex virus UL16 gene is conserved throughout the Herpesviridae 

and encodes a poorly understood tegument protein. Here we report that UL16 from HSV-

2 plays an important role in virus replication insofar as the Δ16 mutant had an ~200- to 

950-fold replication defect depending on the cell type infected (Figure 4-2). We noted 

that the kinetics of virus gene expression were not perturbed by the deletion of UL16 

when cells were infected at a low MOI (Figure 4-3); however, the abundance of select IE, 

E, and L gene products was somewhat diminished at 4 hpi in cells infected at a high 

multiplicity and had normalized by 8 hpi (Figure 4-4). It may be that UL16 either directly 

or indirectly promotes protein synthesis at early times postinfection; however, such a 

modest deficiency cannot account for the dramatic replication defect observed for Δ16. 

Most importantly, our data indicate that HSV-2 UL16 plays a critical role in the efficient 

egress of C-capsids from the nuclei of infected cells. HSV-2 UL16 may also function at 

later stages of virion maturation in the cytoplasm; however, such a role could not be 

assessed in our electron microscopy experiments (Figure 4-6C and D), likely due to the 

severity of the Δ16 nuclear egress defect. Our quantitative analysis of cytoplasmic capsid 

localization (Figure 4-8) indicated a 10- to 20-fold deficiency in the number of 

cytoplasmic capsids present in Δ16-infected Vero cells, whereas virus replication analysis 

(Figure 4-2) indicated a 200-fold deficiency in these cells. A logical explanation for this 

apparent discrepancy is that, similar to HSV-1 (Figure 4-14 and Figure 4-15), HSV-2 

UL16 also function in the secondary envelopment of cytoplasmic capsids (Figure 4-13 
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and Figure 4-15). The requirement for HSV-2 UL16 in secondary envelopment 

downstream of its role in nuclear egress results in the overall replication deficiencies 

observed. 

5.1.2 UL16 is critical for nuclear egress of capsids 

How might the absence of UL16 impact nuclear egress? Similar numbers of A, B, 

and C-capsids were recovered from the nuclei of Δ16-infected cells (Figure 4-5A). 

However, it is noteworthy that nuclear aggregates of B-capsids were observed in some 

TEM micrographs of Δ16-infected cells (see, e.g., Figure 4-6D). Thus, we might have 

expected to observe an enrichment of B-capsids in our capsid fractionation experiments. 

It may be that capsids present in an aggregate are poorly solubilized and therefore are not 

resolved on sucrose gradients. Regardless of the possibility that B-capsids are under- 

represented in our analysis, our findings suggest that the absence of UL16 did not 

significantly impair HSV-2 capsid assembly. Given that the nuclear egress of C-capsids 

was clearly defective in cells infected with Δ16 (Figure 4-6 to Figure 4-8), we might have 

also expected to see the accumulation of C-capsids in the nuclei of Δ16-infected cells 

relative to cells infected with the parental strain. This was not the case (Figure 4-5A). 

These findings may suggest that UL16 participates in the packaging of viral DNA into 

capsids. Indeed, Oshima and colleagues suggested that UL16 might play a supplemental 

role in DNA packaging into capsids (203). It is also noteworthy that the deletion of UL21 

from the NIA-3 strain of PRV resulted in defects in the cleavage and packaging of viral 

DNA into capsids (57). However, because substantial levels of C-capsids are produced in 

Δ16   infected cells, a possible role for UL16 in DNA packaging cannot fully explain the 

extent of the replication defect observed in its absence. 
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It is tempting to speculate that UL16 nuclear functions mirror those described for 

it in the cytoplasm, that is, the promotion of capsid envelopment. In order to transit from 

the nucleoplasm to the cytoplasm, C-capsids must be recruited to the INM, where they 

undergo primary envelopment facilitated by the NEC comprised of UL31 and UL34 

(179). While capsids were evident in the nucleoplasm of Δ16-infected cells (Figure 4-6), 

accumulation of capsids at the INM was not observed, as has been seen for PRV strains 

lacking UL25, for example (134). These findings may suggest that UL16 is required for 

the recruitment of HSV-2 C-capsids to the INM. While UL16 has been reported to be a 

C-capsid-associated tegument protein in both HSV-1 and HSV-2 (188, 203), studies on 

HSV-1 from the Wills laboratory suggest that UL16 is associated with cytoplasmic 

capsids but not nuclear capsids (176). An important caveat here is that weak UL16-capsid 

interactions may not have been able to withstand the conditions required to purify the 

nuclear capsids that were analyzed. Our examination of Δ16 capsid composition failed to 

reveal any obvious differences between the WT and Δ16 strains (Figure 4-5B); however, 

a more comprehensive analysis of the Δ16 capsid composition is warranted. For example, 

the CVSC, comprised of UL17 and UL25, functions to recruit UL31 to the surface of C-

capsids, which in turn has been proposed to link the capsid to the INM via interactions 

with UL34 embedded in the INM (148, 292). Future experiments to determine if UL16 

influences the recruitment of UL17, UL25, and UL31 to the capsid surface should help 

clarify a role for UL16 in this process. 

Our understanding of the complexity of nuclear egress continues to expand as 

new molecules that participate in this critical process are identified. Several recent studies 

have cataloged additional viral and cellular components that influence the nuclear egress 
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of HSV-1 capsids, including the viral proteins UL47, ICP22, and ICP34.5 and the cellular 

mitochondrial protein p32 (154, 155, 168, 281). The interplay between these factors and 

UL21 and UL16 in HSV-2-infected cells is unexplored and can form the foundation of 

future investigations. 

5.2 Comparative analysis of UL16 mutants derived from multiple HSV strains 

5.2.1 Construction of HSV UL16 mutants 

We described the analysis of UL16 deletion mutants derived from four HSV 

strains. The strategy used to construct these strains utilized CRISPR/Cas9 mutagenesis 

which was both efficient and rapid. Our approach utilized two gRNAs towards the UL16 

locus simultaneously. Cleavage of the UL16 gene at the sites directed by the gRNAs and 

subsequent repair of the lesion by non-homologous end joining (NHEJ) resulted in the 

isolation of a variety of mutants; some having in-frame deletions and others with frame-

shifts after the 5’ gRNA directed cleavage. For the analysis presented here we chose to 

select a variety of UL16 mutants for further study. It is noteworthy that all HSV-2 UL16 

mutants isolated displayed a similar phenotype. In the case of HSV-1, however, one of 

the F UL16 mutants, UL16FFS27/3, was an outlier insofar as its replication was reduced 

much more severely than other HSV-1 UL16 mutants (Figure 4-11D). It is not clear why 

UL16FFS27/3 grows as poorly as it does, however, it is noteworthy that it forms smaller 

plaques on complementing cells than the other HSV-1 UL16 mutants (Figure 4-10C and 

Figure 4-12B) raising the possibility that additional mutations outside the UL16 locus 

were introduced during its isolation. Alternatively, the N-terminal fragment of UL16, 

predicted to be produced by UL16FFS27/3, might act as a dominant negative protein 

resulting in the inhibition of both cell-to-cell spread and virus replication. Clearly, more 
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work is required to determine the cause of the UL16FFS27/3 cell-to-cell spread and 

replication phenotypes. Because of these caveats we eliminated this strain from 

subsequent ultrastructural analyses.  

5.2.2 HSV UL16 is important for cell-to-cell spread 

Our kinetic analysis of UL16 mutant replication revealed that HSV-2 UL16 

mutants had roughly 50 to 100-fold reductions in virus replication while HSV-1 UL16 

mutants, with the exception of UL16FFS27/3 (see above), had approximately 10-fold 

reductions (Figure 4-11). These results are consistent with previous findings suggesting 

HSV-2 and HSV-1 have differential requirements for UL16 (11, 83, 255). Despite 

replicating better than HSV-2 UL16 deletion mutants (Figure 4-11), HSV-1 UL16 

mutants consistently formed slightly smaller plaques relative to their parental strains than 

the HSV-2 UL16 mutants (Figure 4-10). These findings may suggest that HSV-1 has a 

greater reliance on UL16 for cell-to-cell spread of infection than does HSV-2. Along 

these lines, Wills and colleagues have documented an interaction between the N-terminus 

of HSV-1 UL16 and the cytoplasmic tail of glycoprotein gE (294) and that a complex 

formed by UL16, UL11 and UL21 on the gE cytoplasmic tail is important for normal 

glycosylation of gE, trafficking of gE to the cell surface and cell-to-cell spread of 

infection (101, 294). The existence of such interactions and their potential roles in the 

spread of HSV-2 infection have yet to be determined. Perhaps such interactions are not 

required for efficient cell-to-cell spread in HSV-2 infected cells and therefore might 

explain the differences in relative plaque sizes observed. In support of this idea, it is 

noteworthy that the N-terminus of UL16 is less conserved between HSV-2 and HSV-1 
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than the remainder of the protein (203) and our preliminary investigations suggest that gE 

glycosylation is unperturbed in cells infected with HSV-2 Δ16 (data not shown). 

5.2.3 HSV-1 and HSV-2 UL16 functionally complement each other  

Our trans-complementation plaque assays revealed that HSV-1 UL16 can rescue 

plaque formation of HSV-2 UL16 mutants and vice versa (Figure 4-12). Furthermore, 

TEM analysis revealed that HSV-1 UL16 could promote the nuclear egress of HSV-2, 

despite not being required for HSV-1 nuclear egress (Figure 4-16 and Figure 4-17A). Our 

findings also indicate that both HSV-2 and HSV-1 UL16 function in secondary 

envelopment and that these proteins are trans-complementary for this process (Figure 4-

16 and Figure 4-17B). Perhaps there are similarities in the processes of primary and 

secondary envelopment and HSV-1 UL16 is able to function in primary envelopment in 

the context of HSV-2 infection. The observation that HSV-1 and HSV-2 UL16 molecules 

can complement each other suggests that the genetic basis for the species-specific 

activities of UL16 lie outside the UL16 locus. 

Importantly, these findings do not fully explain the reductions in virus replication 

observed for all UL16 mutant strains. The explanation for the magnitude of the 

replication deficiencies observed for UL16 mutants are certainly multifactorial. The 

functions of HSV-1 UL16 in cell-to-cell spread of infection have been well documented 

(101, 294). Additionally, previous studies on HSV-2 UL16 have implied a role for UL16 

in viral DNA packaging into capsids (203) and in support of this idea, we noted that the 

proportion of intranuclear A- and B-capsids was greater for all of the UL16 mutants 

analyzed  (Table 2). Moreover, the proportion of perinuclear virions compared to parental 
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strains was reduced in all UL16 mutants examined (Table 2). Taken together, these 

findings suggest that UL16 influences multiple stages of virion morphogenesis. 

One goal of our studies was to resolve an apparent discrepancy between the 

functions of HSV-2 and HSV-1 UL16 during virus maturation. We have conclusively 

demonstrated that UL16 is important for HSV-2 nuclear egress in multiple strains (186, 

SD90e and HG52). Additionally, it is clear that multiple strains of HSV-2 and HSV-1 

rely on UL16 for efficient secondary envelopment. Despite important differences in 

primary and secondary envelopment, such as the well-characterized functions of the 

nuclear egress complex in primary envelopment, these findings raise the intriguing 

possibility that some aspects of primary and secondary envelopment may be more similar 

than previously appreciated.  

5.3 The role of UL16 in nuclear egress 

 Here we described an exploration of HSV-2 UL16’s role in nuclear egress. 

Because capsids of UL16 null viruses failed to accumulate at the nucleoplasmic face of 

the INM, or as primary enveloped virions in the PNS, we speculated that UL16 plays a 

role at a stage prior to initiation of primary envelopment. Steps upstream of primary 

envelopment include disassociation of lamina and proper NEC localization. In the 

absence of UL16, localized disruption of lamin A/C or lamin B was similar to that 

observed for WT virus suggesting that UL16 is not involved in disruption of nuclear 

lamina integrity (Figure 4-19 and Figure 4-20).  

Proper localization of NEC is a prerequisite for nuclear egress (222, 242). In Δ16 

infected cells, localization of NEC is indistinguishable from WT infected cells suggesting 

that UL16 is likely not required for NEC localization during infection. By contrast, in the 
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absence of UL21, the localization of the NEC was perturbed and UL31 and UL34 

localized to irregular puncta at the nuclear rim (Figure 4-21). The inappropriate 

localization of the NEC would be predicted to result in defects in primary envelopment 

with capsids accumulating in the nucleoplasm, which is observed in cells infected with 

both Δ16 or Δ21 viruses (83, 145). TEM analysis of an HSV-2 UL21 knockout virus 

showed nuclear membrane distortions adjacent to non-enveloped intranuclear capsids 

which were not undergoing primary envelopment (145). This suggested that HSV-2 

UL21 is likely functioning in the step of primary envelopment. The aggregation of HSV-

2 UL16 null capsids at the nucleoplasmic face of the INM was not observed, and UL16 is 

not required for lamina disruption, or the production of C-capsids suggesting UL16 is 

likely functions in recruitment of capsids to the INM. UL31 and UL34 localized to 

distinct uniform foci at the nuclear rim that have been reported to represent 

accumulations of perinuclear virions seen in cells infected with HSV-1 and PRV Us3 

mutants (135, 244, 285). These findings indicated that Us3 functions in de-envelopment 

of primary enveloped virions. Taken together, the strongly suggest that, UL16, UL21 and 

Us3 likely play distinct roles in nuclear egress (Figure 4-22). 

A double mutant of HSV-2 Δ16/ΔUs3 was constructed, and localization of the 

NEC localization was examined. The NEC localized to distinct foci at the nuclear rim in 

Δ16/ΔUs3 infected cells. However, these foci were smaller than that seen in ΔUs3 

infected cells. This may due to the reason that, in the absence of UL16, capsids were 

trapped in the nucleus efficiently but not completely, and the few capsids that reached the 

INM were enveloped and accumulated in the PNS. In Δ16/ΔUs3 infected cells, steps 

upstream of primary envelopment of capsids are impeded in the absence of UL16 
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compared to ΔUs3 infected cells. As such, fewer primary enveloped virions would be 

predicted to be observed in the PNS, which could be reflected by smaller distinct foci 

seen on the nuclear rim by immunofluorescence microscopy. These results indicates that 

UL16 is working prior to Us3, in other words, UL16 is functioning upstream of de-

envelopment, which is consistent with our hypothesis. An alternative explanation is that 

UL16 negatively regulates de-envelopment because Δ16/Us3 does not appreciably 

mislocalized the NEC. TEM analysis of HSV-2 Δ16/ΔUs3 and ΔUs3 infected cells is 

warranted and will help solidify our nuclear egress model. 

The construction and analysis of double mutants of UL16/UL21 and UL21/Us3 

are warranted and should uncover the nature of UL16, UL21 and Us3 roles during 

nuclear egress. Technical problems arose when attempting to construct Δ16/Δ21 and 

Δ21/ΔUs3 in HSV-2 186 strains (75). UL21 is indispensible in HSV-2 strain 186, and 

deletion of UL21 leads to unprocurable virus, which makes it hard to further mutagenize 

this strain. SD90e and HG52 are two other HSV-2 WT strains, and their requirement for 

UL21 is not as strict as in HSV-2 186 strain. In addition, our preliminary data suggested 

that HSV-2 SD90e and HG52 UL21 deletion mutants also have NEC mislocalization 

(Finnen and Banfield, unpublished), similar to what is observed with the HSV-2 186 Δ21 

strain (Figure 4-21), suggesting UL21 mutants derived from different strains of HSV-2 

may have similar nuclear egress phenotypes. As such, SD90e and HG52 are ideal 

background HSV-2 strains for construction of Δ16/Δ21 and Δ21/ΔUs3 double mutants. 

 

 

 



! 98!

 

 
Chapter 6 Conclusions and Future Directions 

 Based on the observation that HSV-2 UL16 and UL21 interact with each other 

and may function together in nuclear egress, we aimed to explore the role of HSV-2 

UL16 during infection. Consistent with our observation with HSV-2 UL21, HSV-2 UL16 

also functions in nuclear egress.  

As HSV-1 UL16 deletion mutants have comparatively modest replication 

deficiencies, our observations have ramifications for understanding the differences 

between the replication requirements and pathogenesis of HSV-1 and HSV-2. Our study 

resolved this apparent discrepancy by analyzing multiple UL16 mutant viruses derived 

from multiple strains of HSV-2 and HSV-1. In summary, UL16 has HSV species-specific 

functions insofar as HSV-2 has a requirement for UL16 in the escape of capsids from the 

nucleus whereas both HSV-2 and HSV-1 requires UL16 for final envelopment of capsids 

at cytoplasmic membranes.  

Based on our NEC localization experiments with HSV-2 UL16, UL21 and Us3 

mutants, we hypothesize that these three viral protein play sequential roles during nuclear 

egress: UL16 activity is associated with the recruitment of capsids to the INM; efficient 

envelopment of capsids at the INM requires UL21; and efficient de-envelopment of 

primary enveloped virions is regulated by Us3. Although preliminary data strongly 

supports this nuclear egress model, the phenotypes of HSV-2 UL21 and Us3 knockout 

strains needs to be evaluated. The NEC localization in cells infected with double mutants 

of Δ16/Δ21 and Δ21/ΔUs3 also needs to be determined in future experiments to further 

probe the validity of this nuclear egress model.  
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The functions of UL16 during nuclear egress are still unclear, however, our data 

indicate that HSV-2 UL16 likely functions in recruitment of capsids to the INM. Future 

investigations are warranted to test this hypothesis. For instance, immunogold-EM 

analysis of UL16 localization in infected cells should reveal interactions between UL16 

and intranuclear C-capsids. Moreover, C-capsid protein composition could be 

investigated in the absence of UL16 compared to WT virus. In addition, future 

experiments to determine if UL16 influences the recruitment of CVSC to the capsid 

surface should help clarify a role for UL16 in this process as well. 
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