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ABSTRACT OF THE DISSERTATION

A Structural and Functional Investigation of the Essential HSV-1 Protein ICP27
By
William K. Hu
Doctor of Philosophy in Biomedical Sciences
University of California, Irvine, 2020

Professor Rozanne M. Sandri-Goldin, Chair

Herpes simplex virus 1 ICP27 is an essential multifunctional regulatory protein that
assumes different roles during infection. ICP27 disrupts multiple aspects of cellular gene
expression, contributing to the shutoff of host protein synthesis. ICP27 also recruits RNA
polymerase II to viral replication sites and mediates the export of viral mRNA.
Furthermore, ICP27 has also been implicated in nuclear protein quality control, cell cycle
control, activation of stress signaling pathways and apoptosis. ICP27 performs its activities
by interacting with RNA and a myriad of proteins. However, how ICP27 is able to interact
with so many different binding partners and how these interactions are regulated during
the viral life cycle is not well understood. ICP27 has been reported to form homo-dimers
and to undergo an intramolecular N- to C-terminal interaction. It’s hypothesized that these
different configurations provide the flexibility it needs to interact with various binding
partners and events or factors that promote one isomer over the other may serve to
regulate different ICP27 activities. At present, how these configurations are related, and
their specific functions, have not been well characterized. Moreover, the molecular details

as to how ICP27 targets host RNA processing and the wider impacts its activities have on

Xi



the host transcriptome have also not been detailed. In these studies, we (1) use a
bimolecular fluorescence complementation and western blot-co-immunoprecipitation
approach to perform a structural analysis in order to elucidate the functions of ICP27’s
different conformations, (2) utilize a combination of biophysical and molecular techniques
in order to detail the molecular mechanism of how ICP27 inactivates SR protein kinase 1,
an important regulator of SR proteins, to inhibit cellular splicing, and (3) perform next-
generation sequencing to globally Identify ICP27 modulations to host gene expression.
The results from our studies show: (1) ICP27’s conformational isomers utilize
different protein domains for their assembly and these isomers can interact with different
binding partners, (2) the ICP27 RGG box binds to the SRPK1 substrate docking groove in a
similar manner and affinity as SRPK1’s cellular substrate SRSF1, and (3) ICP27 promotes
accumulation of host antisense transcripts during infection. Together, the information
gained in this dissertation expands our understanding of the molecular principles by which

ICP27 functions.
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CHAPTER 1

Introduction

Herpesviridae

The Herpesviridae family represent a large group of enveloped, DNA viruses
associated with a variety of disease in a broad range of hosts. Members of this family share
several biological properties that distinguish it from other viral families including:
expression of enzymes involved in nucleic acid metabolism, DNA synthesis and protein
processing; restriction of DNA replication and capsid assembly to the host cell nucleus,
with virion maturation and final envelopment occurring in the cytoplasm; destruction of
the infected cell during an active productive infection; and ability to persist in the host cell
in a latent state indefinitely.

Nine species of Herpesviridae are known to cause disease in humans. Based upon
biological similarities, DNA sequence homology and genomic structure, human
herpesviruses are further categorized into three subfamilies, alpha-, beta-, and gamma-
herpesviruses. Key features that distinguish these subfamilies from each other are the
replication cycle and host cell range.

Alpha-herpesviruses are comprised of herpes simplex virus (HSV) -1 and -2 and
varicella zoster virus (VZV). HSV-1 and -2 have a short replication cycle with efficient cell
destruction and a variable host range. They replicate efficiently in tissue culture and have
therefore been used as model systems for other herpesviruses and for eukaryotic cell

biology. VZV has a longer replication cycle in tissue culture and in vivo. VZV replicates to



relatively low titers in tissue culture and is highly cell-associated. Alpha-herpesviruses
typically initiate productive infection in somatic cells prior to establishing latency within
the peripheral nervous systemi.

Beta-herpesviruses, consisting of human cytomegalovirus (HCMV) and human
herpes virus (HHV) -6A, -6B and -7, have a long reproductive cycle, a more restricted host
range, and are less cytopathic than alpha-herpesviruses. HCMV undergoes productive
infection in a number of cell types, including smooth muscle, endothelial, epithelial,
fibroblasts, macrophages and dendritic cells. HHV-6A and -6B are known to replicate
preferentially in human T-lymphocytes. HCMV has been reported to predominantly
establish latency in CD34+ myeloid cells in the bone marrow while the site of latency for
HHV-6A and -6B have not been well established.

Gamma-herpesviruses are lymphotropic viruses that also have a relatively long
replication cycle. These viruses have a very narrow host range, being unable to replicate in
organisms not belonging to the family or order of its natural host. Replication occurs
primarily in B and T lymphocytes, where they also establish latency. There are two
gamma-herpesviruses known to infect humans, Epstein-Barr virus (EBV) and Kaposi's
sarcoma-associated herpesvirus (KSHV). Unlike alpha- and beta-herpesviruses, gamma-
herpesvirus infection induce cell proliferation and have been consistently associated with
the development of lymphoproliferative diseases and lymphomas in a population of
infected individualss.

Of the human herpesviruses, at least six - HSV-1 and -2, VZV, HCMV, KSHV and EBV -

are extremely widespread among humans. More than 90% of adults in the developed



world are infected with at least one of these species, many of which were acquired during

childhood and adolescence.

Herpes Simplex Virus 1

The alpha-herpesvirus HSV-1 is the prototype herpesvirus and has served as a
powerful model for understanding the molecular details of host cell biology and viral
pathogenesis. HSV-1 is common and endemic throughout the world and it’s estimated that
70-90% of the adult population are seropositive for HSV-1. Active HSV-1 infections are
typically characterized by the development of painful skin lesions or blisters at the mucosal
surfaces around the mouth or genital area that resolve without treatment within a period
of two to four weeks. However, in more susceptible populations, as in neonates and
immunosuppressed individuals, infection with HSV-1 can lead to serious complications
including death, lasting neurological disability or encephalitisa.

The HSV-1 virion shares a common structure with other members of the
Herpesviridae family (Figure 1.1). The virus particle contains four distinct structural
elements: (1) the inner core containing the linear double-stranded DNA genome, (2) an
icosahedral capsid approximately 100 nanometers in diameter surrounding the core, (3) an
amorphous appearing tegument layer containing several important viral regulatory
proteins, (4) and a host derived lipid envelope studded with viral glycoproteins important
for receptor binding and entry. Upon fusion of the virus particle with the host cell
membrane, the incoming nucleocapsid is rapidly transported along microtubule networks
to the nuclear pore complex (NPC) where the viral DNA genome is released into the

nucleus for transcription and replications.



Figure 1.1. Structure of the HSV-1 virion.
The HSV-1 virion is composed of an icosahedral capsid containing the double-stranded
DNA core, a lipid envelope spiked with several glycoproteins and a layer filled with viral

regulatory proteins, termed the tegument, which resides between the capsid and envelope.
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The HSV-1 genome is 152 kilobase (Kb) pairs, with a rich GC-content of
approximately 68%, coding for more than 80 proteins. All viral transcripts require host
RNA polymerase II (RNAP II) and other cellular transcription factors for expressions.
Consistent with this, viral promoters share many elements common to cellular promoters,
including TATA boxes and binding sites for host transcription factors. Additionally, several
viral proteins are also required for optimal expression of most viral genes. During lytic
infection, expression of viral genes is carefully regulated and proceeds in a temporal
cascade of immediate early (IE), early (E), then Late (L) genes. In certain cell lines, progeny
virions can be detected in as little as 8 hours post infection (hpi) although peak infection
titers usually occur after 18-20 hours.

Transcription of the IE genes begins within 1 hour of infection and peaks between 2-
4 hpi; although some expression can still be detected at late timess. They require only the
viral tegument protein VP16 in conjunction with the cellular transcription factors Oct-1,
RNA polymerase Il (RNAP II) and Host Cell Factor (HCF) for their expression. This
transcription complex binds the consensus TAATGARAT promoter sequence present
upstream of all IE genes to activate their expression. Of the five IE genes expressed by HSV -
1, four (ICPO, ICP4, ICP22, ICP27) code for regulatory proteins that return to the nucleus
after translation to regulate the expression of viral and/or cellular genes while the fifth IE
gene (ICP47) encodes a protein that’s retained in the cytoplasm where it functions as an
immune modulator.

Following the IE phase, the second class of genes expressed are the E genes.
This class requires the IE gene products for their expression but not viral DNA replication.

The promoters of E genes have served as models for eukaryotic promoters and contain



TATA boxes and binding sites for host transcription factors. Expression of E genes peaks
approximately 5-7 hpi and these genes primarily encode proteins involved in DNA
replication and nucleic acid metabolisme.

The final group of viral genes produced during lytic infection are the L genes. This
class primarily encodes structural components of the virion and is divided into leaky-late
and true-late, depending on whether they require viral DNA replication for their
expression. Promoters controlling expression of both classes share some common
elements (e.g., TATA boxes) near the transcription start site required for promoter activity,
however the locations of other elements (upstream transcription factor binding sites,
initiator elements, downstream activator elements) may differ7. Leaky-late transcripts can
be detected at early stages of infection, however, peak expression of this class is only
reached after the initiation of viral DNA replication. In contrast, true-late genes strictly
require DNA replication and are not detected prior to viral DNA synthesis.

Upon primary infection of mucosal epithelial cells, progeny virions can infect the
sensory neurons innervating the site of initial infection. Through retrograde microtubule-
associated transport, the virus gains access to the nerve cell body where it can enter a
quiescent state in which the latent viral genome is maintained as a circular episome and the
expression of all viral lytic genes are repressed. Following various triggering factors, the
viral genome can reactivate to resume virus replication and produce infectious viral

particles, which are transported back to the periphery to give rise to secondary infectionss.

Infected Cell Protein 27 (ICP27)



ICP27 is a 63 kilodalton (kDa), 512 amino acid protein expressed during the IE stage
of infection. ICP27, along with ICP4, make up the two essential IE proteins required for a
productive infection. However, unlike ICP4, which functions as the main viral
transcriptional transactivator necessary for all post IE gene expression, ICP27 is a
multifunctional regulatory protein that plays a role in many different processes during the
viral lifecycle.

Viral gene expression. 1CP27 participates in all stages of viral mRNA biogenesis.
During the early stages of infection, ICP27 binds directly to the C-terminal domain (CTD) of
RNAP II and recruits RNAP II to viral replication sites to promote the transcription of viral
E and L geneso. This interaction requires both the N- and C-terminal ends of ICP27, as
infection with mutant viruses expressing alterations within the N- and C-termini failed to
relocate RNAP IJ, resulting in significantly reduced E and L transcriptso.

At approximately 5-6 hpi, ICP27 mediates the transport of viral mRNA from the
nucleus to the cytoplasm. In the host cell, gene expression is tightly coupled with mRNA
maturation. This process is highly regulated, with pre-mRNA splicing playing a critical role,
not only for the removal of introns but also for the recruitment of the multi-protein
Transcription-Export (TREX) complex, which is required for mRNA export through the
TAP/NXF1 pathwayio-11. Unlike cellular mRNA, the vast majority of HSV-1 transcripts are
intronless and therefore unable to acquire the export markers normally deposited through
the coupled pathways of transcription and splicingi2. ICP27 facilitates the efficient export
of unspliced viral transcripts by binding viral mRNA, predominantly through an N-terminal

RGG motif, and interacting with cellular export adapters, such as ALYREF, a member of the



TREX complex, as well as the cellular mRNA export receptor TAP/NXF1 to guide viral
transcripts through the NPC for translation13-14.

In addition to promoting viral gene expression and export, ICP27 can also directly
induce the translation of certain viral mRNAsi1s. In the cytoplasm, ICP27 has been shown to
be associated with polyribosomes and interacts with at least three cellular translation
initiation factors: poly A binding protein (PABP), eukaryotic initiation factor 3 (elF3) and
eukaryotic initiation factor4 G (elF4G)16-17. In infections with the ICP27 null mutant virus
d27-1, translation of viral L transcripts VP16 and ICP5 were reduced. However, translation
levels for another L mRNA encoding glycoprotein D (gD) were not affected, indicating that
ICP27 promotes the translation of a subset of HSV-1 L genesis. At present, the full
repertoire of viral transcripts requiring ICP27 for maximal protein expression is unknown.

Host cell shutoff. A common occurrence seen during the progression of many viral
infections is the concomitant decrease in host protein synthesis1is. This phenomenon,
termed “host shutoff” is thought to promote virus replication by freeing up host cell
machinery and redirecting cellular resources towards viral gene expression. Furthermore,
shutoff of host protein synthesis can promote immune evasion and interfere with anti-viral
stress responsesis. During infection with HSV-1, the accumulation of viral proteins is
associated with an almost complete suppression of cellular protein productioni9-20. This
global shutoff relies, at least in part, on the actions of ICP27, which plays a particularly
prominent role in disrupting various facets of host pre-mRNA maturation.

ICP27 interacts with and regulates multiple splicing proteins and splicing associated
factors including, the U1 small nuclear ribonucleoprotein (snRNP), spliceosome-association

protein 145 (SAP145) and SR proteins - SRSF1, 2, 3, and 721-22. In addition, ICP27 has also



been shown to interact with a key regulator of SR protein function, SR protein kinase 1
(SRPK1), and relocates this normally cytoplasmic host kinase to the nucleus leading to
aberrant phosphorylation of SR proteins and disruption of spliceosome assembly,
ultimately resulting in increased levels of intron retentionz3. Recent reports have indicated
ICP27 mediates splicing inhibition in a subset of virus-like cellular transcriptszo.24. A study
by Tang et al. (2016), utilizing RNA-sequencing of cells transiently transfected with ICP27
or infected with wild-type HSV-1 virus revealed that, in the host cell, ICP27 functions as an
alternative splicing regulator, promoting usage of alternative 5’ splice sites and inhibiting
splicing of certain introns in <1% of cellular geneszs4. Further, the authors also reported
ICP27 induced expression of pre-mRNAs prematurely cleaved and polyadenylated from
cryptic poly(A) sites (PAS) in approximately 150 cellular genesz4. These novel transcripts
were expressed early during infection, <2 Kb in length and efficiently exported to the
cytoplasm. ICP27-mediated disruption of host mRNA maturation likely leads to reduced
expression and alterations in mRNA stability for many of the targeted genes, thereby
contributing to virus-induced host shutoff. Although the exact molecular mechanism for
how ICP27 induces aberrant cellular pre-mRNA processing has yet to be defined, analysis
of afflicted transcripts showed high GC-content, similar to viral genes, cytosine-rich
sequences near the 5’ splice site and suboptimal splice site sequences within the impacted
intronz4.

A recent analysis of the temporal changes in host and viral transcriptional and
translational activity during lytic HSV-1 infection found widespread defects in RNAP 11
transcription termination in cellular but not viral geneszo. This resulted in thousands of

host genes displaying varying levels of intergenic reads past their normal termination

10



points which were not able to associate with ribosomeszo. In a follow up study by Wang et
al. (2020), disruption of transcription termination was directly attributed to the actions of
ICP2725. ICP27 was found to function as a general inhibitor of mRNA 3’ processing by
interacting with various components of the essential 3’ processing factor CPSF and
inducing the formation of a defective 3’ processing complex unable to perform its role in
cleavage and polyadenylationzs. However, ICP27 was also reported to be a sequence
dependent activator of 3’ processing, necessary for efficient RNAP II transcription
termination in viral and a subset of host geneszs. This action required the N-terminal RGG
motif (Figure 1.2). The RGG motif is the main RNA-binding domain for ICP27 and has been
reported to preferentially bind GC-rich substratesis,6,. As the viral genome contains a
substantially higher GC-content than the host genome, ICP27 targets viral (and GC-rich
host) transcripts by binding to the GC-rich sequences upstream of PAS and recruiting CPSF
and other 3’ processing factors to the core PAS for efficient 3’ processingzs.

Other functions of ICP27. Besides the aforementioned roles in viral and host gene
expression, ICP27 also enhances viral infection by: (1) recruiting the cellular chaperone,
Heat shock cognate protein 70 (Hsc70) to virus-induced chaperone-enriched (VICE)
domains located at the periphery of viral replication compartments resulting in the
removal of stalled RNAP II transcription complexes on the viral genome by proteasomal
degradations,27, (2) depressing the expression of cell cycle regulators, cyclin D1 and cyclin-
dependent kinase 4 (cdk4), and blocking phosphorylation of retinoblastoma proteins (pRB)
involved in the G1- to S-phase transition, restricting the cell cycle to the G1 phasezs, (3)
activating NF-«B by triggering the loss of inhibitory [kBa29-30 and inhibiting type I

interferon expression by downregulating signal transducers and activators of transcription
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(STAT) 1 phosphorylation and nuclear accumulation in productively infected cells31 or
targeting the stimulator of interferon genes (STING)-TANK-binding kinase 1 (TBK1)
signalsome in macrophagessz, and (4) activating the stress-activated protein kinases p38
and JNK33 and regulating cellular apoptosis3a-3s.

ICP27 structure. ICP27’s ability to participate in such a diverse array of processes
during infection is reflected in its protein structure. Ordered proteins that fold into rigid
3D-structures, such as viral structural proteins, lack the flexibility required for interaction
with multiple protein partners. In contrast, many regulatory proteins known to carry out
numerous biological functions, including cell signaling, molecular recognition, and
interactions with different proteins and nucleic acids have been found to fit into the
growing class of intrinsically disordered or unstructured proteinsss-37. Intrinsically
disordered proteins allow for molecular plasticity and binding diversity by adopting
different conformations upon interaction with various targets. Secondary structure
analysis based on sequence homology predicts ICP27 contains both an intrinsically
disordered N-terminal region and a structured, globular C-terminal regioni2. Nuclear
magnetic resonance (NMR) studies on the N-terminal 160 amino acids of the protein have
confirmed that this region is flexible and contains relatively unstructured loopsss. The C-
terminal, globular region of ICP27 is highly conserved among all herpesviruses and has
been termed the ICP27 homology domain (IHD)39. The regions of ICP27 required for a
number of its interactions have been mapped through mutational analysis (Figure 1.2).
ICP27 binds RNA through an RGG motif consisting of 15 arginine and glycine residues from

amino acids 138-1521440. The RGG motif is also required for ICP27 to bind the cellular

12



kinases, SRPK1 and TBK123,32. Binding with TREX complex member ALYREF was mapped
to

Figure 1.2. Schematic diagram of ICP27’s functional interactions.

Depiction of ICP27 showing the leucine-rich region (LRR) necessary for export, acidic
region (D/E) with two CK2 phosphorylation sites (orange stars); the nuclear localization
signal (NLS) with a PKA phosphorylation site (blue star); the RGG box with three PRMT1
methylation sites (purple diamonds); R-rich region (R2), and a zinc finger domain (CHCC).
The border between the N-terminal disordered region and the C-terminal structured
region is delineated by a dashed line and the regions of interaction with proteins and RNA

are shown below.
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a short stretch of residues within the nuclear localization signal (NLS) adjacent to the RGG
box and interactions with CPSF, splicing factors and translation initiation factors were
mapped to a region within the C-terminus from amino acids 450-51213,17,25,41,42. What's
more, ICP27 interaction with at least three cellular proteins, Hsc70, RNAP II, and
TAP/NXF1 requires both the N-terminal leucine-rich region (LRR) and the C-terminal zinc-
finger region to be intacto,27,43. Bimolecular fluorescence complementation (BiFC) and BiFC
based fluorescence resonance energy transfer (FRET) studies have shown that the N- and
C-termini of ICP27 undergo an intramolecular self-interaction in vivo and this interaction
was necessary for ICP27-TAP/NXF1 binding and export43s,44.

Further, ICP27 was found to dimerize in-vivo. The crystal structure of the IHD from
residues 241-512 revealed a homo-dimer with each chain comprised of 10 a-helices of
varying lengths separated by loop regionssoss. The structure of each monomer forms a
globular core, which becomes closely intertwined in a yin-yang conformation forming a
compact species with numerous intermolecular contacts. Bioinformatic analysis indicated
that 47% of residues observed in the structure have atoms within the dimer interface and
88 polar intermolecular contacts (62 hydrogen bonds and 26 salt bridges) were detected 39.
In addition, the crystal structure revealed a novel zinc-binding motif that differed from
previously predicted coordination sites. Residues C483, C488, H502 and C508 were
initially proposed to be the zinc ligands in ICP27, however, structural analysis revealed
each chain actually coordinates zinc in a tetrahedral configuration via residues C400, H479,
C483 and C488. The CHCC zinc-binding site is highly conserved among all ICP27 homologs

and is thought to have a role in structural stabilization rather than catalytic functionzs. One
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of the most striking features of the homo-dimer is a domain swap where the N- and C-
terminal regions form extensions surrounding and inserting into the neighboring subunit.
The first two N-terminal a-helices adopt an arm-like configuration that wraps around the
neighboring subunit while the C-terminal tail from residues 500-512 extends into its
dimeric partner and becomes enclosed within the subunit. On the dimer’s surface, several
potential binding pockets were observed, which may facilitate interactions with other
biological molecules: on one face, a shallow cleft with two surface exposed hydrophobic
patches, on the opposite face, a larger groove running along the major dimer interface and,
positioned on either side of the groove, an extensive cluster of six arginine side chains per
monomer (R416, R417, R418, R435, R439, R442)39. The function of this RRR motif is
unknown, however, it may have the potential to bind negatively charged species such as
RNA.

Regulation of ICP27 functions. Currently, the regulatory details governing ICP27’s
different roles during the viral lifecycle are still unclear. ICP27 is post-translationally
modified by phosphorylation and arginine methylation, modifications that regulate some of
its interactions. Three arginine residues within the RGG motif (R138, R148, R150) are
methylated by the cellular methyltransferase, protein arginine methyltransferase 1
(PRMT1) (Figure 1.2), and methylation was shown to be important for ICP27 export and
binding with SRPK1 and ALYREF46-48. Phosphorylation of ICP27 by casein kinase 2 (CK2)
occurs on serine residues 16 and 18, within the LRR, and a serine at amino acid 114, within
the NLS, is phosphorylated by protein kinase A (PKA) (Figure 1.2). Mutation of the
phosphorylated residues disrupted ICP27 localization, viral replication compartment

formation and gene expression3s,o.
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ICP27 also undergoes several structural changes during the course of infection,
including adoption of a closed form, conferred when its N- and C-termini come into direct
contact, and a homo-dimer, formed upon binding between the CTD of two monomeric
subunits. The regulation of these configurations is likely a key means to modulate many
ICP27 functions. Control of the open and closed states and dimer formation may
conceal/reveal active sites or extend binding sites to increase specificity. Moreover,
formation of the dimer likely generates new binding pockets required for specific
interaction partners and increases the complexity of possible assemblies involving ICP27,

allowing for simultaneous binding of different partners for each subunit.

Significance and Goals

Although much is known about ICP27, important questions remain. The events
controlling N- to C-terminal interactions or dimer formation have not been elucidated. The
biological significance of dimerization and the relationship between the dimeric and N- to
C-terminal configurations have yet to be explored. The breadth of interactions specific to
each conformation and the kinetics of multimerization are unknown. Furthermore, details
in how ICP27 disrupts host RNA processing, and the full scope of ICP27-mediated
alterations within the cellular transcriptome during HSV-1 infection have also not been
reported. The experimental data within this dissertation seeks to address some of these
questions and build upon the body of ICP27 research.

HSV-1 is a ubiquitous human pathogen correlated with a raft of negative physical
and psychosocial consequences. At present, there is no vaccine available for HSV-1

although antivirals, such as Acyclovir and related nucleoside analogues, are available.
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However, the continued use of these therapies has led to the emergence of drug resistant
strains, especially in immunocompromised individuals, creating an urgent need for
alternative treatment strategies. ICP27 is an essential multifunctional viral adapter that
assumes numerous roles throughout the course of infection. Additionally, ICP27 is highly
conserved, with homologs found in every herpesvirus sequenced so far, making it an
enticing target for drug development. By better understanding the molecular principles
underpinning key ICP27 interactions, it may be possible to develop novel therapeutics that

can disrupt critical processes necessary for viral pathogenesis.
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CHAPTER 2

ICP27 protein domains necessary for N- to C-terminal interaction or homo-

dimerization

Introduction

A unique feature of ICP27 structure that has not been found among its homologs is
its ability to self-associate in vivo via its amino and carboxyl ends. Using the BiFC approach,
we have shown that ICP27 undergoes an intramolecular N- to C- interaction but not an
intermolecular N- to C- interaction (Figure 2.4)44. Substitution mutations within the N-
terminal LRR (residues 5-16) or the C-terminal zinc-finger (C400, H479, C483, C488)
severely reduced the fluorescence complementation of the N- and C-termini whereas
mutation of two serine residues adjacent to the LRR had no discernible effect on self-
association44. This indicated that both the LRR and the zinc-finger domain (ZFD) must be
intact for the closed configuration to occur. Furthermore, two publications presenting the
[HD crystal structure have shown ICP27 as a tightly intertwined homo-dimer where the N-
terminal a-helices and the C-terminal tail extend from the core domain to make extensive
interactions with the neighboring subunitssss. The C-terminal tail, consisting of a stretch of
highly hydrophobic residues from amino acids 500-512, displays a great deal of
conservation among the herpesvirus family and is critical for stable dimer formation39s.
Co-immunoprecipitation (co-ip) experiments with a yellow fluorescent protein or green

fluorescent protein tagged ICP27 (YFP-ICP27/GFP-ICP27) and ICP27 truncation mutants,

19



n504 (residues 1-504) or STOP500 (residues 1-500), indicated that mutant proteins
lacking the tail motif were unable to dimerize in vivoso.

Thus, mutational experiments have identified the LRR and ZFD to be essential for N-
to C-terminal interactions whereas the C-terminal tail is required for dimer interactions.
However, how mutations within the LRR and ZFD affect dimerization and what role, if any,
the C-terminal tail plays in end-to-end self-association has not been reported. As
mentioned earlier, a number of ICP27’s binding partners have been identified through
mutational analysis. These studies have been invaluable in elucidating ICP27’s various
functions during infection. Yet, structural data for ICP27 has only recently been available
and it’s not known how the introduced mutations used in these studies affected overall
structure or dimer formation. Here, through BiFC and co-ip-western blot analysis, we re-
revaluate these previously used mutants, as well as introduce new, targeted mutations
using the ICP27 crystal structure as a guide to better elucidate the roles of the dimeric and

N-to C-terminal configurations during infection.

Materials and Methods

Cells, viruses and recombinant plasmids

Rabbit skin fibroblast (RSF) cells were grown on minimal essential medium
supplemented with 8% fetal bovine serum and 4% donkey calf serum. HeLa cells were
grown on minimal essential medium containing 10% newborn calf serum. HSV-1 wild-type
strain KOS, ICP27 viral mutants 27LacZ, N-YFP-ICP27, dLeu, d1-2, d3-4, d4-5, d5-6, WRL,

and N504 were previously described3s9,42,43,50. Plasmids pN-Venus-ICP27-C-Venus, pN-
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Venus-1CP27, pICP27-C-Venus, pN-Venus-1CP27-C483,488S-C-Venus, pSG130B/S (WT),
pGFP-ICP27, pCFP-ICP27-C483, 488S and pS18, were described previously43-4451.

Plasmids pN-Venus-ICP27-518-C-Venus, pN-Venus-ICP27-d4-5-C-Venus and pN-Venus-
ICP27-A500-512-C-Venus were created by site-directed mutagenesis of pN-Venus-ICP27-C-
Venus using the Stratagene QuikChange kit. Plasmid pICP27-A500-512-C-Venus was
generated from digestion and re-ligation of pN-Venus-ICP27-A500-512-C-Venus to cut out
the N-Venus fragment and pN-Venus-ICP27-A500-512 was generated from pICP27-A500-
512-C-Venus and pN-Venus-ICP27. Plasmids pGFP-Stop500 and pGFP-ICP27-R416, 417,
418,435,439, 442A (GFP-R—>A) were generated by site-directed mutagenesis of pGFP-

ICP27.

Virus infection, transfection and immunoprecipitation procedures

Cells were infected with wild-type or mutant virus at a multiplicity of infection
(MOI) of 10 for single infections and a MOI of 5 for co-infections and incubated at 37°C for 8
hours. Transfection of plasmid DNA was performed by using Lipofectamine 2000 reagent
(Invitrogen) according to manufacturer’s protocol. Transfected cells were infected with
ICP27 null mutant virus 27LacZ 24 hours after transfection to stimulate expression of the
native ICP27 promoter and to replicate the conditions of infection. Eight hours after
infection, cells were harvested and immunoprecipitations were performed on cell lysates
using GFP/YFP antibody Ab290 (Abcam) as described previously3s. Immunoprecipitated
complexes were separated by SDS-polyacrylamide gel electrophoresis and transferred to

nitrocellulose. Western blot analysis was performed as described previously3ss with anti-
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ICP27 antibodies P1119 and P1113 (Virusys), anti-GFP/YFP Ab290 (Abcam), anti-GFP

antibody Ab1218 (Abcam) and Beta actin (Abcam).

Bimolecular Fluorescence Complementation

BiFC analysis was performed in transient transfection assays as described
previouslys344. The BiFC fusion constructs, N-Venus-ICP27-C-Venus; N-Venus-1CP27;
ICP27-C-Venus; N-Venus-ICP27-A500-512-C-Venus; N-Venus-ICP27-A500-512; ICP27-
A500-512-C-Venus; N-Venus-ICP27-C483, 488S-C-Venus; N-Venus-ICP27-d4-5-C-Venus; N-
Venus-ICP27-S18-C-Venus; and N-Venus-ICP27-R—>A-C-Venus were transfected into RSF
cells grown in glass-bottom culture dishes (MatTek Corporation) using Lipofectamine 2000
by following the manufacturer's protocol. Sixteen hours after transfection, cells were
infected with 27LacZ at a MOI of 10. At 4 and 6 hpi, cells were fixed with 4% formaldehyde
and viewed directly for Venus fluorescence using a Zeiss Axiovert 200M confocal

microscope at a magnification of x10, x20 and x40 with Axiovision software.

Results

ICP27 domains dispensable for dimer formation

Multiple reports have indicated the ICP27 N-terminal domain (NTD) to be
hydrophilic and unfolded, while the CTD is highly structuredss-40,45. Crystallization screens
of ICP27 were only successful for the CTD, from residues 241-512, showing this region
forms a highly interconnected dimer, while multiple attempts to overexpress and purify the

NTD suffered from heavy degradation and difficulties in purificationzoss. The few NTD
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protein constructs that were purified did not crystallize, most likely due to the unstable
and flexible nature of the domainass. To investigate if the ICP27 NTD plays a role in dimer
formation we co-infected HeLa cells with YFP-ICP27, a recombinant virus expressing ICP27
with an N-terminal YFP tag and that replicates as efficiently as KOSs2, and a number of
ICP27 mutant viruses bearing deletion or substitution changes spanning the length of the
amino portion of the protein, up to residue 173. The addition of the 27 kDa YFP tag allows
full length ICP27 to be easily distinguished from the N-terminal mutants. The mutant panel
included dLeu (missing the leucine-rich region), d1-2 (lacking the acidic region), d3-4
(deletion of the NLS), d4-5 (deletion of the RGG box), d5-6 (deletion of the R2 region) and
WRL (substitution of W105, R107, L108 to alanine). For a full list of viruses used in this
section and a detailed description of affected residues and regions see Table 2.1. Following
8 hours of infection, cells were collected, lysed and immunoprecipitations performed with
anti-YFP antibody. The Immunoprecipitated samples were separated by SDS-PAGE,
transferred to nitrocellulose and western blots probed with anti-ICP27 antibodies.
Western blot analysis revealed all of the untagged ICP27 mutants, which are not recognized
by anti-YFP antibody, co-precipitated with the YFP tagged protein, indicating all of the N-
terminal mutants were able to form dimers and confirming the NTD is dispensable for
ICP27 oligomerization (Figure 2.1).

After verifying the domain required for dimerization is localized to the carboxyl end
of the protein, we performed a mutational analysis of the ICP27 RRR motif. The arginines
416,417,418, 435,439, 442 form a basic patch on the ICP27 C-terminal surface. Sequence
analysis suggests that this basic region is important, with one of the surface exposed

arginines (R435) strictly conserved in alphaherpesvirusesss. Due to its basic properties,
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Table 2.1. ICP27 viruses used in this study.
The ICP27 viral mutants used in this study are listed along with the affected regions and

the altered residues.
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Virus Residues Altered Region(s) Affected
YFP-1CP27 N-terminal YFP tag
27LacZ A1-512 (lacZ insertion Entire ORF
within the ICP27 locus)
dLeu A6-19 LRR/NES
d1-2 A12-63 Acidic, NES
d3-4 A109-138 NLS
d4-5 A139-153 RGG box
d5-6 A154-173 R2
WRL W105A, R107A, L108A NLS
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Figure 2.1. ICP27 N-terminal mutants form homo-dimers in vivo.

N-terminal YFP-tagged HSV-1 ICP27 (YFP-ICP27) was immunoprecipitated from cellular
lysate of HeLa cells co-infected for 8 hours with YFP-ICP27 and the indicated ICP27 N-
terminal mutant using anti-YFP antibody (ab290). Western blotting was performed with a
combination of ICP27 monoclonal antibodies P1113 and P1119. Blots showing input
proteins were also probed with anti-ICP27 antibodies and the cytoskeleton protein Beta

actin (ab8229) as a loading control.
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this RRR motif may bind to nucleic acids, possibly in tandem with the N-terminal RGG
motif. To determine its importance in oligomerization we mutated these arginines along
the major dimer interface to alanines (R416, 417,418, 435, 439, 442A) and cloned it into
the GFP background as we have done previously with GFP-ICP2739. We then performed co-
transfections with plasmids encoding WT ICP27 (WT) and GFP-R416, 418, 419, 435, 439,
442A (GFP-R—>A), WT and truncation mutant Stop500 with N-terminal GFP (GFP-Stop500),
and WT and GFP-ICP27. For a full list of plasmids used in this section and a detailed
description of affected residues and regions see Table 2.2. After 24 hours, cells were
infected with ICP27 null mutant virus 27LacZ to stimulate expression of the plasmids,
which are under the control of the native ICP27 promoter, as well as to replicate the
conditions of infection. At 8 hpi, lysates were immunoprecipitated with anti-GFP
antibodies and analyzed by western blot as before. In line with a previously published
report3s, WT, which migrates below the tagged proteins, was clearly seen for GFP-ICP27
but not for GFP-Stop500, indicating WT formed dimers with the full length GFP-tagged
protein but not for the ICP27 truncation mutant (Figure 2.2). Additionally, WT was also
seen following pulldown of GFP-R->4, indicating the arginine to alanine substitutions were
not significant enough to disrupt the dimer interaction (Figure 2.2).

Next, we examined two CTD mutants, ICP27-C483, 488S and S18, used in earlier
ICP27 studies. BiFC experiments have shown that the C-terminal ZFD is essential for N- to
C- formation. When cysteine residues at positions 483 and 488 within the ZFD were
replaced with serine (N-Venus-1CP27-C483, 488S-C-Venus), little to no intramolecular
interaction was observed (Figure 2.6)44. How these substitutions affected dimer formation,

however, was not known. Though the cysteine residues are not located within the essential
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Table 2.2. ICP27 plasmids used in this study.
The ICP27 plasmids used in this study are listed along with the affected regions and the

altered residues.
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Plasmid Residues Altered Region(s) Affected

Wild-type

GFP-1CP27 N-terminal GFP tag

S18 SFIPR insert between C-terminal tail
residue 504 and 505

CFP-C483, 488S

N-terminal CFP tag; C483,
488S

ZFD

GFP-Stop500

N-terminal GFP tag; A500-
512 (Stop codon at residue
500)

C-terminal tail

GFP-ICP27-R416,417, 418,
435, 439, 442A (GFP-R—>A)

N-terminal GFP tag; R416A,
R417A, R418A, R435A,
R439A, R442A

RRR motif

N-Venus-ICP27-C-Venus

N-terminal Venus 1-154
tag; C-terminal Venus 155-
238 tag

N-Venus-ICP27

N-terminal Venus 1-154 tag

ICP27-C-Venus

C-terminal Venus 155-238
tag

N-Venus-ICP27-A500-512-
C-Venus

N-terminal Venus 1-154
tag; C-terminal Venus 155-
238 tag; A500-512

C-terminal tail

N-Venus-ICP27-A500-512

N-terminal Venus 1-154
tag; A500-512

C-terminal tail

ICP27-A500-512-C-Venus

C-terminal Venus 155-238
tag; A500-512

C-terminal tail

N-Venus-ICP27-C483, 488S- | N-terminal Venus 1-154 ZFD
C-Venus tag; C-terminal Venus 155-

238 tag; C483S, C488S
N-Venus-ICP27-d4-5-C- N-terminal Venus 1-154 RGG box

Venus

tag; C-terminal Venus 155-
238 tag; A139-153

N-Venus-ICP27-518-C-
Venus

N-terminal Venus 1-154
tag; C-terminal Venus 155-
238 tag; SFIPR Insert
between residue 504 and
505

C-terminal tail

N-Venus-ICP27-R=>A-C-
Venus

N-terminal Venus 1-154
tag; C-terminal Venus 155-
238 tag; R416A, R417A,
R418A, R435A, R439A,
R442A

C-terminal tail
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Figure 2.2. The ICP27 arginine residues within the CTD are not required for dimer
formation.

HeLa cells were co-transfected with pSG130 encoding WT ICP27 and pGFP-ICP27 plasmids
with the indicated C-terminal mutations. ICP27 residues R416, R417, R418, R435, R439,
R44?2 were substituted with alanine. GFP-tagged ICP27 plasmid Stop500 has a stop codon
in all three reading frames at amino acid 500. At 24 hours post transfection, cells were
infected with 27-LacZ for 8 hours at a MOI of 5. Cell lysates were immunoprecipitated with
anti-GFP antibody (Ab290). Western blots were probed with anti-ICP27 antibodies P113

and P119 and anti-Beta actin as indicated.
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tail motif, the zinc-finger region is believed to serve a structural function and mutation of
these residues may perturb ICP27 domain structure. The ICP27 S18 mutant is a tail
insertion mutant, with wild-type residues 1-504, followed by SFIPR insert, then wild-type
residues FYCNSLF39. This mutant has been used in past interaction studies and has been
reported to have a repressive effect on self-interaction and transcription of a subset of late
geness1,53,54. HeLa cells were transfected with plasmids expressing GFP-ICP27 and S18,
WT and ICP27-C483, 488S with an N-terminal cyan fluorescent protein tag (CFP-C483,
488S), along with the controls GFP-ICP27 and WT, and GFP-Stop500 and WT. Twenty-four
hours after transfection, cells were infected with 27LacZ and immunoprecipitations and
western blot analysis was performed in a similar fashion as earlier. Results from the
western blot revealed that whereas pulldown of CFP-C483, 488S efficiently co-precipitated
WT (Figure 2.3), the ICP27 S18 mutant was not detected following immunoprecipitation of
GFP-ICP27 (Figure 2.3). Suggesting that, while the ZFD may play a critical role for the
intramolecular self-association, this region is not required for homo-dimerization. On the
other hand, the C-terminal tail has been repeatedly shown to be vital for oligomerization,
with every introduced mutation tested in this study - deletion of the tail (Stop500),
truncation of the last 8 residues (N504), or a 5 amino acid insertion within the tail (S18) -

significantly abrogating formation of the dimer (Figures 2.2 and 2.3).

Role of the C-terminal tail in N- to C- terminal self-association
We then sought to determine whether the closed configuration formed upon N- to C-
terminal interaction requires ICP27 dimerization. BiFC analysis was performed as

beforeas,as with two C-terminal tail mutants, [CP27-A500-512 (missing the tail domain) and
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Figure 2.3. ICP27 C-terminal mutations disrupting dimer formation.

HeLa cells were co-transfected with plasmids pSG130 encoding WT ICP27 and pGFP-ICP27,
pGFP-Stop500 (stop codon at residue 500) or pCFP-C483, 488S (substitution of cysteine
483 and 488 with serine). pS18 (SFIPR insertion between residue 504 and 504) was co-
transfected with pGFP-ICP27. At 24 hours post transfection, cells were infected with 27-
LacZ for 8 hours. Cell lysates were immunoprecipitated with anti-GFP antibody (Ab290).

Western blots were probed with anti-ICP27 antibodies P1113 and P1119.
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S18 (Wu and Sandri-Goldin, unpublished). The N-terminal half of YFP Venus (residues 1-
154) was cloned onto the N-terminus of ICP27-A500-512 (N-Venus-ICP27-A500-512-C-
Venus) and S18 (N-Venus-ICP27-S18-C-Venus), and the C-terminal half of Venus (residues
155-308) was fused to the C-terminal end. In addition, constructs expressing [CP27-A500-
512 with only an N-terminal Venus tag (N-Venus-ICP27-A500-512) or a C-terminal Venus
tag (ICP27-A500-512-C-Venus) were also created. If the two tagged ends come into close,
nanometer-scale contact, the two halves of Venus recombine, and fluorescence occurs.
Plasmid DNA encoding the above constructs along with control plasmids N-Venus-ICP27-C-
Venus (positive control), N-Venus-ICP27-C483,488S-C-Venus (negative control), and N-
Venus-ICP27 and ICP27-C-Venus (negative control), used in earlier BiFC studies, were
transfected into RSF cells. Twenty-four hours after transfection, cells were infected with
27LacZ to activate expression of the plasmids. At 4 and 6 hpi, RSF cells were viewed for
fluorescence (Figure 2.4). Venus fluorescence was clearly seen at 4 and 6 hpi for the
positive control, N-Venus-ICP27-C-Venus, as well as the two ICP27 tail mutants, N-Venus-
ICP27-A500-512-C-Venus and N-Venus-ICP27-S18-C-Venus (Figure 2.4), signifying the tail,
and by extension the homo-dimer, is not required for the N- to C- configuration.
Conversely, fluorescence was not detected when the ZFD was mutated or when cells were
co-transfected with plasmids expressing N-Venus on one molecule of ICP27 and C-Venus on
another molecule of ICP27 (Figure 2.4).

We next analyzed BiFC with the ICP27-R416, 418, 419, 435, 439, 442A (R2>A)
mutant (Wu and Sandri-Goldin, unpublished). This R=A mutant was found to dimerize
efficiently in vivo, yet, how might the alanine substitutions affect the N- to C- interaction

was unclear. The N-Venus (1-154) and C-Venus (155-308) tags were fused to either ends
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Figure 2.4. BiFC analysis shows the C-terminal tail is not required for N- to C-terminal
interactions.

RSF cells were transfected with plasmid DNA from ICP27-Venus fusion constructs N-
Venus-ICP27-C-Venus, N-Venus-ICP27-A500-512-C-Venus, N-Venus-ICP27-S18-C-Venus, or
N-Venus-ICP27-C483, 488S-C-Venus or were co-transfected with N-Venus-ICP27 and
ICP27-C-Venus, or N-Venus-ICP27-A500-512 and ICP27-A500-512-C-Venus as indicated.
Twenty-four hours after transfection, cells were infected with 27LacZ at a MOI of 10. Venus

fluorescence was visualized directly at 4 and 6 hpi (Wu and Sandri-Goldin, unpublished).
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of ICP27-R416, 418,419, 435,439, 442A in a similar fashion as N-Venus-ICP27-C-Venus.
RSF cells were transfected with plasmids encoding N-Venus-ICP27-R416, 418, 419, 435,
439, 442A-C-Venus, N-Venus-ICP27-C-Venus, N-Venus-ICP27-C483,488S-C-Venus, and N-
Venus-ICP27-d4-5-C-Venus (RGG box deletion mutant with N- and C-terminal Venus) and
BiFC experiments were carried out with the same protocol as above (Figure 2.5). Here,
fluorescence complementation looked to be considerably diminished for the R-> A mutant
at 4 and 6 hpi compared to N-Venus-ICP27-C-Venus and another mutant with changes
outside of the CTD, N-Venus-ICP27-d4-5-C-Venus; and only slightly higher signal intensity
than N-Venus-ICP27- C483,488S-C-Venus, which was previously shown to not undergo
BiFC at 4 and 8 hpi in RSF cells44. This result shows that mutation of the arginine residues
that lie between the first cysteine (C400) and the histidine (C479) within the ZFD
negatively impacts intramolecular self-association and suggests a possible role for these

residues in N- to C- interactions.

Discussion

ICP27’s role as a versatile viral adapter required for a successful infection is contingent
upon its ability to participate in a wide array of protein-protein and protein-RNA
interactions. Although the details for how ICP27 performs its many functions and how
these functions are regulated remain elusive, clues can be ascertained through examination
of its conformational isomers. Our past studies have demonstrated that, during infection,
ICP27 adopts two distinct configurations that influence its binding partners: (1) an

intramolecular folded state, where the N- and C-termini come into direct contact43,44, and
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Figure 2.5. BiFC analysis shows arginine-to-alanine mutations within the CTD
weaken N- to C-terminal interactions.

RSF cells were transfected with plasmid DNA from ICP27-Venus fusion constructs N-
Venus-ICP27-C-Venus, N-Venus-ICP27-R—=>AC-Venus, N-Venus-ICP27-d4-5-C-Venus, or N-
Venus-1CP27-C483, 488S-C-Venus. Twenty-four hours after transfection, cells were
infected with 27LacZ at a MOI of 10. Venus fluorescence was visualized directly at 4 and 6

hpi (Wu and Sandri-Goldin, unpublished).
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(2) a homo-dimer, formed upon binding of the IHD in a reverse coffee bean-like
orientationso. In this chapter, we've evaluated the dimerization and intramolecular binding
capabilities for a number of ICP27 mutants. The results show non-overlapping essential
regions between the two configurations. The domain necessary for dimerization (the C-
terminal tail), is not required for N- to C- binding, while the regions with significant
contributions to the intramolecular N- to C- interaction (LRR, RRR motif, ZFD) is
expendable for dimer formation. Hence, one possible scenario is that the dimer and N- to
C-terminal interactions occur separately and that the protein exists in two forms in vivo: as
a monomer that undergoes a reversible intramolecular self-association and as a homo-
dimer in which the C-terminal ends form an intertwined dimer with two unstructured N-
terminal halves. Due to the differing configurations between the monomeric and dimeric
forms, each species may interact with distinct targets and perform specific roles during
infection.

Reanalysis of past interaction studies have identified several ICP27 binding partners
that may be specific for each conformation. ICP27 binding to TAP/NXF1, RNAP II and
Hsc70 require both the N- and C-termini of ICP27, and possibly the monomeric form, with
BiFC based FRET analysis showing interaction with TAP/NXF1 dependent on ICP27 N- to
C- terminal contacts9,2743. Alternatively, binding between ICP27 and cellular proteins
SRSF3, SRSF7, SAP145, PABP, elF3 and elF4G require only the C-terminal end of ICP2717,41.
Pulldown experiments with an ICP27 tail mutant unable to homo-dimerize, S18, reported
defects in binding with SRSF3 but did not affect interaction with RNAP II9,23. Thus, the
dimer form of ICP27 may be required for interaction with some of these cellular partners.

As we’ve now identified several ICP27 mutants specific for each conformational state,
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current work in our lab is focused on identifying partners specific to each configuration in
order to better elucidate the roles of the monomeric and dimeric forms during the course
of infection.

All species of herpesviruses express a multifunctional regulatory protein typified by
ICP2712. The region of sequence conservation within this family of proteins resides within
the globular IHD, which is responsible for dimerization3s. Every member of this family
analyzed so far has been found to oligomerize, with dimerization detected for VZV [E4 55
and KSHV ORF5756,57; while UL69 in HCMV has been reported to form stable tetramers
composed of a dimer of dimersss. A better understanding of the significance and function
of the ICP27 dimer could provide new insights into the actions of the ICP27 homologs as

well.
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CHAPTER 3

Mechanism of SR protein kinase 1 inhibition by the HSV-1 protein ICP27

Introduction

A fundamental step in eukaryotic gene expression is the alternative splicing (AS) of
nascent precursor messenger RNA (pre-mRNA) transcripts to remove noncoding introns
and adjoin exons in different arrangements to encode alternative protein isoforms. ASis a
widespread phenomenon, providing an important mechanism to increase proteomic
diversity and introduce additional layers of gene regulation, with current estimates based
on transcriptome wide gene analyses suggesting up to 95% of genes within the human
genome are alternatively spliceds9,s0. In human cells, splicing is predominantly catalyzed
by the major spliceosome, a large multi-molecular complex comprised primarily of 5 small
nuclear ribonuclear proteins (snRNPs) - U1, U2, U4, U5, and U6 - and regulated by a variety
of cis-acting features and trans-acting proteins. One of the key protein families involved in
splicing regulation are members of the highly conserved serine-arginine rich (SR) group of
proteins. SR proteins play significant roles in constitutive and alternative pre-mRNA
splicing, mediating spliceosome association with different splice sites, and also function in
various post splicing activities such as mRNA export, nonsense-mediated decay and
translationsi-63. In humans, there are 12 SR proteins, designated SR splicing factor (SRSF)
1-12, with SRSF1 (also known as ASF/SF2) being the first identified and prototypical SR

proteinsi. SR proteins have a modular structure characterized by two domains: an N-
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terminus containing one or more RNA-recognition motifs (RRMs) that determine RNA-
binding specificity, and a arginine-serine (RS) rich domain within the C-terminus, which
mediate interactions of SR proteins with each other and other spliceosome componentsss.
Residues within the RS domain are reversibly phosphorylated and the level of
phosphorylation regulates their localization as well as their ability to participate in
spliceosome assemblys3. Two protein kinase families have been reported to specifically
phosphorylate SR proteins: the serine-arginine protein kinases (SRPKs), typified by SRPK1,
strictly phosphorylate arginine-serine dipeptides, while the CDC2-like kinases (CLKs) can
phosphorylate both arginine-serine and serine-proline dipeptides found within the RS
domains of SR proteinses. All SRPKs are constitutively active kinases and SRPK1
phosphorylation of SR proteins has been shown to promote both their nuclear import as
well as their splicing activityss. The structure of SRPK1 is comprised of an N-terminal lobe
of mostly 8 strands, harboring the active site, linked by a spacer sequence to a larger C-
terminal lobe, containing mostly a helices, that forms a docking groove specific for the RS
repeats within SR proteins. Studies investigating SRPK1-SRSF1 interactions report SRPK1
binds to its native substrate with unusually high affinity, with a dissociation constant (Kad)
on the order of 50 nanomolar (nM), and rapidly phosphorylates approximately half the
sites within its RS domain using a processive mechanism that incorporates sequential C- to
N-terminal phosphorylationss,es.

In mammalian cells, SRPK1 is primarily localized within the cytoplasm. This is due
to the presence of a strong cytoplasmic retention signal within the spacer domain as well as
its interactions with the molecular chaperones HSP70 and HSP90, which in complex,

anchors the kinase to the cytoplasmez. SRPK1-mediated phosphorylation of SR proteins in
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the cytoplasm is required for their nuclear import as it enhances their interaction with the
nuclear import receptor, transportin SRes. However, under certain cellular conditions, such
as osmotic stress, activation of the epidermal growth factor (EGF) signaling pathway, or
during the G2 /M phase of the cell cycle, SRPK1 can be recruited into the nucleus where it
can participate in the release of SR proteins from nuclear speckless4,6s.

Due to their importance in host gene expression, a number of human viruses have
been shown to target various components of the spliceosome and its auxiliary factors in
order to shift cellular conditions to favor viral growth1s69. RNA-sequencing of HSV-1
infected cells revealed significant changes to host AS7o with many of these changes
mediated by the HSV-1 protein ICP2724. ICP27 associates with an array of proteins
involved in splicing and its presence has been reported to redistribute snRNPs to a more
punctate distribution within the nucleusz1 and inhibit spliceosome formation7z,73. ICP27
interacts with and relocalizes a number of SR proteins and SRPK12223. ICP27 binding to
SRPK1 recruits this predominantly cytoplasmic kinase to the nucleus, resulting in aberrant
phosphorylation of SR proteins and disrupting their ability to participate in spliceosome
assembly23. Consequently, spliceosome complex formation is stalled at the pre-
spliceosomal complex A stage, before the first catalytic step23. Through mutational
analysis, [CP27 interactions with SR proteins and SRPK1 have been mapped to two distinct
regions of the protein. ICP27 binding to SR proteins, snRNP components and other splicing
associated factors has been localized to the C-terminal half of ICP27, within the conserved
[HD, while ICP27 binding to SRPK1 has been mapped to the RGG box, located within the
intrinsically disordered region of the proteinzi-23. The RGG box, from residues 138 to 152,

is rich in arginines and glycines and has been reported to be post-translationally modified
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by methylation. Arginines 138, 148 and 150 are methylated by the major cellular
methyltransferase PRMT147,48; and this modification has been shown to modulate ICP27-
SRPK1 interactions46. However, the exact details of ICP27-SRPK1 binding and the
mechanism of methylation modulation have not been previously described. Here, in
collaboration with the lab of Dr. Alexander Golovanov, a structural biologist from the
University of Manchester, we performed an in-depth analysis of the ICP27-SRPK1 complex
in order to fully ascertain the molecular details of ICP27-SRPK1 interaction and further

characterize the mechanism of ICP27-mediated disruption of host RNA processing7a.

Materials and Methods

Protein expression and purification
The proteins glutathione S-transferase (GST)-ICP27103-155, GB1-SRPK1, and SRPK1
ANS1 were expressed in Escherichia coli. Proteins were purified by standard GST or His tag

purification methods followed by size exclusion chromatography.

Synthetic peptides

Peptides for the ICP27 RGG box used in crystallization experiments were produced
by EZBiolab (Carmel, IN, USA) comprised of I[CP27 residues 137 to 152 (sequence
ARGGRRGRRRGRGRGG), in two forms: unmodified standard L-peptide and methylated with
asymmetric dimethylation on R138, R148, and R150. Peptides used for ITC comprising
ICP27 residues 103 to 155 in unmodified form and dimethylated on R138, R148, and R150

as described were produced by Peptide Protein Research (Hampshire, United Kingdom).

47



Crystallization

To generate complexes of SRPK1 ANS1 with RGG box peptide ICP27137-152 (ICP27
residues 137 to 152) for crystallography, purified 2 uM SRPK1 ANS1 was combined with a
6 uM peptide and incubated for 16 h at 4°C. Complex was purified using a Superdex 75
10/300 column equilibrated with buffer supplemented with 1 uM ICP27137-152 peptide.
Protein concentrated to 260 pM grew crystals by sitting drop vapor diffusion at 4°C when
mixed 1:1 with a reservoir solution of 0.09 M [NaNO3, 0.3 NazHPO4, 0.3 M (NH4)2S04], 0.1 M
(sodium HEPES, MOPS [morpholinepropanesulfonic acid]) buffer system (pH 7.5) with
50% vol/vol GOL_P4K mix (Morpheus HT96 C7; Molecular Dimensions). Crystals were

flash frozen by plunge freezing in liquid nitrogen.

Data collection, structure determination, model building and refinement

Data were collected from single cryo-frozen crystal SRPK1 ANS1-RGG box at
beamline i04-1 (Diamond Light Source). Data were indexed, scaled and integrated with
Xia275. Phases were determined by molecular replacement using phaser with coordinates
from Protein Data Bank code 1WAK76. An automated model built against the phased map
in Phenix AutoBuild was used as the basis for iterative cycles of rebuilding and refinement
in COOT and Phenix.refine77,78, with validation with MolProbity and PDB_REDO79,80. ICP27
RGG box peptides were initially built as polyalanine to ensure unbiased identification of the
correct register of residues. Co-crystallization of SRPK1 ANS1-RGG box was only successful
with the unmodified ICP27137-152 peptide, which diffracted to 2.8 A. Coordinates were

deposited in the Protein Data Bank under accession code 6FAD.
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Nuclear magnetic resonance

Uniformly 13C, 15N-labeled ICP27103-155 backbone amide signal (BMRB accession no.
27341s1) perturbations were monitored upon addition of unlabeled GB1-SRPK1. Similarly,
uniformly 15N-labeled SRSF1 backbone amide signals signal perturbations in 1H-15N HSQC
spectra of SRSF1 were monitored upon addition of unlabeled GB1-SRPK1. For IDIS-HSQC-
NMR experimentssz, a sample was prepared containing a 1:1 mixture of differentially
labeled proteins, specifically 50 uM 13C, 1sN-labeled ICP27103-155 and 50 pM 15N-labeled
SRSF1. IDIS-HSQC spectra were acquired of this 1:1 mixture and then with unlabeled GB1-
SRPK1 added to 25 pM and then to 50 pM. Data were processed in Topspin (Bruker) and

analyzed in Sparkyss.

Isothermal titration calorimetry

GB1-SRPK1 and ICP27 peptides were placed into Slide-a-Lyzer G2 cassettes
(Thermo Fisher) and dialyzed within identical buffer consisting of 20 mM HEPES, 150 mM
NaCl, and 1 mM TCEP [Tris(2-carboxyethyl)phosphine hydrochloride] (pH 7.4). Protein
concentrations were measured by absorbance at 280 nm using extinction coefficientss4 of
86,580 M-1 cm-1 and 5,500 M-1 cm-1 for GB1-SRPK1 and ICP27103-155, respectively.
Experiments were performed at 25°C on a PEAQ-ITC (Malven instruments), using 10 uM
GB1-SRPK1 in the sample cell and 120 uM ICP27 peptide in the syringe. Each experiment
consisted of 19 injections: the first at 0.4 pl and the rest at 2 ul. Data were processed and

fitted to a single-site binding model with Microcal PEAQ-ITC analysis (V1.00.1262).

49



In vivo studies

For immunoprecipitation experiments, HeLa cells grown on minimal essential
medium containing 10% newborn calf serum were infected with HSV-1 wild-type strain
KOS or null mutant 27LacZ as described previouslyss. Transfection of plasmid DNA was
performed with Lipofectamine 2000 (Invitrogen). Cells were infected with 27LacZ 24
hours after transfection to stimulate expression of the native ICP27 promoter by the virion
tegument protein VP16 as previously describeds943. Cells were harvested 8 hours later,
and immunoprecipitation was performed using GFP antibody Ab290 (Abcam) or ICP27
monoclonal antibody P1119 (Virusys) as described previously3s. Western blots were
probed with anti-ICP27 antibody P1119, anti-GFP antibody JL-8 (TaKaRa Bio), or anti-§3-

actin antibody.

In immunofluorescence experiments, rabbit skin fibroblasts (RSF) were transfected
and/or infected as indicated in the legend to Fig. 5. At 8 hpi, cells were fixed in 3.7%
formaldehyde, and immunofluorescent staining was performed as previously described41
with ICP27 antibody P1119 or ICP4 P1114 (Virusys). GFP fluorescence was viewed

directly. Cells were viewed with a Zeiss Axiovert S100 microscope.

For in vivo phosphorylation analysis, HeLa cells were transfected with GFP-SRPK1
and ICP27 RGG box mutants, as indicated in Fig. 5D, and 24 hours after transfection, cells
were infected with 27LacZ for 8 hours. To monitor SR protein phosphorylation, 5% of each

cellular lysate was resolved by SDS-PAGE. Western blot analysis was performed with

50



antiphosphoepitope SR antibody MABES50 (Millipore), anti-SF2 (SRSF1) antibody ab38017

(Abcam), anti-ICP27 antibody P1119, and anti-lamin B1 antibody.

Data availability
Co-crystallization of SRPK1 ANS1-RGG box coordinates have been deposited in the Protein

Data Bank, under accession code 6FAD.

Results

Mapping and quantification of SRPK1 binding to ICP27 peptide fragments containing
the RGG box motif

Previous in vitro binding experiments have indicated ICP27 binds SRPK1 via its N-
terminal RGG box, with binding modulated by methylation of arginine residues 138, 148
and 150. To verify the isolated RGG motif is sufficient for SRPK1 binding and to measure
the binding affinity between the RGG box and SRPK1, an isothermal titration calorimeter
was used to measure the interaction between a synthetic ICP27 peptide (ICP27103-155),
comprised of the RGG box residues plus the preceding NLS and ALYREF-binding regions
(Figure 3.1A), and purified full-length SRPK1 expressing an N-terminal GB1 solubility tag
(GB1-SRPK1). Furthermore, the binding affinity of a methylated ICP27 peptide
(methylated at arginines 138, 148 and 150) and GB1-SRPK1 was also measured. Results
from the isothermal titration calorimetry (ITC) measurements revealed ICP27103-155 binds
GB1-SRPK1 with high affinity, with a Kda of 94 £ 23 nM (Figure 3.1B). However, methylation

of the RGG box negatively affected ICP27103-155-GB1-SRPK1 binding, weakening the
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Figure 3.1. SRPK1 binds to the RGG box of ICP27 in vitro.

(A) Schematic of subdomains and interaction sites within HSV-1 ICP27. (B) Affinity
quantification of SRPK1 interaction with unmodified ICP27103-155. (C) As in panel B but
with methylated ICP27103-155. (D) 1H-15N correlation spectra of [1sN]ICP27103-155 in the
absence (red) and presence (blue) of a stoichiometric equivalent of SRPK1. (E) Binding site
mapped by analysis of relative signal intensity change upon binding, IB/IF. The decrease in

signal intensity of a protein occurs upon interaction with SPRK1.
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interaction approximately 3-fold, to a Kd of 262 + 21 nM (Figure 3.1C). Next, we mapped
the ICP27 residues directly responsible for SRPK1 contact by performing nuclear magnetic
resonance (NMR) signal perturbation mapping with a purified 1sN-labeled ICP27103-155
peptide. Using the previously established backbone assignments1, we compared the 1H-15N
correlation spectra in the presence and absence of unlabeled GB1-SRPK1 (Figure 3.1D).
ICP27 residues that interact with SRPK1 exhibit signal broadening, resulting in lower signal
intensity. Upon addition of GB1-SRPK1, we saw a significant decrease in signal intensity for
15N-labeled ICP27103-155, particularly for residues 112-121 and 138-152, the latter of which
contains the RGG motif (Figure 3.1E). Taken together, these data confirmed that ICP27
binds SRPK1 with high affinity through its RGG motif with additional contributions from

upstream residues within the NLS region.

NMR directly confirms competition between SRSF1 and ICP27103-155 for SRPK1
binding

Our ITC results suggests a similar binding affinity between ICP27’s RGG region and
the RS domain of SRSF1 with SRPK1; with a Kd 0f 94 + 23 nM versus 50 + 25 nM for SRSF1,
previously determined through in vitro phosphorylation assays. To identify whether these
two proteins bound SRPK1 in a competitive manner and to determine which had the higher
affinity we mixed all three proteins (in differentially labeled forms) in various
stoichiometric amounts and performed isotopically discriminated (IDIS)-NMR. Initial 1H-
15N heteronuclear single quantum coherence (HSQC) and transverse relaxation-optimized
spectroscopy (TROSY) experiments established fingerprint spectra of uniformly 15N-

labeled full-length SRSF1 in the presence and absence of unlabeled GB1-SRPK1. These
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spectral patterns allowed us to identify the SRSF1-SRPK1 complex in solution. The high
contour view of the SRSF1 spectra showed sharp, poorly dispersed amide signals from the
RS residues within SRSF1 (Figure 3.2A), while the low contour view revealed lower-
intensity, broad amide signals from the globular RRM domains as well as the sharp signals
from the RS region (Figure 3.2B). Upon introduction of GB1-SRPK1, the RS repeat signals
were broadened, significantly weakening their signal intensity. For [CP27103-155, the
previous mapping experiment (Figure 3.1D) provided the reference spectral patterns that
allowed us to recognize the presence of the ICP27 RGG-SRPK1 complex. In the IDIS-NMR
experiments, baseline spectra and spectral intensities were first recorded for
[13C,15N]ICP27103-155 and [1sN]SRSF1 in isolation (Figure 3.3Ai and 3.3Bi, 3.3C and 3.3D)
and upon addition of half a stoichiometric amount(25pM) of unlabeled GB1-SRPK1 or an
equivalent amount (50 puM) of [1sN]SRSF1 (for [13C,15N]ICP27103-155) or [13C,15N]ICP27103-
155 (for [1sN]SRSF1). Addition of SRPK1 resulted in substantial signal broadening for
ICP27103-155 and SRSF1 (Figure 3.3Aii and 3.3Bii, 3.3C and 3.23), confirming SRPK1 binding
between the two proteins. On the other hand, spectra from the 1:1 mixture of ICP27 103-
155:SRSF1 revealed only minor differences in signal patterns compared to baseline (Figure
3.3Aiii and 3.3Biii, 3.3C and 3.3D), indicating ICP27 residues 103-155 do not interact with
SRSF1. Next, we measured the NMR spectra and signal intensities of the 1:1 mixture of
ICP27103-155:SRSF1 following addition of a substoichiometric amount of non-labelled GB1-
SRPK1. Introduction of 25 puM GB1-SRPK1 resulted in marked spectral changes and a
strong decrease in signal intensity within the SRSF1 RS residues, whereas in ICP27, the
RGG box signals were relatively undisturbed (Figure 3.3Aiv and 3.3Biv, 3.3C and 3.3D),

demonstrating preferential binding of SRPK1 to SRSF1. However, upon increasing the
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Figure 3.2. TROSY 1H-15N NMR correlation spectrum of uniformly [15N]-labelled full-
length SRSF1.

The same spectrum is shown with contour levels adjusted to illustrate differential peak
heights. (A) High contour level only reveals sharp poorly dispersed signals from
intrinsically disordered termini including the RS-repeats labelled with black dashed boxes.
(B) Low contour view where broad and dispersed signals from globular RRM domains can

be observed in addition to sharp signals.
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Figure 3.3. IDIS-NMR experiments indicate competition for SRPK1 binding between
SRSF1 and the RGG box region of ICP27.

Reporter signals for SRPK1 binding are shown for (A) RGG box within [13C, 15N]ICP27103-155
and (B) RS region from full-length [1sN]SRSF1. (i) ICP27 or SRSF1 in isolation, (ii) ICP27 or
SRSF1 with half a stoichiometric equivalent of unlabeled GB1-SRPK1 added, (iii) 1:1
mixture of ICP27 and SRSF1, (iv) 1:1:0.5 mixture of ICP27, SRSF1 and GB1-SRPK1, (v) 1:1:1
mixture of ICP27, SRSF1, and GB1-SRPK1. The normalized relative intensities of reporter
signals Iret measured from the spectra shown in panels A and B are plotted in panel C for
ICP27 and panel D for SRSF1. The decrease in signal intensity of a protein occurs upon
interaction with SPRK1, and comparison of signals from ICP27 and SFSR1 within the same
sample tube therefore provides an indication of binding preference. The central scheme
illustrates the binding scenarios for each sample, with GB1-SRPK1, ICP27103-155, and SRSF1

molecules colored gray, blue, and red, respectively.
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concentration of GB1-SRPK1 (final concentration of 50 uM) to an equivalent stoichiometric
amount of 1:1:1 for all three components within the ternary mixture, we observed
significant signal broadening for the ICP27103-155 peptide, as well as some additional
broadening for SRSF1 (Figure 3.3Av and 3.3Bv, 3.3C and 3.3D). These results indicate that,
although SRPK1 has a slightly higher preference for the RS regions of SRSF1 over a short

ICP27103-155 peptide, the latter is still competitive for SRPK1 binding.

The crystal structure of ICP27 RGG box peptide bound to the docking groove of
SRPK1

Following the competition experiments, we then sought to determine the structure
of the ICP27 RGG box-SRPK1 complex by X-ray crystallography. Crystal trials were
attempted with the SRPK1 ANS1 protein construct (used in earlier crystallization studies)
containing the two kinase domains (Figure 3.4) and methylated and unmethylated
ICP27137-155 RGG box peptides. Successful co-crystallization was only achieved with the
unmethylated ICP27137-155-SRPK1 complex, which diffracted to 2.8 A. The crystal structure
identified a 7-residue palindrome sequence - RGRRRGR - located within the center of the
RGG motif, from positions 142 to 148, forms the crux of the interactions with SRPK1
(Figure 3.4). Comparison of the structure with the SRPK1-SRSF1 crystal structure reveal a
highly similar pattern of recognition (Figure 3.5). Notably, ICP27 arginines R142, R144,
R146 and R148 and the arginine residues R204, R206, R208 and R210 within the RS
domain of SRSF1 form almost identical intermolecular contacts with the SRPK1 docking

groove (Figure 3.5). Thus, the structural data obtained in this section visually illustrates
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Figure 3.4. Structure of SRPK1 with RGG box peptide ICP27137-152 bound in the
substrate docking groove.

(A) Schematic of SRPK1 domains. (B) Crystal structure of the SRPK1 in complex with
ICP27137-152. SRPK1 is colored as panel A, ICP27 is yellow. (C) As in panel A but view
rotated 90°. (D) 2Fo - Fc electron density map of RGG peptide colored blue, contoured to 1o

orientated as in panel B.
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Figure 3.5. Comparison of SRPK1 docking groove interactions.

(A) Detail of the RGG box peptide bound within the SRPK1 docking groove, plus
comparative view of SRPK1 with (B) SRSF1 RS1 region. SRPK1 is shaded gray, and bound
peptides are colored. Intermolecular hydrogen bonds or salt bridges are represented by
red dashes. Chemical schematics of the interactions shown in panels A and B are shown in

panels C and D, respectively.
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the similarities between ICP27 RGG box and SRSF1 binding to SRPK1 and corroborates

their competitive interactions observed during the NMR experiments.

ICP27 RGG box mutants do not interact with or change cellular localization of SRPK1
in vivo

We next performed a series of experiments to further characterize the function of
ICP27-SRPK1 binding in vivo. First, we constructed a series of ICP27 mutants targeting the
arginine residues that form the majority of SRPK1 contacts. ICP27 residues R142, R144,
R146 and R148 were mutated to glycine as single (R142G, R146G or R148G), double
(R142G R146G) or quadruple (R142G R144G R146G R148G) substitutions. Plasmids
encoding either the arginine mutants, WT ICP27 or an RGG box deletion mutant were co-
transfected with a plasmid expressing GFP-SRPK1 and subsequently infected with ICP27
null mutant virus 27LacZ to stimulate expression of the plasmids. At 8 hpi, lysates were
immunoprecipitated with anti-GFP antibody, separated by SDS-PAGE, transferred to
nitrocellulose and analyzed by western blot with anti-ICP27 antibodies. As expected, the
pulldown experiment showed substantial binding between WT ICP27 and GFP-SRPK1, as
immunoprecipitations with anti-GFP antibody efficiently co-immunoprecipitated untagged
WT ICP27 (Figure 3.6A). However, interaction with GFP-SRPK1 was considerably reduced
for ICP27 single (R142G, R146G or R148G) and double (R142G R146G) arginine
substitution mutants and was essentially abolished for the quadruple (R142G R144G
R146G R148G) mutant and the RGG box deletion mutant (ARGG) (Figure 3.6A). 1CP27
interaction with endogenous SRPK1 was also analyzed. Cells were transfected with WT

ICP27, ARGG or ICP27 mutant plasmids and infected with 27LacZ as described earlier.
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Figure 3.6. ICP27 RGG box mutants do not interact with SRPK1 in vivo.

HeLa cells cotransfected with GFP-SRPK1 and WT ICP27 or RGG box mutants were infected
for 8 hours with 27LacZ. Immunoprecipitation was performed using anti-GFP antibody.
Western blots were probed with anti-GFP or anti-ICP27 antibody and anti-§3-actin as a
loading control. (B) HeLa cells transfected with WT and ICP27 RGG box mutants were
infected with 27LacZ for 8 hours. Immunoprecipitation was performed with anti-ICP27
antibody. Western blots were probed with anti-SRPK1 or anti-ICP27 antibody as indicated

and anti-f-actin as a loading control.
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Immunoprecipitations were carried out with anti-ICP27 antibody and the blots were
probed with antibody to SRPK1. In this instance, endogenous SRPK1 was only detected
with WT ICP27 and did not co-ip with any of the mutants (Figure 3.6B).

We’ve previously shown that during HSV-1 infection, ICP27 relocalizes SRPK1 from
the cytoplasm to the nucleus and this relocalization requires an intact RGG motif2346. To
determine if the ICP27 arginine-to-glycine mutants are able to redistribute SRPK1 to the
nucleus, we co-transfected cells with GFP-SRPK1 and WT or ICP27 mutant plasmids,
infected with 27LacZ for 6 hours, then fixed and stained the cells for immunofluorescent
(IF) analysis. Further, cells were also transfected with GFP-SRPK1 and mock infected or
infected with WT HSV-1, 27LacZ, or ARGG mutant virus as controls. In agreement with our
earlier reports, IF analysis of mock, ARGG and 27LacZ infected cells showed SRPK1 to be
predominantly cytoplasmic, whereas in cells infected with WT HSV-1 or transfected with
WT ICP27 plasmid, SRPK1 accumulated in the nucleus (Figure 3.7). For cells expressing
the RGG box substitution mutants (R142G, R146G, R142G R146G, or R142G R144G R146G
R148G), SRPK1 was, again, largely confined to the cytoplasm; indicating the reduced
interactions between these mutants and SRPK1, illustrated by our earlier co-ip
experiments, prevented ICP27 from relocating the cellular kinase to the nucleus (Figure
3.7).

ICP27 has also been demonstrated to decrease the phosphorylation state of SR
proteins by interfering with SRPK1’s kinase activity23. To determine if the I[CP27 RGG box
mutants could alter SR protein phosphorylation in vivo, cells were co-transfected with GFP-
SRPK1 and WT ICP27 or ARGG, R142G R144G R146G R148G, and R142G R146G mutants

and infected with 27LacZ. 8 hours after infection, western blots were probed with an anti-
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Figure 3.7. ICP27 RGG box mutants do not relocalize SRPK1 into the nucleus.

RSF cells were transfected with GFP-SRPK1 and 16 hours later were mock infected,
infected with WT HSV-1 or 27LacZ, or were cotransfected with GFP-SRPK1 and WT ICP27
or ICP27 RGG box mutants and infected 16 hours later with 27LacZ. Cells were fixed 6
hours later and immunofluorescent staining was performed with anti-ICP27 antibody.
ICP4 antibody was used to stain the 27LacZ sample to mark the nucleus. GFP fluorescence

was visualized directly. The panels shown are representative of ~80% of cells visualized.
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phosphoepitope antibody that recognizes phosphorylated serines within the RS repeats of
SR proteins. Analysis of the western blot revealed reduced phosphorylation for SRSF1
(SRp30) and SRSF5 (SRp40) in WT ICP27 transfected cells but not in the ICP27 RGG box
mutants (Figure 3.8). To verify that reduced phosphorylation was not due to lower protein
levels, the blot was probed with anti-SRSF1 antibody which indicated equivalent amounts
of SRSF1 among the samples (Figure 3.8). These results further affirm ICP27 induces
hypophosphorylation of SR proteins during HSV-1 infection. This action requires ICP27 to
interact with SRPK1 through its RGG motif; and mutation of the RGG residues disrupts

SRPK1 binding and does not lead to aberrant SR protein phosphorylation.

Discussion

SR proteins are an essential class of non-snRNP splicing factors with important roles
in regulating constitutive and alternative splicing, mRNA export, stability and translationei-
63. SR proteins are phosphorylated by SR specific kinases and their phosphorylation state
determines their localization as well as their functione3. A major regulator of SR protein
activity in humans is the ubiquitously expressed cellular kinase SRPK1, which has been
shown to phosphorylate the N-terminus of the SRSF1 RS domain, promoting its
translocation into the nucleus and spliceosome assemblyss,66,8586. During infection with
HSV-1, the virus expresses the multifunctional adaptor protein ICP27, which has been
shown to disrupt various facets of host pre-mRNA maturation in order to facilitate viral
replicationi2. ICP27 interacts with SRPK1 and redistributes the kinase into the nucleus,

resulting in aberrant hypophosphorylation of SR proteins and stalled splicing complexes23.
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Figure 3.8. ICP27 RGG box mutants do not inhibit SRPK1 activity in vivo.

HeLa cells were co-transfected with GFP-SRPK1 and WT ICP27 or RGG box mutants and
were infected with 27LacZ 16 hours after transfection for 8 hours. Portions of cell lysates
were fractionated by SDS-PAGE, and Western blots were probed with anti-phosphoepitope
SR antibody, anti-SF2 (SRSF1), anti-ICP27 antibody, and anti-lamin B1 antibody as a

loading control.
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Binding between SRPK1 and ICP27 was previously shown to require the ICP27 RGG box
and arginine methylation was reported to modulate the bindingss. However, it was not
known whether the RGG box residues by themselves were sufficient for binding or whether
other ICP27 residues were necessary for interaction. Further, the binding affinity between
the two proteins had not been characterized and it was not known whether binding
between ICP27 and SRPK1 was competitive with SRPK1 binding to its native substrate
SRSF1. Additionally, it was also not clear how methylation of the ICP27 RGG box affected
the interface between the two proteins.

The results from this study have provided key details regarding the [CP27-SRPK1
interaction. ITC and NMR experiments revealed the ICP27 103-155 peptide, which contains
the RGG motif and its surrounding residues, can independently bind SRPK1 in a
competitive manner and with an affinity comparable to that of SRSF1. The crystal
structure of the ICP27 RGG-SRPK1 complex illustrated the RGG residues bind to the same
SRPK1 docking groove, and in a similar fashion, as the RS repeats within SRSF1.
Examination of the structure also provides an explanation for why methylation of the RGG
box weakens ICP27 affinity for SRPK1, seen from our ITC results. Within the RGG box, the
side chains of arginines 142, 144 and 148 become buried when bound to SRPK1. The
addition of methyl groups to the arginine residues surrounding this region is likely to
introduce steric clashes between the two proteins and, consequently, interfere with
binding. Through our in vivo experiments, we further established the importance of the
RGG motif for SRPK1 disruption. Western blot and IF analysis showed that ICP27 RGG box

mutants exhibited greatly diminished binding with SRPK1, was not able to recruit SRPK1
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into the nucleus and did not induce a lower phosphorylation state for SR proteins as was
seen with WT ICP27.

In sum, the data here elucidates the molecular mechanism of ICP27-mediated
inhibition of SRPK1 function. ICP27 RGG box residues bind directly to the SRPK1 docking
groove, which ordinarily recognizes the RS domains of SR proteins, thus displacing SRPK1’s
cellular substrates and preventing their phosphorylation. In addition, binding between the
two proteins resulted in redistribution of SRPK1 to the nucleus, likely preventing contact
between the kinase and cytoplasmic SR proteins, resulting in restriction of SR proteins to

the cytoplasm and disrupting their ability to assemble the host splicing machinery.
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CHAPTER 4

ICP27 promotes host antisense transcript levels during HSV-1 infection

Introduction

HSV-1 lytic infection significantly impacts the cellular transcriptome. These impacts
include alterations to gene isoform expression, alternative splicing, 3’ end formation and
differential gene expressionzo,2570. Moreover, in a recent investigation by Wyler et al.
(2017), relying on stranded RNA-sequencing data as well as published sequencing data of
4-thiouridine (4sU) pulse-labeled RNA20 from HSV-1 infected fibroblasts, HSV-1 was shown
to specifically upregulate the expression of approximately 1000 antisense transcripts from
the cellular genomes7. Examination of these transcripts revealed most were not included in
existing genome annotations, were expressed as early as 1 hpi, unspliced and
polyadenylateds?. In experiments with the viral DNA polymerase inhibitor
phosphonoacetic acid (PAA), mutant ICPO (AICPO) or ICP4 (AICP4) deletion viruses, and
transient transfections with an ICP4 encoding plasmid, the authors demonstrated that
activation of a subset of antisense transcripts was dependent on the IE protein ICP4, the
major viral transcription factors7. Notably, it was observed that, in all cases, levels of
antisense transcripts were markedly higher with infection as compared to ICP4
overexpression, alluding to the possibility that other viral factors may contribute to this

phenomenonsz. Due to differences in expression kinetics as well as sensitivity to ICP4
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deletion, it was hypothesized that disparate antisense transcripts were induced by
different mechanisms; with ICP4 required for expression of a subset of these transcripts.
Upon infection with HSV-1, one of the first proteins expressed by the virus is the
multifunctional adaptor ICP27. As discussed in preceding chapters, ICP27 has been
reported to interact with a multitude of protein partners, bind GC-rich RNA and specifically
disrupt various aspects of cellular mRNA biogenesis in order to advance virus
productioni2,8825,89,91. Although the functions of ICP27 have long been the subject of active
investigation by numerous research groups, to date, the molecular details and extent of
ICP27-mediated disruptions to the host transcriptome are still not well defined. Results
disclosed by Wyler and colleagues indicate other factors are necessary for maximum
accumulation of host antisense transcripts. However, it’s currently not known what other
factor(s) are involved and the authors did not specifically examine the actions of ICP27 in
their study. In this chapter, we sought to determine if ICP27 contributes to the increased
levels of cellular antisense RNA observed during infection. Utilizing both transcriptome-
wide sequencing (RNA-seq) and individual-nucleotide resolution UV crosslinking and
immunoprecipitation followed by high-throughput sequencing (iCLIP-seq) of wild-type and
ICP27 mutant infected cells we show that ICP27 binds to induced host antisense transcripts
in vivo and that accumulation of these transcripts require both ICP27 and its RNA-binding

RGG motif.

Materials and Methods

Cells, viruses and recombinant plasmids
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HeLa cells were grown on minimal essential medium containing 10% newborn calf serum.
HSV-1 wild-type strain KOS and ICP27 viral mutants 27LacZ and ARGG were previously
described4o,47. Plasmid pSG130B/S (WT) was described previouslysi and plasmid pMd4-5

was a generous gift from Steve Ricevo.

Virus infection and transfection

Cells were infected with wild-type or mutant virus at a multiplicity of infection
(MOI) of 5 and incubated at 37°C in a 5% (v/v) COz-enriched incubator for 8 hours.
Transfection of plasmid DNA was performed by using Lipofectamine 2000 reagent
(Invitrogen) according to manufacturer’s protocol. Twenty-four hours after transfection,
cells were infected with ICP27 null mutant virus 27LacZ at a MOI of 5 for 8 hours to

activate expression of the plasmids and to replicate the conditions of infection.

RNA extraction and sequencing

HeLa cells were infected with HSV-1 KOS, 27LacZ or ARGG. Eight hours after
infection, cells were harvested and nuclei fractionated from the cytoplasm as described
previouslys2. Briefly, cells were lysed in low-salt lysis buffer (10 mM Tris [pH 7.4], 3 mM
CaClz, 2 mM MgClz, 0.5% NP-40, and protease inhibitor cocktail [Roche]). The cell lysate
was passed through a syringe with a 25-gauge needle 10 times. The nuclei were pelleted
by centrifugation at 14,000 x g for 30 seconds. The supernatant was transferred to a new
tube and represented the cytoplasmic fraction. The nuclear pellet was resuspended in
high-salt extraction buffer consisting of phosphate-buffered saline (PBS) containing 250

mM NacCl, 0.5% NP-40, and protease inhibitor cocktail. Total RNA was isolated with TRIzol
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(Invitrogen) from the nuclear and cytoplasmic fractions. RNA was extracted with
chloroform and precipitated in ethanol. Poly(A) RNA was selected using poly-T oligos on
magnetic beads and sequencing libraries were generated with the TruSeq mRNA stranded
kit (Illumina) according to manufacturer’s instructions. The Agilent 2100 Bioanalyzer and
Qubit fluorometer were used in quantification and qualification of the sample library

before being sequenced using the [llumina HiSeq4000.

iCLIP-sequencing

HeLa cells were transfected with plasmids expressing WT-ICP27, ARGG or empty
vector pUC18 using Lipofectamine 2000 reagent (Invitrogen) according to manufacturer’s
protocol. Twenty-four hours after transfection, cells were infected with ICP27 null mutant
virus 27LacZ to induce expression of the plasmids. At 8 hpi, cells were exposed to UV light
at 254 nm with 400mj/cmzand then collected for iCLIP library preparation. The iCLIP
protocol was carried out as described by Huppertz et al. (2014)91 with minimal
modifications. Briefly, lysates were incubated with anti-ICP27 antibody P1119 (Virusys)
bound to 100 pl protein G Dynabeads (ThermoFisher) at 4 °C under rotation with
subsequent washing. Following immunopurification, RNA 3’ end dephosphorylation,
ligation of the adapter 5'-rAppAGATCGGAAGAGCGGTTCAG/ddC/-3' to the 3’ end and 5’
end radiolabeling, protein-RNA complexes were size-separated by SDS-PAGE and
transferred to nitrocellulose membrane. The regions corresponding to 70-100 kDa were
excised from the membrane to isolate the bound RNA by proteinase K treatment. RNAs
were reverse-transcribed in all experiments using SuperScript III reverse transcriptase

(ThermoFisher) and custom indexed primers. Resulting cDNAs were subjected to
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electrophoresis on a 6% TBE-urea gel (ThermoFisher) for size selection. Purified cDNAs
were circularized, linearized and amplified for high-throughput sequencing. The Agilent
2100 Bioanalyzer and Qubit fluorometer were used in quantification and qualification of

the sample library before being sequenced on the Illumina NovaSeq.

Data analysis

The 100-cycle single-end sequencing libraries were aligned to human reference
genomes hg19/GRCh37 and hg38/GRCh38 using STAR version 2.5.2a. No multimapping
was allowed in alignment. Bigwig files were then generated using deepTools v3.02 with

RPKM normalization.

For iCLIP samples, identification of significant crosslinked clusters and enriched K-
mers was performed as described by Modic et al. (2019)92 using the iCount python package
(https://github.com/tomazc/iCount). Briefly, fastq files were demultiplexed and barcodes
removed via the 5’ experimental barcodes. Unique molecular identifiers (UMIs) were used
to remove PCR duplicates and reads were mapped to the human reference genome. After
the mapping, a BAM file containing both unique and multi-mapped reads was generated for
each sample. Two BED files showing (unique or unique and multi-mapped) crosslink sites
on the genome and a BedGraph file giving coordinate information and count was generated
from each BAM file. Paraclu (http://cbrc3.cbrc.jp/~martin/paraclu/) was used to
aggregate crosslink sites. Thresholded crosslinks, representing high read counts present
within peaks, were obtained from Paraclu peaks. BED files were used to generate RNA

maps and motif analysis, which identified enriched k-mers and their distribution around
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thresholded crosslink positions. Sample clustering was performed with deepTools
plotCorrelationss

(https://github.com/deeptools/deepTools/blob/master/deeptools/plotCorrelation.py).

Results

Optimum accumulation of cellular antisense transcripts is dependent on ICP27 and
its RGG motif

A previous RNA-seq study reported HSV-1 induced the expression of approximately
1000 cellular antisense transcripts, of which 12 were validated and selected for further
analysiss7. Based on their locations, antisense transcripts were categorized as: 1)
divergent, if the sense and antisense transcripts start from the same promoter region, but
don’t overlap; 2) convergent, if the 5’ ends of the antisense and sense transcripts overlap;
or 3) internal, if several exons of the sense transcript overlap with the antisense transcript.
Examination of these transcripts show regions of high GC-content and expression kinetics
coincident with ICP27 expression.

HSV-1 ICP27, is an RNA-binding regulatory protein demonstrated to modulate host
gene expression. Binding of RNA has been shown to occur primarily through an N-terminal
RGG boxi4,40 and multiple studies have reported the RGG box participates in altering
cellular pre-mRNA processingzs46,89. To further characterize the role of ICP27 and its RGG
box in regulating host transcriptional changes during HSV-1 infection, we sequenced mRNA
purified from nuclear and cytoplasmic fractions of HeLa cells mock infected or infected

with WT HSV-1, ARGG or 27LacZ for 8 hours. Analysis of the resulting expression profiles
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identified several, previously reported, ICP27-mediated phenomena; including changes to
host cell splicing23,73,94-96 (Figure 4.1Aiv, viii and 4.1Biv, viii) and premature cleavage and
polyadenylationzs4 (Figure 4.1Civ, viii and 4.1Div, viii). In agreement with published results,

many of these impacted regions were rich in GC sequences and deletion of the RGG box

accumulation of antisense transcripts in our RNA-seq data. Despite inherent differences
among disparate cell lines (HeLa vs fibroblasts; immortalized vs primary), comparison of
sequencing data from our WT HSV-1 infected HeLa cells and published human foreskin
fibroblasts (HFF) or primary lung fibroblasts (WI-38) revealed remarkably similar
expression of host antisense RNAs (Figure 4.2). Of the 12 virus induced antisense
transcripts validated by Wyler and colleagues in HFF and WI-38 cellss7, almost all were
found to be analogously induced in HeLa cells. Henceforth, we focus our investigation to
these transcripts. For a full list of antisense RNAs examined in this chapter and a brief
characterization see Table 4.1. Among the list of activated transcripts are antisense
transcripts to BCL2 Binding Component 3 (BBC3as), a potent inducer of apoptosis9z;
Inhibitor of Growth Family Member 1 (ING1as), a tumor suppressor protein also reported
to induce apoptosis and cell growthos; and Regulatory Factor X1 (RFX1as), a transcription
factor involved in immunity and cancer99,100 (Figure 4.2). Of note, although levels of
antisense transcripts were greater in both nuclear and cytoplasmic portions of WT HSV-1
infected cells as compared to mock infected controls, differences between the two
conditions were dramatically more pronounced within the nuclear compartment (Figure

4.2Biv vs viii; 4.2Div vs viii; 4.2Eiv vs viii). In contrast to WT infection, cells infected with
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Figure 4.1. Differential effects on host pre-mRNA processing in WT and ICP27 mutant
infections.

Read counts mapping to four representative ICP27-targeted genes. Examples show
induced retention of specific introns (Aiv, viii; Biv, viii) and expression of prematurely
cleaved and polyadenylated pre-mRNAs (Civ, viii; Div, viii) in some host genes upon WT
HSV-1 infection. These alterations were noticeably weakened in infections with ARGG (Aiii,
vii; Biii, vii; Ciii, vii; Diii, vii) or 27LacZ (Alii, vi; Bii, vi; Cii, vi; Dii, vi). Line charts plotting GC-
content for whole transcript or impacted regions are at top. (C and D) Cryptic PASs

denoted in green below.

83



GC% CLPTM1 (+)
76.5
52,0 Aot por ot
28 o
+ : H— ~tH—H
J |
I

48.5
[0-3208]
Mock I I N i MTERY
wl ©b3E
2z W3 0 ww o atn ha
o [o3iea
il ] P R R T
nr i T
6702
woo || "1 M| (lr 1
@ [0-2320]
anacz fal| LWL A1 A
sree {1 LN L LA
eros| R U T
GC% KLHL21 (-)'
75.5
57.2 J’\/‘A\/WLJ’V\W
39.5
—..u...*.‘...‘..‘.l‘..‘....l
GC%
85.0 7
67.4 WN
32.5/\
fo-a25]
Mock “_AL“‘
wl e i
2nacz |3 b ad o )
Sl 5 (ii)
ARGG 151 sl atiod
pa (iii)
WTKOS ML..‘..‘ ,
1230 (IV)
Mock L .‘ A
g 1350 (v)
2nacz |3 B
2 o-1050) (VI)
sree |3 At anw i)
o-10
WTKOSI e A (Viii)
]
AAUAAA |

84

6C% ATXN2L (+)
ao.o\NH a
5 2 8 |‘||I o ;) f|I|I . l" Ii"T P}]\\J{\.ﬂ/\ﬂ
N A AT ,
32.5 I !
i -
—
GC%
?7.5;\/\
62.6 \/‘WJWV\[
200
Mock [0-2519)
wf (I)
macz |3 m (i)
Sl ez
ARGG 13 ii
z [0-2540] ( )
WT KOS (iv)
[0-2649)
Mock |Elmt el hmou (V)
g [0-1949] X
ZMacz |g Ay o)
Of [o0-1949) .
see |30 ALy i
[0-1949] .
wrios | | sl ml A, (i)
N -
6C% ATXN10 (+)
84.0
406 o it s b ...‘..‘IIJ.'u "",I'
2.0
} Ll | 0
'. T 1 1
1
GC%
90.0 _
ao
N\
206 \
[0-3188]
Mock . .
al " (i)
macz [Z] sl !
E e (ii)
ARGG 2 A__-A
<] v (iii)
WT KOS “ )
pezry (w)
oo || M
@f ve= (v)
macz S| o
Q [01365] (VI)
aRGG |3 .A‘.__‘..... (vii)
[0-1365]
MKOSI A e (i)
—— =sssssesewew)



Figure 4.2 Accumulation of host antisense transcripts during HSV-1 infection require
ICP27 and its RGG box.

Examples of antisense transcripts. (A, C, E) For reference. Adapted from Wyler et al.
(2017)s7. Coverage profiles for BBC3as, RFX1as and ING1as from poly(A)-selected WI-38
cells infected with WT-HSV-1 for 0, 4 or 9 hours or total RNA-seq data from Ribozero
treated HFF cells infected for 0, 2, 4, 6, 8 hours. Sense genes shown in orange, running from
left to right. Antisense transcripts in cyan, running from right to left. (B, D, F) RNA-seq
data from poly(A)-selected transcripts isolated from nuclear (i-iv) or cytoplasmic fractions
(v-viii) of HeLa cells infected with WT HSV-1 (iv, viii), ARGG (iii, vii) or 27LacZ (ii, v) for 8
hours. Gray and black arrows denote directionality of antisense and sense transcripts,
respectively, and begin at transcription start sites. For BBC3 (B) and RFX1 (D) sense
transcripts proceed from right to left while antisense transcripts proceed from left to right.
For ING1 (F), sense transcripts run from left to right and antisense transcripts run from

right to left.
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[CP27 null mutant virus 27LacZ displayed substantial decreases in antisense transcript
levels (Figure 4.2Bii, vi; 4.2Dii, vi; 4.2Eii, vi). Further, unlike ICP4 deletion, which was
reported to negatively affect only a subset of antisense transcriptss7, ICP27’s effects appear
to be more comprehensive, as deletion of ICP27 abridged expression levels for almost
every antisense transcript we examined. Additionally, antisense RNA levels were markedly
reduced upon infection with the RGG box deletion mutant (ARGG) as well (Figure 4.2Biii,
vii; 4.2Diii, vii; 4.2Eiii, vii). The RGG box is important for ICP27-RNA binding and these
results, taken together, confirm HSV-1 infection induces expression of antisense transcripts
from the human host cell genome, indicate ICP27 is critical for maximum accumulation of
antisense transcripts and suggest this function is mediated by ICP27’s RNA-binding

activity.

ICP27 selectively binds to GC-rich sequences within antisense transcripts

Data from the previous section identify the RGG box is important for accumulation
of host antisense transcripts during infection. As discussed previously, the RGG box is the
site of SRPK1 interaction and the main ICP27 RNA-binding domain, demonstrated to
selectively bind GC-rich transcripts in vitrois,2101 and in vivo2s,02. Interestingly, during our
examination of the expression coverage profiles, we observed regions significantly high in
GC-content for many of the antisense transcripts (Table 4.1 and Figure 4.5). Given ICP27’s
preference for GC-rich sequences we reasoned that ICP27’s RGG box may bind to these
regions. To test this hypothesis, we profiled genome-wide ICP27-RNA interactions by
iCLIP-seq. iCLIP-seq libraries were prepared from uninfected HeLa cells or cells

transfected with plasmids encoding WT ICP27 or ARGG and then infected with 27LacZ for 8
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Table 4.1. Transcripts selected for detailed analysis.
The antisense transcripts investigated in this study are listed along with their classification,

position and GC-content.
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Transcript Type Chr Start End Strand GC%
BBC3as Internal 19 47729547 | 47735593 + 66
Clorf159as | Convergent 1 1043123 1066056 + 59
EFNB1las Divergent X 68044923 | 68048747 - 55
FOX03as | Convergent 6 108874346 | 108883564 - 57
IER2as Convergent 19 13261198 | 13264876 - 65
[FFO2as Divergent 1 19233363 | 19283746 + 55
ING1las Convergent 13 111365951 | 111367813 - 67
MEGF6as Internal 1 3420963 3455048 + 63
NFKB2as | Convergent 10 104150343 | 104155306 - 51
RFX1las Convergent 19 14116734 | 14138959 + 47
SLC27A4as | Divergent 9 131101098 | 131102612 - 51
SNX6as Read- 14 35016928 | 35024457 + 50

through

89




hours. Two replicate iCLIP experiments were performed for WT ICP27 and ARGG
transfected samples. In order to control for the different steps during library preparation,
several negative controls were maintained throughout the experiment. These included the
uninfected sample, a sample transfected with empty vector (pUC18) then infected with
27LacZ and a sample where UV cross-linking was omitted (Figure 4.3). During the course
of the protocol, the progress and quality of library preparation was monitored at two steps:
the autoradiograph of the protein-RNA complex after membrane transfer (Figure 4.3A) and
the gel image of the PCR products (Figure 4.3C). High-throughput sequencing and
bioinformatic analysis of the resulting libraries identified over 35 million reads uniquely
mapped to the human genome for WT ICP27 samples and approximately 18 million reads
for ARGG and uninfected samples (Figure 4.4A). A heatmap correlation matrix of our
libraries showed WT ICP27 samples were highly reproducible and clustered separately
from the negative controls (Figure 4.4B).

The iCLIP data identified ICP27 cross-linking events in almost all antisense
transcripts examined in this chapter (Table 4.1), with preference shown for especially GC-
rich locations (Figure 4.5). As such, the number of reads within individual antisense
transcripts varied widely, with transcripts containing higher GC-content exhibiting greater
cDNA counts. For example, BBC3as, ING1las and RFX1as were previously demonstrated to
be elevated in WT HSV-1 infected cells (Figure 4.2). However, the average GC-content for
BBC3as (66%) and ING1las (67%) is conspicuously higher than RFX1as (47%) (Table 4.1),
with RFX1as containing only a short GC-rich stretch near its 5’ end. Consequently, ICP27
cross-linking to RFX1as was only observed at the 5’ end of the transcript while cross-

linking to BBC3as and ING1as was distributed extensively throughout the respective
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Figure 4.3. iCLIP experiments.

Analysis of cross-linked ICP27-RNA complexes using (A) denaturing gel electrophoresis
and (B) western blotting. (A) Immunoprecipitated ICP27-RNA complexes were size
separated using PAGE and visualized by autoradiography. The white boxes mark regions of
the membrane isolated for subsequent purification steps. (B) Western blot from 10% of
immunoprecipitated samples was performed to monitor pulldown efficiency. (C) Agarose

gel of the iCLIP libraries. White boxes indicate samples submitted for sequencing.
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Figure 4.4. iCLIP-seq libraries.
(A) llumina sequencing results showing total number of reads and number of reads
uniquely mapped to the human genome (hg38/GRCh38) for each sample. (B) Sample

clustering results with deepTools plotCorrelationos.

93



A
T el

Total 43,384,596 58,788,338 57,553,440 102,432,961 70,555,284
Reads

Uniquely 17,401,870 19,077,372 18,834,266 43,977,435 35,447,179

Mapped (40.11%) (32.45%) (32.72%) (42.93%) (50.24%)
Reads
(Human)
- (]
Q Q
B § ¢ & £ &
= T T E E
WT 2
WT 1
dRGG 2
dRGG 1
Mock

Spearman

94



Figure 4.5. ICP27 specifically binds GC-rich regions within host antisense transcripts.
BBC3as, RFX1as and ING1as were selected to illustrate ICP27 binding. (A, C, E) RNA-seq
coverage profiles for these transcripts were included for reference. Gray arrows show
directionality of antisense transcripts and black arrows show directionality of sense
transcripts. Beginning of arrows coincide with transcription starts. (B, D, F) ICP27-RNA

interaction profiles from uninfected cells (i) or cells transfected with plasmids expressing

linking events on the (-) strand are in orange, below, and cross-linking events on the (+)

strand are in purple, above. Charts plotting GC content within the indicated regions are

located at the top of each profile.
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transcripts (Figure 4.5Biv, v; 4.5Div, v; 4.5Fiv, v). Thus, the results here reveal cellular

antisense transcripts induced by HSV-1 infection contain GC-rich regions targeted by

ICP27’s RGG box for binding.

Discussion

Recent advancements in high-throughput sequencing technologies have allowed for
the identification of widespread transcription outside of delineated gene boundaries
among all kingdoms of life. This phenomenon, termed “pervasive transcription”, results in
the production of several types of non-coding RNAs (ncRNAs), including antisense RNAs103.
Antisense RNAs belong to the class of long ncRNAs (IncRNAs) (>200 nucleotides in length)
and are prevalent throughout the genomes of a number of species103. In humans,
approximately 70% of the genome has been reported to generate antisense transcriptsio4.
However, in general, antisense transcripts are expressed at much lower rates, usually more
than 10-fold lower, than the canonical sense transcriptios. Further, the RNA surveillance
machinery has also been reported to modulate antisense transcript levels down to non-
existent or physiologically tolerable levelsios. Generated from independent, bidirectional
or cryptic promoters, antisense transcripts have been reported to primarily function in
gene regulation; regulating expression of target genes at almost every stage of mRNA
biogenesis, from transcription and splicing to RNA degradation and translationio3. Able to
act in cis or in trans, and demonstrated to integrate diverse regulatory signals, antisense
transcripts have been described as hubs for gene regulationio3. Antisense transcripts are

implicated in numerous cellular processes and their dysregulation has been blamed for a
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number of human disorders, including cancer, diabetes, cardiovascular, muscular and
neurodegenerative disorders1o7.

A recent study examining cellular gene expression changes during HSV-1 infection
identified widespread activation of host antisense RNAss7. This was determined to occur
very early during infection and to involve the actions of the viral transcriptional
transactivator ICP4, which was found to bind within the promoter regions of the antisense
transcripts. Examination of histone marks within these promoter regions revealed marks
of active promoters in both uninfected and infected cells; indicating these regions were
poised for transcription prior to infectionsz. This finding was later corroborated in a study
by Dremel and DeLuca (2019), which similarly reported ICP4 binding to cellular promoters
free of histones and adjacent to euchromatin marks early during infectionios. Gene
ontology analysis revealed ICP4 bound to promoters of genes with common housekeeping
functions, such as those involved in chromatin, transcription and metabolismios. However,
the consequences of ICP4 binding to these specific genes were not investigated further.

In this chapter, we provide evidence for a previously uncharacterized function of
ICP27. Our high-throughput sequencing results indicate ICP27 contributes significantly to
a general increase in antisense transcript abundance. Although the mechanism for this
phenomenon has not been elucidated, we observed that efficient accumulation of antisense
transcripts required the ICP27 RGG box and that almost all of the induced antisense
transcripts displayed varying levels of ICP27 cross-linking, specifically within the GC-rich
regions. We speculate that ICP27 binding to antisense transcripts may alter their turnover
rate and that ICP27 likely works in tandem with ICP4 to maximize accumulation of

antisense transcripts that could be beneficial to the virus. In this instance, we envision a
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scenario where, upon HSV-1 infection, the virus immediately begins to express the IE class
of proteins, of which ICP27 and ICP4 are both members of. Following translation, ICP27
and ICP4 return back to the nucleus, where ICP4 binds to the promoter regions of antisense
transcripts, which are already poised for transcription. This allows for the rapid
expression of antisense RNAs containing regions of high GC-content, which are then
targeted by ICP27’s RGG box for binding. Binding by ICP27 stabilizes the transcripts and
prevents their degradation. This hypothesis addresses several observations from the data
and the literature; however, several important questions remain. How does ICP27 binding
to antisense RNAs promote their escape from the cellular RNA degradation machinery? As
illustrated in Figure 4.5, GC-content and ICP27 binding patterns fluctuate widely among
antisense transcripts. Does higher GC-content or greater ICP27 binding affinity correlate
with higher antisense RNA levels? What is the underlying molecular mechanism leading to
the accumulation of antisense transcripts? What other viral or host factors are required?
And, lastly, what role do these transcripts play during infection? It was previously
demonstrated that expression of an antisense transcript to BBC3 inhibited this potent
inducer of apoptosis in ciss7, however, the functions of other antisense transcripts were not
examined and a number of other cellular genes with significant roles in critical pathways
have also been determined to generate antisense transcripts upon HSV-1 infection. While
many may not be biologically relevant, it’s likely at least some could alter the cellular state
to favor virus production. Future work will be directed at addressing these questions in
order to better characterize ICP27 contributions to viral pathogenesis.

Interestingly, as a side note, for ARGG infections, we observed binding to antisense

transcripts was considerably reduced but not completely abrogated, indicating other
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regions of the protein likely contribute to RNA interactions as well, possibly the
aforementioned RRR motif within the CTD. However, this RNA binding activity was
insufficient to increase antisense transcript levels. This is in line with our previous reports,
which demonstrated ARGG mutants exhibited substantial defects in RNA binding and was

insufficient for viral mRNA export4o,109.
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CHAPTER 5

Discussion

The studies in this dissertation have addressed several unresolved questions
regarding ICP27 structure and activity. In our first study (Chapter 2), we probed the
relationship between ICP27’s conformational isomers. Through the analysis of targeted
mutants by BiFC and co-ip-western blot experiments, we determined protein domains
essential for assembly of the ICP27 homo-dimer are distinct from the domains necessary
for N- to C-terminal contacts. ICP27 dimer formation require the C- terminal tail residues
while the N-terminal LRR and C-terminal ZFD must be intact for the intramolecular
interaction. We hypothesize that the reversible N- to C-terminal interactions likely occur as
a monomer and that the interchange between the dimeric and N- to C-conformations could
serve as a means of regulating some of ICP27’s functional interactions. Upon
reexamination of previous studies, we identified several protein partners specific for each
conformation and are currently working to chart the full array of interaction partners by
mass spectrometry in order to better understand the significance and activity of both
configurations.

A large number of studies have characterized ICP27’s various activities and
interactions, however, relatively little is known about how these activities are regulated
and carried out. We've shown that phosphorylation and arginine methylation regulate
some of ICP27’s protein interactions3s47,49. Both modifications cause local structural

changes which alters ICP27’s affinity for different binding partners. Similarly,
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intramolecular N- to C-terminal interaction and dimer formation would also create
structural changes, creating binding pockets or interaction sites that would likely be
specific for different interaction partners. Thus, factors that regulate the transition
between the conformations would regulate ICP27 activity. Protein oligomerization has
been demonstrated to be a significant regulatory mechanismi1o,111. As dimerization occurs
only when the protein concentration is higher than the Kad for dimerization, this would
allow for a simple mechanism for sensing protein concentration; and possibly provide a
regulatory switch in activity111. Additionally, oligomeric proteins can be allosterically
regulated, and allosteric control of the ICP27 dimer may allow for further regulatory
flexibility110. The vast amount of protein interactions that ICP27 undergoes is undeniably
linked to its structure and its ability to both interact with itself intramolecularly and
dimerize. Future studies will investigate specific factors responsible for mediating these
changes.

In our second study (Chapter 3), we addressed the mechanism of SRPK1
inactivation by ICP27. During HSV-1 infection, we previously reported that SRPK1 is
relocalized from the cytoplasm to the nucleus and its activity is inhibited through its
interactions with ICP2723. However, the details for how this occurs and the exact role of
the ICP27 RGG box was unclear. In a collaboration with Dr. Alexander Golovanov, we
performed a series of biophysical and in vivo experiments to demonstrate that an isolated
peptide containing the ICP27 RGG box is able to bind to SRPK1 with an affinity comparable
to that of its native substrate, SRSF174. Analysis of the ICP27 RGG box-SRPK1 crystal
structure revealed a short palindromic RGRRRGR sequence within the center of the RGG

box binds to the SRPK1 substrate docking groove in a manner exceedingly similar to the
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SRSF1 RS repeats. Targeted arginine mutations within the palindrome residues confirmed
their importance for interaction, relocalization and inhibition of SRPK1.

Several studies have reported ICP27 participates in alternative splicing during
infection, preventing removal of select cellular introns in a gene-specific manner24,94,112.
RNA-sequencing of cells infected with WT HSV-1 or transiently transfected with WT ICP27
protein revealed ICP27 promotes usage of alternative 5’ splice sites and inhibits splicing of
certain introns in approximately 100 cellular genesz4. Due to the similarity of the targeted
genes to viral transcripts, (high GC-content, C-rich sequences near 5’ splice site) it was
speculated that these host mRNAs may escape the selective degradation of the viral
ribonuclease, virion host shutoff (vhs). Thus, by specifically targeting virus-like cellular
transcripts likely spared by the vhs protein, ICP27 contributes to virus-induced host
shutoff necessary for efficient virus production. Although the molecular details for this
action has, as yet, not been reported, the ICP27-SRPK1 interaction is expected to contribute
to ICP27’s role as an alternative splicing regulator. Moreover, ICP27-mediated disruption
of host spliceosome assembly may be important for proper viral gene expression as well. A
recent high-throughput sequencing analysis of the viral transcriptome in HSV-1 infected
cells identified hundreds of previously unknown alternative splice junctions, the majority
of which alter the coding potential of viral genesss. However, splicing of these novel splice
sites was only efficient during infection with an HSV-1 ICP27 deletion mutant, indicating
ICP27 is required for splicing inhibition and identifying an important role for the protein in
viral gene expressionso.

In our last study (Chapter 4), we report ICP27 expression is required for

accumulation of cellular antisense transcripts during infection; a novel finding. ICP27 has
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been widely reported to alter the cellular gene expression program, disrupting multiple
aspects of host mRNA biogenesis in order to promote virus productionz4,25. Many of these
activities have been shown to involve the ICP27 RGG box. Yet, the impact of ICP27 and its
RGG box in regulating host gene expression is still not well understood. Furthermore, a
recent report revealed increased host antisense RNA levels due to the activity of ICP4s7. To
determine if host antisense RNAs were similarly elevated within our conditions and to
clarify ICP27’s activities within the host transcriptome, we performed RNA-seq and iCLIP-
seq for WT HSV-1 and ARGG mutant infected cells. Our results confirmed activation of host
antisense RNAs during WT HSV-1 infection. In contrast, upon deletion of ICP27 or the RGG
box, levels of antisense transcripts were greatly diminished. Moreover, iCLIP-seq data
indicate ICP27 selectively interacts with the antisense transcripts. Given these results, we
hypothesize ICP27 may bind to these antisense RNAs and promotes their stability.
However, the molecular mechanism underlying this action is, presently, unclear.

Antisense transcripts are key regulators of protein-coding transcripts; modulating
expression of overlapping or neighboring genes through multiple mechanismsos.
Antisense transcripts have been shown to function at all levels of gene expression: they can
affect transcription initiation through transcriptional interference, DNA methylation or
histone modifications; they can act co-transcriptionally, by mediating RNAP II collisions
and formation of secondary DNA structures or affecting mRNA splicing by masking specific
splice sites; and they can function at the post-transcriptional level, masking miRNA binding
sites and altering translation efficiency1oe,103. Given the biological significance of antisense
RNAs to host cell function, it's likely that HSV-1 targets this phenomenon to promote its

own life cycle. ICP27 has been widely reported to disrupt host gene expression, targeting
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many aspects of mRNA maturation; including splicing inhibition. Yet, a number of studies
have indicated that, in some instances, ICP27 inhibits splicing in a gene- or sequence-
specific manner that cannot be explained by current, known mechanisms. It’s likely that,

for some of these cases, regulatory activity by host antisense transcripts may be involved.
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