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Résumé 

HSV-1 et HSV-2, tous deux des virus à ADN double brin de la sous-famille des 

Alphaherpesvirinae, ont une prévalence subclinique chez près de 67 % de la population mondiale. 

Au cours de leur réplication virale intra-nucléaire, quatre types de capsides (procapsides, capsides 

A, B et C) sont produites tandis que seules les capsides C contiennent de l'ADN mature. Compte 

tenu de leur plus grande taille (125 nm) que les pores nucléaires (30 à 50 nm), ils quittent le noyau 

par une voie inhabituelle appelée sortie nucléaire. Notre laboratoire a précédemment découvert 

que le HSV-1 incorpore 49 protéines hôtes distinctes, dont DDX3X, une hélicase à ARN de type 

DEAD (Asp-Glu-Ala-Asp) dépendante de l'ATP qui module l'expression génique des virus à ADN 

et à ARN. DDX3X est redirigé vers la membrane nucléaire interne à la fin de l'infection et interagit 

avec pUL31, un composant du complexe de sortie nucléaire viral, pour favoriser la sortie nucléaire 

des capsides virales vers le cytoplasme. Cependant, la nature exacte de ces interactions reste 

incertaine. D'autre part, notre laboratoire a également signalé que PCBP1 est spécifiquement 

présent sur les capsides C et que sa déplétion entraîne une réduction du titre viral. PCBP1 est connu 

pour se lier à l'ARN poly (c) via les domaines d'homologie K (KH) et joue un rôle dans la 

stabilisation de l'ARNm, le contrôle transcriptionnel, la traduction de l'ARN, l'immunité antivirale 

et la modulation de la propagation virale. À l'aide de microscopie confocale et d'études de co-

immunoprécipitation, le présent travail révèle que DDX3X interagit avec les deux composants du 

complexe de sortie nucléaire, à savoir pUL31 et pUL34, et que cette interaction est indépendante 

de leur phosphorylation par la kinase pUS3 qui module normalement leur localisation. De plus, 

nous montrons également que DDX3X interagit avec PCBP1, ce qui pourrait expliquer la sélection 

préférentielle des capsides C lors de la sortie nucléaire. Cette étude constitue un pas en avant dans 

la cartographie des interactions complexes entre protéines hôtes multiples et partenaires viraux et 

pour élucider leur rôle possible dans l’évasion sélective énigmatique des capsides C du HSV-1. 

Mots-clés: HSV-1, sortie nucléaire, DDX3X, PCBP1. 
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Abstract 

HSV-1 and HSV-2, both double-stranded DNA viruses of the Alphaherpesvirinae 

subfamily, reportedly have sub-clinical prevalence in nearly 67% of the world population. During 

their intra-nuclear virus replication, four types of capsids (procapsids, A, B, and C capsids) are 

produced while only C-capsids contain mature DNA. Given their larger size (125 nm) than the 

nuclear pores (30-50 nm), they exit the nucleus by an unusual route called nuclear egress. On the 

other hand, our lab previously found that HSV-1 incorporates 49 distinct host proteins, including 

DDX3X, a DEAD (Asp-Glu-Ala-Asp) box ATP-dependent RNA helicase that modulates gene 

expression of both DNA and RNA viruses. We also showed that DDX3X is redirected to the inner 

nuclear membrane late during the infection and interacts with pUL31, a component of the viral 

nuclear egress complex, to promote the nuclear exit of the viral capsids to the cytoplasm. However, 

the exact nature of such interactions remains elusive. On the other hand, our lab also reported that 

PCBP1 is specifically present on the C-capsids, and its depletion causes a reduction in viral titer. 

PCBP1 is known to bind with poly(c) RNA through K-homology (KH) domains and plays a role 

in mRNA stabilization, transcriptional control, RNA translation, antiviral immunity, and the 

modulation of viral propagation. Using confocal microscopy and co-immunoprecipitation studies, 

the present work reveals that DDX3X interacts with both components of the nuclear egress 

complex, i.e., pUL31 and pUL34, and that this interaction is independent of their phosphorylation 

by the pUS3 kinase that normally modulates their localization. Moreover, we also show that 

DDX3X interacts with PCBP1, which could explain the preferential selection of the C-capsids 

during the nuclear egress. This study is a step forward to map the complex multiple host protein 

interactions with viral partners and elucidate their possible role in the enigmatic selective escape 

of HSV-1 C-capsids.      

Keywords: HSV-1, Nuclear egress, DDX3X, PCBP1. 
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Chapter 1: Introduction 

1.1 History and Taxonomic Classification 

The first description of Herpes simplex virus dates to ancient Greek records when a Greek 

physician Hippocrates II, coined the term “έρπης” meaning “to crawl” or “to creep” to describe 

the spreading ulcerative skin lesions. Although the herpetic lesions were characterized in classical 

literature, back in 1839 Vidal was the first person to discover the possibility of person-person 

transmission of herpes simplex virus (1).  

Based on virion morphology, cell tropism, and physio-clinical characteristics, the family 

Orthoherpesviridae together with the families Malacoherpesviridae and Alloherpesviridae is 

categorized into the order Herpesvirales inside the kingdom Heunggongvirae (2). Till today, 9 

members from three subfamilies (α-, β-, and γ-) have been recognized in mild to severe human 

infections, including alphaherpesviruses (HSV-1, HSV-2, and VZV), betaherpesviruses (HCMV, 

HHV-6A, HHV-6B, and HHV-7), and gammaherpesviruses (EBV and KSHV) (3). Based on 

phylogenetic analysis, Orthoherpesviridae subfamilies are estimated to have diverged from a 

common ancestor approximately 400 million years ago and later evolution gave rise to 135 species 

afflicting both human and non-human hosts (4).  

1.2 General Characteristics of Herpes Simplex Virus 

1.2.1 Clinico-Pathological Features 

Herpes simplex virus -1 (HSV-1), a prototypical alphaherpesvirus, binds with its respective 

receptors and typically causes mild to severe orolabial ulcerative skin lesions (cold sores/oral 

herpes/gingivostomatitis) in children and adults and establishes latency in the peripheral nervous 

system (PNS) (5). Sometimes complications cause keratitis, conjunctivitis, and even blindness. 

HSV-2 causes genital herpes, an important sexually transmitted disease (STD) (6). HSV-1 has also 

been reported as a mild cause of genital herpes (7). HSV-1 has a high prevalence during childhood, 

though some studies reported delayed acquisition from childhood to adulthood in developed 

countries (8). Depending upon the viral strain and site of infection, skin lesions develop within 2-

20 days post-infection. These oral/skin lesions are 1–2 mm blisters that coalesce to form small, 

irregular, painful, and shallow ulcers, demarcated from healthy skin by a yellowish-grey 

erythematous pseudo-membrane. These ulcers usually heal in 7-14 days, leaving no scars (9, 10). 
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In rare cases, these oro-mucosal lesions can be followed by anorexia, lethargy, pyrexia, 

hypersalivation, dysphagia, headache, and bilateral cervical lymphadenopathy (11).  

Neonates can get herpes infections either during intrauterine life from asymptomatic 

mothers, particularly during the third trimester (5-8% cases) or during post-partum contact with 

hospital individuals (8-10% cases) (12, 13). With no complete virus clearance, 50% of surviving 

neonates live with lifelong complications, including vision impairment, psychomotor retardation, 

and learning disabilities (14).  

1.2.2 Epidemiology 

HSV-1 has an estimated presence of 4.8 billion people, which is nearly 67% of the total 

world’s population (15, 16). Risk factors associated with variation in the global prevalence of 

HSV-1 include socioeconomic status, age, race, and geographic region. HSV-1 is slightly more 

prevalent in females (~66%) as compared to males (~61%). The highest disease prevalence is 

reported in African countries while the lowest numbers are reported in the South and North 

American regions (17, 18). HSV-2 has been diagnosed in more than 400 million people, totaling 

around 13% of the worldwide population (19). As it is not possible to differentiate between HSV-

1 and HSV-2 in genital herpes with current serological tests, the total estimate for HSV-1 is still 

low, accounting for about 5% of cases of genital herpes (20). In addition, the likelihood of recurrent 

genital herpes is greater with HSV-1 (15%) than that of HSV-2 infection (0.01%) (21). 

Recently, the characterization of a widely spread “HSV-2 lineage” originating from the 

African population shows fewer recombination events with HSV-1, suggesting the possibility of 

virus diversification first in ancient African populations and then its possible spread to other parts 

of the world (22). Based on such geographic analyses, HSV-1 strains are categorized into three 

“phylogroups” i.e., I (America and Europe), II (Asia, America, and Europe), and III (Africa) (23). 

In addition to newly recognized lineage, phylogroup III’s distribution, which is basal to Eurasian 

phylogroups, indicates that the appearance and subsequent spread of genetic variation in HSV-1 

coincided with the human “out-of-Africa” migration model, where the dispersal of human beings 

from Africa to Europe and then to Asia happened about 55,000 years ago and brought this novel 

HSV lineage with them (22, 24, 25). This "out-of-Africa" human dispersal theory was also 

proposed for the varicella-zoster virus (VZV) and human betaherpesvirus-6 (26).  
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1.2.3 HSV-1 interaction with the immune system 

Both innate and adaptive immune responses sense herpesviruses. The innate immune 

response requires membrane-bound toll-like receptors (TLRs) and cytosolic pattern recognition 

receptors (PRRs) (27), while CD8+ T cells are crucial components of the adaptive immune 

response (28). Different PRRs recognize the cytosolic genomic DNA of HSV-1. TLR2-mediated 

pro-inflammatory cytokines production after onset of HSV-1 infection in mice causes the 

accumulation of polymorph inflammatory cells in the brain while TLR3 produces type-I and type-

III interferons (IFNs) in fibroblasts (29, 30). In conventional dendritic cells (DCs) and murine 

macrophages, TLR9 recognizes cytosolic viral DNA with the stimulation of C-C motif chemokine 

ligand-5 (CCL5) and tumor necrosis factor-alpha (TNF-α) production (31). RLR/MAVS/MDA5 

dependent HSV-1 recognition and IFN-production are important components of antiviral immune 

response (32).  

The IFN-induction in HSV-1 infection is independent of de-novo viral genes synthesis and 

requires only viral entry into the cell (33). Different viral proteins interact with cellular factors to 

escape antiviral immunity. The pUS3 phosphorylation of retinoic acid-inducible gene-I (RIG-I) at 

the serine in position 8 prevents the tripartite motif-containing proteins-25 (TRIM25) mediated 

RIG-I-MAVS binding and subsequent type-1 IFN production (34). The pUL37 deamination of 

asparagine residues in RIG-I hampers its ability to sense viral RNA and consequently suppresses 

the immune response (35). The HSV-2 virion host shutoff (vhs) protein blocks the double-stranded 

RNA (dsRNA) antiviral pathway by inhibiting the expression of both MDA5 and RIG-I (36). The 

N-terminus of HSV-1 gL inhibits the nuclear translocation of p65 and significantly downregulates 

the NF-κB-mediated IFN-β production. The HSV-1 vhs, pUS3, pUL24, pUS11, ICP34.5 ICP0, 

ICP27, and pUL42 binding with NF-κB-subunits (p50 and p65) inhibits the nuclear translation of 

NF-κB and other effectors of innate immune response (37, 38). Some studies also reported the 

decreased levels of JAK1 and STAT-2 in HSV-1 infected cells partially attributed to either vhs or 

ICP27 interactions with the immune system (39, 40). ICP47 interferes with ER-transport of 

antigenic peptides and inhibits major histocompatibility complex (MHC) class I-mediated 

activation of cytotoxic T-lymphocytes (41). The HSV-1 gE and gI complex, which exhibit 

antibody bridging activity, inhibits IgG-mediated complement neutralization, phagocytosis, and 

cellular cytotoxicity (42). gC binding with the complement factors (C3b and C5) inhibits 

complement-mediated virus neutralization and cell lysis of HSV-1 infected cells (43).  
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1.3 Mature HSV-1 virions 

Like other members of Orthoherpesviridae, HSV-1 contains five structural components: i) 

an electron-dense double-stranded DNA (dsDNA) core, encapsidated in ii) an icosahedral capsid, 

covered by iii) proteinaceous tegument layer, surrounded by iv) a polymorphic lipid envelope, and 

flanked by v) viral glycoproteins (Figure 1.1) (44, 45).  

 

Figure 1.1: Structural components of mature HSV-1 virion.  

Adapted with permission from Heming et al., 2017 (45) and modified with BioRender.com. 

1.3.1 Genome 

HSV-1 contains a large 152 kb long dsDNA with 68% GC content. The genome is made 

up of two covalently linked segments named unique long (UL) and unique short (US) flanked by 

inverted long (RL) and short (RS) repeats (Figure 1.2) (46). The terminal repeats better known as 

direct repeats (DR1), a 400 bp sequence present at the end of each terminus, help in genome 

circularization after HSV-1 entry into the host cells. DNA exists in four isomeric forms due to the 

capacity of both UL and US segments to invert at a relatively high frequency (47). Dispersed 

between these segments, 94 open reading frames (ORFs) encode 84 distinct genes, out of which, 

40 genes are called “core genes”, as they are evolutionarily conserved and shared by all members 

of the Orthoherpesviridae family (48, 49). Upon entry, the viral DNA is delivered to the host cell’s 

nucleus through the nuclear pore complex (NPC).  
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Figure 1.2: Genome map of HSV-1.  

This figure illustrates the HSV-1 genome organization with genes encoding proteins required for 

virus replication, regulation, and envelopment. Adapted with permission from Argnani et al., 2005 

(46) and modified with Microsoft Visio. 

1.3.2 Capsid 

The delicate HSV-1 DNA is tightly packed in an icosahedral capsid, 125 nm in diameter 

with a ~15 nm thickness, which results in high (18-20 atmospheres) internal DNA pressure (50). 

The mature capsid comprises 162 capsomeres with defined faces and vertices. The 150 hexon faces 

and 12 geometrically defined penton vertices that make up these capsomeres combine to form an 

icosahedron with a triangulation number of T=16. The inner shell of each capsid contains 1100 

copies of a scaffold protein (VP22a or ICP35) encoded by the UL26.5 gene. The outer shell 

contains 955 VP5 copies on both pentons (five copies each) and hexons (six copies each), encoded 

by HSV-1 UL19. Both hexons and pentons are connected by a triplex, comprised of one VP19c 

and two VP23 copies and 320 triplexes interlink the capsomeres to each other (51). Twelve vertices 

contain pUL17 and pUL25 and form a so-called capsid-vertex specific component (CVSC). DNA 

enters and exits the capsid through a unique portal which is surrounded by 12 copies of pUL6 and 

contains pUL25 in a unique conformation distinct from other vertices (52, 53).  

1.3.3 Tegument 

The tegument is a dense amorphous protein layer between the capsid and viral lipid 

envelope. HSV-1 tegument contains 23 viral proteins and incorporates 49 host proteins, many of 

which are important for virus replication and egress (54, 55). A complex network of protein-

protein interactions (PPIs) holds tegument proteins together even upon biochemical removal of the 

viral envelope (56). This asymmetric, amorphous protein network is concentrated near the distal 

pole, an envelope pole located farthest from the capsid. The process of viral tegumentation is 

complex and sequential during virus egress as it is influenced by different stages of the viral life 
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cycle including capsids trafficking and docking to nuclear pores (57), genome replication (58), 

regulation of host-proteins expression (59), and immune evasion (60). The proteins are added first 

in the nucleus (ICP0, ICP4, pUL36, pUL37, VP22, vhs, pUS3, pUL7, and pUL51), and others are 

likely added as the capsids travel in the cytoplasm and finally at the site of secondary envelopment 

i.e., trans-Golgi network (TGN) or endosomal vesicles (61-63). 

1.3.4 Envelope 

The viral envelope contains asymmetrically arranged 15 viral proteins, out of which 3 are 

non-glycosylated (pUL20, pUL45, and pUS9) and 12 are glycosylated (gB, gC, gD, gE, gG, gH, 

gI, gJ, gK, gL, gM, and gN). Four of these glycosylated proteins i.e., gB, gD, and gH/gL are 

essential for HSV-1 attachment and entry into the host cells (64, 65), while the other 11 proteins 

facilitate virus entry, syncytia formation, and cell-cell spread during infection (66). The virus 

acquires its lipid envelope either from endosomal vesicles (67) or from TGN during the secondary 

envelopment (68). 

1.4 Life cycle 

The HSV-1 life cycle can be lytic or lead to viral latency when the genome largely remains 

quiet in neuronal cells of trigeminal ganglia. The replication cycle begins with virus attachment to 

host-cell receptors, followed by entry, gene expression, genome replication, assembly, and egress 

of mature virions, which takes approximately 18-24 hours in permissive cells (69). 

1.4.1 Attachment and entry into the host cells 

Five viral glycoproteins i.e., gB, gC, gD, and gH/gL interact with host cell receptors for 

pH-dependent or pH-independent endocytosis of the viral genome depending on the cell type (70). 

The HSV-1 receptors are cell type-specific and include heparan sulfate proteoglycans (HSPGs) 

and nectin-1 for fibroblasts, neuronal cells, and epithelial cells (71), while 3-O-sulfated heparan 

sulfate (3-O-S-HS) and herpesvirus entry mediator (HVEM) are primary receptors for ocular 

epithelium and the rare infection occurring in T-cells (72). These interactions are multistep with 

the initial gB or gC binding with HSPGs followed by gD interaction with nectin-1. This induces 

conformational changes in the viral gB fusion protein, leading to fusion with the plasma membrane 

(PM), which also requires the gH/gL viral complex. After fusion, most tegument proteins are 

released into the cytoplasm and the viral capsids are delivered to the nucleus through microtubules 

(73). At the NPC, the viral proteins (pUS3, pUL36, and pUL37) interact with Nup214, Nup358, 
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and Importin-β to inject the viral genome into the nucleus (74). The expulsion of the viral genome 

from the capsid is mediated by the highly pressurized DNA within the capsids (75).  

1.4.2 Gene expression 

The HSV-1 viral genes are transcribed by the host’s RNA polymerase-II (RNAPII) in an 

orderly cascade regulated by host-viral protein interactions. During the lytic infection, three 

different kinetic groups of genes named the immediate early (IE or α) genes, early (E or β) genes, 

and late (L or γ) genes (76), are orderly expressed. IE genes can be transcribed without any de 

novo viral protein synthesis. The incoming tegument protein VP16 interacts with host cell factor-

1 (HCF-1) and Octamer motif-binding protein (OCT-1) upstream of IE gene promoters and recruits 

transcription factors (TFIIA) to transcribe IE genes. IE genes encode pUS1, pUS1.5, pUS12, ICP0, 

ICP4, and ICP27 and induce the expression of later genes. Twelve early genes are involved in viral 

replication and nucleic acid metabolism (Table 5.1 in Annex) (77). Late genes are divided into two 

types: γ1 (leaky late) and γ2 (true late) genes. γ1 proteins are detectable in small concentrations 

before virus replication, however, both groups require DNA replication for their optimal 

expression and are essential for assembly and packaging of virions. ICP4 tightly regulates 

transcription and efficient early to late switch without any other interacting partner and increases 

the transcription of different viral genes (78). In addition to the TATA box, several transcription 

initiator elements (INRs) flanking initiation sites are also important for late gene regulations (79). 

After viral DNA replication, the viral proteins involved in transcription leave nuclear domain-10 

(ND10) foci where they first accumulate to newly assembled replication compartments, which 

provide transcription factors important for early to late switch (80). 

After transcription, newly transcribed viral mRNA must be transported to the cytoplasm 

for subsequent translation and post-translational modifications (PTMs). An HSV-1 ICP27 

interaction with nuclear export receptor TAF/NXF1 suppresses host nucleocytoplasmic mRNA 

translocation and promotes the export of intronless viral mRNAs to the cytoplasm. Transcription 

is tightly coupled with DNA replication and the underlying mechanism is still enigmatic (81). A 

viral RNase (VHS) eventually degrades both host and early viral mRNAs, thereby promoting late 

viral transcripts (82).  
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1.4.3 Replication 

HSV-1 encodes three cis-acting origins of replication: two within the terminal repeats of 

the short segment (OriS) and one (OriL) between the pUL29 and pUL30 genes of the UL region 

(83). Seven early viral proteins compose the core replication machinery. These include the DNA 

polymerase (pUL30), helicase-primase complex (H/P complex) (pUL5, pUL8, pUL52), single-

stranded DNA (ssDNA) binding protein (ICP8), processivity factor (pUL42), and origin binding 

protein (pUL9) (84). pUL9 has intrinsic helicase and ATPase activity required to unwind dsDNA 

and binds with both OriS and OriL to initiate replication (85). ICP8 has template annealing 

capacity, binds to ssDNA and pUL9, and forms filaments. ICP8 stimulates both the H/P complex 

and pUL30 and interacts with other cellular and viral proteins to facilitate viral genome replication. 

The H/P complex is a heterodimer that contains ATPase, 5′–3′ helicase, primase, and DNA binding 

properties and is recruited to the replication fork after the pUL9 interaction with ICP8. pUL8 is 

required for H/P nuclear localization, pUL5 assists in dsDNA unwinding while pUL52 adds RNA 

primers, which serve as a template for DNA synthesis (86, 87). 

pUL30 is a viral polymerase that can add 30 nucleotides per second during elongation and 

correct mismatched nucleotides in the 3’ to 5’ direction (88). pUL30 also prevents base 

dissociation once stabilized by pUL42 on the DNA strand. Moreover, pUL42 decreases the 

premature dissociation of pUL30 by 10 folds without affecting its association rate (89). HSV-1 

replicates in two stages resulting in concatemeric DNA, that is longer than the HSV-1 genome and 

cleaved later, which sometimes is recombination dependent. Recombination rescues replication at 

the stalled fork and produces concatemers (Figure 1.3) (90, 91).  

1.4.4 Capsid assembly and genome packaging 

During intranuclear replication of HSV-1, four morphologically distinct types of capsids 

are formed; i) Procapsids and thermo-stable A-capsids, B-capsids, and C-capsids (92). Procapsids 

are fragile precursor capsids, first formed during the replication cycle, and contain a large spherical 

amorphous outer double shell (93). A- capsids are the least abundant of the three stable capsid 

types, contain no DNA, and arise from unsuccessful DNA packaging. B-capsids are 20%-30% of 

all capsid forms that contain scaffold protein and do not interact with DNA packaging machinery. 

C-capsids are mature products of replication and contain mature infectious DNA (94). The 
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minimum number of viral proteins required to form procapsids includes VP5, VP19C, pre-VP22a, 

VP23, and UL26 gene products (95). 

 

Figure 1.3: Lytic life cycle of HSV-1.  

This figure illustrates the complete steps of virus replication from entry to gene expression and to 

egress of mature capsids. Adapted with permission from Ibáñez et al., 2018 (91) and modified 

with BioRender.com.  

The first step in capsid assembly is forming a portal ring followed by VP5 interaction with 

the scaffold pre-VP22a and UL26 gene products inside the nucleus of HSV-1 infected cells. Next, 

the proteolytic cleavage of the scaffold yields an angularized icosahedral capsid with T=16 

symmetry (96). The exact order of this cleavage step is not completely known. However, during 

capsid maturation, the processing of UL26-encoded protease yields VP24, and the presence of this 

protease domain on defective icosahedral B-capsids suggests it could happen before the 
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encapsidation event (97). CVSC proteins (pUL17 and pUL25) are assembled on these capsids 

along with the packaging triplex (pUL15, pUL28, and pUL33) before encapsidation and their 

concentration depends on capsid type (98). Successful DNA encapsidation requires seven viral 

gene products (pUL6, pUL15, pUL17, pUL25, pUL28, pUL32, and pUL33). If any one of these 

proteins is depleted, it results in the accumulation of B-capsids and concatemeric DNA (99). 

Moreover, pUL21 interacts with CVSC and is required for genome retention inside capsids, which 

suggests its indirect role in genome packaging (100).  

1.5 Nuclear egress 

Nuclear pores allow the transfer of molecules between 25 to 39 nm (101). Due to its much 

larger size, HSV-1 capsids cannot exit the nucleus through nuclear pores and adopt an unusual 

mechanism called nuclear egress. Three models are proposed to describe the capsid's exit from the 

nucleus. The first “single envelopment” model suggested that capsids acquire the primary envelope 

by budding through the INM into the PNS. Since the PNS is contiguous with the ER, the capsids 

would subsequently be transported to the cell’s surface through the biosynthetic pathway (102). 

However, no electron micrographs of virions inside the Golgi have ever been identified, which is 

requisite for the glycosylation of 12 viral glycoproteins (103). The second “nuclear pore” model 

suggests that the enlarged nuclear pores allow the capsids to pass through them (104). In support 

of this model, only one study identified the translocation of HIV-1 capsids (~120 nm × 60 nm) 

through the NPC, which is the maximum cargo in NPC recognized to date. However, 

Mettenleiter’s lab suggested that HSV-1 could only pass through the NPCs in extreme conditions 

(105). The third model was proposed by Stackpole in 1969, which suggested a three-step 

envelopment-deenvelopment-reenvelopment, egress of the capsids (106). In this model, the 

capsids bud through the INM into the PNS for primary envelopment, and then these enveloped 

virions fuse with the ONM to release unenveloped capsids into the cytoplasm. Finally, the 

cytoplasmic capsids acquire their final envelope by budding into the TGN or endocytic vesicles. 

Most recent studies support this model (107, 108).   

The nucleus undergoes a complete architectural reshaping because of wild-type (WT) 

infection, with dense chromatin being moved to the periphery to make enough room for the 

growing replication compartment and capsid docking. Nucleocapsid movement inside the nucleus 

is passive, but induction of the virus-induced channels allows capsid passage through dense 
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chromatin (57, 109). The following section explains this envelopment-deenvelopment-

reenvelopment model in detail along with contributing proteins. 

1.5.1 Nuclear egress complex (NEC) 

The efficient escape of newly assembled DNA-filled capsids requires a structurally intact 

and rightly positioned nuclear egress complex (NEC) (100). The HSV-1 NEC is composed of two 

viral proteins named pUL31 (NEC1) and pUL34 (NEC2) (110). Both proteins are essential for the 

proper positioning of NEC and are conserved among all members of the Herperviridae family 

(111). The absence of any of the two proteins along with pUS3 causes impaired viral replication, 

retention of capsids inside the nucleus, and vesiculation of the nuclear membrane in the PNS (112, 

113). In HSV-1, at least four other viral proteins regulate NEC. pUL13, a viral kinase that 

phosphorylates pUS3, co-localizes with pUL31 and regulates NEC localization (114). pUS3, 

another viral kinase, phosphorylates both NEC proteins and is required for the even distribution of 

NEC throughout the nuclear rim (115). ICP22, encoded by the UL49 gene, and ICP4 have a 

pUL31-dependent association with the NEC and are involved in the proper trafficking of the 

heterodimer to the INM (116). Furthermore, VP13/14, encoded by UL47, and pUL21 are also 

associated with proper NEC positioning (117, 118). The currently accepted model suggests the 

trafficking of pUL31 from the cytoplasm to the inner nuclear membrane (INM), where it interacts 

with pUL34 to form NEC, and this interaction also retains NEC at the INM (119). This model 

suggests that some unknown viral or host protein interacts with pUL31 N-terminus (44 amino 

acids) to prevent its pre-mature interaction with pUL34 in the cytoplasm before reaching the 

nuclear periphery (120, 121). The NEC binds with lamin A/C (LMNA), disrupts their interaction 

with emerin, and recruits different isoforms of protein kinase C (PKC) that aid in the dissolution 

of nuclear lamina and drive budding of nucleocapsids (122). Overexpression of the NEC alone can 

form vesiculation of the nuclear envelope and recruit nuclear capsids to the INM. Recent studies 

also suggested that NEC can act as an adapter protein to initiate the membrane budding and recruit 

other proteins (123).  

Recent studies have proposed 5 different crystal structures of NEC in alpha- and 

betaherpesviruses including HSV-1 (PDB ID: 4ZXS) (124), human cytomegalovirus (HCMV) 

(PDBs: 5D5N and 5DOB) (125), and pseudorabies virus (PRV) (PDBs: 5E8C and 4Z3U) (126). 

NEC is an elongated cylindrical heterodimer with pUL34 at the base and pUL31 at the top of the 
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complex. Both proteins have unique folds. The globular core or conserved region-I of pUL31 

forms an extended N-terminal hook that wraps downward around pUL34 while conserved region-

III of pUL34 binds with the remaining structures of pUL31, resulting in an extremely stable 

heterodimer (127).  

1.5.2 pUL31 

pUL31 is 306 amino acids long, soluble, hydrophobic, and nucleotidylated phosphoprotein 

(128). Its large C-terminus contains four conserved regions while the N-terminus is highly variable 

(129). The C-terminus contains a binding site for its interaction with pUL34 (130) and also 

interacts with nuclear capsids. The smaller N-terminus is critical for virus propagation (121), 

contains bipartite NLS (131), and is a substrate of pUS3 phosphorylation (as reviewed in 1.5.4). 

This PTM is significantly important for HSV-1 viral replication and nuclear egress. Moreover, 

pUL31 mutants lacking an N-terminus are retained in the cytoplasm even if co-transfected with 

pUL34 (132). Furthermore, the N-terminus of pUL31 is critical for the recruitment and 

intranuclear translocation of capsids to the vicinity of INM (121). Through the central pore 

channel, pUL31 is actively recruited to the INM in the presence of pUL34 (133), where it interacts 

with and recruits other viral partners to the nucleocapsid budding sites, including gD and gM (134), 

and is considered important for DNA packaging and virion assembly (135). One study found HSV-

1 pUL31 closely associated with newly replicated DNA (136). Studies using pUL31 orthologs 

from Epstein-Barr virus (EBV) and murine cytomegalovirus (MCMV) also revealed its unique 

role in DNA packaging (137, 138). pUL31 also promotes gene expression early after HSV-1 

infection and is associated with the cell’s failure to activate MAPK/JNK kinase and NF-kB (135). 

Deletion of pUL31 has a minor effect on total viral DNA concentration but causes a three to four-

fold decrease in viral yield and monomeric to concatemeric DNA ratio compared to WT infection 

(139). However, the reduction in viral titer is not seen in all cell lines (140). pUL31 directly 

interacts with C-capsids and the pUL31-bound capsids are recruited at the INM (141). This role is 

also supported by our previous lab findings where pUL31 interacts with the C-terminal of DDX3X, 

re-localize it to the INM late during HSV-1 infection, which could be associated with capsids 

recruitment at the INM and selective egress of C-capsids (142).  
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1.5.3 pUL34 

pUL34 is a type-II integral membrane phosphoprotein that can be anchored to both ER and 

nuclear membranes (143). pUL34 is anchored to the INM through its transmembrane helix located 

on the hydrophobic C-terminal domain with some residues extended to peri-nuclear space (PNS) 

(144). It also contains a nucleoplasmic domain (247-long amino acid motif) that binds to pUL31 

which is important for their retention at INM (115). Several N-terminal residues (between amino 

acids 137 to 181) also interact with pUL31 and are required for vesicle formation at the PNS (145). 

pUL34 deletion causes a two-to-five-fold decrease in virus yield. Nuclear capsids can assemble in 

the absence of pUL34 but are unable to bud through the INM (146). pUL34 recruits pUS3 and 

PKC and has an indirect role in chromatin restructuring during egress in coordination with pUS3 

(reviewed in 1.5.4) (147). pUL34 could facilitate the nuclear egress through four potential means: 

i) pUL34 could mediate a direct interaction between the INM and nucleocapsids; ii) pUL34 could 

interact with other viral proteins to redirect them to the INM for egress, and iii) its interaction with 

nuclear lamins re-structures this physical barrier, since in the absence of pUL34, nuclear lamina 

remains intact with the accumulation of incoming nuclear capsids in the nuclei due to failure of 

egress. Finally, iV) pUL34 also induces membrane curvature around the capsids (148-151). 

1.5.4 pUS3 

HSV-1 encodes a 481-amino acids long inner tegument associated protein pUS3, a 

serine/threonine kinase, which is not conserved in other Herpes subfamilies (152). pUS3 is an 

important virulence factor required for infecting the peripheral and central nervous system (153). 

It is auto-phosphorylated at Ser-147 and phosphorylated by pUL13 and pUS3 activity in egress is 

pUL13 dependent (154). pUS3 is multifunctional with 23 known viral and host substrates (155), 

acts as an anti-apoptotic factor (156), interacts with microtubule network by phosphorylating 

dynein (157, 158), prevents histone deacetylation to promote gene expression (159), and regulate 

the intracellular trafficking of host and viral proteins (160). The most critical function of pUS3 is 

to assist preferential egress of HSV-1 nuclear capsids through de-envelopment (161). Another 

study supported this role where primary enveloped nuclear capsids were trapped in the PNS in 

cells infected with the US3-null virus (162). In addition to capsids, pUS3 absence also causes 

accumulation in the PNS of other viral proteins required for viral infectivity and secondary 

envelopment including gK (163).  
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pUS3 phosphorylates pUL31 at six serine residues, including Ser-11, 24, 26, 27, 40, and 

43. pUS3 dead kinase mutations or alanine substitutions at these six serine residues misplace the 

NEC in punctate structures around INM and produced invaginations of nuclear membrane similar 

to those produced by depleting the whole protein (110, 132). pUS3 also phosphorylates pUL34 at 

Ser-198 and Thr-195. However, alanine substitutions at those sites have little impact on NEC 

localization (164). pUS3 additionally phosphorylates lamin A/C and emerin to modify the nuclear 

architecture, localization, and conformation which assist in the egress of nucleocapsids (147, 165). 

pUS3 also promotes pUL47 nuclear localization by phosphorylating it at Thr-685, Ser-77, and Ser-

88, which in turn interacts with the NEC to regulate nuclear egress (166). 

1.6 HSV-1 incorporates host proteins 

Viruses hijack the host cell’s metabolic and protein synthesis machinery and incorporate 

various host cellular proteins (167). These host proteins assist viruses in their successful entry, 

invasion, replication, egress, and spread in infected cells (168). Through mass spectrometry 

analysis, our lab found that HSV-1 mature extracellular virions incorporate 49 distinct host 

proteins (55). Furthermore, small interfering RNA (siRNA) screening revealed that 15 of these 

host proteins were important for in-vitro HSV-1 propagation. The ATP-dependent DDX3X was at 

the top of the list, interfering the most with the HSV-1 life cycle (54). 

1.7 DDX3X 

RNA helicases are categorized into six superfamilies (169). One of the largest ATP-

dependent RNA helicase family in eukaryotes, the DEAD (Asp-Glu-Ala-Asp) box helicases, are 

included in the superfamily 2 (SF2) and are known to have roles in every stage of RNA metabolism 

(170). The human genome encodes two functional genes paralogs: DDX3X and DDX3Y, which 

share 92% amino acid homology (171). First identified in 1997, DDX3X is an important ATP-

dependent RNA helicase of this DEAD-box family with a relaxed ability to bind different possible 

substrate stereoisomers (172-175). DDX3X is located on the X-chromosomes at position p11.3-

11.23 (176), while DDX3Y is localized on the AZFa region of the Y chromosome (177). DDX3Y 

is only expressed in sperm germ cells and is important for male fertility (177, 178). DDX3X 

escapes human female X-chromosomal inactivation (179) and is ubiquitously expressed in various 

body tissues (180). There are 37 known human DEAD-box proteins and DDX3X is highly 

conserved (181). The other known orthologs of the human DDX3X include Saccharomyces 
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cerevisiae Ded1p (182), Drosophila Belle (183), Mice PL10 (184), Xenopus An3 (185), and Rat 

mDEAD3 (186). Despite their sequence homology, these proteins do not necessarily complement 

each other in in vitro assays (187). 

DDX3X is a 73 kDa polypeptide with 662 amino acids and contains a helicase core along 

with two RecA-like domains (188). It also contains twelve helicase motifs for RNA binding 

(motifs Ia, Ib, Ic, IV, IVa, V, and VI) (189) and ATP hydrolysis (Q, I, II/DEAD, VI) (Figure 1.4) 

(174, 190), flanked by disordered terminals. At both C- and N-terminus domains, structurally 

adaptable low complexity domains (LCD) flank the helicase core (191, 192). These LCDs have 

extra-catalytic regulatory functions and structurally distinguish DDX3X from other members of 

the DEAD-box helicase family (193). Recent studies revealed DDX3X’s capability of 

oligomerization and remodeling of the secondary structures of bound RNAs by hydrolyzing ATP 

to ADP (194). This makes it a highly multifunctional host protein with known roles in important 

cellular processes including RNA metabolism (195), nucleo-cytoplasmic RNA transport (196), 

regulation of cell cycle (197), apoptosis (198), IFN production (199), gene instability (200), 

regulation of gene expression (201), metabolic stress (202), embryo development (203), 

intellectual disabilities (204), DNA damage and tumorigenesis (205).  

 

Figure 1.4: Structural organization of DDX3X.  

This figure illustrates the structural domains of DDX3X. The helicase motifs represent ATP 

binding and hydrolysis (green), RNA binding (yellow), and linkage between ATP and RNA 

binding sites (blue). Adapted from Mo et al., 2021 (190) and modified with Microsoft Visio. 

1.7.1 Sub-cellular localization of DDX3X 

The N-terminus of DDX3X contains a leucine-rich nuclear export signal (NES), which is 

associated with exportine-1/CRM1 mediated nuclear export (206), while an RS (arginine/serine) 

like region in the C-terminus interacts with the nuclear export receptor TAP (207). DDX3X has a 

nucleo-cytoplasmic distribution, but some studies reported it predominantly localized to the 
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cytoplasm (207, 208). The subcellular localization of DDX3X is important as it is correlated with 

disease progression and tumorigenesis (209, 210). Studies have reported DDX3X localization to 

other cell organelles in different pathophysiological conditions, including the mitochondria (208), 

centrosome (211), and nucleolus (209). DDX3X has also been reported inside stress granules 

(212). Our lab also reported that DDX3X is redirected to the INM where it co-localizes with large 

nuclear capsid blebs (~4 µm) in approximately 15-20% infected cells late during HSV-1 infection. 

As VP5 did not concentrate at the INM in the absence of DDX3X and its presence depends on 

DDX3X and C-capsids, this points to these large blebs being the aggregates of C-capsids coming 

for egress (142).  

1.7.2 DDX3X interaction with RNAs 

DDX3X reportedly binds to almost every transcribed mRNA (213) preferably with their 

G-rich sequences and 5’-UTRs (214). DDX3X lacks inherent RNA sequence-specificity and can 

recognize complex higher order (secondary) RNA structure (TAR hairpin) in close proximity to 

the 5′ m7GTP cap moiety (213). DDX3X can also bind with higher-order structures in both ssRNA 

and dsRNA (215). However, for dsRNA, DDX3X can only interact with either 3’ or 5’overhangs 

(194). In vitro studies show that DDX3X can unwind DNA-RNA and RNA-RNA duplexes, which 

require the presence of ATP. However, it is still unclear to which extent it can unwind DNA-DNA 

duplexes (182).  

1.7.3 DDX3X regulates gene expression 

1.7.3.1 Transcription 

DDX3X is involved in the transcriptional regulation of gene promoters. For example, 

DDX3X interaction with YY1 positively regulates the transcription of genes associated with 

WNT/β-catenin signaling (216), which is important in cancer progression. In addition, DDX3X 

negatively regulates the E-cadherin promoter (217) and upregulates the promoters of p21waf1/cip 

(218) and IFN-β genes by binding with transcription factor SP1 (219). DDX3X promotes the 

recruitment of p300/CBP and IRF3 to the IFN-β promoter (220) and interacts with TBK1 to 

upregulate the IFN-β promoter (219).  

 

 



 

17 

 

1.7.3.2 mRNA splicing and RNA export 

DDX3X contains 7 serine-arginine dipeptides in its C-terminus RS-domain (between 

amino acids 582-632), structurally resembling other splicing factors (221). Recent studies have 

identified DDX3X in human spliceosomes, spliceosomal B complexes, and messenger 

ribonucleoproteins (mRNPs), along with the presence of spliced mRNAs and exon junction 

complex (EJC) core proteins (196, 222). However, DDX3X involvement in pre-mRNA splicing is 

still elusive. The presence of NES suggests that DDX3X could already be associated with mRNA 

before exiting the nucleus (223). Moreover, the recruitment of EJC and TREX complex during 

splicing promotes its nuclear export (224). In contrast, DDX3X knockdown shows minimal effect 

on splicing, pointing to another scenario where DDX3X interacts with RNPs only to promote the 

RNA export after splicing and itself has little or no active role in splicing events (225). To support 

this hypothesis, studies reported DDX3X interactions with Exportin-1 and NFX-1, proteins 

involved in mRNA export (218). However, the depletion of DDX3X has no statistically significant 

impact on the nuclear export of the β-globin reporter gene (226) or poly(A)+ mRNA (227). These 

findings suggest that DDX3X could be associated with the export of certain specific mRNAs and 

not with the export of all mRNA types. In addition to FRMP, hnRNPU, DDX1, and Staufen1, 

DDX3X has also been recognized as a component of kinesin-associated transport granules 

essential for neuronal transport of β-actin and CaMKIIα mRNA (228, 229). However, the 

knockdown of DDX3X affects neither the granule assembly nor the RNA export and its actual role 

needs to be explored further.  

1.7.3.3 Translation 

mRNA is translated into functional protein by two mechanisms in eukaryotes named i) cap-

independent and ii) cap-dependent translation (230). DDX3X regulates protein synthesis by 

interfering with both mechanisms of translation. On the one hand, DDX3X suppresses cap-

dependent translation by interacting with the eIF4E complex, thus inhibiting the eIF4E-eIF4G 

interaction and overall protein synthesis in liver cancer (231). In contrast, DDX3X binds with the 

eIF4F complex and positively regulates cap-dependent translation of mRNA transcripts with 

structured 5’-UTR (232). Another study reported that DDX3X interacts with eIF3 and cap-binding 

protein complex (CBC) to upregulate the translation of uORF-containing mRNAs, which plays a 

significant role in the metastatic invasion of tumors (233). DDX3X may also interact with eIF3 

and 40S ribosomes in HeLa cells to facilitate the 80S-ribosomal assembly and protein synthesis, 
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but the exact mechanism is still ambiguous (193, 234). On the other hand, a study reported that a 

DDX3X interaction with eIF3 (subunits j and e) and PRL-13 facilitates the IRES-mediated cap-

independent translation (235). DDX3X interaction with (GGGGCC) nRNAs effectively prevents 

repeat-associated non-AUG (RAN) translation (236) and its knockdown (KD) was associated with 

aberrant perturbations in elongation and ribosomal recycling (185).  

1.7.4 Cell cycle and Tumorigenesis 

DDX3X is implicated in the regulation of cell cycle, apoptosis, and tumorigenesis. 

Contradictory studies reported DDX3X as both a tumor suppressor and an oncogene (237). Cyclin-

dependent kinases (CDKs), cyclin-dependent kinase inhibitors (CKIs), and cyclins are major 

regulators of the cell cycle (238). DDX3X positively regulates the cell cycle by regulating the 

mRNA translation of both cyclin D1 and E1 (239). In contrast, some studies reported that DDX3X 

suppresses cell growth by interacting with the p53-DDX3X-p21 axis. P21, a typical CKI, interacts 

with cyclin/CDK complexes to stop cell growth. DDX3X stimulates the binding of SP1 to the p21 

promoter and increases its interaction with p53 in lung cancer (240). The depletion of DDX3X 

causes rapid G1-S phase transition or complete G1-phase arrest in lung, prostate, colorectal, and 

breast cancers (241, 242), which could result from the reduced cyclin E1 due to its upregulation 

by DDX3X (239). Moreover, DDX3X also inhibits the Kruppel-like factor-4 (KLF4) expression, 

which is then followed by upregulation of CDK2 and CCNA2 expression (243). Furthermore, 

DDX3X also regulates the cell cycle and survival in the early stages of mouse embryogenesis. In 

addition, DDX3X is also involved in cell adhesion, motility, and metastatic invasion of cancerous 

cells via its interaction with Rac1- signaling pathway (244). 

1.7.5 DDX3X in viral infections 

As obligate intracellular pathogens lack essential genes for their own replication, several 

viruses hijack DDX3X for their successful infection. The role of DDX3X in viral infections can 

be divided into three categories: i) replication; ii) regulation of viral gene expression; and iii) 

antiviral innate immunity. Until today, DDX3X has been implicated in the regulation of 18 virus 

species belonging to 12 different genera (Table 1.1). DDX3X interacts with 7 subcellular 

compartments associated with viral entry, gene expression, nuclear egress, energy needs, and 

assembly of the lipid envelope (Figure 1.5) (245, 246).  
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Table 1.1. List of viruses interacting with DDX3X 

Species Genus Genome Reference 

Herpes simplex virus-1 (HSV-1) Simplexvirus dsDNA (201) 

Human cytomegalovirus (HCMV) Cytomegalovirus dsDNA (247) 

Hepatitis-B virus (HBV) Orthohepadnavirus dsDNA (248) 

Vaccinia virus (VACV) Orthopoxvirus dsDNA (249) 

SARS-CoV-2  Betacoronavirus ssRNA (250) 

Respiratory syncytial virus (RSV) Orthopneumovirus ssRNA (251) 

Hepatitis-C virus (HCV) Hepacivirus ssRNA (252) 

Human immunodeficiency virus (HIV) Lentivirus ssRNA (253) 

Human para-influenza virus-3 (HPIV-3) Respirovirus ssRNA (251) 

Lymphocytic choriomeningitis virus (LCMV) Mammarenavirus ssRNA (254) 

Lassa mammarenavirus (LASV) Mammarenavirus ssRNA (254) 

Junín virus (JUNV) Mammarenavirus ssRNA (254) 

Norwalk-like viruses (NLV) Norovirus ssRNA (255) 

Coxsackie B  Enterovirus ssRNA (256) 

EV-71 Enterovirus ssRNA (257) 

Japanese Encephalitis virus (JEV) Ortholavivirus ssRNA (258) 

West Nile virus (WNV) Orthoflavivirus ssRNA (259) 

Zika virus (ZIKV) Orthoflavivirus ssRNA (260) 

Dengue virus (DENV) Orthoflavivirus  ssRNA (261) 

Influenza-A virus (IAV) α-influenza virus ssRNA (262) 

Red-spotted grouper nervous necrosis virus 

(RGNNV) 

Betanodavirus ssRNA (263) 

Snakehead vesiculovirus (SHVV) Perhabdovirus ssRNA (264) 
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Figure 1.5: Schematic Illustration of putative multiple subcellular compartments where 

DDX3X can interact with viruses.  

Adapted with permission from Winnard Jr et al., 2021 (245) and modified with BioRender.com. 

Experimental and computational studies predicted DDX3X interaction with fragment1 in 

5’-UTR of SARS-CoV-2 (265) is considered proviral in its replication (266). Similarly, one 

proteomic study identified DDX3X as a SARS-CoV-2 interacting partner along with 104 other 

host proteins in Huh7 and Calu3 cells. SGs surface protein G3BP1 interacts with the SARS-CoV-

2 nucleocapsid (Np) protein, co-localizes with RNA foci, and its inhibition by DDX3X 

significantly lowered the viral titers (250, 267).  

Exportin-1 mediated nuclear export of un-spliced vRNPs (Rev-bound RRE-RNA) 

transcripts is the final step in the replication cycle of human immunodeficiency virus-1 (HIV-

1), which requires NES and RanGTP independent DDX3X interaction with CRM1 (268). DDX3X 

depletion in HeLa cells restricts the translation of HIV-1 gRNA without significantly impacting 

the global translation. Ectopic expression of siRNA DDX3 or mutation (S382L) in the motif-III 

linked with ATP hydrolysis of DDX3X fully restores HIV-1 translation, which suggests its 

indispensable role in HIV-1 life cycle in addition to the nuclear export but in an ATP independent 

fashion (232).  



 

21 

 

DDX3X interacts with the N-terminus (amino acids 16-36) of the hepatitis C virus (HCV) 

core protein in both the cytoplasm and nucleus and its depletion inhibits viral replication. After 

HCV infection, DDX3X is redirected from the nucleus to the cytoplasm, accumulating in discrete 

foci near ER and co-localizing with the viral core protein. Upon binding the HCV 3’-UTR, 

DDX3X is redirected to cytoplasmic SGs, which are involved in liquid-liquid phase condensation 

required for the virus replication (252, 269, 270).  

Japanese encephalitis virus (JEV) NS5 (methyltransferase/RNA polymerase) and NS2B-

NS3 (serine protease) are essential for genome replication of the virus (258). DDX3X co-localizes 

with the viral RNA, interacts with NS3, NS5-RdRp, and NS5-MTase on both 3’- and 5’-UTRs, 

and its depletion causes a significant reduction in viral replication and protein expression (271). 

Dengue virus (DENV) infection of A549 cells upregulated DDX3X transcription and similarly, 

viral replication was upregulated in siRNA-DDX3X treated HEK293T cells (261).  

Proteomic analysis revealed that mature human cytomegalovirus (HCMV) virions 

incorporate DDX3X in a pp65/pUL83-dependent manner and that HCMV infection upregulates 

DDX3X (247). Proteomics studies from our lab reported mature HSV-1 virions incorporate 

DDX3X, which promotes HSV-1 viral infectivity, propagation, replication, and regulation of gene 

expression (201). Our recent lab findings indicated a novel role of DDX3X in HSV-1 nuclear 

egress. Hence, the DDX3X C-terminus physically interacts with pUL31 and stimulates mature 

virions to incorporate pUS3 and reshape nuclear architecture during capsid egress (142). 

Though host-pathogen interactions remain enigmatic, the above data overall indicated the 

importance of DDX3X in the life cycles of both DNA and RNA viruses, positioning it as a potential 

pan-antiviral host protein for the development of broad-spectrum antivirals. 

1.8 PCBP1 

Some heteromeric protein complexes bind to newly synthesized and transcriptionally 

active RNAs (272). These heteromeric RNA binding proteins (RBPs) are largely composed of 

heterogeneous nuclear ribonucleoproteins (hnRNPs) (273). RBPs are classified by the structural 

and functional homology of their RNA-binding domains (RBDs) (274) and have diverse biological 

functions such as cell signals transduction (275), telomere synthesis (276), transcription (277), 

splicing (278), mRNA stability (279), translation (280), and post-translational modifications (281). 
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The K-homology (KH) domain of the RNA binding family consists of Poly(C)-binding proteins 

i.e., PCBP1-4 or alternatively called hnRNP E1– 4/ hnRNP-K/J or αCP1– 4. They contain 

evolutionarily conserved ~70 amino acid-long triplicate copies of the KH-RNA binding domain 

(Figure 1.5) (282, 283). Based on sequence similarity, KH-domains were first discovered in 

hnRNP K as 45- amino acids long triple repeats and later recognized in PCBP 1-4 and other 

proteins, including FMR1, a multifunctional RBP important for neuronal development (284-286). 

NMR spectroscopy reveals that the KH-domain structure consists of βααββα fold and strands of 

β-pleated sheet strongly packed against 3 α-helices hydrophobic residues (287). In addition to this 

βααββα fold, KH-domains can also be categorized into 2 groups: Type-I contains C-terminal βα 

extension while Type-II contains αβ extension on the N-terminus (288, 289). Poly(rC)-binding 

protein-1 (PCBP1) or hnRNP E1, is a 356 amino acid long intron-less protein (290), that shares an 

~88% homology with PCBP2 (291). PCBP1 is involved in RNA metabolism, a classic hnRNP 

characteristic, but also exhibits some novel functions, such as interaction with the immune system, 

metastasis, iron transport, and modulation of viral infections (292), which are discussed in detail 

in the following sections. 

 

    

Figure 1.6: PCBPs multidomain structure with colored KH domains.  

Adapted with permission from Makeyev and Lieberhaber, 2002 (293) and modified with Microsoft 

Visio.  

1.8.1 Cellular localization of PCBP1 

Structural analysis of PCBP1 revealed the presence of two functionally independent 

nuclear localization signals named NLS-I and NLS-II with diverse biological functions both in the 

nucleus (transcriptional gene regulation and RNA splicing) and cytoplasm (translation) (290). 

NLS-I, an evolutionarily conserved 9-amino acids motif, is located in the variable region linking 



 

23 

 

the KH2 and KH3 domains, while a variable 12-amino acid long NLS-II is present in the KH3 

domain (294, 295). Deletion of NLS-I is sufficient to block the nuclear localization of PCBP1 

while for PCBP2, both NLS-1 and NLS-II need to be mutated (296). PCBP1, PCBP2, and hnRNP 

K are primarily localized to the nucleus, with PCBP1 being specifically enriched in the nuclear 

speckles and PCBP-3 and PCBP-4 are predominately cytoplasmic (297, 298). Nuclear speckles 

are interchromatin organelles with higher concentrations of snRNPs and other protein splicing 

factors, suggesting their close association in modulating gene expression (299). Phosphorylation 

of PCBP1 by mitogen-induced p21-activated kinase 1 (Pak1) on Thr 60 and 127 increases its 

nuclear retention (296, 300). Although PCBP1 is ubiquitously expressed, its localization pattern is 

different depending on cell type. PCBP1 was abundantly nucleocytoplasmic in Chief cells 

(stomach epithelial cells) while it was limited to the nucleus in Parietal cells (301). Transient 

change in the subcellular location of any protein could significantly alter its interactions with other 

proteins (302). 

1.8.2 PCBP1 in the regulation of gene expression 

PCBP1 can control gene expression at multiple cellular levels as a transcriptional activator, 

translational repressor, and RNA splicing regulator (303). In addition to RNA binding, studies 

reported that PCBP1 can bind to pyrimidine/polypurine (PPR) rich regions in 3’-UTR of ssDNA 

and dsDNA (296). This property is very important in the transcriptional gene regulation of several 

proteins. For instance, PCBP1 binds to AU-rich sequences in the promoter region of eukaryotic 

initiation factor 4E (eIF4E) (304), μ-opioid receptor (MOR) (305), BRCA1, interleukin-like EMT 

inducer (ILEI) (306), β-globin (307), tyrosine hydroxylase (308), collagen type I and III (309), 

renin (310), erythropoietin (311), neurofilament-M and actively regulates their transcription (312). 

PCBP1 was the only protein among many interacting partners of PPR, whose concentration was 

decreased in the presence of a non-functional BRCA gene in breast cancer cells (312). μ-opioid 

receptor (Mor) has a critical role in the use of analgesics to alleviate pain in terminal cancer and 

develop dependence and tolerance (313), and is mostly expressed in the CNS. PCBP1 binds to a 

26-nucleotide ssDNA CR-element in the promoter region of Mor and tightly regulates its 

expression by acting as both a negative and positive modulator of transcription (314, 315). 

Different PTMs including phosphorylation confer structural and functional changes in PCBP1, 

important for transcriptional regulation of gene expression and change in its localization. 

Mitogenic stimulated PAK1 phosphorylation of PCBP1 on Thr 60 and 127 restricts its binding and 
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increases translational inhibition of the DICE minigene (316). It also positively mediates PCBP1 

interaction with U2 snRNP and CAPER-α to promote alternative splicing (316, 317) 

Regulating the stability and degradation of mRNA is critical to regulate gene expression 

(318). It involves complex interactions between hnRNPs and cis-acting sequences mostly present 

in AU-rich elements (AREs) of 3’-UTRs and are responsible for mRNA instability (319). hnRNPs 

were recognized to influence structural and functional interactions of the human α-globin mRNA 

stability complex, interacting with CR-elements in 3’-UTR of this complex (320). The following 

proteins are involved in this complex: PCBP1, PABP, PCBP2, and hnRNP D, out of which PCBP1 

is an essential part of this complex (321). Interaction with this complex increases the half-life of 

mRNAs by protecting them from de-adenylation (322). Since then, other studies suggested that 

PCBP1 interacts with various mRNAs for their stability. For instance, PCBP1 also binds with 

endothelial nitric oxide synthase (eNOS), p21WAF1, and p63 through 3’-UTR CR-element (323-

325). The binding of PCBP1 with eNOS mRNA protects it from miRNA-mediated repression 

(323). PCBP1 also interacts with 5’-UTR and maintains mRNA stability of EV71 (326), c-myc, 

and PRL-3 (327). PCBP1 can negatively affect the stability of p62/SQSTM1 and LC3B (328). The 

expression of p53-activated p21WAF1 is associated with cell cycle G1 arrest and depletion of both 

PCBP1 and PCBP2 enhanced mRNA stability of p21WAF1 (329). 

1.8.3 PCBP1 in viral infections 

HSV-1 C-capsids preferentially escape the nucleus and finding PCBP1 specifically on 

these viral capsids suggests a putative role of PCBP1 in the HSV-1 selective nuclear egress (330). 

Preliminary work from our lab suggests that PCBP1 is needed for optimal HSV-1 replication. 

Interestingly, PCBP1 also interacts with HSV-1 pUL24, which has been implicated in HSV-1 

nuclear egress (331), consistent with PCBP1’s involvement in that process (Thornbury, in 

preparation). Furthermore, one study recently suggested that PCBP1 could be involved in the 

assembly, secretion, and egress of HCV virions (332). Studies reported proviral effects of PCBP1 

for enterovirus 71 (EV71) (333), Kaposi’s sarcoma-associated herpesvirus (KSHV) (334), 

poliovirus (292), and classical swine fever virus (335). In contrast, PCBP1 also shows antiviral 

effects against HPV-16 (336), Hepatitis-E virus (HEV) (337), HCV (338), HIV-1 (339), influenza 

virus (340), and vesicular stomatitis virus (VSV) (341).  
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1.8.3.1 PCBP1: A proviral host protein 

PCBP1 acts as a proviral host factor by interacting with viral and other host proteins to 

manipulate the host immune system, and positively regulate IRES activation. Poliovirus and EV71 

are ssRNA viruses of Picornaviridae, and cause poliomyelitis and hand-foot-and-mouth disease 

(HFMD) respectively (342). Both viruses contain nucleotide motifs in their 5’-UTR, essential for 

their viral RNA replication and IRES-mediated translation. The EV71 5’-UTR contains six stem 

loops/SLs (domains). This cloverleaf-like stem-loop I (SL-I), found within 1 to 87 nucleotides in 

5’-UTR, is critical for virus replication and virulence (343). PCBP1 KH1 domain binds to SL-I 

and SL-IV of EV71 and poliovirus (292, 326). PCBP2 binds even more strongly to SL-IV and 

IRES than PCBP1 and complements its depletion in poliovirus-infected cells (344). PCBP1 binds 

to KSHV ORF57, an HSV-1 ICP-27 homolog, a protein detrimental to mRNA biogenesis (345). 

This interaction causes IRES-mediated translation of host protein XIAP (X-linked inhibitor of 

apoptosis) but does not impact IRES-mediated translation of KSHV vFLIP. Here PCBP1 possibly 

acts as an anti-apoptotic factor on KSHV infection’s reactivation. However, the exact mechanism 

of favoring IRES-mediated KSHV translation is still under investigation (346).  

1.8.3.2 PCBP1: An antiviral host protein 

PCBP1 interacts with the VSV phosphoprotein (P), and its overexpression inhibits viral 

mRNA synthesis at the primary transcription levels without significant impact on overall genome 

replication (347). ORF2, a sub-genomic RNA, encodes the major HEV capsid and is involved in 

virus attachment with host receptors, uptake, trafficking, replication, and pathogenesis (348). 

PCBP1 interacts with the ORF2 genomic promoter, and its depletion causes a significant increase 

in HEV viral replication (349). Similarly, PCBP1 inhibits the translation of human papillomavirus-

16 (HPV-16) late genes (350). HPV-16 capsid proteins L1 and L2 mRNA expression is blocked 

in normal cells as they are only expressed in terminally differentiated cells. HnRNP K, PCBP1, 

and PCBP2 bind to 3’-UTR of L2 mRNA resulting in a 4-fold reduction in HPV CAT gene 

expression. PCBP1 also inhibits the translation of L2 mRNA which gives insight into the antiviral 

role of PCBP1 (351, 352). Similarly, PCBP1 inhibits the activation of IFN-β, ISRE, and NF-κB-

Luc in SeV-infected HEK293 cells (353).  
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Chapter 2: Study Objectives 

This study aimed to evaluate the possible role of DDX3X in the preferential egress of HSV-

1 C-capsids. We studied 1) the impact of phosphorylation on the DDX3X nuclear localization and 

the formation of large capsid (VP5) blebs; 2) the impact of pUs3 phosphorylation on pUL31 

interaction with DDX3X; 3) whether DDX3X interact directly with pUL31 and/or pUL34; 4) 

probe the PCBP1 interaction with DDX3X; 5) examine if PCBP1 interacts with pUL31 and pUL34 

separately. 
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Chapter 3: Methods 

3.1 Cells and Viruses 

HeLa cells were grown (in 10 cm Petri and 6-well plates) in DMEM supplemented with 

5% BGS, 2 mM L- glutamine, and 1% P/S at 37°C in a 5% CO2 incubator for 24 hours. Vero cells 

expressing the HSV-1 pUL31 (CV31 cells) were provided by Dr. Richard Roller. Vero and CV31 

cells were grown in DMEM containing 10% heat-inactivated FBS, 2mM L-glutamine (and for the 

CV31 cells, 200 µg/mL Hygromycin B; GibcoTM). HEK293T cells were grown (on coverslips in 

6-well plates) in DMEM containing 10% FBS, 2 mM L-glutamine, and 1% P/S 

(penicillin/streptomycin). 143B cells were grown in DMEM containing 10% FBS, 1% 5-bromo-

2'-deoxyuridine (BuDR), and 1% P/S. A solution of poly-L-lysine was mixed (1:10) in ultra-pure 

water (Sigma-Aldrich), 5 mL was added to 10 cm Petri’s for 5 minutes at room temperature, and 

plates were washed three times with sterile 1x PBS. HEK293 Flp-In GS-DDX3X (142) cells were 

seeded in these plates provided with DMEM containing 10% FBS, 2 mM L-glutamine, and 200 

µg/mL Hygromycin B. Throughout this study, we used two viral strains, i.e., 1) HSV-1 WT (F), 

provided by Dr. Beate Sodeik (Institute der MHH, Germany), and 2) strain F HSV-1 

US3K220A/vRR1204 viral mutant encoding a kinase-dead pUS3 protein, graciously provided by 

Dr. Richard Roller (Department of Microbiology and Immunology, Carver College of Medicine, 

University of Iowa). These viruses were propagated on Vero cell monolayers to generate stocks. 

A day before infection, cells were seeded in a volume so that they attained 70%-80% 

confluency in approximately 24 hours. The next day, cells were trypsinized and counted using a 

hemocytometer to determine the volume of virus needed to achieve the multiplicity of infection 

(MOI) of 5. The virus stocks were diluted to the required concentrations in 0.1% Roswell Park 

Memorial Institute (RPMI) media. Cells were either mock infected or infected with HSV-1 (F) 

WT, and US3K220A at an MOI of 5. After adsorption, 10 mL DMEM was added to each plate 

and placed in the incubator for 11 to 48 hours as indicated in the figure legends.  

3.2 PCR and Sequencing 

 To confirm the mutation in the vRR1204/US3K220A virus, PCR and sequencing were 

performed. The cells were lysed with 1x PBS, centrifuged @ 300 x g, and DNA was extracted 

following the manufacturer’s protocol. DNA concentration was determined with a Nanodrop-1000 
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spectrophotometer (Thermo Scientific). Primers (F: 5’-CAAACCTTCCCACACCACAC-3’; R: 

5’-ACGGTGGTGGTATACGGATC-3’), flanking 931 bp region of HSV-1 (F) US3, were 

designed using Primer3. One microgram of DNA was used as a template in PCR. After gel 

electrophoresis, the gel was purified following the instructions provided by the manufacturer 

(Monarch DNA Gel Extraction Kit/ T1020), and the purified PCR product was then sent for 

sequencing. Sequencing files were then aligned and visualized with SnapGene.  

3.3 Transfections 

pRR1238 (HSV-1 WT pUL34 plasmid) and pRR1334 (HA-tagged HSV-1 pUL31 plasmid) 

were kind gifts from Dr. Richard Roller. The plasmids were either individually (1.5 µg) or together 

(0.75 µg each) diluted into 50 µL of serum-free DMEM containing high glucose (4.5 g/L). 

LipoD293™ (SignaGen® Laboratories) @ 4.5 µL was gently mixed with 50 µL serum-free 

DMEM with high glucose. Both reagents were pooled at a 3:1 transfection reagent: DNA ratio, 

vortexed or gently pipetted up and down for 15 seconds and incubated at room temperature for 15 

minutes without any disturbance for the formation of DNA-transfection complex. This complex 

was added to each well drop by drop, gently mixed by swirling, and incubated at 37°C. For the 

mock condition, only transfection media (4.5 µL) diluted in 50 µL high glucose DMEM was 

gradually used. Given their high rate of transfection, either 143B or HEK293 cells were used for 

transfections. For Western blotting, the cells were harvested 48 hours post-transfection. As a 

positive control for pUL31 or pUL34, cells were infected with HSV-1 (F) WT at MOI 5 and 

harvested 12 hpi. Thirty-five micrograms of each cell lysate were loaded on 5-20% gradient gel to 

confirm pUL34 plasmid expression compared to WT infection. For confocal microscopy, the cells 

were fixed after 24 hours post-transfection with 4% PFA and immunostained with anti-pUL34, 

anti-HA, and R648/rabbit anti-DDX3X antibodies and prepared for confocal microscopy. 

Alternatively, the samples were stained for anti-pUL31 or pUL34 and anti-PCBP1 antibodies.   

3.4 Western Blotting 

Total cell lysate from infected cells was harvested with manual scrappers in 1x PBS. The 

cell lysates were centrifuged at 800 x g in a refrigerated centrifuge for 5 minutes and then re-

suspended in RIPA lysis buffer (50 mM Tris-HCL ph7.4, 150 mM NaCl, 1 mM EDTA, and 1% 

SDS) with the addition of a protease inhibitor cocktail containing chymostatin (5 µg/mL), 

leupeptin (0.5 µg/mL), aprotinin (2.5 µg/mL), and pepstatin (0.5 µg/mL) in dimethyl-sulfoxide 
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(DMSO). Samples were gently rotated for 1 hour at 4°C, sheared 3 times through 271/2-gauge 

needles, sonicated 10 “On/Off cycles” with intensity 8 on a Microcup-horn sonicator (Fisher 

Scientific Sonic Dismembrator Model 100), and centrifuged for 20 minutes at 12,000 x g (4°C). 

The supernatants were put into fresh Eppendorf vials. Protein concentrations were measured with 

a PierceTM BCA Protein Assay Kit (Thermo Scientific/Cat no. 23225) according to the 

manufacturer’s protocol. Thirty-five micrograms of the total cell lysates were loaded on 5-20% 

gradient polyacrylamide gel in a sample buffer (2% SDS 2%, 50 mM Tris-HCl/pH 7.4, 10% 

glycerol, 2% β-mercaptoethanol, 0.1% and bromophenol). After their migration, the proteins were 

transferred to PVDF membranes (Bio-Rad), and then incubated in a blocking buffer (5% skim 

milk) for 1 hour at room temperature. The primary antibodies were diluted in an antibody dilution 

buffer containing 5% BSA in 1x PBST mixed with 0.1% Tween-20, while the secondary antibody 

dilution buffer contained 5% skim milk in 1x PBST (0.1% Tween-20 in 1x PBS, pH 7.4). The 

following day, the membranes were washed with 1x PBST) three times and incubated with the 

appropriate secondary antibodies at room temperature for 1 hour. After washing three times with 

1x PBST, an enhanced chemiluminescence substrate (Bio-Rad) was added to the membranes, and 

the proteins were visualized using the Bio-Rad ChemiDoc XRS+ system. The intensity of signals 

was quantified with the ImageJ software.  

3.5 Confocal laser scanning microscopy (CLSM) 

HeLa cells were grown on coverslips in 6-well plates in DMEM until they reached 70% 

confluence. The cells were either mock-treated (-ve CTL) or infected for 11 hours with HSV-1 (F) 

WT and US3K220A at an MOI of 5 and fixed with 4% paraformaldehyde (PFA) for 15-20 minutes 

at room temperature. The cells were permeabilized and then blocked in blocking buffer (0.3% 

Triton X-100 and 5% heat-inactivated bovine serum in 1x PBST) at room temperature for 60 

minutes. The coverslips were washed with 50 µL sterilized 1x PBS for 5 minutes and 

immunostained with 30 µL primary antibody dilution (1:1 mix of rabbit anti-DDX3X/R648 and 

mouse anti-VP5 antibodies; details are given in Table 3.3) overnight at 4°C. On the next day, 50 

µL 1x PBS was used three times to wash coverslips for 5 minutes each at room temperature and 

incubated with 50 µL fluorochrome-conjugated secondary antibodies dilution (1:1 mix of Alexa 

Flour 488 and 568; details given in Table 3.4) at room temperature for 1 hour. Both primary and 

secondary antibodies were diluted in dilution buffer containing 1% BSA in 1x PBST. Again 50 
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µL of 1x PBS was used three times to wash coverslips for 5 minutes each at room temperature, 

and Hoechst 33342 (5 µg/mL) was added in 1:200 Dako Fluorescent antifade Mounting Medium 

to stain the nuclei. The glass slides were washed with 70% ethanol and dried with Kim wipes. 

Coverslips were dipped 3 times in Milli-Q ultra-pure water and gently placed over 10 µl of 

mounting medium (Dako, Sigma-Aldrich) overnight at room temperature. Coverslips were 

examined with a Leica TCS SP8-DLS confocal microscope and images were taken with an HC PL 

APO 63x/1.40 CS2 oil objective and laser intensities of each channel were appropriately adjusted 

to avoid image saturation.  

The impact of pUS3 viral kinase on the intracellular distribution of DDX3X was analyzed 

with the LAS X (Leica) software. The Gaussian filter was used to define the nuclei and the click-

draw option was used to set cell boundaries. Two-hundred infected cells for each condition (wild-

type vs mutant virus) were counted using VP5 as a marker of HSV-1 infection. In parallel, the VP5 

distribution was categorized into a) nucleocytoplasmic; b) diffuse nuclear; c) small nuclear foci; 

and d) medium-sized nuclear foci up to 2 µm or large foci up to 4 µm. 

3.6 Co-localization analyses 

 To determine the co-localization of DDX3X and pUL31, two strategies were used. In the 

first, Vero or CV31 cells were mock treated for 11 hours. The cells were fixed and processed for 

immunofluorescence as indicated above. Ten random images from each condition (CV31 and Vero 

Mock) were selected and exported using LAS X software. The images were processed with 

Fiji/ImageJ software (JACoP plugin) using Pearson’s Correlation Coefficient (PCC) (354). The 

average correlation “r” between DDX3X and HSV-1 pUL31 was shown on a scale from -1- to +1. 

Alternatively, Mander’s Correlation Coefficient (MCC) was used (355). In that tool, the degree of 

co-localization ranges from 0 (no lo-localization) to 1 (perfect co-localization). In the second 

strategy involving pUL31 or pUL34 transfected cells, 30 cells from the mock or transfected 

conditions were selected with ImageJ software and subjected to co-localization analysis using the 

JACoP plugin. Co-localization was quantified using PCC and MCC tools (as described above). 

Also, for PCPB1, 30 cells were quantified per condition.   

 



 

31 

 

3.7 Immunoprecipitations 

 HEK293 Flp-In GS-DDX3X cells (stably expressing GS-DDX3X) were either mock-

treated or infected with HSV-1 (F) WT and US3K220A at an MOI of 5. After 12 hpi, the cells 

were lysed with RIPA lysis buffer. The cell lysates were centrifuged at 800 x g, in a refrigerated 

centrifuge for 5 minutes, and pellets were re-suspended in RIPA lysis buffer containing 1x CLAP 

(107 cells/mL). The cell lysates were incubated on ice for 1 hour and centrifuged for 20 minutes at 

14,000 RPM in a microfuge. The supernatants were discontinuously sonicated for 10 seconds. 

Lysates were first incubated with 6 µL goat pre-immune serum for 1 hour at 4°C with gentle 

rotation to block non-specific binding. Pierce™ Protein G Agarose beads @ 50 µL (50% slurry), 

were washed three times with lysis buffer @ 2,000 RPM for 1 minute each, and the supernatants 

were removed to add 1 mL lysis buffer. The cell lysate was added to the beads and incubated 

overnight at 4°C with gentle rotation. The following day, beads were centrifuged at 800 x g for 2 

minutes and the flow-through was kept for future analysis. The beads were harvested by 

centrifuging @ 2,000 RPM for 1 minute, washed once with lysis buffer having a higher NaCl 

concentration (500 mM) and twice with lysis buffer containing a lower concentration of NaCl (150 

mM). Thereafter, 50 µL (2X sample buffer and β-mercaptoethanol) were added to re-suspend the 

bead pellets. Proteins were denatured by heating for 5 minutes at 95°C on a hot plate, centrifuged 

for 2 minutes at 2, 000 RPM, and supernatants were loaded on 5-20% gradient polyacrylamide gel 

to do the normal western blot (as described above). 

3.8 Statistical analyses  

 The data were subjected to One-way analysis of variance (ANOVA) with Welch Post-hoc 

test, bilateral Student's two-tailed t-test, and Nested t-test using GraphPad Prism v9 (USA) and 

Python 3.8.5. Data was considered statistically significant when p ≤ 0.05. 

 

Table 3.1. Primary Antibodies Used in WB, IP, and Co-IP 

Antibody Origin Lab No. Dilution Species 

R648/DDX3X Dr. Arvind Patel AB153D 1:2000 Rabbit 

DDX3X BioLegend (658602) AB200 1:1000 Mouse 
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DDX3X GeneTex (GTX54030) AB201 1:200 

(IP) 

Rabbit 

US3 Dr. Bruce Banfield AB213 1:500 Rat 

UL34 Dr. Susane Bailer AB132 1:2000 Rabbit 

11E2 (ICP8) Abcam (ab20194) AB128 1:2000 Mouse 

ICP5 East Coast Bio HA-018 AB42 1:2000 Mouse 

GAPDH Millipore Sigma (MAB374) AB205 1:5000 Mouse 

 

Table 3.2. HRPO-conjugated secondary antibodies used in WB 

Antibody Origin Dilution Species 

GARab-HRPO Bethyl Laborateries 1:5000 Goat 

GAM-HRPO Jackson ImmunoResearch 1:10000 Goat 

GARat-HRPO F (ab’) 2 Jackson ImmunoResearch 1:1000 Rabbit 

 

Table 3.3. Primary antibodies used in IF microscopy 

Antibody Origin Lab No. Dilution Species 

R648/DDX3X Dr. Arvind Patel AB153D 1:200 Rabbit 

DDX3X GeneTex (GTX54030) AB201 1:200 Rabbit 

UL34 Dr. Richard Roller AB84 1:1000 Chicken 

UL31 Dr. Bruce Banfield AB211 1:200 Rat 

ICP5 East Coast Bio HA-018 AB42 1:100 Mouse 

VP22 Dr. Joel Baines AB169 1:200 Chicken 

hnRNP E1 

(PCBP1 

Santa Cruz (sc-137249) AB209 1:200 Mouse 

PCBP1 Invitrogen (PA5-65369) AB225 1:200 Rabbit 

FLAG-M2 Sigma-Aldrich AB235 1:500 Mouse 

ICP4 Abcam (6514) AB115 1:100 Mouse 
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Table 3.4. Fluorophore-conjugated secondary antibodies used in IF microscopy 

Antibody Origin Dilution Species 

CAR Alexa 488 Molecular Probes 1:1000 Chicken 

CAM Alexa 488 Molecular Probes 1:1000 Chicken 

DAC Alexa 488 Invitrogen 1:1000 Donkey 

GARab Alexa 568 Molecular Probes 1:1000 Goat 

GAM Alexa 568 Molecular Probes 1:1000 Goat 

GAC Alexa 568 Molecular Probes 1:1000 Goat 

GAR Alexa 647 Molecular Probes 1:1000 Goat 

DAM Alexa 647 Molecular Probes 1:1000 Donkey 
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Chapter 4: Results 

4.1 Confirmation and Gene expression of the US3 kinase mutant 

To confirm the effect of HSV-1 pUS3 phosphorylation on DDX3X re-localization to the 

INM and its interaction with DDX3X (one of our primary objectives), we resorted to an HSV-1 

pUS3 strain F mutant having a lysine to alanine substitution at an amino acid position 220, which 

abolishes the kinase activity of pUS3 (146). To validate this dead kinase mutation, we designed 

PCR primers flanking a 931 bp region of HSV-1 US3 using Primer3. Then, we infected HeLa cells 

with this mutant virus strain, and for positive control, we used the WT (F) strain. After 24 hours, 

we prepared cell lysates and extracted the DNA. After PCR and purification by gel electrophoresis 

(Figure 4.1A), we sent the amplicon to “Génome Québec” for sequencing. We then aligned the 

sequences with that of the complete HSV-1 (F) US3 sequence from NCBI (GU734771). This 

confirmed the mutation (Figure 4.1B). 

We also confirmed the gene expression of this mutant strain by Western blotting. We used 

HeLa cells since this is the cell line in which we originally discovered that DDX3X is incorporated 

into mature virions (54) and where most of our characterization took place (142). We infected the 

cells with both WT and mutant (US3K220A) strains for 24 hours, prepared cell lysates, quantified 

the protein contents by a BCA assay, and loaded equal amounts of proteins on 5-20% gradient 

SDS polyacrylamide gel. WB analyses of pUS3 and the control VP5 major viral capsid protein 

confirmed the expression of the mutant gene (Figure 4.2). This was also true in the classical Vero 

cell line most labs use to study this virus. We then quantified this gene expression using ImageJ 

and found that the US3K220A strain showed statistically significant reduced gene expression as 

compared to the WT strain (Figure 4.3).  
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Figure 4.1: Confirmation of dead kinase mutation through PCR  

HeLa cells were infected with HSV-1 (F) WT and US3K220A at an MOI of 5. Cells were 

harvested, and the total DNA was extracted and used as a template for PCR using US3-specific 

primers. The amplified PCR product was run on 1.5% agarose gel for 40 minutes. The gel-purified 

PCR product was sent for sequencing, which confirmed the lysine substitution by alanine at AA 

position 220. 

 



 

36 

 

A 12 hpi 

 
 
 
 
 
 
 
 
 
 

 

B 24 hpi 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 4.2: US3K220A Gene expression in HeLa cells 

HeLa cells infected with HSV-1 (F) WT and US3K220A at a MOI of 5 were harvested A) 12 hpi 

or B) 24 hpi, in RIPA lysis buffer. Fifty micrograms of proteins were loaded on a 5-20% SDS 

gradient gel and immunoblotted (i) overnight with monoclonal Rat anti-pUS3 antibody (1:500; 

expected mw of 68 kDa), (ii) as loading control with mouse anti-VP5 (1:2000; expected mw of 

155 kDa), or (iii) mouse anti-GAPDH (1:10000; expected mw of 37 kDa). All blots were 

visualized with ChemiDoc. The blots are representative of 3 independent experiments. 
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A 12 hpi 

 

B 24 hpi 

 

Figure 4.3: Quantification of US3K220A gene expression 

To quantify and compare the gene expression of US3K220A with HSV-1 F (WT) A) 24 hours, B) 

12 hours post-infection, immunoblots were quantified using ImageJ. The graph bars are 

representative of the statistical mean and SEM. The independent Student’s t-test was performed, 

*p < 0.01; ns: non-significant. The graphs represent 3 independent experiments. The data are 

normalized to the VP5 signal.  

4.2 Phosphorylation impacts DDX3X localization 

pUS3 is a viral kinase whose enzymatic activity plays an important role in nuclear egress 

through its interaction with NEC and other host proteins. DDX3X has a nucleo-cytoplasmic 

distribution in uninfected cells. Previously, our lab found that HSV-1 redirects DDX3X to the INM 
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late during an infection when newly assembled capsids are egressing (142). DDX3X also co-

localizes with large nuclear capsid aggregates, thought to be C-capsids, as DDX3X co-localizes 

with VP5, the major capsid protein (142). Our objective was to determine if the viral kinase activity 

has any impact on DDX3X nuclear localization. For this, HeLa cells were infected for 11 hours 

with both the WT and US3K220A viruses and prepared for confocal microscopy. We randomly 

selected 200 cells per condition and quantified the DDX3X distribution in cells. We first confirmed 

the re-localization of DDX3X in WT-infected cells (Figure 4.4). However, we did not observe this 

phenotype in the kinase-dead mutant infected cells as most cells did not exhibit any nuclear rim 

staining. Upon quantification, we found that the kinase activity of pUS3 significantly (p=0.001) 

impacted the redistribution of DDX3X to the INM (Figure 4.5). In those experiments, we also 

noted that the size of the VP5 foci, indicative of capsid accumulations, differed between the two 

conditions, with larger foci in the WT condition. For further analysis, we therefore quantified the 

VP5 phenotypes into the following groups: i) diffuse nuclear, ii) nucleo-cytoplasmic, iii) small 

nuclear aggregates, iv) mid-sized nuclear (<2 µm) and large nuclear (2-4 µm). We found the 

following differences in these forms (Figure 4.6). The diffuse nuclear phenotype was mostly seen 

(p=0.04) with WT-condition as compared to the mutant strain while the Nucleo-cytoplasmic 

phenotype was similar to the WT-condition (p=0.08). Not a single large nuclear bleb/aggregate 

was seen in the kinase-mutant infected cells, while approximately 10-15% WT-infected cells show 

large VP5 aggregates (2-4 µm) at the nuclear periphery (p=0.002). However, medium-sized 

nuclear foci (up to 2 µm) were extensively seen in the mutant-infected cells as compared to WT-

infected cells (p=0.021).  
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Figure 4.4: Effect of phosphorylation on DDX3X INM re-localization 

HeLa cells grown on coverslips were infected with HSV-1 (F) WT and US3K220A at a MOI of 5, 

harvested 11 hpi, and fixed with 4% PFA. They were then immunostained with R648, an antibody 

recognizing DDX3X (1:200) or an anti-VP5 (1:100) viral capsid antibodies and visualized on a 

Leica SP8-DLS CLSM (Blue: Hoechst 33342; Green: VP5; Red: DDX3X). The white scale bar is 

10 µm. The experiment was performed 3 times and led to the same results. 
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Figure 4.5: DDX3X INM re-localization 

For each condition, 200 cells were analyzed on LAS X Software to quantify DDX3X nuclear 

localization. The graph bars represent statistical means and SEM. Bilateral Student’s t-test was 

performed, ***p < 0.001. The graph is representative of 3 independent experiments. 

  

Figure 4.6: Quantification of VP5 Phenotype 

Two hundred cells from each condition were randomly selected on LAS X software to quantify 

VP5 phenotype. The black bars represent the WT condition while the grey bars represent the kinase 
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mutant condition. The graph bars are representative of statistical means and SEM. The Nested t-

test was performed on Python 3.8.5 (NumPy, SciPy, and Matplotlib libraries), **p < 0.02, ns: non-

significant. The graph is a representative average of 3 independent experiments. 

4.3 DDX3X interacts with exogenously expressed pUL31 

We previously reported that DDX3X interacts with pUL31 (142), but those experiments 

were done with DDX3X-bound affinity chromatography columns and whole viral cell lysates that 

also contain other viral proteins. To specifically address whether DDX3X interacts directly with 

pUL31, we resorted to the CV31 cell line (Vero cells complementary expressing HSV-1 pUL31). 

To first confirm the normal expression of DDX3X in this complimentary cell line, we infected 

Vero and CV31 cells with HSV-1 (F) WT for 12 hours and confirmed DDX3X expression through 

western blotting (Figure 4.7). We found these cells normally express DDX3X as normal Vero cells 

and could be used for our experiments. Next, to probe the DDX3X interaction with pUL31, we 

immunostained them for DDX3X and pUL31 and visualized them by confocal microscopy. The 

data confirmed the presence of pUL31 in the complementary cell line and its absence in Vero cells 

(Figure 4.8). We then quantified the DDX3X-pUL31 co-localization using the PCC and MCC co-

localization tools (Figure 4.9). The PCC value of 0.7 suggested that both proteins were indeed co-

localized, albeit only partially. By the MCC method upon using a Costes automated threshold 

setting, the values were 0.6 (M1) and 0.8 (M2) respectively (Figure 4.9). M1 indicates the 

proportion of DDX3X that overlaps with pUL31 and M2 the opposite. Both quantification 

methodologies confirmed a partial co-localization of DDX3X with HSV-1 pUL31, suggesting that 

DDX3X does interact with pUL31 in the absence of other viral components in agreement with our 

previous Co-IP assay (142).  

 

 

 

 

 

Figure 4.7: DDX3X expression in CV31 cells 

Vero and CV31 cells, infected with HSV-1 (F) WT at a MOI of 5, were harvested at 12 hpi in 

RIPA lysis buffer. Thirty-five micrograms of proteins were loaded on a 5-20% SDS gradient gel 

and immunoblotted (i) overnight with the monoclonal mouse anti-DDX3X R648 antibody 

(1:1000; expected mw of 73 kDa) and (ii) mouse anti-GAPDH (1:10000; expected mw of 37 kDa). 

The blots were visualized with a ChemiDoc. The figure represents a single experiment. 
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Figure 4.8: DDX3X co-localizes with pUL31 

Vero and CV31 cells grown on coverslips were fixed, then immunostained with R648/anti-

DDX3X (1:200) and anti-pUL31 (1:200) antibodies and visualized by confocal microscopy (Blue: 

Hoechst 33342; Green: DDX3X; and Red: pUL31). The grey scale bars represent 10 µm. The 

figure represents 3 independent experiments. 

 

 

    

Figure 4.9: DDX3X co-localizes with pUL31 

Ten images from each condition were randomly selected, and co-localization was measured using 

(a) PCC (b, c) MCC (M1 & M2), with the ImageJ JACoP plugin. The graph bars are representative 

a) b) c) 
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of statistical means and SEM. The independent Student's t-test was performed, *p < 0.05. The 

graphs are representative average of 3 independent experiments. 

4.4 DDX3X also interacts with endogenously expressed pUL34 

As our lab previously found DDX3X interaction with the NEC was pUL31 dependent 

(142), we investigated if pUL34 also interacts with DDX3X. To this end, we first transiently 

transfected pUL34 plasmid (pRR1238) in 143B cells for 48 hours, prepared cell lysates, and 

confirmed pUL34 expression through Western blotting. The data revealed an expression similar 

to that seen during an infection (Figure 4.10). Next, we transfected 143B and HEK293T cells 

(repeated twice in each cell line) with pUL34 plasmid (pRR1238) for 24 hours. We chose these 

two cell lines with proven greater transfection efficiencies to confirm our findings. The results 

(Figure 4.11) and quantification by PCC (0.75) and MCC (M2: 0.9) (Figure 4.12) confirmed a 

strong co-localization exists between these two proteins in the pUL34-positive cells.  

 

 

Figure 4.10: pRR1238 expression in 143B cells 

pRR1238 (pUL34) plasmid (1.5 µg/well) was transiently transfected in 143B cells. The cells were 

harvested 48 hours post-transfection. Forty micrograms of total lysates were loaded on a 5-20% 

SDS gradient gel and immunoblotted (a) with rabbit anti-pUL34 antibody (1:2000) and (b) mouse 

anti-VP5 as a control for the infection (1:2000). The figure represents a single experiment. 
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B 

 
Figure 4.11: DDX3X interaction with HSV-1 pUL34 

(a) 143B cells and (b) HEK293T cells were transiently transfected with pRR1238 (pUL34) plasmid 

for 24 hours. Fixed cells were immunostained with R648/anti-DDX3X (1:200) and anti-pUL34 

(1:1000) antibodies and visualized by confocal microscopy (Blue: Hoechst 33342; Green: pUL34; 

and Red: DDX3X). The grey scale bars represent 10 µm and yellow in the merge channel shows 

co-localization. The experiment was repeated 4 times (twice in each cell line) with similar results. 
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Figure 4.12: Quantification of DDX3X interaction with pUL34 

pRR1238 (pUL34 plasmid) was transiently transfected in 143B (panels a-c) and HEK293T cells 

(panels d-f). Thirty pUL34-positive transfected cells were selected randomly for each condition 

and co-localization was measured using PCC (panels a and d) or MCC (panels b, c, e, and f) with 

the ImageJ JACoP plugin. The graph bars are representative of statistical means and SEM. The 

independent Student’s t-test were performed on GraphPad Prism (version 9), ****p < 0.0001. The 

graphs are representative of an average of 4 (twice in each cell line) independent experiments. 

4.5 DDX3X interaction with NEC 

As we found that DDX3X interacts separately with both exogenously expressed pUL34 

and pUL31, we investigated whether these interactions are altered in the presence of both NEC 

components and in the absence of other viral proteins. We therefore co-transfected 143B cells with 

pRR1238 (pUL34) and pRR1334 (pUL31). The cells were fixed 24 hours post-transfection, 

immunostained and monitored by confocal microscopy. As expected, DDX3X did interact with 

the NEC and, interestingly, there was a strong co-localization signal (Figure 4.13). We also 

b) a) c) 

d) e) f) 
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confirmed this interaction in HEK293T cells. Interestingly, the DDX3X co-localization with the 

NEC was similar to that observed in the presence of a full set of viral proteins as seen during a WT 

(F) infection of HeLa cells (Figure 4.14). We measured DDX3X interaction with both components 

of NEC when they were transfected alone or co-transfected together (intact NEC) (Figure 4.15). 

NEC formation has an additive effect on its interaction with DDX3X. DDX3X interaction with 

pUL31 was improved, however, this was non-significant (p=non-significant). Interestingly, 

DDX3X interaction with pUL34 was significantly (p=0.04) improved in the presence of an intact 

NEC (Figures 4.14 and 4.15). However, when compared with WT-infected cells in the presence 

of different viral proteins, the interaction was non-significantly higher in infected cells as 

compared to both transfected cell lines (Figures 4.16 and 4.17).   

 

Figure 4.13: DDX3X co-localizes with both components of NEC (co-transfected pUL31 and 

pUL34 plasmids) in 143B cells 

pRR1238 (pUL34) and pRR1334 (pUL31) plasmids were co-transfected in 143B cells, the samples 

were fixed 24 hours post-transfection and immunostained with rabbit anti-DDX3X (1:200), anti-
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pUL31 (1:200), and anti-pUL34 (1:1000) antibodies, and visualized by confocal microscopy 

(Blue: Hoechst 33342; Green: pUL34; Red: DDX3X; and Magenta: pUL31). The grey scale bars 

represent 10 µm. The experiment was performed 2 times with similar results.  

 

Figure 4.14: DDX3X co-localizes with NEC in transfected and infected cells 

pRR1238 (pUL34) and pRR1334 (pUL31) plasmids were co-transfected in a) 143B cells and b) 

HEK293T cells for 24 hours, while HeLa cells were infected with HSV-1 (F) for 11 hours. The 

cells were immunostained with rabbit anti-DDX3X (1:200), rat anti-pUL31 (1:200), and chicken 

anti-pUL34 (1:1000) antibodies and visualized by confocal microscopy (Blue: Hoechst 33342; 

Green: pUL31; Red: DDX3X; and Brown: pUL31). The grey scale bars represent 10 µm. This 

figure represents a single experiment. 
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Figure 4.15: Quantification of DDX3X co-localization with NEC components 

pRR1238 (pUL34) and pRR1334 (pUL31) plasmids were transiently transfected or co-transfected 

in 143B (panels a-f) and HEK293T cells (panels g-i). Twenty transfected cells were selected 

randomly for each condition, and the co-localization was measured using PCC (panels a, d, and g) 

or MCC (panels b, c, e, f, h, and I). The graph bars are representative of statistical means and SEM. 

The independent Student’s t-test were performed with the above single experiment using 

GraphPad Prism (version 9), *p < 0.03, ****p< 0.0001, and ns: non-significant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

g) 

 

h) 

 

i) 

 



 

51 

 

 

  

   
Figure 4.16: Comparing co-localization in co-transfected 143B and WT-infected HeLa cells 

pRR1238 (pUL34) and pRR1334 (pUL31) plasmids were transiently co-transfected in 143B cells 

for 24 hours, while HeLa cells were infected with HSV-1 (F) for 11 hours. Twenty transfected and 

infected cells were selected randomly for each condition i.e., pUL31 (panels a-c) and pUL34 

(panels d-f), and the co-localization was measured using PCC (panels a and d) or MCC (panels b, 

c, e, and f) and compared using ImageJ. The graph bars are representative of statistical means and 

SEM. The independent Student’s t-test were performed with the above single experiment using 

GraphPad Prism (version 9), *p < 0.03, and ns: non-significant. The data represents a single 

experiment. 
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Figure 4.17: Comparing co-localization in co-transfected HEK293T and WT-infected HeLa 

cells 

pRR1238 (pUL34) and pRR1334 (pUL31) plasmids were transiently co-transfected in HEK293T 

cells for 24 hours, while HeLa cells were infected with HSV-1 (F) for 11 hours. Twenty transfected 

and infected cells were selected randomly for each condition i.e., pUL31 (panels a-c) and pUL34 

(panels d-f), and the co-localization was measured using PCC (panels a and d) or MCC (panels b, 

c, e, and f), and compared using ImageJ. The graph bars are representative of statistical means and 

SEM. The independent Student’s t-test were performed with the above single experiment using 

GraphPad Prism (version 9), *p < 0.02, **p < 0.001, and ns: non-significant. The data represents 

a single experiment. 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 



 

53 

 

4.6 Impact of pUS3 phosphorylation on DDX3X interaction with pUL31 

HSV-1 pUL31 is a nucleo-phosphoprotein and a substrate of pUS3. Furthermore, the 

phosphorylation of both pUL31 and pUL34 is important for their interaction, correct NEC 

positioning and nuclear egress (110). In the absence of the pUS3 kinase activity, the NEC is 

misplaced at the INM and leads to the accumulation of perinuclear virions in the INM herniations 

(145). Previously, we had shown that DDX3X nuclear localization is dependent of the presence of 

the NEC (142), but it was unclear if the interaction of DDX3X with the NEC is phospho-

dependent. To address this issue, we infected HEK293 Flp-In GS-DDX3X cells (cells 

overexpressing a protein G-tagged version of DDX3X) with WT and K220A virus for 24 hours 

and did Co-IP. As seen in Figure 4.18, pUL31 was co-immunoprecipitated along DDX3X in the 

K220A sample with an intensity comparable to that in the WT infection condition. This was 

confirmed by quantification of these data (Figure 4.19). This suggested that the DDX3X 

interaction with pUL31 is independent of pUS3 phosphorylation. In other words, our results 

showed that DDX3X does not require intact NEC for its interaction and coming to INM.  

 

 

 

 

 

 

 

 

 

Figure 4.18: Impact of phosphorylation on DDX3X interaction with pUL31 

HEK293 Flp-In GS-DDX3X cells, infected with HSV-1 (F) WT and US3K220A at a MOI of 5, 

were harvested at 12 hpi on ice in RIPA lysis buffer. For IP, 1 mL of lysate was incubated overnight 

with 50 µL IgG Sepharose Fast Flow (50% slurry) at 4°C. The beads were harvested and subjected 

to WB with the designated antibodies after being rinsed once with 1 mL lysis buffer (150 mM 

NaCl) and twice with buffer containing 500 mM NaCl. The experiment was performed 3 times. 
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Figure 4.19: Quantification of DDX3X-pUL31 interaction 

To quantify and compare the gene expression of US3K220A with HSV-1 F (WT) in both cell 

lysate and IP portion, immunoblot was quantified using ImageJ. The graph bars are representative 

of the statistical mean and SEM. The independent Student’s t-test was performed, ns: non-

significant. The graph is a representative average of 3 independent experiments. 

4.7 PCBP1 interacts with the NEC 

PCBP1 is mostly involved in RNA metabolism and acts as a proviral host factor. Our lab 

first identified PCBP1 among 7 other host proteins specifically present at C-capsids (330). 

Preliminary work in our lab suggests that PCBP1 is required for HSV-1 viral infection. However, 

the role of PCBP1 during viral egress and the selection of C-capsids is still enigmatic. Taking 

advantage of the availability of pUL31 and pUL34 mammalian expression vectors, we first 

transfected pUL34 in 143B cells for 24 hours. After fixation and permeabilization, we 

immunostained the cells with indicated antibodies and checked the PCBP1 localization in the 

pUL34 positive cells (Figure 4.20). Quantification of these images indicates that PCBP1 did not 

co-localize with pUL34 according to the PCC (< 0.5/ Figure 4. 20). Initially, MCC values with 

Costes automated threshold setting were odd given the high background in the un-transfected cells. 

Therefore, we used manual threshold settings and repeated the analysis, which confirmed the lack 

of interaction between PCBP1 and pUL34. In contrast, when we transfected the pUL31 plasmid 

in the same cell line, we found that PCBP1 co-localized with that protein (PCC > 0.65/ Figures 

4.22-4.23).  
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Figure 4.20: PCBP1 co-localization with HSV-1 pUL34 

143B cells were transiently transfected with pRR1238 (pUL34) plasmid and fixed 24 hours post-

transfection. Cells were immunostained with anti-PCBP1 (1:200) and anti-pUL34 (1:1000) 

antibodies, mounted on slides, and observed by confocal microscopy (Blue: Hoechst 33342; 

Green: pUL34; and Red: PCBP1). The white scale bars represent 10 µm. The figure represents a 

single experiment. 

 

 
 

 
Figure 4.21: Measuring co-localization of PCBP1 with pUL34 

a) c) b) 



 

56 

 

Thirty transfected cells were randomly selected from the above conditions and co-localization was 

measured using (a) Pearson’s correlation coefficient and (b, c) Mander’s correlation coefficient 

with the ImageJ JACoP plugin. The graph bars are representative of statistical means and SEM. 

The two-tailed t-test was performed on GraphPad Prism, **p< 0.0001, *p< 0.05, ns: non-

significant. These quantifications are from a single experiment. 

 

 

Figure 4.22: PCBP1 co-localization with HSV-1 pUL31 

143B cells, transfected with pRR1334 plasmid (1.5 µg), were fixed 24 hpi, immunostained with 

anti-PCBP1 (1:200) and anti-pUL31 (1:200) antibodies, and examined by confocal microscopy 

(Blue: Hoechst 33342; Green: PCBP1; and Red: pUL31). The white scale bars represent 10 µm. 

The figure is representative of 2 independent experiments. 
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Figure 4.23: Co-localization of PCBP1 with HSV-1 pUL31 

Thirty transfected cells from the above confocal images were quantified from each condition 

randomly selected on LASX software. The co-localization was measured using (a) PCC (b, c) 

MCC (M1 & M2), with the ImageJ JACoP plugin. The graph bars are representative of statistical 

means and SEM. The independent Student’s t-test was performed with ****p < 0.0001. The data 

is representative of 2 independent experiments. 

4.8 PCBP1 interaction with DDX3X late in the infection 

So far, we found that PCBP1 interacts with pUL31 and very poorly, if at all, with pUL34. 

This is an interesting scenario as pUL31 also interacts with DDX3X and is involved in DDX3X 

recruitment to the INM and the formation of the large capsid aggregates at the nuclear periphery. 

It is thus conceivable that the PCBP1 found on C-capsids bridges them to the NEC via DDX3X 

(142), in turn explaining their selective egress. This scenario is further corroborated by a reported 

interaction between DDX3X and PCBP1 (356). To evaluate this in the context of HSV-1 infected 

cells, we infected HeLa cells with HSV-1 WT (F) virus for 11 hours and confirmed the interaction 

between PCBP1 and DDX3X by fluorescence microscopy. Here we used VP22 as a marker of 

infection to distinguish the infected cells from normal cells as the VP5 antibody is from the same 

species as the PCBP1 antibody. As seen in Figures 4.24 and 4.25, both proteins showed partial co-

localization at that time. Most interestingly, PCBP1 was accumulated in a ring-like configuration 

around the nucleus (in roughly 15% of the infected cells), where it interacted with DDX3X. 

Interestingly, no such co-localization took place at early times points (Figures 4.26, 4.27).   

 

 

a) b) c) 
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Figure 4.24: PCBP1 co-localization with DDX3X in HeLa cells 11 hpi 

HeLa cells, infected with HSV-1 (F) at an MOI of 5, were fixed at 11 hpi. The cells were 

immunostained with mouse anti-hnRNP E1/PCBP1 (1:100), chicken anti-VP22 (1:200), and 

R648/anti-DDX3X (1:200) antibodies and monitored by confocal microscopy (Blue: Hoechst 

33342; Green: PCBP1; Red: DDX3X; and Cyan: VP22). The grey scale bars represent 10 µm. The 

figure is representative of 2 independent experiments. 

 

 

 

Figure 4.25: PCBP1-DDX3X co-localization measurement at 11 hpi 

Thirty infected cells were randomly selected on LASX software and co-localization was measured 

using (a) PCC and (b) MCC (M1 & M2) with the ImageJ JACoP plugin. The graph bars are 

representative of statistical means and SEM. The bilateral Student’s t-test was performed using 

GraphPad Prism software (version 9), ****p < 0.001. The data is representative of 2 independent 

experiments. 

 

a) b) c) 
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A) 2 hpi 

 
B)  4 hpi 

 

Figure 4.26: DDX3X co-localization with PCBP1 at different time intervals 
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HeLa cells, grown on coverslips, were either Mock treated or infected with HSV-1 (F) WT at an 

MOI of 5. Infected cells were fixed (a) 2 and (b) 4 hpi and immunostained with mouse anti-hnRNP 

E1/PCBP1 (1:100), rat anti-pUL31 (1:200), R648/anti-DDX3X (1:200) antibodies and examined 

by confocal microscopy (Blue: Hoechst 33342; Green: PCBP1; Red: DDX3X; and Cyan: pUL31). 

The white scale bars represent 10 µm. The figure represents a single experiment. 

 

 

 
 

Figure 4.27: PCBP1-DDX3X co-localization measurement at 2 and 4 hpi 

Thirty cells were randomly selected on LASX software from 2, and 4 hpi conditions, and co-

localization was measured using (a) Pearson’s correlation coefficient and (b) Mander’s correlation 

coefficient with the ImageJ JACoP plugin. The graph bars are representative of statistical means 

and SEM. The independent Student’s t-test was performed on GraphPad Prism software (version 

9), *p < 0.017, ns: non-significant. The data is representative of a single experiment. 

4.9 PCBP1 interaction with DDX3X is dependent on an active pUS3 

It is noteworthy that HSV-1 pUS3 phosphorylates PAK1 to inhibit apoptosis (357), which 

in turn phosphorylates PCBP1 on the Thr-60 and Thr-127 positions. This phosphorylation results 

in PCBP1 increasing nuclear retention in nuclear speckles around the INM (296). It is, thus 

possible that pUS3 directly phosphorylates PCBP1 to change its subcellular localization. To 

a) b) c) 

d) e) f) 
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confirm this hypothesis, we infected HeLa cells with WT (F) and dead kinase mutant (US3K220A) 

and surprisingly did not see any PCBP1 nuclear rim phenotype in cells infected with this mutant 

virus (Figure 4.26). Moreover, phosphorylation significantly impacts (p=0.01) DDX3X 

interaction with PCBP1 (Figures 4.28-4.29). 

 

  

Figure 4.28: Impact of phosphorylation on DDX3X co-localization with PCBP1 

HeLa cells, on coverslips, were infected with HSV-1 (F) WT and US3K220A at an MOI of 5. 

Once fixed at 11 hpi, the cells were immunostained with mouse anti-hnRNP E1/PCBP1 (1:100), 

chicken anti-VP22 (1:200), R648/anti-DDX3X (1:200) antibodies and subjected to confocal 

microscopy (Blue: Hoechst 33342; Green: PCBP1; Red: DDX3X; and Cyan: VP22). The grey 

scale bars represent 10 µm. The experiment was performed once. 
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Figure 4.29: Measuring the impact of phosphorylation on DDX3X co-localization with 

PCBP1 

Twenty cells were randomly selected on LASX software from 3 conditions and co-localization 

was measured using (a) Pearson’s correlation coefficient and (b) Mander’s correlation coefficient 

with the ImageJ JACoP plugin. The graph bars are representative of statistical means and SEM. 

The One-way Analysis of variance (ANOVA) test was performed on GraphPad Prism software 

(version 9), **p < 0.02. The data is representative of a single experiment. 
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Chapter 5: Discussion 

Due to continuous co-evolution, virus-host interactions are complex dynamic relationships. 

Different host cells directly contribute to the detection, surveillance, and elimination of viral 

pathogens, which interact with these cellular factors and have adopted diverse sophisticated 

strategies to evade the body’s immune defense (358). A deep understanding of host-pathogen 

interactomes is critical for studying fundamental mechanisms governing immunity and infection 

and developing novel host-directed preventative or therapeutic antiviral drug targets. Host-directed 

therapy is a recent concept to identify global host factors essential for the replication and pathology 

of common viruses for the development of broad-spectrum pan-viral therapies (359). Recent 

studies pinpoint DDX3X as a common host protein that could be used for developing broad-

spectrum pan-viral therapeutic agents (245). 

C-capsids contain mature HSV-1 DNA and preferentially escape out of the nucleus. The 

exact reason for this selection is still enigmatic. An initial model suggested that the CVSC plays a 

prominent role in capsid selection, since it was believed to be unique to those capsids (360). This 

has since been repudiated since this complex also coats A and B nuclear capsids, albeit C-capsids 

contain four times more CVSC proteins than other capsid types (361). This hints that different 

viral and host protein interactions are likely involved. The core subject of this study is two host 

proteins, i.e., DDX3X and PCBP1, with respect to the preferential escape of HSV-1 C-capsids out 

of the nucleus. DDX3X is an important host protein involved in different aspects of RNA 

metabolism and gene expression (362). Since its discovery, the proviral and antiviral roles of 

DDX3X in different viral infections have been extensively studied. DDX3X is widely implicated 

in the pathogenesis and productive life cycles of RNA (363) as well as DNA viruses (364). Mature 

virions of DNA viruses incorporate DDX3X, including HBV, HCMV, and PRV (365, 366). 

Previously, our lab found that the tegument of mature HSV-1 virion incorporates 49 distinct host 

cellular proteins including DDX3X (55). A subsequent study identified DDX3X as a critical host 

protein in HSV-1 infectivity, with the knockdown of either cellular or viral pool of the protein 

significantly reducing viral yields (54). We also demonstrated DDX3X requirements for HSV-1 

replication and optimal gene expression (54, 367). Finally, capsid nuclear egress at the nuclear 

periphery is DDX3X dependent (142), which indicates the role of DDX3X in the selective egress 

of C-capsids. The present study identifies the significance of viral kinase (pUS3) activity in re-
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localizing DDX3X to the inner nuclear rim and its importance in the formation of nuclear capsid 

blebs. It also demonstrates the DXX3X interaction with both NEC components as well as with 

PCBP1, which could explain its important role in the selective egress of C-capsids. 

Previous co-IP analyses showed an interaction between pUL31 with the DDX3X C-

terminus, but this was done in the context of a full NEC and a full complement of other viral 

proteins (142). The question was therefore if DDX3X can independently bind pUL31, requires 

both NEC components or the interaction is dependent on those other viral proteins. Here we found 

that DDX3X co-localizes with pUL31 (Figures 4.8 and 4.9) and pUL34 (Figures 4.11 and 4.12) 

separately when transfected alone in the absence of pUS3 or other viral partners. It is interesting 

that DDX3X best interacts with an intact NEC (Figures 4.13-4.14), where both viral proteins are 

present. Moreover, the presence of both NEC components had the highest co-localization with 

DDX3X (Figure 4.15 – 4.17). It is perhaps not surprising as NEC recruits various cellular proteins 

to help in the smooth egress of nuclear capsids (120) and its interaction with DDX3X also 

facilitates the selective egress of mature C-capsids. Oddly, pUL34 was not among the 15 

interacting partners of DDX3X identified by mass spectrometry (142). However, pUL34’s 

presence at the nuclear periphery is dependent on C-capsids, whose presence, in turn, is dependent 

on DDX3X (142). This situation could indicate the complex interaction of pUL34 with DDX3X 

at the INM and its putative role in the selection of C-capsids coming for egress.  

pUS3 is a ser/thr viral kinase that phosphorylates pUL31 and pUL34. This phosphorylation 

is required to properly position NEC, for primary envelopment, and subsequent nuclear egress 

(132). We initially thought DDX3X interacted with pUL31 at the INM after the formation of an 

intact NEC (pUL31 and pUL34) with pUS3 phosphorylating both components. Our results 

confirmed the significant impact of pUS3 phosphorylation on DDX3X localization to the INM. 

However, it is interesting that our findings show a non-significant impact of the pUS3 kinase 

activity on DDX3X interaction with pUL31 by co-IP. This could lead to a situation where pUL31 

indirectly interacts with DDX3X through pUL34 at the INM or pUL31 interacts with DDX3X at 

places other than the INM. This requires further analysis. However, it would be interesting to 

decipher the possible DDX3X interaction with pUL47, a protein already discovered to interact 

with NEC and pUS3 and also detected on primary enveloped virions (117).  
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The subcellular localization of DDX3X is important as it is often correlated with disease 

progression and tumorigenesis (209). We found that pUS3 phosphorylation significantly impacts 

DDX3X re-localization to the INM late during infection (Figure 4.5). This is an interesting finding 

as we showed the non-significant effect of phosphorylation on DDX3X interaction with pUL31, 

which is thought to capture DDX3X at the INM (142). DDX3X is a known substrate of host kinases 

as TBK1 phosphorylation activates DDX3X-mediated IFN-β transcription (219). pUS3 can 

phosphorylate host cellular proteins, including PKA, PKC, vdUTPase, TSC2, lamin A/C, and 

KIF3A (368). pUS3 may thus also phosphorylate DDX3X, which may directly or indirectly be 

responsible for its re-localization to the INM.  

DDX3X co-localizes with perinuclear aggregates, thought to be C-capsids coming for 

egress, as they co-localize with VP5, a major capsid protein (142). For statistical ease, we divided 

these nuclear blebs into two categories, i.e., i) large blebs of 2-4 µm and ii) medium-sized blebs 

up to 2 µm. Mutating the kinase activity of pUS3 significantly affected these VP5 phenotypes. We 

did not see any large (2-4 µm) aggregates in US3K220A-infected cells, though we observed these 

aggregates in more than 15% of WT-infected cells. However, the smaller nuclear aggregates were 

much more abundant with the viral mutant. Interestingly, knocking down pUS3 causes INM 

herniations (118), so this increase could be due to the small number of capsids trapped in these 

herniations.     

PCBP1 is a KH domain host protein with a variable role in RNA metabolism and viral gene 

expression. Different proteins from the KH-domain family have been found to modulate 

herpesviruses. For instance, hnRNP K is essential for HSV-1 propagation by interacting with 

ICP27 (369). It also interacts with CK2ß and IE2 of HHV-6 (370), and the KSHV ORF57 to 

modulate IRES-mediated translation. Our lab previously found PCBP1 specifically present on C-

capsid as compared to other types, which could indicate its involvement in selective egress (330). 

However, its mechanism of action has been elusive. An interesting aspect is that its iron channeling 

properties may be responsible for the proviral effect of PCBP1. Iron is required for the normal 

function of the ribonucleotide reductase enzyme encoded by the members of Orthoherpesviridae 

(371). PCBP1 is an iron chaperone that can transport cytosolic ferrous ions to different enzymes, 

including ferritin and DOHH (372). The requirement of iron is also evident from an in vitro study 

where the addition of 2,2, bipyridyl (BIP), a ferrous ion chelator, inhibits viral genome replication 
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and causes a 50% reduction in HSV-1 titers (373). However, it is difficult to envision how this ion 

channel activity drives the fully assembled viral capsid across the nuclear envelope. The present 

work suggests an alternative and appealing mechanism where PCBP1 may bridge the nuclear C-

capsids to the NEC through DDX3X. 

Recent data showed PCBP1 interacts with DDX3X (356), has a nucleocytoplasmic 

distribution in normal cells, and is predominately localized to cytoplasm. We first confirmed by 

co-immunofluorescence a PCBP1 interaction with DDX3X at 11 hpi (Figures 4.24 and 4.25). We 

found a unique PCBP1 phenotype in infected cells, where in almost 15% of infected cells, PCBP1 

concentrates in a ring-like configuration around the INM (Figure 4.23). This was quite exciting as 

PCBP1 is already found on C-capsids. Phosphorylation of PCBP1 by mitogen-induced p21-

activated kinase 1 (Pak1) on Thr-60 and Thr-127 increases its nuclear retention (296), and HSV-1 

pUS3 phosphorylates PAK1 to inhibit apoptosis (357). It is quite possible that pUS3 directly 

phosphorylates PCBP1 or indirectly through PAK1 and brings it to the INM at a specific time 

when nuclear capsids are coming for egress. This is also evident from Figure 4.29, where 

phosphorylation significantly impacts PCBP1’s interaction with DDX3X. This could also be 

related to PCBP1’s selective presence on C-capsids. Being a tail-anchored protein, pUL34 was 

likely a possible interacting partner of PCBP1 as it recruits not only pUL31 to the INM but also is 

required for membrane scission and its presence on INM is capsid dependent (145). However, we 

did not find a strong co-localization signal between PCBP1 and pUL34. In contrast, we found a 

PCBP1 interaction with pUL31. This could indicate a scenario where DDX3X, via its interaction 

with PCBP1 and NEC, indirectly plays an important role in selecting C-capsids. Moreover, pUS3 

also interacts with pUL47, which is already implicated in nuclear egress (117). It is conceivable 

that pUS3-directed phosphorylation brings PCBP1 to the INM late during infection, where it is 

selectively loaded on C-capsids and helps in their preferential egress via its interaction with 

DDX3X. It will be interesting in the future to know when exactly the PCBP1 is recruited to C-

capsids, if DDX3X also interacts with pUL47, and if this is involved in the selection of content 

specific to C-capsids. Overall, the above results pointed towards a model where pUL31 through 

DDX3X is involved in PCBP1 selection on C-capsids and DDX3X interaction with PCBP1 

facilitates the preferential egress of HSV-1 C-capsids only late during the infection when capsids 

are coming for egress. Albeit hypothetical, this model is interesting since DDX3X is central to 

these PPIs. 
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Biologically, proteins hardly ever operate as solitary species, and it is estimated that 

approximately 80% of proteins function as complexes (374). Several in vitro techniques to study 

PPIs include protein arrays, co-IP, WB, tandem affinity purification, NMR spectroscopy, 

proteomics, X-ray crystallography, yeast two-hybrid assays, affinity chromatography, and IF 

microscopy. In the latter case, there are different and unfortunately complex approaches to quantify 

co-localization between two proteins, including PCC (Pearson's correlation coefficient) (375), 

ICCS (376), intensity correlation quotient (qualitative) (377), and MCC (Mander’s correlation 

coefficient) (378). Throughout this study, we used two methods, i.e., PCC and MCC, with Coste’s 

automated threshold setting in JACoP/ImageJ to measure the co-localization between 

fluorophores. PCC, a proven correlation metric, was first introduced by Galton in the 19th century, 

and is extensively applied for measuring co-localization. It measures the deviation from the mean 

intensities of both fluorescently labeled channels at each pixel/data set and recorded between -1 to 

+1. A null value means no linear correlation, while the degree of co-localization increases with 

increasing value towards +1 (perfect positive linear correlation), and -1 indicates “perfect anti-

correlation”. However, the PCC is insensitive to differences in “signal to noise” (SNR) as it 

considers the deviation from the mean (375). Mander instead proposed a new model where the 

scale ranges between “0” (no-colocalization) to “1” (perfect colocalization), and splits into two, 

i.e., M1 and M2, both measuring the fraction of intensities of the respective counterparts (i.e., 

protein 1 vs protein 2). MCC considers absolute intensities. However, it is greatly affected by the 

poor signal intensity or noise ratios between corresponding channels. For MCC, the most difficult 

problem is usually to define an absolute threshold for both channels without affecting the results. 

To address this problem, we used the Coste’s automated threshold setting available in the JACoP 

plugin in our co-localization quantification. Nevertheless, its efficiency is hard to predict and 

absolute statements should be considered carefully (378, 379). Hence, correlations are perhaps 

best evaluated by computing both the Manders and Pearson coefficients. However, as pointed 

above, their efficiency in quantifying PPI/co-localization is subject to debate. Moreover, co-

localization is the quantification of two different phenomena, i.e., i) co-occurrence which measures 

the spatial overlap of two fluorophores, and ii) correlation which measures the degree of 

relationship between overlapped signals (380). Co-occurrence usually measures the 

physiochemical similarities between interacting proteins, i.e., partitioning based on hydrophobic 

or hydrophilic interactions. On the other hand, correlation measures direct or indirect interaction 



 

68 

 

between corresponding fluorophores and is of more biological significance (381). Correlation and 

co-occurrence seem unrelated and give unique, distinctive features of co-localization. Costes et 

al., 2004 (382) and Aaron et al., 2019 (383) have proposed MCC as a hybrid technique to measure 

both correlation and co-occurrence. Despite being used for the last 27 years, the interpretation of 

MCC is still being argued widely (380, 384). Although both coefficients are mathematically 

similar (385), however, they differ in their accuracy of measuring co-localization when coupled 

with visual bias. We found PCC easy to predict without any need to pre-process the image, 

insensitive to changes in the gain, pixel intensities, background (signal offset), and only gave 

positive values when there was clear ‘color overlay’ indicating co-localization of two signals. On 

the other hand, MCC was sometimes hard to predict when coupled with visual bias, increased with 

increasing offset, favored high-intensity pixel combinations, and downplayed low-intensity pixel 

combinations. Based on above mentioned facts, we found PCC more efficient and superior to MCC 

in quantifying co-localization. For instance, sometimes we did not see an overlap, but MCC 

suggested false positive interaction. In that scenario, we had to manually adjust the threshold 

settings, which is counter intuitive and prone to user’s bias. In the end, our data support a co-

localization of DDX3X with pUL31, pUL34, and PCBP1.  

 It should be noted that our study is primarily based on confocal microscopy in most of our 

experiments, which only monitor co-localization of proteins. To infer physical interactions, these 

phenotypes should be confirmed with sensitive PPI methods like co-immunoprecipitation or 

affinity purification. Another limitation of this study was the unequal number of repeats among 

experiments. This is especially critical when we probed the PCBP1 interaction with DDX3X at 

different time intervals and its relation with active pUS3 activity, which was only done once. 

Clearly such experiments should be repeated with the same experimental conditions to confirm 

these phenotypes.    
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Chapter 6: Conclusion 

Viruses are obligate intracellular pathogens and contenders of the next human pandemic. 

In the last century, humans have faced several viral pandemics with the loss of millions of precious 

human lives. Host-pathogen interactomes are a fascinating part of cell biology and a necessary 

aspect of understanding the underlying mechanisms of the evolution of successful viruses. Despite 

the discovery of herpesviruses since the 20th century, we are still behind in determining the host 

and viral factors involved in the productive life cycle of Orthoherpesviridae. Moreover, the precise 

mechanism of HSV-1 nuclear egress is still enigmatic and subject to continuous scientific research. 

However, with the increasing scientific efforts coupled with modern technology, we are at the cusp 

of solving this century-old puzzle. 

Our labs found DDX3X among the 49 other host proteins incorporated into the HSV-1 

tegument layer (54). We next reported DDX3X’s importance in optimal gene expression and 

productive life cycle of HSV-1 and established its interaction with pUL31 (142). Through confocal 

microscopy and co-IP analyses, we now find that DDX3X interacts with both pUL31 and pUL34 

individually. Our results also demonstrate the optimal DDX3X interaction with the intact NEC but 

that this interaction is not impacted by the pUS3 kinase activity. This represents a scenario where 

one of both NEC proteins may individually bring DDX3X to the INM, where the formation of the 

NEC could be important for DDX3X to play its role in the selective egress of C-capsids. Moreover, 

DDX3X also interacts with PCBP1, which may also modulate the preferential egress of C-capsids. 

This study is a step forward in mapping the complex multiple host-protein interactions with viral 

partners and elucidating their possible role in the enigmatic selective escape of HSV-1 C-capsids.  
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Chapter 8: Annex 

Table 5.1. List of HSV-1 genes (inspired by Dogrammatzis et al., 2020 (66)) 

Gene Protein Location/Function 

UL1 gL Envelope/Virus entry and egress 

UL2 UNG Accessary/Nucleic acid metabolism 

UL3 pUL3 Accessary/Nuclear phosphoprotein 

UL4 pUL4 Accessary/Latency, reactivation, and virus growth 

UL5 HPI (DNA 

helicase) 

NS/DNA Primase helicase complex 

UL6 PORT Capsid/Cleavage of replicated concatemeric DNA 

UL7 EEP Tegument/Virulence, virion assembly, and egress 

UL8 HPIII NS/DNA Primase helicase complex 

UL9 ORI-B NS/DBP, Replication 

UL10 gM Envelope/Virus entry, fusion, and cell-cell spread 

UL11 CETP Tegument/Nucleocapsid envelopment and egress 

UL12 NUC NS/DNA recombination 

UL13 VPK Tegument/viral kinase, regulate NEC positioning 

UL14 ECP Tegument/Viral replication and Secondary 

envelopment 

UL15 TERI NS/DNA terminase complex 

UL16 CETPbp Tegument/Mitochondrial metabolism, Replication, 

Egress 

UL17 CTTP Capsid/C-capsids egress, DNA Packaging, and 

retention 

UL18 VP23 Capsid/antiviral immunity 

UL19 VP5 Capsid/Antigenic component 

UL20 pUL20 Tegument/Capsid egress 

UL21 CEF2 Tegument/Virus propagation and Genome retention 

UL22 gH Envelope/Virus entry, egress, and cell-cell spread 
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UL23 TK Tegument/Nucleolus dispersal and glycoprotein 

trafficking 

UL24 pUL24 Accessary/Inhibits NF-κB activation 

UL25 PCP Capsid/DNA packaging, Genome retention 

UL26 VP21 and VP24 Capsid/Serine protease 

UL26.5 VP22a Capsid/Scaffolding protein 

UL27 gB Envelope/Virus entry 

UL28 TER2/ICP18.5 NS/DNA Packaging and viral proteins expression 

UL29 ICP8 NS/Direct replication compartments to ND10 

UL30 POL NS/DNA Polymerase 

UL31 pUL31 Accessary/NECI, Primary envelopment 

UL32 CTNP NS/DNA Packaging and Capsid localization 

UL33 TTS2 NS/Helicase-Terminase complex 

UL34 pUL34 Accessary/NECII, Promotes primary envelopment 

UL35 VP26 Capsid/Capsids assembly and trafficking 

UL36 ICP1/2 NS/Inhibit IFN-β production and NF-κB activation 

UL37 LTPbp Tegument/Nuclear egress 

UL38 VP19C Capsid/viral gene expression 

UL39 RR1 NS/Replication 

UL40 RR2 NS/Replication 

UL41 VHS Tegument/Viral RNAse, inhibit antiviral immunity 

UL42 PPS NS/DNA Polymerase 

UL43 NEMP NS/Virus entry and fusion 

UL44 gC Envelope/Virus binding to host receptors and virus 

entry 

UL45 pUL45 Envelope/Low pH-dependent virus entry and gB-

induced fusion 

UL46 VP11/12 Tegument/Inhibits TBK1and STING signaling 

UL47 VP13/14 Tegument/Regulate transcription and IE gene 

expression 
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UL48 VP16 Tegument/IE gene expression 

UL49 VP22 Tegument/DNA replication and viral protein 

expression 

UL49.5 gN Envelope/gM partner 

UL50 dUTPase Tegument/transcriptional activator 

UL51 CEF1 Tegument/Viral replication and pathogenicity 

UL52 HP2 NS/Primase-Helicase 

UL53 gK Envelope/virus entry and capsids egress 

UL54 ICP27 NS/Gene expression regulation 

UL55 pUL55 Tegument/Cytoplasmic envelopment 

UL56 pUL56 Tegument/Cytoplasmic envelopment 

US1 ICP22 Accessary/Primary envelopment and Late gene 

expression 

US2 pUS2 Tegument/Protein trafficking 

US3 PK Tegument/antiapoptotic, NEC positioning and 

nuclear egress 

US4 gG Envelope/Chemokines regulation 

US5 gJ Envelope/antiapoptotic 

US6 gD Envelope/Virus entry and spread 

US7 gI Envelope/anterograde transport and cell-cell spread 

US8 gE Envelope/neurovirulence and cell-cell spread 

US8.5 pUS8.5 Accessary/localized to nucleolus 

US9 pUS9 Tegument/anterograde transport and neurovirulence 

US10 pUS10 Tegument/capsids associated protein 

US11 pUS11 Tegument/RNA binding, Inhibit PKR and IFN 

induction 

US12 1CP47 Accessary/downregulate MHC-I 

RL1 ICP34.5 Tegument/Neurovirulence factor, Prevent 

autophagy 
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RL2 ICP0 Tegument/E3 ubiquitin ligase modulates 

endocytosis 

RS1 ICP4 Tegument/Regulator of gene expression 

 

 


