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ABSTRACT 

 

 

ELLIE M. KORNFEIND 

INTERMOLECULAR COMPLEMENTATION BETWEEN pORF54 MUTANT 

MONOMERS AS A MECHANISM TO STUDY VARICELLA-ZOSTER PORTAL 

DOMAINS 

Under the direction of ROBERT VISALLI, Ph.D. 

 

 

There are nine human herpes viruses ubiquitous in nature and most of our adult 

population harbors multiple latent species (18). One of these is varicella zoster virus 

(VZV), an alphaherpesvirus responsible for chicken pox in children (varicella) or 

shingles (zoster) in elderly or immune compromised hosts (25). Though nucleoside 

analogs and a live-attenuated vaccine are currently available therapy against VZV, 

challenges include low bioavailability, toxicity and risk of viral resistance (31). 

Herpesviruses, along with other double stranded DNA viruses, replicate by packaging 

long concatamers of viral DNA through a “portal” protein into preformed procapsids in a 

process called encapsidation (11). The VZV portal protein is pORF54, an 87-kDa 

monomer that oligomerizes to into a dodecameric ring (40). Alternate methods of 

combating infection could include blocking viral replication at the encapsidation step by 

inhibiting portal formation. 



 
 

x 
 

Mutations in VZV portal monomers were generated by inserting 5 amino acids 

randomly into ORF54, the gene coding for portal protein. A library of 55 different 

mutants with varying insertion sites were obtained and categorized by the suspected 

portal domain affected (clip, wing, crown, or tunnel-loop). pORF54 monomer mutants 

were evaluated through replication kinetics, exposure to thiourea compounds and 

intermolecular interactions between mutant monomers. The majority of the 55 mutant 

monomers were randomly generated in either wing or crown domains of portal 

monomers. Two mutants with amino acid insertions in the clip and stem domains (AA 

305 and AA353 respectively) showed strong resistance to thiourea compound II 

suggesting the importance of that region for compound binding. Finally, monomeric 

mutants that failed to assemble into successful portal alone were able to replicate upon 

co-infection with different mutants. These data provide evidence that modifications to 

individual portal subunits can result in varying success of portal formation, drug 

resistance or susceptibility and ultimately viral replication. 
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INTRODUCTION 

Biological Role Models 

 Viral encapsidation is an essential part of double strand DNA virus maturation 

and thus continued infection of host cells (1). To date, the encapsidation mechanism of 

tailed bacteriophages is understood in much greater detail than that of any mammalian 

virus. Phages became a popular model of study in the early 1970s due to their small 

genomes, quick replication times and tropism for bacterial cells (2). Studies with 

bacteriophages have identified a complex associated with one of the icosahedral capsid 

vertices called a connector or portal. In these viruses, DNA is delivered via the portal 

protein into the capsid. An encapsidation motor consisting of the phage encoded 

terminase assists by utilizing ATP to process a single genome length of dsDNA through 

the portal channel (3).  

 Portal, though often described as a channel or pore for simplicity, is not a passive 

entry point for DNA. Rather, it is dynamic with structurally conserved channel loops that 

interact with the viral genome during packaging into the empty capsid (4). Portal 

assembly also acts as a trigger for prohead assembly, leading to co-polymerization of the 

major capsid proteins and scaffolding proteins (5-6).  
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 Terminase acts as the encapsidation motor assisting portal and has a large and 

small subunit with both ATPase and endonuclease functions. Terminase is considered to 

be the strongest molecular motor discovered to date providing the necessary force to pack 

increasingly rigid dsDNA into the capsid core under pressure (7). DNA, although flexible 

at first, becomes semi-crystalline as it fills the capsid. The process of packaging DNA 

under pressure is both energetically unfavorable and expensive. Studies in phage have 

estimated that encapsidation of dsDNA requires one molecule of ATP for every 2bp 

packaged (6). When packaging is complete, terminase performs site-specific cleavage of 

DNA and disengages from the portal-capsid complex. So-called “neck proteins” then 

interact with portal to provide a capping mechanism for the fully expanded capsid. In 

tailed phages, tail attachment marks the end of encapsidation and completion of the 

infectious virion (Figure 1). 

 

Figure 1. Encapsidation of Bacteriophage T4. A) Empty capsid with portal; B) Terminase 

docks onto portal and cleaves ATP to ratchet DNA into the prohead; C) Prohead expands with 

increasing pressure from DNA. Once filled, terminase enacts site specific cleavage of DNA and 

dissociates from the complex; D) Neck proteins and tail seal off portal and encapsidation is 

complete. Adapted from Zhang, Zhihong et al. PLoS Biology. 2011. 



3 
 

 

 Over the last few decades, huge advances in the assembly of bacteriophages have 

been made in large part due to mutagenesis studies (8). However, a detailed structure of 

the portal protein has remained largely unknown. Advances in technology, including 

cryo-EM and computer mapping at near atomic resolution have recently brought to light 

phage portal structure (9). Portals are predominantly dodecameric in nature and are made 

up of a ring of interacting monomers (Figure 2). Each monomeric subunit contains 

several domains such as stem, wing, crown, clip and tunnel loop. 

 

 

 

Figure 2. Proposed structure of bacteriophage T4 portal. A) Cross section of prohead (blue) 

and portal (pink); B) Cross section of portal showing interaction with DNA; C) 3D density map of 

T4 portal protein assembly at 3.6 Å resolution with each subunit color-coded; D) Ribbon diagram 

of the portal atomic model; E) Model of the T4 head assembly. A dodecameric portal is 

assembled on the inner membrane of E. coli. Adapted from Sun, Lei et al. Current opinion in 

structural biology. 2010. 
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 Electrostatic interactions between neighboring monomers are necessary for 

successful portal ring formation (3). Monomers are believed to interact through salt 

bridges and interrupting charge or changing primary sequence in one monomer can affect 

oligomerization and ultimately viral replication. Most phage portal monomers range in 

size from 30 to 80 kDa with varying primary sequences and separately encoded terminase 

(7-12).  Interestingly, different phage portals show a conserved overall protein structure 

with respect to wing, clip, crown and stem regions despite low primary sequence 

similarity(7). These conserved domains are shown in Figure 3. 

 

 

 

Figure 3. Conserved regions of different bacteriophage portals. Orange= crown; Green= 

wing; Blue= stem; Pink= clip. Adapted from Sun, Lei et al. Current opinion in structural biology. 

2010. 
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The Mammalian Connection 

Studies in the early 1990s revealed that like phages, mammalian dsDNA viruses 

also utilize portals to package their genomes (13-22). The Herpesviridae encode a family 

of protein homologs that function as the “port of entry” for insertion of the viral DNA 

into preformed capsids during encapsidation (21, 24). Genes encoding putative portal 

proteins similar to phages have been identified in these viruses and are listed in Table 1.   

Table 1. Portals Studied in Double Stranded DNA Viruses 

 HSV1= Herpes Simplex Virus 1; VZV= Varicella Zoster Virus; HHV4= Epstein Barr Virus; HHV5=Cytomegalovirus; 

HHV8=Kaposi’s Sarcoma-associated Herpesvirus.
 

 

 

 

 Organism Portal Monomer 

(kDa) 

12mer 

(kDa) 

DNA 

genome 

Terminase Exp of 

portal 

Phage T4 gp20 61 660 172 kbp gp17 - gp16 E. coli 

  T5 pb7 44 528 121 kbp P151-p152 E. coli 

  SPP1 gp6 57 688 45.9 kbp gp1-gp2 E. coli 

  ᶲ29 gp10 36 432 41.7 kbp  E. coli 

  P22 gp1 83 996 42 kbp p2-p3 E. coli 

Herpes HSV1 UL6 75 900 152 kbp UL15-UL28 Baculovirus 

  VZV ORF54 87 1044 125 kbp ORF25-ORF30-

ORF45/42 

Baculovirus 

 HHV4 BBRF1 68 820    

 HHV5 UL104 73 876 236 kbp UL56 and UL89 Baculovirus 

  HHV8 ORF43 68 816   Baculovirus 
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Herpes portal monomers are around 60-90 kDa and also have separately encoded 

terminase subunits. Like phages, herpes portal proteins are homo-multimers, though 

usually dodecameric (25, 26). The portal protein of herpesviridae retains the typical 

architecture consisting of a crown, wing, stem and clip region. Again the primary amino 

acid sequences of portal monomers are not well conserved, even when comparing 

bacteriophage or a herpesvirus subfamily (27).  Despite this less than 12% similarity, the 

structural similarities of the protein fold or portal core region between phage and 

herpesviruses remain remarkable (28).  Studies on herpesvirus portal structure continue to 

lag behind those of bacteriophage and information about phage portals has helped to 

elucidate important structural and functional features of herpesvirus portal proteins.   

The HSV-1 pUL6 (Figure 4) was the first portal protein identified in a virus 

infecting a eukaryote (24). As in tailed bacteriophages such as phi29, T4 and P22, the 

icosahedral symmetry of the capsid is disrupted at one of the 12 vertices by a 

dodecameric ring. This similarity suggests that the overall features of DNA packaging are 

conserved (9). 

  

Figure 4. Dodecameric ring structure of HSV-1 portal pUL6. Electron micrograph of HSV-

1 B capsids after staining with antibody for pUL6. With permission: William W. Newcomb et al. 

J. Virol. 2001. 
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HSV-1 begins its infection like other members of the herpesviridae by attaching 

to cell surface receptors via viral envelope glycoproteins (29).  Fusion between the viral 

envelope and cell membrane releases the proteinaceous capsid into the cytoplasm.  

Residual tegument proteins direct the capsid to the nuclear pore with the concomitant 

release of the viral genome into the nucleoplasm. Viral genome replication is directed by 

a viral encoded DNA polymerase.  Viral gene expression includes the synthesis of viral 

capsid proteins including the major capsid protein, triplex proteins and portal protein. 

After synthesis in the cytoplasm these proteins are directed back into the nucleus either 

via a nuclear localization signal or by piggy-backing on other viral protein directed to the 

nucleus. It is believed that assembled portal plays a role in the assembly of empty capsids 

from major and minor capsid proteins suitable for genome packaging.  Replicated DNA 

is directed to the capsid vertex containing the viral portal and in concert with the viral 

terminase proteins, unit length viral genomes are packaged under pressure into the empty 

capsid (30).  Three types of capsids have been found to be formed by HSV-1:  A (empty), 

B (intermediate), and C (full) (31). C capsids are the only ones destined to be enveloped 

and released from the cell as mature virions. A and B capsids are thought to be precursors 

to full capsids and differ only in that they lack complete DNA and internal scaffold 

proteins (32).  Seven HSV-1 genes have been shown to be involved in the encapsidation 

process:  ULs 6, 15, 17, 25, 28, 32, and 33 (13-18).  Genetic studies with HSV-1 showed 

that deletion or loss of function mutation of any one of the seven genes disrupted the 

encapsidation process (18).  
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Varicella Zoster Virus 

Varicella-zoster virus (VZV) is an alphaherpesvirus whose primary infection, 

commonly known as chickpox, results in vesicles or “pox” on the skin.  Unlike others 

herpesviruses, VZV is transmitted primarily by respiratory route allowing for rapid 

spread among susceptible populations (33).  Like HSV-1, VZV can establish latency in 

neurons and reactivation often results in herpes zoster, or shingles, presenting as a rash 

with an asymmetrical dermatomal distribution across the abdomen or the face (35).  

 Zoster can be a painful, debilitating disease with a measurable percentage of the 

effected population experiencing the symptoms of post herpetic neuralgia (PHN) for 

months or years after disappearance of the rash (36). There are vaccines available to 

prevent chickenpox and to lessen the burden of zoster (37).  In addition, valacyclovir can 

reduce time to healing and the severity of zoster if provided within 72 hours from when 

rash first appear (38). However, limitations of these therapeutic agents include, low 

bioavailability, toxicity when co-administered with other drugs and risk of viral 

resistance. Drug resistance is of special concern due to the fact that the mechanism of 

action of most herpes antivirals is the inhibition of viral DNA polymerase and thus viral 

replication. 

In 2000, van Zeijl et al. reported that thiourea compounds inhibited HSV-1 and 

HSV-2 but not VZV by preventing the cleavage and packaging of viral DNA by 

disrupting one or more of the seven encapsidation genes mentioned previously. Further 

experimentation with mutagenesis revealed that the UL6 portal gene was specifically 

inhibited. Interestingly, VZV was not affected by this compound. 
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The VZV genome encodes for more than 70 open reading frames many of which 

show significant homology with HSV-1 genes essential for genome cleavage and 

encapsidation. These include VZV ORF25, ORF26, ORF30, ORF34, ORF42/45, ORF43, 

and ORF54 which correspond to HSV-1 UL33, UL32, UL28, UL25, UL15, UL17, and 

UL6, respectively (16, 17).  pORF54 performs a functional role similar to that of pUL6 

and shows shows 44% amino acid identity (39).  In 2003, Visalli et al. described a 

compound similar to the thiourea compounds that inhibited VZV (22). This new class of 

non-nucleoside N-α methylbenzyl-N’-arylthiourea compounds was unique in that it 

contained a -HC(CH3)- spacer between the aryl ring and the thiourea nitrogen. This 

altered compound yielded specific activity against VZV but loss of activity against other 

herpes viruses such as HSV-1, HSV-2 and HHV5 (Figure 5).  

 

 

Figure 5. N-α methylbenzyl-N’-arylthiourea compounds show antiviral activity against 

VZV ORF54. (A) Modified thiourea compound with -HC(CH3)- spacer provides specific activity 

against VZV but not HSV-1. (B) Compound II selected for further study with VZV. With 

permission: Robert Visalli et. al 2003. J Virology. 
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 Resistance to these compounds was conferred by amino acid substitution 

mutations in the ORF54 gene.  Additionally, treatment of wild-type virus without 

mutations resulted in the absence of filled C capsids. Thus, inquiries about mechanism of 

action mapped to the VZV ORF54 protein which, by analogy to HSV-1, is likely to be 

involved in the cleavage and packaging of viral DNA (21).  

 Despite evidence from these early studies, ORF54 was not truly identified as 

encoding for the 87 kDa VZV portal until 2012 (23).  Howard et al. used electron 

microscopy to show that ORF54 encodes a protein that assembles into ring-like portal 

structures similar to those observed for tailed phages and other herpes viruses (Figure 6). 

 

Figure 6. Electron Microscopy of pORF54 isolated by sucrose gradient in a recombinant 

baculovirus system. A) Axial view of an individual portal; B) Magnified and contrast enhanced 

field of axial view of portal from panel A. Adapted from Howard AJ, Sherman DM, Visalli MA, 

Burnside DM, Visalli RJ. The Varicella-Zoster Virus ORF54 Gene Product Encodes the Capsid 

Portal Protein, pORF54. Virus Research. 2012;167(1):102-105. 

doi:10.1016/j.virusres.2012.03.013. 

 

In further attempts to solidify its role in genome packaging, Visalli et al. targeted 

ORF54 for deletion to define its role in viral replication (40). pORF54 was shown to be 

essential for viral replication and specifically for viral DNA cleavage and packaging 

(Figure 7).  
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Figure 7. Genome encapsidation via pORF54 in replicating VZV. Viral concatameric DNA 

is pushed through pORF54 with the help of the Terminase ATPase into an empty nucleocapsid. 

pORF54 is the VZV portal and retains the conserved clip, wing, crown and stem regions. Upon 

completion of packaging, scaffold and terminase disengage from portal and filled capsid receives 

its envelope from the host Golgi. With permission: R.J. Visalli 2007. J. Virology. 

 

As stated, early studies of phage portals have yielded state of the art crystal 

structures of a powerful biological motor and genome packaging protein called portal. 

These proteins are essential for formation of infectious virions and have been a model in 

the study of mammalian viral portals. For my thesis, I attempt to: 

i. Characterize pORF54 mutants with respect to viral replication  

ii. Identify independently functioning portal domains via a luciferase based 

complementation assay 

iii. Test linker insertion mutants in a luciferase based replication assay to 

identify potential pORF54 regions that confer resistance or sensitivity to 

thiourea analogs 
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MATERIALS AND METHODS 

Cells Lines 

 Human retinal pigmented epithelial cells (ARPE19; ATCC CRL-2302) were used 

for propagation of viral mutants. Additionally, a stable ORF54 cell line capable of 

supporting the replication of pORF54 mutants (ARPE54) was generated as described 

previously (40). Genomic integration of ORF54 was confirmed with ORF54-specific 

PCR. 

  Both cell lines were maintained at 37°C in 5% CO2. ARPE19 and ARPE54 cells 

were grown in minimal essential medium (MEM) containing 5% fetal bovine serum with 

2 mM L-glutamine and antimicrobial supplements (17). ARPE54 cells were maintained 

under puromycin selection. 

Generating ORF54 Monomer Mutants 

 The Mutation Generation Kit (Thermo) was used to create a linker scanning 

library for analysis of VZV portal protein (pORF54). Bacteriophage Mu was used to 

insert an artificial transposon, entranceposon, into the target plasmid in random sites. 

Insertion clones generated in transposition reaction were then digested with NotI 

restriction enzyme to remove the transposon. Closure by self-ligation resulted in random 

15 bp (5 amino acid) inserts in the target DNA (Figure 8). ORF54 DNA containing the 

desired mutations was incorporated back into the VZV genome by recombineering  (44-

45). A previously described VZV BAC with an internal deletion in the ORF54 gene 
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(Δ54S) was used as the recipient vector (40). Competent SW102 cells containing the 

Δ54S BAC were incubated at 32˚C to an optical density of 0.4(OD600), heat-shocked at 

42˚C and  mixed with 50ng of PCR amplified VZV ORF54 DNA containing the desired 

mutation. VZV BAC54 mutants were confirmed to contain a single insert by Southern 

blot analysis and DNA sequencing.  E. coli containing mutant BAC were stored in a 

freezing media of Difco skim milk and 50% glycerol at -80C. 

 

 

 

Figure 8. Generation of ORF54 Monomer Mutants. Linker insertion mutants were created by 

placing and removing a bacteriophage transposon resulting in ligation and 15 basepair insertion 

into the ORF54 sequence. Thermo Fisher Mutation Generation Manual. 
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Southern Blot Analysis of ORF54 Monomer Mutants 

 In order to confirm the presence of a 5 amino acid insertion in mutant ORF54 

BACs, southern blot analysis was performed. Culture tubes containing 7ml luria broth 

(Difco) and 7ul chloramphenicol (25 µg/mL) were inoculated with stocks of BAC 

mutants and incubated in an overnight shaker set to 32C
o
 and 230 RPM. The next day, 

culture tubes were centrifuged for 10’ at 4500 RPM to pellet cells and the 

LB/chloramphenicol media decanted. Pellets were resuspended and lysed using a BAC 

mini prep kit (Macherey-Nagel, Germany).  DNA was extracted via ethanol precipitation 

and analyzed with a Nanodrop spectrophotometer. DNA was double digested overnight at 

37C
o
 with 1 unit of NOTI and BAMHI restriction enzymes per microgram of DNA 

(Figure 9).  

 

 

Figure 9. Restriction digest to verify mutant insertion. In the above example, mutant TN 465 

has a linker insertion at basepair 1887.  Restriction enzymes should cleave at the site of mutation 

and in the flanking regions outside of ORF54 at the NOTI and BAMHI site as shown. Complete 

digestion at 37C should yield two fragments of 2075 and 2170 base pairs in length. 
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 Digestion products were run on 0.8% agarose TAE gels and stained with ethidium 

bromide to observe DNA bands. A duplicate sample was prepared as above but 

electrophoresed without ethidium bromide for improved visualization.  Gels were 

prepared for capillary transfer by treating with 0.125M HCl, 0.6M NaOH and 

neutralization buffer. Gels were placed over pre-soaked blotting paper immersed in 10X 

SCC and covered with membrane and additional blotting papers. After overnight transfer 

DNA was crosslinked with a Spectrolinker XL 1000. Membrane was blocked in Hyprime 

(DIG High Prime Kit, Roche) for 3 hours and then in Hyprime/probe solution overnight 

in a 60C
o
 roller. Stringency washes were performed with 2X and 0.5X SCC before being 

washed in maleic acid buffer (pH=7.5), blocked for 30 minutes and incubated with Anti-

Digoxigenin-AP (1:10,000) for 30 minutes at room temperature under constant agitation. 

Detection solution and CSPD ready to use solution were applied to the membrane before 

exposure to film. Probe was created with psRed Nterminus and MU153 (clone 378) and 

digested with Sal I and EcoRI restriction enzymes for 1.5 hrs at 37C (Figure 10).  

 

Figure 10. Creating the pORF54 probe labeled with Dig Hyprime. ORF54 was cloned into 

the psRed vector and removed by digestion with restriction enzymes SalI and EcoRI. 
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 The 2.3 kb pORF54 fragment was isolated on a 0.8% agarose gel and cut out 

using a UV light and sterile scalpel. Gel containing the fragment of interest was placed 

into a 1.7ml microcentrifuge tube and purified using Gene Jet Gel Extraction Kit 

(Thermo). Purified pORF54 was verified with Nanodrop and agarose gel electrophoresis. 

Product was then amplified via PCR and purified with PCR purification kit (Qiagen). 

Purified pORF54 was then labeled with Dig Hyprime from the DIG High Prime Kit 

(Roche). A dot-blot assay was used to confirm labeled product.  

Mutant Replication Kinetics 

 Confluent ARPE19 twelve well plates containing MEM (Dulbecco) and 2% Fetal 

Bovine Serum were infected with 600 PFU/ml viral mutant stock. The parental OKA 

strain served as a standard for replication.  Mutants and OKA were used to infect 

different 12 well plates corresponding to each of 7 different time points: 6HRS, 24 HRS, 

48HRS, 72 HRS, 96 HRS, 120 HRS and 144 HRS in triplicate. This set up is shown in 

Figure 11. The infected monolayers were then incubated for the amount of time specified 

at 37°C, washed with PBS, harvested in lysis buffer and frozen at -80C until analysis. 

Viral replication was determined via relative luminescence units (RLUs) using a firefly 

luciferase glow assay kit (Thermo Scientific-Pierce firefly luciferase glow assay kit; Life 

Technologies, Carlsbad, CA) and run on a Veritas microplate luminometer (Turner 

Biosystems). 
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Figure 11. Replication kinetics set up. OKA and 3 mutant viruses were used to infect 

confluent monolayers of ARPE19 cells in triplicate. Seven different 12 well monolayers were 

infected for each of seven different time points (6HRS, 24HRS, 96HRS, 120HRS, and 144HRS). 

The 6HR plate is shown. 

 

 

Normalized data (based on 6-h relative luminescence units [RLU] readings to 

account for variations in initial inocula) were graphed as the mean ± standard error 

(SEM) for triplicate samples. 

Identifying Potential pORF54 Domains that Confer Resistance or Sensitivity to Thiourea 

Analogs 

 Mutant-infected ARPE19 cells were subjected to increasing concentrations of N-

α-methylbenzyl-N′-aryl thiourea analog (Compound II) in order to determine their 

sensitivity. ARPE19 cells were infected with approximately 600/ml PFU of VZV-

infected cell stock per well. Sensitivity of mutants was determined by diluting the 

compound to concentrations (0.03, 0.06, 0.125, 0.250, 0.500, 1.00, or 2.00 μg/ml) in 2% 

MEM containing 0.3% dimethyl sulfoxide (DMSO) at the time of infection. Positive-

control wells were VZV-infected cells in MEM containing 0.3% DMSO without 

compound (0ug/ml). Monolayers were incubated for 5 days at 37°C, washed with PBS, 



18 
 

 

harvested in lysis buffer and frozen at -80C until analysis. Relative luminescence units 

(RLU) were determined for each sample using a firefly luciferase glow assay kit (Thermo 

Scientific-Pierce firefly luciferase glow assay kit; Life Technologies, Carlsbad, CA). The 

data were graphed as the means from triplicate samples ± standard errors. 

Complementation Assays 

 Certain mutants from our library failed to replicate in ARPE19 cells. The random 

mutations inserted into these monomers inhibited dodecameric ring formation and thus 

portal was not available for viral DNA encapsidation. Therefore, a question was posed 

whether or not different monomer mutants might be able to organize and oligomerize to 

form a successful portal when co-infected in ARPE19 cells (Figure 12). Mutants that 

replicated in ARPE54 cells but were not viable in ARPE19 cells (+/-) were selected as 

candidates for complementation assays. Given the importantance of electrostatic 

interactions between neighboring monomers, I hypothesized that two different mutants 

containing insertions in functionally or structurally distinct domains (ie. wing vs crown) 

would participate in complementation and support viral replication in co-infected 

ARPE19 cells.  
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Figure 12. Proposed complementation between separate pORF54 monomer mutants. 
Single infection of A19 cells with mutant A or mutant B alone fails to form portal. Co-infection 

of A19 cells with mutant A and B may result in successful oligomerization patterns and allow for 

DNA encapsidation. 

 

 Individual mutants as well as mutant pairs used in co-infections were diluted to 

600 PFU/ml and used to first infect confluent monolayers of ARPE54 cells in a 100mm 

tissue culture plate in duplicate (Figure 13). Infected cells were then incubated for 2-3 

days at 37C
o
 and 5% CO2 until viral cytopathic effect was >80%. Mutant virus infected 

stocks were prepared and frozen in liquid nitrogen. For the complementation assay, 

stocks were thawed and used to infect (1) ARPE19 12 well and (1) ARPE54 12 well 

plates (A, B, or A/B) in a serial dilution scheme. After 4 days, representative examples of 

plaques were photographed and on day 5, plates were lysed and harvested for luciferase 

assay. 
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Figure 13. Complementation Assay Set Up. (A)  Infections with equal amounts of plaque 

forming units of mutant virus A, B and A/B combination were added to confluent ARPE54 

100mm TC plates in duplicate and incubated until large plaques were observed. (B) Frozen 

stocks of each virus (A, B or A/B) were thawed and were serial diluted to infect confluent 

A19 and A54 12 wells in triplicate. 
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RESULTS 

 

ORF54 Monomer Mutant Library 

VZV contains a 125 kbp genome with 70 open reading frames (ORFs) (23). The 

ORF54 gene encodes an 87 kDa monomer that oligomerizes to form the capsid vertex 

portal protein which functions as a dynamic channel for packaging DNA during viral 

replication. A library of linker insertion mutants was generated in ORF54 to investigate 

portal domains involved in structure and function. Mutations generated in ORF54 using 

the Thermo Mutation Generation System  (Figure 14) were then transferred back into the 

VZV genome using a highly efficient Luciferase-containing VZV BAC system (43-44) as 

shown in Figure 15.  Initially, A19 and A54 cells were transfected with individual 

ORF54 BAC mutants to characterize mutant phenotypes (viable / not viable) (Table 2).  
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Figure 14. Mutant Insertion. The diagram above shows uninterrupted VZV DNA (ORF54 

gene) and its resulting wild type portal protein. Also shown are two examples of mutants from 

our  library including their sites of mutagenesis.  Adapted from Thermo Mutagenesis Kit. 

 

 

 

Figure15. Transfer of mutated gene back into VZV genome. A) VZV BAC with an internal 

1223bp deletion in the ORF54 gene replaced by a galK cassette (Δ54S) was used as the recipient 

vector. B) SW102 cells containing the Δ54S BAC were mixed with 50ng of amplified linker 

insertion mutation and electroporated to transfer to mutated gene back into the VZV genome. 
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Table 2. Preliminary Screening of ORF54 Mutants. 

TN # AA Insertion Site Confirmed in 

BAC 

A19 Viability A54 Viability 

1 AA132 + - - 

3 AA156 + - + 

23 AA145 + - - 

33 AA353 + + - 

43 AA271 + + + 

48 AA578 + - - 

56 AA645 + - - 

64 AA123 + - - 

75 AA546 + - + 

81 AA354 + + + 

83 AA162 + - + 

99 AA488 + - - 

162 AA58 + + + 

163 AA534 + - + 

164 AA728 + + + 

212 AA501 + + + 

214 AA417 + + - 

234 AA247 + - - 

235 AA497 + + + 

251 AA72 + - + 

256 AA528/529 + - - 

258 AA271/272 + - + 

260 AA142/143 + + + 

268 AA997/998  + - - 

270 AA472/473 + - +/- 

273 AA24/25 + + + 

278 AA696/697 + + + 

281 AA645/646 + - + 

296 AA474/475 + - - 

301 AA 668 + + + 

123 AA 59/60 + + + 

404 AA 697/698 + + + 

437 AA 582/583 + - - 

448 AA 700/701 + + + 

450 AA645/646 + - + 

452 AA 637/638 + - - 

455 AA 225/226 + + + 
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Table 2. Continued 

 
TN # AA Insertion Site Confirmed in 

BAC 

Viable in A54 Viable in A19 

459 AA 571/572 + - + 

460 AA 583/584 + - + 

461 AA 544/545 + - - 

465 AA 629/630 + + + 

468 AA 241/242 + - - 

469 AA 216/217 + - - 

471 AA 529/530 + - - 

472 AA 645/646 + - - 

486 AA 133/134 + - - 

490 AA 684/685 + + + 

496 AA 97/98 + - + 

498 AA 136/137 + - + 

504 AA 43/44 + - - 

507 AA 167/168 + - - 

508 AA 305/306 + + + 

510 AA 107/108 + - - 

519 AA 393/394 + - - 

522 AA 356/357 + + + 

TOTAL Mutant BACs Tested Viable in A54 Viable in A19 
Not Viable in 

Either Cell Line 

 55 13 20 21 
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Mutant Replication Kinetics 

The replication kinetics of ORF54 mutants were analyzed using a luciferase based 

viral replication assay in ARPE19 cells. Parental virus (a modified OKA strain) was used 

as a standard in each experiment.  

Figure 16 shows the replication kinetics of different mutants versus OKA. Prior 

to further characterization of any mutants, it was important to determine if mutants 

replicated similar to parental OKA or if they were crippled for viral replication in 

ARPE19 (non-complementing cells). Replication assays were performed using a 

Luciferase assay (Thermo Scientific-Pierce firefly luciferase glow assay kit; Life 

Technologies, Carlsbad, CA) where relative luminescence units (RLUs) correlated with 

viral replication.  

 Replication kinetics of certain pORF54 monomer mutants in A19 showed no 

difference when compared to parental OKA virus: TN465, 490, 522, 508, 448, 273, 278, 

260, 404, 455 and 301. However, mutants TN251, 281, 498, 270 and 258 showed 

significantly less growth than OKA. These mutants were considered crippled as a result 

of the location of their insertion mutation.  
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Figure 16. ORF54 monomer mutant replication kinetics in A19. Replication was assessed 

using relative luminescent units (RLUs) graphed as the mean ± standard error (SEM) for triplicate samples. 

(A) TN 214 and 33 showed inhibited growth as compared to OKA; (B) TN 465, 490 and 522 showed 

normal growth as compared to OKA; (C) TN 459, 460 and 496 showed severely crippled growth as 

compared to OKA; (D) TN251, 281, 498, 270 and 258 showed severely crippled growth as compared to 

OKA; (E) TN 508, 123 and 448 showed normal growth as compared to OKA; (F) TN 273, 278, 508, 260, 

404, 455 and 301 showed normal growth as compared to OKA.  
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Complementation Assays 

I hypothesized that portals are complex dynamic channels that have independently 

functioning domains.  Therefore, co-infections of mutants should participate in 

complementation of a hybrid portal consisting of two different monomeric types.  Based 

on a putative tertiary model, mutants with insertions close together, spatially, will be 

unable to complement (clip with clip). Conversely, mutants with insertions in distant 

domains should act co-operatively to produce a function portal.  

Table 3A. Characteristics of ORF54 Monomer Mutants in Complementation Assays. 

Predicted 

Domain 
TN AA Insertion 

Replicates 

in A54 

Replicates 

in A19 

Parent 

Virus 

WING 

496 97/98 + - pOKA 

251 72/73 + - pOKA 

3 156/157 + - pOKA 

83 162/163 + - pOKA 

CROWN 

163 534/535 + - pOKA 

281 645/646 + - pOKA 

75 546/547 + - pOKA 

 

Table 3B. Combinations Tested in Complementation Assays. 

TN Combination Domain  Complementation in ARPE 19 

496/251 Wing/ Wing + 

83/163 Wing/Crown + 

281/163 Crown/Crown - 

163/3 Crown/Wing + 

75/3 Crown/Wing + 

75/83 Crown/Wing + 
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Figure 17 shows combinations of mutants used in complementation assays. Mutants were 

used to infect ARPE19 cells alone and in combination. PFUl/ml of virus remained 

constant. 

 

 

Figure17. Luciferase Based Analysis of Complementation Candidates in ARPE19. 
Infection was assessed using relative luminescent units (RLUs) graphed as the mean ± standard 

error (SEM) for triplicate samples. (A) TN 496 (Wing-AA97) and 251 (Wing-AA72) show 

complementation in ARPE19 cells. Co-infection is significantly higher than either mutant alone; 

(B) TN 3 (Wing-AA156) and 163 (Crown-AA534) show complementation in ARPE19 cells. Co-

infection is significantly higher than either mutant alone; (C) TN 281 (Crown-AA645) and 163 

(Crown-AA534) do not show complementation in ARPE19 cells; (D) TN 83 (Wing-AA162) and 

75 (Crown-AA546) show complementation in ARPE19 cells. Co-infection is significantly higher 

than either mutant alone; (E) TN 83 (Wing-AA162) and 163 (Crown-AA534) show 

complementation in ARPE19 cells. Co-infection is significantly higher than either mutant alone; 

(F) TN 3 (Wing-AA156) and 75 (Crown-AA546) show complementation in ARPE19 cells. Co-

infection is significantly higher than either mutant alone. 
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Sensitivity of ORF54 Monomer Mutants to Thiourea Compounds 

Non-nucleoside, N--methylbenzyl-N’-arylthiourea analogs (Figure 5) have been 

shown to have selective activity against VZV (22). Using serial dilutions of the analog 

Compound II, I tested the sensitivities of different ORF54 monomer mutants in A19 

cells. The goal of these experiments was to gain insight into the structural and functional 

importance of different monomer domains (clip, wing, crown, and tunnel-loop) in the 

presence of compound.    

Figure 18 shows how each mutant was affected at varying concentrations of 

Compound II (0,0.03, 0.06, 0.125, 0.250, 0.500, 1.00, or 2.00 μg/ml). Parental OKA was 

used as a standard. Each plaque reduction assay was completed in ARPE 19 cells. The 

titers of each mutant virus are shown (PFU/ml) and were normalized so that equal 

amounts of each virus were used. IC50 represents the concentration of compound II 

necessary to halt 50% of viral plaque growth (Table 4). ORF54 monomer mutants with 

IC50s significantly higher than OKA were considered resistant to compound II whereas 

mutants with IC50s significantly lower than OKA were considered sensitive.  

Interestingly, TN33 (AA353) appeared to show greater resistance to compound, 

while TN278 (AA696), 260 (AA142)  and 214 (AA417) appeared to be more sensitive to 

compound. Of all mutants studied, TN 508 (AA305/306) was most notable with an IC50 

of 1 ug/ml.  
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Figure 18. Resistance or sensitivity of monomer mutants to compound II in ARPE19. 
Viral plaque formation was assessed using relative luminescent units (RLUs) graphed as the 

mean ± standard error (SEM) for triplicate samples.  pORF54 monomer mutants viable in 

ARPE19 were subjected to increasing concentrations of a thiourea analog called compound II. 

Parental OKA was used as a standard. (A) TN260 and 278 show increased sensitivity to 

compound II as compared to OKA in ARPE19 cells; (B) TN 465, 490, 522 and OKA show 

similar susceptibilities to compound II; (C) TN214 shows increased sensitivity to compound II as 

compared to OKA while TN33 shows resistance when compared to OKA in ARPE19 cells; (D) 

TN508 shows increased resistance to compound II as compared to OKA in ARPE19 cells.  
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Table 4. Inhibitory Concentrations of Mutants to Compound II. 

Mutant Cell 

Line 

Titer 

(PFU/ml) 

IC50 

OKA A19 2.95 ^6 0.5 

465 A19 6.4 ^6 0.8 

490 A19 4.5 ^6 0.7 

522 A19 4.6 ^6 0.3 

OKA A19 2.95 ^6 0.06 

448 A19 2.5 ^6 0.125 

123 A19 7.7 ^5 0.125 

OKA A19 2.95^6 0.06 

273 A19 6.36 ^6 0.06 

278 A19 3.3 ^6 0.03 

508 A19 9.4 ^6 1 

260 A19 2.1 ^6 0.03 

404 A19 3.2 ^6 0.06 

455 A19 1.6 ^6 0.06 

301 A19 4.09 ^5 0.06 

 

Due to the elevated IC50 of TN 508 and the decreased IC50 of TN 278, these 

mutants were selected for further testing with other compounds (Figure 19). Like 

Compound II, Compound I is a N--methylbenzyl-N’-arylthiourea analog with a -

HC(CH3)- spacer between the aryl ring and the thiourea nitrogen. It has been shown to 

have specific activity for inhibiting VZV replication and lacks a CN group (22). 

Compound I had a greater effect on TN 278 (IC50=0.125 ug/ml) than on OKA (IC50=0.25 

ug/ml). However, TN508 showed strong resistance to compound I (IC50= 2ug/ml). WAY 

compound, which lacks the -HC(CH3)- spacer, has previously demonstrated specific 

inhibition of HSV-1 but not VZV replication (20). As expected, WAY compound did not 

inhibit either ORF54 monomer mutant or OKA.          
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Figure 19. Exposure of TNs 508 and 278 to alternate compounds at increasing 

concentrations. Viral plaque formation was assessed using relative luminescent units 

(RLUs) graphed as the mean ± standard error (SEM) for triplicate samples.  pORF54 

monomer mutant TN 508 was exposed to Compound I, a thiourea analog containing a-

HC(CH3)- spacer and WAY compound which lacks a -HC(CH3)- spacer and has shown 

specific activity against HSV-1 portal  formation.
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DISCUSSION 

ORF54 Monomer Mutant Library 

In many ways, the varicella zoster portal remains a mystery in that there is no 

crystal structure to date. Utilizing what is known about homologous phage and HSV-1 

portals along with the study of pORF54 mutant monomers will contribute to a greater 

understanding.  

The ORF54 gene is composed of 2310 base pairs or 769 AA. Based on studies 

with phage portals, Figure 20 estimates that the wing and crown regions make up the 

large majority of the VZV portal protein. Indeed in the generation of our monomer 

mutant library most insertions occurred randomly in the first or last third of the gene 

between AA101-200 and AA500-700. Conversely, fewest mutations occurred towards 

the very end of the ORF54 gene (>700) and in theoretical clip and tunnel-loop domains 

(AA300-440) (Table 5).  

 

Figure 20. Theoretical Map of VZV Portal Domains. Corresponding tertiary and linear maps 

of the ORF54 gene with color coded wing, stem/clip, tunnel loop, large alpha helix, and crown 

domains. 
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Table 5. Frequency of Random Insertion Sites in Non-Viable and Viable Monomer 

Mutants 

Site of Random 

Insertion (AA) 

Non-Viable Monomer 

Mutants 

Viable Monomer 

Mutants 

Total 

0-100 1 5 6 

101-200 6 5 11 

201-300 3 3 6 

301-400 1 4 5 

401-500 1 3 4 

501-600 5 5 10 

601-700 3 7 10 

>700 1 2 3 

Total 21 34 55 

Non-viable mutants refer to mutants unable to replicate in either A19 or A54 cell lines. Viable mutants include those mutants able to 

replicate in either A19 or A54 cell lines.  

 

In this small sample of 55 mutant monomers, no significant trends were observed 

to correlate mutant viability with a specific region of AA insertion. When plotted on a 

theoretical 3D map (Figure 21) it does appear that there is more traffic in the crown and 

wing regions. However, given that these regions take up the largest amount of space in 

the gene, probability favored more of these mutations than any others. Similarly, certain 

domains, such as the clip or tunnel-loop, were harder to study given that they compose 

much smaller portions of the ORF54 genome and are less likely to be a site of random 

insertion. 
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Figure 21. 3D Map of Amino Acid Insertion Sites. Green x’s mark estimated amino acid 

insertion sites belonging to mutants viable in either A19 or A54 cell lines. Red x’s denote 

estimated amino acid insertion sites belonging to non-viable mutants.  

 

 

Mutant Replication Kinetics 

Certain pORF54 monomer mutants showed crippled growth as compared to 

OKA: TN251, 281, 498, 270 and 258 (Figure 16). Interestingly, the mutations within this 

group were variable with respect to insertion site though most appeared to fall within 

wing or crown domains (Table 6) (Figure 22).  

It was not possible to evaluate the replication kinetics of twenty one of our 

monomer mutants due to their inability to replicate in either cell line (not viable). 

However, the importance of these mutants must not be understated. Generation of more 

monomer mutants may show that non-viable mutants tend to correlate with insertions in 

certain domains.  
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Table 6. Characteristics of Crippled or Lethal ORF54 Mutants.  

TN 5 AA INSERTION SITE GROWTH AT 96 HRS (RLU) 

*OKA 498,019.7 

 

251 72 1,650.9 

281 645 2,188.6 

498 136 2,240.3 

270 472 1,784.5 

258 271 12,703.3 

*Oka used as a standard for growth.  

 

 

 

 

Figure 22.3D Map of Crippled Grower Mutation Sites. Red x’s mark the estimated amino 

acid insertion locations for mutants displaying crippled growth as compared to OKA in 

A19 cells.  
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Complementation Assays 

Neighboring monomers within the portal dodecamer interact through electrostatic 

interactions. Introducing linker insertion mutations into pORF54 monomers would likely 

affect these intermolecular interactions and ultimately portal formation. Thus, the co-

infection of mutant monomers was of particular interest during this project.  

Mutant monomers that demonstrated an inability to replicate in ARPE19 cells on 

their own, but were able to replicate upon co-infection with another mutant may help to 

elucidate structure function relationships between portal monomers. I hypothesized that 

co-infection combinations with mutants in functionally distinct domains would 

complement. Table 3B shows the 6 sets of mutants tested in complementation assays. 5 

sets showed complementation and one did not. TN 163 (AA534) and 281 (AA645), a 

crown/crown combination, were unable to form successful portal alone and during co-

infection. This may be due to each mutant’s relatively close linker insertion location in 

the crown domain. It may also indicate the crown region’s significance in intermolecular 

interactions between neighboring monomers. Interestingly, TN 496 (AA97) and 251 

(AA72), a mutant wing/wing combination even closer in location were able to 

complement when used to co-infect ARPE19 cells. All remaining successful 

complementation sets were between distinct crown/wing monomer mutations partially 

supporting the original hypothesis (Figure 23).  Of course the combination of random 

amino acids inserted must also be taken into account. Bulky aromatic residues or a 

change in charge will be more likely to cause a change in the relationship between one 

monomer and the next, regardless of how close the linker insertion sites are. 



38 
 

 

 

Figure 23. Amino acid location of monomer mutants used in complementation assays. 

Theoretical domain map of the ORF54 gene with the amino acid insertion sites of 

different monomer mutants tested for complementation. 

 

 

Mutant Sensitivity to Compound II 

PORF54 monomer mutants in this study were subjected to increasing 

concentrations of compound II, which has been shown to bind selectively to VZV portal 

and inhibit formation (22). TN508 (AA305) showed significant resistance to compound II 

(IC50= 1ug/ml) as did TN33, a clip mutant with an insertion at AA353. It is interesting 

that two mutations in such close proximity were the only two to show significant 

resistance to compound, hinting to this region as a possible compound binding site.  

TN214 (AA417), 260 (AA142) and 278 (AA696) showed increased sensitivity to 

compound II but did not share common insertion site domains (tunnel loop, wing and 

crown respectively). TN214 was the most sensitive of the mutants tested which may be 

related to the role of tunnel loop in DNA translocation. The clip and tunnel loop regions 

of bacteriophage portals possess conserved arginine finger loops that interact with the 

negatively charged DNA backbone to help translocate DNA though portal into the capsid 
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head as shown in Figure 24 (3,6,9). TN 33 is a suspected clip mutant resistant to 

compound II.  This might first seem counterintuitive given the importance of the clip in 

encapsidation. However, if this is the binding site of compound II, as suggested by the 

two highly resistant mutants in this region, amino acid insertions in this area could inhibit 

this interaction. The particular sensitivity of TN214 then, might be due to the cumulative 

effects of a finger loop mutation in the tunnel-loop and an intact clip region for 

compound binding. Generation of more mutants in these regions may help shed light on 

their structure and function in VZV portal. 

 

 

 

Figure 24. The importance of clip and tunnel loop regions in phage portals. T4 portal 

showing the key residues on the three loops (dashed black circles) that interact with DNA. Wing, 

stem, clip and crown domains are colored green, blue, purple and orange, respectively. TN33 and 

TN214 have been indicated for theoretical placement in VZV portal monomer. 
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CONCLUDING REMARKS 

For this thesis I set out to further characterize varicella zoster pORF54 by 

studying independently functioning portal domains within monomers. Mutagenesis 

revealed that protein-protein interactions between neighboring monomers decide whether 

or not successful portal will be formed. Random insertion of amino acids into the ORF54 

gene results in a change in monomeric domain structure leading to changes in both 

replication and sensitivity to VZV-specific compounds. Specific resistance was conferred 

by mutants with insertions around AA 300 suggesting a compound binding site and 

consequently hinting to its structural appearance. The importance of this must not be 

understated as we have no crystal structure. Finally, co-infection of two non-viable 

mutants with AA insertions in functionally distinct domains can result in the sudden 

formation of successful hybrid portals leading to viral replication.  

Though a variety of nucleoside analogs exists against varicella zoster virus, their 

common mechanism of action has led to resistance through mutation of the viral 

thymidine kinase and DNA polymerase in recent years (51-52). These mutant viral 

strains are a particular problem in immunocompromised individuals (51). Given the 

ubiquitous nature of VZV infections and the pain associated with shingles and post-

herpetic neuralgia, alternative treatments are needed. Blocking DNA encapsidation by 

inhibiting portal may provide this alternative. Mutagenesis studies provide an increasing 

amount of information about the structure and function of VZV portal.  
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The applications of this work are wide spread. Portals are utilized by all nine 

human herpesviruses including potentially more dangerous types like cytomegalovirus 

and HHV8 (25-26).  Ultimately, given the striking similarities between bacteriophage 

portals and mammalian herpes portals, downstream applications may help to treat 

infections caused by any of the 22 families of dsDNA viruses infecting humans. The 

future characterization of viral portal proteins will remain important as the growth of the 

human population and discovery of new or resistant viruses continues on an upward 

trend.
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