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ABSTRACT 

 

ACTIVITY AND MECHANISM OF ACTION OF WAY-150138 AGAINST HERPES 

SIMPLEX VIRUS TYPE 2 

By PHILLIP T. LINDSEY 

Under the direction of ROBERT VISALLI, Ph.D. 

 

 

 Resistance to currently approved drugs and a medical need to treat beta and 

gamma herpesviruses merit the identification and development of alternative drug 

therapies for herpesviral infections. Previous research has suggested that a novel class of 

small molecule thiourea analogs target the UL6 portal protein of HSV-1 and HSV-2, 

disrupting the replication cycle during the viral DNA encapsidation process. Specifically, 

WAY-150138 compound was shown to have notable inhibitory effect against HSV-1. 

The compound’s reported lack of efficacy against HSV-2 remained puzzling considering 

the high amount of genetic conservation shared in the portal protein between HSV-1 and 

HSV-2. The studies presented in this thesis sought to resolve this issue. Viral yield assays 

were conducted for multiple strains of HSV-1 and HSV-2 in the presence of compound, 

and viral titers were calculated via direct plaque assay on Vero cell monolayers. Contrary 

to previous studies, WAY-150138 exhibited a similar inhibitory effect against both HSV-

1 and HSV-2. To further investigate the molecular mechanism of thiourea compounds 

that target encapsidation, the HSV-2 portal homolog, encoded by the UL6 gene, was used 

to generate an rb-BAC-pUL6 protein. After full-length expression of the portal protein in 

a recombinant baculovirus system, sucrose gradient fractionation provided samples 

containing enriched amounts of pUL6 for further biochemical analysis. 
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INTRODUCTION 

The Herpesviridae consist of enveloped, double stranded DNA viruses that have a 

broad range of infection across the animal kingdom, involving both vertebrate and 

invertebrate species. Currently, there are eight known herpesviruses that are infectious in 

the human population. Host cell tropism, length of replication cycle, and genome 

configuration categorize herpesviruses into alpha-, beta-, and gammaherpesvirus sub-

families (1). Members of these subfamilies have a distinct tropism for nerve and 

lymphoid cells, and via latency, the virus is able to remain largely undetected for the 

duration of the host’s lifetime. Each herpesvirus can produce localized disease in the host 

after primary infection resulting in cycles of active viral replication (outbreak) followed 

by the establishment of latency characterized by the absence of replicating virus. Despite 

significant biomedical research efforts, an effective cure for herpes infections has yet to 

be discovered. 
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Table 1. Nomenclature and pathology of human herpesvirus 

Herpesvirus 
Abbreviation 

Cell Type(s) Infected 
Disease & 

Complications ITCV Informal 

Herpes Simplex 1 HHV-1 HSV-1 
Endothelium, Sensory 

Nerve Ganglia 
Oral Herpes 

Herpes Simplex 2 HHV-2 HSV-2 
Endothelium, Sensory 

Nerve Ganglia 
Genital Herpes 

Varicella-zoster Virus HHV-3 VZV 
Endothelium, Sensory 

Nerve Ganglia 
Chicken Pox; Shingles 

Epstein-Barr Virus HHV-4 EBV B-lymphocytes 

Infectious 

Mononucleosis, B-cell 

Lymphoma 

Human 

Cytomegalovirus 
HHV-5 HCMV 

Endothelium, 

Fibroblasts 

Birth Defects, 

Mucoepidermoid 

Carcinoma, 

Glioblastoma 

Multiforme 

HHV-6 HHV-6 HHV-6 
Endothelium, Nervous 

Tissue 

Encephalitis, 

Lymphadenopathy, 

Myocarditis, 

Myelosuppresion 

HHV-7 HHV-7 HHV-7 
Endothelium, Nervous 

Tissue 

Infantile Exanthema 

Subitum, Acute Febrile 

Respiratory Disease, 

Reactivation of HHV-4 

Kaposi’s Sarcoma 

Associated Herpesvirus 
HHV-8 KSHV 

Endothelium, B-

lymphocytes 

Kaposi’s Sarcoma, 

Primary Effusion 

Lymphoma, Multicentric 

Castleman Disease 

 

HSV Infection and Replication 

 Herpes simplex virus (HSV) type 1 and type 2 are closely related viruses sharing 

substantial homology in their genetic sequences (1). Both are highly contagious members 

of the “alpha” subfamily of Herpesviridae, initially infecting mucosal epithelial cells and 

later establishing latency in cells of neuronal origin. (37). HSV-1 is primarily associated 

with herpes labialis (cold sores), while HSV-2 is the predominant cause of genital herpes, 

although both types are associated with both diseases (36, 24).  

 The viral replication life cycle of both HSV type 1 and 2 is a regulated process. 

After attaching and entering into the host cell, the virus sheds its glycoprotein coat and 
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lipid envelope. The nucleocapsid migrates to the cell nucleus where viral DNA is 

deposited and the transcription of immediate-early genes begins. The resulting 

immediate-early proteins then initiate transcription of early genes. Viral DNA is 

replicated in a rolling-circle mechanism resulting in long strands of concatameric DNA. 

Simultaneously during this stage of the cycle, the assembly of viral procapsids begins 

within the nucleus. After the immature capsids are assembled they are filled with cleaved 

monomeric forms of the concatameric viral DNA in a process known as encapsidation. 

DNA-filled capsids then migrate out of the nucleus, obtain a lipid envelope containing 

viral glycoproteins and exit the cell. (9,22). 

Herpesvirus Antivirals 

 As with the rest of the human herpesviruses (HHVs), HSV-1 and HSV-2 have a 

pronounced ability of establishing and reactivating from a latent state once the host has 

been infected. A consequence of the conditions of latency means that therapies that target 

the mere inhibition of viral replication cannot effectively eradicate infection. Since the 

method of halting latent infections has not yet been discovered, replication inhibitors 

remain the dominant treatment in suppressing and limiting the recurring symptoms of 

outbreaks associated with herpesvirus infections. The current available antiviral inhibitors 

for both HSV-1 and HSV-2 can be classified into two chemical classes: nucleoside or 

pyrophosphate analogues with each drug sharing a common mechanism of targeting viral 

DNA polymerase, thereby interfering with DNA synthesis. The existing marketed anti-

herpesviral drugs include acyclovir, ganciclovir, valganciclovir, valaciclovir, penciclovir, 

famciclovir, foscarnet, and cidofovir (29). Although several therapeutic options are 

presently available, treatment for herpesvirus infections is still inadequate due to negative 
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side effects, limited specificity and poor bioavailability. Since all of the currently 

available drugs also share the same target mechanism, the development of resistance has 

been observed, particularly in immunosuppressed populations. Resistant strains of HHVs 

have been identified for all of the drugs previously listed, inciting continued research into 

the identification and development of novel drug therapies (29). 

 Proteins that play an essential role in the viral DNA encapsidation process have 

become promising novel anti-herpesviral chemotherapeutic targets. A series of novel, 

non-nucleoside thiourea compounds that inhibit both the HSV-1 and HSV-2 

encapsidation process have been described (28, 29, 31).  A 2-fluoro phenyl analogue of 

this thiourea inhibitor group labeled WAY-150138 (Fig. 1) was shown to have activity 

specifically against HSV-1 and HSV-2. Experiments with laboratory-generated mutants 

resistant to this compound indicated that resistance was associated with mutations in the 

UL6 open reading frame. HSV-1 UL6 was shown to encode the essential capsid portal 

protein involved in the viral DNA encapsidation process (28). 

 

Figure 1. Structure of WAY-150138 (R = 2-fluoro phenyl) 
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Herpesvirus DNA Encapsidation 

 During the replication cycle of herpesviruses, a process known as encapsidation is 

responsible for the packaging of the viral genome into empty procapsids. The 

encapsidation process shares a significant resemblance to the process of genomic 

packaging in dsDNA bacteriophages (3, 20). Following capsid assembly in the nucleus of 

an infected host cell, concatameric progeny DNA is cleaved and tightly packaged into 

immature capsids as one unit length of herpesviral genomic DNA (Fig. 2). The 

terminase-DNA end complex first attaches to the progeny procapsids via a ring shaped 

portal protein located on one single vertex of the procapsid shell. DNA is injected 

through a channel in the portal oligomer with energy provided by terminase-catalyzed 

ATP hydrolysis. Packaging is complete once the terminase complex makes a second cut 

in the DNA and the portal is sealed by a capsid stabilizing protein plug (16). This critical 

process results in the formation of mature, dense core, C-type capsids, and requires the 

coordinated interaction of several viral proteins, seven of which have been shown to be 

essential in the HSV DNA encapsidation process: ULs 6, 15, 17, 25, 28, 32 and 33 (9, 

35). The deletion of any of these proteins in mutant strains of HSV results in the absence 

of successful DNA packaging within procapsids resulting in a higher accumulation of 

aberrant B-type capsids or empty A-type capsids (6, 12, 14, 16).  
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Figure 2. Schematic representation of encapsidation in HSV-1 

 

pUL6 Portal Protein 

 The HSV-UL6 gene product forms the portal protein, the site of entry for genomic 

DNA in the encapsidation process (16). Previously published findings have identified 

HSV-1 pUL6 as the portal protein. However, many details concerning the structure and 

function, especially for the HSV-2 homologue, have not been described. The HSV-1 

portal has been shown to localize at one single vertex on the viral capsid and although it 

does appear to be somewhat heterogeneous when assembled in vitro, its predominant 

confirmation in the viral capsid is a dodecameric ring. A single monomer of HSV pUL6 

was calculated to be approximately 74 kDa (14, 16, 27) which predicts a dodecamer of 

nearly 1 MDa. 

 The genetic sequence of UL6 and the homologs throughout the eight known 

HHVs share a relatively high degree of amino acid sequence conservation. This is 
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especially true between HSV-1 and HSV-2 (Table 2), which share an amino acid 

similarity of 85-88% (16, 29, 32). 

 

Table 2. UL6 portal protein dimensions for HSV-1 and HSV-2 

Herpesvirus Subfamily 
Portal 

Protein 

Mass 

(kDa) 

Length 

(AA) 

Portal 

Complex 

Mass (MDa) 

Accession 

HSV-1 � pUL6 74.1 676 0.889 ADM22788 

HSV-2 � pUL6 74.9 678 0.899 AEV91344 

 

 

 As mentioned earlier, cells infected in the presence of WAY-150138 compound 

showed a considerable decrease in DNA-filled capsids. Strains showing resistance to the 

compound were found to have mutations in the UL6 portal gene sequence, strongly 

suggesting that the UL6 portal protein is the major target for the WAY compound (14, 

28). It is interesting to note that in previous studies, the compound was shown to have a 

significantly greater effect on HSV-1 versus HSV-2 replication, despite the similarity 

shared for pUL6 portal between the two species (28). The conclusions were derived via 

an indirect assay, measuring amount of specific capsid associated protein. A direct assay 

of the actual viral yield for multiple strains of both HSV-1 and HSV-2 in presence of 

compound could provide a more comprehensive examination of the compound’s effect in 

both herpesvirus species.  
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Hypotheses 

 The activity of WAY-150138 against HSV-1 and HSV-2 strains will be 

similar due to the high level of homology of the UL6 protein in both species. The 

studies summarized in this thesis provided a more comprehensive examination of the 

compound’s efficacy via a direct viral yield assay. A larger diversity of HSV strains was 

examined in attempt to verify the accuracy of previously published findings that reported 

differences in compound activity between HSV-1 and HSV-2. In addition, HSV2-pUL6 

was expressed in a recombinant baculovirus (rb-BAC-pUL6) system to provide purified 

HSV-2 portal protein for use in further analysis of its resulting interaction with WAY-

150138 compound. 
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MATERIALS AND METHODS 

Images in this document are presented in color. 

Cells, Viruses and Chemical Compounds 

 Vero cells were cultured in modified Eagle’s minimal essential media (MEM) 

supplemented with 10% fetal bovine serum (FBS) at 37° C. HSV type I Strains KOS, 

Patton, 17 and HSV type II Strain 186 were obtained from the Visalli lab (Mercer 

University School of Medicine, Savannah, GA). HSV type II Strain MS was obtained 

from (ATCC, Manassas, VA). All HSV types were propagated on Vero cells in the 

presence of 2% FBS. Cell free supernatants of each virus were used on the day of 

preparation for assays. Acyclovir (ACV) and WAY-150138 thiourea compound were 

obtained from the Visalli lab (Mercer University School of Medicine, Savannah, GA). 

Viral Titers 

HSV-1 and HSV-2 stocks were plaque purified from a single plaque to ensure a 

single genotype for each strain. Vero cells were briefly infected with dilutions of each 

independent viral strain for 1 hour at 37° C and methylcellulose overlay was applied. 

After 72 hours, isolated plaques were identified and picked. Fresh Vero cell monolayers 

were infected with an isolated plaque from each strain for amplification. After another 

48-72 hours, infected cells were scraped in 2% FBS-MEM and viral cell free stocks were 

processed by freeze/thaw three times followed by low speed centrifugation. Supernatant
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for each strain was collected and stored at -80° C. A sample of each viral stock was 

diluted and titered on Vero cell monolayers in duplicate. Monolayers were fixed and 

stained with a 1% crystal violet in 20% methanol-phosphate buffered saline (PBS) for 1 

hour. Plaques were counted manually and the viral titer of each strain calculated. 

Plaque Reduction Assays 

Qualitative compound activity with WAY-150138 was tested for each strain via 

plaque reduction assays (PRA). Vero cells were grown on multiple 12-well plates in 

MEM containing 2% FBS. When testing inhibitors 0.3% dimethyl sulfoxide (DMSO) 

was also included to aid in solubility of WAY-150138. Duplicate wells were incubated 

for 1 hour in increasing concentrations of WAY-150138: 0.01, 0.1, 0.5, 1, and 2 (μg/ml). 

Positive control wells, which received HSV-infected cells without compound, were also 

treated with MEM containing 0.3% DMSO. Virus was then diluted to a concentration of 

~600 plaque-forming units (PFU) per ml and 0.5 ml were added to each well and 

incubated for 1 hour. Methylcellulose overlay was applied and cells were placed at 37° C 

for 72 hours. Monolayers were stained with 1% crystal violet and qualitative compound 

effect was visually assessed based on viral cytopathic effect (CPE). 

Viral Yield Reduction Assays 

 A triplicate infection of Vero cells in 2% FBS-MEM in a 12-well plate was 

performed for each viral strain at six different concentrations of compound (WAY-

150138): 0, 0.25, 0.5, 1, 2, and 4 (μg/ml) in presence of 0.3% DMSO. Cells were 

infected with a multiplicity of infection (MOI) of 1 with each viral strain and incubated 

for 2 hours. Plates were rinsed with 2% MEM twice to remove any unassociated virus, 
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then MEM with appropriate compound concentration was re-added to each well and 

incubated for 24 hours before being stored at -80° C. Plates were frozen and thawed (3x) 

to disrupt virus from cells. Cleared supernatants were then serially diluted on to fresh 

uninfected Vero monolayers in duplicate and incubated for 1 hour at 37° C followed by 

application of a methylcellulose overlay. After incubation for 72 hours, monolayers were 

fixed then stained with 1% crystal violet. Plaques were counted manually and used to 

determine the percent reduction in compound treated versus untreated cells. The endpoint 

of the assay was the concentration (IC50) of compound that reduced viral yield by 50% in 

comparison to the zero compound (0 μg/ml), virus infected control. The assay was 

repeated at the same concentrations and parameters with acyclovir as a positive antiviral 

control. 

Sequence Analysis 

 The nucleotide sequence of each viral isolate was analyzed to confirm the HSV 

type. Vero cell monolayers were infected with each HSV strain. After 48-72 hour 

incubation, cells were scraped and harvested in 2% FBS. A Hirt prep for HSV genomic 

DNA was performed following protocol by Visalli et al. (31). Viral DNA was used as the 

template for PCR amplification using primers synthesized for HSV1-UL6 (MU83: 5’-

ATGGACTTGCTGACGTCGAT-3’ and MU84: 5’-GCGTTGCCGGTGATAAGATA-

3’) and HSV2-UL6 (MU239: 5’-CGCGTACCGTGTCGTTGAT-3’ and MU240: 5’-

CTCGGATGCGTGCGATGATT-3’). For HSV-1 strains (KOS, Patton, and Strain 17), a 

product of ~1,800 bp was obtained and a product of ~1,200 bp was obtained for HSV-2 

strains (Strain 186, MS1, and MS2). PCR product containing HSV-UL6 was cloned into 

pJET 1.2/blunt vector (Fig. 6) per manufacturer’s instructions (CloneJET, Invitrogen). 
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UL6 gene insertion into vector was confirmed via restriction digest using Xho1 enzyme 

for HSV-1 and NcoI enzyme for HSV-2 recombinant plasmids. Plasmid DNA was sent to 

Eurofins MWG Operon USA (Louisville, KY) for genomic sequencing. Human 

herpesvirus 1, Strain 17, complete genome (Accession: JN555585)  was used as the 

comparison template for HSV-1 and Herpes simplex virus type 2, Strain HG52, complete 

genome (Accession: Z86099) was used for HSV-2. 

Indirect Immunofluorescence Analysis of HSV-Infected Cells 

 Vero cells were grown in 10% FBS-MEM on sterile glass coverslips in twelve 

well plates. Twenty-four hours after seeding, cells were infected with HSV-1 Patton and 

HSV-2 Strain 186 at MOIs of 0.5. WAY-150138 compound was added to cells 1 hour 

before infection at concentrations of 0, 0.5 and 10 μg/ml in complete medium containing 

0.3% DMSO. Cells were harvested after 9 hours of initial infection, fixed in (1:1) 100% 

methanol/acetate, washed in PBS with 3% BSA, and incubated with monoclonal antibody 

to ICP5 (antibody to HSV type I and II major capsid protein VP5) diluted at 1:200. The 

cells were washed with PBS, incubated with Tetramethylrhodamine (TRITC)-conjugated 

goat, anti-mouse secondary antibody and examined by fluorescence microscopy.   

Generation of HSV2-pUL6 Recombinant Baculovirus 

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

create a recombinant baculovirus expressing the HSV2-pUL6 gene product, rb-BAC-

pUL6. Spodoptera frugiperda (Sf9) insect cells were cultured in Hyclone SFX-Insect 

serum free cell culture with 0.1% Fungin. Cells were maintained at densities of 1.0-

4.0x10� cells per ml at 28° C with 110 rpm orbital shaking. Primers for the HSV-2 Strain 
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186 pUL6 gene were synthesized: HSV2-UL6 Bac-to-Bac (MU213: 5’-

ATGGCCGCACAGCGCGCGCGG-3’ and MU214: 5’-

TCATCGGCGGGCGTGGGGTCG-3’). Product of ~2,000 bp was obtained via PCR and 

analyzed on a 0.8% agarose gel stained with ethidium bromide. The PCR product 

containing full-length HSV2-pUL6 was cloned into vector pFastBac/NT-TOPO (Fig. 

12A) and used to transform chemically competent DH10Bac E. coli cells. HSV2-pUL6 

was transposed via antibiotic selection into recombinant bacmid DNA with assistance 

from helper plasmid and high molecular DNA mini-prep (ZR BAC DNA Miniprep, 

Zymo Research) was performed. Extracted bacmid DNA was used to generate 

recombinant baculovirus (rb-BAC-pUL6) and then transfected into Sf9 insect cells (Fig. 

15). Infection of Sf9 cell cultures with rb-BAC-pUL6 transfected insect cells provided 

large-scale expression of full-length portal protein. A control virus with a �-

glucoronidase reporter gene was also constructed using vector pFastBac1-Gus (Fig. 12B). 

Extraction and Purification of pUL6 from Infected Sf9 Cell Cultures 

 Following the protocol developed by Newcomb et al. (16), recombinant 

baculovirus-infected insect cell extracts were processed for the isolation of portal 

oligomers via sucrose density gradient centrifugation and fractionation. Sf9 insect cell 

cultures were infected with rb-BAC-pUL6 or BAC-GUS negative control virus and 

incubated with shaking at 28° C for 72 hours.  

 Purification was performed at 4° C unless otherwise indicated. Cells were 

harvested by centrifugation at 1000 X g for 5 min (~2.0 ml of packed cells), washed with 

phosphate buffered saline (PBS, pH 7.4) containing protease inhibitors, pelleted at 1000 

X g for 5 min, and resuspended in 4 ml of PBS with protease inhibitors. Cells were lysed 
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by three cycles of freezing and thawing at -80° C and 37° C. The lysate was centrifuged 

for 5 min at 16,000 X g and the supernatant discarded. The pellet, which contained pUL6 

in the form of inclusion bodies, was resuspended in 1ml TNE (pH 8.0) containing 2% 

Triton X-100, 10mM dithiothreitol (DTT) and protease inhibitors, and sonicated on ice 

with micro-tip probe. The suspension was centrifuged at 16,000 X g for 5 min and the 

supernatant discarded. The pellet was resuspended in 1 ml of TNE containing 20 mM 

MgSO4, 0.5 mg/ml of DNas-1 and protease inhibitors followed by a 10 min incubation at 

room temperature (RT) on a rocker-rotator. The suspension was centrifuged at 13,100 X 

g for 5 min and the supernatant discarded. The pellet was resuspended in 2 ml of 1 M 

arginine (pH 7.4) and incubated for 10 min on a rocker-rotator. The resulting solution 

was centrifuged at 16,000 X g for 20 min to clarify. After clarification, 2 ml of the 

solution was added to the top of a 10-ml gradient of 10 to 55% sucrose containing 1 M 

arginine and 20mM Tris-HCl (pH 7.5) and centrifuged at 23,400 X g overnight. Gradient 

fractions were collected at a drop speed of 12 drops per minute into half ml aliquots and 

stored at -80° C until analyzed. 

Protein Expression via Silver Stain and Western Blot Analysis 

 Expression of pUL6 in recombinant baculovirus infected insect cells was 

examined via western blotting and silver staining. Samples from infected cell pellets were 

collected for both rb-BAC-UL6 and BAC-GUS after resuspension of inclusion bodies in 

TNE. Samples were solubilized with 2X sample buffer/10% BME and heated to 95-100° 

C for 8 minutes. Samples were loaded on to 0.8% SDS-polyacrylamide gels and either 

blotted to PVDF Transfer Membrane (Thermo-Fisher, Rockford, IL) or prepared for 

silver staining. For western analysis, primary anti-His Ab (mouse) was applied at 1:2000 
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and secondary anti-mouse Ab was applied at 1:10,000. Approximate size of recombinant 

epitope tagged HSV-2 pUL6 (~81kDA) was predicted from the published amino acid 

sequence and taking into account additional molecular weight from amino acids in the 

His epitope tag. Silver staining was followed to the manufacturer’s instructions (Peirce 

Silver Stain Kit, Thermo-Fisher).  

Following sucrose gradient fractionation, protein from collected fractions was 

precipitated via subsequent addition and removal of methanol and chloroform. After 

collecting precipitate, sample was diluted to 1:50 with diH2O. Dye/BME was added to 

sample, heated and loaded directly to SDS-Page gel.  After transfer to PVDF membrane, 

product was detected via western blotting using the anti-His antibody. 

Electron Microscopy of Purified pUL6 

 Concentrated fractionation samples were collected and briefly sonicated.  A small 

amount of sample was negatively stained with 2% uranyl acetate, applied to copper grids 

and imaged using a JEOL JEM-2100PLUS TEM operated at 80kV. 
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EXPERIMENTAL RESULTS 

Previously published findings have reported differences in WAY-150138 

compound activity between HSV-1 and HSV-2. In order to provide a more 

comprehensive examination of the compound’s efficacy, multiple viral strains were 

analyzed in presence of compound to verify the accuracy of previous results. It was 

hypothesized that due to the relatedness of UL6 protein between HSV-1 and HSV-2, the 

activity of WAY-compound might be similar in both species. 

Qualitative Assessment of WAY-150138 Activity 

 To ensure a single genotype for each viral strain, HSV-1 (KOS, Patton, 17) and 

HSV-2 (186, MS) stocks were plaque purified from a single plaque. After amplification 

of virus, plaques were manually counted to calculate the viral titer. During the plaque 

purification and amplification process, the MS stock showed multiple phenotypes 

following infection of Vero cell monolayers. Two phenotypically different isolated 

plaques, one large and one small, were chosen for further amplification and designated 

MS 1 and 2. An initial qualitative assessment of WAY-compound antiviral activity was 

performed for each strain via plaque reduction assay (Fig. 3). Compound effect was 

visually assessed based on viral cytopathic effect (CPE). Results indicated that all viral 

strains except KOS showed sensitivity to the compound (Table. 3).  The results were 

somewhat surprising since previous studies published nearly twenty years ago reported a 

more than 10 fold difference in activity between HSV-1 and HSV-2 species. 
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Figure 3. Plaque reduction assays of HSV-1 (A) KOS, (B) Patton, (C) Strain 17, and 

HSV-2 (D) Strain 186, (E) MS1 and (F) MS2.  Duplicate wells were incubated for 1 hour 

in increasing concentrations of WAY-150138. Images are inversed with compound 

concentration increasing from top right to bottom left. Qualitative compound effect was 

visually assessed based on viral CPE. 

 

Table 3. Initial assessment of WAY-150138 via PRA 

Virus Strain 
WAY-150138 Conc. (µg/ml) 

0 0.01 0.1 0.5 1 2 

HSV-1 

KOS 

Viral 

CPE 

+4 +4 +4 +4 +3 +3 

Patton +4 +4 +3 +1 +1 +1 

17 +4 +4 +4 +2 +1 +1 

HSV-2 

186 +4 +4 +4 +3 +2 +1 

MS1 +4 +4 +4 +3 +2 +1 

MS2 +4 +4 +3 +2 +1 +1 

 

An assessment of +4 indicates highest visually assessed level of viral CPE, while +1 

indicates the least. All viral strains except KOS showed clear sensitivity in the 0.5 to 

1µg/ml concentration range of compound.  
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Viral Yield Reduction Assays of HSV Species in Presence of WAY-150138 Compound 

After initial qualitative assessment of WAY-150138, yield reduction assays were 

performed in the presence of increasing concentration of compound and viral plaques 

were manually counted for each strain to calculate viral titer in plaque forming units 

(PFU) per milliliter (Table 4). The assays were performed as detailed in the materials and 

methods section. IC50 values for three strains of HSV-1 (KOS, 17 and Patton) and three 

strains of HSV-2 (186, MS1 and MS2) were graphed as percent viral yield relative to 

virus replication in absence of compound (Fig. 4).  

The IC50 values represent the concentration of compound required for a 50% 

reduction in viral yield compared to the control titer. Contradictory to previous published 

findings, the results (Table 5) showed that WAY-150138 compound had similar 

inhibitory properties on the replication of both HSV-1 and HSV-2 strains. 

For HSV- 1 strains other than KOS, the IC50 ranged between 0.25 and 0.5μg/ml. 

Interestingly there was some suggestion that KOS was naturally resistant to the 

compound (14). Those results were confirmed here and it is likely related to changes that 

have accumulated in UL6 during laboratory passage of KOS for many decades. HSV-1 

strain Patton and HSV-2 strains MS1 and MS2 were significantly sensitive to the 

compound with an IC50s at or below 0.25 µg/ml (Table 5).  
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Table 4. Yield reduction assay viral titers in presence of WAY-150138 and acyclovir 

 

KOS

0 µg/ml 3.44E+07 3.34E+07 3.56E+07 3.44E+07 3.34E+07 3.56E+07

0.25 µg/ml 3.14E+07 3.96E+07 3.46E+07 6.60E+05 7.10E+05 1.15E+06

0.5 µg/ml 2.80E+07 2.08E+07 2.46E+07 3.10E+05 4.30E+05 2.80E+05

1 µg/ml 2.40E+07 2.20E+07 2.40E+07 1.78E+05 1.83E+05 1.49E+05

2 µg/ml 1.79E+07 1.03E+07 2.14E+06 5.60E+04 6.10E+04 3.80E+04

4 µg/ml 6.67E+06 8.60E+06 1.16E+07 1.24E+04 1.40E+04 1.38E+04

Patton

0 µg/ml 2.10E+07 1.93E+07 1.70E+07 2.10E+07 1.93E+07 1.70E+07

0.25 µg/ml 6.60E+06 4.30E+06 5.30E+06 3.58E+05 1.96E+05 2.42E+05

0.5 µg/ml 4.80E+05 4.20E+05 4.10E+05 2.70E+05 2.20E+05 1.35E+05

1 µg/ml 1.55E+05 1.40E+05 1.40E+05 2.40E+05 1.64E+05 2.30E+05

2 µg/ml 7.10E+04 5.40E+04 7.50E+04 1.56E+04 2.30E+04 2.36E+04

4 µg/ml 3.80E+04 3.90E+04 2.60E+04 4.10E+03 3.60E+03 4.75E+03

17

0 µg/ml 1.87E+07 1.87E+07 2.24E+07 1.87E+07 1.87E+07 2.24E+07

0.25 µg/ml 1.49E+07 1.58E+07 1.47E+07 9.10E+04 8.00E+04 5.80E+04

0.5 µg/ml 9.00E+06 1.01E+07 8.80E+06 5.30E+04 2.70E+04 4.00E+04

1 µg/ml 5.10E+06 5.40E+06 3.80E+06 2.54E+04 1.01E+04 2.11E+04

2 µg/ml 1.32E+06 1.10E+06 9.00E+05 6.90E+03 4.50E+03 6.20E+03

4 µg/ml 3.10E+05 4.10E+05 3.00E+05 5.50E+02 4.40E+02 3.40E+02

186

0 µg/ml 9.40E+05 3.80E+05 8.20E+05 9.40E+05 3.80E+05 8.20E+05

0.25 µg/ml 6.60E+05 3.60E+05 6.40E+05 8.40E+03 9.90E+03 9.00E+03

0.5 µg/ml 3.00E+05 1.76E+05 2.40E+05 4.40E+03 8.50E+03 9.00E+03

1 µg/ml 1.50E+05 7.60E+04 1.22E+05 7.10E+03 7.00E+03 4.90E+03

2 µg/ml 5.60E+04 4.20E+04 7.00E+04 2.06E+03 9.60E+02 1.32E+03

4 µg/ml 1.62E+04 1.19E+04 1.62E+04 4.00E+01 9.10E+02 3.00E+01

MS1

0 µg/ml 1.19E+06 1.86E+06 1.64E+06 1.19E+06 1.86E+06 1.64E+06

0.25 µg/ml 4.40E+05 3.90E+05 5.90E+05 5.20E+04 4.40E+04 3.70E+04

0.5 µg/ml 2.42E+05 1.21E+05 2.69E+05 2.20E+04 5.90E+04 6.50E+04

1 µg/ml 9.90E+04 6.30E+04 8.40E+04 4.00E+03 3.30E+03 2.80E+03

2 µg/ml 1.84E+04 2.38E+04 2.60E+04 3.00E+02 4.40E+02 1.88E+03

4 µg/ml 1.27E+03 1.18E+03 1.77E+03 2.02E+03 4.50E+02 6.10E+02

MS2

0 µg/ml 9.20E+05 7.10E+05 7.00E+05 9.20E+05 7.10E+05 7.00E+05

0.25 µg/ml 4.59E+05 2.06E+05 3.09E+05 2.40E+05 3.84E+05 3.36E+05

0.5 µg/ml 1.63E+05 1.60E+05 1.58E+05 2.10E+05 1.69E+05 1.72E+05

1 µg/ml 7.80E+04 8.60E+04 6.70E+04 9.30E+04 5.60E+04 8.20E+04

2 µg/ml 1.93E+04 2.57E+04 2.66E+04 1.59E+04 2.18E+04 2.18E+04

4 µg/ml 3.41E+03 1.05E+03 2.86E+03 2.57E+03 2.94E+03 3.13E+03
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Figure 4. Anti-herpes viral activity of WAY-150138 compound against (A) Herpes 

simplex virus, (B) HSV-1 strains KOS, Patton and 17 and (C) HSV-2 strains 186, MS1 

and MS2. IC50 (micrograms per milliliter) values were calculated from viral replication 

yield reduction assays. The data represents the percent viral reduction in triplicate 

samples for all viruses at each indicated drug concentration.  

 

Table 5. IC50 of WAY-150138 against HSV-1 and HSV-2 

Virus Strain 
WAY-150138 IC50 

µg/ml µM 

HSV-1 

KOS 2 5 

Patton <0.25 0.5 

17 0.5 1 

HSV-2 

186 0.5 1 

MS1 <0.25 0.5 

MS2 0.25 1 
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Acyclovir, a well characterized inhibitor of viral DNA replication and the current 

commercially available treatment for HSV infections, was examined via a similar assay 

to establish its effect against the viral strains. The results (Fig. 5D and E) compared 

favorably to IC50s previously reported for acyclovir against multiple HSV-1 and HSV-2 

isolates, showing IC50s at low levels (<0.25µg/ml) of compound concentration (19, 23). 

Viral resistance against acyclovir has been previously observed (29) denoting the 

limitations of the drug. Interestingly, the HSV-2 strain MS2 appeared to show a 

resistance to acyclovir (Fig. 5E) with an IC50 value slightly higher to that in the WAY-

compound assay (Fig. 4C). The data suggests that WAY-150138 could be a viable 

alternative treatment, particularly against acyclovir resistance infections.  

 

Figure 5. Anti-herpes viral activity of acyclovir against (D) HSV-1 strains KOS, Patton 

and 17 and (E) HSV-2 strains 186, MS1 and MS2. Data represents the percent viral 

reduction in triplicate samples for all viruses at each indicated drug concentration. IC50 

values against HSV-1 and HSV-2 compared favorably to previously reported findings 

(Sangdara and Bhattarakosol, 2008; Piret and Boivin, 2011). 
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Genotypic Analysis of Viral Strains  

 

Figure 6. Thermo-Scientific pJET 1.2/blunt Vector map. PCR product containing HSV-1 

or HSV-2 UL6 DNA was cloned into vector and transformed into Mach1 T1 chemically 

competent E. coli cells. 

 

Quality control to confirm the identity of each viral strain was performed to 

ensure that the stock viruses were in fact HSV-1 or HSV-2 strains.  This is important 

since viral strains are passaged many times over the years and shared between labs all 

over the world.   

Each virus stock was analyzed to confirm that all involved viruses were of the 

correct genotype (HSV-1 vs HSV-2). Viral DNA isolated from virus infected Vero cells 

was used as the template in PCR amplification. Primers were synthesized for HSV1-UL6 

(MU83: 5’-ATGGACTTGCTGACGTCGAT-3’ and MU84: 5’-

GCGTTGCCGGTGATAAGATA-3’) and HSV2-UL6 (MU239: 5’-

CGCGTACCGTGTCGTTGAT-3’ and MU240: 5’-CTCGGATGCGTGCGATGATT-3’). 

Resulting PCR products (Fig. 7) containing HSV1-UL6 (~1,800 bp) and HSV2-UL6 

(~1,200) were cloned into pJET 1.2/blunt vector (Fig. 6) used to transform Mach1 T1 E. 
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coli (Invitrogen). UL6 gene ligation into vector was confirmed via restriction digest using 

Xho1 enzyme for HSV-1 and NcoI enzyme for HSV-2 recombinant plasmids. For HSV-1 

UL6-pJET restriction digest, product was expected at either ~4,000 and ~300 bp or 

~3,000 and ~1,200 bp. For HSV-2 UL6-pJET digest, product was expected at ~3,200 and 

~900 bp or ~4,000 and ~300 bp (Fig. 8). Plasmid DNA was sent to Eurofins MWG 

Operon USA (Louisville, KY) for genomic sequencing. 

 

 

Figure 7. PCR product of HSV-1 and HSV-2 UL6 used for genotypic analysis. (A) DNA 

from HSV-1 strains was used as the template for PCR amplification and bands were 

found at ~1,800 bp. (B) PCR was repeated with HSV-2 DNA, resulting in product of 

approximately 1,300 bp. 
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Figure 8. HSV UL6-pJET 1.2 restriction digest. (A) HSV-1 UL6-pJET digest was 

performed using XhoI enzyme, while (B) HSV-2 UL6-pJET digest was carried out using 

NcoI enzyme. 

 

The UL6 gene sequence of two verified strains were used to confirm identity of 

our viral stocks. Human herpesvirus 1, Strain 17, complete genome (Accession: 

JN555585) was used for HSV-1 and Herpes simplex virus type 2, Strain HG52, complete 

genome (Accession: Z86099) was used for HSV-2. When query sequences were blasted 

(NCBI, Bethesda MD) against the verified templates, each strain reported a 99-100% 

identity match confirming the assumed species of each strain (Fig. 9).  
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Figure 9. Nucleotide sequence alignment of target strains in comparison to the verified 

UL6 gene sequence of (A) HSV-1 and (B) HSV-2. All strains in query were determined to 

have a percent matching identity of 99-100% to the confirmed sequence. HSV-1 

represents HSV-1, Strain 17, UL6 gene segment (Accession: JN555585). HSV-2 

represents HSV2, Strain HG52, UL6 gene segment (Accession: Z86099). 
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Mechanism of Action Studies 

 Previous transmission electron microscopic (TEM) of HSV-1 infected Vero cells 

showed that in presence of WAY-150138 compound (Fig. 10), viral DNA encapsidation 

failed to occur. To determine if the compound’s mechanism of action against HSV 

involved the inhibition of viral DNA release into the nucleus, an indirect 

immunofluorescence analysis of HSV-1 and HSV-2 infection was performed. Expression 

of late viral gene products in the presence of compound was examined in order to 

ascertain if the viral genome was released from the capsid at the nuclear pore. 

 

Figure 10. HSV-1 Patton infected cell EM in presence (A) or absence (B) of WAY-

150138. The magnified area in figure 10A shows the presence of viable, mature, DNA 

packaged capsids leaving the nucleus, while the area magnified in figure 10B shows 

unpackaged capsids (light particles) indicating encapsidation failure. 

 

Immunofluorescence Analysis of HSV Infected Cells 

A monoclonal antibody specific to the ICP5 major capsid protein was utilized to 

determine expression of protein in infected cells in the presence of different 

concentrations of compound. The antibody was conjugated with TRITC dye (red), while 

fluorescing 4′, 6-diamidino-2-phenylindole (DAPI) was used as a counterstain for the 

detection of all cell nuclei (blue). A set of control slides with only secondary antibody 
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was used to assess non-specific background. Major capsid protein was detected in each 

sample regardless of compound concentration or HSV species (Fig. 11). The expression 

of viral late gene products even in the presence of high concentrations of inhibitory 

compound (10 μg/ml) suggests that viral DNA is released from the capsid.  Late genes 

will only be expressed if viral DNA has entered the nucleus.  Therefore, WAY-

compound did not exert its effect on the portal at the level of DNA release.  This 

conclusion supports the current proposed mechanism of action in which the WAY-

compound acts specifically during the DNA encapsidation process and not during DNA 

release from capsid at the nuclear pore. 
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Figure 11. Indirect immunofluorescence analysis of HSV ICP5 protein in both (A) HSV-1 

and (B) HSV-2. Expression of protein corresponds to red TRITC signal while the field of 

cells are stained with blue DAPI. The negative control sample does not contain primary 

ICP5 antibody. 
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Characterization of HSV-2 pUL6 Portal Protein 

 Previous experiments focusing on the expression and isolation of HSV-1 UL6 

portal protein provided valuable details on the morphological and functional properties of 

pUL6 via TEM analysis. Although the HSV-1 portal protein has been identified and 

partially characterized, there are no currently published studies on any aspect of the HSV-

2 portal. After full-length expression of the portal protein in a recombinant baculovirus 

system, sucrose gradient fractionation provided samples containing enriched amounts of 

pUL6 oligomers for further biochemical analysis. 

HSV-2 pUL6 Cloning 

Using HSV-2 Strain 186 as the template for PCR amplification, primers for pUL6 

were synthesized: HSV2-UL6 Bac-to-Bac (MU213: 5’-

ATGGCCGCACAGCGCGCGCGG-3’, and MU214: 5’-

TCATCGGCGGGCGTGGGGTCG-3’). A product of ~2,000 bp was obtained and 

confirmed via agarose gel electrophoresis (Fig. 13A). Product was purified via gel 

extraction (GeneJET Gel Extraction, Thermo-Scientific) to remove unassociated dimers 

and cloned into Invitrogen pFastBac/NT-TOPO vector (Fig. 12A).  Transformed cells 

One Shot Mach1 T1 E. coli (Invitrogen) were spread on an ampicillin containing agar 

plates.  DNA mini-prep (GeneJET Plasmid Miniprep, Thermo-Scientific) of single 

colonies was performed. Nucleic acid concentration was determined via NanoDrop 

spectrophotometry (NanoDrop 2000, Thermo-Scientific). 
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Figure 12. Invitrogen (A) pFastBac/NT-TOPO and (B) pFastBac1-Gus vector maps. The 

XhoI restriction enzyme site of the pFastBac/NT-TOPO vector was utilized via digest to 

confirm insertion of pUL6 into the recombinant donor plasmid. 

 

 

Figure 13. HSV-2 Strain 186 pUL6 PCR results and cloning confirmation. (A) Using 

HSV-2 Strain 186 as a template, full-length UL6 gene (~2,000 bp) was amplified via 

PCR. (B) Digest confirmed pUL6 insertion into pFastBac/NT-TOPO vector with bands at 

~6,300 and ~500 bp. (C) PCR analysis confirmed HSV2-UL6 gene presence in 

recombinant bacmid with product of ~2,700 bp.   
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Digest of recombinant donor plasmid using XhoI restriction enzyme revealed 

proper orientation of UL6 gene in pFastBac vector with bands at ~6,300 and ~500 bp 

(Fig. 13B). HSV2-UL6 identity was confirmed via genomic sequencing. Comparison to 

the verified sequence of HSV-2 Strain HG52 UL6 revealed a nucleic acid identity of 99% 

(Fig. 14).  

 

 

Figure 14. Nucleotide sequence alignment of cloned Strain 186 pUL6 in comparison to 

the verified UL6 gene sequence of HSV-2 Strain HG52 UL6 gene segment (Accession: 

Z86099). The query DNA was determined to have a percent matching identity of 99% to 

the confirmed sequence. 

 

Confirmed recombinant donor plasmid containing pUL6 was used to transform 

DH10Bac E.coli. Cells were plated on select agar and single colonies were collected the 

following day for amplification in LB inoculated with gentamycin, tetracycline and 

kanamycin. Transposition reaction of HSV2-UL6 gene into recombinant bacmid occurred 

via transposase supplied by helper plasmid (pMON7124) expressed in competent cells 
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(Fig. 15). The encoded transposase and conferred resistance to tetracycline was provided 

by the helper plasmid allowing amplification of cells containing pUL6 via antibiotic 

selection. High molecular DNA mini-prep (ZR BAC DNA Miniprep, Zymo Research) 

was performed on overnight culture samples to isolate recombinant bacmid DNA (rb-

BAC-pUL6), which was then transfected into Sf9 insect cells.  

 

 

Figure 15. Diagram of Bac-to-Bac Expression system (Invitrogen). Transfection of Sf9 

insect cells was performed following generation of recombinant bacmid DNA withUL6 

gene (rb-BAC-pUL6). 
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Since recombinant bacmid was greater than 135 kb, restriction analysis was not 

suitable to confirm the presence of HSV2 pUL6 in the bacmid. Instead, PCR analysis was 

used with rb-BAC-pUL6 DNA as the template. Forward primer previously used for the  

amplification of pUL6 (MU213: 5’-ATGGCCGCACAGCGCGCGCGG-3’) was used in 

conjunction with a primer provided with the Invitrogen Bac-to-Bac expression kit 

(pUC/M13 Reverse: 5’-AGCGGATAACAATTTCACACAGG-3’). PCR product was 

analyzed via agarose gel electrophoresis and revealed a product of ~2,700 bp (Fig. 13C), 

the expected size if UL6 was present in the BAC vector. A control virus (GUS) with a �-

glucoronidase reporter gene was also constructed using vector pFastBac1-Gus (Fig. 12B). 

Detection of pUL6 Expression in rb-BAC-pUL6 Infected Sf9 Cells 

Sf9 insect cell cultures were infected with either rb-BAC-pUL6 or BAC-GUS. 

Purification and extraction of cells yielded a pellet with inclusion bodies containing 

putative portal oligomers. Samples from this crude extract (0.5, 5 and 10μl) were diluted 

into 10μl 2X sample buffer/10% BME and analyzed via western blot with an anti-His 

epitope specific antibody to determine if the target protein was expressed. Figure 16B 

showed that pUL6 was detected as a specific band of approximately 81kDa, consistent 

with the expected molecular weight of the epitope tagged pUL6.  The epitope tag was 

included at the N-terminus of UL6 upon cloning into the BAC vector (Fig. 12A). 

Silver stain analysis (Fig. 16A) was also performed with a diluted pellet sample in 

2X sample buffer/10% BME to confirm expression of protein. When compared to the 

BAC-GUS control sample a band was observed at ~81kDa further confirming expression 

of pUL6. 

 



34 

 

 

 

 

Figure 16. Detection of pUL6 in rb-BAC-pUL6 infected Sf9 cells via (A) silver stain and 

(B) Western Blot analysis. Control cultures were prepared with non-expressing BAC-

GUS baculovirus. The presence of pUL6 at 81kDa was detected via immunoblotting cell 

lysate extract with the pUL6 antiserum. 

 

Western Blot Analysis of Sucrose Gradient Fractionations 

 Following confirmation of UL6 protein expression, a recombinant baculoviral 

stock with a suitable titer was obtained and protein subfractionation of inclusion bodies 

was performed on infected Sf9 cells. Harvested rb-BAC infected cells containing 

inclusion bodies with expressed UL6 protein were pelleted and lysed. To separate UL6 

portals from unwanted proteins, extract was applied to sucrose gradients and fractionated. 

Twenty-two sucrose gradient fraction samples were collected for BAC-GUS and 25 were 

collected for rb-BAC-pUL6. 
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 Protein sample from each fraction was precipitated and sample buffer with BME 

was added to solubilize the precipitates. Samples were heated and fractionated SDS-

PAGE. After transfer to PVDF membrane, product was detected via western blotting 

using the anti-His antibody. The presence of 81kDa pUL6 was observed in fractions of 

the rb-BAC-pUL6 sample (Fig. 17B) whereas no protein of similar size was observed in 

equivalent fractions of the BAC-GUS control-infected sample (Fig. 17A). A band of 

appropriate molecular mass was observed in 24 of the 25 fractions for rb-BAC-pUL6, 

however from previous studies with VZV and HSV-1 it was expected that only the 

fractions nearest the top of the gradient (Fig. 17B, fractions 2-6) contained unaggregated, 

oligomeric portal. Peak band signal was detected around fraction 5, while fractions 14-25 

are most likely aggregates of portal. There is also faint protein detected at ~60 and 

~40kDa in fractions 1-6. The nature of these bands is not understood but they are likely 

proteolytic degradation products of the 81kDa pUL6 that still reacted with the His 

specific antibody. A sample of the HSV-1 rb-BAC-pUL6 crude extract was included with 

the western blot as a control. 
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Figure 17. Sucrose gradient fractionation of processed Sf9 insect cells. Sf9 insect cell 

cultures were infected with either (A) BAC-GUS or (B) rb-BAC-pUL6. A sample from a 

previously performed HSV-1 rb-BAC-pUL6 fractionation was ran in same blot as BAC-

GUS as a positive control. Target pUL6 has a molecular weight of ~81kDa. 

 

Transmission Electron Microscopy of Purified HSV-2 pUL6 

 Results from previous studies with VZV and HSV-1, revealed portal in 

unaggregated, oligomeric form near the top of the gradient following fractionation. It was 

expected that HSV-2 UL6 portal would also be located in samples collected nearest the 

top portion of the sucrose gradient. Fraction 5 (Fig. 17B) was determined to show peak 

signal for protein expression from western blot analysis. A sample from this fraction was 
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collected, briefly sonicated and a small amount was negatively stained with 2% uranyl 

acetate. After application to a copper grid, the sample was imaged via TEM operated at 

80kV (Fig. 18).  

 
 

Figure 18. Electron microscopy of individual HSV-2 pUL6 with axial view. Sucrose 

gradient purified pUL6 collected from fraction 5, stained with 2% uranyl acetate, and 

magnified at (A) 40,000 and (B) 120,000 X. The ring shape with an approximate 

diameter of ~20nm, surrounding a darker central channel is typical of portals previously 

observed for HSV-1 (Newcomb, et al., 2001). 
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 An axial view of individual portal showed that the oligomeric complex formed a 

ring like structure with a diameter measuring ~20nm. In the center of the ring, a darker 

hole indicated a channel running along the radial axis through the complex. The structural 

details were consistent with previously observed HSV-1 portals (16). 

A sample from fraction 4 (Fig. 17B) was also collected, prepped and imaged via 

TEM at 80kV. From the purified sample, portal was visible in mostly unaggregated form 

at lower magnification (Fig. 19A). Closer observation of independent portal complexes at 

higher magnification provided enhanced structural detail of morphological features 

consistent with results previously reported for other herpesviruses. It was possible to 

distinguish crown, wing and clip regions (Fig. 19B). Individual portals in non-axial views 

were further magnified and a schematic representation approximating the mushroom or 

cone like portal structure was overlayed (Fig. 20). 
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Figure 19. Electron microscopy of purified HSV-2 pUL6 from fraction 4 stained with 2% 

uranyl acetate. (A) Purified pUL6 at lower magnification showed mainly unaggregated 

and individual, uniform portal complexes. (B) Individual portal complexes with non-axial 

perspectives at higher (150kX) magnification. 
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Figure 20. Enhanced view of purified HSV-2 pUL6 portal complexes with non-axial 

perspectives and schematic representations. (A) A lateral and (B) semi-lateral view of 

the portal oligomer complex detailing the mushroom-like shape. Lines are drawn to 

indicate the plane of symmetry through each portal. The crown, wing and clip faces are 

also indicated. 
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DISCUSSION 

 The UL6 portal protein plays a major role in the encapsidation of viral genomic 

DNA during the Herpes simplex virus type 1 and type 2 replication cycle. The 

identification of a thiourea compound, WAY-150138, that targets the portal protein 

suggests that the DNA cleavage and packaging process is a viable target for 

chemotherapy of Herpesviridae. The high level of predicted structural homology of the 

portal for both HSV-1 and HSV-2 suggests that the WAY-compound might have antiviral 

activity against each virus.  However, previous findings have shown contradictory 

evidence. 

Divergence from Previous Findings 

 A study focusing on the inhibitory effects of thiourea compounds against multiple 

strains of Herpesviridae was previously published in the Journal of Virology (28). The 

findings of the study reported evidence that the WAY-150138 compound exhibited a 

significantly decreased level of activity against HSV-2 versus HSV-1. The specific IC50s 

found in the study showed a 10-fold difference in sensitivity to WAY-150138 despite the 

reported 84.5% level of similarity between the UL6 gene products from HSV-1 and 

HSV-2 (28). The discrepancy found in the prior study was attributed to possible amino 

acid substitutions but this was not experimentally confirmed. The results presented in this 

thesis contradict the previous findings when determining the IC50 values of the WAY-

compound against HSV-2 strains. 
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 HSV-1 strain Patton and HSV-2 strain 186 were tested in both studies. In the 

previous study (28), the WAY-compound had an IC50 against strain Patton of 0.2μg/ml 

or 0.4μM. Our results (Table 4) for strain Patton closely matched the previously reported 

values. However, the dispute in compound activity arises when examining the IC50 

against HSV-2 strain 186. The van Zeijl et al. study reported an IC50 of 8.9μg/ml or 

19.3μM for strain 186.  This finding was different from our calculated IC50 of 

approximately 0.5μg/ml or ~1 μM (Table 4).  The data provides evidence that WAY-

150138 possesses similar activity against HSV-1 and HSV-2 isolates. The data also 

further promotes the potential of WAY-150138 as a possible drug candidate, particularly 

against acyclovir resistant infections as the acyclovir resistant HSV-2 strain MS2 had a 

lower IC50 for the WAY-compound versus acyclovir (Fig. 4C and 5E). It was important 

to resolve such differences in results so that the mechanism of action of WAY-compound 

could be accurately defined. 

 The results in the initial van Zeijl et al. study were generated via an automated 

ELISA assay in which total viral titer was estimated indirectly by measuring the amount 

of a specific viral glycoprotein expressed on the cell surface of virus infected cells after 

addition of compound. We theorize that the discrepancy in activity can be explained due 

to a simple technical issue. It is possible that infection with the HSV-2 during the high-

throughput ELISA assay was not optimal.  Perhaps the zero compound sample used as 

the positive control (maximal ELISA signal) to calculate IC50 values was exceptionally 

weak. HSV-2 cell infection can be variable compared to HSV-1 as observed in our own 

findings via IF (Fig. 11), (note the greater expression in HSV-1 versus HSV-2). We 

speculate that during the ELISA, the initial zero compound, HSV-2 infected control did 
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not work efficiently and thus the calculated IC50 were imprecisely measured. The 

researchers likely did not recognize that there was an issue with the positive control and 

this lead to inaccurate results. Our yield assay was conducted through an actual direct 

assessment of the total titer of viral plaque forming units in each sample, leading us to 

conclude that our current findings are a more accurate depiction of the compound’s 

activity against HSV-2. 

Future Research 

 Although discrepancy of WAY-150138 activity against HSV-1 and HSV-2 has 

been rectified, the mechanism of action of the compound requires further exploration. 

The current study only slightly delved into analysis of compound mechanism, but results 

showed that the HSV-1 or HSV-2 major capsid proteins (ICP5) were detected in infected 

cells in the presence of WAY-compound. Expression of a viral late gene product suggests 

that the WAY-compound does not act during DNA release from capsid at the nuclear 

pore (Fig. 11). This is consistent with the currently proposed mechanism of action, i.e. 

DNA encapsidation, but future studies are needed to understand the fine details 

concerning the compound’s effect. The effect of the compound on HSV-2 viral DNA 

cleavage and packaging is being investigated to provide further details of the mechanism 

of action. 

 Before this current study the HSV-2 portal had not been identified or imaged via 

transmission electron microscopy (TEM). TEM images revealed individual portals in 

both axial and non-axial perspectives (Fig. 18 and 19). Upon closer observation, we were 

able to identify portal features and acquire approximate measurements that were 

consistent with those previously observed for HSV-1 portals. Further analysis via 
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electron microscopy and cryo-EM is anticipated to achieve a more complete 

representation of HSV-2 portal protein and its interaction with WAY-150138 compound. 

Future research may identify the precise interaction of the WAY compound with 

the portal or its other interacting protein partners. At this time, a crystal structure for the 

HSV-2 portal protein or any of the herpesvirus encapsidation proteins has not yet been 

generated. Protein crystallography is exceptionally challenging, but not impossible. 

Extending herpesvirus encapsidation research to include this technology is pivotal to 

achieving full understanding of encapsidation, especially in the context of developing 

new antiviral drug therapies. 

Summary 

 The IC50s of WAY-compound against several HSV-1 and HSV-2 strains were 

calculated via a classic viral yield reduction assay. Contrary to previous studies, this 

thesis presents evidence suggesting that WAY-150138 compound possesses similar 

activity against HSV-1 and HSV-2 strains. 

 Expression of HSV-2 UL6 in a recombinant baculovirus system allowed for the 

expression and purification of pUL6 oligomers via sucrose density gradient 

centrifugation. Fractionated gradient samples that contained pUL6 complexes were 

confirmed via western blotting. Select fractions were analyzed by TEM, revealing portal 

structures with 1) approximately 20-25 nm overall diameter, 2) a central channel along 

the radial axis, and 3) distinguishable crown, wing and clip regions. These functional and 

morphological features are consistent with those previously reported for other herpesvirus 

and bacteriophage portal proteins. A more thorough understanding of portal proteins and 
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the encapsidation process is critical in the development of novel drug therapies. This 

study is the first to isolate and visualize the HSV-2 UL6 portal protein, promoting its 

putative role as a major encapsidation protein. Continued research will elucidate further 

structural and functional properties of HSV2-pUL6 in greater detail, especially in regards 

to thiourea mechanism of action. 
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