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ABSTRACT 

DAKOTA NALE LOVETT 

CONTRIBUTIONS OF THE N AND C – TERMINI OF VARICELLA – ZOSTER VIRUS 

PORTAL 

UNDER THE DIRECTION OF: ROBERT J. VISALLI, Ph.D. 

 

The VZV portal protein is a multimeric protein found at a single vertex of the viral capsid that is 

essential for encapsidation (packaging) of viral DNA. All viruses within the herpesvirus family contain 

structurally homologous portal proteins. PORT compounds have been shown to target herpesvirus portal 

proteins and show potential as broad-spectrum herpesvirus antivirals.   We are specifically interested in 

the interaction of PORT compounds with the VZV portal since the activity of our compounds against 

VZV was shown to be in the single nanomolar range.  Unfortunately, VZV portal structure has yet to be 

resolved by transmission electron microscopy (TEM) due to complications with size and aggregation.  

We aimed to observe the effects of pORF54 (VZV portal protein) terminal truncation on virus 

viability to determine the minimal portal protein that can be used for structural analysis. Six recombinant 

viruses containing N and C- terminal mutations were created using bacterial artificial chromosome (BAC) 

technology and targeted recombineering to create the mutant VZV strains. PCR was used to engineer stop 

codons at 29, 49, and 75 AAs from the C-terminal end. In addition, a second set of recombinants was 

constructed where the first start codon of the 769 AA pORF54 open reading frame was deleted creating a 

40 AA N-terminal truncation.  

Sequencing of all mutant strains confirmed the expected changes for the ORF54 gene and also 

that no gross off-target mutations occurred. All constructs showed a similar restriction digestion pattern, 

upon gel electrophoresis, compared to the parent BAC, pOKA, suggesting the mutant genomes were 

stable. Mutagenized BACS were used to create infectious viral stocks after lipofectamine-based 



 

 

x 

 

transfection into ARPE19 cells. Viruses with non-functional mutations in pORF54 were transfected into 

ARPE54 (complementing) cells, that constitutively express wild-type pORF54. The ∆29, ∆49, N40∆29, 

and N40∆49 viruses were replication competent in ARPE19 cells. Replication characteristics suggested 

that some of these viruses grew less efficiently in vitro. Overall, we confirmed that a protein of 679 AAs 

can form a functional viral portal.  This portal multimer may represent a strong candidate for detailed 

structural studies. 
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CHAPTER 1 

INTRODUCTION 

 

Herpesviruses consist of enveloped, double-stranded DNA viruses that exhibit broad 

infectivity within all organisms in the animal kingdom. There are eight herpesviruses known to 

persistently infect human populations, each of which capable of being subdivided into 

herpesvirus subfamilies (alpha-, beta-, and gammaherpesvirus) categorized by factors such as 

host cell tropism, length of the replication cycle, and genome configuration (Albà et al. 2001). 

These herpesviruses also display tropisms specific for lymphoid and nerve cells where these 

viruses establish latency in part of a two-part viral cycle. This lytic-reactivation cycle begins 

after initial viral infection when the herpesvirus becomes latent in a specific cell type and 

becomes virtually undetectable within the host. Following latency, and due to any number of 

factors including environmental stress and/or host immune defects, reactivation occurs triggering 

viral replication and shedding leading to host reactivation. Despite efforts and advancements 

within the field of herpesvirus research, there is still a growing need for new avenues for broad-

spectrum herpesvirus treatments and cures. 
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Table 1. Nomenclature and Pathology of Human Herpesviruses 

 

VZV Infection 

VZV is a neurotropic virus infecting a significant percentage of the population, with 

primary infection causing varicella (chickenpox), and reactivation causing herpes zoster 

(shingles) after establishing latency within cranial nerve ganglia, dorsal root ganglia, and 

autonomic ganglia (Gilden et al. 2011). While varicella tends to occur predominantly in the 

spring there is no know seasonal predilection associated with zoster. The incubation time after 

primary exposure to VZV is 14 to 16 days on average for varicella and results in a generalized 

and pruritic rash that rapidly progresses from macular to popular lesions, typically present in all 

stages of development at the same time (CDC 2021). These lesions begin on the chest and back 

and spread all over the body before symptoms subside, usually 4-7 days. 

Zoster is characterized by dermatomally distributed pain and rash, with nearly 1,000,000 

Americans affected annually (Albà et al. 2001). Complications of zoster include postherpetic 

neuralgia (PHN), defined as pain persisting for at least 3 months after the resolution of the zoster 

HHV Sub-

family Virus  Cells infected Cells of Latency 
Associated Diseases 

Primary Infection Latent Infection and/or 
Reactivation 

alpha 
HSV-1 and 

HSV-2 Mucosal 

epithelial neurons 
Asymptomatic (with asymptomatic shedding) or 
Herpes labialis (cold sores) and genital lesions 

VZV Varicella (chickenpox) Zoster (Shingles) 

beta 
HCMV 

Many 
Lymphocytes, 

Monocytes, 

Macrophages 

Impaired fetal development (pregnancy) 

Asymptomatic  
Asymptomatic, GVHD, or significant 

disease in the immunocompromised 

(transplants, cancer, AIDS),  
HHV-6a, -6b, -

7 Roseola Infantum (high fever) Cancer? 

gamma EBV Epithelial and 

B-cells B cells Infectious mononucleosis 
Multiple B-cell lymphomas, 

NPC, gastric cancer, OHL in 

AIDS 
PEL 

KSHV Many   Kaposi’s sarcoma  
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rash and with a high level of predisposition in patients over 60 (III and Tindall 1971). Further 

analysis of ganglia localized within sites of PHN reveals diffuse and focal infiltration by 

prominent collections of lymphocytes (Watson et al. 1991). Other complications of VZV 

reactivation can be vasculopathy, meningitis/meningoencephalitis, myelopathy, cerebellitis, 

retinal necrosis, along with other ocular disorders. 

 

Figure 1. Neurological Complications of VZV. Varicella diagnosis is common after initial infection but not required before viral 

latency can be established. Varicella causes vasculopathy, meningitis, meningoencephalitis, and Occular disorders. Reactivation 

of latent VZV causes shingles as well as the complications caused by Varicella. Original Image. 

VZV Replication 

VZV pathogenesis begins with an aerosolized exposure that first infects Langerhans cells 

as well as mucosal and plasmacytoid dendritic cells in the epithelium of the lungs, that carry 

VZV to resident T cells housed within draining lymph nodes (Abendroth et al. 2001; Morrow et 

al. 2003). T-cells exposed to VZV in the lymph node then begin to express skin homing markers 

that allow for transport of the virus to dermal fibroblasts and keratinocytes, that respond by 

producing proinflammatory cytokines, such as IL-8, resulting in vesicles characteristic of 

chickenpox (Taylor and Moffat 2005; Desloges et al. 2008; Huch et al. 2010). Cell-free VZV can 

be found within these vesicles and transported along sensory nerve axons gaining access to 
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dorsal root ganglia, cranial nerve ganglia, and autonomic nervous ganglia where the virus 

establishes latency (Grigoryan et al. 2012). 

VZV Latency 

VZV typically establishes latency within the dorsal root ganglia with reactivation 

resulting in herpes zoster, also known as shingles and described above. There has been variable 

reporting of VZV latency within normal populations with percentages anywhere from 63% 

(Liedtke et al. 1993) to 100% found within small sample sizes (Pevenstein et al. 1999). VZV 

displays restricted gene expression during latency, with transcript maps limited to ORFs 4,18, 

21, 29, 40, 62, 63, and 66 detected in human trigeminal ganglia (R J Cohrs, Barbour, and Gilden 

1996; Randall J. Cohrs et al. 2003). VZV transcripts from latently transcribed genes are 

quantified using real-time PCR and found to be in low abundance, with the highest quantity 

found in ORF63 transcripts with 3.7 x 103 copies per microgram mRNA (Randall J. Cohrs and 

Gilden 2007).  

Herpesvirus Replication 

After attachment of the virus to cell receptors, the envelope fuses with the plasma 

membrane, and the de-enveloped capsid is transported to the nucleus where viral DNA is 

released. Viral transcription begins with immediate-early stage transcription which initiates early 

and late transcription, including the translation of capsid proteins in the cytoplasm that are 

eventually shuttled to the nucleus for assembly and packaging of DNA (M. A. Visalli et al. 

2014). Meanwhile, progeny DNA genomes are produced in the nucleus in a rolling-circle 

mechanism, synthesizing DNA as “long, head to tail concatamers”. This long concatameric DNA 

is further processed by cleavage of viral DNA lacking free ends (Collins, A 2013). Following the 

assembly of immature capsids, monomeric forms of processed concatameric viral DNA are 
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loaded into these immature capsids during a process known as encapsidation. Viral DNA-filled 

capsids then exit the nucleus, acquire their lipid envelope and glycoprotein coat and fuse with the 

plasma membrane once again as an infectious virus. 

Herpesvirus Antivirals 

The herpesvirus family is known for its ability to establish latency and reactivate due to  

stress and immunosuppression. This is a troubling feature in the scope of pharmaceutical design, 

implicating that impeding viral replication is not necessarily robust enough to eliminate viral 

infection. Since the exact mechanism of latency for all herpesviruses remains unclear, 

pharmaceutical strategies against herpesviruses thus far have been geared toward inhibiting viral 

replication. Efforts by herpes antivirals are largely aimed at suppressing herpesvirus reactivation 

and clinical symptoms.  

While herpesviruses share many of the same structural characteristics, there has yet to be 

a drug that is capable of targeting all herpesviruses within the family. Herpesvirus antivirals are 

generally classified into two classes: nucleoside or pyrophosphate analogs, both targeting DNA 

polymerase inhibition as a mechanism to limit viral DNA replication and synthesis. The most 

effective herpes antivirals approved to date include  acyclovir, cidofovir, foscarnet, ganciclovir, 

penciclovir, valganciclovir, valaciclovir, famciclovir. One issue with many of these 

pharmaceuticals is that they target DNA replication, allowing the virus to eventually become 

resistant, especially in immunosuppressed populations. Resistance has been shown with all of the 

therapeutics listed above (R. J. Visalli and van Zeijl 2003). Another is that they are not clinically 

efficacious throughout the herpesvirus family. Lastly, these antivirals are shown to cause mild to 

severe side effects further underlining the need for the development of less toxic drugs. 
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Herpesvirus DNA Encapsidation 

DNA encapsidation takes place in the nucleus during viral replication and is the process 

in which the double-stranded concatameric DNA is packaged within the viral capsids that go on 

to become enveloped infectious virus particles. After assembly of the capsid, concatameric 

progeny DNA is cleaved and packaged as one complete herpesviral genome. Successful DNA 

packaging results in displacement of viral scaffold proteins allowing the DNA to become tightly 

packed into the capsid.  

Proteins involved in DNA packaging form complexes that function as molecular motors 

and have been compared to those described in tailed bacteriophages, although with little 

evidence of sequence homology (Rao and Feiss 2008). The essential components of herpesvirus 

encapsidation consist of a viral terminase, viral procapsid, viral genomic DNA, and a portal 

protein. These portal proteins are multimeric structures derived from the assembly of 12- or 13- 

monomers that are nested within a 5-fold vertex of the capsid shell and display a tunnel properly 

sized for DNA translocation (M. A. Visalli et al. 2014). The portal functions as a bridge between 

an empty procapsid and uncleaved viral DNA, and also a docking site for the viral terminase 

complex. Functioning together this packaging complex is able to generate enough force to load 

DNA into the portal tunnel while the viral terminase complex cleaves DNA unambiguously 

(Smith et al. 2001). Our laboratory has shown that deletion of the gene (ORF54) for the VZV 

portal results in the accumulation of  empty procapsids within the nucleus of the host cell (M. A. 

Visalli et al. 2014). 
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Thiourea (PORT) Compounds as Novel Antiviral Encapsidation Inhibitors 

  

Figure 2. Basic skeletal structure of PORT series compounds 

that have previously been shown to display potential for HHV 

antivirals. Highlighted lead compound, PORT-1, contains a 

2-fluoro phenyl substitution as the “R” group (outlined in red).  

Adapted (with permission) from [Visalli 2020]. This figure is presented in color.                            

Human herpesviruses are spread throughout the human population in otherwise healthy 

and immunocompromised patients alike. Without initiatives for future HHV drug development, 

these patient populations will suffer tremendously, not to mention the economic burden of over 

2.5 billion dollars per year (Szucs et al. 2001). Granted, vaccination for VZV and acyclovir 

treatment for recurrent HSV has been successful, yet chemotherapeutic options beyond these two 

viruses within the Herpesviridae are generally lacking. There are no current efficacious 

treatments for EBV, HHV-6, HHV-7, or HHV-8. PORT series compounds have been shown to 

be efficacious in inhibiting multiple HHVs, and do so by targeting the conserved core of the 

portal protein. Portal proteins are ideal targets since they are known to be essential for the 

encapsidation process. PORT series compounds show great potential for broad-spectrum 

capabilities within the herpesvirus family as all members contain a homologous portal protein. 

Our laboratory has extensive data on the VZV portal and combined with the fact that PORT 

compounds are active at nanomolar (nm) concentrations against VZV, the VZV portal serves as 

a model to determine the exact molecular mechanism of action of the PORT series. 
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Table 2. PORT series encapsidation inhibition of HHV portal proteins 

Herpesvirus 

Family  

Strain Portal 

Gene 

Proposed EM Structure  IC50 �g/ml In vitro 

cytotox 

�g /ml PORT 

1 

PORT 

2 

PORT4 

Alpha 

HSV-1 Patton UL6 

 

0.25 >10 >5.0 >50 

(CV-1) 

HSV-2 12 UL6 N/A 0.25 >10 >8.0 >50 

(CV-1) 

VZV Ellen ORF54 Yet to be fully resolved* >10 0.05 0.02 >20 

(A19) 

Beta  

HCMV AD169 U104 N/A 6 nd nd >50 

(MRC-

5) 

HHV-6 HHV-

6A, 

U1102, 

HHV-

6B, 

Z29 

U76 N/A nd nd nd n/a 

HHV-7 HHV-7 

RK 

U76 N/A nd nd nd n/a 

Gamma  
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EBV B95-8 BBRF1 

 

<1.0 <1.0 nd >50 

(HEK, 

RAJI) 

HHV-8 GK18 ORF43 

 

nd nd nd >30 

(BHK-

21) 

*This Table is presented in color, 

pORF54 Portal 

The portal of VZV, pORF54, is a 769 amino acid protein (≈87 kDa) and plays an 

essential role in VZV encapsidation. The VZV portal protein serves as a dynamic channel for 

DNA transport, facilitated by association with terminase complex. This portal creates a tunnel 

between the inner to the outer floors of the immature capsid serving as an essential site for viral 

DNA translocation during encapsidation. VZV is the largest of the herpesvirus portals with 

significant nucleic acid additions encoding for additional protein sequences on the terminal ends.  

All herpesviruses possess a portal protein that functions in DNA encapsidation, making further 

structural studies essential to future drug design. 

 

 

 

Figure 3. Protein Domains within the VZV ORF54 gene.  Adapted (with permission) from [Visalli 2020]. This figure is 

presented in color. 
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HYPOTHESES 

Compared to HSV-1 and 2 pUL6, VZV pORF54 appears to have additional sequences at 

the N and C termini. Figure 3 shows a sequence alignment weighted equally for amino acid 

identity and protein secondary structure similarity. There is a high degree of sequence identity 

between the three alpha-herpesviruses, particularly the central portion that includes the beta-

sheet in the putative wing domain, the leucine zipper region, and the clip. However, strong 

homology is not present at the termini where VZV has additional sequences that cannot be 

aligned efficiently with HSV‐1 or 2.  Because the C‐terminus likely corresponds to the portal 

crown region, these sequences may encode an extended crown in the VZV portal.  HSV-1 portals 

have been relatively easy to isolate, purify and image by electron microscopy whereas VZV 

portals suffer from aggregation and heterogeneity. Perhaps the additional sequences found at the 

termini of pORF54 are responsible for the observed differences.  The ability to purify and image 

distinct homogenous VZV portals is necessary to better understand potential portal-drug 

interactions.  This thesis intends to address this issue by testing the following hypotheses: 

C-terminal truncations up to ~100 amino acids will not affect pORF54 structure and 

function and will result in DNA-filled capsids in the nucleus of VZV infected ARPE19 cells. 

Purified, recombinant pORF54 with C-terminal truncations will yield homogenous 

portals for improved characterization by TEM. 
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Figure 4. Alignment of human alphaherpesvirus portal protein sequences, Portal protein monomer aa sequences from the 3 

human alphaherpesviruses, HSV‐1, HSV‐2, and VZV were aligned by using PROfile Multiple Alignment with predicted Local 

Structures and 3D constraints.59, 60 Alignment parameters were set at 50% contribution for aa sequence identity and 50% 

secondary structure similarity. Sequences are colored according to predicted secondary structures (alpha-helix: red; beta-strand: 

blue; unstructured/coiled: black). The numbers represent the aa residues of each complete viral portal protein sequence. Sequence 

identity (*), tunnel loops (‐‐‐), putative leucine zipper (L), and sequences representing additional N and C termini are noted [‐‐‐] 

Reprinted (with permission) from Kornfeind and Visalli 2018), This figure is presented in color.                             
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CHAPTER 2 

METHODOLOGY 
 

Cells and Viruses 

           ARPE19 (human retinal pigmented epithelial cells; ATCC CRL-2302) cells and ARPE54 

cells were cultured in minimal essential media (MEM) supplemented with 5% fetal bovine serum 

(FBS-FG), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, and 0.25 mg/ml 

amphotericin B and maintained at 37o C with 5% CO2. ARPE19 cells were used to propagate 

VZV strains and were used to generate the constitutively expressing pORF54 cell line ORF54 

(19). Infected cell stocks were prepared by resuspending trypsinized monolayers in 1:10 DMSO 

(dimethyl sulfoxide): FBS followed by a slow freeze at -80oC and then moved to liquid nitrogen 

for long-term storage. VZV bacterial artificial chromosome (BAC) Oka strain was obtained from 

the Zhu Lab (Rutgers New Jersey Medical School). All VZV recombinants were propagated in 

ARPE19 cells in the presence of 2% FBS-FG. 

Construction of VZVLuc N-terminal Mutant 

An N-terminal ORF54 mutant was made by changing the ATG to GTG at the predicted 

ORF54 methionine start codon. VZVLUC BAC DNA was used as a PCR template and primer 

pairs ATG KO F / MU31 and ATG KO R / MU23 (Table 1) were used to make independent 

overlapping amplicons.  These amplicons were purified using a Genejet PCR spin column, 

mixed, annealed, and a primer extension reaction performed using Thermo Scientific Phusion 

High-Fidelity DNA Polymerase.  The full-length amplicon was cloned into pJET1.2 and 

sequenced to confirm the change from ATG to GTG.  This plasmid was used to generate a full-

size ORF54 amplicon that was recombineered into ∆54L.  
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Characterization of VZVLuc pORF54 N-terminal mutant 

Capsid-enriched preparations were prepared by scraping VZV infected cell monolayers 

into PBS and pelleting at 400 x g for 10 min at 4°C. PBS was removed and pellets were 

resuspended in 30mM Tris pH7.4, 4mM CaCl2, 5mM MgCl2, 125mM KCl, 0.5 mM EDTA with 

protease inhibitors, and �-mercaptoethanol.  The solution was sonicated briefly then extracted 3 

times with an equal volume of 1,1,2-Trichloro-1,2,2-Trifluoroethane (Aqua Solutions). The 

aqueous portion was layered onto 5% / 40% non-continuous glycerol cushions and centrifuged 

for 1 hour at 100,000 x g in an SW41 rotor.  The supernatant was completely removed from the 

pellets and enriched capsid preps were resuspended in 2x Laemmli buffer with �-

mercaptoethanol, separated by SDS-PAGE, and blotted to pdvf membrane.  pORF54 was 

detected by western blot of partially purified VZV capsid extracts using GEN54 pORF54-

specific polyclonal rabbit antiserum (GenScript) generated to a 37 kDa pORF54 recombinant 

protein containing amino acids 16-334.  

Construction of VZVLUC  C-terminal Mutants 

Recombinant VZV BACs were generated using a site-directed mutagenesis kit (Thermo) 

and specific mutagenic primers designed to create stop codons in the C-terminus of the ORF54 

gene. VZV BAC pOKA was used as a template to isolate the ORF54 cassette with flanks using 

primers (MU23: 5’ – CCG TAT ACA CCC TAT CTT CAA CCG CAG TT – 3’ and MU31: 5’ – 

CGG ACG ACT CGC ATA AGC CGT TGA TAA CTT A – 3’). Primers were synthesized by 

IDT (Coralville, IA) and are listed in Table 3. All PCR products were analyzed on 0.8% agarose 

gels and products of the correct size were ligated into pJET1.2 using T4 DNA ligase (Thermo). 

Plasmids generated from this ligation were transformed into NEB Turbo E. coli cells. Upon 

transformation, colonies were incubated into 5mL LB with Ampicillin at 37oC overnight in a 
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shaking incubator. Plasmid DNA was purified using a Thermo Scientific GeneJet kit and 

digested using restriction enzyme Hind III to confirm the presence of the ORF54 cassette within 

the plasmid. Plasmid pJET1.2 – ORF54 with flanks and pJET1.2 – N40 ORF54 with flanks were 

used as a template for mutagenesis.  

Primers were designed to create stop codons at amino acids 694, 720, and 740 and 

represent ORF54 C-terminal deletion mutants ∆29, ∆49, ∆75. Deletion mutants were unable to 

be created at perfect intervals of 25 amino acids in ∆29 and ∆49 due to constraints posed by the 

essential gene ORF53 which is antisense and in the frame of ORF54. Deletion mutants ∆29 and 

∆49 were therefore created based on the availability of DNA sequence within ORF54 that could 

be used to create a stop codon and only make a conservative mutation within ORF53. Once 

mutagenesis was conducted using PCR, mutagenized products were cloned into pJet1.2.  After 

confirming the plasmid constructs via restriction digestion, primers MU23 and MU31 were used 

to isolate PCR products that were sequenced to ensure only intended changes occurred. Mutants 

with both N and C – 

terminal mutations 

were generated using 

an N-terminal ORF54 

mutant in pJET1.2 as a 

template for PCR 

mutagenesis.  

 

Figure 5. Schematic representing use of recombineering to knock-out (KO) wildtype gene cassettes and knock-in (KI) 

recombinant genes of interest. Original image. This figure is presented in color. 
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Recombineering ORF54 Mutants 

           ORF54 DNA containing desired point mutations resulting in truncated pORF54 were 

incorporated into the VZV genome by recombineering (Warming et al. 2005). Previously 

described VZV BAC with an internal deletion of 1223bp in the ORF54 gene replaced by a galK 

cassette (D54S) was used as the parent genome (M. A. Visalli et al. 2014). SW102 E. coli cells 

containing the D54S BAC (SW102 - D54S) was grown overnight in 5ml 

LB/chloramphenicol/tetracycline (25 ug/ml) at 32oC and diluted the following day 1:40 in 20ml 

LB/chloramphenicol/tetracycline (25 ug/ml) in a 100ml Erlenmeyer flask. Cells were cultured at 

32oC in a shaking incubator and grown to an optical density of 0.4 (OD600). The cells were then 

heat shocked for 15 minutes in a 42oC water bath followed by 2 minutes in an ice-water bath 

before being transferred to a cooled 50ml conical tube. The culture was centrifuged for 5 minutes 

at 4oC at 4500 rcf. The supernatant was drained from the cell pellet and the pellet was 

resuspended in 20ml of cold, sterile double distilled water (ddH2O) by gently swirling in an ice 

water bath until homogenous resuspension. This process of washing the cell pellet using 20ml 

ddH2O was repeated twice with the resuspension of the final cell pellet in a volume of 1ml. The 

resuspension was transferred to a 1.5ml Eppendorf microcentrifuge tube and pelleted at 13,100 

for 1 minute in a 40°C cold room. The supernatant was aspirated allowing for a final 

resuspension of the pellet in 75-125 ul of cold ddH2O depending on the volume of the pellet. 

30ul of the SW102 resuspension was added to a 0.5ml Eppendorf microcentrifuge tube with 

500ng of mutant ORF54 PCR cassette to be recombineered. Cells and DNA were transferred into 

a 0.1 cm cuvette and electroporated using a Bio-Rad Gene Pulser X Cell (Bio-Rad Laboratories). 

Following electroporation, cells were transferred to a 25ml vented Erlenmeyer flask with 10ml 

LB and allowed to recover for 4 hours at 32°C in a table-top shaking incubator. 
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           After recovery 1ml of SW102 culture was transferred to a 1.5ml Eppendorf 

microcentrifuge tube and pelleted at 13,100 rpm, at room temperature for 1 minute. The 

supernatant was aspirated, and the cell pellet was resuspended in 1ml of M9 buffer (6 g/L 

Na2HPO4, 3 g/L KH2PO4, 1 g/L NH4Cl, 0.5 g/L NaCl).  The pellet was washed 4 times 

followed by final resuspension in 50ul of M9 buffer before plating 35ul on M63 minimal media 

plates (10 g/L (NH4)2SO4, 68 g/L KH2PO4, 2.5 mg/L FeSO4·7H2O). M63/DOG plates contain 

2-deoxygalactose (DOG) to negatively select cells still containing the galK gene (2-

deoxygalactose is phosphorylated by galK, 2-deoxygalactose-1-phosphate, a toxic intermediate, 

is formed). Plates were incubated at 32ºC for 3-5 days. Individual colonies were picked from the 

DOG plates and cultured in 5ml LB/chloramphenicol/tetracycline overnight at 32°C.  

The overnight culture was pelleted at 4500 rcf in a centrifuge at 4ºC. BAC DNA was 

isolated from pelleted cells using the NucleoBond BAC 100 kit (Clontech Laboratories). Cells 

were resuspended in 350ul of S1/RNAse buffer and transferred to a 1.5ml Eppendorf 

microcentrifuge tube. Next, 350ul of S2/lysis buffer was added to the microcentrifuge tube and 

the tube was inverted 5 times following a 5-minute incubation at room temperature. After cell 

lysis, 350ul of S3/neutralization buffer was added to the mixture and the microcentrifuge tube 

was inverted/rolled or incubated on ice until colorimetric reaction from blue to colorless was 

complete. After neutralization, the cell lysate was centrifuged at 13,100 rpm for 5 minutes at 

room temperature. The supernatant was transferred into an empty 1.5ml Eppendorf 

microcentrifuge tube before being decanted into a microcentrifuge tube containing 750ul of 

isopropanol. The microcentrifuge tube was inverted following the addition of supernatant and 

centrifuged at 13,100 rpm for 3 minutes at room temperature. The supernatant was drained, and 

the DNA pellet was washed with room temperature 70% ethanol.  Ethanol was removed by a 
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brief spin, followed by aspiration and repeated until no ethanol was present in the 

microcentrifuge tube. The cell pellet was air-dried 1-2 minutes in a rack on the benchtop before 

being solubilized using a 25ul volume of ddH20.  

The DNA was subsequently screened by generating an ORF54 specific PCR amplicon 

with primers specific for the ORF54 gene (MU23 and MU31). Positive PCR products were then 

digested with restriction enzyme Xho I and checked for properly sized DNA bands by 0.8% 

agarose gel electrophoresis. Xho I is useful in restriction digest because it cuts once within the 

gene insert and once within the vector, resulting in two bands on an agarose gel. All positive 

recombinant colonies were checked for the correct mutation(s) by DNA sequencing. 

Growth Curves and Viral Characterization 

           Growth curves were completed on all recombinant VZV in 12 well plates containing 

ARPE19 cells. Four viruses were assayed in triplicate at 7 different time points. Each virus was 

plated at 300 pfu/ml on confluent 12-well tissue culture plates in 2% FBS-FG MEM. At 6 hours 

and days 1-6, Luciferase glo buffer was added to the appropriate wells, and plates were frozen at 

-80oC until all time points were completed. Luminescence was measured to observe the relative 

growth of the mutant VZV viruses compared to wild-type pOKA. 

Sequence Analysis 

All DNA sequencing was done by Eurofins WMG Operon (Louisville, KY).  PCR 

products generated with single nucleotide changes were cloned and sequenced to confirm desired 

changes before recombineering. After recombineering, the entire ORF54 gene from all VZV 

BAC genomic DNAs (both nucleotide changes and ORF54 repaired) was sequenced to confirm 

only the intended changes were introduced.  
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BAC DNA Isolation and Agarose Gel Electrophoresis 

           BAC DNAs were prepared using NucleoBond BAC 100 kit (Clontech Laboratories). E. 

coli were grown overnight in LB with chloramphenicol (25 mg/ml) and tetracycline (25mg/ml) 

and pelleted at 4,500 x g for 20 min at 4oC. Cells were resuspended in an RNAase resuspension 

buffer and lysed using Lys-BAC lysis buffer. Following neutralization, lysates were applied to 

NucleBond columns, washed, and eluted with pre-warmed Elu-BAC elution buffer. DNAs were 

precipitated with isopropanol and centrifuged at 11,000 x g for 30 minutes to 2 hours at 4oC. The 

resulting DNA pellets were washed with 70% ethanol, dried, and resuspended in elution buffer. 

Generation of VZV-pORF54 Recombinant Baculoviruses 

The Bac-to Bac Expression System (Invitrogen, San Diego, CA) was used to create 

recombinant baculoviruses expressing the recombinant VZV-pORF54 gene products: rb-BAC-

pORF54D25, rb-BAC-pORF54D50, rb-BAC-pORF54D75, or rb-BAC-pORF54D100. 

Spodoptera frugiperda (Sf9) cells obtained from the ATCC were cultured in SF9-900TM III 

SFM (1X) with 0.1% Fungin. Cells were maintained at densities of 1.0 - 4.0 x 106 cells per mL at 

28oC in 25mm Corning plates and underwent baculovirus infections in Biolite 75 cm2 vented 

flasks (ThermoScientific, Waltham, MA). Primers for the VZV Oka strain pORF54 gene were 

synthesized: VZV-ORF54 Bac-to-Bac (MU23: 5’ – CCG TAT ACA CCC TAT CTT CAA CCG 

CAG TT – 3’ and MU31: 5’ – CGG ACG ACT CGC ATA AGC CGT TGA TAA CTT A – 3’). 

A product of ~2,300 bp was obtained via PCR and analyzed on a 0.8% agarose gel stained with 

ethidium bromide. The PCR product containing full-length VZV-pORF54 was cloned into vector 

pFastBac/NT-TOPO and used to transform chemically competent DH10Bac E. coli cells. VZV-

pORF54 was transposed via antibiotic selection into recombinant bacmid DNA with the 

assistance of a helper plasmid and high-molecular DNA mini-prep (ZR BAC DNA Miniprep, 
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Zymo Research) was performed. Extracted bacmid DNA was used to generate recombinant 

baculoviruses (rb-BAC-pORF54D25, rb-BAC-pORF54D50, rb-BAC-pORF54D75, and rb-BAC-

pORF54D100) and then transfected into Sf9 insect cells. Infection of Sf9 cultures with rb-BAC-

pORF54D25, rb-BAC-pORF54D50, rb-BAC-pORF54D75, and rb-BAC-pORF54D100 provided 

large-scale expression of variable length portal proteins. A control virus with a �-glucuronidase 

reporter gene was also constructed using vector pFastBac1-GUS. 

Extraction and Purification of pORF54 from Infected Sf9 Cultures 

Using SF9 cultures infected with Baculovirus containing our engineered recombinant 

VZV pORF54 constructs, an inclusion body prep was performed. SF9 cell pellets kept at -80oC 

were resuspended in 2 mL PBS and freeze-thawed three times followed by brief sonication. 

Next, 500ul TBS/Triton X solution was added to each sample followed by a 30-minute 

incubation on ice, 500ul TBS/DNAse solution was added to each sample followed by a 10-

minute incubation on a rocker platform. Samples were pelleted and resuspended in 2mL of 1mM 

Arg/Tris solution. Samples were clarified via ultracentrifuge for 20-minutes at 16.3 K at 4oC in a 

SW41 swinging bucket rotor. 10-50% sucrose gradients prepared in 1mM arginine were 

prepared. Clarified supernatant was loaded on top of the gradient and centrifuged overnight at 

24.3k at 4oC in a SW41 swinging bucket rotor. Fractionation was completed the following day at 

intervals of 750 ul starting from the top of the gradient. 
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Table 3. Biological materials table 

Reagent MU# Description Source, 

Reference, or 

Sequence 

Viruses  

VZVLUC  VZV pOKa containing firefly luciferase and green fluorescent 

protein (GFP) 

74 

∆54S  VZVLUC  BAC with ORF54 bp 301-1574 replaced by galK cassette  19 

∆54L  VZVLUC  BAC with entire ORF54 gene  replaced by galK cassette 19 

∆25 MU433 Mutation Q29STOP, truncating pORF54 by 29 amino acids This study 

N40∆25 MU450 Mutation in the first codon M1L creating 40 base pair stall in N-

terminus and Q29STOP, truncating pORF54 by 29 amino acids from 

the C-terminus 

This study 

∆50 MU434 Mutation D49STOP, truncating pORF54 by 49 amino acids from the 

C-terminus 

This study 

N40∆50 MU451 Mutation in the first codon M1L creating 40 base pair stall in N-

terminus and mutation D49STOP, truncating pORF54 by 49 amino 

acids from the C-terminus 

This study 

∆75 MU502 Mutation S75STOP, truncating pORF54 by 75 amino acids from the 

C-terminus  

This study 

N40∆75 MU503 Mutation in the first codon M1L creating 40 base pair stall in N-

terminus and mutation S75STOP, truncating pORF54 by 75 amino 

acids from the C-terminus 

This study 

Bacterial Strains  

NEB® Turbo 

Competent E. coli 

Chemically competent E. coli, used for transformation of pJET1.2 

shuttle vectors  

New England 

Biolabs 

SW102 - ∆54S Used for recombineering of mutagenic ∆75 ORF54  19 

SW102 - ∆54L Used for recombineering of mutagenic ORF54  19 

Baculovirus Constructs 

GUS 

(Positive 

Control) 

IPFW80 Baculovirus construct expressing positive control GUS which 

contains a �-glucuronidase reporter gene 

This study 
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N40∆25 MU336 Baculovirus construct expressing bacmid containing a mutation in the 

first codon M1L creating 40 base pair stall in N-terminus and a 

mutation truncating pORF54 by 25 amino acids from the C-terminus 

This study 

N40∆50 MU337 Baculovirus construct expressing bacmid containing a mutation in the 

first codon M1L creating 40 base pair stall in N-terminus and a 

mutation truncating pORF54 by 50 amino acids from the C-terminus 

This study 

N40∆75 MU338 Baculovirus construct expressing bacmid containing mutation in the 

first codon M1L creating 40 base pair stall in N-terminus and a 

mutation truncating pORF54 by 75 amino acids from the C-terminus 

This study 

N40∆100 MU339 Baculovirus construct expressing bacmid containing mutation in the 

first codon M1L creating 40 base pair stall in N-terminus and a 

mutation truncating pORF54 by 100 amino acids from the C-

terminus 

This study 

*All recombinant viruses in this study were generated from parent virus VZV pOKA 

Table 4. Table of Primers 

Name Description  Sequence 

MU1 Used to generate full-length ORF54 gene cassette without 

homology arms, and binding at the N-terminal end of gene 

5’ – CTA AGA TCT TCG ATC ACG 

TCG CTC ACA TCC AAC – 3’ 

MU2 Used to generate full-length ORF54 gene cassette without 

homology arms, and binding at the C-terminal end of gene 

5 – ATG GCC GAA ATA ACG TCT 

CTT TTT AAT AAC AFT T – 3’ 

MU23 Used to generate full-length ORF54 gene cassette with 

homology arms, and binding at the N-terminal flanking 

sequence of gene 

5’ – CCG TAT ACA CCC TAT CTT 

CAA CCG CAG TT – 3’ 

MU31 Used to generate full-length ORF54 gene cassette with 

homology arms, and binding at the C-terminal flanking 

sequence of gene 

5’ – CGG ACG ACT CGC ATA AGC 

CGT TGA TAA CTT A – 3’  

MU400 Used to prepare ∆25 and N40∆25 VZV mutants 5’ – /5Phos/ GCA ACA TAA AAT 

GCT AGG TAT ATT TA – 3’ 

MU401 Used to prepare ∆25 and N40∆25 VZV mutants 5’ – /5Phos/ AGC GTA ACG ATC 

GAC AAC TTA CTA – 3’ 

MU409 Used to prepare ∆50 and N40∆50 VZV mutants 5’ – /5Phos/ GGA TTA AAT TCG 

AGC AAA CCG G – 3’  

MU410  Used to prepare ∆50 and N40∆50 VZV mutants 5’ – /5Phos/ AGT AAG GTC GAA 

TCC GCT GC – 3’  

MU421 Forward primer used to prepare ∆75 and N40∆75 VZV 

mutants 

5’ – /5Phos/ AAA AAC CTA TAG 

CAT TTT ATG AAA GGA CAC – 3’ 

MU422 Reverse primer containing 2 base mutagenesis of codon 75 

to a stop and used to prepare ∆75 and N40∆75 VZV mutants 

5’ – /5Phos/ ATA TCC AAC ATG 

CAT GTA TTG – 3’  
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CHAPTER 3 

EXPERIMENTAL RESULTS 

Preliminary Data 

N and C termini of pORF54 

Alignment of human herpesvirus portal proteins showed that the VZV ORF54 gene 

encodes for additional sequences at the N and C termini (Kornfeind and Visalli 2018; Wang et 

al. 2018).  Interestingly, 6 of 6 and 3 of 3 VZV BAC-TN recombinants located in the VZV 

ORF54 C and N termini respectively had no effect on viral replication.  To explore the N 

terminal sequence further, the ATG encoding the methionine at amino acid 1 was changed to 

GTG (∆ATG-1). Enriched nucleocapsid extracts were fractionated via SDS-PAGE and showed 

that ∆ATG-1 synthesized a truncated pORF54 protein of ~ 82 kDa compared to the 87 kDa full-

length pORF54 (Figure 6).  It is most likely that the truncated protein is initiating at the next 

available start codon at amino acid 41 resulting in the truncated portal monomer in ∆ATG-1. The 

truncated protein did not affect growth kinetics and replicated similarly to the VZVLUC parent 

virus (Figure 6).  

 The results suggested that the N and C terminal sequences are not required for portal 

formation or function, and the termini can tolerate changes without disrupting encapsidation 

significantly.  Perhaps the N and C terminal sequences are not required for VZV portal but were 

instead retained because of proximity or overlap with ORF53 and ORF55.  These results will 

direct further studies aimed at synthesizing smaller VZV portal proteins that might be more 

amiable to homogenous purification and therefore more useful for detailed structural studies.  
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Figure 6. (a) Identification of pORF54 in VZV-infected ARPE19 cells. ARPE19 cells were infected with VZVLUC, N40, or 

mock-infected (ARPE19) for 72 hours. Total cell extracts were prepared and analyzed via immunoblotting with the GEN54 

antiserum. A protein of the predicted molecular mass of 87 kDa was detected in VZVLUC but not in mock infected ARPE19 cell 

extracts.  A truncated protein of approximately 82 kDa was detected in N40 infected cells. (b) Growth kinetics of parent 

(VZVLUC) and mutant (N40 virus). Infection and luciferase assays were performed as described in Materials and Methods. 

Reprinted (with permission) from [Visall] 

Targeted Mutagenesis of ORF54 

Targeted mutagenesis was performed using paired oligonucleotides (Table 2), a VZV 

ORF54 plasmid template, and the Phusion Site-Directed Mutagenesis kit (Thermo). VZV 

mutants with 40 AA N-terminal deletions were made using an N∆40 ORF54 plasmid as a 

template, while VZV mutants without an N-terminal deletion were made using a wild type VZV 

ORF54 plasmid template. PCR products of 6 individual mutagenesis reactions predicted to result 

in PCR products of ∆29, ∆49, ∆75, N40∆29, N40∆49, and N40∆75 ORF54 gene cassettes were 

fractionated on 0.8% agarose gels. Using ORF54 in a plasmid as a template we expect a 5.2 kb 

DNA band representative of the entire ORF54 gene and pJET1.2 plasmid. Each PCR reaction 

contained a product correlating with the predicted size of the combined pJET1.2 plasmid (2.9kb) 

and ORF54 gene (2.3kb).  
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                 C.           D. 

Figure 7. Agarose gel electrophoresis of PCR mutagenesis product from each deletion mutant in this study (∆29, ∆49, ∆75, 

N40∆29, N40∆49, and N40∆75). Using a mix of lambda DNA Hind III and bacteriophage φX174 HaeIII digests as reference 

markers and a cut pJET1.2 plasmid with wild-type ORF54 inserted as a positive control, all six mutants shown were considered 

positive for a correctly sized 5.3kb DNA band. Original Image. 

PCR products were ligated and transformed into NEB Turbo E. coli cells (New England 

BioLabs). Plasmid DNA from individual bacterial colonies was digested with HIND III 

restriction enzyme to identify potential plasmids containing mutagenized ORF54 gene cassettes. 

The pJet 1.2 cloning vector and the OF54 gene both contain 1 HIND III site each.  Digestion 

resulted in 2 fragments of 4781 and 1154 bp in length. Potential positive clones were observed to 

possess 2 fragments of 4781 and 1154 bp when digested by HIND III restriction enzyme.  
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Figure 8. Representation of the plasmid (pJET1.2) containing the ORF54 gene insert. Plasmid HIND III restriction sites and 

internal ORF54 restriction sites are shown. Image  adapted (public domain) from [Thermofisher].  This figure is presented in 

color,                              

 

  

  

 

 

   

       A. 

 

 

 

     B.            C.                         D.                        

 

 

Figure 9. A-D. HINDII digestion and agarose gel electrophoresis of pJet 1.2 plasmid potentially containing mutated ORF54 

sequences. Potential plasmid clones of ∆29, ∆49, ∆75, N40∆29, N40∆49, and N40∆75 mutagenesis were analyzed for the correct 

HIND III digestion pattern. Using a mix of lambda DNA Hind III and bacteriophage φX174 HaeIII digests as reference markers, 
all clones from each construct shown were considered positive transformants. Original Image. 

Potential positive clones were sequenced in order to confirm the presence of each specific 

mutation. Sequencing data generated by Eurofins was translated and aligned with VZV OKA 

pORF54 amino acid sequence using NCBI Protein BLAST. Figure 10 represents part of the 
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aligned amino acid sequence that includes the mutagenized sites for recombinant constructs ∆29, 

∆49, ∆75, N40∆29, N40∆49, and N40∆75 ORF54. Additional regions were further analyzed to 

ensure no other AA changes had occurred (data not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Translated pJET1.2 cloning vector sequencing data aligned with VZV OKA pORF54. Candidates positive for PCR 

mutagenesis (Figures 6 & 7) were sequenced to confirm the occurrence of each specific mutation. The top lane labeled with “MU 

#” represents translated sequencing data, and the bottom lane labelled “Parent” represents the VZV reference sequence with the 

numbers corresponding to the AA position in the ORF54 protein. Mutations are labeled in yellow, highlighting the presence of 

the desired stop mutation at the correct site, indicated by a hyphen in the mutant sequence. Green labels indicate the presence of 

the integrity next available start codon in the 40 AA N-terminal deletion mutants. Original Image. This figure is presented in 

color, 
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Recombineering of mutagenized ORF54 into VZV BAC 

ORF54 DNA carrying the desired mutation was successfully recombineered into the 

VZV BAC to create a complete VZV genome with the desired truncations in the portal protein. 

Recombinant bacterial colonies grown on DOG plates were individually picked and checked for 

the presence of correctly sized ORF54 gene. Purified BAC was used for PCR analysis using 

primers specific for the ORF54 gene that should generate the 2.3kb full-length gene with 

flanking DNA. As an additional precautionary measure, PCR products were digested with the 

restriction enzyme Xho I which digests the ORF54 gene at position 934 resulting in two DNA 

fragments of 934 and 1376 bp. PCR analysis for all constructs made is shown below in figure 

11A-E, while figure 11F demonstrates an example of a Xho I digest of the ORF54 gene on select 

constructs for brevity. Referring to the positive control, both figures (11,12)  display correctly 

sized DNA fragments for at least one candidate of each mutation. Potential recombinants were 

sequenced in the ORF54 region to confirm the incorporation of the correct mutation. Translated 

BAC DNA sequencing results are shown for two mutations in figure 12. 

A. B. 

 

 

 

 

 

C.       D.   
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     F. 

Figure 11. (A-D) Analysis of PCR product from potential recombineered clones. Each lane represents the PCR products 

generated from purified BAC DNA. Primers specific for the ORF54 gene (MU23, MU31) were used to identify BAC clones that 

possessed a product of 2.3kb. Negative clones containing the galk cassette are represented by the production of a 1.3 kb band. 

Parental VZV BAC was used as a positive control. At least one colony for each mutation showed a correct product was 

identified. (E) PCR products from positive BAC clones (figure X) were screened by Xho I digestion. Xho I digests the ORF54 

gene at position 934 yielding two DNA bands as observed for the positive control. ∆29 lane 6 and ∆49 lane 8 were confirmed as 
ORF54 positive recombinants. Orginal Image. 
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Figure 12. Translated sequencing data aligned with VZV OKA pORF54. BAC clones positive by PCR and Xho I analysis (Figure  

11F) were sequenced to confirm the occurrence of each specific mutation. The top lane labeled with an MU# represents 

translated sequencing data corresponding to the mutation adjacent, and the bottom lane labeled “Parent” represents the VZV 

reference sequence with the numbers corresponding to the AA position in the ORF54 protein. Mutations are labeled in yellow, 

highlighting the presence of the desired mutation at the correct site, while green labels indicate the presence of the integrity next 
available start codon in the 40 AA N-terminal deletion mutants. This figure is presented in color, Original Image.  

To confirm that no gross off-target mutations occurred during the recombineering process, each 

VZV BAC construct was digested with HIND III and comparing to the parental VZV genome 

via agarose gel electrophoresis and EtBr staining. Figure 13 shows the restriction patterns 

obtained for 5 of the recombinant VZV BAC constructs. All BAC digests displayed a similar 
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pattern to that of the parent VZV BAC control, thus confirming no gross alterations or 

rearrangements had occurred to the genome.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. VZV BAC DNA analysis. Recombinant BAC was digested with HIND III enzyme and compared to pOKA BAC 

digested control DNA. HIND III-digested BAC DNAs were visualized after electrophoresis on 0.6% agarose gel and staining 

with EtBr. Original Image. 

Transfection of Mutant VZV BACs into ARPE - 19 cells 

VZV BAC containing the point mutations in the ORF54 gene were transfected into 

ARPE-19 cells. Infected cells were amplified in order to generate viral stocks that were 

subsequently titered to establish an approximate number of 300 plaque-forming units per 
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milliliter (PFU/ml). Infected cell stocks of all mutants were used to perform individual growth 

kinetics and plaque morphology analyses.  

Table 5. VZV pORF54 Mutant Phenotypes 

Name Description Plaque Phenotype Day 

3 

Plaque Phenotype Day 

4 

Plaque Phenotype Day 

5 

pOKA Wild-type 

(WT) parent 

   

MU434 C-terminal 49 

AA deletion 

mutant 

   

MU450 N-Terminal 40 

AA stall, C-

Terminal 29 

AA deletion 

mutant 

   

MU451 N-Terminal 40 

AA stall, C-

Terminal 49 

AA deletion 

mutant    

 

This table is presented in color, 
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Figure 14. Relative growth kinetics of mutants ∆49, N40∆29, and N40∆49 using luciferase enzyme encoded within VZV BAC 

system. Values have been adjusted to account for accurate baseline fluorescence relative to pOKA. Original Image. 

TEM Studies of Recombinant VZVs 

 ARPE19 cell infections were set up in 100 mm dishes and allowed to progress for 48 

hours before two washes and harvest in PBS. Infected cells were scraped and centrifuged in a 1.5 

ml Eppendorf tube at 1.5K rpm for 5 minutes. The PBS supernatant was then aspirated and 1 ml 

of TEM fix (2.5% Glutaraldehyde in 0.1M solution) was placed on top of cell pellet and stored at 

4°C for 48 hours before fixing pellets in resin. Samples were cut and observed for enveloped 

virions and viral capsids filled with encapsidated DNA. The results suggest that although the 

recombinant viruses did not possess the same replication kinetics, they were able to package 

DNA and form virions that appeared similar to the wild type parental strain.  
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A. 

 

 

 

 

B. 

 

 

 

 

 

 

 

Figure 15.  Images of infected A19 cells, both at a scale of 1 �m. Left side displays enveloped virions, right side displays filled 

viral capsids. A. Infection of WT parent VZV, red box indicates a filled capsid. B. Infection of C – terminal ∆49 ORF54 VZV. 

Original Image. 

Cloning and Construction of ORF54 C-Terminal Mutant Baculovirus 

A single forward primer and four reverse primers were synthesized to generate ORF54 

gene fragments with a series of 5’ deletions: 75, 150, 225, and 300 base pairs from the ORF54 

stop codon (Table 6). 
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Table 6. Table of Baculovirus ORF54 Expression System Primers  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. PCR products of ORF54 gene 5’ truncations. Using primers listed in Table 6, products representing ORF54 with 

select mutations for N40, N40Δ25, N40Δ50, N40Δ75, and N40Δ100. Full-length ORF54 is 2307bp. Each product contains a 

120bp deletion in the 3’ end of the ORF54 gene and 5’ deletions of 75bp, 150bp, 225bp, or 300bp respectively. Reprinted (with 

permission) from [Visalli, Wilder 2018] 

 

ORF54 gene fragments were cloned into the pFastBac transfer vector. Each construct was 

transformed into electrocompetent DH10Bac E. coli to create recombinant baculovirus DNA that 

was used to infect Sf9 insect cells (Figure 16). 

 

 

Reagent Sequence 

MU244-F ATGTTCGATATATACTGGAA 

MU246-R CTACCTAAAATGCTGGGTATAT 

MU247-R CTACAGTAAGGTCGAATCCG 

MU248-R CTATAGGTTTTTATATCCAACATG 

MU249-R CTAAGGGTCAGGCAAACCC 
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Figure 17. Generation of truncated ORF54 recombinant baculovirus DNA. (A) pFastBac map showcasing the expression 

cassette with flanking Tn7 arms and SV40 promotor to form a miniTn7. (B) pFastBac DNA digested with HindIII was 

fractionated using agarose gel electrophoresis. Fragments representing properly oriented –N40 (6344bp/608bp), N40Δ25 

(6344bp/583bp), N40Δ50 (6344bp/558bp), N40Δ75 (6344bp/533bp), and N40Δ100 (6344bp/508bp) ORF54 insertions into the 

pFastBac vector. (C) DH10Bac contains a bacmid having a mini-attTn7 target site. Transposition occurs between the mini-att 

Tn7 target site and the shuttle vector (A) to generate a recombinant bacmid used to transfect Sf9 insect cells. (D) Conformation 

of gene insertion was carried out using a primer set that amplified a segment containing the gene of interest and the original 

bacmid genome. PCR revealed DNA fragments of the expected size of 2099bp with slight tapering due to the ORF54 truncations.  

Reprinted (with permission) from [Visalli, Wilder 2018] 

Confirmation of Baculovirus Recombinant pORF54 Expression 

Recombinant baculoviruses were isolated for each construct, amplified, and titered. 5 x 

107 SF9 cells were infected with high titer baculovirus stocks and SF9 cell media brought to a 

final volume of 50 ml in an Erlenmeyer culture flask. Infections were allowed to proceed for 48 

– 72 hours in a 27°C shaking incubator. Infected cells were harvested by transferring culture to a 

50 ml conical tube and centrifuging at 1.5k rpm for 5 minutes. The supernatant was decanted and 

the SF9 cell pellet was washed with PBS and frozen at -80° C. Cell pellets were further 

processed by resuspension in 2 ml PBS, freeze/thawing three times, and fractionating on an 

Arg/Sucrose gradient to isolate portal protein before running SDS-PAGE and western blot. 
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Figure 18. Western Blot showing the ORF54 mutants expressed in SF9 cells. Primary Ab used was. “The-HIS”, secondary Ab 

was HRP conjugated mouse anti-goat. Blot shows ‘stair-step’ effect of sequentially larger mutants and is representative of C-

terminal truncation increases of approximately 25 AAs. Adapted (with permission) from [M.A. Visalli 2021] 
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CHAPTER 4 

DISCUSSION 

An efficacious and widely accepted live-attenuated vaccine has contributed significantly 

to the prevention of primary varicella infection and a reduction in severe herpes zoster.  

However, protecting immunosuppressed populations as well as those that develop more severe 

zoster associated neuropathic pain, commonly referred to as post-herpetic neuralgia (PHN) 

remains a concern. Development of VZV treatment options, perhaps antivirals that are more 

efficacious than acyclovir, represents a logical approach for medical intervention which could, in 

turn, expand therapeutic treatment options for other human herpesviruses.  

 Our laboratory seeks to develop a class of novel herpesvirus portal inhibitors, PORT 

compounds. Since all 8 human herpesviruses contain a structurally conserved portal protein, 

disrupting viral DNA encapsidation by targeting the portal is an especially exciting prospect (R. 

J. Visalli et al. 2003). The first step in further understanding the mechanism of action (MOA) of 

these potential antivirals is understanding the interaction between the portal protein and the 

PORT compound. The most potent PORT compound has been shown to target the VZV portal at 

nanomolar concentrations making it an ideal place to start.   One drawback in defining the VZV 

portal – PORT interaction is that the VZV portal is by far the largest in mass and proven difficult 

to purify to homogeneity for structural studies. This study aimed to define the smallest viable 

VZV portal possible, not only to pursue studies to better understand the mechanism of drug 

inhibition but also for improved structural analysis by transmission electron microscopy (TEM). 

In an attempt to minimize aggregative properties of the VZV portal, we created portal mutants 

containing variable truncations at both the N and C – termini. These mutants were designed to 

minimize the size of the VZV portal yet still retain functionality in vitro.  



 

 

38 

 

CHAPTER 5 

CONCLUSION 

Six VZV mutants were generated in this study (∆29, ∆49, ∆75, N40∆29, N40∆49, and 

N40∆75) and were designed to explore the smallest functional portal possible as determined by 

VZV replication in vitro. These VZV mutants contained a 40 AA N-terminal deletion and/or a C-

terminal deletion in intervals of ~25 AAs. Using a recombineering technique, each mutant 

genome was effectively generated to contain desired N and/or C – terminal mutations within a 

VZV BAC. Hereafter, we confirm the viability of each mutant, by comparing their individual 

growth rate to that of the parental VZV strain Oka (Figure 14). Images of mutant plaques were 

captured at days 3-5 of viral growth assays using GFP fluorescence microscopy. Samples of 

mutant VZV infections in ARPE19 cells were also fixed and visualized by TEM to compare 

phenotypes of each truncation mutant (Figure 15). 

Of the six VZV mutants made in this study, the mutant containing a 75 AA deletion from 

the C-terminus plus a 40 AA deletion from the N -terminus was unable to replicate in ARPE19 

cells without complementation. The same individual truncations resulted in viable viruses.  The 

results suggest that at least 75 AAs can be removed from the C-terminus (Δ75) while still 

maintaining a functional protein capable of supporting DNA cleavage and packaging but only 

when the original ATG site is present (no 40 AA N-terminal mutation).  A maximum of 99 AAs 

can be deleted from the termini of the VZV portal (40 AAs from the N – terminus, and 49 AAs 

from the C – terminus) and virus can still replicate. This data partially confirms our hypothesis 

that significant deletions of the terminal amino acids can be tolerated without losing the ability to 

encapsidate viral genomic DNA.  
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While deletions of 40 AAs from the N – terminus and 49 AAs of the C-terminus of the 

VZV portal still produce functional proteins, these truncations do come at a cost of replication 

efficiency. Generally, the larger the truncation from the C-terminal end, the greater the effect on 

replication. ARPE19 cells with 49 AA C – terminal truncations replicate poorly compared to the 

29 AA C – terminal truncations. Figure 14 shows the replication kinetics of VZV mutants based 

on the order of increasing C – terminal truncations. Also, VZV mutants with both N and C – 

terminal mutations replicated less well than their solely C – terminal truncation mutant 

counterparts. Figure 14 also highlights the replication kinetics of C- terminal mutants compared 

to their N and C – terminal counterparts. Interestingly enough, a mutant made previously with a 

singular 40 AA N – terminal truncation replicates with relatively similar efficiency to VZV 

parent Oka strain.  

In parallel, this study also seeks to produce recombinant VZV portal protein by use of a 

baculovirus expression system in order to attempt to resolve tertiary protein structure by TEM. 

ORF54 mutants were generated by first cloning variable terminal deletions (N40∆25, N40∆50, 

N40∆75, and N40∆100) of the ORF54 gene into a pFastBac vector. These constructs were then 

combined with the DH10Bac that contains a Tn7 bacmid and selected for transposition events of 

the mutant ORF54 gene into the bacmid. Transposition occurred between the mini-att Tn7 target 

site to generate a recombinant bacmid used to transfect Sf9 insect cells. Conformation of gene 

insertion was carried out using PCR and primers that amplified a segment of the recombinant 

baculovirus genome containing the gene of interest and accessory sequence to confirm successful 

gene insertion general genomic stability.  Recombinant Bacmids were then transfected into SF9 

cells and used to generate viral stocks. Baculovirus infected SF9 cell extracts were processed to 
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isolate purified truncation mutant ORF54 portals. Purified portals can then be used for 

downstream assays and attempts at TEM structural analysis. 

Using an SDS-PAGE gel followed by a western blot of recombinant ORF54 SF9 cell 

lysate we have shown our baculovirus infected cell pellets are expressing mutant pORF54, as 

shown in Figure 18. Efforts are still being made at the development of highly concentrated 

purified, mutant portals for downstream TEM but work thus far has confirmed to ability of the 

baculovirus expression system to produce ORF54 with at least a 115 AA truncation from the N 

and C – terminus. 

In conclusion, the data this project has produced offers some valuable information in the 

ultimate quest for the development of antiviral encapsidation inhibitors of the herpesvirus family. 

As predicted the non-conserved sequence within the VZV N and C – termini possess the ability 

to be significantly deleted without losing viral replication ability. Perhaps the most interesting 

data represented in this project is the feature of the N40 N-terminal mutant to replicate at a rate 

very similar to the wild-type parent virus pOKA. Yet when a mutant possesses both the 40 AA N 

– terminal deletion and a ≥29 AA C – terminal deletion there is a significant reduction of the 

viral growth rate. This seems to potentially suggest an important interaction between the domains 

within the N and C – termini either intermolecularly within portal monomers or intramolecularly 

between portal monomers..  
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CHAPTER 6 

FUTURE DIRECTIONS 

Our lab has plans to continue both C and N – terminal mutagenesis in order to better 

understand the role of the VZV portal termini in the process of DNA encapsidation during viral 

replication. More specifically we would like to delete 100 AAs of the C – terminal end alone and 

determine the impact of the truncation on VZV viability in vivo. Also, it was shown previously 

that deletion from just the N-terminus did not effect viral replication.  Hence, more work needs 

to be done to determine why viruses with truncated N – and C – terminal ends tend to be less 

viable than viruses with truncations from only the C -terminal end. 

Aside from using a recombineering to create further VZV pORF54 terminal mutants our 

lab would like to move forward with portal purification in attempts at gaining a fully 

homogenous portal preparation. Isolating homogenous portal is difficult for many reason but our 

hopes are that terminal manipulation of the protein truncation will reduce protein aggregation 

and result in better resolution by TEM. If TEM proves successful withhomogenous portals , then 

cryoEM then becomes an option for even better portal visualization and structural 

characterization. 

Ultimately, our lab would like to focus on the interaction of some ofterminal mutant 

portals with the PORT series compounds. This will be beneficial in regard to drug development 

targeting the portal of all herpesviruses.   
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