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8.1 Introduction

The Herpesviridae is a broad and complex family of large DNA viruses that establish 

lifelong latent infections in their respective hosts (Knipe and Howley 2013). Individual 

members of this family display distinct patterns of tissue tropism, with a subset routinely 

invading the nervous system following peripheral infection (Smith 2012). The neuroinvasive 

herpesviruses belong to at least two genera of the Alphaherpesvirinae subfamily that include 

the human pathogens herpes simplex virus types 1 and 2 (HSV-1 and HSV-2; simplex virus 

genus) and varicella zoster virus (VZV; Varicellovirus genus). An additional member of the 

varicelloviruses is a pathogen of veterinary significance, pseudorabies virus (PRV), which 

serves as a model for severe neuroinvasive disease (Pomeranz et al. 2005; Mettenleiter 

2008). These viruses share the remarkable ability to routinely enter the nervous system in an 

immunocompetent host in the absence of overt physical trauma (i.e., animal bites or syringe 

punctures). How this is achieved is largely unknown, but it is an astonishing example of 

efficacious neural gene delivery. The most common outcome of herpesvirus neuroinvasion is 

the establishment of a lifelong latent infection in the ganglia of the peripheral nervous 

system (PNS). Periodic reactivation from the latent state results in production of new 

infectious particles that exit the nervous system to replicate at exposed body surfaces and 

transmit to new hosts. This review discusses the assembly and egress of the alphaherpesvirus 

infectious particle, working off the framework that the virion is a clockwork consisting of a 

collection of poised mechanisms that act sequentially to move viral genomes between the 

nuclei of the epithelial and neuronal cells.

8.2 The Herpesvirus Virion

Viruses belonging to the Alphaherpesvirinae subfamily encode 80 or more proteins, 

approximately half of which serve as structural components of the virion (Knipe and Howley 

2013). The virion core consists of a 125 nm diameter icosahedral capsid encasing a linear 

dsDNA genome. The capsid is initially assembled around a protein scaffold, which is lost 

when the genome is translocated into the capsid through a unique portal vertex, a process 

that is more typical of some bacteriophage than other mammalian viruses (McGeoch et al. 

2006; Brown and Newcomb 2011). The capsid is surrounded by a protein matrix referred to 

as the tegument, and this massive structure is enveloped in a lipid bilayer that is decorated by 

an assortment of glycoproteins (Fig. 8.1).
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Observing the virion structure in detail is challenging because it is too large and irregular for 

x-ray crystallography. Average composite pictures of the capsid have been produced by 

imaging multitudes of cryopreserved viral particles by electron microscopy (cryoEM) and 

offer detailed views of the topology of the capsid shell but cannot resolve many structural 

details of the tegument and envelope because these component architectures generally lack 

the symmetry needed for composite averaging (Schrag et al. 1989; Zhou et al. 2000; Homa 

et al. 2013). The one exception is the small proportion of tegument mass immediately 

adjacent to the capsid surface, which through direct interactions with the capsid is confined 

to icosahedral symmetry where it is detected exclusively at capsid vertices (Fig. 8.2) (Zhou 

et al. 1999; Huet et al. 2016). The tegument-capsid link is ascribed to the large tegument 

protein (viral protein 1/2, VP1/2), which is anchored to the capsid by the pUL25 minor 

capsid protein such that a small portion of its carboxyl terminus (<100 aa) is thought to 

contribute to pUL25 linear surface densities that radiate from the capsid vertices and also 

consist of the pUL17 minor capsid protein (Huet et al. 2016; Uetz et al. 2006; Coller et al. 

2007; Trus et al. 2007; Pasdeloup et al. 2009; Dai et al. 2014; Fan et al. 2014). However, the 

extent of the contribution of VP1/2 to the observed densities is debated, with a major 

globular density that sits atop the pentons being ascribed to either an additional aspect of 

VP1/2 (Huet et al. 2016; Cardone et al. 2012) or to pUL25 (Dai et al. 2014). In either case, 

the vertices clearly serve as platforms for VP1/2 attachment and tegument assembly in 

general, but it is also important to consider that the mass at the vertices is visible in cryoEM 

reconstructions because it is symmetric. The beautiful capsid depictions produced by 

cryoEM are artificial composites that offer high-resolution views of symmetric capsid 

components but hide asymmetric features such as the portal vertex and possibly additional 

sites of tegument interaction. In this regard, tegument mass at sites of twofold symmetry is 

hinted at the Kaposi’s sarcoma-associated herpesvirus (KSHV), a gammaherpesvirus that 

possesses a capsid-tegument arrangement similar to the Alphaherpesvirinae, but this mass 

likely occupies only a small subset of these sites across the capsid surface (Dai et al. 2014). 

Either the alphaherpesviruses lack tegument attachments at capsid twofold symmetry sites, 

the tegument is anchored to only a small subset of these sites that have escaped detection by 

composite averaging, or tegument attachment at these sites is unstable within intact virions. 

Another hint at asymmetric capsid-tegument interactions is VP1/2, which has a virion copy 

number that is greater than should be expected by occupation at vertices alone (i.e., 5 copies 

per vertex predict 60 copies per virion) (Table 8.1). Finally, although the VP1/2-pUL25 link 

is the only defined capsid-tegument interaction so far identified, other tegument proteins are 

suggested to directly interact with the capsid including a protein of interest for this review: 

pUL16 (Oshima et al. 1998; Meckes et al. 2010). As will be discussed, tegument links to the 

capsid apart from the vertices may contribute to dynamic alterations in virion architecture 

during infection.

The best views of the majority of the tegument and envelope have been achieved by 

tomographic cryoEM imaging of single viral particles (cryoET), which reveal that the 

tegument is accumulated predominantly at one capsid vertex and gradually recedes around 

the capsid such that the opposing vertex is mostly devoid of asymmetric tegument mass 

(Grunewald et al. 2003; Maurer et al. 2008). While identifying the protein compositions of 

these densities is currently beyond the resolution limits of cryoET, a molecular framework of 
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the tegument and envelope substructures has begun to emerge by superresolution light 

microscopy. By fusing virion protein constituents to fluorescent proteins or binding them to 

fluorescent antibodies, the source of fluorescence emissions within virions can be pinpointed 

using two related and complementary approaches: ensemble mapping and stochastic optical 

reconstruction microscopy (STORM) (Bohannon et al. 2013; Laine et al. 2015). Whereas 

ensemble mapping allows for examination of native virions and can effectively resolve 

asymmetric distributions of the bulk mass of a given protein species within individual 

virions to 7 nm resolution, current STORM analysis provides an approximation of the 

average radial distance from the capsid that a particular protein species resides in extracted 

virions based on indirect immunofluorescence and composite averaging. The authors of the 

latter approach determined that more of VP1/2 is in close proximity to the capsid surface 

than can easily be accounted for by its carboxyl-terminal pUL25 binding site, which 

coincides with prior cryoEM reconstructions that indicated a potential second VP1/2-capsid 

interaction that occurs with the major capsid protein, VP5, at the penton vertices (Cardone et 

al. 2012; Laine et al. 2015). Despite the potential contribution of a VP1/2-VP5 linkage, 

ensemble mapping has achieved sufficient resolution to conclude that pUL25 and VP1/2 are 

present at each of the 12 capsid vertices (Bohannon et al. 2013). This observation is notable 

given that one vertex is occupied by the portal, consisting of 12 copies of pUL6, instead of a 

penton comprised of VP5 as is the case at the other 11 vertices (Newcomb et al. 2001; Trus 

et al. 2004; Chang et al. 2007). Given this, the topology of VP1/2 at the portal vertex may be 

distinct from its conformation at the 11 pentonal vertices. Two additional findings are 

compatible with this concept. First, the VP16 tegument protein, which is a direct binding 

partner of VP1/2 (Vittone et al. 2005; Ko et al. 2010), is predicted to occupy only 11 vertices 

based on ensemble mapping (Bohannon et al. 2013). This is in contrast to a second VP1/2-

binding protein, pUL37 (Uetz et al. 2006; Vittone et al. 2005; Klupp et al. 2002; Mijatov et 

al. 2007), which is uniformly distributed around the capsid consistent with occupation at all 

12 vertices (Bohannon et al. 2013). Although speculative, the absence of VP16 from one 

vertex is most easily explained by an inability to bind VP1/2 anchored at the portal vertex. 

Second, by cryoET, the profile of the vertex facing away from the asymmetric tegument 

appears different than the opposing vertex that is buried under the bulk of this tegument, 

hinting that the unique portal vertex may occupy one of these two poles (Grunewald et al. 

2003).

While it is currently unknown if VP16 is specifically absent from the portal vertex, the 

hypothesis is compelling. The majority of the tegument is anchored to the envelope and 

likely connects to the capsid surface through several linkages including VP1/2-VP16 (Fig. 

8.3) (Vittone et al. 2005; Ko et al. 2010; Svobodova et al. 2011). The absence of VP16 from 

the portal vertex would indicate that only VP1/2 adjacent to a pentonal vertex conforms to a 

state that binds VP16, thereby possibly providing the source of tegument asymmetry that is 

observed by cryoET and ensemble imaging (Grunewald et al. 2003; Maurer et al. 2008; 

Bohannon et al. 2013). In this hypothetical model, the large-scale virion asymmetries in the 

tegument and envelope are a projection of the inherent asymmetry of the capsid shell 

resulting from the unique portal vertex.
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8.3 The Virion Clockwork

While the technology is nearly at hand to define the herpesvirus architecture at the molecular 

level, extracellular particles harvested from tissue culture media likely only represent one 

state of the virion. Virions form as symmetric particles (Morgan et al. 1968; Granzow et al. 

1997, 2001; Chen et al. 2004) that only adopt an asymmetric appearance following release 

from infected cells (Newcomb and Brown 2009). The reason for this plasticity is not 

immediately apparent but is suggested as either a means to increase particle stability in the 

extracellular environment (Newcomb and Brown 2009) or as a mechanism to assist 

productive infection (Maurer et al. 2008). The latter suggestion is supported by the 

observation that virions in contact with cells frequently have an asymmetric distribution and, 

of particular interest, orient such that the tegument-dense pole faces away from the contacted 

cell (Maurer et al. 2008; Fuller et al. 1989).

Because viral particles are not metabolically active, the ability of a virion to adjust its 

architecture or to deliver its genetic content is inherent to the potential energy built into its 

architecture. The virion can be viewed as a clockwork that consists of a collection of primed 

mechanisms that trigger sequentially with precise timing to productively infect a cell. As 

with all viruses, any chance failure in this process results in a defective particle. Advances in 

our understanding of the molecular underpinnings of the virion architecture are beginning to 

hint at how triggers in the alphaherpesvirus virion may function. While it may seem 

unnecessary for a virus to use more than one trigger to deliver its genome into a cell, similar 

to a Rube Goldberg machine, research on adenovirus helps to showcase that the use of 

multiple independent triggering events is not unusual (Greber et al. 1993; Burckhardt et al. 

2011).

Adenovirus, consisting of a non-enveloped icosahedral virion, employs a cell-surface trigger 

based on the removal of penton fiber from the capsid vertices, which occurs by simultaneous 

pulling on the penton base and fiber by their cognate cell receptors. Removing the fiber from 

the base primes a viral lytic protein needed for escape to the cytosol following endocytosis: 

akin to a pin pulled from a grenade and tossed into a clathrin-coated pit (Burckhardt et al. 

2011). Following cell entry, adenovirus relies on acidification and virion proteolysis as 

postentry triggers to drive particle delivery to the nuclear pores and for genome injection 

into the nuclei (Greber et al. 1993). The sequential triggering events employed by 

herpesviruses are largely dissimilar from those of adenovirus and represent a different 

evolutionary solution to delivering the viral genome to a nucleus. First, the envelope 

glycoproteins participate in initial cell-surface interactions with cell-surface heparan sulfate 

chains linked to proteoglycans. These interactions are mediated by glycoprotein C (gC) and 

gB in HSV-1 and are an important step in promoting infection (Shukla and Spear 2001). 

These interactions also set off a cell-surface triggering event that sees the release of the 

pUL16 tegument protein from the capsid within the extracellular virion (Meckes and Wills 

2008). The release of pUL16 is presumably just one molecular aspect of the tegument 

rearrangement that results in the asymmetrical ultrastructure seen in virions attached to cell 

surfaces, but how these events are related has not been addressed (Maurer et al. 2008; Fuller 

et al. 1989). Following the initial triggering event, the virus then binds its entry cellular 

receptor (usually by an interaction with gD, although VZV is a notable exception) and 
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triggers membrane fusion via glycoproteins gH, gL, and ultimately gB: the fusion apparatus 

(Cooper and Heldwein 2015; Spear and Longnecker 2003). In the asymmetric particle, 

ensemble mapping indicates that one pole of the virion envelope has low occupancy of gM, 

a protein that inhibits membrane fusion (Klupp et al. 2000; Koyano et al. 2003; El Kasmi 

and Lippe 2014). Assuming that gM begins off in a symmetric radial distribution as is the 

case for the underlying tegument, it may help protect the virion from neutralizing antibodies 

(Hook et al. 2008). Upon triggering, the redistribution of the tegument and gM may make 

gD available for cell binding at one pole of the virion, thereby orientating the virion at the 

cell surface in preparation for membrane fusion and capsid delivery (Maurer et al. 2008). 

Oddly, in some cell types, this dual-trigger mechanism is insufficient to mediate fusion-

based entry into the cytosol but instead requires acidification following endocytosis (Nicola 

et al. 2003, 2005). Whether acidification serves as a third trigger or replaces an aspect of gC-

triggered virion asymmetry is unknown, but in either scenario, the end result of fusion is the 

same: the capsid and tegument are deposited into the cytosol.

Cytosolic capsids remain bound to the inner tegument proteins VP1/2, pUL37, and pUS3 but 

dissociate from outer tegument proteins including VP11/12, VP13/14, VP16, and VP22 

(Smith 2012; Granzow et al. 2005; Luxton et al. 2005; Antinone and Smith 2010; Abaitua et 

al. 2012; Aggarwal et al. 2012). This partial disassembly is a hallmark of herpes virion 

metastability, and several proposals regarding the mechanism for triggering tegument release 

have been offered including phosphorylation, proteolytic cleavage, and the reducing 

environment of the cytosol (Newcomb and Brown 2009; Morrison et al. 1998; Delboy et al. 

2008). Whether one or more of these are contributing factors, the process must be specific to 

the incoming particle and not impact tegument acquisition during virion assembly. 

Alternatively, the disassembly may occur in the virion prior to the membrane fusion event, 

as is the case for pUL16 (Meckes and Wills 2008). Whichever the case, the capsid-VP1/2-

pUL37-pUS3 complex subsequently translocates to a nuclear pore complex where a final 

trigger is tripped by proteolysis of VP1/2, resulting in the viral genome exiting the capsid 

and being delivered into the nucleus (Table 8.2) (Jovasevic et al. 2008).

While identifying how triggering occurs is an important step in understanding how infection 

proceeds, it is only a small aspect of the events that follow. Our working knowledge of 

internal virion rearrangements, membrane fusion, tegument disassembly, and genome 

injection is incomplete. But to understand the viral clockwork, we first need to know how it 

is built. The cell biology of alphaherpesvirus assembly and egress has often been a 

contentious topic. Debates regarding the source of the virion envelope have raged over the 

years: from the inner nuclear membrane, to the trans-Golgi network, to recycling endosomes 

(Enquist et al. 1998; Turcotte et al. 2005; Hollinshead et al. 2012). Likewise, whether 

capsids exit the nucleus by way of nuclear pores has led to some notable disagreements 

(Leuzinger et al. 2005; Campadelli-Fiume and Roizman 2006; Mettenleiter and Minson 

2006), as has the long-standing discussion of whether the envelope membrane is acquired 

before or after capsids are shuttled down axons following replication in neurons 

(Kratchmarov et al. 2012; Cunningham et al. 2013). The broader topic of alphaherpesvirus 

assembly and egress was comprehensively reviewed recently and provides an excellent 

background for the subsequent discussion of virion assembly and delivery to neurons and 

epithelial cells (Owen et al. 2015). Two tegument proteins that bind directly to the capsid 
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surface will be the focus of the remainder of this review for their roles in virion assembly 

and potential contributions to genome delivery to new cells: VP1/2 and pUL16.

8.4 Assembly of a Postentry Trigger

The large tegument protein, VP1/2, is required for incoming capsids to deliver their DNA 

content to the cell nuclei (Abaitua et al. 2012; Jovasevic et al. 2008; Roberts et al. 2009; 

Abaitua and O’Hare 2008). It is the only tegument protein for which a defined molecular 

link to the capsid has been established: the C-terminal ~60 amino acids bind to the pUL25 

minor capsid protein to direct assembly on capsids (Coller et al. 2007). While additional 

regions of VP1/2 are proposed to bind to the capsid surface, the contributions of these 

regions during virion assembly have not been formally tested (Fig. 8.4) (Pasdeloup et al. 

2009; Baker et al. 2006; Roberts et al. 2009). However, there are indications that truncated 

isoforms of VP1/2 lacking the C-terminal capsid-binding domain are incorporated into 

virions (Michael et al. 2006; Radtke et al. 2010) and could be partially functional (Schipke 

et al. 2012).

Whether VP1/2 is loaded onto capsids in the nucleus or in the cytosol is unclear (Trus et al. 

2007; Klupp et al. 2002; Roberts et al. 2009; Schipke et al. 2012; Wolfstein et al. 2006; 

Bucks et al. 2007; Abaitua and O’Hare 2008; Newcomb and Brown 2010). The conflicting 

findings may partially be due to a commonly held assumption that the bulk of DNA-filled 

capsids in the nucleus (aka C-capsids) represent an intermediate in virion morphogenesis. In 

fact, data supporting this notion is generally lacking. The alternative, that C-capsids isolated 

from infected cell nuclei may be defective assembly intermediates that failed to properly 

engage the nuclear egress machinery, would imply that studies of these capsid species may 

produce spurious results. Capsids destined to successfully egress from the nucleus may not 

be represented by those that accumulate within the nucleus. Therefore, whether egressing 

capsids are VP1/2 bound prior to leaving the nucleus, or only upon reaching the cytosol is 

not clear. VP1/2 is not required for the egress of capsids from the nucleus (Desai 2000; 

Fuchs et al. 2004), but it enhances the process (Luxton et al. 2006; Leelawong et al. 2012) 

and may contribute to a selective mechanism that favors the egress of DNA-filled capsids to 

the cytoplasm (Kharkwal et al. 2016).

In the cytosol, VP1/2 is essential for secondary capsid envelopment that results in the fully 

assembled virion, but its precise role in this process has been hard to pin down (Desai 2000; 

Fuchs et al. 2004; Smith and Enquist 1999). Although there is evidence that VP1/2 recruits 

capsids to a juxtanuclear location that contains markers consistent with the Golgi complex 

(Desai et al. 2008), VP1/2 is not explicitly required for capsid association with membranes 

(Kharkwal et al. 2015) or for recruitment of the cellular EXCRT (endosomal sorting 

complex required for transport)-budding machinery that is thought to contribute to 

secondary envelopment (Kharkwal et al. 2016). Even more quizzically, the majority of 

VP1/2 that is normally assembled into virions can be drastically reduced by overexpression 

of its C-terminal capsid-binding fragment during infection, to the extent that individual 

extracellular particles lack detectable amounts of full-length VP1/2 (Coller et al. 2007). 

Therefore, full occupancy of full-length VP1/2 on capsids is not absolutely required for 

virion assembly but may instead be important for the infectivity of these particles. VP1/2 
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interacts with at least two other tegument proteins: pUL37 and pUL48 (VP16) (Vittone et al. 

2005; Ko et al. 2010; Klupp et al. 2002; Mijatov et al. 2007; Svobodova et al. 2012). 

Whereas interaction with pUL37 is critical for secondary envelopment (Kelly et al. 2014), 

the pUL48 interaction can be dispensable (Svobodova et al. 2012). Recent data suggests that 

pUL37 may link capsids to two envelope proteins, pUL20 and gK, that are important in 

secondary envelopment (Jambunathan et al. 2014; Chouljenko et al. 2016). Whereas the 

VP1/2-pUL37 link remains intact when virions enter cells, the VP1/2-pUL48 interaction is 

labile, hinting that the postentry trigger for tegument release centers around this seemingly 

nonessential interaction. The significance of the VP1/2-pUL48 interaction is further revealed 

in light particles, which are the products of cytoplasmic budding events that do not involve 

capsids (Szilagyi and Cunningham 1991; McLauchlan et al. 1992; McLauchlan and Rixon 

1992). Importantly, the presence of VP1/2 and pUL37 in light particles is dependent upon 

pUL48 (Fuchs et al. 2002). The simplest interpretation of this notable finding is that there 

are no secondary interactions that can recruit capsids to membranes specifically by way of 

VP1/2 and pUL37. This brings into question the role of the pUL37/pUL20/gK interaction, 

which indicates that the critical function of pUL37 during secondary envelopment is 

something other than tethering the capsid to the membrane, and leads to the inevitable 

conclusion that there is an additional means by which capsids are recruited to the nascent 

envelope (Fig. 8.3).

8.5 Assembly of a Cell-Surface Trigger

While tegument proteins other than VP1/2 are suggested to bind capsid proteins, in most 

cases it is not clear if these interactions are biologically relevant (Lee et al. 2008; Scholtes et 

al. 2010). Of particular interest, however, is the pUL16 tegument protein, which binds 

capsids directly and independently of VP1/2 and pUL37 (Oshima et al. 1998; Meckes et al. 

2010; Nalwanga et al. 1996; Fulmer et al. 2007). Despite compelling evidence that pUL16 is 

a capsid-bound tegument protein during virion morphogenesis, the component of the capsid 

to which it binds is unknown (Meckes et al. 2010). Although yeast 2-hybrid findings suggest 

pUL16 may bind major capsid protein, VP5, or the hexon tip protein, VP26 (Lee et al. 

2008), interactions with capsid proteins in this experimental context can be false positives 

(Ko et al. 2010). Furthermore, there is not much unaccounted cryoEM capsid surface density 

that hints at the presence of pUL16 (Fig. 8.2). There are two possible explanations for this. 

First, capsid-bound pUL16 may be undetectable by cryoEM due to low occupancy or 

because of an asymmetric distribution. Perhaps its presence was hinted at non-pentonal sites 

in KSHV (Dai et al. 2014). Second, pUL16 may not remain bound to capsids within virions 

under the conditions used for cryoEM studies (Meckes and Wills 2008).

The interaction of pUL16 with nascent capsids is complex. The protein is bound to nuclear 

C-capsids of HSV-2 (Oshima et al. 1998) and is present in capsid intranuclear clusters 

during late stages of HSV-1 infection (Nalwanga et al. 1996) but could not be detected on 

nuclear A-, B-, or C-capsids isolated from HSV-1-infected cells (Meckes and Wills 2007). 

This led the authors of the latter study to propose that pUL16 may bind to procapsids, as 

pUL16 was present on capsids following their egress to the cytosol. Notably, these 

circumstances are similar to the debate regarding the presence of VP1/2 on nuclear capsids 

(see above). In addition to binding capsids, pUL16 interacts with membranes through a 
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complex interaction with pUL11 and gE, which is responsible for 70–80% of pUL16 

incorporation (Meckes et al. 2010; Han et al. 2011, 2012). This complex also includes 

pUL21 (Klupp et al. 2005; Harper et al. 2010), which in turn recruits pUL46 (VP11/12), 

pUL49 (VP22), and pUS3 to the virion (Michael et al. 2007; Starkey et al. 2014). 

Furthermore, by the time extracellular viral particles are typically harvested from the media 

of infected cells, the capsid-bound population of pUL16 is no longer evident (Meckes and 

Wills 2007).

The implication of the interaction of pUL16 with the envelope is that the latter may remove 

and sequester pUL16 from the capsid surface. Further details of the relationship of pUL16 

with capsid and envelope were obtained by treating virions with N-ethylmaleimide (NEM) 

(Meckes and Wills 2008). NEM reacts with cysteine residues, which interferes with the 

pUL16-pUL11 envelope interaction and stabilizes the pUL16-capsid interaction, indicating 

that the two interactions may be mutually exclusive within the virion (Meckes and Wills 

2008; Yeh et al. 2008; Chadha et al. 2012). Nevertheless, the stabilized pUL16-capsid 

interaction is still disrupted upon contacting an uninfected cell. It is this interaction that 

serves as the cell-surface trigger, which corresponds to the redistribution of outer tegument 

into an asymmetric architecture that is visible by cryoET and ensemble mapping (Fig. 8.5) 

(Grunewald et al. 2003; Bohannon et al. 2013).

8.6 Delivery

The dissemination of a neuroinvasive herpesvirus is made more complex by the requirement 

for virions to achieve their triggering events in two different polarized cell types: epithelia 

cells and neurons. While many viruses replicate in polarized epithelia, a hallmark property 

of the alphaherpesviruses is the routine transmission of infection from epithelia to 

innervating neurons of the peripheral nervous system in the absence of tissue damage (i.e., 

animal bites or syringe punctures) or a compromised immune system. Implicit in this 

infectious cycle are three stages of virion transmission: epithelium to neuron, neuron to 

epithelium, and epithelium to outside world (and ultimately the epithelium of another host). 

Whether there are differences in the virions produced in each of these scenarios have not 

been thoroughly investigated, but it is the case for varicella zoster virus that only the latter 

results in intact cell-free virions (Chen et al. 2004).

The first hint of how epithelium-to-neuron transmission is achieved came from an 

unexpected finding involving the VP1/2 tegument protein. The amino terminus of VP1/2 

encodes a cysteine protease that cleaves ubiquitin from proteins (aka deubiquitinase; DUB) 

(Kattenhorn et al. 2005; Schlieker et al. 2005, 2007). While inactivation of the DUB by 

genetic mutation does not substantially impair virus propagation in culture, invasion of the 

nervous system in vivo is lost (Böttcher et al. 2008; Lee et al. 2009). Unlike traditional 

neurotropic factors, the DUB is dispensable for replication and spread in the mammalian 

nervous system; instead the defect associated with DUB inactivation is specifically in the 

transmission of infection from peripheral innervated tissues to neurons. Thus, the VP1/2 

DUB is a neuroinvasive determinant and yet is not a neurotropic factor.

Smith Page 8

Adv Anat Embryol Cell Biol. Author manuscript; available in PMC 2018 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although the DUBs of various herpesviruses collectively have a diversity of cellular 

substrates (Whitehurst et al. 2009, 2012; Gastaldello et al. 2010, 2013; Inn et al. 2011; Saito 

et al. 2013; Wang et al. 2013; van Gent et al. 2014; Kim et al. 2016), the alphaherpesvirus 

neuroinvasive property proved to function by an autocatalytic mechanism that switches the 

virus between two invasive states (Bolstad et al. 2011; Huffmaster et al. 2015). The first 

invasive state promotes transmission of infection from epithelial tissues to peripheral nerves, 

and the second state subsequently promotes sustained retrograde transport in axons. The 

“ubiquitin switch” mechanism underlying this dynamic invasive process appears to trigger a 

change in intracellular capsid transport along microtubules. VP1/2 lacking ubiquitin 

modification at a lysine near the N-terminus of the protein (Fig. 8.4) moves bidirectionally 

on microtubules, and the addition of ubiquitin switches transport to unidirectional transport 

toward the minus-ends of microtubules (Huffmaster et al. 2015). The modified state is 

critical upon entering axon terminals, where sustained long-distance transport is required to 

deliver capsids to neural soma in peripheral ganglia. Viruses lacking DUB activity are 

locked into the axon retrograde transport state, which is incompatible with epithelium to 

neuron transmission. The reason for this transmission defect is unclear, but microtubule 

minus-ends are associated with the apical membrane in polarized epithelial cells, and 

constitutive minus-end transport may be incompatible with basal viral egress in the vicinity 

of innervating axon terminals (Bacallao et al. 1989; Meng et al. 2008). In contrast, 

ubiquitination is only required in neuronal cells, and the pronounced minus-end transport 

that ensues is consistent with the ability of VP1/2 to recruit the dynein motor (Radtke et al. 

2010; Zaichick et al. 2013). One unanswered aspect of the ubiquitin switch mechanism is 

why the VP1/2 DUB does not prevent ubiquitination in neurons during retrograde axonal 

transport. It seems likely that the DUB is inactive following entry into neurons, which could 

be related to the postentry trigger that sees the disassembly of much of the tegument from 

capsids.

Following replication in neurons, viral particles transmit anterogradely within axons to axon 

terminals where infection spreads back to the epithelium. This represents another kind of 

barrier to the virus, as newly synthesized material is generally not permitted access to the 

axon initial segment from the neuronal soma (Song et al. 2009; Kuijpers et al. 2016). The 

viral effectors required to overcome the intracellular sorting barrier are the gE/gI complex 

and pUS9 envelope proteins (Ch’ng and Enquist 2005a, b; LaVail et al. 2007; Lyman et al. 

2007, 2008; Snyder et al. 2008; McGraw et al. 2009; Howard et al. 2013), which together 

engage a kinesin-3 motor, KIF1A (Kramer et al. 2012; Kratchmarov et al. 2013). Once past 

the sorting barrier, the pUS9-KIF1A interaction becomes dispensable (Ch’ng and Enquist 

2005a; Brideau et al. 2000; Daniel et al. 2015), and it is unclear if the virus particle 

continues to use Kif1A for long-distance anterograde axonal transport to the distal terminal 

(Okada et al. 1995; Lo et al. 2011; Huang and Banker 2012; Soppina et al. 2014) or switches 

to another motor such as a conventional kinesin (Radtke et al. 2010; Huang and Banker 

2012; Nakata and Hirokawa 2003; Jacobson et al. 2006; Lee et al. 2006; Hirokawa et al. 

2010). In either case, this step may not have to be directed by the virus but instead could be a 

default cellular process passively used by the virus.
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8.7 Summary and Outlook

The past several years have seen key advances in deciphering the neuroinvasive infectious 

cycle of the alphaherpesviruses. These studies have not only led to the identification of virus 

factors promoting the robust neuroinvasive property of these viruses but the corresponding 

innate host barriers that the virus overcomes. Emerging evidence that the virion is a dynamic 

structure will likely continue to develop as the molecular details of architectural 

rearrangements are worked out, and their implications for epithelial and neuronal cell 

infections are revealed. CryoEM and cryoET advances continue to refine the virion 

structure, but it may be time to ask: what have we been overlooking in the application of 

these advanced image reconstruction methods? Is the asymmetrical extracellular particle the 

only relevant structure or might imaging of stabilized nascent symmetrical virions provide 

additional insights into herpesvirus architecture with implications for a virion clockwork? 

The potential preservation of the symmetrical virion configuration by N-ethylmaleimide 

(NEM) may be one avenue to getting at these questions. The interplay between virion 

structure/function, virus triggering events, neuroinvasion, and reemergence from the 

peripheral nervous system will undoubtedly lead to new applications in gene therapy, 

oncolytic vector design, and possibly effective vaccines that may one day see the end of 

herpes simplex keratitis, herpes simplex encephalitis, and devastating neonatal infections.
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Fig. 8.1. 
A direct view of an extracellular PRV particle. Conventional transmission electron 

microscopy is the most common method of imaging herpesvirus ultrastructure and affords a 

direct view of a single viral particle (left). An illustration of the particle’s component 

architecture is provided as reference (right). The particle is dehydrated due to processing of 

the sample in preparation for imaging, with the DNA genome appearing condensed within 

the capsid while the tegument is partially separated into two layers commonly referred to as 

inner and outer tegument. The two leaflets of the envelope membrane are clearly visible and 

includes a complex assortment of transmembrane proteins (only a single type is illustrated 

for simplicity). While this view hints at an asymmetric distribution of the outer tegument, 

asymmetry is more effectively visualized in unfixed particles such as those captured in 

vitreous ice for cryoEM/ET imaging and native particles imaged by ensemble mapping. The 

capsid is 125 nm across
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Fig. 8.2. 
The outer capsid surface within an extracellular viral particle. The cryoEM density maps are 

colored to highlight structures that are elevated from the capsid surface: (a) full capsid; (b) 

top down view of a vertex; (c) side view of a vertex. The pentonal vertices and surrounding 

peripentonal hexons of the capsid (light cyan) are composed of the major capsid protein 

(VP5) and, in the case of the hexons, the hexon tip protein (VP26). The elongated structures 

radiating outward from the penton (one of which is marked with an adjacent asterisk) are 

composed of two minor capsid proteins, pUL17 and pUL25, and serve as binding sites for 

the large tegument protein, VP1/2, which also likely contributes to this density. Five copies 

of a globular structure (yellow) are interdigitated above the VP5 subunits in the underlying 

penton, and have been proposed to be either an additional portion of the VP1/2 tegument 

protein or the globular domain of the pUL25 minor capsid protein (see text). In addition to 

being the most elevated aspects of the capsid surface, the densities highlighted in yellow are 

absent from nascent capsids assembled in infected cell nuclei. The images were produced 

using the Chimera software package and EMD-6387
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Fig. 8.3. 
Three possible links between capsid and envelope. Capsids acquire lipid envelopes by 

budding into intracellular membranes derived from the secretory/recycling pathways. Capsid 

interactions with lipid membranes are indirect and dependent upon tegument and envelope 

proteins. Depicted are three proposed linkages with varying degrees of support in the 

literature. Two tegument proteins that directly bind capsids are featured: pUL16 and pUL36 

(VP1/2). Tegument proteins are indicated by their unique long gene number (i.e., UL11 is 

labeled as 11)
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Fig. 8.4. 
VP1/2 amino acid conservation plot. The plot of cumulative divergence indicates regions of 

the large tegument protein that are predicted functional elements under selective pressure. 

Evolutionary stable regions of the protein are marked by the higher peaks (purple). Overlaid 

on the plot are annotations of protein regions discussed in this review, including: the 

deubiquitinase (DUB), pUL37 binding site; ubiquitin switch site (Ub), and the C-terminal 

capsid binding domain (CBD). A nuclear localization signal (NLS) that is critical for 

infection is also indicated (Abaitua and O’Hare 2008; Abaitua et al. 2012). The locations of 

three additional proposed CBD’s are also indicated. Below the plot is a linear illustration of 

VP1/2 highlighting the two regions that are rich in proline (P) and are predicted to be 

disordered regions of the protein, and below this are annotations for the region of VP1/2 that 

interacts with VP16 by yeast-2-hybrid analysis, and six linker insertion sites that are lethal to 

PRV (Mohl 2010). The plot was produced with VP1/2 amino acid sequences from seven 

alpha-herpesviruses (BHV-1, EHV-1, EHV-4, HSV-1, HSV-2, PRV, and VZV) using a 

sliding window size of 25 on the eShadow web site: eshadow.dcode.org (Ovcharenko 2004)
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Fig. 8.5. 
A hypothetical model of the alpha-herpesvirus dynamic architecture. Nascent virions 

exocytosed from cells have symmetric architectures (left), but typically are asymmetric 

when harvested from tissue culture media (right). By cryoET, this asymmetry manifests as a 

thickening of the tegument on one side of the capsid, resulting in the capsid occupying an 

eccentric position within the confines of the surrounding envelope. Ensemble mapping 

supports that the pUL16 and VP16 tegument proteins may be absent from a single vertex, 

which is considered to be the portal vertex in this speculative model. In contrast, the VP1/2 

and pUL37 tegument proteins are projected to occupy all 12 vertices. In this model, VP1/2 is 

depicted to adopt different conformations at the unique portal vertex and pentonal vertices to 

account for the absence of VP16 at one vertex. Ensemble mapping also indicates that gD is 

radially distributed in the envelope, while gM is polar. How the gM asymmetry relates to 

underlying changes in tegument distribution is unknown: in this model, these components 

have been oriented together. Traditional transmission electron microscopy and cryoET reveal 

that virion asymmetry is prevalent upon binding to cells, and in separate studies, binding to 

cells was found to release pUL16 from capsids within virions. Whether the relationship 

between pUL16 release and tegument asymmetry is causal or coincidental is not known. In 

addition to cell contact, virions become asymmetric as they age and are noted to acquire 

additional tegument contacts across the faces of the icosahedral capsid (gray lines). It is 

unknown if cell-contact-dependent and age-dependent architectural changes in the virion are 

related, but these events demonstrate the plasticity and dynamic nature of the virion 

architecture. The illustration is an effort to integrate these independent observations into a 

simplified model based on a single underlying triggering event that could promote infection, 

and is intended to promote discussion
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Table 8.2

Cell-surface and post-entry alpha-herpesvirus triggers

Trigger Sensor Event

Internal transformation 
of virion architecture

Heparan sulfates gC Release of the pUL16 tegument protein from the capsid.
Possibly the cause of capsid displacement with the virion to 
an eccentric position.

Fusion based entry Nectin
HVEM
Modified heparin sulfates

gD Fusion of envelope with cell membrane deposits capsid and 
tegument into the cytosol.

Tegument release Phosphorylation
Reduction
Proteases

Likely multiple 
tegument proteins

Solubilizes outer tegument components and exposes the 
capsid and inner tegument proteins.

Genome injection Nups
Proteases

Likely VP1/2 
tegument protein 
and pUL25 capsid 
protein

VP1/2 is cleaved and genome is delivered through nuclear 
pores following release from the capsid.
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