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ABSTRACT

Kaposi’'s sarcoma-associated herpesvirus (KSHV) is the causative agent
of three human malignancies and presents a special concern to
immunocompromised individuals. Its latency-associated nuclear antigen protein
(LANA) tethers latent viral genomes to host chromatin, thereby maintaining viral
infection, and as such, is an attractive target for therapeutic intervention. In an
effort to better understand this protein and its tethering function, we have used
super-resolution microscopy to examine LANA tethers, obtaining information that
remained obscured in earlier studies using standard epifluorescence microscopy.
We have determined several characteristics of these tethers, including the folding
properties of the underlying viral DNA and occupancy of LANA on its available
viral binding sites. Quantitative data support the prediction of a coiled-coll
feature in LANA dimers, and computer modeling of a minimal LANA tether
illustrates the importance of viral DNA bending and nucleosome positioning on
tether structure. Preliminary data examining LANA tethers during cellular mitosis
suggest a potential role for mitotic machinery in manipulating tether positioning
and condensation. This work also begins to address the relative timing of host
chromosome condensation and LANA tether formation. These promising early
results compel further study of the mitotic LANA tether and its dynamics. Finally,
proof-of-concept experiments disrupting LANA expression via CRISPR-Cas9
gene editing pave the way for future manipulation of the KSHV genome and

present a potential avenue for downstream therapeutic intervention.
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CHAPTER 1. GENERAL INTRODUCTION: AN OVERVIEW OF KAPOSI'S
SARCOMA-ASSOCIATED HERPESVIRUS AND ITS VIRAL EPISOME-HOST
CHROMATIN TETHER



1.1 Persistence of DNA tumor viruses

The recent development of Gardasil®, a vaccine against several of the
human papillomaviruses, has brought to the forefront of the public mindset the
threat of cancer-causing DNA viruses. Examples of such viruses in humans
include the papillomaviruses and two gammaherpesviruses, Epstein-Barr virus
and Kaposi’s sarcoma-associated herpesvirus (1). These viruses face the
challenge of maintaining their genetic presence within actively-dividing cell
populations. The key to their life-long persistence within the host is the ability to
tether their circular viral genomes (episomes) to host chromatin. These tethering
mechanisms differ among viruses and may include both viral and cellular
proteins. Later sections discuss in greater detail the particular mechanisms
behind different tethers. Despite having differences in their precise execution, all
viral tethers share two main purposes. The first lies in maintaining viral genetic
presence in host cells by partitioning viral episomes to progeny cells during
mitosis. DNA from these viruses lacks centromeres and does not integrate into
the host genome, removing these two avenues of viral persistence. In addition,
episomes are present in multiple copies per cell and require a system by which
they can be distributed between daughter cells during cell division. Formation of
a tether between viral DNA and host chromatin ensures the presence of
episomes in both daughter cells following mitosis. The second purpose of viral
tethers is retention of viral episomes in the nucleus during reassembly of the
nuclear envelope, thereby preventing recognition of the cytoplasmic DNA by

cyclic guanosine monophosphate-adenosine monophosphate synthase (cGAS).
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Binding of DNA to cGAS triggers an immune response via the cGAS-STING
pathway, which ultimately induces expression of interferons and inflammatory
cytokines (2). Retaining the viral DNA in the nucleus prevents activation of this
cascade, thereby removing this avenue of anti-viral activity from the host immune
system. Both roles served by the tether result in propagation of the viral

genome, ensuring continued long-term viral genetic presence in the host.

1.1.1 Papillomaviruses

Papillomaviridae is a family of non-enveloped viruses approximately 60
nm in diameter. Papillomavirus genomes consist of approximately 8000 base
pairs (bp) of double-stranded DNA (dsDNA) encoding 8 or 9 open reading frames
(ORFs). There are approximately 100 defined human papillomavirus serotypes
all of which infect the basal cells of mucosal or cutaneous epithelia (3). Greater
than 99.7% of diagnosed cervical cancers contain HPV DNA, as do 44.1% of
oropharyngeal tumors (4, 5). Papillomaviruses maintain their genetic presence
by tethering their episomes to host chromosomes via the multifunctional protein
E2. On the viral episome side, E2 recognizes and binds the sequences
ACCGN4CGGT or ACCNgGGT, which are found in the long control region (LCR)
of the episome (6, 7). It is believed the host side of this interaction is an indirect
one, where E2 binds to the bromo-domain protein Brd4 that, in turn, binds mitotic
chromosomes. In fact, studies blocking the interaction between E2 and Brd4 both
prevented E2 association with chromosomes and enhanced loss of viral

genomes over time. Studies also found that Topoisomerase ll-binding protein
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(TopBP1) co-localized with E2 during later mitosis, perhaps suggesting that this
protein is another means of E2 tethering (8). An additional element of interest in
the E2 tethering mechanism is the Chl-related 1 (ChlR1) protein, which
interacts with E2 (9). Depletion of Ch1R1 also disrupted the association of E2
with mitotic chromosomes and, as with blockade of Brd4 binding, resulted in the
loss of viral genomes over time. E2 co-localized with Ch1R1 during S-phase, but
not during mitosis, suggesting that Ch1R1 is required for loading E2 and viral

genomes onto host chromatin during S phase (10).

1.1.2 Herpesviruses

Herpesviridae is a family of enveloped viruses with dsSDNA genomes that
can cause disease in humans, among other species. Each viral particle (virion)
consists of a DNA-containing icosahedral capsid, an outer envelope, and a
proteinaceous tegument layer between (Figure 1-1). The fully mature herpesvirus
particle is 150 to 200 nm in diameter (11) and its envelope contains various
glycoproteins involved in cell entry and egress. There are three sub-families of
herpesviruses: alphaherpesviruses (human viruses include herpes simplex
viruses 1 and 2, and varicella zoster virus), betaherpesviruses (human
cytomegalovirus [HCMV], human herpesviruses 6 and 7), and
gammaherpesviruses (Epstein-Barr virus [EBV] and Kaposi's sarcoma-
associated herpesvirus [KSHV]). All are characterized by their ability to establish

an indefinite latent infection in their hosts. This latent phase of infection is marked



Figure 1-1. Herpesvirus structure. Herpesviruses contain a double-stranded
DNA core surrounded by an icosohedral capsid, a proteinaceous tegument layer,

and an outer glycoprotein-studded lipid envelope.

Reprinted by permission from Springer Customer Service Centre GmbH:
Springer Nature, Springer eBook, The Herpes Simplex Viruses, Bloom DC et al.,

Copyright (2016) (12).
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by minimal viral gene expression and a lack of viral spread. Environmental
conditions, such as stress, can induce progression into the virus’s lytic phase,
triggering a cascade of increasing viral gene expression and production of new
virions.

Alphaherpesviruses establish their initial infection in epithelial cells, but
then spread to the nuclei of nearby sensory neurons, where they establish
latency (13). Common symptoms of an active infection include mucosal sores or
a vesicular rash, but more severe cases may result in encephalitis or meningitis
(14). Betaherpesviruses have a broad cell tropism, infecting epithelial cells,
polymorphonuclear leukocytes, and T cells (15), but they ultimately establish
latency in monocytes and macrophages. Infection with the betaherpesvirus
HCMV can cause pneumonia, hepatitis, and leukopenia, while human
herpesviruses 6 and 7 are known for primarily causing roseola in young children.
The gammaherpesviruses are divided into two genera. The Lymphocryptovirus
genus includes EBV, which initially infects the epithelium of the nasopharynx and
causes flu-like symptoms such as fever, fatigue, and sore throat. The genus
Rhadinovirus contains only one human virus, KSHV, but encompasses additional
species that infect non-human primates and mice. Both of the human
gammaherpesviruses establish long-term latency in B cells.

Epstein-Barr virus is a gammaherpesvirus that infects approximately 90%
of adults worldwide. It generally maintains its presence asymptomatically,

however persistent infection is linked to Burkitt's lymphoma, Hodgkin’s disease,
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and nasopharyngeal carcinoma (16). EBV has an approximately 165 kb circular
genome, which is maintained as an episome in latently-infected memory B cells
(17). During latency, the viruses expresses only nine proteins, including five EBV
nuclear antigens (EBNAs).Among these is EBNA1, a multi-functional protein that
also maintains latent episomes in cells by tethering them to host chromatin.
EBNA1 attaches to the viral genome via 24 EBNALl-binding sites, each 18 bp
long, located in the viral origin of replication (OriP). Of these sites, 20 are high
affinity and located within the family of repeats (FR) element, a tandem series of
30-bp repeats, and 4 are low-affinity and located in the dyad symmetry (DS)
element (18, 19). The FR element is necessary for chromosome tethering, while
the DS element, located approximately 1 kb away, enables replication of the viral
episome. Unlike the indirect tethering to host chromosomes adopted by the
papillomavirus E2, EBNA1’s attachment is direct. EBNA1 binds directly to mitotic
chromosomes via an AT-hook motif that binds to AT-rich sequences (20). In
experiments, mutant EBNA1s lacking their host chromosome binding region were
also inefficient at replicating OriP-containing plasmids, suggesting a strong
relationship between the two functions (21).

Kaposi’'s sarcoma-associated herpesvirus (KSHV), the focus of this study,
also maintains its genetic presence through a direct episome-tethering protein.
This protein, called the latency-associated nuclear antigen (LANA), and its

attachments will be described in later sections.



1.2 Kaposi’s sarcoma

In 1872, the Hungarian physician Moritz Kaposi had five male patients
exhibiting what he referred to as "idiopathic multiple pigmented sarcoma" on their
lower extremities (22). A century later, this disease became a defining feature of
the 1980s AIDS epidemic, manifesting as multiple purple, red, or brown
pigmented plaques on skin of the arms, legs and trunk. In 1990, Beral et al.
posited that the source of this disease was a sexually transmitted pathogen (23).
In 1994, Chang et al. isolated DNA from these tumors and used representational
difference analysis to distinguish viral DNA from that of the surrounding tissue.
Therein they found sequences homologous to those found in known
herpesviruses (24). The discoverers named this new virus Kaposi's sarcoma-
associated herpesvirus (KSHV). It became the eighth known human
herpesvirus, earning it, the ICTV designation of “human gammaherpesvirus 8,
often abbreviated as HHV-8 (25). Because of its discovery method, KSHV has
the distinction of being the first virus whose fragments were identified directly by
polymerase chain reaction (PCR).

The most common disease from infection with KSHV is the cutaneous
form of Kaposi’s sarcoma (KS). Cutaneous KS manifests in three distinct phases:
patchy, plaque, and nodular. Patients first present with flat, bruise-like lesions
(patchy phase). These lesions often coalesce and grow in thickness (plaque
phase) and eventually become increasingly raised and nodular (nodular phase).
The more severe later stages of the disease present with lymphoedema,

gastrointestinal lesions, respiratory distress, and fungating tissue necrosis.
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Histological examination of pathological specimens indicates proliferation of
spindle (elongated) cells at the sarcoma site, separated by slit-like vascular
spaces (11).

There are four types of KS: classic, endemic, iatrogenic, and AIDS-
associated, or epidemic (26). Each results from KSHYV infection but varies most
likely with the degree of immunosuppression. Classic KS typically affects elderly
people of Mediterranean, Eastern European, and Middle Eastern ancestry, and is
more common in men than in women. These individuals typically exhibit lesions
on the lower extremities, and spread of these lesions is much rarer than in other
forms of KS. Endemic, or African, KS affects younger individuals living in
equatorial Africa, due to moderate levels of immunosuppression resulting from
other chronic infections and malnutrition. latrogenic, or immunosuppression-
related, KS occurs in people whose immune systems have been severely
compromised, often by the drugs required following an organ transplant.
Epidemic, or AIDS-related, KS is the most common type and develops in HIV-
infected individuals who suffer from the most intense levels of
immunosuppression. The link between HIV1-induced immunosuppression and
KS has led to the classification of this tumor as an “AIDS defining” illness,
marking the change in diagnosis from HIV-positive to AIDS . Treatment of HIV
infection with highly active antiretroviral therapy (HAART) has decreased the
number of epidemic KS cases, although patients undergoing HAART may still

develop KS.
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1.3 Kaposi’s sarcoma-associated herpesvirus

An opportunistic pathogen, KSHV primarily presents a risk to
immunocompromised patients, including transplant recipients and HIV-infected
individuals. The infection rate in Northern Europe, the Americas, and Asia is less
than 10%. An exception is South American Amerindians, who have a
seropositivity rate of 23 to 53% (27, 28). In the Mediterranean region, infection
rates are 5 to 30%, and in sub-Saharan Africa, they are highest, at times
reaching 60% of the total population (29). Greater prevalence is also evident in
men who have sex with men (MSM). A 2006 study showed a 24.3% prevalence
rate in MSM in the Seattle and Denver areas of the United States, while data
from the Multicenter AIDS Cohort Study in 2010 found 54.6% of MSM were
infected (11, 30-33). KSHV is present in five genotype groups, each defined by
hypervariability in the glycoprotein gene ORF-K1. These genotypes also
correlate with distinct geographical areas (27, 34). KSHV DNA sequences are
present in patient saliva (31) yet are often undetectable in semen, even in
patients with KS (35). These findings, coupled with extensive epidemiologic data,
suggest that the most common route of infection is likely salivary transmission.

In addition to causing KS, KSHV is also the etiological agent of two other
human malignancies: primary effusion lymphoma (PEL), and multicentric
Castleman’s disease (MCD) (36, 37). PEL, also known as body cavity-based
lymphoma (BCBL) is a rare non-Hodgkin’s B cell lymphoma that develops in the

pleural, abdominal, and pericardial spaces. It predominately infects B cells
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expressing the lambda light chain and presents with no primary contiguous tumor
mass, but secondary tumors can arise (38). Prognosis is poor, with a median
survival time of 6 months, as standard lymphoma chemotherapies are generally
ineffective (39). A single PEL cell contains between 40 and 100 copies of KSHV,
and approximately 50% of these cells are co-infected with EBV (36, 40, 41). PEL
cells are dependent upon the presence of KSHV and its gene products for
survival, as Godfrey et al. demonstrated when they reduced KSHV copy number
by knocking down expression of the genome maintenance gene LANA (42).
Several clonal PEL lines are used in KSHV research, as they represent a system
of stable latency and can also be induced to release infectious virus for further
study.

Multicentric Castleman’s Disease presents most often with mediastinal
lymphadenopathy and accumulation of virus-infected lymphocytes in the splenic
mantle, resulting in spenomegaly (11). This expansion of the mantle results in
follicular cell lysis and also gives the disease its characteristic “onion skin”
pathology (43). MCD falls into two subtypes: hyaline vascular, in which cells of
the lymph nodes are hyalinized, and plasma cell, in which the interfollicular area
is infiltrated by oversized, multi-nucleated plasma cells. The “multicentric” aspect
of the disease arises from the fact that growth occurs at multiple sites throughout
the body, rendering surgery ineffective. In rare cases, the disease can progress
to hemophagocytic syndrome, a condition in which rapidly proliferating

macrophages consume the red blood cells, resulting in T cell overstimulation,
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pancytopenia, high free iron levels, and hepatosplenomegaly. Left untreated, the
syndrome results in patient death.

HAART has proven to be somewhat effective in minimizing the symptoms
of both KSHV-related primary effusion lymphoma (44) and, in combination with
pegylated liposomal doxorubicin, Kaposi’'s sarcoma (45). The anti-proliferative
effect of the mTOR inhibitor rapaymycin has proven effective in preventing lytic
replication in culture (46—48). In addition, anti-viral treatments, such as cidofovir,
ganciclovir, phosphonoformic acid (48), and North-methanocarbathymidine (N-
MCT) (49) have successfully inhibited viral DNA synthesis and virus secretion.
However, currently no KSHV-specific therapies or vaccines exist. This is of
special concern in circumstances where the source of immune suppression is
untreatable, such as certain auto-immune diseases. All of the KSHV-related
malignancies, if left untreated, can eventually result in a slow and painful death
via respiratory depression and organ failure, making research toward finding
effective therapies critical.

1.4  Virus life cycle

Viral entry into cells is mediated by glycoproteins gB (ORF8), gH (ORF22),
and gpK8.1A, all of which interact with heparan sulfate expressed on the cell
surface (50). Additional cell surface proteins utilized in viral entry, depending on
the cell type, include integrins a3p1, aVR3, and aV5, cysteine transporter xCT,
and the dendritic cell-specific intercellular adhesion molecule-3-grabbing non-

integrin, or DC-SIGN, the last of which is used primarily for entry into non-
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adherent cells. Processing and transport of gH is mediated by complex formation
with gL (ORF47), making it an additional part of the integral cell fusion
machinery. Following binding to one of these receptors, the virus is internalized
by endocytosis; binding to one of the integrin receptors activates a kinase
cascade including the mitogen-activated protein kinase kinase (MEK) and extra-
cellular signal regulated kinase (ERK) ¥z (51) that promotes actin rearrangement
for carrying the viral particle to the nucleus (52). An additional entry pathway
occurs via lipid rafts on the cell surface; this pathway utilizes macropinocytosis
for internalizing the viral particle. Virus internalization via integrin signaling
increased dramatically between 30 and 60 minutes following infection, plateauing
at 150 hours (53). The next steps appear to be highly conserved throughout the
herpesvirus family. First, the virus injects its linear, double-stranded DNA through
a nuclear pore. Next, a cellular DNA ligase IV and double stranded break repair
enzyme mediate the circularization of the viral DNA, forming the viral “episome”
by joining the tandem repeat regions that flank each end of the genome (54).
Researchers observe capsids “docking” at the nuclear membrane as soon as 15
minutes post-infection, with newly delivered viral DNA content peaking at 90
minutes (50).

Viral DNA in capsids is chromatin-free, likely due to space constraints
(55), but once in the nucleus, herpesvirus DNA is rapidly chromatinized. DNA
from the human cytomegalovirus (hCMV) was found to be associated with

histone H3 as soon as 30 minutes post-infection (56). In addition, Nitzsche et al.
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observed an increase in nucleosomes on viral DNA between the early and late
stages of the hCMV replicative cycle (56). Early HSV-1 chromatin predominately
contains the replication-independent histone H3.3 (57) but later acquires H3.1,
which is viral DNA synthesis-dependent. Histone modifications appear to require
more time to occur but are clearly evident 5 days following de novo infection of
endothelial cells (58). These modifications vary, reflecting one of two routes the
viral DNA may take: latency or lytic replication. Section 1.5 discusses these two
pathways, and their respective histone modifications.

In latent infection, promyelocytic leukemia (PML) bodies appear to form a
shell surrounding the viral DNA, perhaps in an attempt to sequester viral
genomes in an inactive/repressed environment (55). PML nuclear body
components have been found to restrict herpesvirus infections, but the virus has
evolved to express regulatory proteins that overcome this restriction.
Interestingly, studies suggest that the final stages of viral gene transcription and
capsid assembly in herpesviruses take place in intranuclear replication
compartments developed from these PML bodies. Two separate studies on
hCMV found a decrease in histone H3 at very late times post-infection (56, 59);
this is consistent with the idea that viral DNA must lose its nucleosomes prior to
packaging within a capsid. DNA-filled capsids bud into the inner nuclear
membrane, leading to primary envelopment of the capsid. This envelope then
fuses with the outer nuclear membrane, releasing the free capsid into the

cytoplasm. While in the cytoplasm, the capsid acquires its tegument proteins
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before budding into a glycoprotein-containing vesicle. The inversion created by
invagination in this vesicle creates an envelope around the tegument (secondary
envelopment) with glycoproteins studding the outside. Multiple capsids can
invaginate into a single vesicle, which then fuses with the cell membrane,
releasing fully tegumented and enveloped virions into the extracellular space.

Figure 1-2 summarizes the complete herpesvirus life cycle.

1.5 Viral episome

The KSHV genome (Figure 1-3) is approximately 165 kbp (60), varying in
the number of tandem repeats present at each end (61). Within the genome are
over 90 open reading frames (ORFs 4 through 75 plus another 17 ORFs with a
“K” designation), encoding various viral proteins as well as a cluster of
microRNAs (50). Two regions of 801-bp (62) tandem terminal repeats (TRs) flank
the genome on either side, joining together when the viral genome circularizes

upon entry.

1.5.1 Viral latency

During latent infection, only a few maintenance genes are transcribed from
the “latency region” of the genome (63). These include the latency-associated
nuclear antigen (LANA, ORF73), a multifunction protein that acts as a
transcriptional activator or repressor for a variety of genes and serves to tether

the viral episome to host DNA during mitosis; v-cyclin (ORF72), a protein that
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Figure 1-2. Life cycle of a herpesvirus. Diagram of the herpesviral life cycle,
beginning with viral attachment and entry and followed by the release of viral
DNA into the nucleus. A cascade of viral transcription results in replication and
capsid assembly. Viruses then undergo two subsequent envelopment stages and

are released from the cell.

Reprinted from Virus Research, Vol. 106, Issue 2, Mettenleiter TC, Budding
events in herpesvirus morphogenesis, p. 167-180, Copyright (2004), with

permission from Elsevier (64).
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Figure 1-3. The KSHV episome. Schematic of the KSHV episome, showing the
relative locations of several key genes, as well as the long terminal repeat (TR)
region that results from circularization. Note that the 140 kb size mentioned does

not take into account the TR region.

Reprinted by permission from Springer Customer Service Centre GmbH:
Springer Nature, Nature Reviews Cancer, Kaposi’'s sarcoma and its associated

herpesviruses, Mesri EA et al., Copyright (2010) (65).
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promotes growth by overcoming normal cell cycle control mechanisms (66); v-
FLIP (K13), a protein that inhibits apoptosis by binding to FADD-like interferon-
converting enzyme, thus encouraging tumor progression (67); and Kaposin
(K12), a protein that activates MEK2, thereby increasing cytokine expression
(68). This latency locus gives rise to three 3’-coterminal RNAs from the same
promoter (63, 69). The first is an unspliced 5.8-kb transcript, which likely acts as
the mRNA for ORF73. The second is a 5.4-kb transcript encompassing the
genes for ORF71, 72, and 73, generated from splicing out 336 nucleotides from
the 5 UTR of the 5.8-kb transcript. The final transcript is 1.7-kb and likely acts
as the mRNA for ORF71 and 72. In addition to these three protein-encoding
RNAs, 12 miRNAs are transcribed during latency. Transcription of these latent

genes involves the recruitment of the host’s own transcription machinery.

The untranscribed portions of latent viral DNA acquire suppressive marks,
including widespread H3K27me3 (70, 71), which is absent from the latency locus
and terminal repeats (72). Instead, these two specific regions contain H3K9/K14-
ac and H3K4me3 modifications — marks associated with active chromatin and
transcriptional activation (70-75). The chromatin status of the TRs, however,
remains unclear. In 2004, Sakakibara et al. found that immunoprecipitated
heterochromatin protein 1 (HP1), after cross-linking, was associated with TR
DNA (76). As HP1 binds to H3K9me2/3 markers and is a characteristic of
heterochromatin, this is in direct contrast to the earlier suggestions of an active

TR chromatin conformation.
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1.5.2 Lytic reactivation

Lytic reactivation stems from activation of ORF50, the region encoding the
replication and transcriptional activator (RTA), the “switch” protein that has the
capacity to initiate the lytic cascade of virally encoded proteins necessary for
productive (lytic) infection (77). During latency, the RTA promoter has both
H3K27me3 and H3K4me3 markers, indicating bivalent chromatin (70). As the
virus transitions from latent to lytic phase, the H3K27me3 marker is slowly lost
from the ORF50 promoter, while H3K4me3 and AcH3 increase. RTA has also
been found to interact with the SWI/SNF chromatin remodeling complexes, which
are essential for transcription initiation; RTA mutants with no SWI/SNF interaction
were found to have reduced promoter activity (78).

While only 1 to 3% of PEL cells spontaneously progress to lytic phase in
culture, they are inducible by treatment with histone deacetylase (HDAC)
inhibitors, such as valproic acid and sodium butyrate, as well as tetradecanoyl
phorbol acetate (TPA), which initiates reactivation via stimulation of the
MAPK/ERK pathway and by demethylating the ORF50 promoter (79, 80). TPA in
particular can induce RTA expression in as little as four hours (50). TPA
specifically was also found to induce histone deacetylases by enhancing the
DNA binding activity of transcriptions factors (81). Ye et al. found that the ORF50
promoter contained a binding site for Spl1, which is required for activation of

promoters by sodium butyrate (82). In addition, the promoters for two lytic genes
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(v-Ox2 and v-GPCR) were found to contain 3 putative Zebra transactivator-like
binding sites, which are known to be induced by TPA (69).

In addition to losing suppressive marks, lytic genes begin to acquire
activating histone modifications, including hyperacetylation (55). These genes
are expressed in a cascade of three stages: immediate early, early, and late
genes. Immediate early genes are mostly involved in counteracting host defense
mechanisms and in producing the virus’s own replication machinery. Other genes
are implicated in the removal of histones from nascent DNA before being
encapsidated. Late-stage KSHV genes are those involved in the final stages of
virion production, including those encoding the structural proteins necessary for
viral assembly. Transcription of late genes requires viral DNA replication
(synthesis).

In 2017, Chen et al. noted the formation of viral transcriptional “factories”
upon lytic activation (83). These factories were multilobular spaces with low or no
staining for host DNA. Around these spaces was an outer ring of LANA
positioned around an inner ring of RNA Polymerase Il (RNA Pol Il), with RTA
RNAs found within. The study also found that single-stranded viral DNA co-
localized with RNA Pol I, indicating RNA Pol Il was recruited to the sites of viral
DNA replication. Interestingly, they also noted proteasomal degradation of
cellular RNA Pol Il during lytic reactivation, which resulted in downregulation of

several cellular housekeeping genes. This full-on “hijacking” of the cellular RNA
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Pol 1l system ensures the prioritization of viral DNA replication at the expense of

cellular maintenance.

1.5.3 Terminal repeat region

The terminal repeats are GC-rich, with 84.5% GC content, compared to
the 53.5% found in the central unique region of the genome (62). Distribution of
the TRs is uneven between the two ends, but one viral episome contains
between 35 and 60 in total (61, 84). The total number of TRs per episome is
inconsistent among different KSHV strains but may be consistent within a single
strain. Studies of various PEL lines, primary tumors, and KS biopsies have
shown that while several strains of KSHV are monoclonal with respect to their
number of TRs per episome (e.g. BCBL-1), others are biclonal (e.g. BC-3) or
oligoclonal (84, 85). The extensive variation in TR number suggests that KSHV
can be successfully packaged in capsids with at least a 20% variation in genome
size (84). Circularization by way of these TRs allows for rolling-circle replication
of the genome. In addition to being the site of circularization, the TRs play an
important role in episome persistence. Within each TR are three binding sites by
which the genome is tethered to host chromatin during viral latency via LANA.
This is especially critical during mitosis, when the partitioning of viral episomes is
vital for infection of progeny cells and breakdown of the nuclear membrane
renders episomal DNA susceptible to detection by cGAS. Shrestha and Sugden
demonstrated that 2 TRs were necessary for maintenance of plasmids within

cells and that plasmids with fewer than 16 TRs showed recombination,
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generating constructs with greater numbers of TRs (86), They reasoned that a
larger number of TRs provided the plasmid with a selective advantage by
increasing its capacity for supporting DNA replication, establishment, and long-
term maintenance, all functions supported by the TR region.

The terminal repeat regions also each contain a full copy of the episome’s
origin of replication, at nucleotides 509 through 587 (87). The minimal required
element for replication consists of this region plus a 62-base pair upstream
element. This renders each terminal repeat self-sufficient for replication of viral

DNA.

1.6 Latency-associated nuclear antigen (LANA)

1.6.1 LANA functionality

The latency-associated nuclear antigen, or LANA, is one of the few viral
proteins produced during KSHV latency and has multiple functions. One of its
main roles is the tethering of viral episomes via its C-terminus to host chromatin
via its N-terminus. In this way, it ensures maintenance of the KSHV genome
through sequential cell divisions without requiring DNA integration into the host
genome (88-90). In agreement with this function, LANA associates with
heterochromatin during interphase and with condensed chromosomes during
mitosis (88, 91, 92). Later sections discuss the connections mediating this
function in further detalil. LANA is generally diffuse and nuclear via

immunofluorescence in the absence of DNA containing the viral LANA binding
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sites (LBSs) and punctate in the presence of LBSs (Figure 1-4) (88, 93).
Ballestas et al. (94) found that DNase treatment, but not RNase treatment,
eliminated characteristic punctate nuclear LANA staining, thus indicating that the
presence of episomal DNA mediates this focal concentration. While the N-
terminal binding site alone coats chromosomes broadly, C-terminal residues 996
through 1139 create peri-centromeric and -telomeric foci even in the absence of
TRs (95).

Another major function of LANA is as a transcriptional regulator of viral
genes. In particular, LANA represses ORF50 lytic reactivation by interacting with
the transcription factor Spl and binding directly to the ORF50 promoter (96).
Removal of LANA enables Spl interaction with the promoter, leading to
transcription of ORF50 and RTA induction, driving the progression of the lytic
cycle. After RTA induction, LANA disassociates from the episome within 4 hours
(97). Deletion of LANA from the system altogether results in an increase in lytic
gene expression, both before and after induction, and increases the number of
infectious virions produced (98). In addition to regulating ORF50, LANA affects
episome replication by recruiting MCM3, MCM5, ORC, and HBO1 (a histone
acetyltransferase) to the TR region, thereby contributing to DNA replication (73,
74). In fact, Stedman et al. found that ORC2 only bound to TRs in the presence
of LANA (74). Methylation at arginine-20 (mediated by PRMT1) increased the

degree of LANA occupancy on episomal DNA and reduced gene expression in
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Figure 1-4. Punctate LANA tethers are only visible in the presence of TRs.
(A-B) Epifluorescence images show BJAB cells transfected with LANA-
expressing plasmid plus either (A) a plasmid containing zero TRs, resulting in
diffuse, non-punctate LANA staining, or (B) a plasmid containing 8 TRs, resulting
in punctate LANA staining. (C) A BJAB cell infected with virus containing the

KSHV BAC16 also shows punctate LANA staining.
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those regions (97). One study found that LANA also binds to LBS-like sequences
in the host genome and associates with H3K4me3-rich regions (99). In this way,
it may play a role in host gene expression.

LANA also indirectly affects transcription of host genes through
association with methyltransferases. For example, LANA binds the transforming
growth factor-f3 type Il receptor (TBRII) promoter, resulting in its methylation (73).
This prevents transcription and encourages tumor development, as TRRII inhibits
growth and promotes apoptosis. In this way, LANA also acts as a promoter of
tumor growth. Other examples of this function include LANA binding directly to
the tumor suppressor p53 (100) and binding to GSK-3B (101), which is a
negative regulator of B-catenin; this interaction disturbs the Wnt/B-catenin

cascade and drives cells into S phase.

1.6.2 LANA structure

LANA is 135-kDa, consisting of approximately 1162 amino acids. Its exact
length depends greatly upon the length of its internal repeat (IR) region and
varies by KSHV strain. It has a proline-rich N-terminus, characterized by its host
chromatin binding domain at amino acids 5 to 13. The IR region can be divided
into three sections: aa. 340-431 with a DEED or DEEED pattern; aa. 440-756
exhibiting patterns QQQEP, QQREP, and QQQDE; and aa. 760-931 containing
QEQELEE or QELEVEE (leucine zipper) motifs (102). Research to date has
shown that the IR region has roles in short- and long-term episome persistence

(residues 889-949) (103) and replication (residues 329-931) (103, 104). The
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LANA C-terminus contains a high content of basic residues (87) and the viral
episome terminal repeat binding domain at aa 996-1139 (105). Both the N- and
C-termini contain a nuclear localization signal (NLS), ensuring that the protein
can perform its various nuclear functions (106, 107). The C-terminus also
contains a secondary host chromatin binding domain that forms a cooperative
association with the primary N-terminal binding site, although the mechanism of
this cooperativity is unclear (108). In fact, when the N-terminal binding site is
mutated, function of the C-terminal secondary host chromatin binding domain is
lost (109), indicating that it does not possess standalone binding function. The
primary function of the C-terminus is making contact with the viral DNA via the 3
LBSs found in each TR. Grundhoff et al. (110) found specifically that residues
1037 through 1164 were essential for LANA-mediated replication of full-length
TR regions. Structures of the N- and C-termini will be discussed in detail in the
following sections. Figure 1-5 presents a schematic of the LANA protein and its
various domains.

Several studies have suggested that truncated isoforms of LANA are also
important. Toptan et al. identified several downstream alternative translation
initiation sites, most in the first IR region of the gene (111). These isoforms lack
the N-terminal NLS and localize to the cytoplasm, despite the presence of the C-
terminal NLS. In addition, they cannot bind chromatin, but rather localize with

mitochondrion-containing structures and cytoplasmic ribosomal structures. Zhang
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Figure 1-5. Schematic diagram of the LANA protein. A diagram showing the
various regions of the LANA protein, including its proline-rich region (P), the
internal repeat regions (DE, QEP, QREP, QDE, L, EQE), and the N-terminal
nuclear localization signal (indicated by the vertical black bars). Horizontal black
bars indicate the locations of the N-terminal histone binding region and the C-
terminal region involved in TR DNA binding, LANA self-association, and

chromosome association.

Reprinted from Frontiers in Microbiology, Kaposi's Sarcoma Herpesvirus
Genome Persistence, Juillard F et al., Copyright (2016),
(https://www.frontiersin.org/articles/10.3389/fmicb.2016.01149/full) with
permission under the terms of the Creative Commons Attribution License (CC

BY) (https://creativecommons.org/licenses/by/4.0/legalcode) (112).
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et al. showed these cytoplasmic LANA isoforms bind cGAS, inhibiting cGAS-
dependent phosphorylation of the serine/threonine-protein kinase TBK1 and
Interferon Regulatory Factor 3 (which induce expression of type | interferons that
induce expression of interferon-stimulated genes), and thereby inhibiting cGAS-
mediated restriction of lytic replication (113). In 2004, Canham et al. found a
LANA isoform that was truncated by 76 amino acids at its C-terminus due to an
additional, non-canonical poly-A tail causing a premature stop codon (114). This
protein localized to the nucleus, but did not associate with endogenous LANA,

localize to nuclear heterochromatin, or bind to TRs, and its function is unknown.

1.6.3 LANA N-terminus and binding to host chromatin

Primary contact of host chromatin is made via the N-terminus. Woodard et
al. (115) showed that phosphorylation of residues serine-10, serine-13, and
threonine-14 was necessary for effective binding of the N-terminus to host
chromatin. In 2002, Krithivas et al. (116) concluded that LANA contacts the host
chromatin via two host proteins: methyl-CpG-binding protein 2 (MeCP2), involved
in transcriptional silencing of genes in CpG-methylated regions, and the
Drosophila Eph kinase (DEK), responsible for inducing supercoiling in circular
DNA. Their studies showed MeCP2 binding to the N-terminal chromatin binding
domain (CBD) of LANA and DEK binding via C-terminus residues 986 through
1043. In 2006, however, it was found that LANA’s N-terminus makes contact with
the host DNA directly via a pocket between the host genome’s histone H2A and

H2B (117). Residues 1 to 23 form a hairpin, stabilized by hydrogen bonds, that



34
rests in the acidic pocket between helices a1 and aC of H2B, taking the place of
the H4 tail (Figure 1-6). The Kp of this interaction has been calculated at 184 +/-
28.5 nM (118). This binding of LANA to the nucleosomal surface promotes self-
association among host DNA fibers and formation of a compact 30-nm chromatin
conformation (119).

Matsumura et al. (77) accounted for these conflicting models by
suggesting a two-step process, in which nucleosome binding through the N-
terminal CBD of LANA facilitates subsequent interactions via cellular co-factors,
such as MeCP2 and DEK. They further characterized these interactions by
mapping binding of MeCP2’s methyl-CpG-binding domain, transcription
repression domain, and co-repressor-interacting domain with the C-terminal
DNA-binding domain of LANA, modulated by a 7-amino acid N-terminal motif in
the CBD. They posited that this association with MeCP2 might allow KSHV a
method in which to alter expression of both host cell and viral genes.

LANA has also been found to bind to Brd4, a factor in cell growth and
RNA Pol Il transcription (120). The LANA C-terminal DNA-binding domain (aa.
982-1162) binds to the extraterminal domain of Brd4 (aa. 471-730). There is an
additional minor binding site on LANA at amino acids 475 to 777. The functional
significance of this binding seems to relate to cyclin-dependent kinase (Cdk) 2
expression. LANA activates the Cdk2 promoter, while binding from Brd4 inhibits

the activation. LANA and Brd4 were found to co-localize at mitotic chromosomes,
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Figure 1-6. LANA N terminus binding to host chromatin. The LANA N-
terminus (blue and red) wedges between helices al and aC of H2B (pink) on the

surface of H2A (tan), thus mediating host chromosome attachment.

From Science, The Nucleosomal Surface as a Docking Station for Kaposi's
Sarcoma Herpesvirus LANA, Barbera A et al., Copyright (2006) (117). Reprinted

with permission from AAAS.
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as one would predict from known Brd4 expression patterns.

While tethering to mitotic host chromatin ensures that viral episomes will
remain undegraded and nuclear following mitosis, it does not guarantee equal
partitioning. In fact, in 2017, Chiu et al. followed viral DNA tagged with a LacOl/I
system and found that episomes partitioned to daughter cells in an unequal
fashion (121). Interestingly, they also observed the clustering of viral genomes in
latently-infected PEL cells, determined by the wide spread of fluorescent signals
seen coming from KSHYV episomes targeted by fluorescence in-situ hybridization.
It was suggested that LANA N-termini may indiscriminately attach to histone-
wrapped DNA, including histones found on another episome rather than those on
nearby host chromatin. This provides one method by which genomes might form

the observed clusters.

1.6.4 LANA C-terminus and binding to episome

LANA in its role as tether functions as a dimer. In 2013, three independent
studies determined the crystal structure of the C-terminus of this dimer, finding
that each monomer contributes 4 beta strands to an intermolecular beta-barrel
(122-124). Hydrophobic amino acids project into the core and form a
hydrophobic cluster. The beta-barrel is flanked by alpha helices 2 and 3; the
alpha helix 1 rests on these and doesn’t contact the beta barrel (Figure 1-7).
Oligomerization of LANA’s C-terminal fragment occurs via the alpha 1 and 3

helices, forming tetrameric and pentameric rings (93). The ability of LANA C-
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Figure 1-7. Structure of the LANA C terminus. The crystal structure of
LANA’s C-terminal domain as it forms a homodimer. Shown is the central beta-
barrel flanked by alpha helices 2 (green) and 3 (orange), while alpha helix 1

(blue) rests on these and does not contact the beta-barrel.

Reprinted from PLoS Pathogens, A structural basis for BRD2/4-mediated host
chromatin interaction and oligomer assembly of Kaposi sarcoma-associated
herpesvirus and murine gammaherpesvirus LANA proteins, Hellert J et al.,

Copyright (2013),

(http://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1003640)
with permission under the terms of the Creative Commons Attribution License

(CC BY) (https://creativecommons.org/licenses/by/4.0/legalcode) (124).
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terminal dimers to oligomerize was shown to be essential for DNA binding,
replication, and episome maintenance, especially the N-terminal-most portion of
the LANA DBD, which wraps around the minor groove of DNA. Dimerization of
the LANA C-terminus leads to a “basic top” region, which was found to interact
via amino acids 1125 — 1129 with the extra-terminal (ET) domain of BRD
proteins.

LANA dimers bind to the viral episome via three LANA binding sites
(LBS1, 2 and 3) in each 803-bp terminal repeat (61, 125-127). In 1999, Cotter et
al. determined that radiolabeled cosmids spanning the end regions of the KSHV
genome could be immunoprecipitated with an anti-LANA Ab, suggesting that
LANA bound to sequences within the TR region (89). Garber et al. narrowed the
binding region down to a 20 base pair sequence (126), of which 14 base pairs
are conserved between LBS1 and 2 and 13 between LBS1 and 3 (125). The core
recognition sequence of the binding site is located from positions G5 to G10 of
the 20 bp binding region and contains a cytosine to guanine substitution at
position 8 between LBS1 and both LBS 2 and 3. One research group suggested
that this substitution is the main cause in the affinity difference between the sites
(125). The LBSs are arranged with LBS1 in the middle and LBS2 and 3 flanking
on either side. LBS3 is on the opposite DNA strand as LBS1 and 2 and in the
opposite orientation, placing all three LBSs on the same surface of the helical
DNA and allowing bound LANA dimers to interact with each other. Binding

between LBS1 and 2 is cooperative, as demonstrated by a decreased affinity for
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LBS2 in the absence of LBS1 (127). In addition, binding of KSHV LANA to a
sequence containing the combinations LBS1-1 or LBS2-2 was greatly decreased
over a sequence containing LBS1-2 (93). The central LBS (LBS1) has the
highest affinity for LANA, at a Kp of 72 nM, compared with that of LBS2 (6.2 puM)
and LBS3 (7.0 uM) (87, 125). KSHV LANA binding to the LBSs is an endothermic
reaction, but with a favorable AG. The ability of each LANA dimer to carry out its
function in replication and transcription is directly proportional to the affinity for its
binding site — i.e. LANA bound at LBS1 played a stronger role in biological
functions than LANA bound at LBS2 (127). Episomal DNA persisted over
replication cycles only in transfections containing complete TRs. This indicates
that full unit-length terminal repeats are necessary for replication (94). In addition,
Shrestha et al. found that the ~800 bp spacing between TRs was necessary for
their function (86).

The centers of the binding sites are 22 base pairs apart center to center,
placing them on the same surface of the DNA (B-DNA has approximately 10.5
base pairs per turn). This allows for direct protein-protein interactions between
the LANA dimers bound at each site. Ponnusamy et al. determined that this
LANA tetramer interface forms an angle of 102 degrees between the two dimers,
with a maximum rotation angle between dimers of 24 degrees (93). They also
suggested that residue alanine 1121 at the tetramer interface was important for

LANA affinity to LBSs, implicating a role of tetramerization in LANA function.
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Binding of the LANA C-terminus to LBS1 is asymmetric, which is different
from that of the binding seen in EBV’s EBNA1 tethering protein and HPV’s E2
tethering protein (125). The binding of LANA to the viral episome also creates a
bend in the DNA, directed toward the major groove (128). Binding of a single
LANA dimer to LBS1 causes a bend of 57 degrees, while cooperative binding of
both LBS1 and LBS2 creates a bend of 110 degrees; additional binding to LBS3
confers an even more extensive bend to the DNA (125). It is likely that this
distortion plays a role in recruitment of ORC and initiation of DNA replication (74).

In addition to their crystal structure of the LBS-bound LANA C-terminus,
Hellert et al. also found a right-handed spiral structure made up of LANA dimers,
with their positive lysine side chains in the center of the spiral (125). This
positively-charged core was able to bind DNA in a non-sequence-specific

manner, demonstrating yet another potential route for LANA oligomerization.

1.6.5 LANA internal repeat region

The acidic IR (internal repeat) region of LANA is the least conserved. In
fact, the IR region of the ORF73-encoded protein in different
gammaherpesviruses can vary greatly in length, and in some cases it is
completely absent from the protein, as in murine herpesvirus 68 (MHV68),
rhesus monkey rhadinovirus (RRV), and bovine herpesvirus 4 (BoHV-4) (1).

Figure 1-8 compares the ORF73-encoded proteins of several different
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Figure 1-8. A comparison of the domains of six different
gammaherpesvirus LANA homologs. Schematics of six different
gammaherpesvirus ORF73-encoded proteins. Note the variety in protein length,
as well as the lack of an acidic repeat region in both rhesus monkey rhadinovirus
(RRV) and murine herpesvirus 68 (MHV68) homologs.

Future microbiology by FUTURE MEDICINE LTD. Reproduced with permission
of FUTURE MEDICINE LTD in the format Thesis/Dissertation via Copyright

Clearance Center (129).
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gammaherpesviruses, demonstrating differences in length and domain content
among them. The function of the IR region has not been as widely studied as
that of its termini. In 2007, two independent studies concluded that the IR region
played a role in immune evasion, antagonizing peptide translation and
proteosomal degradation, thereby inhibiting antigen presentation (130, 131). This
is similar to findings on the internal repeat region of EBNA1 of EBV; in this
system, the interspersed alanine residues in the repeats create a hydrophobic
surface that may interfere with hydrophobic interactions between a proteasome
subunit and the protease (132). In KSHV LANA, the key region responsible for
immune evasion was found to be the junction between the second and third IR
regions, regardless of whether it was located 3’ or 5’ of the reporter gene (131).
In 1999, Gao et al. determined that the IR region of LANA varies in length
depending upon the viral strain, giving DNA lengths between 2876 and 4023 bp
and protein sizes between 200 and 258 kDa (133). This polymorphism was
generally consistent within each KSHV isolate, including from multiple lesions at
different sites on the same patient. The length of the LANA IR region was stable
long-term in culture and did not correlate with EBV coinfection, number of copies
of the viral genome per cell, or ability of the virus to induce via TPA treatment.
The IR region of LANA may also play a role in its lytic reactivation properties, as
the MHV68 LANA homolog, which lacks the IR region, is unable to repress the

ORF50 promoter (134). In the same, study, however, KSHV and MHV68 LANAs
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were comparable in their ability to tether episomes, perhaps implying that the IR

region is less critical for this function.

1.7 Direct stochastic optical reconstruction microscopy (dSTORM)

Distinguishing between two neighboring terminal repeat regions from each
other requires a resolution of 60-90 nm. The resolution of conventional light
microscopy is limited to roughly one-half the wavelength of light being used
(Abbe limit). For the visible light spectrum (roughly 400 to 700 nm), this results in
a resolution limit of, at best, 200 nm. Electron microscopy has the necessary
resolution but is lacking in three-dimensional information as well as the contrast
needed to distinguish individual molecules.

As a result, this study implements the super-resolution imaging technique
known as direct stochastic optical reconstruction microscopy, or dASTORM. Upon
excitation with a wavelength-specific laser, fluorophores are excited into their
higher-energy singlet state (135). From there, the fluorophore can either remain
in the singlet state, continuing the cycle of excitation and emission until it is
bleached, or undergo intersystem crossing, in which the spin of one of its
electrons flips, and the molecule crosses over into a dark (non-fluorescing) triplet
state (Figure 1-9A). The fluorophore then interacts with an electron-donating
primary thiol present in the mounting medium, creating a dye radical that can
only be returned to the ground singlet state upon interaction with molecular

oxygen (135). An oxygen-scavenging mounting medium (such as a mixture of
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Figure 1-9. Principles behind direct stochastic optical reconstruction
microscopy (dSTORM). (A) A diagram showing the energy levels available to a
fluorescent dye molecule. In dSTORM, the majority of fluorophores are trapped
in the three right-most (triplet state) energy levels via a reducing, oxygen-
scavenging environment. This minimizes the number of fluorescent-capable
fluorophores in the left-most singlet states, thus enabling single molecule
detection. (B) A schematic illustrating the acquisition of 300 sequential AISTORM
frames, the results of which are then compiled to produce an image with

enhanced resolution over the epifluoresence image.

Reprinted by permission from Springer Customer Service Centre GmbH:
Springer Nature, Nature Protocols, Direct stochastic optical reconstruction
microscopy with standard fluorescent probes, van de Linde S et al., Copyright

(2011) (135).
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glucose, glucose oxidase, and catalase) traps most of the available oxygen,
making this return to the fluorescent singlet state a rare event. Even in the
presence of molecular oxygen, some fluorophore radicals are remarkably stable,
and can have a lifetime of several hours (136). Dempsey et al. found that upon
conversion to the dark state, cyanine dyes in particular (such as the Alexa Fluor
647 used in our studies) form a mass spectrometry compound with the sum
molecular weight of both the dye radical and the primary thiol present in the
mounting medium (137). They thus determined that a chemical reaction driven
by the activating laser light results in the formation of a non-fluorescent thiol-dye
adduct, wherein the thiol is attached to the centrally-located polymethine bridge
of the dye molecule.

In this system, only a few molecules at a time are present in the photo-
active singlet state, while most are trapped in the triplet state and are inactive.
Wavelength-specific laser stimulation causes excitation for these few photo-
active molecules, allowing for fluorescence to occur. The result is a system in
which only a few well-separated molecules fluoresce at a time. The point-spread
function of each fluorescent “flash” can be fitted to a 2D Gaussian function,
thereby approximating the center of the fluorescence and, thus, the point source
of the emission. Multiple frames of these intermittent “flashes” can be
superimposed, reconstructing the layout at sub-diffraction resolution in two
dimensions (Figure 1-9B). Localization precision is proportional to the number of

fluorescent photons collected and is generally within the 10-20 nm range. This is
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a 10-fold improvement over the conventional microscopy limit and well within the
requirements to distinguish between two adjacent terminal repeats.

While this method offers improved resolution in two dimensions, it does
not address the issue of a third dimension. This problem is solved with the
introduction of astigmatism-based 3D localization (138). A cylindrical lens placed
in the path of the acquisition beam creates an elliptical distortion in the point-
spread function in the x or y axis. Both the axis and the extent of the distortion
depend upon the source’s position on the z axis. A standard curve is
experimentally derived using cylindrical beads. Sample data are then back-fitted

to the curve to determine the z axis position of individual point sources.
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CHAPTER 2. SUPER-RESOLUTION MICROSCOPY REVEALS
STRUCTURAL MECHANISMS DRIVING THE NANOARCHITECTURE OF A
VIRAL CHROMATIN TETHER

This chapter is modified from: Grant MJ, Loftus MS, Stoja AP, Kedes DH, Smith
MM. Superresolution Microscopy Reveals Structural Mechanisms Driving the

Nanoarchitecture of a Viral Chromatin Tether. PNAS. 2018 Apr 2. PMID:

29610353 | https://doi.org/10.1073/pnas.1721638115
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2.1 ABSTRACT

By tethering their circular genomes (episomes) to host chromatin, DNA
tumor viruses ensure retention and segregation of their genetic material during
cell divisions. Despite functional genetic and crystallographic studies, there is
little information addressing the three-dimensional structure of these tethers in
cells, issues critical for understanding persistent infection by these viruses. Here,
we have applied direct stochastic optical reconstruction microscopy (dSTORM) to
establish the nanoarchitecture of tethers within cells latently infected with the
oncogenic human pathogen, Kaposi’'s sarcoma-associated herpesvirus (KSHV).
Each KSHV tether comprises a series of homodimers of the latency-associated
nuclear antigen (LANA) that bind with their C-termini to the tandem array of
episomal terminal repeats (TRs) and with their N-termini to host chromatin.
Super-resolution imaging revealed that individual KSHV tethers possess similar
overall dimensions and, in aggregate, fold to occupy the volume of a prolate
ellipsoid. Using plasmids with increasing numbers of TRs, we found that tethers
display polymer power-law scaling behavior with a scaling exponent
characteristic of active chromatin. For plasmids containing a two-TR tether, we
determined the size, separation, and relative orientation of two distinct clusters of
bound LANA, each corresponding to a single TR. From these data, we have
generated a three-dimensional model of the episomal half of the tether that
integrates and extends previously established findings from epifluorescent,

crystallographic, and epigenetic approaches. Our findings also validate the use of
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dSTORM in establishing novel structural insights into the physical basis of

molecular connections linking host and pathogen genomes.

2.2 INTRODUCTION

Initial epifluorescence studies identified LANA as nuclear punctae
recognized by serum antibodies from KSHYV infected patients (29, 30, 139, 140).
Ten years later, Adang et al. used a combination of flow cytometry and gPCR to
demonstrate a direct proportionality between the number of LANA punctae and
the amount of viral DNA, leading to the conclusion that each nuclear dot
represented a single viral episome (141). Previous studies examining these
punctae showed association of LANA with mitotic chromosomes at the resolution
of epifluorescence microscopy (88, 89). Kelley-Clarke et al. later suggested
preferential localization of these LANA punctae to centromeric and telomeric
regions on metaphase chromosomes (142). Such studies have provided a solid

foundation for further inquiry into the nature of this tethering mechanism.

Many fundamental features of full-length tethers in cells have remained
elusive due to the resolution constraints of epifluorescence microscopy. While X-
ray crystallography has resolved the structures of an N-terminal 23 amino acid
LANA peptide bound to nucleosomes, and a C-terminal 139 amino acid peptide
in complex with LBS1 (117, 125), questions remain as to the architectural
features of a full-length tether. It is unknown how TR chromatin folds and whether

this is consistent among tethers, both within and across cell lines. The close
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packing of nucleosomes and presence of heterochromatin protein 1 (HP1) at TRs
support heterochromatin conformation, whereas epigenetic, replication, and
transcription studies suggest active chromatin (71, 72, 76, 127, 143, 144).
Questions also remain as to how LANA is distributed across the TRs, whether it
attains full occupancy on all three LBSs, and whether supernumerary LANA
dimers form large complexes at each TR to entrap episomal DNA loops (128).
There is also no information indicating whether the number of TRs bound by
LANA reaches a plateau. LANA dimers might bind to a maximum number of TRs
in a plasmid or episome, regardless of the number of total TRs available. Finally,
it is not clear how all of these elements influence tether folding and the ability to
effectively bind to both viral and host genomes. To address these questions, we
applied super-resolution microscopy to study KSHV infected cells with the goal of

generating architectural data on full-length KSHV tethers.

2.3MATERIALS AND METHODS
2.3.1 Cell lines

BCBL-1 cells have been in the laboratory of D.H.K. who was a co-author
on the study first describing the line (145). BJAB cells were a gift from Don
Ganem (Novartis Institutes for Biomedical Research) and are described by
Menezes et al. (146). SLKp/Caki-1p (147) cells were a gift from Adam Grundhoff
(Heinrich Pette Institute, Leibniz Institute for Experimental Virology, Hamburg,
Germany) and Don Ganem and are described by Grundhoff and Ganem (148).

SLKp cells were selected despite their inclusion in the ICLAC database of
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commonly misidentified cell lines because of their utility as an epithelial, non-
lymphocytic line and their stable infection with BCBL-1-derived virus. iSLK-
BAC16 cells were a gift from Rolf Renne (University of Florida) and are described
by Brulois et al. (149). COS-7 cells were a gift from Jim Casanova (University of
Virginia). BJAB and BCBL-1 cells had typical lymphocyte non-adherent
morphology and were CD45 positive by immunofluorescence staining. BCBL-1
cells were syndecan-1 (CD138) positive by immunostaining and flow cytometry
(141). BCBL-1, SLKp, and iSLK-BAC16 cells were LANA positive by

immunofluorescence staining; BJAB and COS-7 cells were LANA negative.

Adherent cell lines were maintained in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 10% fetal bovine serum (Gibco). They were
harvested from culture dishes with 0.05% trypsin after a wash with 1X phosphate
buffered saline. Non-adherent cell lines were maintained in RPMI 1640 (Gibco)
supplemented with 10% fetal bovine serum, 20 mM HEPES, 2 mM L-glutamine,
0.05 mM beta-mercaptoethanol, and 200 pg/mL sodium bicarbonate. All
experimental conditions for imaging took place in identical media but lacking
phenol red. All cell lines were maintained at 37°C in 5% CO, and tested negative

for mycoplasma.
2.3.2 Plasmids

The pcDNA3-LANA plasmid was a gift from Rolf Renne (University of
Florida) and is described by Renne et al. (150). BAC16 was a gift from Jae Jung

(University of Southern California) and is described by Brulois et al. (149). The
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p8TR plasmid is the 8TR-containing Z6 cosmid subcloned into modified pREP9,
as described by Ballestas et al. (88). The plasmid, produced by the lab of
Kenneth Kaye (Harvard Medical School), was a gift from Paul Lieberman (The
Wistar Institute). Plasmids containing 0, 2, 5, and 7 terminal repeats were
created by transforming DH5a E. coli (Thermo Fisher Scientific) with the p8TR
plasmid and screening by Pstl restriction endonuclease digestion for colonies
that showed recombination within the TR region and gave rise to a lower number
of TRs. Insert size was confirmed by gel electrophoresis, as shown in Figure 2-
1A and B. The plasmids isolated from these E. coli were subsequently grown up

in SURE E. coli (Agilent Technologies) to preserve fidelity of the new TR number.

2.3.3 Determining TR number in BAC16 and BCBL-1 virus

Linear viral DNA was obtained from BCBL-1 cells using the method
described by Lagunoff et al. (61). BCBL-1-derived KSHV DNA and BAC16 DNA
were digested with Notl + Spel. The resulting digests were run on an agarose
gel, which was then stained with ethidium bromide. We then plotted band
intensity as a function of DNA length for each band present in a single copy per
genome. We used this line to calculate the amount of DNA represented by the
801-bp band. For BAC16, this band gave a result of 16.2 kbp, which accounts for
20 TRs Figure 2-1C and D. Because the BAC16 is circular, one TR is not
accounted for by this method, yielding a final calculation of 21 TRs. For the

BCBL-1-derived viral DNA shown in Figure 2-1E and F, the 801-bp band was
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Figure 2-1. Number of TRs in each pNTR plasmid and BAC16. (A) Plasmids
with variable (N) numbers of TRs (pNTR) were digested with Pstl, which cuts on
either side of the TR-containing insert. Length of the released fragment
(arrowheads) allowed determination of TR number. Lane 1, ladder (kbp), lane 2,
plasmid lacking TRs, lanes 3-6, plasmids with 2, 5, 7, and 8 TRs, respectively.
(B) Relative mobilities of DNA standards (blue squares) were used to construct a
best-fit curve for the log of DNA length as a function of migration (red line).
Lengths of Pstl fragments from plasmids with variable numbers of TRs (yellow
circles) were determined from the standard curve based on their migration. (C)
Lane 1, ladder (kbp). Lane 2, Notl + Spel digest of BAC16 isolating the 801-bp
TR fragments (arrowhead). (D) The number of TRs within BAC16 was
determined from the intensity of ethidium bromide staining. Fragments present
once per BAC (blue squares) were used to determine a best-fit line (red) for band
intensity as a function of DNA length (R® = 0.98). Intensity of the TR-containing
fragment (yellow circle) was then mapped to this standard curve, yielding a
calculation of 21 TRs per BAC16 genome. (E) Lane 1, ladder (kbp). Lane 2, Notl
+ Spel digest of BCBL-1-derived KSHV DNA, isolating the 801-bp TR fragments
(arrowhead). (F) The number of TRs in BCBL-1-derived virus was determined as
in D and was calculated to be 45 (R? = 0.97) for the experiment shown. This
experiment was performed in triplicate, yielding a final result of 43 +/- 6 TRs per

BCBL-1 episome.
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representative of 36.0 kbp, which accounts for 45 TRs. Because this DNA is
linear, two TRs are not accounted for by this method, yielding a final result of 47
TRs. For BCBL-1-derived KSHV, this experiment was performed in triplicate, and

the resulting number of TRs was 43 +/-6.

2.3.4 Transfections
1x10" BJAB cells were transfected with 1pug pNTR plasmid + 1pg
pcDNA3-LANA plasmid using Amaxa Nucleofector (Lonza) with Solution V on

program T-020. Cells were harvested for analysis at 48 hours post-transfection.

2.3.5 Infection of BJABs with BAC16 virus

Infection of BJABs was performed as described by Plaisance-Bonstaff
(151). In brief, iISLK-BAC16 cells were seeded at 3x10°/mL in a 6-well plate. After
24 hours, they were induced with doxycycline (1 pg/mL) and sodium butyrate (1
mM). 48 hours later, the media was replaced with 3 mLs RPMI containing BJAB
cells at a density of 3x10°/mL. Four days later, BJABs were removed from the
iISLK-BAC16 cells and cultured for 14 days with hygromycin selection (100
pg/mL) before staining. A separate, identically treated well of iISLK-BAC16 cells
without BJABs was cultured for 7 days, at which point all induced iISLK-BAC16s

were found to be dead by Trypan blue exclusion.
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2.3.6 Antibodies

The anti-LANA antibody LN53 (rat, monoclonal) (152) was conjugated
using an Alexa Fluor® 647 succinimidyl ester kit (Thermo Fisher Scientific). The
approximate number of dye molecules per antibody (three) was calculated

according to the manufacturer’s instructions.
2.3.7 dSTORM sample preparation

Cells were fixed in 4% paraformaldehyde for 10 minutes. After a 20-
minute rat 1gG block at 4 pg/mL, Alexa Fluor®-conjugated LN53 antibody was
applied at a concentration of 1:400 in BD Perm/Wash (BD Biosciences) and
incubated for 40 minutes. Cells were washed in Perm/Wash and DAPI was then
applied at 0.5 pg/mL for 15 minutes. Coverslips (Cat. #72204-01, Electron
Microscopy Sciences) were cleaned with alkaline peroxide. Their centers were
masked off and TetraSpeck 0.1 um beads (Thermo Fisher Scientific) were
applied to the rest of the surface; these were attached to the slide at 100°C for 30
min. The center masks were removed and the coverslips were coated in poly-L-
lysine for 1 hour. The poly-L-lysine solution was aspirated and the coverslips
were air-dried overnight. Cells were deposited (Cytospin 2, Shandon) onto the
centers of these prepared coverslips for 4 minutes at 500 rpm. Samples for
dSTORM analysis were mounted in a solution of 0.22 mg/mL glucose oxidase,

40 pg/mL catalase, 0.14M beta-mercaptoethanol, and 0.55M glucose.
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2.3.8 Instrumentation

dSTORM data were collected using custom instrumentation based on an
Olympus IX81-ZDC2 inverted microscope (Olympus America Inc., Melville, NY,
USA) configured in a standard geometry for localization microscopy (153, 154).
The illumination beam from a 643 nm diode laser (DL-640-100, CrystalLaser,
Reno, NV, USA), coupled to a laser clean-up filter (ZET640/20X, Chroma
Technology Corp., Rockingham, VT, USA) and a 5X Galilean beam expander
(BEO5M, Thorlabs, Inc., Newton, NJ, USA), was focused on the backplane of a
60X, 1.2NA, water-immersion objective (UPSLAPO60XW, Olympus) by means of
a f+350 mm lens (Thorlabs) to yield an illumination profile with a 1/e? radius of 34
pm. Ground state depletion and dSTORM readout of Alexa Fluor® 647 dye
molecules was achieved with a laser intensity of 1.9 kW/cm? as measured at the
sample. Single molecule emissions were collected through the same objective
using a filter set comprising a dichroic mirror (Di01-R635, Semrock, Rochester,
NY, USA) and emission filter (FF01-692/40, Semrock). The image was expanded
using f+75 mm and f+150 mm lenses (Thorlabs) arranged as a ~2X telescope
and acquired with an EMCCD camera (iXonEM DU-897D-CS0-BV, Andor
Technology PLC, South Windsor, CT, USA) to yield an image pixel size of 0.134
pm (155). Astigmatism for axial localization was introduced using an f+1000 mm

cylindrical lens (LJ1516RM-A, Thorlabs) placed in the acquisition path (138).
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2.3.9 dSTORM data acquisition

dSTORM images were acquired using a water-immersion objective to
minimize axial compression of the data for LANA tethers located far from the
coverslip (156). Because of the sensitivity of water-immersion lenses to the tilt of
the coverslip (157), axial localization was calibrated for each sample by imaging
point-source fluorescent beads attached to the same coverslip as the samples
being studied. Images of the astigmatic point spread function were acquired
every 50 nm in the axial dimension, spanning 2 um across the focal plane,
controlled by a 3-axis nanopositioning stage (Nano-LPS100, Mad City Labs Inc.,
Madison, WI, USA). dSTORM images were collected at a frame rate of 32.4 Hz,
for a total of 15,000 to 25,000 frames, using an EM gain of 100 and pre-amplifier
gain of 5X on the iXon camera. Transmitted light images were collected every
200 frames to provide subsequent correction for lateral drift during analysis, while
axial positioning was stabilized by the ZDC2 instrumentation of the microscope.
An epifluorescence image of DAPI staining was saved after the dSTORM data
acquisition and the few nuclei exhibiting chromosome condensation were

excluded from further analysis.

2.3.10 dSTORM data processing

dSTORM images were processed using a pipeline of custom python
modules, implementing standard single molecule localization algorithms (153).
In-house software tools utilized numpy (version 1.11.2) and scipy (version 0.18.1)

scientific computing libraries (158, 159). Candidate dye emissions were
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identified by size and photon threshold criteria and localized within an 11 x 11
pixel region of interest. Each point spread function (PSF) was evaluated by fitting
with a two-dimensional Gaussian ellipse by least squares to estimate parameters
for the x and y center coordinates, amplitude, major and minor axes radii, and an
offset. The lateral localization precision was calculated for each emission as
described by Thompson et al. (155). For each emission, photon yield was
calculated as the product of the Gaussian amplitude and area, while the
background pixel noise was estimated as the standard deviation of intensities
from the perimeter pixels of the region of interest. The axial location of a
molecule was determined using its major and minor axis radii from the 2D
Gaussian fit to interrogate the standard curve established from the point source
fluorescent beads (138, 160) and its axial localization precision was calculated as
described by DeSantis et al. (160). The transmitted light images obtained through
dSTORM acquisition were used to determine lateral image drift using a sub-pixel
cross-correlation algorithm (161) and dSTORM molecule coordinates were

corrected by interpolation.

2.3.11 Determination of emission counts, Ry, and statistical treatments

Emission for tethers with 2, 5, 7, 8, and 21 TRs were acquired under
identical conditions and quantified using frames 1000 to 20,000 of the data sets.
These conditions could not be extend to larger tethers such as KSHV episomes
in BCBL-1 and SLKp with over 40 TRs, due to the longer times required to

achieve ground state depletion and spatial separation of single emissions.
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LANA tethers were characterized by their radius of gyration, calculated as
the root mean squared vectors of the emissions using the standard

representation,

1 N
R = NZ(Ti —7)?
i=

where r; is the location of individual emissions and 7 is the centroid of all the
emissions in the tether. The coordinates of r were calculated as the average of
the coordinates for all emissions weighted by the inverse of their respective

lateral and axial localization precision.

Summary and comparative statistics were based on nonparametric
approaches. The 95% confidence intervals for median estimates were calculated
by bootstrap resampling. The similarity of the BCBL-1 and SLKp tethers were
evaluated by Mood’s Median test (a = 0.05). Power curve analysis by bootstrap
resampling of the BCBL-1 (N=65) and SLKp (N=34) populations revealed that,
with a statistical power of 0.8, Mood’s Median was expected to reject the null
hypothesis of equality if the SLKp tether median Ry values were < 68 nm (20%)

smaller or > 64 nm (19%) larger than BCBL-1.
2.3.12 LANA tether analysis

The software tools used to analyze and visualize the LANA tethers were
supported by the additional Python libraries scikit-learn (version 0.17.1) (162),

statsmodels (version 0.6.1) (163), Geometric Tools (version wmb) (164),
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matplotlib (version 1.5.3) (165), and mayavi.mlab (version 4.5.1) (166). The
dSTORM signals for individual LANA tethers were isolated from the data sets
and further processed for analysis. Tethers were chosen to be well separated to
avoid potential overlap within a subset of episome clusters (121). The axial
localization precision for each emission was re-evaluated by calculating the
individual axial position 1000 times using values of the major and minor PSF
widths randomly drawn from their respective error distributions. The larger of this
Monte Carlo estimate and the original analytical calculation was saved as the
working axial localization precision and emissions with values greater than +/- 60

nm were discarded.

To determine aggregate parameters individual LANA tethers were
uniformly oriented by geometry-based principle component analysis and aligned
at their centers of mass. The dimensions of the aggregate structures along the X,
Y, and Z axes were estimated as the coordinates spanning quantile probabilities
from 2.5% to 97.5% of the distribution along each axis. Solid 3D representations
of tether emissions are depicted by spheres with a radius equal to their median
axial localization precision. Similarly, tether images are rendered as Gaussian

spots scaled to a width that is twice the median axial localization precision.

Individual 2TR LANA tethers were analyzed further by dividing their
emissions into two groups using k-means clustering. The midpoint between the
centers of the two clusters was translated to the zero origin and the complete

tether was then oriented to place the two cluster centers along the x-axis on
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either side of the origin. The tether was then rotated about the x-axis to achieve
the greatest variance in the y-dimension. Vectors fit through the long dimensions
of the two clusters defined a "V” geometry, and each tether was then reflected
horizontally or vertically or both such that the wider separation was oriented
towards the positive y-axis and greatest tilt from vertical was oriented towards the
positive x-axis. The complete set of 2TR LANA tethers were then superimposed

at their origins to evaluate the parameters of the aggregate structure.

2.3.13 Modeling 2TR LANA tethers

The software written to model 2TR LANA tethers utilized additional python
modules from the programming libraries Biopython (version 1.68) (167, 168) and
PeptideBuilder (version 1.0.1) (169), and the application PyMOL (version 1.7.6)

(170).

The X-ray crystal structure of a dimer of LANA C-terminal DNA binding
domains in complex with LBS1 DNA suggests that the upstream LANA peptides
may enter on either side of the episomal DNA (125) (PDB 4UZB). Therefore, in
modeling LANA dimers, we placed the LN53 antibody epitopes on the N-terminal
side of a coiled-coil domain which is then connected by a domain of unknown
structure to the dimer of C-terminal DNA binding domains. This model is similar
to a more general outline proposed previously (125). We modeled domains of
unknown structure based on psi and phi angles from their predicted secondary

structure. These were done solely to provide plausible constraints on the
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placement of the EQEQ epitopes relative to the LBS, and with the exception of
the coiled-coil model (171) and C-terminal DNA binding domains with known
crystal structures, the models are not expected to match actual LANA protein

folding.

Complete sets of 2TR models were constructed in which the TR1 and TR2
tetrasomes were arranged over 9 translational positions each. The critical
parameter for fitting the models to the dSTORM data is the phase of the
tetranucleosome in TR2 because it is located between the two sets of LBS DNA
sequences. While the phase of the tetranucleosome in TR1 is presumably
important for the connection to flanking chromatin, its phase does not affect the
structural relationship between the LANA dimers in the two TRs. Therefore, for
the 2-dimer models, we fit each of the 28 p2TR datasets with the 9 chromatin
models that combined TR1 phase 3 with TR2 phases 1 through 9. For the 3-
dimer models, we fit the same 28 p2TR datasets with the 6 chromatin models

that combined TR1 phase 6 with TR2 phases 4 through 9.

2TR models were fit to the dSTORM data using a limited memory
approximation of the Broyden-Fletcher-Goldfarb-Shanno algorithm for bound
constrained minimization (172) as implemented in SciPy. Each of the two
clusters of dSTORM emissions for individual tethers was further divided into
either two or three clusters by k-means to yield either four or six centroids per
tether, for the 2-dimer and three-dimer models respectively. To begin

optimization, the center of mass of the epitope binding sites in a model was
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aligned with the global center of mass of the cluster centroids in the dSTORM
data. The initial rotational orientation of the model was randomized. Eighteen
parameters were then varied to minimize the Euclidean distance between the
model epitope sites and their respective dSTORM cluster centers. For fitting, the
model was allowed three dimensions of rotation and three dimensions of
translation. The four or six epitope sites in the models were treated as linear
vectors of a fixed 51 nm in length originating at the LBS sites and they were
allowed to rotate freely but constrained to a maximum 45° tilt, or less, from
perpendicular to the DNA. The best fit for each model was then evaluated for its
ability to account for the dSTORM emissions. The Gaussian probability volumes
of the dSTORM emissions were scaled by 2.2 times their lateral and axial
localization precision. Similarly, the model epitope site probability volumes were
scaled by 2.2 times the median axial and lateral localizations of their associated
dSTORM emissions. The fit was then scored for the fraction of the dSTORM

ellipsoids intersecting with the epitope ellipsoids of the model.
2.4 RESULTS

2.4.1 The nanoscale dimensions of LANA tethers are uniform and

consistent across different cell types

In principle, since LANA binds both host and episome DNA (Figure 2-2A),

the packaging of TR chromatin could be determined primarily by the
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Figure 2-2. dSTORM offers improved image resolution of LANA tethers. (A)
Schematic depiction of the anatomy of a KSHV LANA tether. LANA dimers
(shown in yellow) bind via their N termini to histones H2A/B (grey). The C termini
bind with sequence specificity to three LANA binding sites (LBSs) located on
each terminal repeat (TR). (B) An anti-LANA stained BCBL-1 cell imaged by
differential interference contrast microscopy. (C) The boxed region in (B) viewed
by conventional epifluorescence microscopy. (D) The same field of view in (C)
imaged by dSTORM microscopy. (Scale bars for B-D = 2 ym). (E, G, and |) The
three LANA tethers boxed in (C) are enlarged for better visualization. (F, H, and
J) The three LANA tethers boxed in (D) are enlarged for comparison with their
paired standard epifluorescence images (E, G, and |). (Scale bars for E-J = 250

nm).
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state of the host chromatin, by features intrinsic to the viral episome, or both. To
distinguish among these alternatives, we examined the tether morphology of the
same viral isolate in two different cell types. We found that dSTORM resolved
each epifluorescent LANA dot into a cluster of individual emissions from
fluorophore-labeled anti-LANA mAbs (Figure 2-2B-J). We interpret these
emissions as blinks within a Gaussian localization volume from each conjugated
dye molecule present at approximately three dye molecules per mAb (see
Section 2.3.6), up to six mAbs bound per LANA dimer (see discussion of coiled-
coil domain, below), and up to three LANA dimers per TR. Since all the episomes
from the same virus have the same number of TRs (84, 85), and each TR is 801
bp, we asked whether the polymer architectures revealed by dSTORM would be
similarly consistent across multiple tethers. We examined 65 individual LANA
tethers from BCBL-1 cells (a KSHV-positive PEL line) and 34 from SLKp/Caki-1p
cells, a human epithelial line exogenously infected with KSHV derived from
BCBL-1 (147, 148). We found that while each tether presented a unique shape,

their overall dimensions were similar in the two cell lines (Figure 2-3A and B).

To quantify this similarity, we aligned clusters along their three principal
axes and calculated their dimensions and radii of gyration, Ry (see Section
2.3.11) (Figure 2-3C and D). The median Ry for tethers in BCBL1 cells was 341
nm, 95% CI [309-353] and in SLKp cells it was 368 nm, 95% CI [323, 405]. There

was no statistical difference between the Ry of BCBL-1 and SLKp tethers
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Figure 2-3. KSHV LANA tethers have consistent dimensions within and
between cell types. (A) Three-dimensional projections of three representative
LANA tethers from asynchronous BCBL-1 cells. Red spheres depict the
Cartesian coordinates of individual photon emissions, with their radii scaled to
the median axial localization precision of 30 nm. (B) Three representative LANA
tethers from asynchronous SLKp cells, shown as in (A). (Scale bars for A and B
= 250 nm.) (C) LANA tethers from BCBL-1 cells (N=65) were oriented by
principal axes and aligned at their centroids. The compilation is rendered as
Gaussian emissions with 30 nm localization precision and presented from three
architectural viewpoints, indicated by the X, Y, and Z directional axes. Median
dimensions are shown by the bars. (D) LANA tethers from SLKp cells (N=34)

superimposed and rendered as in (C).
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(P = 0.26, Mood’s Median Test). The similarity of these parameters in a single
viral strain in two different cell types shows that the polymer folding of KSHV
LANA tethers is likely to be intrinsic to the viral episome itself, rather than being a

result of the cellular milieu.

2.4.2 LANA occupancy scales with the number of TRs

We postulated that if the tethers visualized by dSTORM reflect the
underlying TR architecture, then their structural parameters should change
systematically with different numbers of TR elements. To challenge that
hypothesis, we examined synthetic tethers with different numbers of TRs. We co-
transfected BJAB cells, a KSHV-negative human B cell line, with two plasmids,
one encoding LANA and the other containing 2, 5, 7, or 8 tandem TRs arranged
head-to-tail as in the native episome (Figure 2-1A and B). In addition, we infected
BJAB cells with BAC16 virus that we determined contains approximately 21 TRs
(Figure 2-1C and D). Transfection with a LANA-encoding plasmid and a plasmid
lacking any functional TR sequence (pOTR) resulted only in diffuse nuclear
staining by epifluorescence, consistent with earlier work (88, 107). In contrast,
individual tethers in cells harboring plasmids with 2, 8, or 21 TRs showed a
progressive increase in size (Figure 2-4A-C). Accompanying this increase was a

corresponding linear rise in the number of dASTORM fluorophore emissions and,
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Figure 2-4. LANA tethers show polymer-like scaling as a function of the
number of TRs. (A-C) The 3D-projections of representative LANA tethers from a
cell transfected with p2TR (A), p8TR (B), or BAC16 with 21 TRs (C) are shown at
identical scales as described in Figure 2-3. (Scale bar for A-C = 250 nm). (D) The
linear relationship between the median number of emissions and the number of
TRs per tether is shown for p2TR (N=28), p5TR (N=39), p7TR (N=13), p8TR
(N=17), and BAC16 (N=32) (R? = 0.99). (E) The log of median Ry data for the
tethers in (D) and BCBL-1 KSHV episomes (43 TRs, N=65) are shown as a
function of the log of the tether DNA lengths (top axis), or the log of the TR
number (bottom axis). The regression (solid red line) through tethers with known
numbers of TRs (blue circles) was used to calculate the scaling exponent ¢ =

0.36 + 0.07 (R? = 0.94). Error bars represent 95% ClIs.
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therefore, anti-LANA Ab binding (Figure 2-4D).

Our observation that an increase in TR number results in a proportional
increase in LANA binding argues against a plateau for TR occupancy per

plasmid or episome, at least over the range of 1-21 TRs.

2.4.3 Tether polymer conformation has the characteristics of active

chromatin

At present, there is conflicting evidence regarding the conformation of TR
chromatin, which exhibits features of both repressed and active conformations.
On one hand, TR nucleosomes are tightly packed in a typically “closed”
conformation (143). Furthermore, LANA recruits the histone HS3
methyltransferase SUV39H1 and establishes heterochromatin protein 1 (HP1)
binding to the TR chromatin (76). In contrast, in support of an active
conformation, TR chromatin is marked by histone hyperacetylation (71, 72, 143)
associated with bromodomain protein BRD4 (120, 123), and the TRs have both

promoter and origin of replication functions (127, 144).

To address the conformational state directly, we took advantage of the
fact that the radius of gyration, Ry, of a chromatin polymer follows the power-law
relationship, Ry « L® where L is the DNA length in bp and c is the scaling
exponent. This scaling parameter is a sensitive measure of canonical active,
inactive, and repressed states of mammalian chromatin (173). By plotting Rg

against L we determined the power-law scaling exponent for the LANA-bound TR
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chromatin to be ¢ = 0.36 +/- 0.07 (Figure 2-4E). This exponent approximated the
value of 0.37 +/- 0.02 found by Boettiger et al. for active chromatin and is distinct
from values for inactive (c = 0.30 +/- 0.02) or repressed (c = 0.22 +/- 0.02)
chromatin (173). We obtained similar results for TR plasmid scaling in COS-7
cells (Figure 2-11A, located at the end of this chapter). This finding clarifies the

long-standing paradox surrounding the chromatin folding state of the TR region.

2.4.4 Adjacent TRs are arranged with a specific asymmetric architecture

Closer analysis of the dSTORM emissions from individual p2TR tethers
revealed that they frequently gave rise to two distinct, resolvable clusters (Figure
2-4A) and alignment of the complete set of 28 p2TR data (see Section 2.3.12)

reinforced this separation (Figure 2-5A).

Individual clusters had an Ry of 90 nm, 95% CI [82, 96], which is similar to
the Ry of 86 nm predicted by extrapolation of the power-law function to a single
TR (Figure 2-4E). Thus, we interpreted the two clusters as the signals emanating
from two adjacent TRs. We obtained similar results for p2TR dSTORM images
acquired in COS-7 cells (Figure 2-11B). The p2TR tethers, individually or as an
aligned composite, showed striking asymmetry. They comprised flat pairs of
prominently elongated ellipsoids whose centroids were spaced apart by 174 nm,
95% CI [152, 185] (Figure 2-5B). Moreover, the long axes of the two clusters

intersected to form a 46 degree angle (Figure 2-5B), demonstrating a specific
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Figure 2-5. p2TR tethers show two distinct clusters of LANA Ab that form a
46° angle between their long axes. (A) Compilation of emission data from 28
p2TR tethers; emissions are rendered as in Figure 2-3. Median dimensions (nm)
of the combined data are shown. (B) Approximately 2X magnified view of the Y-X

projection from A demonstrating the 46° angle formed between the two clusters.
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differential placement of the individual TRs within the p2TR structure. These
parameters provided strong constraints on the underlying folding of the p2TR

chromatin tether.

2.4.5 2TR images support the prediction of a LANA coiled-coil domain

To begin to interpret the 2TR tether images at the molecular level, we
evaluated the structure of LANA dimers N-terminal to the LBS binding domains,
for which previous X-ray crystal structures are known (123-125). Examination of
the primary protein sequence of LANA with Paircoil2 (174) revealed a segment
strongly predicted to form a coiled-coil (Figure 2-6A; P < 0.025). To test for the
presence of the coiled-coil, we measured the number of single molecule
emissions detected by dSTORM for LANA tethers stained with LN53-A647,
which recognizes the tetrapeptide epitope EQEQ (111). There are 22 such
epitopes within the LANA protein sequence and this number of mAbs would yield
over 18,000 dSTORM emissions per tether. However, 19 of the most C-terminal
of these epitopes would be embedded within the putative coiled-coil region of
LANA, occluding mAb recognition. The remaining three epitopes just N-terminal
to the coiled-coil would yield on the order of only 2,500 emissions per tether.
Indeed, we routinely recovered fewer than 2,000 emissions per tether, consistent
with only 2 to 3 functional epitopes per LANA protein, providing strong empiric
data for the predicted coiled-coil. Furthermore, the positioning of these available

epitopes at the N-terminal end of a rigid coiled-coil domain is supported
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Figure 2-6. Modeling LANA dimers: the LANA protein. (A) PairCoil2 (174)
predicts a coiled-coil domain in LANA. The position of the domain is shown as a
plot of probability versus amino acid number (LANA sequence GenBank:
U75698.1). (B) The structure of a LANA dimer bound to LBS1, adapted from
(125). Shown is the wrapping of LANA around the DNA to the side opposite LBS
binding (inset). (C) Diagram of the various domains of LANA, including the
nucleosome binding domain (purple), LN53 Ab binding sites outside the coiled
coil region (red), coiled-coil region (blue), and TR binding domain (orange). LN53
Ab sites C-terminal to the red region were discounted from the TR modeling due
to their being buried within the coiled-coil. (D) Structural rendering of LANA,

showing the features and color scheme as in C.
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by the separation between the two emissions clusters in the 2TR images. We
generated a molecular model of LANA dimers incorporating these features

(Figure 2-6).

2.4.6 LANA-imposed DNA bending and nucleosome translational

positioning are predicted to direct TR chromatin folding

Although the DNA of each TR is known to be bent by LANA dimer binding
(93, 125, 128), and to be occupied by four nucleosomes (143), the constraints
these factors impose on tether architecture are currently unknown. To address
this question, we varied the parameters of DNA bending and nucleosome
positioning in a set of molecular models (Figure 2-7). We modeled the 113 bp of
nucleosome-free DNA that contains the three LBS sites in two modes. In the first,
both LBS1 and LBS2 are occupied by LANA dimers, while LBS3 is unoccupied,
inducing a 110 degree bend in LBS DNA (Figure 2-7C), as previously determined
by Wong and Wilson (128). In the second mode, LBS1, LBS2, and LBS3 are all
occupied by LANA dimers, inducing a bend of approximately 180 degrees
(Figure 2-7D), as predicted by Hellert et al. (125). For the remaining 688 bp of TR
DNA occupied by four nucleosomes, we adapted the crystal structure of a
synthetic tetrasome (PDB 1ZBB) (175) because of its similarity to the spacing of
the nucleosomes mapped to the TR (143) (Figure 2-7B). We digitally joined the
tetrasome DNA to the LBS DNA, bent at either 110 (Figure 2-7E) or 180 degrees

(Figure 2-7F). We varied the position of the joint by a single base pair at a
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Figure 2-7. Modeling LANA dimers: the TR DNA. (A) Schematic diagram of a
single 801-bp TR showing localization of four nucleosomes (purple ovals) and
three LBSs (magenta rectangles) on the DNA (blue). (B) Structure of DNA (blue)
wrapping around four nucleosomes (purple), adapted from the tetrasome crystal
structure (PDB 1ZBB). (C) Structure of two LANA dimers (green) binding to two
adjacent LBSs (blue) of a single TR, showing the 110 degree DNA bend formed
by protein binding. (D) Structure of three LANA dimers bound to all three LBSs in
a TR, demonstrating the nearly 180 degree be