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ABSTRACT 
 

STRUCTURAL ANALYSIS OF VZV PORTAL PROTEIN, pORF54, INTERACTION 

WITH ENCAPSIDATION INHIBITOR α-METHYLBENZYL THIOUREA 

COMPOUND 

Under the direction of Dr. Robert J. Visalli, Associate Professor and Chair of Department 

of Biomedical Sciences  

 

α-methylbenzyl thiourea compound is a novel inhibitor of the varicella-zoster 

virus (VZV), which is predicted to bind the virus’ portal protein, pORF54, hereby 

inhibiting the encapsidation process of the viral replication cycle. The open reading frame 

54 (ORF54) gene encodes an 87 kDa monomer which oligomerizes to form the VZV 

pORF54 portal complex, which docks onto the viral capsid to facilitate the translocation 

of a newly synthesized VZV genome into the preformed empty capsid. Mutational 

mapping of compound resistant isolates has strongly suggested that the thiourea 

compound binds to and acts on the portal complex, though no specific binding pocket 

was revealed. In this thesis, we identify three particular resistant mutants, all of which 

have a substitution located in a putative wing/stem section of the portal monomer referred 

to as the ledge, and all unique in terms of the magnitude of resistance they confer. We 

hypothesize that the area where the three mutations are located makes up the compound 

binding pocket. Through a recombineering technique using bacterial artificial 

chromosomes (BAC) we were able to produce a set of VZV mutants, designed to reveal 

the chemical and physical importance of each of the three resistance mutations. We were 

able to describe a high level of sensitivity to any structural change at any of the three 
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amino acid (AA) positions, where only the structurally most similar mutations led to 

retained sensitivity towards compound. The results demonstrate the possibility for this 

particular area of the protein acting as the compound binding pocket and allow us to more 

accurately predict a mechanism of action (MOA) in which α-methylbenzyl thiourea 

compound binds to the ledge of the portal complex and prevents insertion into the viral 

capsid. 
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INTRODUCTION 

Herpesviridae is a family of double stranded (ds) DNA viruses causing disease 

across a variety of hosts. Eight different species have been shown to infect and cause 

disease in humans: herpes simplex virus 1 & 2 (HSV-1, HSV-2), varicella zoster virus 

(VZV), Epstein-Barr virus (EBV), human cytomegalovirus (HCMV), and human 

herpesviruses (HHVs) 6, 7, and 8. Herpesviruses are structurally similar, with a unique 

four-layered composition. The core contains the large ds DNA genome enclosed by an 

icosahedral shaped protein cage composed of capsomers. The capsid is embedded in an 

amorphous protein coat called the tegument, which is further enveloped by a lipid bilayer 

containing glycoproteins [1]. Genetic relatedness, host range, viral life cycle and the cell 

type in which the virus establishes latency divide viral species into three subtypes 

classified as either alpha-, beta-, or gammaherpesviruses. In this thesis, the main focus 

will be on the alphaherpesvirus VZV, although any knowledge obtained may be 

applicable to other Herpesviridae. 

The alphaherpesviruses HSV-1, HSV-2 and VZV are characterized by an initial 

lytic state followed by establishment of a latent state in nerve ganglia. The ability to 

remain latent in nerve cells makes the infection lifelong with the potential of periodic 

reactivation of the virus. HSV-1 is primarily associated with orofacial infections causing 

cold sores, whereas HSV-2 mainly infects genitalia causing genital warts. Given the 

location of HSV-2 infections, the virus has the ability to spread from infected mothers to 

neonates [2].  Both HSV-1 and HSV-2 infections are considered incurable and without an 
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efficacious vaccine, antivirals are used to limit acute disease or reactivation from latency. 

VZV commonly infects during the childhood causing varicella (chickenpox) presenting 

as a rash with vesicular skin lesions, after which it establishes latency in ganglionic 

neurons. Although normally a self-limiting disease in children, adults infected with 

primary varicella can experience substantially more severe symptoms with secondary 

complications and viral pneumonia [3]. After establishing latency in nerve cells the virus 

may reactivate, typically as the individual ages and cell-mediated immunity to VZV 

declines [4]. The reactivation of VZV causes herpes zoster (shingles) producing a painful 

vesicular rash with the potential for developing postherpetic neuralgia (PHN), a sensation 

of radicular burning pain that persists long after the rash is gone [3]. Besides the obvious 

symptoms of VZV infection, some reports show an increased risk of stroke amongst 

children and adults following a VZV infection[5]. Furthermore, recent findings suggest 

that VZV may contribute to giant cell arteritis, a condition leading to inflammation- and 

occlusion of the arteries[5]. For immunocompromised individuals and in certain instances 

even immunocompetent people, primary varicella can result in encephalitis, a much more 

severe disease with potentially fatal complications [6].  

 

VZV treatment options 

The introduction of a live attenuated varicella vaccine for immunization of 

healthy children and adults has effectively reduced the number of infected individuals 

worldwide [7, 8]. Recently, a second live attenuated vaccine was introduced that reduces 

the incidence and severity of zoster in the elderly, [9]. VZV vaccines has greatly reduced 
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disease worldwide, but despite their relative success, the number of reported zoster cases 

continues to rise. This may in part be due to an increase in the ageing population, but 

possibly also due to the effectiveness of vaccines causing less shedding of wild type 

VZV, consequently decreasing exposure of the general population to wild type viral 

strains. Furthermore, and of some concern, reports have shown that the vaccines in some 

instances have caused disease in healthy- [10-13] as well as immunosuppressed 

individuals [14-16].  

Current antiviral treatment of VZV infections primarily targets the viral DNA 

polymerase. Drugs such as Acyclovir (ACV), Valaciclovir, Famciclovir and Penciclovir 

are all nucleoside analogues that require phosphorylation by the VZV thymidine kinase 

(TK) for activation [17-19]. Subsequent phosphorylation by cellular kinases fully 

activates the compounds resulting in the inhibition of viral DNA replication [19]. 

Nucleoside analogues are the preferred choice in the treatment of both 

immunocompetent- and immunosuppressed patients, and although this treatment has been 

effective in controlling VZV infections in both patient groups, the need for developing 

new drugs remains. PHN continues to be a problem for many individuals following zoster 

infection and while ACV is capable of reducing the severity or occurrence of PNH if 

treated less than 72 hours after onset of rash, many still experience moderate to severe 

PNH [20]. In addition, there are multiple case reports showing clinical isolates of VZV 

with decreased susceptibility to ACV [21-23]. ACV resistance is mainly due to TK 

deficient VZV, thus making the virus incapable of activating the compound [24]. 

However, resistance has also occurred in mutants involving altered TK and viral DNA 



4 
 

 

polymerase [24, 25]. Strains of ACV resistant VZV can have fatal consequences in 

immunocompromised patients. In most cases of ACV resistance, the pyrophosphate 

analogue foscarnet is used as an alternative. Although effective in some cases foscarnet 

may have severe side effects. In the past decade alone, many cases have revealed 

standard ACV therapy and foscarnet therapy as insufficient and/or causing significant 

side effects. Besides foscarnet, the TK independent nucleoside analogue cidofovir may 

also be an option, however this drug is less commonly used due to a high risk of 

nephrotoxicity [26]. Lastly, the alternative nucleoside analog Brivudine was approved in 

some countries for VZV treatment. This drug has an excellent toxicity profile and has 

proven a potent inhibitor of VZV [27]. However, this drug also requires phosphorylation 

by TK and is likely to be ineffective in treating ACV resistant strains of VZV. 

Furthermore, a closely related drug, sorivudine, was linked to several deaths in Japan 

when co-administered with the anticancer drug 5-fluorouracil [28]. 

There are several promising drugs currently undergoing clinical trials. Bicyclic 

pyrimidine nucleoside analogues (BCNA) and valomaciclovir are both nucleoside 

analogues displaying high selectivity that effectively inhibits VZV replication [29, 30]. 

Despite their promising profile, these drugs are TK dependent and therefore would not 

provide an alternative to the treatment of ACV resistant VZV.  

A number of compounds with potential antiviral activity are in preclinical 

development. Acyclovir ProTide derivatives are also nucleotide analogues, yet it 

bypasses the VZV TK thereby possibly retaining activity against some ACV-resistant 
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VZV [31]. 4-Oxo-dihydroquionolines target DNA polymerase with broad spectrum 

activity in vitro although no clinical trials have been reported [32]. Pyrazolo is a 

compound that inhibits normal capsid assembly and thus may represent a potentially 

novel VZV inhibitor of ACV resistant strains, though no in vivo results have been 

reported [33]. Figure 1 displays both current and potential treatment options for VZV 

infections along with their known or presumed viral target.  

Figure 1. Illustration of drugs currently approved, in clinical trials or undergoing research as a potential 

compound for the treatment of VZV infections. Noticeably, every drug except pyrazolo (capsid inhibitor) 

and thiourea compounds (encapsidation inhibitor) target the viral polymerase. 

 

The work described in this thesis centers around the potential of α-methylbenzyl 

thiourea compounds (figure 2) as novel inhibitors of VZV. Targeting the DNA 

encapsidation process of the viral life cycle, these compounds have shown promising 

results in vitro and in vivo. [34]. Studies revealed these VZV specific compounds to have 
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excellent therapeutic properties displaying low inhibitory concentrations (IC50 10nM - 

1μM), virtually no cellular cytotoxicity (CC50 >37μM) [34], and excellent bioavailability. 

The compounds were also active against acyclovir resistant VZV strains. The data 

suggests that these compounds are more potent than currently approved VZV drugs, thus 

providing a better treatment option.  

Similar compounds were shown to inhibit HSV-1 revealing encapsidation as a 

novel anti-viral target [35, 36]. Treatment with either the HSV or VZV compounds 

results in the accumulation of empty viral capsids in the cell nucleus. The absence of 

DNA filled capsids initially led to the understanding that this compound series acted as 

an encapsidation inhibitor [37, 38]. Currently an HCMV encapsidation inhibitor, 

Letermovir, is undergoing phase three clinical trials [39, 40]. If approved it would be a 

major advancement in managing cytomegalovirus disease, and proof that inhibition of 

encapsidation is a clinically viable approach. 

 

  Figure 2. Chemical structure of VZV specific α-methylbenzyl thiourea compounds 1, 2 & 3. 
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DNA Encapsidation 

In general terms, herpesvirus DNA encapsidation is the process where newly 

synthesized concatemeric viral DNA is cleaved into unit length genomes and packaged 

into the empty, pre-formed viral capsid. Although the exact mechanism utilized by ds 

eukaryotic DNA viruses is still only generally understood, a number of viral proteins 

essential for this process have been identified. This knowledge is mainly acquired from 

studies concerning HSV-1, and thus far 7 genes have been shown essential to the 

encapsidation process. These include portal protein pUL6, the trimeric viral terminase 

pUL15-pUL28-pUL33, and accessory proteins pUL17, pUL32 and pUL33 [41-53]. 

Deletion of any of the 7 genes from the viral genome results in accumulation of empty 

capsids in the cell nucleus. Less is known about the homologous VZV genes, however it 

was recently reported that the VZV portal protein homologue for UL6, pORF54, and 

terminase component UL28, pORF30, were essential for the cleavage and packaging of 

viral DNA [54, 55]. In addition, pORF54 was shown to multimerize to form the VZV 

capsid portal.  These findings, as well as other studies done on the homologous HCMV 

genes/proteins, suggests a similar encapsidation mechanism is shared between the herpes 

virus species[56].  

 In general, the encapsidation process is believed to occur as follows. Viral 

scaffold proteins in the nucleus of an infected cell allows for newly synthesized capsid 

proteins to assemble and form the empty procapsid. Following assembly, the scaffold 

proteins are cleaved by a viral protease and released from the procapsid, resulting in a 



8 
 

 

conformational transformation of the spherical procapsid into an icosahedral shaped B-

type capsid [57, 58]. Concomitantly, the viral terminase associates with the capsid, 

possibly by using portal protein as a docking site, and recognizes newly synthesized viral 

DNA in a sequence specific manner. ATPase activity within the terminase pumps the 

DNA through the portal structure, filling the capsid with a single unit length viral 

genome, resulting in a dense core C-type capsid. Figure 3 represents the VZV proteins 

involved in encapsidation and the processes that occurs during packaging. 

 

Figure 3. Representation of the steps and protein complexes involved in the encapsidation proces.  

 

Portal Protein, pORF54 

As mentioned previously, the work presented in this thesis stems from the 

potential of α-methylbenzyl thiourea compounds as novel VZV encapsidation inhibitors. 

To identify the potential viral target of the thiourea series, virus was grown in the 

presence of compound to generate a panel of drug resistant isolates [34]. DNA sequence 

analysis of each isolate identified mutations within pORF54 that conferred resistant to the 
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thiourea series. Table 1 summarizes the resistant isolate panel including the 

experimentally determined IC50 and the fold increase related to the parent (wild type) 

virus strain, pOKA. 

 

Table 1. IC50s and fold-increase over pOKA (VZVLUC) for recombineered resistant isolates.  
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The structure of herpesvirus portal complexes is only partly understood. However, 

the portal or connector complexes found in bacteriophage have been described in much 

greater detail including crystallographic data and accurate models of their portal 

structures [59-61]. Most recently, T4 phage portal was crystallized and used to generate a 

high-resolution image of the portal complex, revealing the fine structure of each 

monomer as well as details of portal location within the capsid [62]. The structural model 

of the T4 phage is shown in figure 4. Despite no primary amino acid (AA) sequence 

alignment between phage and herpesvirus portal genes, they are predicted to share a 

similar channel morphology with a core structure of three non-parallel α-helices in the 

stem of the portal monomer [63, 64]. Electron microscopy studies of purified HSV-1 

pUL6, HCMV pUL104, and VZV pORF54  provide valuable insight to the structural 

nature of herpesvirus portals[65]. Together these studies showed that portal protein 

monomers form a multimeric structure, embedded at the 5-fold vertex of the capsid, 

hereby forming a channel for the translocation of viral DNA. Each portal complex 

consists of an oligomer of the monomeric protein usually in the range of a 12- or 13 

subunits that form a circular mushroom like structure [65] as seen in figure 4.  
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Figure 4.  Cryo electron micoscropy structure of the T4 phage portal protein (gp20) complex [62]. A: 

Ribbon diagram of the gp20 atomic model with each subunit color-coded. Shown are the top view (left) 

and side view (right). B: Fit of the portal complex into the gp23 capsid structure map of the T4 prolate 

head. DNA is shown in yellow and portal shown in pink. C: Ribbon drawing of the gp20 monomer 

structure with each domain color-coded. 

 

The α-methylbenzyl thiourea compounds are thought to disrupt the encapsidation 

process by possibly preventing (i) portal oligomerization, (ii) association with the capsid 

vertex, (iii) association with one or more terminase subunits, and/or (iv) conformational 

changes to the capsid during the translocation of viral DNA into the procapsid. 
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Understanding the mechanism of action is essential to further development of the 

thiourea compounds as VZV inhibitors. Although the exact structure of pORF54 is not 

yet known, a conserved region of the portal core across all viral portal proteins allow for 

estimating the location of each mutation conferring resistance to the thiourea compounds. 

In figure 5 below, the approximate positions of these mutations are projected onto the 

conserved region of an SPP1 bacteriophage portal core. Some of the identified mutations 

cluster, however many mutations appear to be relatively distant from one another making 

it difficult to predict the compound binding site from this information alone. Originally 

the close proximity of resistance mutations at AAs 407, 408 and 410 suggested that this 

region of the protein was near the binding pocket for the compound.  Evidence presented 

in this thesis suggest that this in fact is not the case. The studies presented here focused 

instead on the superior increase in resistance observed for mutations observed at amino 

acids 48, 304 and 324 (table 1). We hypothesized that mutations resulting in the most 

significant increases in resistance more accurately represented a potential compound 

binding site.  An elegant series of mutants was created to investigate the interaction of α-

methylbenzyl thiourea compounds at the putative intersection of these amino acids – at 

the putative wing-stem intersection of the portal complex. It is important to keep in mind 

that without an available crystal structure, the location of individual resistance mutations 

is based on phage models. There is a reasonable possibility that amino acids 48, 304 and 

324 are in relatively close proximity at the intersections of the portal wing and upper 

stem and that his region more closely estimates the binding pocket of α-methylbenzyl 

thiourea compounds.   
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The process of recombineering was used in conjunction with a VZV bacterial 

artificial chromosomes (BAC) to generate both conservative and non-conservative 

mutations at amino acids 48, 304 and 324. Each mutant was tested for resistance to one or 

more of the thiourea compounds.  The nature of the amino acid substitution along with 

the observed resistance phenotype was used to assess the potential of the 48-304-324 

triad as a compound binding pocket, thus potentially providing more detailed information 

on the compounds precise mechanism of action. 

 

 

Figure 5. Conserved portal region. Secondary protein structure analysis provided a schematic of the helix-

clip-helix-tunnel loop-helix region that is conserved across viral portal proteins. Stars indicate the predicted 

location of individual mutations conferring resistance to α-methylbenzyl thiourea compounds. Numbers 

refer to the amino acid sequence of ORF54. 
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MATERIALS AND METHODS 

Cells 

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

maintained at 37˚C and 5% CO2 in minimal essential media (MEM) supplemented with 

5% fetal bovine serum (FBS), 2mM L-glutamine, 100 U/ml penicillin, 100 μg/ml 

streptomycin, 

and 0.25 μg/ml amphotericin B. ARPE19 cells were used to generate virus stocks after 

transfection of ORF54 mutant BAC DNAs.  Infected cell monolayers were trypsinized, 

suspended in 90% FBS and 10% dimethyl sulfoxide, and frozen at -80˚C overnight. 

Virus-infected cell stocks were moved to liquid nitrogen for long-term storage.  

 

DNA Mutagenesis 

ORF54 mutations was generated using a site-directed mutagenesis kit (Thermo) 

and specific mutagenic primers. Plasmid pJet 1.2-ORF54 and plasmid pJet 1.2-ORF54 

Flanks (table 2) were used as template for the mutagenesis. Primers incorporating each 

individual mutation were synthesized by IDT (Coralville, IA) and are listed in table 2. 

PCR products were analyzed on an agarose gel and products of the correct size were 

ligated using T4 DNA ligase (Thermo) and transformed into E. coli. Colonies were 

incubated in 5ml LB with ampicillin at 37˚C overnight in a shaking incubator. Plasmid 

DNA was purified using the Thermo Scientific GeneJet kit and digested with restriction 



15 
 

 

enzyme Bgl II to confirm the presence of ORF54 in the plasmid. Colonies showing 

correct sized DNA bands on an agarose gel were sequenced to confirm the correct 

nucleotide substitution(s).   

DNA Sequencing 

DNA sequencing of pJet and VZV BAC DNAs was performed by Eurofins MWG 

Operon (Louisville, KY) to confirm that the desired mutation was present.  

Agarose Gel Electrophoresis and DNA Restriction 

PCR products and DNA digests were analyzed on 0.8% agarose gels stained with 

ethidium bromide (EtBr) and visualized using a BioRad Universal Hood Gel Doc 

System.  

Recombineering ORF54 Mutants 

ORF54 DNA containing the desired point mutations were incorporated into the 

VZV genome by recombineering [66]. A previously described VZV BAC with an 

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

as the recipient vector [55]. A 5 ml LB-chloramphenicol (25ug/ml) culture of SW102 

cells containing the Δ54S BAC (SW102-Δ54S) was grown overnight at 32˚C and diluted 

1:50 in 25 ml LB- chloramphenicol (25μg/ml) in a 100ml Erlenmeyer flask. Cells were 

incubated at 32˚C with shaking to an optical density of 0.4(OD600). The   Cells were heat-

shocked at 42˚C in a shaking water bath for 15 minutes then cooled in an ice water bath 

for 2 minutes. Cells were transferring to a cool 50ml centrifuge tube and pelleted by 

centrifugation at 4500 rcf, 4˚C for 5 minutes. The supernatant was removed and the cell 
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pellet was resuspended in 22ml ice cold, sterile double distilled water (ddH2O) by gently 

swirling the mixture in an ice water bath. After repeating the washing step, cells were 

pelleted and resuspended in 1ml ice-cold ddH2O. Resuspended bacteria were transferred 

to a 1.5ml Microfuge tube and pelleted at 13,200 rpm 4˚C for 1 minute. The supernatant 

was removed and cells were resuspended in 75μl ice cold ddH2O. 30μl of bacterial 

resuspension was mixed with 50ng of PCR amplified VZV ORF54 DNA containing the 

desired mutation as described below.  

For recombineering of 304 and 324 mutants, primers 54 F and 54 R specific for 

the full length ORF54 gene were used. Primers 54flanks F and 54flanks R were used for 

48 mutants to create a PCR product that included regions of flanking genes ORF53 and 

ORF55. The DNA/cell solution was electroporated in a 0.1-cm cuvette using a Bio-Rad 

Gene Pulser X Cell (Bio-Rad Laboratories). After electroporation, cells were transferred 

to a 50ml conical flask with 20ml LB and allowed to recover in a 32˚C shaker for 4 

hours. 1ml of recovery culture was transferred to a 1.5 ml microfuge tube and pelleted in 

a centrifuge for 1 minute at 13,200rpm at room temperature. The supernatant was 

removed and the pellet resuspended in 1ml M9 buffer. Pelleting and resuspension in M9 

buffer was repeated 4 times. Upon the last resuspension, 100μl of the cell solution was 

plated on a M63 minimal media plate containing 2-deoxygalactose (DOG) to negatively 

select cells still harboring the galK gene. (When DOG is phosphorylated by galK, a toxic 

intermediate, 2-deoxygalactose-1-phosphate is formed). The remaining cells were 

pelleted, resuspended in 100μl M9 buffer and plated on an M63 plate. Both plates were 

then incubated at 32˚C for 3-5 days. Individual colonies were screened for successful 



17 
 

 

recombineering by preparing an overnight culture of 5ml LB-chloramphenicol containing 

a single colony picked from the DOG plate. Cells were pelleted by centrifugation at 

4500rcf at 20˚C for 5 minutes. BAC DNA was isolated from pelleted cells using the 

NucleoBond BAC 100 kit (Clontech Laboratories). Cells were resuspended in 250μl 

buffer S1/RNase A and transferred to a 1.5ml microfuge tube. 250μl S2 lysis buffer was 

added to the tube and the mixture was incubated for 5 minutes at room temperature. The 

lysate was neutralized by adding 250μl neutralization buffer and incubated for 5 minutes 

on ice. The tube was centrifuged for 10 minutes at 13,200rpm and the supernatant was 

transferred to a new microfuge tube. The DNA was precipitated by adding 750μl room 

temperature isopropanol, incubated on ice for 10 minutes and pelleted by centrifuging the 

solution at 13,200rpm for 10 minutes. The supernatant was removed, and the pellet 

washed once in 70% room temperature ethyl alcohol (EtOH) and removed from the tube 

again. The pellet was allowed to air dry and resuspended in 50μl 10mM Tris-HCL, pH 

8.5. The DNA was subsequently screened by generating an ORF54 specific PCR 

amplicon with primers specific for the ORF54 gene. Positive PCR products were then 

digested with restriction enzyme Xho I and checked for DNA bands of the correct size by 

agarose gel electrophoresis. All positive recombinant colonies were checked for correct 

mutation(s) by DNA sequencing.  
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Table 2. BACs, plasmids, bacterial strains and primers used in this study. Boldface F (forward) and R 

(reverse) refers to the direction of the primer with respect to the genome map. VZV sequences are in black 

font color and point mutations are shown in red font color. 

Reagent Description Source or sequence 

BACs   

   VZVLUC VZV pOKA 

containing firefly 

luciferase and green 

fluorescent protein 

[66] 

   Δ54S galK cassette in place 

of ORF54 bp 301 to 

1574 in VZVLUC 

[55] 

Plasmid   

   pJet 1.2-ORF54 Full length ORF54, 

used as template for 

AA 304 and 324 

mutagenesis 

[55] 

   pJet 1.2-ORF54 

Flanks 

Full length ORF54 

with flanking regions, 

used as template for 

AA 48 mutagenesis 

[55] 

Bacterial strains   

   NEB 5-alpha 

competent E.    coli 

Chemically 

competent E. coli cells, 

used for 

transformation with 

mutagenic pJet 1.2-

ORF54 

New England Biolabs 

   SW102-Δ54S Used for 

recombineering of 

mutagenic ORF54 

[55] 

Primers   

   54 F Used to amplify 

ORF54 gene for 

recombineering 

ATGGCCGAAATAACGTCTCT 

   54 R Used to amplify 

ORF54 gene for 

recombineering 

CTAAGATCTTCGATCACGTC 

   54flanks F Used to amplify 

ORF54 gene with 

flanking regions for 

recombineering 

CCGTATACACCCTATCTTCAACCGCAGTT 

   54flanks R Used to amplify 

ORF54 gene with 

flanking regions for 

recombineering 

CTCATTCCTCTGCATTTCAGGAGGCGCTT 

   E48D F Used for mutagenesis 

of AA change E48D 
ATACTGGAATGACTACGCCCCGG 
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   E48R F Used for mutagenesis 

of AA change E48R 
ATACTGGAATAGGTACGCCCCGG 

   E48A F Used for mutagenesis 

of AA change E48A 
ATACTGGAATGCGTACGCCCCGG 

   E48K F Used for mutagenesis 

of AA change E48K 
ATACTGGAATAAGTACGCCCCGG 

   E48 R Used for mutagenesis 

of AA E48 changes 
ATATCGAACATGTTCTTGTATTGGTCATTTG 

   G304D F Used for mutagenesis 

of AA change G304 
CGTTGTATGTGACGAGGGTGTAG 

   G304R F Used for mutagenesis 

of AA change G304 
CGTTGTATGTGAGGAGGGTGTAG 

   G304K F Used for mutagenesis 

of AA change G304 
CGTTGTATGTGAAGAGGGTGTAG 

   G304A F Used for mutagenesis 

of AA change G304 
CGTTGTATGTGGCGAGGGTGTAG 

   G304 R Used for mutagenesis 

of AA change G304 
GGCGGCCACACGACCAAACA 

   Y324F F Used for mutagenesis 

of AA change Y324F 
GTTGGCCTGTTCTGCATTACGTG 

   Y324W F   Used for mutagenesis 

of AA change Y324W 
GTTGGCCTGTTGGGCATTACGTG 

   Y324M F Used for mutagenesis 

of AA change Y324M 
GTTGGCCTGTATGGCATTACGTG 

   Y324S F Used for mutagenesis 

of AA change Y324S 
GTTGGCCTGTTCTGCATTACGTG 

   Y324C F Used for mutagenesis 

of AA change Y324C 
GTTGGCCTGTTGTGCATTACGTG 

   Y324A F Used for mutagenesis 

of AA change Y324A 
GTTGGCCTGTGCTGCATTACGTG 

   Y324 R Used for mutagenesis 

of AA Y324 changes 
ACCTCCCCAGAAAGCCGCT 

Table 2. Continued 
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BAC DNA Isolation and Transfection of ARPE19 Cells 

BAC DNAs were prepared using a NucleoBond Xtra BAC purification kit 

(Macheray-Nagel). Cells containing recombinant BACs were grown overnight in 400ml 

LB with 25mg/ml chloramphenicol. Cells were pelleted at 4500rcf, 4˚C for 10 minutes 

and resuspended in 60ml buffer RES-BAC. The cells were then lysed by adding 60ml of 

buffer LYS-BAC and incubated for 5 minutes at room temperature. 60ml of buffer NEU-

BAC was added and the lysate was incubated for 10 minutes on ice. The precipitate was 

pelleted at 4500rcf for 10 minutes and the clear supernatant was applied to NucleoBond 

columns. DNA was washed with 30ml buffer WASH-BAC and eluted by adding 15ml of 

buffer ELU-BAC prewarmed to 70˚C. Room temperature isopropanol was added to 

precipitate the DNA from the solution and the tube was centrifuged at 15000rcf, 4˚C for 

30 minutes. The supernatant was removed and the DNA pellet washed once in 70% 

EtOH. Air dried pellet was resuspended in 75μl 10mM Tris-HCL, pH 8.5. 10μg of 

recombinant BAC DNA was transfected into ARPE 19 cells.  DNA was diluted in 2ml 

MEM and mixed with 8μl of PLUS Reagent and 20μl Lipofectamine (Thermo Fischer 

Scientific). This mixture was incubated for 15 minutes at room temperature and finally   

added to a 100mm dish with confluent ARPE19 cells in MEM with 2% FBS.  

 

Growth Kinetics 

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

Bovine Serum were infected with 300 PFU viral mutant stock. The parental OKA strain 

served as control.  Each virus was used to infect 6 different 12 well plates corresponding 
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to each of 6 different time points: 6hrs, 24hrs, 48hrs, 72hrs, 96hrs and 120hrs in triplicate. 

12 well infected monolayers were incubated for 4 days at 37°C, washed with PBS, and 

harvested in lysis buffer. Growth 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). The data graphed as the averages ± standard deviations for 

triplicate samples. 

 

Plaque Reduction Assay 

Mutant infected ARPE19 cells were exposed to increasing concentrations of α-

methylbenzyl thiourea analog (Compound No. 2) in order to determine their sensitivity to 

Compound II. ARPE19 cells were infected with approximately 300 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 the compound. 

Monolayers were incubated for 5 days at 37°C, washed with PBS, and harvested in lysis 

buffer. 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 averages from 

triplicate samples ± standard errors. 
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RESULTS 

Targeted Mutagenesis of ORF54 

Targeted mutagenesis was performed using paired oligonucleotides (Table X), 

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

PCR products of 4 individual mutagenesis reactions predicted to result in single amino 

acid substitutions at pORF54 amino acid residue 324 were analyzed on agarose gels.  

Since the PCR reaction synthesized the entire plasmid DNA sequence, a single PCR 

product of approximately 5.2 kb was expected.  Each PCR reactions contained a product 

correlating with the predicted size of the combined pJET1.2 plasmid (2.9kb) and ORF54 

gene (2.3kb). 

 

Figure 6. Agarose gel electrophoresis of PCR mutagenesis product from four AA324 candidates. Using a 

mix of lambda DNA Hind III and bacteriophage ϕX174 HaeIII digests as reference markers, all four lanes 

were considered positive for a correctly sized 5.3kb DNA band. 
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PCR products were ligated and transformed into E. coli. Plasmid DNA from 

individual bacterial colonies was digested with Bgl II restriction enzyme to identify 

potential plasmids containing ORF54.  The pJet 1.2 cloning vector contains 2 Bgl II sites 

while the ORF54 gene has 3. Digestion should result in 5 DNA fragments of 2.9 kb, 

1057bp, 515bp, 730bp and 8bp (not visible). Plasmid clones were observed with 

fragments of the approximate expected sizes of 2.9kb, 1kb, 700bp and 500bp. Y324F 

samples 1, 2, and 4 were potential mutagenized ORF54 clones (Figure 7).  
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Figure 7. Top: Representation of the plasmid (pJet 1.2) containing the ORF54 gene insert. Plasmid Bgl II 

restriction sites and internal ORF54 restriction sites are shown. Bottom: Bgl II digestion and agarose gel 

electrophoresis of pJet 1.2 plasmid potentially containing mutated ORF54 sequences. Four potential 

plasmid clones of Y324F mutagenesis were analyzed for the correct Bgl II digestion pattern. Using a mix 

of lambda DNA Hind III and bacteriophage ϕX174 HaeIII digests as reference markers, Y324F samples 1, 

2 and 4 were considered positive transformants. 
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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 8 

represents part of the aligned amino acid sequence that includes the mutagenized sitefor 

Y324F. Additional regions were further analyzed to ensure no other AA changes had 

occurred (data not shown). 

 

 

Figure 8. Translated sequencing data aligned with VZV OKA pORF54. Candidates positive for PCR 

mutagensis (figure 6 & 7) were sequenced to confirm the occurrence of each specific mutation. The top 

lane labelled “Query” represents translated sequencing data, and the buttom lane labelled “Sbjct” represents 

the VZV reference sequence with the numbers corresponding to the AA position in the ORF54 protein. 

Mutations are labelled in red, highlighting the presence of the desired mutation at the correct site. The 

Y324F example showed  AA position 324 has phenylalanine substituted for tyrosine. 

 

Recombineering of mutagenized ORF54 into VZV BAC 

ORF54 DNA carrying the desired mutation was successfully recombineered into 

VZV BACs to create a complete VZV genome with the desired mutation 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 
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full length gene. Furthermore, candidate 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. Both PCR analysis and subsequent Xho I restriction are 

demonstrated in figure 9 and 10 respectively. Referring to the positive control, both 

figures display correctly sized DNA fragments for at least one candidate of each 

mutation. Potential recombinants were sequenced in the ORF54 region to confirm 

incorporation of the correct mutation. Translated BAC DNA sequencing results are 

shown for two mutations in figure 11.  

 

Figure 9. 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 were used to identify 

BAC clones that yielded  a product of 2.3kb. Parental VZV BAC was used as a postive control. At least one 

colony for each mutation showed a correct product was identified. 
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Figure 10. PCR products from postive BAC clones (figure 9) 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. 

E48D lane 2, E48R lane 4 and Y324F lane 1 were confirmed as ORF54 positive recombinants.   

 

 

Figure 11. Translated sequencing data aligned with VZV OKA pORF54. BAC clones positive by PCR and 

Xho I analysis (Figure 9 & 10) were sequenced to confirm the occurrence of each specific mutation. The 

top lane labelled “Query” represents translated sequencing data, and the buttom lane labelled “Sbjct” 

represents the VZV reference sequence with the numbers corresponding to the AA position in the ORF54 

protein. Mutations are labelled in red, highlighting the presence of the desired mutation at the correct site. 

 

To confirm that no gross alterations occurred during the recombineering process, 

each VZV BAC construct was digested with Sal I and comparing to the parental VZV 

genome via agarose gel electrophoresis and EtBr staining. Figure 12 shows the restriction 

patterns obtained for 5 of the AA 324 BAC constructs. All BAC digests displayed a 
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similar pattern to that of the parent VZV BAC control, thus confirming no gross 

alterations or rearrangements had occurred to the genome.  

 

Figure 12. VZV BAC DNA analysis. Recombinant BAC was digested with Sal I enzyme and compared to 

VZVLUC BAC digested control DNA. Sal I-digested BAC DNAs were visualized after electrophoresis on a 

0.65% agarose gel and staining with EtBr. 

  



29 
 

 

Transfecting ORF54 Mutant BAC DNAs 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 plaque forming units per 

milliliter (PFU/ml).  Infected cells stocks of all mutants were used to performindividual 

growth kinetics and plaque morphology analyses.   

 

 

 

Figure 13. Growth kinetics of VZV OKA. A: ARPE-19 cells were infected in triplicate with 300 PFU/ml 

parental VZV OKA, and harvested in luciferase lysis buffer at the indicated time points. Viral replication is 

indicated by firefly luciferase activity which is shown in relative luminescent units (RLU). Standard error 

of the mean is included as error bars. B: Fluorescence microscopy (20x magnification) of a representative 

field of viral plaque formed in ARPE-19 cells at 72 hours post infection. 
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Figure 14. Growth kinetics of ORF54 amino acid 48 mutants. A: ARPE-19 cells were infected in triplicate 

with 300 PFU/ml of indicated virus, and harvested in luciferase lysis buffer at the indicated time points. 

Viral replication is indicated by firefly luciferase activity which is shown in relative luminescent units 

(RLU). Standard error of the mean is included as error bars. B: Fluorescence microscopy (20x 

magnification) of a representative field of viral plaque formed in ARPE-19 cells at 72 hours post infection.  
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Figure 15. Growth kinetics of ORF54 amino acid 304 mutants. A: ARPE-19 cells were infected in 

triplicate with 300 PFU/ml of indicated virus, and harvested in luciferase lysis buffer at the indicated time 

points. Viral replication is indicated by firefly luciferase activity which is shown in relative luminescent 

units (RLU). Standard error of the mean is included as error bars. B: Fluorescence microscopy (20x 

magnification) of a representative field of viral plaque formed in ARPE-19 cells at 72 hours post infection.  
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Figure 16. Growth kinetics of ORF54 amino acid 324 mutants. A: ARPE-19 cells were infected in 

triplicate with 300 PFU/ml of indicated virus, and harvested in luciferase lysis buffer at the indicated time 

points. Viral replication is indicated by firefly luciferase activity which is shown in relative luminescent 

units (RLU). Standard error of the mean is included as error bars. B: Fluorescence microscopy (20x 

magnification) of a representative field of viral plaque formed in ARPE-19 cells at 72 hours post infection. 
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Historically portal structure is thought to be relatively intolerant to mutagenesis 

complex, all mutants were viable and able to form plaques in ARPE19 cells. Figure 13 

showsthe growth kinetics of parental VZV OKA, representing a standard viral growth 

curve for comparing ORF54 mutants. Viral replication peeks around 96 hours after 

infection, with a roughly 600-fold increase in RLU. Standard error of the mean (SEM) is 

shown although the error bars are consistently small, highlighting the reliability and 

consistency of the replication assay. Fluorescence microscopy of viral plaque formation 

(figure 13 B) at 72 hours post infection, display a typical plaque morphology for VZV 

infection of ARPE19 cells.  

Growth kinetics for ORF54 AA48 mutants are shown in Figure 14. All mutants 

showed similar growth kinetics to each other and when compared to parental VZV. The 

data suggests that substitutions at residue 48 did not disrupt portal structure or function. 

Plaque morphology at 72 hours post-infection appeared similar to parental VZV (Figure 

14B).  Figure 15 shows the growth kinetics for all AA 304 mutants, and despite the 304R 

mutant displaying a higher initial titer, they all appear to grow at approximately the same 

rate. The data suggests that substitutions at residue 304 did not disrupt portal structure or 

function.  Plaque morphology at 72 hours post-infection appeared similar to parental 

VZV (Figure 15 B). Lastly, growth kinetics of AA324 mutants are shown in figure 16. 

Again, all mutants displayed similar growth kinetics to each other and when compared to 

parental VZV, suggesting that none of these substitutions disrupt portal structure or 

function. Plaque morphology at 72 hours post-infection appeared similar to parental VZV 



34 
 

 

(Figure 16B). Altogether, the results suggest that ORF54 mutations at amino acid 

residues 48, 304 and 324 do not alter pORF54’s ability to form oligomers and facilitate 

translocation of viral DNA into the capsid. 

Activity of α-methylbenzyl Thiourea Compound II Against Mutant VZV 

  The resistance profile of each mutant was examined in the presence of compound 

II. Comparing IC50 values of mutant VZVs to parental VZV allowed for determining 

whether any change in resistance had occurred. Plaque reduction assays with increasing 

amounts of compound, were performed (Figures 16 -18). 

 

 

0

5 0

1 0 0

1 5 0

P R A  A A  4 8  m u ta n ts

C o n c . c o m p o u n d  II  ( g /m l)

%
 R

L
U

E 4 8 K

E 4 8 A

E 4 8R

E 4 8 D

.03 .06 .125 .25 .5 1 2

V Z V  O K A

0

 

Figure 17. Plaque reduction assay of ORF54 AA48 mutants. Monolayers of ARPE-19 cells were infected 

in triplicate with VZV mutants and parental VZV OKA, and incubated with increasing amounts of thiourea 

inhibitor.  After 5 days, cells were harvested in luciferase lysis buffer and analyzed for firefly luciferase 

activity. Each point represents the average of 3 independent measurements (SEM provided) converted to % 

relative luminescent units (% RLU) of the RLU average obtained with no drug (0). 
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Figure 18. Plaque reduction assay of ORF54 AA304 mutants. Monolayers of ARPE-19 cells were infected 

in triplicate with VZV mutants and parental VZV OKA, and incubated with increasing amounts of thiourea 

inhibitor.  After 5 days, cells were harvested in luciferase lysis buffer and analyzed for firefly luciferase 

activity. Each point represents the average of 3 independent measurements (SEM provided) converted to % 

relative luminescent units (% RLU) of the RLU average obtained with no drug (0). 
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Figure 19. Plaque reduction assay (PRA) of ORF54 AA324 mutants. Monolayers of ARPE-19 cells were 

infected in triplicate with VZV mutants and parental VZV OKA, and incubated with increasing amounts of 

thiourea inhibitor.  After 5 days, cells were harvested in luciferase lysis buffer and analyzed for firefly 

luciferase activity. Each point represents the average of 3 independent measurements (SEM provided) 

converted to % relative luminescent units (% RLU) of the RLU average obtained with no drug (0). 
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Plaque reduction assays (PRAs) above were able to identify several mutants with 

resistance similar to those of the naturally occurring mutations. Figure 17 displays the 

results for all AA 48 mutants. Mutations altering the glutamic acid  arginine (E48R) as 

well as alanine (E48A) both have similar resistance features to the originally occurring 

glutamic acid  lysine (E48K) mutant, though the E48A mutant was slightly more 

susceptible to compound treatment. First when introduced to the highest compound 

concentration of 2 µg/ml was the virus significantly reduced and the IC50 reached (shown 

in table 3). Only the conservative glutamic acid  aspartic acid (E48D) mutant showed 

susceptibility to thiourea compound similar to parental VZV.  

A somewhat similar pattern was observed for the AA 304 PRA seen in figure 18. 

Here, all mutations significantly increase the IC50, regardless of whether the mutation was 

considered conservative or non-conservative. Despite being also the most susceptible 

mutant it is noteworthy that the most conservative mutation, glycine  alanine, induced a 

4.25-fold resistance increase when comparing the IC50 to that of parent VZV. 
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Lastly, the PRA data generated for the AA 324 mutants are shown in figure 19. 

Similar to what can be observed for the AA 48 mutants, only the most conservative 

substitution of tyrosine  phenylalanine display susceptibility to the thiourea compound 

at a comparable rate to that of parent VZV. However, the 1.6-fold IC50 increase between 

parent VZV and Y324F mutant could still be considered a significant increase in the 

resistance towards the compound. All other AA 324 mutants had an IC50 >2 and all 

showed very similar phenotypes, despite the relatively large differences between that 

actual AA substitutions.  



38 
 

 

Table 3. IC50 values generated from plaque reduction assays using α-methylbenzyl thiourea compound II. 

Each mutant is indicated by its amino acid substitution, and the fold increase in IC50 is provided to compare 

the results of each mutant.  

  

 

Table 3 above displays the resulting α-methylbenzyl thiourea compound II IC50 

values for all the mutants created. Here it clearly shows that nearly every change made at 

the 3 sites studied in this thesis, significantly increases VZV resistance towards the 

thiourea compound. In fact, only the E48D mutant with a fold increase of 1.1 show 

compound sensitivity statistically similar to VZV OKA. The Y324F mutant is the only 

other amino acid change with comparable sensitivity to the parent virus, although the 1.6-

fold change in resistance should be considered a significant increase. Similar for both of 

these mutants is that the substitution made structurally resembles the original amino acid 

closely, which is to be further analyzed in the section below.  
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DISCUSSION 

Despite advances in the prevention of primary varicella with the introduction of a 

live attenuated varicella vaccine for immunization of healthy children and adults, the 

reported incidences of herpes zoster cases have been on a rise. Secondary zoster 

infection, commonly known as shingles, remains a medical concern for 

immunosuppressed individuals as well as individuals presenting with lasting neurological 

pain known as postherpatic neuralgia (PHN). PHN is often a debilitating condition 

characterized by burning, itching, and tingling sensations that are disruptive to an 

individual’s daily routine [4, 7]. 

In an attempt to advance these medical needs, we focus in this thesis, on the 

potential of α-methylbenzyl thiourea compound as a novel VZV inhibitor. Disrupting 

viral DNA encapsidation with the treatment of thiourea compound has shown a number 

of excellent qualities in vitro as well as in vivo, making this type of inhibitor an especially 

exciting prospect [34]. However, the question of the exact mechanism of action for these 

compounds and where they bind in the ORF54 protein remains unknown, which was the 

basis of this thesis. Mutational mapping using compound resistant VZV mutants 

generated by growing virus in the presence of compound, revealed a number of mutations 

located in the ORF54 protein, but did not reveal a specific binding pocket [55]. Based on 

structural knowledge of the portal protein obtained from different phage crystallography, 

no true pattern between the location of each mutation could be shown. Instead we looked 
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at the magnitude of resistance each mutation conferred, and generated a set of 

experiments to investigate the chemical and physical properties each mutation induced. 

Three mutations in the ORF54 gene were singled out: E48K, G304E and Y324C as they 

all lead to a significant increase in resistance but can also be proposed to be in close 

proximity with one another.  

We successfully produced a set of VZV mutants, designed to enlighten the 

physical and chemical importance of each of these three resistance mutations, which in 

turn allows us to more accurately approximate the compound binding pocket and hereby 

potentially enlightening the mechanism of action. Using a recombineering technique, 

each mutant genome was effectively created to contain only the desired mutation. 

Hereafter, we confirmed the viability of each mutant, by comparing their individual 

growth rate to that of parental VZV (Figure 13-16). Plaque reduction assays (PRAs) were 

then preformed (figure 17-19), to compare the ability of each mutant to grow in the 

presence of increasing concentrations of thiourea compound to that of parental VZV.  

Of the 12 mutants created in this study, only the E48D and Y324F mutation 

displayed sensitivity comparable to the VZV OKA phenotype. All other substitutions, 

regardless of their differences in size and chemistry, induced a large increase in resistance 

towards compound. Similar for both E48D and Y324F is that both mutations structurally 

resemble the original amino-acid. However, while E48D can be considered a 

conservative substitution, Y324F changes a polar tyrosine residue into a non-polar 

phenylalanine. The fact that all other mutations induces significant resistance, regardless 
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of chemical properties, suggests that a physical alteration at any of the three AA locations 

is somehow adequate to reduce virus sensitivity towards compound. It seems, that 

resistance is less so dependent on the chemical attributes of the AA change, but instead 

that a minor structural change can significantly decrease sensitivity. Studying the PRA 

results for each AA location individually further highlights this pattern.  

E48R is a non-conservative substitution changing the AA from a negatively 

charged residue into a positively charged arginine, similarly to the original E48K 

mutation. Based on the similarity in charge and structure between lysine and arginine, we 

predicted the E48R mutant to display a similar resistance phenotype to that of the original 

E48K mutant, which indeed was the case (figure 17). Likewise, we anticipated that the 

conservative E48D mutant would display no particular change in resistance when 

compared to parental VZV, as this substitution changes a negatively charged glutamic 

acid to the similar aspartic acid. Referring to figure 17 this turned out to be true as well. 

Lastly, the E48A substitution resembles neither the original glutamic acid, nor the 

original lysine resistance mutation, as alanine is a small non-polar AA. With an IC50 15-

fold increase compared to parental VZV, the E48A substitution was sufficient to 

significantly increase resistance at a highly comparable PRA pattern to the original E48K 

resistance mutation (figure 17). Initially, we hypothesized that the original mutation from 

a negatively charged glutamic acid into positively charged lysine could be specific to the 

observed switch in resistance, however the PRA results for the alanine substitution would 

suggest that this is not true. Instead it seems that compound resistance generated at the 

AA 48 location is less specific, and perhaps has more to do with a physical change in 
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size, emphasized by the results of the E48A mutant. However, there is also a possibility 

that sensitivity to compound is dependent on the presence of a negatively charged amino 

acid at this position. 

Figure 18 shows the PRA data for the substitutions made at the AA 304 position. 

Interestingly, every substitution from the original glycine results in a significant increase 

in resistance. Glycine is the smallest possible AA, thus making it difficult to produce a 

truly conservative mutation, reflected by the results generated. Every change made 

simply results in a bigger and bulkier amino acid. The most conservative substitution 

made was that of the G304A, as alanine only differ by the addition of a methyl group, 

making alanine a somewhat conservative switch into a slightly bigger AA. Despite the 

similarities this substitution produced a significant 4.3-fold IC50 increase. G304D was 

produced as a substitution conservative to the original G304E resistance mutation, and 

thus we predicted this mutant to be resistant as well. Again, referring to figure 18, this 

was indeed true despite the IC50 being slightly lower than that of the original mutation.  

Lastly, the G304R and G304K substitutions both change the glycine into a large 

positively charged residue, as opposed to the negatively charged glutamic acid switch 

occurring in the original resistant mutant. Again, the assumption was that if resistance at 

this location was dependent on the attributes of the negatively charged glutamic acid 

these mutants would not display any particular resistance towards compound. Both 

mutants however were shown to be highly resistant (14.5-fold IC50 increase) with very 

similar PRA patterns, instead suggesting resistance is indeed not dependent on the 
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chemical properties of glutamic acid, but that perhaps the structural alteration from a 

small glycine into a larger AA can trigger the resistant profile of the virus. 

The last amino acid location in the ORF54 gene we studied was that of position 

324. Every other mutant than the Y324F substitution displayed an IC50 >2μg/ml, 

highlighting the sensitivity of this particular location in the protein. The Y324F 

substitution was in fact the only mutation at this position that had retained sensitivity 

towards compound at a similar pattern to the parental virus, which is interesting when 

analyzing the specific properties of this mutation. Phenylalanine and the original tyrosine 

are very similar in size and structure, only separated by the addition of an -OH group to 

the 4th position in the benzene ring, thus making tyrosine a polar amino-acid compared to 

the non-polar phenylalanine. We initially designed this mutant to potentially demonstrate 

the structural relevance of retaining an aromatic ring at this position, but also to show the 

significance of their difference in polarity. With the virus having retained sensitivity 

when introducing this mutation, suggests that the structural similarity is vital for 

compound efficiency, and that the chemical switch is less significant. The fact that every 

other mutant produced at this position show significant resistance, further highlights the 

importance of the original amino-acid structure, and also displays the lack of specificity 

required to produce a resistant mutant. The Y324W substitution was similarly produced 

to highlight the importance of the aromatic ring in the original tyrosine. Tryptophan is 

like phenylalanine a non-polar AA, but is bigger and thus structurally less similar to 

tyrosine. Despite the structural similarities this mutant was highly resistant, further 

showing the sensitivity towards any structural distortion. Resistance does not appear to be 
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dependent on the chemical properties of the substitution, but instead a minor structural 

alteration is adequate to significantly reduce sensitivity to compound treatment. Instead 

we are here able to show that structural conservation is of most importance in order to 

retain sensitivity towards compound.  

With the data described above, it becomes quite clear that minor structural 

changes at any of the 3 examined positions is enough to significantly reduce compound 

effectiveness. We believe, with these results, that we have identified an area of the 

ORF54 protein crucial to the α-methylbenzyl thiourea compound MOA. However, trying 

to interpret how these small physical changes are sufficient to reduce viral sensitivity 

towards this compound remains a complex matter. As previously mentioned, several 

potential MOAs resulting in the accumulation of empty capsids are possible, however 

Newcomb et al. described the effect of a similar HSV-1 inhibitor (WAY-150138) and 

provided some evidence that the compound causes a decrease in the association between 

HSV portal analogue, UL-6, and capsid protein [67]. Their data indicates the compound 

prevents portal incorporation into the capsid, hereby disallowing the translocation of the 

viral genome into the preformed capsid. In addition, recent experiments have shown the 

VZV portal complex to remain intact in the presence of compound, thus providing some 

indication that compound does not disrupt portal oligomerization (Visalli lab, 

unpublished data). Figure 20 below represents theoretical model of the VZV portal 

monomer, based on phage knowledge, with the individual sections of the protein 

displayed. Here we projected the three resistance mutations onto the protein, which 

locates them at a putative wing-stem intersection of portal monomer. Furthermore, in 
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figure 21 four different phage portal complexes and their association with capsid protein 

are displayed [62]. Here we projected the area that the three locations make up onto each 

of the portals’ wing-stem intersection. As can be seen, these mutations are all remarkably 

close to area of which capsid interacts with the portal. If the area comprised of these 3 

resistance mutations indeed make up part of the compounds binding pocket, as we 

believe the data produced in this thesis suggest, we can propose a model in which the 

thiourea compound inhibits portal-capsid association, thus preventing correct insertion of 

the portal complex in the icosahedral capsid structure. These findings would indeed be 

consistent with the previously mentioned studies done on the association of the HSV-1 

portal analogue with capsid in the presence of a similar encapsidation inhibitor [67]. 

 

Figure 20. Theoretical model for VZV portal protein, pORF54, using phage portal protein. Different 

sections of the protein are color coded as shown and stars represent the predicted location of resistance 

mutations 48K, 304E & 324C.  
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Figure 21. Comparison of 4 different phage portals and the association with their respective capsid. The 

φ29 (top left), SPP1 (top right), T4 (bottom left) and P22 (bottom right) portal complexes all have their 

wing, stem, clip and crown domains colored green, blue, purple and orange, respectively. Capsid protein is 

seen in cyan. The red triangle in each of the portals represents the projected location of the VZV pORF54 

amino-acid 48, 304 & 324 resistance mutations.  

 

 Despite this proposed model being speculative, we strongly believe that the high 

level of sensitivity to any structural change at the 3 positions investigated here, is due to 

compound interaction within this area. If compound fits tightly into this putative binding 

pocket it would explain why a structural change could block off compound binding, 

hereby producing a resistant virus. Whether compound binds to a single portal monomer, 

or fits into the multimeric structure is not yet known.  

Until a true model of pORF54 is produced, definitively figuring out the 

compound’s binding pocket and mechanism of action may prove difficult. Future 

experiments into this matter would include a similar inspection of the other resistance 
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mutations, which we believe would reveal to be less sensitive towards changes, if what 

we present here in fact is the area at which compound binds. At this point we do not 

know, how resistance can be caused by mutations at these other sites, which these further 

studies would enlighten. Furthermore, experiments with a string of alanine insertions 

instead of substitutions at these particular positions here investigated would potentially 

confirm that a structural distortion can produce a resistant phenotype. In fact, unpublished 

data produced at this lab, using transposon insertional mutagenesis, randomly provided a 

particularly resistant mutant with a number of randomly generated amino acids inserted at 

the 305 position of the portal protein, highlighting the importance of this area for 

compound effectiveness.  
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