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Abstract

Herpesvirus virions consist of three layers: nucleocapsid, tegument, and envelope. The
innermost layer, the nucleocapsid, initially assembles as an immature procapsid precursor built
around viral scaffold proteins. The event that initiates procapsid maturation is unknown but it is
dependent upon activation of the internal protease. Scaffold cleavage triggers angularization, or
transformation into a polyhedral form, of the shell and its decoration with the accessory capsid-
surface proteins — the capsid vertex specific component and the small capsid protein. In both the
procapsid and mature angularized capsid, the apical region of the major capsid protein is surface
exposed. I investigated whether the major capsid protein apical region contributes to intracellular
transport dynamics following entry into primary sensory neurons and also tested the hypothesis
that conserved negatively-charged amino acids in the apical region contribute to acquisition of
the small capsid protein. To my surprise neither hypothesis proved true. Instead, mutation of
glutamic acid residues in the apical region delayed viral propagation and induced focal capsid
accumulations in nuclei.

This dissertation reports on the fortuitous discovery that a region of the major capsid
protein that is exposed on the outer surface of the capsid also contributes to capsid maturation.
Examination of capsid morphogenesis based on epitope unmasking, capsid composition, and
ultrastructural analysis indicated that the glutamic acid mutant focal accumulations consisted of
procapsids. The results demonstrate that, in addition to established events that occur inside the
capsid, the exterior capsid shell promotes capsid morphogenesis and maturation of the

megastructure.



In addition, this dissertation presents a modified fluorescent fusion protein design that
produced the first described procapsid-specific tag. In this design, a fluorescent protein open
reading frame is fused to the amino-terminus of the protease and includes the protease cleavage
site immediately following the fluorescent protein’s sequence. Consequently, the fluorescent
protein is cleaved from the protease upon its activation during capsid maturation and the
fluorescent signal is lost from the megastructure. This procapsid-specific tag not only allows for
the identification of procapsids in living cells by a single fluorescent marker but also might serve

as a fluorescent readout of protease activity.
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Preface

It is estimated that every person carries at least one to two herpesviruses. Because
herpesviruses infect and affect us all, and because we all love a good story, I’d like to share a tale
about the herpesvirus’ journey to deliver its high-profile package — the nucleocapsid.

It starts with a kiss. Not necessarily a romantic kiss. Something more like a mother to a
child. Or a greeting from that Great Aunt who needs to kiss your lips and, “get a good look at
you!” Whether through viral shedding or an active cold sore, herpesvirus virions are now on your
lips, maybe even now in your mouth because you licked your lip.

When most people think about a herpesvirus, they typically envision a malicious,
minuscule invader. Perhaps it has a toothy grin or maybe a set of horns. If you’ve taken a
college-level biology course, you might see a small hexagon with legs. In reality, these
nanoscopic pathogens are much more like a highly organized, triple-threat infiltration team. The
goal of any herpesvirus is to engage a host cell, produce more of itself, and move on to infect
neighboring cells.

The first sighting of this herpesvirus came in the 1950s, thanks to electron microscopes.
Electron microscopy gathers information about a specimen’s appearance by blasting it with a
beam of electrons and recording the various signals produced, ultimately creating an image.
From experiments like these, scientists determined the herpesvirus is spherical with a diameter of
200 nanometers; to put this in perspective, a single strand of hair on your head is 100,000
nanometers in diameter. More importantly, these first images revealed the herpesvirus consists of

three distinguishable layers.
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Each one of these layers carries within it a specific directive to complete the mission of

infection. The outermost layer of the herpesvirus, called the envelope, is tasked with penetrating
a host cell. The envelope is a protective, flexible membrane layer studded with glycoproteins.
Glycoproteins pick the host cell’s locked door, allowing the virus inside. The envelope is on a
kamikaze mission: once successful, it’s left behind at the cell’s surface.

Loss of the envelope leaves the second layer of the virus, the tegument, exposed to the
hostile environment within the host cell. A portion of the tegument layer are hitmen, responsible
for silencing any and all obstacles, such as the cell’s immune response. Other soldiers from this
layer hijack the cell’s control center — the nucleus — to prepare the cell for viral takeover. A few
members of the tegument are on security detail, personally escorting the third layer, the DNA-
containing capsid, to the host cell’s nucleus. Successful delivery of the virus’ genetic information
turns the host cell into a herpesvirus factory.

Arguably, the delivery of this high-profile package is the most important objective for
establishing infection. The capsid is like a ticking time bomb stuffed with highly pressurized
DNA. Tightly packed DNA exerts extreme pressure on the capsid from the inside, and the capsid
must contain this pressure so the bomb doesn’t detonate before reaching the nucleus. Failure to
deposit the viral DNA into the nucleus terminates the operation and infection cannot spread
beyond the initial host cell. Successful deployment of the viral DNA into the nucleus kickstarts
the assembly of a fresh fleet of virus tasked with the invasion of neighboring cells.

The herpes simplex virus is cunning, efficiently infiltrating the human population. The
mission of many research laboratories around the world is to figure out how we can reprogram
this virus, dreaming of the day the herpes simplex virus’ ability to proficiently invade human

cells is exploited for medical benefit. If we understand the individual pieces involved in building
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the virus, how they fit together, as well as which weapons are required for infiltration, perhaps

we can build a virus of our own. Imagine the world where the herpesvirus’ directive has been
altered to specifically engage and destroy a cancer cell or deliver a life-saving gene into a host
whose innate genetics left them wanting.

Sixty years have passed since scientists first captured a portrait of the herpesvirus. While
that time has afforded the field a clearer picture, we are still fervently trying to figure out this
virus’ numerous tricks to outsmart our body’s defenses. We continue to search for
understanding, to pull apart the mechanisms of how the herpesvirus completes its mission so
successfully. So, the next time you think about the herpesvirus you may still picture a cold sore —
or a tiny blob with horns — but I urge you to also imagine a highly sophisticated, microscopic

invader full of possibility.
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CHAPTER 1: Introduction

The Herpesviridae

The Herpesviridae family of large double-stranded DNA viruses has more than 300
members that infect a diversity of hosts ranging from mollusk to man (1). These viruses emerged
from a common ancestor more than 400 million years ago, allowing for a long history of
coevolution with their respective hosts. From this common ancestor, herpesviruses share more
than 40 genes involved in viral replication (2). Although long evolution resulted in diversified
primary sequences of the core genes across the Herpesviridae, the protein structures produced
share striking similarity (3-8).

In addition to sharing genes, herpesviruses conform to a common virion structure
consisting of three layers: nucleocapsid, tegument, and envelope (Fig. 1.1). The nucleocapsid, or
DNA-filled capsid, is a proteinaceous shell that holds the tightly packed viral genome, which for
the human herpesviruses ranges from 140-240 kilobase pairs in length. These massive genomes
are stuffed into capsids approximately 125 nanometers (nm) in diameter and exert tens of
atmospheres of pressure against the capsid shell (9). To place these metrics into perspective, the
herpesvirus capsid, more than 2,000 times smaller than the period at the end of this sentence,
contains 9 times the pressure held in a bottle of champagne. The remarkably stable nucleocapsid
is surrounded by a matrix of viral and cellular proteins termed the tegument (10-12). The
tegument-decorated nucleocapsid is enclosed in a host-derived, lipid-bilayer envelope studded

with viral glycoproteins.
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Figure 1.1 The herpesvirus virion structure. The three layers of the herpesvirus virion are labeled
on the electron micrograph (left) and cartoon (right). The nucleocapsid is radially colored, as
indicated, in angstroms (A) from the center of the density map. Diameters of the capsid and

virion refer to HSV-1.

The Herpesviridae is divided into three subfamilies: the Alpha-, Beta-, and Gamma-
herpesvirinae. Within each subfamily are human pathogens commonly found in the population
(Fig. 1.2), causing varied disease. The Alphaherpesvirinae consists of the notorious
herpesviruses: the causative agent of chicken pox and shingles, varicella-zoster virus (VZV), and
the viruses behind cold sores and genital herpes, herpes simplex virus type 1 (HSV-1) and type 2
(HSV-2). It 1s estimated that approximately 85% of adolescents have had a history of VZV

infection or received two doses of the varicella vaccine and the seroprevalence of HSV-1 and
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Herpesviridae

Figure 1.2 Human pathogens of the Herpesviridae. Herpesviruses are subdivided into three
families: alpha (o), beta (), and gamma (y). The abbreviated names of human pathogens within

each subfamily are shown.

HSV-2 are approaching 60% and 20%, respectively (13). The Betaherpesvirinae consists of four
inconspicuous human viruses: human cytomegalovirus (HCMV), human herpesvirus 6a
(HHV6a), human herpesvirus 6b (HHV6b), and human herpesvirus 7 (HHV7). HCMV is the
most frequent cause of congenital infection but most typically produces asymptomatic or minor
symptoms upon infecting an immunocompetent individual (14). HHV6a is more commonly
contracted later in life while HHV6b frequently causes Roseola in children, and both are linked
to T-cell lymphoproliferative disorders (15). HHV7 has no clear link to any disease at this time.
It is estimated that more than 60%, 90%, and 85% of the population is infected with HCMV,
HHV6a and b collectively, and HHV7, respectively (16-18). The Gammaherpesvirinae consists
of two human herpesviruses connected to lymphoproliferative disorders: the common cause of

infectious mononucleosis, Epstein-Barr virus (EBV), and Kaposi’s sarcoma herpesvirus
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(KSHV). EBV is one of the most common human viruses with greater than 90% of the

population infected by early adulthood. In contrast, KSHV is less prevalent in the overall
population but poses a threat to HIV-positive individuals as the causative agent of Kaposi’s
sarcoma (19).

In addition to sharing common genes and virion morphology, all herpesviruses exhibit
latency or a quiescent infection in which little to no viral progeny is produced. However, during
periods of stress the virus exits this dormant state, or reactivates, producing a fresh fleet of
virions that travel back to the periphery and cause recurrent disease. Through this latency
program, herpesviruses are able to evade immune detection and establish lifelong infection.
Alphaherpesviruses establish latency in neuronal cells of the peripheral nervous system while
beta- and gammaherpesviruses establish latency in immune cells.

Of particular interest within the Herpesviridae is the variation observed in disease
outcome during primary infections and reactivation. For example, a primary HSV-1 infection
creates cold sores in one individual and in another causes lethal encephalitis. In a similar manner,
reactivation of HSV-1 produces a fresh round of cold sores in most people but in some
individuals may result in encephalitis (20, 21) or ocular lesions that can lead to blindness (22,
23). Additionally, herpesviruses can confer a new disease burden when an infected individual
becomes immunocompromised. For example, EBV primary infection in a child results in cold-
like symptoms, however, if in adulthood that individual undergoes an organ transplant, EBV
reactivation could cause a life-threatening condition, post-transplant lymphoproliferative
disorder (24).

Currently, herpesvirus infections are treated with nucleoside analogs, such as acyclovir,

which inhibit viral replication. These drugs effectively combat active replication but fail to
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eradicate latent reservoirs of herpesvirus. However, scientists are exploring the potential of the

genome editing technology, such as the clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 system, for the elimination of latent herpesvirus genomes (25). Due to the
ubiquitous nature of herpesviruses, the vast disease disparity, and the lifelong nature of

herpesvirus infections, it is imperative that new therapies and antivirals are developed.

The Alphaherpesvirinae

The Alphaherpesvirinae consists of three ubiquitous human viruses — VZV, HSV-1, and
HSV-2 — that exhibit robust neuroinvasive ability (26). These viruses initially infect mucosal-
epithelial surfaces but quickly spread to innervating nerve termini of the peripheral nervous
system. In the nuclei of neuronal cells, typically within the sensory or cranial nerve ganglia,
latency is established. During latency, the viral genome is maintained and viral protein
expression is suppressed (27). Upon local trauma or systemic stress, the virus exits latency and
produces nascent virions which travel back to the periphery producing skin lesions or in rare
cases enter the central nervous system with serious if not lethal consequence (28, 29). Although
active replication of herpesvirus is cleared from mucosal-epithelial cells, latently infected
neurons serve as reservoirs of silent genomes (30, 31). Thus, alphaherpesviruses persist for the
lifetime of the host causing recurrent disease.

When infection starts in the mucosal epithelium, the herpesvirus virion attaches to
receptors on the cell surface and the viral glycoproteins facilitate fusion of the virion’s lipid
envelope with the cell’s plasma membrane (Fig. 1.3). The glycoproteins gB, gC, gD, gH, and gL

comprise the fusogenic machinery (32). Alternatively, the virion can enter the cell via
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extracellular space

" cytoplasm

complex

g viral terminase

perinuclear space

Figure 1.3 The alphaherpesvirus infectious cycle. The herpesvirus virion binds to the surface of a
cell with the envelope glycoproteins (1) and fuses the envelope with the cell’s plasma membrane
(2). The nucleocapsid is deposited into the cytosol and the bulk of the tegument dissociates (3).
The nucleocapsid is transported by microtubule-based motors that directly interact with the small
subset of tegument proteins associated with the capsid surface (4) ultimately docking at a nuclear
pore (5). Release of the viral genome into the nucleus initiates a cascade of viral gene expression
(6). Nascent capsids are formed (7) and packaged with the viral genome through an interaction of

the terminase with the capsid surface (8). Nucleocapsids migrate to the nuclear periphery (9)
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where the capsid surface interacts with the nuclear egress complex to facilitate translocation into

the cytoplasm by budding at the inner nuclear membrane (10), primary envelopment in the
perinuclear space (11), and de-envelopment at the outer nuclear membrane, depositing the
nucleocapsid into the cytosol (12). The nucleocapsid encounters tegument proteins and
glycoproteins on cellular membranes (13) and is enveloped for a second time, resulting in the
virion wrapped in an additional membrane (14). Finally, the virion exits the cell via the secretory

pathway (15).

endocytosis and fusion takes place between the viral envelope and endosomal membrane (33).
The bulk of the tegument proteins dissociate from the nucleocapsid and perform various
functions to prepare the cell for viral replication, such as silencing the innate immune response or
regulating host cell and viral transcription (34-36). A small subset of the tegument, referred to as
the inner tegument, remains bound to the nucleocapsid. This subset includes the viral kinase,
pUS3, the large tegument protein, pUL36, and its binding partner, pUL37 (35, 37, 38). Both
pUL36 and pUL37 are effectors of transport, trafficking the nucleocapsid along microtubules,
ultimately docking at a nuclear pore (39-46).

After docking at a nuclear pore complex, the nucleocapsid releases the viral genome into
the nucleus. A vertex capsid protein, pUL25, is the capsid binding site of pUL36 and both
proteins are implicated in the genome release mechanism which may involve proteolysis of
pUL36 (47). Temperature-sensitive mutations in pUL36 and pUL25, as well as a carboxyl-
terminus truncation mutant of pUL25, result in nucleocapsids that dock at nuclear pores but fail
to release the genome (48-51). Deposition of the viral genome within the nucleus initiates a
cascade of viral gene expression divided into three classes: immediate early, early, and late.

Immediately early gene expression does not require de novo viral protein synthesis but is
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promoted by the abundant tegument protein VP16. Early gene expression follows next,

producing proteins involved in viral DNA replication. The viral DNA is replicated by a rolling
circle mechanism creating branched, head-to-tail concatemers of genomes that are cut to unit
length for packaging (52). The viral genome is divided into short and long unique segments that
are flanked by inverted terminal repeat regions which carry the cleavage and packaging signal
recognized by the viral terminase (53). Late gene transcription starts after the onset of viral DNA
replication and produces structural proteins involved in assembly and egress which must be
translocated into the nucleus for the formation of nascent capsids (54-57).

The infected cell nucleus undergoes dramatic remodeling to accommodate viral DNA
replication and capsid morphogenesis. Early in infection, the immediate early protein ICPO
strongly activates viral gene expression and relieves cellular repression of viral transcription
through the disruption of promyelocytic leukemia nuclear bodies (58). Additionally, the host cell
chromatin is marginalized and viral replication compartments form in the interchromatin space
which enlarges as infection persists (59-61). Replication compartments are marked by viral DNA
replication proteins such as the DNA binding protein ICP8.

Nucleocapsids are formed within infected cell nuclei when new capsid shells assemble
and the viral genome is packaged. This process closely parallels the assembly and encapsidation
of bacteriophage. Currently, there are no clear sites of capsid assembly for HSV-1 or
pseudorabies virus (PRV), a swine alphaherpesvirus, although VZV has been reported to form
sites of capsid assembly (62, 63). As infection persists, capsids localize to replication
compartments, presumably, to be filled with DNA (64). However, this event and the proteins
involved are poorly understood. To facilitate the efficient exit of nucleocapsids from the nucleus,

the nuclear lamina is disrupted via phosphorylation by the viral kinase pUS3 as well as cellular
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kinases. Nucleocapsids then escape the nucleus through an elaborate two-step egress mechanism

involving virally encoded membrane budding machinery (65-69). Although some tegument
proteins assemble on the nucleocapsid prior to egress from the nucleus, the majority of the
tegument layer is added in the cytosol (70, 71). Tegument proteins also interact with the
cytosolic tails of glycoproteins anchored in the trans-Golgi network (72-75). This extensive
network of interactions between the tegument and envelope proteins facilitates envelopment of
the nucleocapsid for the second time resulting in the enveloped virion inside a vesicle. Finally,
the mature virion is transported out of the cell via the secretory pathway (76-78).

Although infection begins in epithelial cells, herpesvirus virions rapidly reach innervating
nerve termini and invade the sensory and autonomic ganglia by retrograde axonal transport (79).
After entering a neuronal cell, the virion disassembles as in an epithelial cell but now must
transport up to a meter in length to deposit the viral genome into the nucleus. In most neuronal
nuclei, the viral genome is repressed and latency is established (80). During latency, the viral
genome is stably maintained but virion assembly only initiates upon reactivation of lytic
infection.

The ability of alphaherpesviruses to routinely invade the nervous system is remarkable.
Alphaherpesviruses can directly interact with microtubule-based motors, whereas other
neurotropic viruses, such as rabies virus, rely on endosomal trafficking within axons to reach the
neuronal cell body (81). Another impressive aspect of herpesvirus neuroinvasion is the ability to
enter the nervous system following casual contact with an infected individual. In contrast, rabies
virus requires a high dose inoculum, such as that delivered through a bite, to innervate the

nervous system. Because of their large, mutable genomes and the unique ability to proficiently
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and consistently enter the nervous system, alphaherpesviruses are particularly interesting

candidates for gene delivery.

The Nucleocapsid Structure

The herpesvirus nucleocapsid structure is rapidly becoming the most well-understood
component of the herpesvirus virion. Recent refinements of cryo-electron microscopy (cryo-EM)
reconstruction techniques have pushed nucleocapsid density maps to near-atomic resolution (4-6,
8) with the most well-resolved parts of the HSV-1 nucleocapsid being resolved at 3.5 angstroms
(A) (7). These structures not only inform on the source of the nucleocapsid’s mechanical strength
but also provide insights into capsid assembly and potential targets for therapeutic intervention
(82).

Herpesvirus nucleocapsids are approximately 125 nm in diameter, conformtoa T =16
icosahedral structure (Fig. 1.4), and consist of 162 capsomeres: 150 hexamers (hexon
capsomeres), 11 pentamers (penton capsomeres), and one portal vertex (83). The proteinaceous
shell is 15 nm thick with an inner diameter of 90 nm. HSV-1 nucleocapsids must withstand an
estimated 18 atmospheres of internal pressure exerted by the tightly packed 152 kilobase pair
genome until the capsid docks at a nuclear pore and releases the DNA into the nucleus (9, 42).

The herpesvirus nucleocapsid alone weighs in at 200 megadaltons and consists of
thousands of viral structural proteins, making herpesviruses easily some of the largest, most
complex viruses that infect humans. The majority of the herpesvirus capsid shell mass is
comprised of 955 copies of the 149 kilodalton (kDa) major capsid protein (MCP) (84-87), which
is arranged into hexamers and pentamers connected by heterotrimeric complexes called triplexes

(Table 1.1). MCP pentamers are found at 11 of the capsid vertices while MCP hexamers occupy
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nucleocapsid “central slice”

—
. viral genome
Key' ¢ pentamer MCP hexamer MCP
portal vertex (VP5) (VP5)
(pULS)
SCP
(VP26)

triplex

Capsid Vertex
Specific Component
(CVSC = pUL17 + pUL25 + C-term pUL36)

Figure 1.4 The herpesvirus nucleocapsid structure. (A) The 6.8 A density map of the HSV-1
nucleocapsid (EMD-6386). The capsid is radially colored from the center of the structure. (B)
Cartoon representation of a nucleocapsid central slice. Capsid proteins were traced from the

highest resolution models published to date (7, 88).

the remainder of the icosahedral lattice, with the exception of the unique portal vertex. Hexamers
are crowned with the 12 kDa small capsid protein (SCP), and pentamers are associated with a
complex called the capsid vertex specific component (CVSC), five copies of which radiate
outward from the pentamers and serve as tegument binding sites (7, 42, 89-92). The CVSC
consists of two structural proteins required for encapsidation — pUL17 and pUL25 — and more
recently has been expanded to include the large tegument protein, pUL36 (4, 7, 93, 94).

However, it is unclear at what step of the infectious cycle pUL36 is added onto the nucleocapsid.
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Table 1.1 Structural Components of the Herpesvirus Capsid

Name Abbreviation HSV-1 protein(s)  Copies per capsid Size (kDa)

major capsid protein MCP VP5 955 149
portal vertex - pUL6 12 74

triplex - VP19c, VP23 640, 320 34,50
small capsid protein SCP VP26 900 12

capsid vertex specific component CVSC pUL17,pUL25,pUL36 70,140,2120 74,62
small scaffold - pUL26.5* ~1,900 40
large scaffold - VP21* 150 75
protease - VP24 150 24

*only presentin procapsids (uncleaved form) and B capsids (cleaved form)

The MCP monomer is a large, tower-like protein divided into three domains. The floor
domain shares a structural fold coined as nature’s favorite building block — the Hawkin 97
(HK97) fold — found in archaeal, bacterial, and eukaryotic viruses (95). This coat protein fold
affords the stability and flexibility required for capsid assembly and DNA packaging. The
importance of MCP floor domain during formation of the herpesvirus nucleocapsid is well
defined. The MCP amino-terminus, which maps to the floor domain, interacts with the carboxyl-
terminus of viral scaffold proteins which are required to assemble the capsid shell (96).
Mutations disrupting MCP-scaffold interactions prevents the closure of procapsid shells but also
have been found to compensate for a lethal mutation blocking scaffold cleavage, a step required
for DNA packaging (97-100). Additionally, the MCP floor domains of neighboring monomers
form extensive contacts, providing structure and stability to the capsid shell (7, 8, 93). The MCP
middle domain also stabilizes the capsid through interactions with other structural components of
the capsid shell and closes capsomere channels in mature capsids (101-103).

Perhaps the most substantial difference between the nucleocapsids of herpesviruses is

seen in the SCP which differs in size, sequence, and function between the three subfamilies. In
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the gammaherpesviruses, stable capsids are not formed in the absence of the SCP (104-106).

Additionally, betaherpesvirus replication requires the SCP, which for HCMV anchors the major
tegument protein, pp150, to the capsid surface (5, 107, 108). In contrast, the alphaherpesviral
SCP is non-essential for capsid formation, although viral production is decreased in a SCP-null
mutant. Additionally, more recent work suggests the structural protein influences the
incorporation of the CVSC and packaging of DNA (109-111). Lastly, the alphaherpesvirus SCP
binding is restricted to hexamers while the beta- and gammaherpesviral SCP binds hexamers and
pentamers (4-7). This distinction might be attributed to small structural differences found in the
MCP upper domains, primarily where the SCP binds; however, the majority of the MCP tower
shows substantial similarity (5, 6). Finally, all herpesviruses exhibit structural differences in
MCP hexamers compared to pentamers. MCP pentamers maintain the HK97 fold in the floor
domain but also show structural rearrangements compared to MCP hexamers, overall making
pentamers taller and less wide than hexamers (5-8).

The structural complexity and mechanical strength of the herpesvirus nucleocapsid is
extraordinary. While the most basic viral capsids are comprised of a single structural protein, 11
different structural proteins are required to form the herpesvirus nucleocapsid, eight of which are
present in the mature virion. The ability of these viruses to orchestrate over 4,000 structural

proteins to self-assemble into such a massive particle is truly a marvel of nature.

Nucleocapsid Assembly and Maturation
Herpesvirus nucleocapsids form through an assembly and maturation pathway that is
similar to that of tailed DNA bacteriophages, such as phage P22 and A. In both viral pathways, an

empty, scaffold-dependent precursor structure is built and filled with DNA through a unique
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portal vertex. During this process, the capsid undergoes structural changes such as the release of

the scaffold proteins from the capsid interior. While some bacteriophage recycle scaffold
proteins, others proteolytically process the internal scaffold proteins leaving behind a small
fragment (112).

Both bacteriophage and herpesvirus encode powerful terminase complexes which tightly
package the viral DNA achieving a liquid-crystalline state which exerts extreme pressure on the
capsid shell (9, 113). While some phage like P22 carryout headful packaging, herpesvirus cleave
and package the genome at unit length (114). In both cases, the terminase machinery cleaves
concatemeric DNA. The terminase machinery of bacteriophage consists of three parts: the portal,
and a small and large terminase. The portal is a component of the capsid but the terminase
proteins transiently associate with the capsid during packaging. The small terminase recognizes
DNA while the large terminase is an ATPase, providing the power needed for genome
packaging. The herpesvirus terminase machinery is comprised of proteins similar to
bacteriophage: a portal, an ATPase, and a DNA binding protein. However, herpesvirus encodes a
fourth terminase protein that interacts with all other components of the terminase machinery and
is required for the cleavage and packaging of DNA into capsids (83, 115).

In addition to sharing similar capsid morphogenesis pathways, herpesvirus capsid
proteins structurally resemble that of bacteriophage. The herpesvirus MCP is a large extension of
the HK97 fold which is found as the major architectural element of icosahedral capsids.
Additionally, despite little to no similarity in the primary amino acid sequences of bacteriophage
and herpesvirus portal proteins, the products exhibit striking structural similarity.

The extensive knowledge of bacteriophage assembly informs hypothesis-driven studies

of herpesvirus capsid morphogenesis. The field’s current understanding of herpesvirus capsid
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assembly and maturation is educated by findings from both in vivo and in vitro experiments,

which includes analyses of baculovirus and cell-free systems (116-121), temperature-sensitive
mutants (122, 123), and three-dimensional reconstructions from cryo-EM (4, 7, 93, 101-103,
124). Although many questions remain, decades of published work provide an overarching
model of alphaherpesvirus capsid morphogenesis (Fig. 1.5).

The procapsid outer shell and inner scaffold simultaneously self-assemble to first form an
arc-like structure or a partially-formed procapsid. The structure continues to grow until a closed,
spherical structure, or fully-formed procapsid, is built (119). The initial building blocks required
are the MCP, triplex, portal vertex, and two types of scaffold proteins — large and small. Once
assembly of the spherical procapsid is complete, the catalytic activity of the viral protease,
housed within the amino-terminus of the large scaffold protein, is triggered (125, 126). The
protease autocatalytically releases from the scaffold by cleaving at a release site. Also, the
protease disconnects the scaffold from the inner capsid floor by cleaving a second site, called the
maturation site, which is located in the carboxyl-terminus of the small and large scaffold proteins
(119, 127-131). A small piece — 25 amino acids — of the scaffold protein is required for assembly
of closed capsids and, presumably, remains bound to the MPC floor domain (96, 120, 132, 133).

The event that triggers procapsid maturation is unknown, but it is dependent upon
activation of the protease which is induced by dimerization in vitro (134). Furthermore, it has
been observed that in vitro procapsids gradually convert to the angularized form and can lose the
internal scaffold when incubated long-term at room temperature (119, 124). A temperature-
sensitive protease mutant revealed that scaffold cleavage in infected cells requires the activity of

the protease but does not require an energy source such as cellular adenosine triphosphate (ATP)
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Figure 1.5 A model of herpesvirus nucleocapsid assembly and maturation. Herpesvirus capsid
morphogenesis takes place in the infected cell nucleus in which four capsid types are found:
procapsids, A, B, and C capsids. An ultrastructural example of each capsid species is shown.
Assembly begins as the outer shell and inner scaffold simultaneously self-assemble, giving rise
to the partially-formed procapsid. The structure continues to grow until a spherical, closed-shell
procapsid is formed. Procapsid maturation is triggered by an unknown mechanism but is
dependent on the internal protease which autocatalytically releases from the large scaffold
protein and subsequently releases the small and large scaffold fragments by cleavage. This
process is ATP-independent and can be decoupled from shell angularization when ATP-
hydrolysis is inhibited by azide (dashed black arrow). Transformation of the procapsid shell into
the angular form, the recruitment of the SCP, and DNA-packaging are all ATP-dependent and
presumed to be coupled. The CVSC is also added after shell angularization. Shell transformation
and encapsidation result in three angularized capsids with similar shell exteriors — the CVSC and

truncated form of pUL36 are enriched on C capsids. However, with the exception of the
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protease, the internal contents of these capsids differ: A capsids are empty, B capsids cleave but

retain the scaffold proteins, and C capsids encapsidate the viral genome.

(123, 135). However, other events of capsid morphogenesis — the angularization of the shell, the
addition of the SCP, and DNA packaging — require ATP (135, 136).

Angularized capsids are only observed following proteolytic processing of scaffold
proteins or loss of scaffold proteins through weakened interactions with the capsid floor (97, 98).
These events presumably allow the capsid shell to angularize or transform into a polyhedral shell
considering the CVSC, SCP and genome packaging are not required for shell transformation (62,
117, 137, 138). Upon angularization, new epitopes are exposed making the shell surface a
substrate for the binding of accessory capsid-surface proteins: the CVSC and the SCP (126, 127,
136, 139). Expulsion of the large and small scaffold proteins is thought to be coupled with DNA
packaging but shell angularization can be decoupled from encapsidation (62). The scaffold
fragments internal to the capsid are expelled as the viral genome is packaged but the protease is
retained (10, 11, 62, 126, 140-142). This process produces three angularized capsid types within
infected cell nuclei: capsids that retained the cleaved scaffold proteins and lack DNA (B
capsids), capsids that expelled the scaffold but failed to encapsidate the viral genome (A
capsids), and nucleocapsids (C capsids).

A total of seven viral proteins are required for the cleavage of the viral DNA to unit
length from a replicating concatemer and packaging into the capsid: the portal vertex (pUL6), the
CVSC components pUL17 and pUL2S5, the terminase proteins (pUL15, pUL28, and pUL33), and
a putative oxidoreductase (pUL32). The terminase complex associates with procapsids as well as

angularized capsids and consists of an ATPase (pUL15), a DNA binding protein (pUL28), and a
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bridging protein (pUL33) (126, 143-147). The portal vertex, through which the DNA is inserted,

binds the terminase to facilitate encapsidation (143, 146, 148). The role of pUL32 in
encapsidation remains elusive: it is required for genome cleavage and packaging, and deletion of
UL32 results in fully assembled procapsids that cannot initiate the encapsidation process (64,
149, 150). Although a lack of evidence for capsid or virion association suggests pUL32 does not
directly associate with either structure, the protein has been identified in the virion by mass
spectrometry (10).

Herpesvirus procapsids undergo dramatic conformational changes during capsid
maturation. The procapsid structure is fragile, unstable, and cold-sensitive, making it difficult to
isolate by traditional methods used for sturdy, angularized capsids (119, 128). However,
successful procapsid isolation has been achieved through the use of procapsid mutants, immuno-
precipitation, and carrying out procedures at room temperature, ultimately enabling the
visualization of the procapsid structure by cryo-EM. The procapsid is spherical in shape, the
MCP monomers make little contact with neighboring monomers in the capsomere except in the
floor domain, the capsomere channels are open, and the capsid floor contains gaps (102, 103,
124). Obtaining the procapsid density map further revealed the changes that take place during
maturation of the precursor structure into the angularized capsid. In contrast to the procapsid, the
angularized capsid is polyhedral in shape, the MCP monomers are tightly clustered within the
capsomere, the capsomere channels are mostly closed, and the capsid floor restructures to form a
continuous shell.

The appearance of three angularized capsid species within herpesvirus infected cell
nuclei is not fully understood but may imply the formation of nucleocapsids (C capsids) is an

event that requires significant coordination of viral proteins and cellular ATP. Although B
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capsids were originally classified as an intermediate in the maturation pathway, evidence

suggests both A and B capsids are defective, or abortive capsids. First, A and B capsids are
infrequently found outside of the infected cell nuclei, suggesting they are seldom selected for
egress by the viral nuclear egress machinery (86, 123, 151-157). Second, with the exception of
pUL25, the absence or disrupted function of the encapsidation proteins results in the
accumulation of only B capsids. Therefore, B capsids likely represent capsids that undergo
angularization in the absence of encapsidation. Furthermore, B capsids are unlikely to be
intermediates that will proceed to DNA packaging considering the scaffold proteins may be
trapped inside the shell. Cleaved scaffold proteins presumably must escape the interior through
the hexamer and pentamer channels considering DNA is packaged through the opening of the
unique portal vertex (158, 159). Procapsid hexamer and pentamer channels are open with
diameters of approximately 40 A and 30 A, respectively (103, 159). However, in B capsids the
hexamer channels have a diameter of 10 A at their most narrow point and pentamer channels are
closed (8). Thus, if scaffold proteins are expelled via hexamer or pentamer channels, these
proteins must escape prior to shell angularization. Finally, A capsids appear to be failures of
stable DNA encapsidation as they lack the scaffold proteins as well as DNA. A pUL25-null virus
successfully cleaves and packages DNA, yet, these capsids are not stable in the absence of the
vertex reinforcement protein, and results in an abundance of A capsids isolated from nuclei (65,
137).

The CVSC components, which are largely added after shell angularization, influence
each other’s incorporation onto the capsid shell, are found in greater abundance on nucleocapsids
compared to abortive capsids, and provide the mechanical reinforcement needed to maintain the

DNA inside the shell despite the extreme pressure exerted by the tightly packed genome (9, 94,



34
139, 160-164). The pUL17 component of the CVSC is found on procapsids and is implicated in

encapsidation considering a null mutant produces only B capsids in infected cell nuclei (126,
139, 165). Together, the CVSC promotes the escape of nucleocapsids from the nucleus with
pUL2S5 providing a direct link to the machinery that facilitates this translocation, the nuclear
egress complex (66, 67).

At a minimum, self-assembly of a HSV-1 capsid shell in baculovirus systems requires the
MCP, triplexes, and scaffold (116-118). This differs from beta- and gammaherpesviruses that
also require the SCP for shell assembly (104, 105). Protein shells built from these components
are incapable of encapsidating the viral genome without the portal vertex but are capable of
undergoing shell angularization (119). For alphaherpesviruses, the accessory proteins — the
CVSC and the SCP — are not required for the formation of the procapsid or angularized capsid
shell, however, these proteins are important in packaging and maintaining the viral genome
within the shell (110, 138, 160, 161, 165-167).

The herpesvirus assembly and maturation pathway is essential for viral replication. This
process is a target for antiviral development (82, 168-175), which is bolstered by ongoing
refinements of cryo-EM reconstruction techniques that have led to herpesvirus capsid models
with near-atomic resolution (5-8). Despite a wealth of knowledge, many details of the molecular

mechanisms driving procapsid assembly and maturation remain enigmatic.

Interactions at the Capsid Surface
Interactions at the capsid surface are essential during the herpesvirus infectious cycle.
Failure of the nucleocapsid to dock and release the viral genome through the nuclear pore

terminates the cycle. Similarly, failure of the virus to assemble nascent nucleocapsids that escape
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the nucleus and form mature virions limits the infection to the initial host cell, preventing the

virus from achieving the lifelong goal of latent infection within the nervous system.

Several structural proteins — the CVSC, the SCP, the MCP, and the portal vertex —
decorate the nucleocapsid surface and are available for extrinsic interactions with viral or cellular
proteins. The triplexes are buried approximately 100 A below the tips of the MCP and thus, are
not considered to be surface exposed. Figure 1.6 illustrates the surface of the herpesvirus
nucleocapsid zoomed in on a vertex. The most prominent feature of the capsid surface is the
MCP comprising the hexamers and pentamers which occupy the largest amount of space within
the capsid. Hexamers are capped by the SCP, making the accessory protein the most abundant
capsid-surface protein of the mature, angularized capsid. Alphaherpesvirus pentamers fail to bind
the SCP, leaving the MCP exposed at the capsid vertices. Surrounding the pentamer is five
copies of a complex called the CVSC, which sits on top of the buried triplexes and leans on the
outer face of the pentamer. The CVSC is comprised of two proteins: pUL17 and pUL25. The
pUL2S5 protein is proximal to the pentamer and is now known to be a dimer, for a total of 10
copies of pUL25 reinforcing each capsid vertex. Recently, it was determined that the CVSC
surrounds the portal vertex as well (88).

Capsid surface interactions have been described for most steps of the herpesvirus
infectious cycle. However, despite the abundance of proteins reported to interact with capsid
constituents, only a handful of these interactions are directly with the intact capsid (Table 1.2).
The nucleocapsid surface is mostly covered with the SCP. In the betaherpesvirus HCMV, the
SCP anchors the essential large tegument protein to the capsid surface (5, 107). In the
alphaherpesviruses, the SCP was proposed to contribute toward nucleocapsid transport due to its

interaction with several dynein light chains (176-178). However, support for this role deflated as
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MCP pentamer CVSC
MCP hexamer SCP

Figure 1.6 The face of the herpesvirus nucleocapsid. The 6.8 A map of the HSV-1 nucleocapsid
(EMD-6386)(93). The capsid is radially colored from the center of the structure and positioned
to display a capsid vertex. On the right is a cartoon depiction with a color-coded key to the lower

left. At a single vertex of the capsid, the portal replaces the position of the MCP pentamer.

deletion of the SCP does not impact capsid transport (179, 180). The large tegument protein,
pUL36, directly binds the capsid vertices through an interaction with the CVSC component
pUL25 (181). An additional tegument protein, pUL37, binds pUL36 and together these capsid-
bound tegument proteins are effectors of intracellular trafficking, contributing to neuronal
transmission and retrograde axonal transport (35, 39-41). A third viral protein, the serine-
threonine kinase, pUS3, is also found to cotransport with the capsid following entry and is

tethered to the capsid via pUL36 (37, 182, 183).
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Table 1.2 Interactions at the Herpesvirus Capsid Surface

Interactor Capsid binding site  Step of infectious cycle*
pUL36 CVSC (pUL25) 4-5,10-12,13
Nucleoporins
(CAN/Nup214 and hCG1) CVSC (pUL23) o
terminase complex portal vertex 8
(pUL15 + pUL28 + pUL33) and others?

CVSC (pUL25)
and others?

*Numbers correspond to Figure 1.3

pUL31 9-10

After entry, the nucleocapsid transports toward the nucleus and docks at a nuclear pore to
inject the viral genome. The means by which the nucleocapsid docks at the nuclear pore complex
is poorly understood but evidence suggests the CVSC component pUL25 interacts with
nucleoporins such as CAN/Nup214 and hCG1 (46). However, how the nucleocapsid positions
itself so that the portal vertex faces the nuclear pore opening remains a mystery. The surface
anchored large tegument protein, pUL36, serves an additional role with the nucleocapsid post-
entry as the cleavage of this protein is required for genome release (47).

Injection of the viral genome into the infected cell nucleus initiates viral gene expression
ultimately leading to the production of capsid proteins and the assembly of nascent procapsids.
After the procapsid is assembled, DNA is packaged via the viral terminase complex. The
terminase complex consists of three proteins, two of which interact with the capsid surface
through the portal vertex (143, 146, 148). However, all three terminase components associate
with capsids lacking the portal vertex, albeit at reduced levels, suggesting the terminase binds

more than one capsid protein (144, 145).
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Once the nucleocapsid is formed, the structure must escape the nucleus to form the

mature virion within the cytoplasm. Herpesviruses undergo an elaborate two-step egress
mechanism that begins with the interaction of the nucleocapsid with the virally encoded nuclear
egress machinery which causes budding at the inner nuclear membrane (184-186). The nuclear
egress complex consists of, at a minimum, two proteins: pUL31 and pUL34. In HSV-1, the
nucleocapsid surface interacts with pUL31 through the CVSC component pUL25 (66, 67). In
PRYV, this interaction is most evident in the absence of pUL34; however, the capsid-binding site
remains unknown as this interaction is not mediated by pUL25, the portal vertex, or the
terminase component, pUL33 (65).

A myriad of viral and cellular proteins are implicated as enhancers of nuclear egress,
many of which demonstrate interaction with the nuclear egress complex (156, 187-189).
However, evidence of a direct link to the capsid exists for two of these proteins: pUL36 and
pUL47. The PRV large tegument protein produces a truncated species that associates with
nuclear capsids, but is enriched on nucleocapsids, and its binding is dependent on the CVSC
component pUL25 (156). The interaction of full-length pUL36 and its binding partner, pUL37,
has been demonstrated with HSV-1 nuclear capsids (178, 190), and both proteins appear to
influence efficient nuclear egress (191, 192). The highly abundant tegument protein, pUL47, was
found to interact with the CVSC component pUL17, however, it is suspected that the pUL17-
pULA47 interaction takes place apart from the nucleocapsid considering this interaction is
maintained in the absence of capsids (193). Additionally, pUL47 interacts with the nuclear
egress complex (pUL31 and pUL34) as well as the kinase, pUS3 (187). It remains unclear if
these proteins exclusively form a complex apart from capsids or if this complex directly binds

the megastructure surface during nuclear egress.
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Finally, capsid surface interactions are essential during viral egress in the cytoplasm.

Both pUL36 and pUL37 are required for envelopment with null mutants accumulating
unwrapped nucleocapsids in the cytoplasm of infected cells (192, 194). Another protein that
associates with cytoplasmic nucleocapsids — independently of pUL36 and pUL37 — and is
involved in their proper envelopment, is the tegument-envelope bridging protein, pUL16 (195).
This tegument protein exhibits a dynamic interaction with the capsid surface as it is stably bound
to cytoplasmic capsids through an unknown capsid-surface protein, yet, this interaction is largely
lost in the virion (196, 197). The tegument protein pUL21 is a binding partner of pUL16 and was
detected in gradient fractions containing capsids; however, the protein was detected throughout
the gradient and was not enriched in capsid-containing fractions (198).

The herpesvirus nucleocapsid has long been viewed as a static protein coat whose only
role is to protect the viral genome. The literature demonstrates numerous viral proteins that
interact with the nucleocapsid in order to orchestrate the events necessary for its delivery to the
nucleus, encapsidation of the viral DNA, and egress from the nucleus and cytoplasm. Thus, the
structural components of the capsid surface appear to serve as anchor points for other proteins to

attach to and perform their intrinsic functions.

Summary and Contribution to Knowledge

Herpesviruses assemble capsids and encapsidate their genomes by a process that is unlike
most other mammalian viruses but is similar to some bacteriophage. Many important aspects of
herpesvirus morphogenesis remain enigmatic, including how the capsid shell matures into a
stable angularized configuration. The event that initiates procapsid maturation is unknown, but it

is dependent upon activation of the internal protease. Scaffold cleavage triggers angularization of
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the shell and its decoration with the SCP and CVSC. In both the procapsid and mature

angularized capsid, the apical region of the MCP is surface exposed. This dissertation reports on
the fortuitous discovery that a region of the major capsid protein that is exposed on the outer
surface of the capsid also contributes to capsid maturation, demonstrating that the morphogenesis
of the capsid shell from its procapsid precursor to the mature angularized form is dependent upon
internal and external components of the megastructure. In addition, this dissertation presents a

modified fluorescent fusion design that produced the first described procapsid-specific tag.
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CHAPTER 2: Materials and Methods

Structural modeling

Chapter 1 Using UCSF Chimera (199) the previously published density map of HSV-1 (EMDB:

EMD-6386) (93) was radially colored.

Chapter 3 Using UCSF Chimera (199) the structure of the upper domain of HSV-1 VP5 (PDB:
INO7) (158) was fit in both the pentamer and the peripentonal hexamer of the previously

published density map of the HSV-1 (EMDB: EMD-6386) (93).

Sequences and alignment

Chapter 4

Major capsid protein amino acid sequences obtained from GenBank are listed in order of
appearance from top to bottom of the alignment in Figure 3.1E: GU734771, 286099,

NC 004812, JF797219, AJ004801, AY665713, NC 002686.2, and NC 001348.1. Protein

sequences were aligned using the Clustal W alignment tool in MacVector.

Cells and virus

Chapter 3 - 6 Vero (African green monkey kidney epithelial) and Vero cells expressing Cre
recombinase (Vero-CRE) were maintained in Dulbecco’s Modified Eagle Medium (DMEM)
(Invitrogen, Catalog #11965-118) supplemented with 10% bovine growth serum (BGS) (vol/vol)
(Rocky Mountain Biologicals, Catalog #fFGR-BBT). The latter were generously provided by Dr.

David Leib (200). For UL25-null and UL26 S129P mutants, viral stocks were grown on Vero 8-



42
1 (138) and Vero 26-13 complementing cells, respectively, generously provided by Dr. Fred

Homa. Cultured cells were tested for Mycoplasma contamination with the PlasmoTest
Mycoplasma Detection Kit (InvivoGen, Catalog #rep-ptl). Primary sensory neurons were
isolated from the dorsal root ganglion (DRG) of embryonic chicks (E9-10) and cultured as whole
explants as previously described (201). Tables 3.1, 4.1, 5.1, and 6.1 detail the recombinant
viruses used in this dissertation. Mutation of UL19 (encodes VP5), UL35 (encoded VP26), or
insertion of coding sequences for fluorescent proteins was achieved by a two-step RED-mediated
recombination method (202). Primers used for BAC mutagenesis are listed in Table 2.1.
Mutations were sequence confirmed at the Northwestern University Genomics Core Facility.
HSV-1 recombinant viruses were produced by electroporation of the infectious bacterial artificial
chromosome (BAC) clone of HSV-1 strain F, pYEbac102, into Vero cells (203). Recombinant
viruses were subsequently propagated on Vero-CRE cells to excise the loxP-flanked BAC
backbone from the viral genome and produce a working stock of virus. All viral stock titers were
determined by plaque assay on Vero cells overlaid with DMEM supplemented with 10 milligram
(mg)/milliliter (mL) methyl cellulose (VWR, Catalog #AA36718-36), Penicillin-Streptomycin

en-Strep) at mL (Invitrogen, Catalo , and 2% )
(Pen-Strep) at 100 U/mL (Invitrogen, Catalog #15140122), and 2% BGS

Plaque assays

Chapters 3-6 Plaque assays used for plaque diameter measurements were incubated 5 days post
infection and then stained with Neutral Red (Santa Cruz, Catalog #sc-281691). Cells were gently
rinsed with phosphate buffered saline (PBS) before adding 1 mL of 1:1 Neutral Red and PBS.
After 1 hour, stain was replaced with PBS and plaques were imaged on an Epson Perfection

V500 Photo scanner at 3,200 dots per inch. Plaque diameters were determined by averaging two
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orthogonal diameter measurements for each individual plaque. Plaque diameters were then

expressed as percent of wild-type (WT) mean plaque diameter and plotted in Prism 7
(Graphpad). In Chapters 3-5, more than 85 plaques were measured for each virus. In Chapter 6,
more than 40 plaques were measured with the exception of the fluorescently-tagged A6F10
mutant in which only 13 plaques were visible for measurement. Statistically significant
differences were determined by a one-way ANOV A analysis with Tukey’s multiple comparisons

post-test.

Virus propagation

Chapters 4 Single-step growth curves were determined as previously described (204) with the
following changes. In brief, Vero cells seeded in 6-well plates were infected at a multiplicity of
infection (MOI) of 10. After 1 hour, unabsorbed virus was inactivated with 1 ml of citrate buffer
(pH 3.0), cells were washed, and then incubated in 2 mL of DMEM supplemented with 2% BGS
at 37°C, 5% carbon dioxide (CO.). Cell-associated and extracellular virus was harvested at 2, 5,
8, 12, 24, and 30 hpi. Titers were determined in duplicate by thawing and sonicating samples and

performing plaque assays on Vero cells.

Live-cell fluorescence microscopy

Chapter 3 To monitor capsid retrograde axonal transport, whole-explant chick DRGs were
infected, imaged, and analyzed as previously described (205) with the following changes.
Imaging began approximately 30 minutes after infecting DRGs with 3-5 x 107 plaque forming
units (PFU). Live-cell images were captured on an inverted wide-field Nikon Eclipse TE2000-U

microscope fitted with a 60x/1.40 numerical aperture (NA) objective and a Cascade I1:512
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camera. Red fluorescence emissions were captured at 100 millisecond (ms) exposures with the

camera’s digitizer set 10 megahertz (MHz) with 4,095 electron-multiplying (EM) gain for 250
frames. Run-velocities and run-distances traveled were determined by kymograph analysis. Viral
particles with a forward (retrograde) motion > 0.5 micrometers (um) were plotted on a histogram
as fraction of total particles and run-velocities or run-distances were fit to a Gaussian or decaying
exponential curve with a non-linear regression, respectively. More than 150 runs were measured
for each virus.

For live-cell imaging of infected epithelial cells, Vero cells were seeded on flame-sterilized 22 x
50 millimeter (mm) No. 1.5 cover glass and infected at a MOI of 5. After 1 hour, inoculum was
replaced with F12 media supplemented with 2% BGS and Pen-Strep. VALAB chambers were
made on 25 x 75 x Imm slides as previously described (201) at 8.5 hpi — a time when viral
capsids can readily be observed in infected cell nuclei (62, 123). Slides were imaged with a 100x
lambda/1.49 NA objective on a Nikon Ti inverted microscope housed in an environmental box
set at 37°C (InVivo Scientific) and coupled with a CSU-W1 confocal head (Yokogawa Electric
Corporation) and a Cascadell:1024 EM-CCD (Photometrics). [llumination was supplied by a
Sapphire 561 nm laser (Coherent) and custom laser launch (Solamere Technology Group, Inc.).
Red fluorescence emissions were captured with 4,000 ms exposures with the digitizer set to 1
MHz zero EM gain. Differential interference contrast (DIC) images were captured with 200 ms

exposures, | MHz zero EM gain.

Chapter 6 For live-cell imaging of infected epithelial cells, Vero cells were seeded on flame-
sterilized 22 x 50 mm No. 1.5 cover glass and infected at a MOI of 3. After 1 hour, inoculum

was replaced with F12 media supplemented with 2% BGS and Pen-Strep. At 12 hpi, VALAB
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chambers were made on 25 x 75 x 1mm slides as previously described (201). Between 12-12.5

hpi, infected Vero cells were imaged by confocal microscopy on a Nikon Ti inverted microscope
fitted with a 60x/1.49 NA objective as described above. Red fluorescent protein (RFP) and green
fluorescent protein (GFP) emissions were captured sequentially using 5,000 ms and 500 ms

exposures, respectively, with 5 MHz digitizer and zero EM gain.

Dual-fluorescent imaging of released particles

Chapter 5 Extracellular viral particles were collected from infected cell supernatant and imaged
as previously described (205) with the following modifications. Vero cells were infected at a
MOI of 5. Infected cell supernatant was harvested at 18.5 hpi. Particles were diluted 1:10 in PBS
and imaged with a 60x/1.40 NA on an inverted wide-field Nikon Eclipse TE2000-U microscope
as described above. RFP and GFP emissions were captured sequentially using 1,700 and 1,500

ms exposures, respectively, with 1 MHz digitizer and zero EM gain.

Chapter 6 Extracellular viral particles were collected from infected cell supernatant as
previously described (205) with the following modifications. Vero cells were infected at a MOI
of 3. Infected cell supernatant was harvested at 22 hpi. Particles were diluted 1:10 in PBS and
imaged with a 100x lambda/1.49 NA objective on a Nikon Ti inverted microscope as described
above. RFP and GFP emissions were captured sequentially using 200 ms exposures, with 5 MHz

digitizer and 4,095 EM gain.
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Immunofluorescence assays

Chapter 4 & 5 Vero cells seeded on flame-sterilized cover glass were infected at a MOI of 5 for
1 hour and then incubated in DMEM supplemented with 2% BGS at 37°C, 5% COa». At the
indicated time post-infection, infected cells were washed with PBS and then fixed in 4%
paraformaldehyde for 15 minutes. Fixed cells were rinsed three times with PBS and then
permeabilized in PBST [0.1% Triton X-100 in PBS] for 10 minutes. Permeabilized cells were
blocked in 5% bovine serum albumin (BSA) (Sigma, Catalog #A9647) in PBST for 45 minutes
at room temperature (RT) or overnight at 4°C. After blocking, fixed cells were reacted with
primary and secondary antibodies each for 1 hour at RT protected from light. Primary antibodies
were diluted in 1% BSA in PBST as follows: mouse monoclonal anti-VP5 H1.4 (Meridian Life
Science, Inc., Catalog #C05014MA) at 1:30, mouse monoclonal anti-VP5 8F5 (kindly provided
by Duncan Wilson) at 1:100, and rabbit anti-VP26 (kindly provided by Prashant Desai) at
1:2,000. Secondary antibodies were diluted in 1% BSA in PBST as follows: goat anti-mouse
Alexa Fluor 488 (Thermo Fisher Scientific, Catalog #A-11001) at 1:400 and goat anti-rabbit
Alexa Fluor 568 (Thermo Fisher Scientific, Catalog #A-11011) at 1:400. Cover glass was
mounted on slides with ProLong Gold with DAPI mounting media (Thermo Fisher Scientific,
Catalog #P36931). Slides were imaged by confocal microscopy on a Nikon Ti inverted
microscope fitted with a 60x/1.49 NA objective as described above. Blue, green, and red
emissions were captured with 1 MHz zero EM gain at the following exposures: DAPI 2,000 ms,
aVPS5 (H1.4 and 8F5) 200 ms, aVP26 200 ms, mCherry-VP24 4,000 ms, and pUL25/mCherry
5,000 ms. DIC images were captured with 200 ms exposures with 1 MHz digitizer and zero EM

gain.
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Transmission electron microscopy

Chapter 4 Vero cells seeded in a 10-centimeter (cm) dish were infected at a MOI of 5 for 1 hour
and then incubated in DMEM supplemented with 2% BGS and Pen-Strep at 37°C, 5% CO». At
the indicated time post-infection, infected cells were rinsed with PBS and fixed in 2.5%
glutaraldehyde in 100 millimolar (mM) cacodylate buffer for 60 minutes at RT. After fixation,
cells were scraped into fixative and transferred to an Eppendorf tube. Fixed cells were pelleted at
300 x g for 10 minutes. The cell pellet was enrobed in 5% low-melting point agarose
(SeaPlaque® Agarose, Catalog #50101) and delivered to Northwestern University’s Center for
Advanced Microscopy to be processed for transmission electron microscopy. In brief, the
agarose plug was post-fixed with 1% Osmium tetroxide, stained with 0.5% uranyl acetate,
dehydrated in ascending grades of ethanol from 30-100%, infiltrated with propylenoxide and
embedded in hard resin. Blocks were thin sectioned at 50-60 nm and stained with uranyl acetate
and Reynolds lead citrate. Slices were mounted on 200 mesh copper grids (Electron Microscopy
Sciences). Imaging was performed on a FEI Tecnai Spirit G2 transmission electron microscope
at the Northwestern University Center for Advanced Microscopy generously supported by NCI

CCSG P30 CA060553 awarded to the Robert H Lurie Comprehensive Cancer Center.

Intranuclear capsid isolation

Chapter 4 & 5 Isolation of intranuclear capsids was performed as previously described (65) with
the following changes. Vero cells were seeded in 15-cm dishes and infected at a MOI of 10 with
five dishes per virus. Infected cells were harvested between 22-24 hpi. A, B, and C capsid bands
were pulled from the 20-50% sucrose gradient using a Gradient Fractionator (BioComp

Instruments).
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Silver staining of isolated intranuclear capsids

Chapter 4 Each capsid species was subsequently diluted in a total volume of 2 mL of TNE [20
mM Tris pH 7.6, 500 mM sodium chloride, 1 mM ethylenediaminetetraacetic acid]
supplemented with 10 microliters (uL) of protease inhibitor cocktail (Sigma, Catalog #P8340)
and pelleted in a Beckman SW50.1 rotor at 74,909 x g for 1 hour and 4 minutes at 4°C. Pelleted
capsids were resuspended in 50 pL of 5x final sample buffer (FSB) [60 mM Tris HCI pH 6.8,
2% SDS, 10% glycerol, 0.01% bromophenol blue] supplemented with 5% B-mercaptoethanol
and stored at -20°C. Resuspended capsids were thawed, boiled for 5 minutes, and loaded in equal
volumes on a 4-20% Mini-PROTEAN TGX Gel (Catalog #456-1096) with Bio-Rad Dual Color
standards (Bio-Rad, Catalog #1610374) diluted 1:100 in 5x FSB supplemented with 5% [-
mercaptoethanol. Proteins were then detected using the Pierce Silver Stain Kit (Thermo Fisher
Scientific, Catalog #24612). The silver stained gel was imaged on an Epson Perfection V500

Photo scanner at 2,400 dots per inch.

Dual-fluorescent imaging of isolated intranuclear capsids

Chapter 5 Each capsid species was diluted 1:30 in PBS and pipetted into chamber slides
comprised of plasma-cleaned 22 x 50 mm No. 1.5 cover glass and 25 x 75 x Imm slide separated
by pedestals, or four small shards of coverslip glass. Chambers were sealed with VALAB and
imaged with a 60x/1.40 NA on an inverted wide-field Nikon Eclipse TE2000-U microscope as
described above. RFP and GFP emissions were captured sequentially using 1,700 and 1,500 ms

exposures, respectively, with 1 MHz digitizer and zero EM gain.
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Preparation of cell lysates

Chapter 4 Vero cells seeded in a 10-cm dish were infected at a MOI of 5. After 1 hour,
inoculum was replaced with DMEM supplemented with 2% BGS. At 8 hpi, cells were washed
with 10 mL of ice cold PBS and lysed in 300 puL of RIPA buffer [SO mM Tris pH 8§, 150 mM
sodium chloride, 1% NONIDET P40 substitute, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate] supplemented with 5 mM dithiothreitol and protease inhibitors [2.5 mM sodium
fluoride, 1 mM sodium orthovanadate, 0.5 mM phenylmethylsulfonyl fluoride, 100 uL of
protease inhibitor cocktail (Sigma, Catalog #P8340)]. Cells were scraped into lysis buffer,
transferred to an Eppendorf tube, and set on ice for 15 minutes. Lysates were then sonicated for
three 1.5 second pulses and set on ice for an additional 15 minutes. Lysates were spun at 13,201
x g for 20 minutes and the supernatants were harvested. Total protein concentration of cell
lysates was determined using the Pierce 660 nm Protein Assay Reagent (Thermo Fisher
Scientific, Catalog #22660). Lysate absorbances were read at 650 nm wavelength on a Molecular
Devices SpectraMax M5 Microplate Reader. Sample protein concentration was calculated from
the standard curve of Pierce Pre-Diluted Protein Assay Standards: Bovine Serum Albumin Set
(Thermo Fisher Scientific, Catalog #23208). Samples were diluted in 5x FSB supplemented with

5% B-mercaptoethanol and stored at -20°C.

Western blot and densitometry analysis

Chapter 4 Cell lysates were thawed, boiled for 5 minutes, and loaded as three-fold dilutions in
equal concentrations across samples on a 4-20% mini-PROTEAN TGX Gel (Catalog #456-

1096). Bio-Rad Dual Color standards (Bio-Rad, Catalog #1610374) were also loaded to mark
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molecular weights. Proteins were separated and transferred to a PVDF membrane (Millipore,

Catalog #IPFL00010). The membrane was blocked in 5% milk for 80 minutes and then
incubated overnight with primary antibodies diluted in 1% milk in PBST [0.1% Tween 20 in
PBS] as follows: mouse monoclonal anti-VP5 H1.4 (Meridian Life Science, Inc., Catalog
#C05014MA) at 1:1,000 and rabbit polyclonal anti-pUL37 (kindly provided by Frank Jenkins) at
1:500. The next day, the membrane was washed and incubated for 1 hour at RT with secondary
antibodies diluted in 1% milk in PBST as follows: goat anti-mouse IRDye 800 CW (LI-COR
Biosciences, Catalog #926-32210) at 1:10,000 and donkey anti-rabbit IRDye 680 RD (LI-COR
Biosciences, Catalog #926-68073) at 1:10,000. The membrane was imaged on a LI-COR
Odyssey FC imaging system at 700 nm and 800 nm wavelengths for 3 minutes and 30 seconds
each wavelength. Next, the membrane was blocked again with 5% milk in PBS for 80 minutes
and then incubated for 1 hour at RT with primary antibody mouse monoclonal aGAPDH [clone
6C5] (Abcam, Catalog #ab8245) diluted 1:500 in 1% milk in PBS. The membrane was washed
and then incubated at RT for 1 hour with secondary antibody goat amouse IRDye 800 CW at
1:10,000 and imaged on the LI-COR Odyssey FC imaging system at 700 nm for 3 minutes and
30 seconds.

Densitometry analysis was carried out using Image Studio Lite software. In brief, rectangles
were added around each VP5 and pUL37 signal band with background subtraction set to median
with a border width of 3 pixels on top and bottom. Boxes were adjusted, if needed, based on the
profiles shape and intensity tools. The signal values for VP5 bands were calculated as a ratio to
their corresponding pUL37 signal value. These ratio values were then normalized to wild-type

samples.
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Table 2.1 Primers Used to Construct Viruses Used in this Dissertation

Strain
HSVF-GS5798

HSVF-GS5799

HSVF-GS5801

HSVF-GS5905

HSVF-GS6276

HSVF-GS5748

HSVF-GS6460

HSVF-GS6493

HSVF-GS6197

HSVF-GS6434

HSVF-GS6462

HSVF-GS6410

HSVF-GS6278

HSVF-GS5396

HSVF-GS6199

Template
pEP-KanS2

pEP-KanS2

pEP-KanS2

pEP-KanS2

pEP-KanS2

pEP-mCherry-in

pEP-mCherry-in

pEP-mCherry-in

pEP-KanS2

pEP-KanS2

pEP-KanS2

pEP-KanS2

pEP-KanS2

pEP-KanS2

pEP-KanS2

Primer Pair

5 TACGCCACCCTGCAGAACATGGTGGTCCCGGCGATCGCCCCCGGCGCGGAGTGCCCCAGCGA
CAGGATGACGACGATAAGTAGGG 3’

5 GTGCAGGGGGTGCGCGGGGTCCGTCACGGGGTCGCTGGGGCACTCCGCGCCGGGGGCGATC
GCCAACCAATTAACCAATTCTGATTAG 3’

5 GTGACGGACCCCGCGCACCCCCTGCACCCGGCCAATCTGGTGGCCGCGACCGTGGCCGCCAT
GTTTCACAACAGGATGACGACGATAAGTAGGG 3’

5 CATGGCGGGCCCGTCCACTACCACGCGCCCGTTGTGAAACATGGCGGCCACGGTCGCGGCCAC
CAGATTGGCCAACCAATTAACCAATTCTGATTAG 3’

5 CCCCGGCGAGGAGTGCCCCAGCGACCCCGTGACGGACCCCGCGGCGCCGCTAGCCCCGGCCA
ATCTGGTGAGGATGACGACGATAAGTAGGG 3’

5 GTTGTGAAACATGGCGTTGACCGTGTTGGCCACCAGATTGGCCGGGGCTAGCGGCGCCGCGG
GGTCCGTCACCAACCAATTAACCAATTCTGATTAG 3’

5" CCAGCGACCCCGTGACGGACCCCGCGGCGCCGCTAGCCCCGGCCGCTGCAGCGGCAAACGCG
GTCAACGCCATGTTTAGGATGACGACGATAAGTAGGG 3’

5" CCGTCCACTACCACGCGCCCGTTGTGAAACATGGCGTTGACCGCGTTTGCCGCTGCAGCGGCC
GGGGCTAGCGGCAACCAATTAACCAATTCTGATTAG 3’

5" CCCCGGCGAGGAGTGCCCCAGCGACCCCGTGACGGACCCCGGAGGCAGCGGAGGATCCACG
GTCAACGCCATGAGGATGACGACGATAAGTAGGG 3’

5" GTCCACTACCACGCGCCCGTTGTGAAACATGGCGTTGACCGTGGATCCTCCGCTGCCTCCGGG
GTCCGTCACGGGCAACCAATTAACCAATTCTGATTAG 3’

5" GACCGTTGCGCCTTTTTTTTTTTTCGTCCACCAAAGTCTCTGTGGGTGCGCGCATGGTGAGCAAG
GGCGAGGAG 3’

5" CAGGGGCTCCTCCATCCGGTCTCCCGGGGCATCGGCTGCACCACCTCCGCCACCCTTGTACAGC
TCGTCCATGC 3’

5" GACCGTTGCGCCTTTTTTTTTTTTCGTCCACCAAAGTCTCTGTGGGTGCGCGCATGGTGAGCAAG
GGCGAGGAG 3’

5" CAGGGGCTCCTCCATCCGGTCTCCCGGGGCATCGGCTGCACCACCTCCGCCACCCTTGTACAGC
TCGTCCATGC 3’

5" GACCGTTGCGCCTTTTTTTTTTTTCGTCCACCAAAGTCTCTGTGGGTGCGCGCATGGTGAGCAAG
GGCGAGGAG 3’

5" CAGGGGCTCCTCCATCCGGTCTCCCGGGGCATCGGCTGCACCACCTCCGCCACCCTTGTACAGC
TCGTCCATGC 3

5" CACCCTGCAGAACATGGTGGTCCCGGAGATCGCGCCCGGGGCGGAGTGCCCCAGCGACAGGA
TGACGACGATAAGTAGGG 3’

5" GGGGTGCGCGGGGTCCGTCACGGGGTCGCTGGGGCACTCCGCCCCGGGCGCGATCTCCAACC
AATTAACCAATTCTGATTAG 3’

5" CGCTTCGACCGCGTATACGCCACCCTGCAGAACATGGTGGTCCCGGCGATCGCCCCCGGCGAG
AGGATGACGACGATAAGTAGGG 3’

5" GGGGTCCGTCACGGGGTCGCTGGGGCACTCCTCGCCGGGGGCGATCGCCGGGACCACCATGT
TCAACCAATTAACCAATTCTGATTAG 3’

5’ TACGCCACCCTGCAGAACATGGTGGTCCCGGAGATCGCGCCCGGGGAGGAGTGCCCCAGCGA
CAGGATGACGACGATAAGTAGGG 3’

5" GTGCAGGGGGTGCGCGGGGTCCGTCACGGGGTCGCTGGGGCACTCCTCCCCGGGCGCGATCT
CCAACCAATTAACCAATTCTGATTAG 3’

5' CGCTTCGACCGCGTATACGCCACCCTGCAGAACATGGTGGTCCCGAGGATCGCGCCCGGGGAG
AGGATGACGACGATAAGTAGGG 3'

5' GGGGTCCGTCACGGGGTCGCTGGGGCACTCCTCCCCGGGCGCGATCCTCGGGACCACCATGTT
CAACCAATTAACCAATTCTGATTAG 3'

5' CACCCTGCAGAACATGGTGGTCCCGGAGATCGCGCCCGGGCGGGAGTGCCCCAGCGACAGGA
TGACGACGATAAGTAGGG 3'

5' GGGGTGCGCGGGGTCCGTCACGGGGTCGCTGGGGCACTCCCGCCCGGGCGCGATCTCCAACC
AATTAACCAATTCTGATTAG 3'

5' CGACCGCAGTTCTCGTGTGTTATTTTCGCTCTCCGCCTCTCGCAGTAGTGGGTGGTGGGCAGGA
TGACGACGATAAGTAGGG 3'

5 TTTTTTCTCCCTAATGCCCCCTCCCCCCTCGCCCACCACCCACTACTGCGAGAGGCGGAGCAACC
AATTAACCAATTCTGATTAG 3'

5' CCCCATATCGCTTCCCGACCTCCGGTCCCGATGGCCGTCCCGCAATGAGGCCCAGGGAGTAGG
ATGACGACGATAAGTAGGG 3'



HSVF-GS5748

HSVF-GS6460

HSVF-GS4553

HSVF-GS5797

HSVF-GS6601

HSVF-GS6661

HSVF-GS6672

HSVF-GS5471

HSVF-GS6684

HSVF-GS5747

HSVF-GS5934

pEP-mCherry-in

pEP-mCherry-in

pEP-mCherry-in

pEP-KanS2

pEP-EGFP-in

pEP-EGFP-in

pEP-EGFP-in

pEP-EGFP-in

pEP-mCherry-in

pEP-EGFP-in

pEP-EGFP-in
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5" GACCGTTGCGCCTTTTTTTTTTTTCGTCCACCAAAGTCTCTGTGGGTGCGCGCATGGTGAGCAAG
GGCGAGGAG 3’
5" CAGGGGCTCCTCCATCCGGTCTCCCGGGGCATCGGCTGCACCACCTCCGCCACCCTTGTACAGC
TCGTCCATGC 3’
5" GACCGTTGCGCCTTTTTTTTTTTTCGTCCACCAAAGTCTCTGTGGGTGCGCGCATGGTGAGCAAG
GGCGAGGAG 3’
5" CAGGGGCTCCTCCATCCGGTCTCCCGGGGCATCGGCTGCACCACCTCCGCCACCCTTGTACAGC
TCGTCCATGC 3’
5' GTCGCCCGTCTTTAACCTCCCCCGGGAGACGGCGGCGGAGGTGAGCAAGGGCGAGGAG 3'
5' CGGCAGCCGCTGTGCGCTGGGCCTGTAGGACGACCACCTGCTTGTACAGCTCGTCCATGC 3
5’ TACGCCACCCTGCAGAACATGGTGGTCCCGGCGATCGCCCCCGGCGCGGAGTGCCCCAGCGA
CAGGATGACGACGATAAGTAGGG 3

5" GTGCAGGGGGTGCGCGGGGTCCGTCACGGGGTCGCTGGGGCACTCCGCGCCGGGGGCGATC
GCCAACCAATTAACCAATTCTGATTAG 3’

5' GACCGTTGCGCCTTTTTTTTTTTTCGTCCACCAAAGTCTCTGTGGGTGCGCGCATGGTGAGCAAG
GGCGAGGAG 3'

5' CAGGGGCTCCTCCATCCGGTCTCCCGGGGCATCGGCTGCACCACCTCCGCCACCCTTGTACAGC
TCGTCCATGC 3'

5' GACCGTTGCGCCTTTTTTTTTTTTCGTCCACCAAAGTCTCTGTGGGTGCGCGCATGGTGAGCAAG
GGCGAGGAG 3'

5' CAGGGGCTCCTCCATCCGGTCTCCCGGGGCATCGGCTGC-
ACTACTAGCATTCACCAGAGCTCCACCTCCGCCACCCTTGTACAGCTCGTCCATGC 3'

5' GACCGTTGCGCCTTTTTTTTTTTTCGTCCACCAAAGTCTCTGTGGGTGCGCGCATGGTGAGCAAG
GGCGAGGAG 3'

5' CAGGGGCTCCTCCATCCGGTCTCCCGGGGCATCGGCTGCACTACTAGCATTCACCAGAGCTCCA
CCTCCGCCACCCTTGTACAGCTCGTCCATGC 3'

5' GACCGTTGCGCCTTTTTTTTTTTTCGTCCACCAAAGTCTCTGTGGGTGCGCGCATGGTGAGCAAG
GGCGAGGAG 3'

5' CAGGGGCTCCTCCATCCGGTCTCCCGGGGCATCGGCTGCACCACCTCCGCCACCCTTGTACAGC
TCGTCCATGC 3'

5' GTCGCCCGTCTTTAACCTCCCCCGGGAGACGGCGGCGGAGGTGAGCAAGGGCGAGGAG 3'

5' CGGCAGCCGCTGTGCGCTGGGCCTGTAGGACGACCACCTGCTTGTACAGCTCGTCCATGC 3’

5' ATATCGCTTCCCGACCTCCGGTCCCGATGGCCGTCCCGCACTCGACCATGGTGAGCAAGGGCG
AGGAGC 3'

5' AAGCGCCCGGACGCTATCGGTGGTAACGGTGCTGGGGCGGCTCGAGTTGTACAGCTCGTCCAT
GCCG 3'

5' ATATCGCTTCCCGACCTCCGGTCCCGATGGCCGTCCCGCACTCGACCATGGTGAGCAAGGGCG
AGGAGC 3'

9" AAGCGCCLCGGACGLIATCGGIGGIAACGGIGLTIGGGEGLGGLICGAGTTGIACAGCICGICCAIL
GCCG 3'

Bold nucleotides denote primer homology to the template
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CHAPTER 3: Basic Characterization of VP5 Apical Region

Mutants

This chapter appeared as the published article: Ruhge LL, Huet AGE, Conway JF, Smith GA.

2018. J Virol. Accepted manuscript posted online 5 July 2018 doi:10.1128/JVI.00821-18.

INTRODUCTION

The majority of the herpesvirus capsid shell mass is comprised of 955 copies of the 149
kDa the major capsid protein (VP5) (84-87), which is arranged into hexamers and pentamers.
Pentamers are found at 11 of the capsid vertices while hexamers occupy the remainder of the
icosahedral lattice, with the exception of the unique portal vertex. Hexamers are crowned with
the 12 kDa small capsid protein (VP26), and pentamers are associated with five copies of the
CVSC (pUL25 and pUL17), which radiate outward from the pentamers and serve as tegument
binding sites (7, 42, 89-92). The VPS5 monomer is a large, tower-like protein divided into three
domains: the upper, middle, and floor. The apical region of the upper domain, which consists of
a polyproline loop plus an adjacent sequence that serves as an antibody binding epitope (206), is
surface exposed in hexamers and pentamers and does not participate in subunit interactions
within the capsid shell. Instead, the apical region is proposed to be important for binding VP26
onto hexamers and tegument onto pentamers (158).

The large tegument protein, pUL36, binds the capsid vertices through an interaction with
pUL25 (181). An additional tegument protein, pUL37, binds pUL36, and together these capsid-

bound tegument proteins cotransport with the capsid, contributing to neuronal transmission and
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retrograde axonal transport (35, 39-41). To examine if the capsid surface participates in these

processes, a collection of HSV-1 encoding mutations in the VP5 apical region was made. Initial
characterization of these viruses in cell culture revealed only modest changes in propagation,
with the exception of a virus mutated at two conserved acidic residues in the polyproline loop.
Neither the polyproline loop mutant nor a mutant lacking the majority of the antibody epitope
was impacted for retrograde axonal transport. However, localization of VPS5 during infection was

impacted not in the antibody epitope mutant but the polyproline loop mutant.

RESULTS

The majority of the HSV-1 major capsid protein, VPS5, is integral to the capsid
icosahedral structure and its constituent capsomeres. An exception is a small apical region within
the VPS5 upper domain that is exposed on the capsid surface (Fig. 3.1A-D) and consists of a
polyproline loop and a binding site for a capsid-specific antibody (158, 206). The accessibility of
the apical domain indicates it may interface with cellular or viral proteins to promote infection.
To assess the importance of the apical region during HSV-1 infection, an alignment of eight
alphaherpesviruses was used to inform a mutational approach (Fig. 3.1E). Based on sequence
conservation, five VP5 mutants were made by two-step RED-mediated recombination in the F
strain of HSV-1 (Fig. 3.1F). The recombinant viruses exhibited a reduction in cell-cell spread as
evidenced by decreased plaque diameters compared to wild-type (WT) virus (Fig. 3.2). The most
severe decrease in plaque size occurred when two glutamic acid residues in the polyproline loop,
E846 and E851, were mutated to alanines (EE>AA). These glutamic acid residues, shown on the
VPS5 crystal structure in magenta and blue in Figure 3.1A-D, are located in the most apical region

of the VP5 monomer (Fig. 3.1C-D).
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Figure 3.1 Targeted mutation of the VPS5 apical region. (A-D) Representation of the HSV-1 VP5
upper domain crystal structures as arranged in a top view of (A) a peripentonal hexamer, (B) a
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rotated arbitrarily to best display the glutamic acid residues. The apical region is colored green
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and side chains of residues E846 (magenta) and E851 (blue) are shown as sticks. (E) Alignment

of the apical region of eight alphaherpesvirus major capsid proteins. Amino acid positions for the

HSV-1 sequence are indicated below. (F) HSV-1 VPS5 apical region mutants used in this study.

Predicted amino acid changes are in red.

Table 3.1 Viruses Used in Chapter 3

Strain Fluorescent fusion Mutations Titer (PFU/mL)
HSVF-GS2695 - - 259 x 10°
HSVF-GS5798 - UL19 E846A/E851A 472x107
HSVF-GS5799 - UL19 N873A/N876A 9.81x10’
HSVF-GS5801 - UL19 H863A/H866A 1.31x 108
HSVF-GS5905 - UL19 H863A/H866A/NSBIA/LE70ANS71AT874A  7.56 x 107
HSVF-GS6276 - UL19 A862-N873 > GGSGGS 1.07 x 10°
HSVF-GS5748 mCherry-5xG-UL26 - 2.95x10°
HSVF-GS6460 mCherry-5xG-UL26 UL19 E846A/E851A 8.06 x 107
HSVF-GS6493 mCherry-5xG-UL26 UL19 A862-N873 > GGSGGS 1.32x 10’

150%-

84% 85%

T

100%- FS
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Plaque diameter (% of WT)
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WT E846A HB863A N873A 6xAla A6F10
E851A H866A N876A

Figure 3.2 Impact of the VP5 mutations on plaque size. Vero cells were infected with VP5 apical

region mutants. Plaque diameters were measured 5 days post-infection. Diameters are
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represented as a percent of the mean plaque diameter of wild-type HSV-1 strain F (WT). Error

bars indicate the standard deviation of three independent experiments. Asterisks indicate a
statistically significant difference from WT or VP5 EE>AA (**** p <0.0001) as determined by

Tukey’s multiple comparison test.

The capsid-bound tegument proteins, pUL36 and pUL37, are effectors of intracellular
capsid transport (39-44). To examine if the capsid surface-exposed region of VPS5 contributes to
its transport on microtubules, primary sensory neurons were infected with the EE>AA and
A6F 10 mutant viruses (Fig. 3.1F). To visualize individual capsids in the process of retrograde
axonal transport by time-lapse fluorescence microscopy, the viruses were further modified to
encode an amino-terminal mCherry fusion to the maturation protease, VP24 (62). The mCherry-
VP24 fusion was chosen because the internal location of VP24 inside the capsid shell predicts
that the mCherry tag should not interplay with the mutations introduced into the VPS5 apical
region. Capsid dynamics were monitored during the first hour post-infection (hpi) and
continuous periods of retrograde motion (runs) were analyzed for average velocity and distance
traveled. The distribution of run velocities were consistently Gaussian for the wild-type, EE>AA,
and A6F10 viruses (R?>0.96 for each) and run distances were decaying exponential (R?>0.98 for
each), the latter being consistent with processive motion (Fig. 3.3). These transport dynamics
were consistent between the WT and mutant viruses, demonstrating that mutation of the VP5

apical region did not impair microtubule-based retrograde axonal transport.
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Figure 3.3 Mutation of the VP5 upper domain did not impair retrograde axonal transport. Primary
sensory neurons were infected with derivatives of the VP5 wild-type (WT), glutamic acid mutant
(EE>AA), and A6F10 mutant that encode a mCherry-VP24 fusion to allow for tracking of
individual capsids in axons. Intracellular capsid transport was monitored by time-lapse
fluorescence microscopy during the first hour of infection. Run velocity (A) and run distance (B)

profiles of individual capsids are representative of three independent experiments.

Because the defect underlying the reduction in plaque diameter was not ascribed to
defects in retrograde trafficking, de novo capsid production was next examined. Vero cells
infected with the mCherry-VP24 variants of the EE>AA and A6F10 mutants were examined by
live-cell microscopy at 8.5 hpi. As is seen in wild-type infection, the nuclei of cells infected with
either mutant virus filled with diffraction-limited punctae consistent with high loads of dispersed

capsids (62); however, the EE>AA mutant also produced large intranuclear structures (Fig. 3.4).
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VPS EE=RA

VPS5 A6F10

Figure 3.4 The VP5 EE>AA mutant forms intranuclear clusters of VP24. Vero cells were infected
at a MOI of 5 with derivatives of HSV-1 encoding mCherry-VP24 and either VP5 EE>AA or
A6F10. Live-cells were imaged at 8.5 hpi. Scale bars are 10 pm.

DISCUSSION

The surface of the procapsid is decorated by the apical region of the VPS5 major capsid
protein, which constitutes the tips of the 11 pentamers (accounting for 11 of the icosahedral
vertices, with the 12" vertex consisting of 12 copies of pUL6 portal protein) and 150 hexamers
that make up the majority of the icosahedral shell. Following maturation, the procapsid acquires
the pUL25 and VP26 accessory proteins, the latter of which selectively covers the apical regions
of the hexamers. Thus, the procapsid displays 955 copies of the apical region on its surface,
which is reduced to 55 exposed copies upon maturation and decoration with VP26. The exposure

of the VPS5 apical region on the mature capsid led me to investigate whether it contributes to the
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retrograde axonal transport of capsids that leads to the establishment of latent infections in the

nervous system.

Although no functions have formally been ascribed to the apical region, fitting of the
VPS5 upper domain crystal into the herpesvirus capsid map reveals the close association of the
VPS5 apical region with densities attributed to pUL25 and pUL36 (4, 7). As a result, I
hypothesized that the VP5 apical region participated in retrograde transport of the DNA-filled
capsid following entry. However, the data demonstrates the glutamic acid residues of the
polyproline loop were dispensable for retrograde axonal transport in primary sensory neurons, as
was the antibody epitope portion of the apical region (based on analysis of the A6F10 mutant).
Given that the VP26 protein is also dispensable for axonal transport (179, 180), I conclude that
the bulk of exposed outer capsid surface does not promote this critical component of the HSV-1
neuroinvasion mechanism. While the scope of the mutagenesis included in this study does not
entirely rule out a role for capsid surface epitopes that contribute to the transport mechanism, it
seems likely that the previously identified interaction between pUL25 and the pUL36 tegument
protein may be sufficient to confer these dynamic properties to the virus particle (181). These
results support a model in which the herpesvirus capsid is a dormant cargo that requires the

action of attached tegument proteins to produce the dynamics that underlie productive infection.
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CHAPTER 4: VPS5 Glutamic Acid Residues Promote Capsid

Assembly and Maturation

Figures 4.1A, 4.3-4.7, and 4.9 of this chapter appeared as the published article: Ruhge LL, Huet
AGE, Conway JF, Smith GA. 2018. J Virol. Accepted manuscript posted online 5 July 2018

doi:10.1128/JVI1.00821-18.

INTRODUCTION

Extensive efforts have been undertaken to understand herpesvirus capsid assembly and
maturation, which includes analyses of baculovirus and cell-free systems (116-121),
temperature-sensitive mutants (122, 123), and three-dimensional reconstructions from cryo-EM
(4, 7,93, 101-103, 124). While many details remain unclear, this work provides an overarching
model of HSV-1 capsid morphogenesis. The major capsid protein (VP5), triplexes (VP19¢ and
VP23), portal vertex (pUL6), and internal scaffold proteins self-assemble into a spherical
procapsid within the cell nucleus. There are two types of scaffold proteins: small (pUL26.5) and
large (VP24 + VP21). Once assembly of the procapsid is complete the catalytic activity of the
VP24 protease, housed within the amino-terminus of the large scaffold protein, is triggered
(125). VP24 cleaves itself from the scaffold and cleaves a release site in the carboxyl-terminus of
the small and large scaffold proteins, disconnecting them from the shell floor (119, 127, 128).
These events cause the capsid shell to angularize into a stable form and become a substrate for
the binding of two accessory capsid surface proteins: pUL25 and VP26 (126, 127, 136, 139). The

scaffold fragments internal to the capsid are expelled as the viral genome is packaged, but VP24
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is retained (10, 11, 62, 126, 140-142). This process produces three angularized capsid types

within infected cell nuclei: capsids that retained the scaffold and lack DNA (B capsids), capsids
that expelled the scaffold but failed to stably encapsidate the viral genome (A capsids), and
nucleocapsids (C capsids).

In the previous chapter, I investigated whether the VPS5 apical region contributes to
intracellular transport dynamics following entry into primary sensory neurons. In this chapter, I
test the hypothesis that conserved negatively-charged amino acids in the apical region contribute
to VP26 acquisition. To my surprise neither hypothesis proved true. Instead, mutation of
glutamic acid residues in the apical region delayed viral propagation and induced focal capsid
accumulations in nuclei. Examination of capsid morphogenesis based on epitope unmasking,
capsid composition, and ultrastructural analysis indicated that these clusters consisted of
procapsids. The results demonstrate that, in addition to established events that occur inside the

capsid, the exterior capsid shell promotes capsid morphogenesis and maturation.

RESULTS

Of the VPS5 apical region mutants assessed in Chapter 3, the mutation of two conserved
acid charges resulted in the greatest impairment of propagation in cell culture. The decrease in
plaque size was only observed when both glutamic acid residues were mutated, and the defect
was rescued when both mutations were repaired (Fig. 4.1A).

Additional glutamic acid mutants were made to test if the defect in viral propagation was
a result of changing the negatively charged residues to hydrophobic residues. To address this
concern, the negatively charged residues, E846 and E851, were reversed in their charge by

mutating the residues singly or combined to arginines. The E846R mutant demonstrated a
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decrease in plaque size similar to the EE>AA mutant while the E851R mutant produced a more

severe decrease (Fig 4.1B). The EE>RR mutant failed to propagate in cell culture.
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Figure 4.1 Impact of the VP5 mutations on plaque size. Vero cells were infected with VP5 glutamic
acid mutants. Polyproline loop glutamic acid residues were mutated to (A) alanine or (B)
arginine residues. Plaque diameters were measured 5 days post infection. Diameters are
represented as a percent of the mean plaque diameter of wild-type HSV-1 strain F (WT). Error
bars indicate the standard deviation of three independent experiments. Asterisks indicate a
statistically significant difference from WT, VP5 E846A/E851A, or ESSIR (**** p <0.0001) as

determined by Tukey’s multiple comparison test.

Next, the VPS5 localization during infection was assessed for each of the glutamic acid
mutants. Vero cells were infected at a MOI of 5 and fixed and stained for VPS5 at 8 hpi. As
previously observed with the mCherry-VP24 tag, the EE>AA mutant formed intranuclear foci

which reacted with a VPS5 antibody. Because these foci were evident by a fusion protein (Fig.
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3.4) and antibody staining (Fig. 4.2), it suggests these foci were not artifacts of either the VP24

fluorescent tag or fixation. The E846R and E851R mutants also formed intranuclear foci but the

E>A single mutants did not impact VPS5 localization during infection (Fig 4.2).

Table 4.1 Viruses Used in Chapter 4

Strain Fluorescent fusion Mutations Titer (PFU/mL)
HSVF-GS2695 - - 259 x 108
HSVF-GS5798 - UL19 E846A/E851A 4.72 x 107
HSVF-GS6197 - UL19 E846A 1.45 x 10°
HSVF-GS6434 - UL19 E851A 1.93 x 10°
HSVF-GS6462 - UL19E846A>E/E851A>E  3.06 x 10°
HSVF-GS6410 - UL19 E846R 1.57 x 10®
HSVF-GS6278 - UL19 E851R 1.52 x 10’
HSVF-GS5396 - AUL25 6.25 x 10’
HSVF-GS6199 - AUL35 1.59 x 10°
HSVF-GS5748 mCherry-5x-VP24 - 2.95x 10°
HSVF-GS6460 mCherry-5x-VP24 UL19 E846A/E851A 8.06 x 10’
HSVF-GS4553 pUL25/mCherry - 7.65x 107
HSVF-GS5797 pUL25/mCherry  UL19 E846A/E851A 3.70x 10’

The EE>AA mutant was chosen for further study given the following consideration: the

phenotype was observed with the mutation of two residues, as opposed to a single point
mutation, reducing the likelihood of genotypic reversion. Additionally, reversion of the EE>AA
mutant may be readily identified considering E846A and E851A mutations were not sufficient to
induce the phenotype of VPS5 intranuclear foci (Fig. 4.2). Next, a time course was carried out
with cells infected with HSV-1 WT, EE>AA, or a repair of the EE>AA mutant. Intranuclear foci

were observed at all time points evaluated in EE>AA infected cells but were not evident with
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Figure 4.2 Formation of VPS5 intranuclear foci requires mutation of both VPS5 glutamic acid residues

"

‘4—-

or a swap in charge. Vero cells were infected at a MOI of 5 with HSV-1 glutamic acid mutants.
Infected cells were fixed at 8 hpi and processed for immunofluorescence using the aVP5 H1.4

antibody and DAPI stain.
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WT HSV-1 or arepair of the EE>AA mutant (Fig. 4.3), demonstrating that the EE>AA

mutations induced intranuclear clusters of the capsid VP24 and VPS5 capsid proteins.

6 hpi 8 hpi 16 hpi

VP5 EE>AA WT

VP5 REP

Figure 4.3 The VPS EE>AA intranuclear foci persist throughout infection. Vero cells were infected
at a MOI of 5 with unmodified HSV-1 (WT), VPS5 glutamic acid mutant (EE>AA), and VP5
repair (REP). Cells were fixed at the indicated time post infection and stained with the aVP5
H1.4 antibody. Scale bar is 10 um.

In order to assess the impact of these intranuclear clusters of capsid proteins on viral
propagation, single-step growth kinetics were evaluated. The EE>AA mutant was attenuated
relative to the wild-type and repair viruses (Fig. 4.4). At 8 and 12 hpi, the EE>AA mutant
exhibited a decrease in both cell-associated and supernatant PFU, but attained titers approaching
the wild-type by 30 hpi. The delays in PFU production were confirmed in triplicate: the EE>AA
mutant cell-associated titers were consistently 6% + 1.6% of the repaired virus at 8 hpi, and the

supernatant titers were 8% =+ 3.8% of the repaired virus at 12 hpi. I conclude that the aberrant
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nuclear foci correlated to decreased rates of virus propagation, as well as plaque size (Fig. 3.2

and Fig. 4.1) but had limited impact on the number of plaque-forming units per cell (burst size).
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Figure 4.4 VP5 glutamic acid residues support HSV-1 propagation. Single-step replication kinetics
of HSV-1 WT, VPS5 glutamic acid mutant (EE>AA), and the VPS5 repair in Vero cells are shown
following infection at a MOI of 10. Cells (solid lines) and supernatants (dashed lines) were

collected at indicated times and titers were determined by plaque assay on Vero cells.

Negatively-charged residues within the VPS5 polyproline loop were predicted to mediate
binding of the VP26 capsid protein onto the surface of capsid hexamers (158). To test this
hypothesis, intranuclear capsids were isolated at 22 hpi from Vero cells infected with wild-type
HSV-1 (WT) or the glutamic acid mutant (EE>AA). A VP26-null mutant (A26) was included as
a control. A, B, and C capsids were separated by density ultracentrifugation and visualized by

light scattering. The EE>AA and VP26-null viruses produced each capsid species similar to the
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wild-type (Fig. 4.5A). The protein compositions of the A, B, and C capsids produced from the

wild-type and EE>AA viruses were indistinguishable from one another; notably, capsids of the
EE>AA virus possessed wild-type levels of VP26, which was identified by its 12 kDa molecular
weight and its absence from the VP26-null samples (Fig. 4.5B). This data indicates that the VP5

EE>AA mutant assembles A, B, and C capsids and that E846 and E851 are dispensable for VP26

incorporation.
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Figure 4.5 VP5 EE>AA capsids acquire VP26. A) A, B, and C capsids were isolated from nuclei of
Vero cells infected with HSV-1 over a 20-50% sucrose gradient and visualized by light
scattering. B) Protein profiles of the capsids observed by silver staining of a 4-20% gradient
denaturing gel. HSV-1 strains used were wild-type (WT), the glutamic acid mutant (AA), and a
VP26-null mutant (A26). The latter serves to identify VP26 in the denaturing gel.

The capsid profiles from the previous experiment were consistent with the expression of
capsid proteins and their assembly. Nevertheless, the potential impact of the EE>AA mutation on

VPS5 expression warranted further inspection. Western blot detection of VP5 from cell lysates
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was performed at 8 hpi. VP5 was detected as a 149 kDa band in both HSV-1 WT and EE>AA

but not mock-infected cell lysates (Fig. 4.6A). The expression of VP5 was normalized to the
pUL37 tegument protein as a loading control following densitometry analysis. The analysis
revealed no significant change in the amount of VP5 produced by the EE>AA mutant (Fig.

4.6B). Therefore, the impact of EE>AA mutation on capsid morphogenesis was next examined.
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Figure 4.6 VPS5 expression is not impacted by glutamic acid mutations. (A) Western blots of cell
lysates prepared from mock or infected cells. Vero cells were infected with HSV-1 encoding the
wild-type (WT) or EE>AA VPS5 allele at a MOI of 5. Threefold dilutions of cell lysates, prepared
at 8 hpi, were probed by western blot. The HSV-1 tegument protein, pUL37, and cellular
GAPDH served as loading controls. The image shown is representative of three independent
experiments. (B) VP5 expression was quantitated by densitometry analysis. Individual
measurements are normalized to the pUL37 loading control. The difference was not statistically

significant (ns) by an unpaired t-test. Error bars represent the standard error of the mean.
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VP5 EE>AA

Figure 4.7 VP5 EE >AA foci composition is initially consistent with that of procapsids.
Vero cells were infected with HSV-1 encoding WT or EE>AA VPS5 at a MOI of 5 were fixed at
(A) 8 hpi or (B) 16 hpi and processed for immunofluorescence using aVP5 and aVP26

antibodies. In some instances, the viruses encoded mCherry-VP24 or pUL25/mCherry fusions, as
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indicated. Scale bar is 10 um.

To better understand the protein composition of EE>AA foci, Vero cells were infected,
fixed at 8 hpi, and processed for fluorescence imaging. Cells infected with HSV-1 encoding
wild-type VP5 had capsids dispersed throughout the nuclei, which colocalized with VP24, VP26,
pUL25, and with reactivity to the maturation-specific VP5 antibody, 8F5 (Fig. 4.7A). In contrast,
the EE>AA nuclear foci colocalized only with VP24. Because the VP26 and pUL25 capsid
proteins are acquired upon shell angularization (126, 127, 136, 139), and the VP5 8F5 epitope
(207) is exposed on the tips of hexamers after internal scaffold cleavage by the maturation
protease (132, 208), I conclude the EE>AA nuclear foci did not contain mature capsids.
However, by 16 hpi, the foci acquired each of these markers (Fig. 4.7B).

Recently, intranuclear foci of VPS5 were observed in nuclei infected with HSV-1 VP26-
null virus (110, 209). To test if the absence of either of the angularized shell proteins, VP26 or
pUL25, was sufficient to induce foci formation, Vero cells were infected with HSV-1 VP26-null
or UL25-null and processed for immunofluorescence with a VPS5 antibody. In contrast to the
Kawaguchi group’s observations, the VP26-null virus did not result in intranuclear foci of VP5.
Additionally, VPS5 foci did not form in UL25-null infected cells (Fig 4.8). Thus, I conclude that
nuclear foci formation results from the VP5 glutamic acid mutations and not the lack of VP26 or

pUL25.
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Figure 4.8 VP26- and UL25-null viruses do not form foci. Vero cells infected with HSV-1 deleted
for the gene encoding VP26 (UL35) or pUL25 (UL25) at a MOI of 5 were fixed at 8 hpi and

processed for immunofluorescence using the aVP5 H1.4 antibody and DAPI stain.

Next, transmission electron microscopy was used to visualize the glutamic acid mutant
foci. Vero cells infected with HSV-1 VP5 EE>AA and fixed at 8 hpi contained nuclear foci of
electron-dense material surrounding partially- and fully-formed procapsids (Fig. 4.9A and B).
Consistent with the production of infectious EE>AA virions (Fig. 4.4), mature capsid species
were detected throughout these nuclei but always apart from the foci (Fig. 4.9C-F). At 16 hpi, the
intranuclear foci persisted but now contained mixtures of procapsids and B capsids (Fig. 4.9G-
H). Interestingly, only scaffold-containing capsids were observed within the EE>AA foci with C
capsids found outside the foci (Fig 4.91). To further analyze this data, intranuclear capsids were

quantified at 8 and 16 hpi (Table 4.2). While B capsids were the predominant capsid species
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Figure 4.9 VP5 EE>AA foci contain clusters of procapsids. HSV-1 VP5 EE>AA infected Vero cells

(MOI of 5) were fixed at 8 hpi (A-F) or 16 hpi (G-I) and imaged by transmission electron
microscopy. A and B) Foci ultrastructure reveals fully- and partially-formed capsids containing
large-core scaffolds consistent with procapsids. C, D, E, F) Infected cells exhibit all capsid
species: C) procapsid, D) A capsid, E) B capsid, and F) C capsid. G and H) Procapsids persist in
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foci and B capsids are now evident as small-core capsids. I) C capsids (white arrowheads) are

present in nuclei but are excluded from foci.

found in wild-type infected nuclei, partially- or fully-formed procapsids were most frequently
observed. Collectively, the data indicate that mutations of the E846 and E851 residues on the

capsid surface delays procapsid maturation.

Table 4.2 Quantification of Intranuclear Capsid Species
Capsid species % of total (no. of capsids)

Time Virus Pro * A B C n value
8 hoi WT 9.1 (5) 0.0 (0) 81.8 (45) 9.1 (5) 9

P EE>AA 82.8 (48) 1.7 (1) 10.3 (6) 5.2 (3) 10
16 hoi WT 4.2 (8) 8.5(16) 77.2(146) 10.1(19) 9

P EE>AA 66.0 (198) 3.3(10) 24.7 (74) 6 (18) 7

*Includes partially- and fully-formed procapsids

DISCUSSION

Although no functions have formally been ascribed to the apical region, two conserved
glutamic acids within the polyproline loop of the apical region (E846 and E851) were proposed
as potential sites for recruitment of VP26 upon shell maturation (93, 158). While residues within
the VPS5 upper domain are undoubtedly important for the VP26-VP5 interaction, the data
presented here demonstrated that the two glutamic acid residues are not required for VP26

binding to capsids.
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Despite these findings, mutation of VP5 apical region glutamic acid residues to

hydrophobic or positively charged amino acids produced small plaques in cell culture, indicating
the apical region was not fully dispensable. Although the EE>AA mutant was further studied, the
more severely attenuated E851R mutant may provide insight toward the mechanism driving foci
formation. In the future, this mutant should be serially passaged and revertant viruses identified.
Further analysis of the EE>AA mutant correlated the propagation defect with the formation of
focal structures in infected cell nuclei that consisted of clusters of procapsids. This observation
was unexpected because it indicated that capsid maturation was delayed: a process dependent on
proteolytic processing of the interior scaffold. While the VP5 floor domain faces the interior of
the capsid and interacts with the scaffold proteins (96-100), the exterior location of the apical
region is inconsistent with it promoting scaffold processing. Furthermore, the VPS5 apical region
does not participate in inter-capsomeric interactions (7, 8, 93, 101-103). Importantly, the
persistence of procapsids that was initially indicated by the absence of maturation markers
(pUL25, VP26, and exposure the 8F5 epitope) was verified by ultrastructural analysis. The latter
revealed the foci to consist of capsids containing large scaffold cores, which are indicative of
procapsids (117, 123, 210). While the acquisition of surface markers could be sterically restricted
within foci, the large scaffold cores indicate that the VP24 maturation protease was inefficiently
activated within these procapsids: an event that does not require any known extrinsic
interactions, including those with pUL25 or VP26, or genome encapsidation (62, 117, 137, 138).
Notably, the procapsid foci of the polyproline mutant were associated with electron-dense
material when imaged by transmission electron microscopy, and in this way resembled
procapsids in cell-free assembly systems (119, 211). The procapsid foci were also reminiscent of

foci observed when VP24 activity is disrupted through deletion or a temperature-sensitive
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mutation (122, 123, 212). In contrast, a recently report detailed a catalytically-inactive VP24

mutant which did not form procapsid foci (62), suggesting these foci are induced by some but
not all VP24 mutations. Thus, the mechanism driving procapsids to cluster in foci is of interest,
as the clusters may represent sites of capsid assembly or serve to further inform about procapsid
maturation. Of greater interest is why capsid maturation is sensitive to mutations in the
polyproline loop of the VPS5 apical region. While procapsids in the mutant foci were often seen
in a partially assembled state, the defect is inconsistent solely with an assembly defect, as seeing
accumulations of procapsids is atypical of wild-type infections. Because angularization of the
capsid shell under physiological conditions is dependent solely on VP24 activation, which occurs
independently of genome encapsidation (62, 119, 150, 213), it can be inferred that mutation of
the apical region has affected VP24 activation. Although speculative, the results are consistent
with VP24 activation being enhanced by a cue external of the capsid. Capsids require ATP for
shell maturation (135), and the apical domain could respond to ATP or interface with another
factor such as the putative chaperone of preassembled capsids, pUL32 (64). Interestingly, the
mutant foci exclusively consisted of procapsids and B capsids, the two capsid species containing
the internal scaffold. While A and C capsids could be found in proximity to the foci, there was
no evidence of DNA-packaging occurring within them.

Despite a wealth of knowledge, the details of the molecular mechanisms driving
procapsid assembly and maturation remain enigmatic. Viral mutants are a valuable resource to
better understanding the complex assembly and maturation of nucleocapsids (123, 135). To the
best of my knowledge, this report presents the first attribution of function to the VP5 apical

region and documents that the exterior of the capsid contributes to shell maturation.
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CHAPTER 5: Development and Characterization of a

Procapsid-Specific Fluorescent Fusion

INTRODUCTION

Studies of capsid assembly and maturation are hindered by the short-lived, unstable
nature of procapsids. Although baculovirus and cell-free systems (116-121), temperature-
sensitive mutants (122, 123), and three-dimensional reconstructions from cryo-electron
microscopy (4, 7, 93, 101-103, 124) have provided insights into capsid morphogenesis, our
understanding suffers from the lack of a procapsid-specific label. Fluorescent fusions to the
capsid proteins VP26 and pUL25, although invaluable toward studying capsid dynamics in live-
infected cells, fail to inform on procapsid dynamics since these proteins are added upon
maturation. The angularized capsid consists of 8 structural proteins, 2 of them absent from
procapsids. The only structural feature unique to the procapsid is uncleaved scaffold proteins.

There are two types of scaffold proteins encoded by the HSV-1 UL26 gene: small
(pUL26.5) and large (VP24 + VP21). The large scaffold protein is transcribed from the start
methionine at codon 1 producing the maturation protease, VP24, connected to the larger scaffold
fragment, VP21. The small scaffold protein transcribes from a second start methionine at amino
acid position 307, producing a scaffold protein nearly identical to VP21 (Fig 5.1A). After the
capsid assembles a closed shell around the scaffold proteins, VP24 is activated and releases itself
from VP21 and then cleaves the carboxyl-terminus of the scaffold proteins, disconnecting them
from the inner capsid floor (119, 125-128). In an attempt to create a procapsid specific tag, Maier

et al. introduced GFP into four different positions within the UL26 and overlapping UL26.5 open
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Figure 5.1 Design of a procapsid-specific translational fluorescent fusion protein. (A) Schematic of
the HSV-1 UL26 and overlapping UL26.5 open reading frames. (B) Schematic of the GFP-VP24
(upper) and GFP-cut-VP24 (lower) fusion designs.

reading frame. Of these four, only one virus was viable: one in which the fluorescent protein
open reading frame was introduced after the first codon of UL26, producing an amino-terminal
fusion to the protease, VP24.

Unlike the scaffold proteins, VP24 is retained inside the capsid shell after maturation (10,

11, 126, 140-142). As a result, the GFP-VP24 fusion labels all capsid species: procapsids, A, B,
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and C capsids (62). Although this approach allows procapsid dynamics to be studied in live-

infected cells for the first time, it requires a second fluorescent capsid protein in order to
distinguish procapsids from angularized capsids. In an attempt to further modify this approach
and achieve the goal of a procapsid-specific label, the previous design was modified to encode
the protease cut site between the green fluorescent protein and the protease (Fig. 5.1B). The
prediction was that procapsids, in which VP24 is not yet activated, would exhibit green
fluorescence while angularized capsids, in which VP24 has been activated, would lose GFP in a
manner similar to the loss of scaffold proteins in most capsid species.

The resulting tag, termed GFP-cut-VP24, produced green fluorescence in a procapsid
mutant and little to no fluorescence in angularized capsids or released particles. This work
produced the first described procapsid-specific fluorescent fusion which also serves as a

fluorescent readout of VP24 activation.

RESULTS

The previously described amino-terminal fusion of GFP in-frame of the HSV-1 UL26
gene was modified to include the sequence of the VP24 cleavage site following the 5 x glycine
linker sequence (Fig. 5.1B). Mono-fluorescent and dual-fluorescent viruses were made by two-
step RED mediated recombination with or without the VP24 maturation cleavage site, referred to
as the cut site in this chapter. To assess the impact of these modifications on viral propagation,
plaque diameters were compared to wild-type virus by Neutral Red staining. Mono-fluorescent
virus plaque diameters demonstrated no significant change while dual-fluorescent viruses
impaired spread in cell-culture (Fig. 5.2). This decrease, although significant, is comparable to

the frequently used fusion to pUL25 (Fig. 6.2).



Table 5.1 Viruses Used in Chapter 5

Strain Fluorescent fusion Mutations Titer (PFU/mL)
HSVF-GS2695 - - 259 x10°
HSVF-GS6601 GFP-5xG-VP24 -

HSVF-GS6661 GFP-5xG-cut*-VP24 - 247 x10°

HSVF-GS6672 GFP-5xG-cut*-VP24 UL26 S129P  1.50 x 10°
HSVF-GS547 1 GFP-5xG-VP24

UL25/mCherry ) 1.60 x 10°
GFP-5xG-cut*-VP24
RSVF-ES0684 UL25/mCherry ] 2.64 x 10°

*VP24 maturation cleavage site
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Figure 5.2 Impact of fluorescent fusions on plaque size. Vero cells were infected with mono- and
dual-fluorescent viruses encoding or lacking the VP24 cleavage site after the GFP and 5 x

glycine linker sequence (cut site). Plaque diameters were measured 5 days post infection.
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Diameters are represented as a percent of the mean plaque diameter of wild-type HSV-1 strain F

(WT). Error bars indicate the standard deviation of three independent experiments. Asterisks
indicate a statistically significant difference from WT (***, p <0.001 and **** p <0.0001) as

determined by Tukey’s multiple comparison test.

In order to initially characterize the GFP-cut-VP24 tag, a catalytically inactive VP24
mutant, UL26 S129P, was used to test the incorporation of the fluorescent tag. Vero cells were
infected with HSV-1 encoding the GFP-cut-VP24 tag and the UL26 S129P mutation. At 16 hpi,
infected cells were fixed and stained with a VPS5 antibody and imaged by confocal microscopy.
The nuclei of infected cells exhibited numerous GFP positive diffraction limited puncta that
colocalized with VP5 (Fig. 5.3A).

Next, Vero cells were infected with HSV-1 encoding pUL25/mCherry and GFP-VP24
with or without the cut site. Released particles were collected from the infected cell supernatant
and spotted on plasma cleaned cover glass for fluorescence microscopy. Particles released from
cells infected with the virus lacking the cut site produced red and green diffraction-limited
puncta that colocalized while particles released from cells infected with the virus encoding the
cut site lacked green fluorescence (Fig. 5.3B). These results demonstrate that GFP is
incorporated into capsids when VP24 is inactive but absent from particles released from infected
cells, suggesting the GFP-cut-VP24 tag functions as anticipated.

To further characterize and understand the limitations of this new approach, angularized
capsid species were next examined. A, B, and C capsids were isolated by density gradient
ultracentrifugation from the nuclei of cells infected with dual-fluorescent HSV-1 with or without

the cut site. Capsids were spotted on cover glass and imaged by fluorescence microscopy. All
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Figure 5.3 Characterization of the GFP-cut-VP24 tag. (A) Vero cells were infected at a MOI of 5
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and fixed at 16 hpi. Fixed cells were processed for immunofluorescence using the aVP5 H1.4
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antibody and DAPI stain. (B) Vero cells were infected at a MOI of 5 and infected-cell

supernatant was harvested at 18.5 hpi. Released particles were collected from the infected-cell
supernatant and spotted on cover glass for fluorescence microscopy. (C) Vero cells were infected
at a MOI of 10 and intranuclear capsids isolated from nuclei of infected cells over a 20-50%
sucrose gradient and visualized by light scattering. Each capsid species was pulled from the

gradient and spotted on cover glass for fluorescence microscopy.

capsid species lacking the cut site produced diffraction-limited puncta with green fluorescence
that substantially colocalized with the pUL25/mCherry signal. In contrast, capsids carrying the
cut site exhibited little to no green fluorescence (Fig 5.3 C). Interestingly, the pUL25/mCherry
signal on A and B capsids showed more heterogeneity when compared to that of C capsids,
suggesting pUL25/mCherry is more tightly bound to DNA-filled capsids and less sensitive to
stripping during isolation. Together, the results demonstrate the GFP-cut-VP24 tag labels
procapsids in which VP24 is not active but is absent from angularized and mature capsids,

making it a procapsid-specific fluorescent label.

DISCUSSION
The procapsid-specific tag, GFP-cut-VP24, presents a new opportunity to study
procapsids using fluorescence microscopy. Prior to this development, identification of procapsids
required examination of two capsid proteins at a minimum (62). Now, a mono-fluorescent virus
is sufficient to monitor procapsid dynamics by fluorescence microscopy in live-infected cells.
The data demonstrate that GFP remains fused to VP24 when the protease is rendered
inactive, yet, is absent from capsid species and released particles in which scaffold cleavage has

already taken place. This dual-fluorescent virus demonstrated a reduced ability to spread in cell-
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culture compared to untagged HSV-1. However, the decrease is modest with respect to other

mono-fluorescent capsid tags. Tagging the amino-terminus of VP26 in PRV is akin to deleting
VP26, reducing plaque diameters ~25% and titers 10-fold in cell-culture (111). In HSV-1, the
impact of various amino-terminal VP26 tags ranges from inducing nuclear aggregates of capsid
proteins to impairing nuclear egress and the production of infectious virions (180, 214, 215).

In addition to studying procapsid dynamics, the GFP-cut-VP24 tag could prove
invaluable in identifying the events required for VP24 activation. Although it is known that
VP24 activation initiates procapsid maturation, the cue required for VP24 to cleave itself from
the scaffold and begin disconnecting the scaffold from the inner capsid shell is unknown. The
GFP-cut-VP24 tag is a tool that could shed light on enigmatic aspects of herpesvirus capsid

morphogenesis.
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CHAPTER 6: Proceed with Caution — The Dangers of

Fluorescent Fusion Proteins

INTRODUCTION

Since the discovery of GFP in 1962 (216), fluorescent fusion proteins have become a
widely used tool across diverse disciplines to understand the localization and dynamics of
proteins of interest. More than 30 years after its discovery, GFP was fused to the herpesvirus
small capsid protein, VP26, to create the first fluorescent fusion protein incorporated into the
herpesvirus virion structure (217). The GFP-VP26 tag enabled the study of herpesvirus capsid
dynamics in living cells and is used to this day.

As the arsenal of fluorescent proteins available increases, herpesviruses are commonly
studied with multiple fluorescent fusion proteins encoded by one virus. Bohannon et al. used a
panel of dual-fluorescent viruses to dissect the protein composition and architecture of the
herpesvirus virion (218). Monomeric red fluorescent protein was fused to VP26 providing a
copy-controlled fluorescent marker of capsids, and GFP was fused to a second protein of interest,
such as pUL25. Extending this dual-fluorescent approach, I sought to determine residues of the
VPS5 apical region required for VP26 incorporation on capsids. The results highlighted potential
pitfalls of fluorescent fusion proteins as the data directly contradicts data collected from an

untagged virus.



RESULTS

When the crystal structure of the VPS5 upper domain was solved, glutamic acid residues

in the apical region were predicted to mediate binding of VP26, a protein extremely basic in

nature (158). Chapters 3 and 4 describe a VP5 glutamic acid mutant, EE>AA, which

accumulates intranuclear foci of procapsids that exhibit delayed maturation. Initially, the EE>AA

mutant was made in a dual-fluorescent background of HSV-1 with fusions to the structural

proteins VP26 and pUL25 (Table 6.1). To test the importance of VP5 glutamic acid residues

toward VP26 incorporation on the capsid surface, Vero cells were infected with HSV-1 encoding

pUL25/mCherry and GFP-VP26 with VP5 WT or EE>AA. Released particles were isolated from

the infected cell supernatant and spotted on cover glass for fluorescence microscopy.

pUL25/mCherry puncta colocalized with GFP-VP26 emissions from wild-type capsids. In

contrast, the majority of EE>AA capsids lacked GFP-VP26 (Fig. 6.1A).

Table 6.1 Viruses Used in Chapter 6

Strain Fluorescent fusion Mutations Titer (PFU/mL)
HSVF-GS5747 pUL25/mCherry 7

GFP-VP26 219x10
HSVF-GS5934 pUL25/mCherry

GEP-VP26 UL19 E846A/E851A 8.61 x 10°
HSVF-GS2695 - - 2.59 x 10°
HSVF-GS5798 - UL19 ES46A/E851A 4.72x10°
HSVF-GS6276 - UL19 A862-N873 > GGSGGS  1.07 x 10°
HSVF-GS4553 pUL25/mCherry - 7.65x10’
HSVF-GS5797 pUL25/mCherry  UL19 E846A/E851A 3.70 x 107_
HSVF-GS6133 pUL25/mCherry  UL19 A862-N873 > GGSGGS  5.99 x 10°
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Figure 6.1 Examination of VP5 EE>AA mutant with dual-fluorescent HSV-1. (A) Vero cells were

infected at a MOI of 3 and infected-cell supernatant was harvested at 22 hpi. Released particles

were collected from the infected-cell supernatant and spotted on cover glass for fluorescence
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microscopy. (B) Vero cells were infected at a MOI of 3 and subjected to live-cell microscopy at

12 hpi.

Next, capsid assembly was examined by live-cell confocal microscopy. Vero cells were
infected with the above viruses and imaged at 12 hpi. The nuclei of cells infected with HSV-1
wild-type VP5 accumulated GFP-VP26 puncta that significantly overlapped with
pUL25/mCherry puncta. However, VP5 EE>AA infected cells demonstrated diffuse GFP-VP26
fluorescence throughout the cell with nuclear aggregates that failed to colocalize with
pUL25/mCherry signal (Fig 6.1B). Taken together, the results suggest that the EE>AA mutations
disrupt VP26 incorporation, yet this conclusion directly conflicts with the protein profiles of
untagged EE>AA capsids, which clearly incorporate VP26 (Fig. 4.5).

In order to assess the impact of a mono-fluorescent capsid surface tag combined with a
capsid surface mutation, the plaque diameters of untagged and pUL25/mCherry tagged HSV-1
VPS5 EE>AA and A6F10 mutants were compared to wild-type virus by Neutral Red staining. The
addition of the pUL25/mCherry tag alone significantly reduced plaque diameters, but a more
severe decrease was observed when combined with mutations in the VPS5 apical region (Fig. 6.2).
The synergistic effect between the pUL25/mCherry tag and A6F10 mutations was the most
dramatic with the fluorescent mutant producing plaques more than 70% smaller than wild-type

HSV-1 strain F.
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Figure 6.2 Synergistic effects between the VPS5 apical region mutations and mCherry tagging pUL2S.
Vero cells were infected with VPS EE>AA or A6F10 mutants carrying pUL25/mCherry as
indicated. Plaque diameters were measured 5 days post infection. Diameters are represented as a
percent of the mean plaque diameter of untagged wild-type HSV-1 strain F (WT). Error bars

indicate the standard deviation of three independent experiments.

DISCUSSION

The fusion of GFP to the amino-terminus of VP26 produced the first fluorescently
labeled herpesvirus capsid (217). Due to its abundance on the capsid, the GFP-VP26 tag is an
attractive fluorescent fusion for monitoring viral capsids during infection. Although the fusion
design is widely used for its bright signal, consequences accompany attaching a > 25 kDa
fluorescent protein to the 12 kDa small capsid protein, VP26. Amino-terminal fusions are

reported to reduce viral propagation in vitro and in vivo, and the copy number of VP26 per
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capsid drops from 900 to 300 (111, 180, 205, 214, 215). Additionally, the viral genome

undergoes increased mutations when VP26 is tagged (Prashant Desai, personal communication
with Greg Smith). However, a newly designed carboxyl-terminal fusion to VP26 in PRV
promises greater functionality compared to the long-used amino-terminal tag (219).

The second-generation capsid tag was an in-frame fusion to pUL25 (205, 220). Although
this fusion protein is present in a lower quantity, approximately 70 copies per capsid, the pUL25
in-frame fusion less significantly impacts viral propagation compared to the amino-terminal
VP26 tag (205). The combination of these two capsid tags is well tolerated in PRV and was used
to approximate the copy number of a variety of virion constituents (218). However, the work
presented here suggests the two capsid fusions together are less well tolerated in HSV-1.
Although the capsid proteins exhibit copy-controlled incorporation, the released particles from
HSV-1 encoding pUL25/mCherry and GFP-VP26 appear to have heterogenous signals of each
fluorescent protein (Fig. 6.1A), which was not observed with PRV. Additionally, the dual-
fluorescent viruses used in this chapter propagated poorly and spontaneously lost fluorescence
during passage in cell-culture. These concerns, combined with the results in Chapter 4, suggest
the phenotype of the dual-fluorescent VPS5 EE>AA mutant is likely an artifact of combining
three mutations on the capsid surface.

This chapter also discusses the A6F10 mutant which has a dramatic phenotype when
combined with the pUL25/mCherry tag. As discussed, the pUL25 fusion alone only modestly
impacts viral propagation. However, recent advances in cryo-EM reconstructions has produced
near-atomic resolution of the herpesvirus capsid, allowing for more reliable fitting of crystal

structures and revealing an intimate association of a pUL25 dimer with the VPS5 apical region of
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pentamers (4, 7). Therefore, the further decreased ability of the tagged A6F10 mutant to spread in

cell-culture may indicate a true biological phenotype and be of interest for further study.
Fluorescent proteins have revolutionized virology, opening doors to deeper microscopic
exploration. Amidst the excitement, the field fails to call viral fluorescent fusion proteins for
what they truly are: mutants. Although a powerful tool, fluorescent tags can easily disrupt a
protein of interest’s folding, localization, and function (221, 222). Scientists must always
acknowledge the caveats of introducing a fluorescent fusion, analyze the data with caution, and
confirm the results with alternative methods. As for this scientist’s words of advice: only use a

fluorescent fusion to a viral protein when necessary.
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CHAPTER 7: Discussion and Future Direction

Assembly of herpesvirus virions begins with the formation of spherical procapsid shells
in infected cell nuclei. These short-lived structures are unstable but angularize into rigid, stable
capsids during maturation (62, 123). When shell maturation is accompanied by genome
encapsidation, the resulting product is a C capsid or nucleocapsid. This critical process is a target
for antiviral development (82, 168-175), which is bolstered by ongoing refinements of cryo-EM
reconstruction techniques that have led to herpesvirus capsid models with near-atomic resolution
(5-8).

The surface of the procapsid is decorated by the apical region of the MCP (VP5), which
constitutes the tips of the 11 pentamers (accounting for 11 of the icosahedral vertices, with the
12" vertex occupied by the portal) and 150 hexamers that make up the majority of the
icosahedral shell. Following maturation, the procapsid acquires the accessory proteins — the
CVSC component pUL25 and the SCP (VP26) — the latter of which selectively covers the apical
regions of the hexamers. Thus, the procapsid displays 955 copies of the apical region on its
surface, which is reduced to 55 exposed copies upon maturation and decoration with the SCP.
The exposure of the MCP apical region on the mature capsid led me to investigate whether it
contributes to the retrograde axonal transport of capsids that leads to the establishment of latent
infections in the nervous system. Although the mutational analysis presented in Chapter 3 cannot
rule out the entirety of the MCP apical region, retrograde analysis shows nearly half of the apical
region’s residues are dispensable for capsid transport. Considering the most abundant surface

protein of the mature capsid, the SCP, is also dispensable for transport, it appears that the bulk of
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exposed outer capsid surface does not promote this critical component of the HSV-1

neuroinvasion mechanism.

Despite these negative results, the polyproline (EE>AA) mutant produced small plaques
in cell culture, indicating the apical region was not fully expendable. Further analysis correlated
the propagation defect with the formation of focal structures in infected cell nuclei that consisted
of clusters of procapsids. This observation was unexpected because it indicated that capsid
maturation was delayed: a process dependent on proteolytic processing of the interior scaffold.
While the MCP floor domain faces the interior of the capsid and interacts with the scaffold
proteins (96-100), the exterior location of the apical region is inconsistent with it promoting
scaffold processing. Furthermore, the MCP apical region does not participate in inter-capsomeric
interactions (7, 8, 93, 101-103). Importantly, the persistence of procapsids that was initially
indicated by the absence of maturation markers (pUL25, VP26, and exposure the 8F5 epitope)
was verified by ultrastructural analysis. The latter revealed the foci to consist of capsids
containing large scaffold cores, which are indicative of procapsids (117, 123, 210). While the
acquisition of surface markers could be sterically restricted within foci, the large scaffold cores
indicate that the maturation protease was inefficiently activated within these procapsids: an event
that does not require any known extrinsic interactions including with pUL25, the SCP, or
genome encapsidation (62, 117, 137, 138).

Notably, the foci of the polyproline mutant consisted of partially- and fully-formed
procapsids which were associated with electron-dense material when imaged by transmission
electron microscopy, and in this way resembled procapsids in cell-free assembly systems (119,
211). In transmission electron micrographs of HSV-1 infected cells, partially-formed procapsids

are not observed, even at 7 hpi (123). Additionally, foci of procapsids are not observed in wild-



95
type infection as evidenced by ultrastructural analysis as early as 8 hpi. These observations

suggest the EE>AA mutant might exhibit delayed capsid assembly kinetics.

The procapsid self-assembles presumably from protomers, or assembly units, which join
together to first form an arc-like structure or a partially-formed procapsid. The structure
continues to grow until a closed, spherical structure, or fully-formed procapsid, is built (119).
Based on in vitro assembly studies, the protomers were suggested to be pre-formed triplexes that
interact with MCP-scaffold complexes (223). More recently, the protomer was proposed to
consist of one triplex surrounded by three MCP monomers each of which may interact with a
dimer of scaffold proteins (102, 224). Perhaps MCP apical region glutamic acid residues aid in
positioning MCP towers within the protomer or relative to other protomers, and mutation of
these residues causes protomers to assemble more slowly. Although the field lacks finely-tuned
in vitro assembly assays, such those used for bacteriophage (95, 225-227), a comparison of wild-
type and EE>AA MCP in a baculovirus system may provide initial insights toward
understanding the impact of the glutamic acid mutations on procapsid assembly. An additional
point of interest is to understand the composition of the electron-dense matrix surrounding
EE>AA procapsids. This matrix might consist of capsid proteins or even protomers.
Immunogold labeling should be carried out to identify proteins contained within this matrix.

The EE>AA procapsid foci were also reminiscent of foci observed when the maturation
protease activity is disrupted through mutation or deletion (122, 123, 212). However, in contrast,
a previously reported catalytically-inactive protease mutant that did not produce procapsid foci
(62). Thus, the mechanism driving procapsids to cluster in foci is of interest, as the clusters may
represent sites of capsid assembly. Other herpesviruses with slower replication cycles compared

to PRV or HSV-1 form clusters of capsids which are thought to be sites of assembly and
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maturation. The alphaherpesvirus, VZV, exhibits dynamic capsid aggregates in the nuclei of

infected cells during the height of PFU production (63), and EBV capsid assembly is reported to
take place within nuclear domains known as PML bodies (228). However, evidence of
preferential sites of capsid assembly have not been observed for HSV-1 or PRV (62).

At one time, it was proposed that HSV-1 capsid assembly and maturation was modeled
within assemblons, or large paracrystalline arrays of capsids observed within the nucleus during
late (~16 hpi) infection (229). While assemblons have been used to determine the ability of a
protein to associate with capsid structures (181, 230), it is questionable whether these structures
inform on productive capsid morphogenesis considering the cell-associated PFU production
tapers around 16 hpi and capsid maturation in the nucleus must precede virion formation in the
cytoplasm. In contrast, the EE>AA mutant exhibits a kinetic delay with cell-associated PFU still
increasing at the latest time examined (30 hpi). Whether EE>AA foci represent dynamic sites of
capsid assembly remains to be determined. Using a the photoconvertible protein mEOS fused to
the internal protease, I examined EE>AA foci by live-cell microscopy. While photoconversion of
foci was successful, the foci exhibited dynamic motion during infection, frequently moving in
and out of the plane of view, making it difficult to track photoconverted foci and individual
capsids prior to bleaching of the fluorescent signal. Furthermore, mEOS presumably matured
with a delayed kinetic, considering foci were evident by MCP antibody staining prior to mEOS
fluorescence. In the future, advanced microscopy techniques such as fluorescence recovery after
photobleaching or photoactivation with an alternative fluorescent protein might serve to
investigate this possibility.

Of greater interest is why capsid maturation is sensitive to mutations in the polyproline

loop of the MCP apical region. While procapsids in the mutant foci were often seen in a partially
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assembled state, the defect is inconsistent solely with an assembly defect, as seeing

accumulations of procapsids is atypical of wild-type infections. Because angularization of the
capsid shell under physiological conditions is dependent solely on protease activation, which
occurs independently of genome encapsidation (62, 119, 150, 213), it can be inferred that
mutation of the apical region has affected protease activation. Although speculative, the results
are consistent with protease activation being enhanced by a cue external of the capsid. Capsids
require ATP for shell maturation (135), and the apical domain could respond to ATP.
Interestingly, the mutant foci exclusively consisted of procapsids and B capsids, with procapsids
being the predominant species at 8 hpi and B capsids accumulating by 16 hpi. While A and C
capsids could be found in proximity to the foci, there was no evidence of DNA-packaging
occurring within them.

Instead of ATP, the external cue could be the binding of a cellular or viral protein. Future
work should investigate two encapsidation proteins of particular interest: pUL32 and pUL17. As
a putative chaperone of preassembled capsids that has been demonstrated to modify disulfide
bonds of viral structural proteins, pUL32 might function to modify the capsid in preparation for
encapsidation by striking the balance between flexibility and rigidity found in the DNA-filled
megastructure (64, 149). Furthermore, a pUL32-null mutant accumulates procapsids unable to
initiate maturation (150). The encapsidation role of the CVSC component pUL17 is also
somewhat muddled. Although it is clear this component of the vertex affords the capsid
mechanical strength, it is not yet appreciated why a null virus accumulates only B capsids — a
capsid species thought to have an unproductive relationship with the DNA packaging machinery.
The other vertex reinforcement protein, pUL25, is not required for the encapsidation process as

the nuclei of cells infected with a null mutant accumulate DNA-filled capsids. Thus, pUL32 and
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pULI17 stand out as interesting candidates that perhaps must localize to procapsids within

EE>AA foci for maturation to proceed.

Although no functions have formally been ascribed to the MCP apical region, two
conserved glutamic acids within the polyproline loop of the apical region (E846 and E851) were
proposed as potential sites for recruitment of the SCP upon shell maturation (93, 158). While
residues within the MCP upper domain are undoubtedly important for the SCP-MCP interaction,
the data demonstrated that the two glutamic acid residues are not required for SCP binding to
capsids. In the beta and gammaherpesviruses, the SCP binds hexamers and pentamers. The MCP
of these viruses show structural differences in the upper domain where the MCP binds, and for
KSHYV, four MCP hydrophobic residues were required for interactions with the SCP in vitro (5,
6).

Despite the high-level of SCP observed on EE>AA mutant capsids, it cannot be assumed
the SCP is present at full occupancy in the absence of quantitative analysis. For the most part, the
EE>AA mutant phenotype does not appear to mimic observations of SCP-null mutants (111,
179, 180). It does bear similarity to SCP-null and SCP-phosphorylation mutants described by
one research group. In this work, deletion of the SCP or mutation of a critical phosphorylation
site induced intranuclear accumulations of the MCP at 12 hpi (209). However, in a follow-up
study, these accumulations were found to consist of all three angularized capsid species (110),
while EE>AA MCP foci contain no evidence of DNA-packaging, consisting only of procapsids
and B capsids. Furthermore, a SCP-null mutant constructed in our laboratory failed to reproduce
the result of intranuclear MCP accumulations, suggesting the phenotypes are likely unrelated.
However, in the future, densitometry analysis of the SCP levels on isolated capsids could

determine if EE>AA mutations reduce SCP incorporation.
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In addition to assessing the contribution of the MCP apical region toward infection, this

dissertation presents a modified fluorescent fusion design that produced the first described
procapsid-specific tag. The design fuses a fluorescent protein open reading frame to the amino-
terminus of the protease and includes the protease cleavage site immediately following the
fluorescent protein’s sequence. As a result, the fluorescent protein is cleaved from the protease
upon its activation during capsid maturation and the fluorescent signal is lost from the
megastructure. This procapsid-specific tag not only allows for the identification of procapsids in
living cells but also might serve as a fluorescent readout of protease activity. The procapsid-
specific tag, GFP-cut-VP24, presents a new opportunity to study procapsids using fluorescence
microscopy. Prior to this development, identification of procapsids required examination of two
capsid proteins at a minimum (62). Now, a mono-fluorescent virus is sufficient to monitor
procapsid dynamics by fluorescence microscopy in live-infected cells.

Further characterization of the GFP-cut-VP24 tag should be carried out in order to
understand the limitations of this approach. First, Western Blot analysis of procapsids versus
angularized capsids and virions should be performed to detect the amount of GFP present in each
capsid species population. Additionally, single-particle analysis of a dual-fluorescent virus (GFP-
cut-VP24 and pUL25/mCherry) could be used to quantify the average copy number of GFP
found in each capsid type.

An additional point of interest is to determine the means by which GFP is able to escape
the capsid shell following cleavage from the protease. It was interesting to find GFP was absent
from B capsids while the scaffold is trapped, demonstrating the scaffold is somehow specifically
retained in this capsid species. It led me to wonder if the restriction mechanism was simply

protein size considering the GFP fused to the protease is 27 kDa with a diameter of 40 A — just
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small enough to theoretically fit through the approximated size of the portal vertex opening of 40

A — while the cleaved small and large scaffold proteins are approximately 40 kDa and 75 kDa,
respectively (231). To test this, a mutant virus encoding the GFP-cut-VP24 tag should be
modified to lack the portal vertex and the resultant capsid structures assessed in combination
with a second capsid marker such as a MCP antibody or the pUL25/mCherry fusion. Although
this point may be a curiosity, it would provide additional understanding of the herpesvirus capsid
structure and the GFP-cut-VP24 tag.

Despite a wealth of knowledge accrued from decades of research, the details of the
molecular mechanisms driving herpesvirus nucleocapsid assembly and maturation remain
enigmatic. Viral mutants, including viruses encoding fluorescent fusion proteins, are a valuable
resource to better understanding the complex assembly and maturation of nucleocapsids (123,
135). With its delayed propagation kinetics, perhaps further examination of the EE>AA mutant
will provide additional insights into capsid morphogenesis. To the best of my knowledge, this
report presents the first attribution of function to the MCP apical region and documents that the

exterior of the capsid contributes to shell maturation.
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