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ABSTRACT

Mumps virus (MuV) is a negative-sense, non-segmented, RNA virus from the
genus Rubulavirus and family Paramyxoviridae. A human pathogen, MuV causes acute
enlargement of the parotid glands, fever, and fatigue (1). Being highly neurotropic, it is
also capable of causing mild meningitis and severe encephalitis and is still the leading
cause of virally acquired adolescent deafness worldwide. While mumps infection has been
decreased significantly due to the introduction of the MMR vaccine in the late 1960’s, there
have been several large outbreaks in young, highly vaccinated populations in the 21%
century (2-5). To better control and characterize these outbreaks, a better understanding of
MuV replication and the roles its proteins in replication and infection is critical. There are
three key proteins involved in MuV replication: the nucleoprotein (NP) which encapsidates
the RNA genome, the large (L) protein which is essential for genome replication and
transcription, and the phosphoprotein (P) which acts as a cofactor for both L and NP to

allow their interactions (6). In this work, we examined the roles of NP and P structure on



viral RNA synthesis. Through mutational analysis of MuV NP based on the crystal
structure of PIV5’s NP, we discovered impacts on viral growth kinetics and developed a
mutant virus capable of producing high levels of DI particles. Furthermore, mutational
studies of MuV P determined that not only is P trans-complementary in its functions, but
the N- and C-terminal domains exhibit chiral properties necessary for its structural stability
and assist in its ability to form homodimers, heterodimers, and its hallmark tetramer of two
homodimers oriented in antiparallel. This discovery assisted in the development of a novel
method of determining dynamic sites, as well as a model for the MuV P coiled-coil polar
ends. This work improves our understandings of how protein structure directly impacts
MuV replication and growth and advance the development of next-generation antiviral

therapies and vaccine candidates.
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CHAPTER 1

INTRODUCTION

Mumps virus (MuV) is a negative-sense, single-stranded RNA virus in the family
Paramyxoviridae, genus Rubulavirus. A human pathogen, MuV causes acute infection,
with hallmark parotid gland enlargement, and is highly neurotropic (1).
Widespread vaccination campaigns in the 1960s with the MMR (measles, mumps,
rubella) vaccine using the Jeryl Lynn strain led to a significant reduction in the number
of mumps cases. Since the turn of the twenty-first century, there have been several
notably large outbreaks of mumps even within vaccinated populations (2, 3, 5).
Currently, there is no approved antiviral therapy for mumps infection, and there is a
growing concern that the existing MMR vaccine is not as efficacious in combating
newer circulating MuV strains (7).

One antiviral target for combatting this issue is the process of viral RNA synthesis
during infection. Both the phosphoprotein (P) and nucleoprotein (NP) of
paramyxoviruses are heavily involved and partake in many roles during viral
RNA synthesis (6). Phosphoprotein is a critical cofactor for L polymerase, the key
enzyme for replicating the mumps viral genome. Additionally, P chaperones L to the NP-
RNA genome template (8). Nucleoprotein protects and uncoils the RNA genome of

mumps and is crucial in the budding process from host cells (9).



The hypothesis for this research is that the structure of NP and P are critical for
transcription and replication of MuV RNA, and their interactions together can also shed

light on the viral replication process. The following specific aims will be addressed:

Specific Aim 1: To determine how structure modulates function of MuV NP by mutating
amino acid sites to those found similarly in parainfluenza virus 5 PIV5. A crystal structure
of MuV NP has yet to be developed; however, PIV5 NP has been crystallized. Due to their
high identity, the differences in PIV5 and MuV NP were determined and sites in MuV NP
mutated to represent those found in PIVV5 NP. The hypothesis is that by exchanging amino
acid sites between similar paramyxovirus NP, the structure and function of specific
domains of MuV NP may be determined.

The second arm of Specific Aim 1 is to determine how defective interfering (DI)
particles can be innately developed by MuV due to the structural changes to the MuV NP.
Using binding affinity and interference assays developed for this investigation, a novel
MuV with a mutated NP domain is hypothesized to inherently produce high numbers of DI

particles that inhibit viral replication due to affects in viral genome replication.

Specific Aim 2: To determine the role of the amino and carboxy terminal domains of MuV
P (PnTp and Pcrp, respectively) and how the structure of P affects viral RNA synthesis. We
mapped the regions within MuV P that are important for its functions. Deleting the very
ends of the Pnto and Pcrp abolished function, but there is no data to show that they do not
interact with NP. A novel minigenome assay was developed to investigate effects of an

alanine screen in theorized NP-P binding domains in Pnto and Pctp. The working



hypothesis is that these amino acid substitutions will have impacts on replication protein
interactions and structural stability of P, thus displaying how P’s unique antiparallel

tetramer structure affects MuV viral replication.

The investigation and development of these specific aims will provide increased
understanding of the role of both NP and P in MuV replication. Characterization and
expansion of the understanding of viral proteins and how their structure affects viral RNA

synthesis will prove crucial in the development of successful antiviral strategies.



CHAPTER 2

LITERATURE REVIEW

History and classification

MuV is classified as a member of the family Paramyxoviridae, subfamily
Paramyxovirinae, and genus Rubulavirus (1). The Paramyxoviridae family is divided into
the Paramyxovirinae, Pneumovirinae, and unclassified paramyxovirus subfamilies. A few
honorable mentions from the Paramyxovirinae subfamily are Newcastle disease virus,
Sendai virus, and Measles virus. From subfamily Pneumovirinae, some well-known
examples are human respiratory syncytial virus, Bovine respiratory syncytial virus, and
Human metapneumovirus. J paramyxovirus and Beilong virus are two of the many viruses
from the Unclassified paramyxoviruses subfamily (10). MuV is primarily a human
pathogen possessing a nonsegmented, negative-sense, single-stranded RNA genome of
15,284 nucleotides (1). Parainfluenza virus 5 (PIV5), also in the Paramyxovirinae
subfamily, is the most closely related virus to MuV genetically.

In the 5™ century BC, MuV is believed to be first described in the first book of the
Epidemics by Hippocrates. Hippocrates described symptoms and pathologies we still see
due to MuV today — malaise, parotitis, orchitis, as well as hearing loss in both children and
adults, predominantly male (11). This documentation helps support the theory that MuV
entered and sustained transmission within the human population approximately 5,000 years

ago based on anthropologic estimations of population densities at that time (12). It was not



until 1790, however, that the physician Hamilton associated the involvement of the central
nervous system (CNS) with mumps disease progression (13).

Koch’s postulates were originally developed during a time in which viruses had not
yet been discovered, which made the determination of MuV as the etiological agent of
mumps disease difficult (14). Once the discovery of “filterable agents” (viruses), during an
experiment to determine the etiology of tobacco mosaic disease by lvanofsky in 1892,
came to the forefront, the use of bacteria-free filtrate to isolate viral etiology soared (15).
This pioneering of viral research led to several studies by Johnson and Goodpasture to
prove a virus to be the etiological agent of mumps disease in 1934. The first arm of their
experiments demonstrated that Rhesus macaques inoculated with the filtered saliva from
individuals with mumps disease led to the display of similar mumps clinical symptoms.
Additionally, saliva from healthy individuals did not cause disease in the macaques. The
researchers took their experiments one step further to fulfill Koch’s postulates; virus from
monkeys with mumps-like illness was used to infect naive children, and the saliva from
these children was then used to infect naive monkeys, resulting in parotitis (16, 17). While
these experiments would not ethically be performed today, they were critical to the
understanding of the viral etiology of mumps.

MuV was then shown to be successfully isolated and propagated in embryonated
chicken eggs in 1945 (18, 19). While this development in MuV research not only aided in
characterizing MuV, it was also shown to be attenuated via serial passage in eggs, which
would inevitably lead to vaccine development (20). Tissue culture eventually became the
standard for MuV propagation and study in 1955 (21), and the first vaccine against MuV

was developed in 1958 (22, 23).



Structure and Morphology

Microscopy of MuV was successfully done in the 1960s and found MuV virions to
be enveloped and pleomorphic, ranging from 100 to 600 nm in size (24, 25). The matrix
(M) protein of MuV forms a structured virion shell underneath the cell-derived lipid
envelope. The small hydrophobic (SH) protein is embedded within the viral membrane,
indicating a role in viral exocytosis (26). The outer glycoproteins of the virus,
hemagglutinin-neuraminidase (HN) and fusion (F) protein, project up to 15 nm from the
enveloped viral surface, thus giving MuV a “studded” appearance (24). Linked to the M
protein on the inside of the virion is the ribonucleoprotein (RNP) complex, which is formed
by the nucleoprotein (NP) and viral RNA genome. The genome is encapsidated by the NP
to form a left-handed, helical nucleocapsid 0.98 um in length (27). Thirteen NP subunits
form one nucleocapsid ring, along with 78 nucleotides of the RNA genome, keeping true
to the paramyxovirus “Rule of Six”. The “Rule of Six” is where the viral genome is a
multiple of six in order to maintain full encapsidation of the RNA genome by each NP
subunit (each NP subunit binds to six nucleotides) (28-30). The nucleocapsid rings stack
upon one another to form a long helical capsid with a total diameter ranging from 17 to 20
nm (27). An electron microscopy image and 3D illustration of MuV are provided in Figure

2.1 and 2.2, respectively.



Mumps virus genome

The nonsegmented, single-stranded, negative-sense, MuV RNA genome is 15,384
nucleotides in length. The genome is a series of seven transcriptional units: 3’-Leader
Sequence-NP-V/P/I-M-F-SH-HN-L-Trailer Sequence-5" (visually depicted in Figure 2.3).
These seven transcriptional units encode for a total of nine proteins, with three of these
proteins being transcribed by the VV/P/I gene (1, 31). The production of three different genes
(V, P, and 1) by the singular V/P/I transcriptional unit is done via RNA editing. V is
considered to be the “true” transcript, and the insertion of either two or four non-template
guanine (G) residue(s) into a G-rich coding region in the cysteine-rich open reading frame
of V results in the formation of the P and | mRNA, respectively (32). In other words, the
transcription of P is due to a +1-reading frame shift, and the transcription of | is due to a
+2-reading frame shift. This shift is better examined visually in Figure 2.4. All three of
these proteins possess the same amino (N)-terminus but different carboxy I-terminus
regions due to this frame shift. The use of the V/P/l ORF in MuV is a prime example of
how some viral genomes can encode for multiple proteins without increasing their size.

The MuV viral genome is led by a 3’ leader region that is 55 nucleotides long and
terminated by a 5’ trailer region with 24 nucleotides. Transcription and replication levels
of the virus are regulated by the order in which the transcriptional units are oriented 3’ to
5’ (proteins upstream in the genome are made in higher abundance than those downstream)
and the untranslated regions between them. The gene start and end sequences at the
beginning and end of the transcriptional unit, respectively, signal for mMRNA synthesis
polyadenylation and termination by the viral RNA-dependent RNA polymerase (VRdRp or

L). The untranscribed regions between the transcriptional unit are referred to as intergenic



regions, as they are nucleotides between the genes that are unable to be translated to
mRNA.

Mumps viral proteins
Nucleocapsid protein

The nucleocapsid protein (nucleoprotein or NP) is 549 amino acids in length, 61
kD in size, and is the most abundant protein of MuV as it is the first transcribed gene within
the genome. There are two main domains of NP: the N-terminus and C-terminus or tail
(33). The N-terminus is the largest of the two at 400 amino acids in length and has arguably
the most important roles. The N-terminal domain is often referred to as the assembly
domain, as it is responsible not only for the encapsidation of the RNA genome but also the
formation of the nucleocapsid. Additionally, this domain is responsible for phosphoprotein
(P) binding. This interaction with P is also what allows the viral polymerase to associate
with NP and recognize the RNA genome for replication (34-36). While the N-terminus is
conserved among paramyxoviruses, the C-terminus is reportedly hypervariable and
intrinsically disordered in structure (27, 34, 37).

In a negative-strand RNA virus (NSRV), the primary function of NP is to
encapsidate the viral genomic RNA by forming the nucleocapsid during viral replication.
During viral RNA transcription and replication, the NP binds to both the viral genome and
antigenome regardless of sequence specificity, making this ability of NP a hallmark for
nonsegmented NSRVs (38). The NP structure is also nuclease-resistant, aiding in the
protection of the viral RNA genome from innate immune defenses. For replication, the
helical nucleocapsid is uncoiled by the N-terminus of MuV P, and this NP-P interaction

allows the VRdRp to access the viral genomic RNA template (27, 39).



While primarily known for its structural functions, nascent NP (NP°) without a
RNA genome exists in a soluble form within the cell. During viral transcription, P binds to
a NP monomer to form an NP%-P complex. P then acts as a chaperone to prevent NP? from
accidentally encapsidating cellular RNA in the cytosol (40, 41). Once enough NP°-P
complexes have accumulated, this triggers a “switch” from viral transcription to
replication, and the NP® molecules then form a new nucleocapsid to encapsidate MuV RNA

(42, 43).

Phosphoprotein

The phosphoprotein (P protein) of MuV is produced by an insertion of two non-
template guanine nucleotide residues at the G-rich region of the V/P/I ORF. When
translated, P is approximately 47 kD in size and 391 amino acids in length (6). As a cofactor
of L and NP functions, P protein has several roles in both virus replication and transcription
(44).

As the name suggests, the phosphoprotein of MuV is highly phosphorylated by host
cell kinases at serine and threonine residues. This phosphorylation of P is believed to
regulate aspects of MuV RNA synthesis (44). PLK1 (polo-like kinase 1) and RPS6KB1
(ribosomal protein S6 kinase beta-1) are two examples of human host cell kinases that
phosphorylate phosphoprotein, and in turn induce a negative effect on MuV transcription
and replication (45, 46). P protein is a key regulator of MuV transcription and replication.

While the P protein does not have intrinsic enzymatic activities, it interacts with
NP and L as an adaptor for the RNP complex. P protein acts as a chaperone for L

polymerase to access the NP and RNA template and allow genome transcription and



replication (47). Additionally, the P protein binds to NP within both its N-terminal and C-
terminal regions (39, 48). P binding to NP is essential for successful MuV replication and
transcription. Nascent NP self-assembly and accidental encapsidation of host cell RNA is
prevented by P binding to NP (9, 40). It has also been shown that P binding to NP functions
as an “anchoring” mechanism for the vVRdRp to the NP-RNA template (39, 47). P’s unique
structure among paramyxoviruses as a tetramer formed by a pair of P dimers in anti-parallel
orientation is believed to be essential to its stability and role in NP and L interactions and

will be discussed further in this work.

V protein

At approximately 25 kD in size and 224 amino acids in length, the V protein of
MuV is a non-structural protein produced during the infection phase of the virus life cycle
(6). The V protein’s mRNA is considered the “faithfully” transcribed mRNA by the V/P/I
gene, whereas the P and I mRNA transcripts are made by RNA editing in a cytosine-rich
region of the gene. Through this cytosine-rich region, V binds to MDA5 (melanoma
differentiation-associated protein 5), thereby blocking both interferon (IFN) expression and
interleukin-6 (IL-6) signaling by degrading STAT-1 and -3 (49-52).

The MuV V protein is known to be incorporated within MuV virions as seen
similarly in PIV5. It is thought that this incorporation of V allows for MuV replication once
inside the host cell by blocking innate immune pathways, thus playing a critical role in
MuV pathogenesis (53). Additionally, V protein has been shown to interact with the MuV

replication complex and, thus, is involved in the transcription and replication process (54).

10



V protein incorporation into the virion is hypothesized to be performed by NP interactions,

as the N-terminal domain of P (which is also shared with V) is known to interact with NP.

| protein

The | protein of MuV (or C or W protein, as it has also been called) is produced
due to a shift in the V/P gene ORF; in this case, the shift is due to the addition of one
guanine residue at the same editing site that leads to the translation of P from the V
transcript. The I protein is 19 kD and 171 amino acids in length, making it the smallest of
the three proteins derived from the V/P/I transcriptional unit. While the role of the | protein
remains indeterminate, | polypeptides have been detected in virus-infected cells (32, 55).
Though not required for virus replication, through its shared N-terminal domain with V
and P, the | protein could be involved in either immune-mediated responses (via

interactions with V) or replication (via interactions with P) (56).

Matrix protein

The matrix (M) protein is essential for viral budding and assembly. The M protein
is 40 kD in size and 375 amino acids in length (6, 57). M protein supports MuV particle
structure by forming an inner layer beneath the external membrane, whereby the protein
folding creates an external capsid surface of positively charged domains that bind on to
and interacts with the negatively charged lipid membrane outer layer (58). M protein is
required for MuV particle budding but only through its interactions with NP and F
glycoprotein. In addition to its interactions with NP and P for assembly, M protein has been

shown to recruit and interact with host proteins to assist in gathering viral components at

11



the plasma membrane to assemble the virion and bud from the cell (59-62). The late
domains (hamed due to their role in the later stages of viral budding) FPVI and FPIV amino
acid motifs in M protein of both MuV and PIV5, respectively, are essential in M’s

interaction with host proteins at the plasma membrane surface (60, 63).

Fusion protein

A type | transmembrane protein, fusion (F) protein facilitates virus-to-cell and cell-
to-cell membrane fusion. F protein is first produced in an inactive precursor form, Fo, which
is 74 kD in size and 538 amino acids in length. A glycoprotein, Fo undergoes N-
glycosylation in the rough endoplasmic reticulum before it is then cleaved by host
endoprotease furin in the Golgi apparatus. This cleavage at amino acid residues 98-102
(RRHKR) yields the F1 and F2 subunits, which are linked via disulfide-bonds (64-66). This
formation of a F1+F2 heterodimer is required for F to be actively fusogenic.The F1 subunit
is the larger of the two at 61 kD, while the F2 subunit is 16 kDa. This cleavage exposes a
hydrophobic domain within the N-terminus of Fa.

Hydrophobic residues within fusion proteins have been found to be relatively
conserved among paramyxoviruses. Heptad repeats of hydrophobic residues are found in
the F1 ectodomain of MuV. Heptad repeats 1 and 2 (HR1 and HR2) form a stable six-helix
bundle which is involved in MuV fusion, however, the precise mechanisms of this HR1
and HR2 stability formation have yet to be elucidated (67-69). What is known is that the
HR domains of F act to assist in the joining of the viral and cellular membranes and, thus,

have an essential role in viral-to-host membrane fusion (70, 71).

12



Small Hydrophobic protein

Small hydrophobic (SH) protein is the smallest protein of MuV, named both for its
size (6 kD and 57 amino acids long) and numerous hydrophobic residues (72). The
orientation of SH protein is not widely conserved among paramyxoviruses; MuV SH has
its C-terminal domain facing the cell cytoplasm, while PIV5 SH has its N-terminal domain
facing the cytoplasm (73).

While this type 1 membrane protein is nonessential for MuV replication, it is
involved in mediation of host immune responses, and its absence has been found to increase
NF«B activation and apoptosis in L929 cells. Experiments in which SH was deleted from
the MuV and PIV5 genomes showed that SH protein inhibits TNF-a. (tumor necrosis factor
alpha) signaling and increases NFxB activation (74). rMuVASH, when infected
intracranially in infant rats, displays attenuation and reduced neurotoxicity (75).

Though the SH protein is influential in MuV growth and pathogenicity, its gene is
hypervariable to the degree that the SH nucleotide sequence of MuV is used to identify
different MuV strains (26, 76, 77). However, varying success of complete extraction of the
SH nucleotide sequence from MuV infected individuals in the field due to its small size

and low expression levels can make identification of some circulating strains difficult (26).

Hemagglutinin-neuraminidase protein

A type Il transmembrane glycoprotein, the hemagglutinin-neuraminidase (HN)
protein is 80 kD in size and 582 amino acids in length. During viral entry, HN recognizes
sialylated glycoconjugates, as it is capable of binding sialic acid as a receptor, making HN

responsible for MuV attachment to the cell surface (78-81). The binding of HN to cell

13



surfaces has been attributed to pathogenicity, with a mutation of E335K in the Urabe
vaccine strain being attributed to increased neurovirulence and affinity for a.2,6-sialic acid
linkages that are found in greater abundance on the membrane of human neuroblastoma
cells (82, 83).

Additionally, HN has enzymatic activity as a neuraminidase via removal of sialic
acid groups from budding virus particles, making HN essential for viral release. The
removal of sialic acid molecules for viral progeny minimizes aggregation by interactions
between potential virus receptors and glycoproteins that would limit viral spread (84).

The HN protein is also essential for the activation of F so that fusion between the
host cell and viral membranes can be completed. Studies have shown that proteolysis of

HN results in attenuated fusion activity by F protein (85).

Large protein

The largest of the paramyxovirus and MuV proteins, the Large (L) protein is 200
kD in size, 2,261 residues in length, and has low expression in MuV-infected cells due to
it being the transcriptional unit farthest from the leader sequence in the viral genome. While
L protein is responsible for enzymatic activities of initiation, elongation, and termination
of RNA synthesis, it is L and cofactor P together that comprise the vRdRp (86). Other
enzymatic activities of L include the addition of the 5’ cap to the 3’-poly(A) tail of
transcribed viral MRNA and methyltransferase activity (86-89).

Due to its critical role in viral transcription and replication, mutations within L
protein can be catastrophic to viral replication. Additionally, L protein’s large size makes

it prone to mutations during transcription. There are six conserved domains separated by
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variable regions in the L protein. Domain Il has a potential RNA binding site and is
positively charged, and Domain |1l is possibly an active site for phosphodiester bond
formation — Domains Il and 111 together constitute the polymerase component of L protein
(90, 91). Domain V is responsible for 5’ capping of mRNA, while Domain VI has
methyltransferase activity (87-89, 92). The individual functions of Domains I, Il, and 1V
remain unclear; however, mutagenesis studies have suggested that they may be involved
in regulating the switch from transcription-to-regulation functions of the polymerase (93).

For vRdRp function, the complex of P-L is critical. The N-terminal of P binds to L
and facilitates the docking of L to the NP and VRNA template for genome synthesis.
Without its chaperone, P, L becomes uncoordinated in its ability to successfully perform
replication and transcription, as it can no longer secure its attachment to the NP-vRNA
template (94-97). This dynamic between P and L has been found in almost all
paramyxoviruses, including SeV, PIV5, hPIV3, MeV, and VSV. Many of the functions of
L are conserved among paramyxoviruses, but the binding sites of L to other replication

proteins (NP and/or P) for some of these viruses remains to be elucidated (86).
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Viral entry
To enter the target cell, MuV HN protein binds to sialic acid on the cell surface to
initiate viral-to-host cell membrane attachment. The binding of HN to the receptor induces
a conformational change in the F protein, which leads to the fusion of the viral membrane
to the cell membrane (71, 84). Once the virion’s membrane has fused to the cell surface,
the MuV helical nucleocapsid and genetic material are released into the cell cytosol (6).
This type of viral entry is referred to as membrane fusion and is seen among a variety of

enveloped viruses and is the predominant mode of viral entry for paramyxoviruses.

Viral replication and transcription

To begin viral replication, the proteins NP, P, and L are needed to form the
replication complex. These three proteins are packaged within the virion and are thus
present upon MuV entry and release of intravirion contents within the cell. The MuV RNA
genome is associated with NP to form the ribonucleoprotein (RNP) complex, which
functions to both protect the genome from degradation and expose the genetic template for
replication when prompted by VRdRp binding. The genes within the MuV genome are
defined by an upstream start and a downstream end signal sequence. The intergenic regions
between these transcriptional units are short and not transcribed; however, they do contain
cis-acting signals for viral transcription (98). It is believed that the process of transcription
is begun first, and the genome is replicated later in the life cycle, but the regulation of this
switch by the VRdRp remains unclear (99-101). Some proposed mechanisms are P
phosphorylation levels or that a “critical mass” of P production is reached, as P can interact

with both RNP and nascent NP (9, 34, 35, 39).
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Synthesis of all the viral mRNA transcripts is initiated at the 3’ leader sequence; it
is here that the VRdRp transcribes the viral genome into mRNAs with a 5° cap and 3’
poly(A) tail. As the vRdRp moves down the genome and across the intergenic regions, it
is reinitiated downstream at the sequential gene’s start site. Failure of the polymerase to
successfully reinitiate this process causes the 3’ to 5° gradient of mRNA transcripts, and
gene order in the MuV genome thus reflects viral protein amounts (102, 103).

The VRNA genome is replicated by first producing a positive-sense (or anti-
genomic) RNA. The anti-genome is then replicated into the negative-sense VRNA by the
VRdRp at the 5’ trailer sequence. The MuV ribonucleocapsid can hold both the negative-
and positive-sense VRNA genomes. However, only encapsidated RNA can be transcribed,
which makes the MuV RNP exhibit anti-termination functions by forcing the VRdRp to
ignore transcription signals in the intergenic regions of the genome to successfully produce
a full-length RNA genome (6).

Structure of the NP, P, and L proteins are critical to their function in viral
transcription and replication. While the NP of paramyxoviruses share similar genetic
identity, their structures vary between viral species. Some of these differences include the
number of NP units required to make one full ring of the helical capsid, the width of the
helical capsid, and the distance between the turns of stacked NP rings (104). Each nuance
of NP structure can impact access to the RNA template by the polymerase and RNA
stability. Additionally, the P protein of paramyxoviruses has variability in their tertiary
structures and domain(s) where NP and L bind. The kinases and degrees of phosphorylation
of P among paramyxoviruses are also variable (44, 45, 48, 105). The impact of MuV NP

and P structure on its replication will be discussed further in this work.
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Viral assembly and budding

Newly synthesized negative-stranded RNA genomes are encapsidated by the NP,
where it then associates with the P-L complex in the cytoplasm. Simultaneously, mMRNAs
are translated and viral proteins are transported via the exocytic pathway to the inner
plasma membrane. The matrix protein then binds to the NP, cytoplasmic tails of F and HN,
and then organizes and assembles these proteins along the lipid membrane. M, NP, and F
proteins have previously been shown to be essential for efficient viral assembly and virion
production, with M being the key coordinator of the budding events and linking the viral
envelope to the RNP for incorporation into the virion (60, 106). F protein is the major
contributor of the two glycoproteins in virion egress, while HN does not significantly
increase particle budding from the host cell, as it functions primarily in viral entry. Cell-
to-cell fusion to form syncytia, however, requires the expression of both F and HN within
the same cell, so HN does play a role in syncytia formation, a paramyxovirus hallmark (85,
107). Additionally, HN protein’s neuraminidase activity may function in the prevention of
self-aggregation of virus particles — a unique characteristic of MuV and parainfluenza
viruses in the paramyxovirus family (71, 78, 85, 108). A figure demonstrating the MuV
life cycle from viral entry, to replication and transcription, translation, assembly, and

finally budding can be seen and is described in Figure 2.5.
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Nucleoprotein — the role of structure and function in MuV replication
Though NP is an essential protein for paramyxovirus replication, the morphology
of these proteins exhibits some commonalities, as well as differences, that set several
paramyxoviruses apart. The number of NPs required to make a ring structure, the distance
between these rings, how many rings, and so on impacts the way the RNA genome of each
virus is accessed by its respective polymerase complex and its stability (104).
Characterization of the MuV nucleocapsid complex was achieved using an E. coli
expression system. When co-expressed with P, NP-RNA rings were formed with 13 NP
subunits, and these rings did not require the presence of RNA. As predicted, when RNA
was incorporated into the expression system, it was found that each NP ring encapsidated
78 nucleotides, which matched the expected size to maintain the paramyxovirus rule-of-
six. Further detailed analysis using cryo-electron microscopy of purified nucleocapsid
revealed a traditional herringbone structure that is seen in many paramyxoviruses (27, 47).
To better understand the NP-P interaction, the aforementioned researchers co-
transfected RNP components and interactions were visualized. Only when the C-terminal
domain of P was expressed alongside NP was there little change in the nucleocapsid
structure, leading to a hypothesis that the C-terminal of P plays a role in stabilizing NP for
docking L to the NP-RNA template. Uncoiling of the NP structure was observed when the
N-terminal domain of P was expressed alongside NP, which was suggestive of the P N-
terminus being important for accessing the RNA by the vRdRp during genome synthesis.
Further analysis using a minigenome system, which is described in Figure 2.6 and has

shown to be critical in ongoing research into the mechanisms of protein structure in MuV
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replication, revealed that both the N- and C-termini of P were required for vVRNA synthesis
(39, 48).

While the structure of MuV NP has yet to be crystallized, the PIV5 NP has. At
approximately 60% similarity to MuV NP, the PIV5 NP crystal structure has been useful
in predictive analysis and understanding of how MuV NPs structure possibly affects its
replicative function. MuVs NP cryo-EM structure (10.4-A) was modeled using the crystal
structure of PIV5 NP (109, 110). Since the cyro-EM MuV NP structure lacked the RNA
genome, but the RNA genome was crystalized with PIV5 NP, it was difficult to determine
if the residue differences interacted with RNA or L. However, the lack of RNA emphasized
an opening of a RNA binding groove thought to be needed for the vRdRp to access the
RNA template during synthesis (110). The C-terminal tail of NP is highly unstructured,
and while no structural information was obtained from this model about this tail, it was
found to not be required to form nucleocapsid structures (34, 37). Though not required for
structure, if the C-terminal tail of NP is removed, there is no activity in the minigenome
system, which suggests the region acts as a template for RNA synthesis either by
interacting with the RNA genome or the vRdRp (27, 110).

Altering the structure of NP has various possible implications, as NP plays
numerous roles in protecting the VRNA genome, exposing the RNA template for vRdRp
transcription, holding the anti-genome and exhibiting anti-termination functions for vRdRp
genome replication, encapsidating newly synthesized VRNA genomes correctly, and virion
assembly and chaperoning of other viral proteins to the host cell surface for budding.

Elucidating how NP structure affects replicative function would aid in understanding the
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virus life cycle and provide useful information in developing novel viral targets for

therapeutics.

Defective interfering particles

Defective interfering particles (DIPs) and defective viral genomes (DVGs) were
first described by Preben VVon Magnus in the 1940s while he was working with influenza
A virus. After a high titer passage, he noticed a loss in viral titer throughout these high
MOI (multiplicity of infection) passages. Von Magnus theorized that virions of
“incomplete” virus were produced only when influenza virus was expanded at a high titer,
and these particles also interfered with infective virus replication (111). His discovery was
referred to as the “Von Magnus phenomenon” and the viral particles “Von Magnus
particles” (112). His follow-up experiments showed that these particles developed
independently of the number of infective virus particles used in the infection; it is instead
dependent on the ratio of infectious (IDso) to noninfectious particles within the original
stock (113). “Von Magnus particles” were then found in Rift Valley fever virus, vesicular
stomatitis virus (VSV), and Sendai virus (SeV) infections in the 1950s and 60s (114-117).

In the 1970s, Alice Huang and David Baltimore used advanced techniques to
characterize and coin the term “defective interfering particles”. Huang and Baltimore
defined them as particles that “contain normal viral structural proteins...[and] part of the
viral genome” and can replicate “in the presence of helper virus”. Additionally, they
described the interference by these DIPs as “specifically with the intracellular replication

of nondefective homologous virus” (118).
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In the 1970s and 80s, it became evident that DI particle presence correlated with
establishment of persistently infected cells in vitro and in vivo. Mice infected with DI
particles had increased survival rates, and DI particle infections increased production of
interferon (112, 116, 119). By the 1990s, poliovirus, rabies, measles, human parainfluenza
virus, Semliki Forest virus, Ebola, Sinbis virus, and respiratory syncytial virus (RSV) had
become some of the many RNA viruses found to be capable of producing DI particles when
grown at high MOls (112, 120-123).

DIPs characteristically are virus particles biochemically and morphologically
comparable to the standard virus particle, but they harbor deletions in their genomes and
contain DVGs (defective viral genomes). DVGs often have significant heterogeneity when
it comes to the type, structure, deletion location, and size of their genomes, they must retain
the initiation and termination elements to allow them to be replicated by intact viral
polymerase. RNA viruses in particular have an intrinsic ability to generate DVGs and DIPs
throughout a normal course of propagation due to the error-prone nature of the RdRp. Once
formed, the DVG can be replicated and packaged into particles to form DIPs, which have
the same ability to bud and enter a new host cell as a standard or helper virus. However,
the replicative advantage of DVGs is that when in the same cell as a helper virus, DIP
production will predominate due to the shorter length of DVGs and increased promotor
strength and packaging efficiency (112, 124, 125).

It has been established that, as a basis, DVGs form when the viral polymerase loses
its processivity by falling off the template and reattaching elsewhere along the genome to
complete replication. This is exacerbated further by paramyxoviruses, for example, as their

NP can hold both the sense and anti-sense genomes and create the high heterogeneity and
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complexity of DVGs. Truncated viral genomes are categorized as three primary forms: the
deletion, copyback, and snapback (126). When the polymerase detaches and reattaches
downstream, DV Gs are made that share 3’ and 5° ends with the full-length viral genomes
and the deletion DVG is formed. The copyback DVG is synthesized when the polymerase
detaches and reattaches to the nascent (antigenome) strand of RNA, thereby creating a
complementary end to the 5° vRNA end, but this rejoining occurs at a nonhomologous
region, which creates a nonhomologous loop structure flanked by complementary ends. A
third major type of DVG is the snapback DVG; compared to copyback DVGs, they do not
have as much of a “loop” in its structure and is mostly complementary, sometimes with as
little as one noncomplementary nucleotide at the breakpoint. It is thought that for snapback
DVGs, the polymerase falls off of the template at the breakpoint and reattaches quickly to
the nascent strand at a nearby rejoin point and begins to make a copyback-esque DVG but
without a large, nonhomologous loop (122, 125, 127). The mosaic DVG, a fourth DVG
that sometimes occurs, describes a genome that is mixture of deletion, copyback, and/or
snapback components. Figure 2.6 provides a visual representation of the three major types
of DVGs and how they form. These truncated genomes with promoters of increased RdRp
polymerase affinity have biased competition for viral components, and interference with
the standard viral genome occurs (125, 126).

Influenza viruses are arguably the most explored virus in the field of DIPs and
DVGs, primarily because their segmented genome encourages recombination and
reorganization of the viral genome (112, 128). For paramyxoviruses, Sendai virus (SeV) is
probably the most extensively studied in terms of defining DIPs and DVGs of this virus

family (49, 129). Mononegaviral replication spontaneously produces errors and is prone to
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making DVGs (130). Persistent infections with mononegaviruses, including SeV, have
showcased intercalating waves of DI genomes, which showed that the accumulation of DI
genomes in excess interferes with replication of the authentic genome, causing a decrease
in infective virus replication (126). Once this occurred, a reduction in DI genomes also
occurred, since replication of DVGs requires intact helper virus replication machinery.
These waves repeat during persistent infection and are thought to allow long-term viral
infection (112, 125).

SeV has been studied extensively for the characterization of virus-host interactions
during innate immune responses. DVGs of SeV have been identified as major type I
interferon inducers, primarily interferon-beta (IFN-B), by stimulating the RIG-I pathway
(49, 131, 132). This finding of innate immunity triggering by SeV DVGs has assisted in
the discovery and characterization of other paramyxovirus DVGs and DIPs, as well as
helped in defining mechanisms of DVG production during viral replication and
maintenance of persistent infection (122, 129). Yoshida et al. recently found that a single
amino acid substitution in the N protein, D153Y, induced a heterogeneous virus population
with cobyback DIPs predominating. Mice inoculated with this mutant SeV exhibited less
pathogenicity and increased IFN-B production. This spontaneous N mutation is
hypothesized to weaken the NP-NP interaction within the helical capsid, potentially
increasing template switching by the vRdRp and allowing for exposure of the RNA genome
to innate immune detection systems within the host cell (129, 130, 133, 134). Better
understanding of how NP’s structure can affect viral replication and DVG production is
needed to help in the development of novel live recombinant vaccine vectors that could

provide both antigen and adjuvant functionalities.
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The role of phosphoprotein structure in MuV replication

The phosphoproteins of paramyxoviruses contain three primary regions: the N-
terminal, oligomerization, and C-terminal domains, along with flexible linkers between
these domains. P self-associates via oligomerization, an observed common feature of
negative-stranded RNA viruses (NSRVs). This oligomerization occurs through a
centralized coiled-coil domain. Through the interactions of hydrophobic side chains as the
a-helix interface of oligomerized coiled coils, P monomers can form dimers, trimers, or
tetramers (135). Recent crystallization studies have supported differing oligomer

formations and suggest that the predominating structure of MuV P is a tetramer (47).

Sendai virus phosphoprotein structure and functions

Crystallization of a paramyxovirus P protein was first done on the oligomerization
domain of SeV P and revealed the orientation to be a parallel coiled-coil tetramer. A
parallel coiled-coil tetramer indicates that each monomer is in a similar orientation/polarity
of their N- and C-terminal domains within the tetramer. Other paramyxovirus P
oligomerization domain crystallization has revealed tetrameric P structures for mumps
virus, measles virus, and human metapneumovirus.

Alterations of the P domains of SeV to determine their function have been
performed without affecting other domain functions. Only when the oligomerization
domain of SeV P is deleted, however, is transcription and replication of SeV VRNA
inhibited. The inhibition of viral replication upon the deletion of the SeV P oligomerization

domain demonstrates that the self-association of P monomers is essential for viral

25



reproduction (136). While larger than the MuV P at 568 amino acid residues in length, SeV
P is similarly divided into an N-terminal domain (head) and C-terminal domain (tail).
Similarly to MuV, a N-binding domain of P is found in the N-terminus to function as a
chaperone to prevent NP assembly without nascent viral genome (137). The C-terminal
residues 479-568 of SeV are also predicted to bind to the NP, which reflects what has been
found in other paramyxovirus phosphoproteins (135, 136, 138).

The SeV P oligomerization domain (residues 320-446) houses the SeV L binding
site at residues 412-445. When SeV P binds to L to form the VRdRp, P is hypothesized to
migrate down the NP-RNA template in sections of six nucleotides, while the SeV NP
protein encapsidates six nucleotides per monomer. It has been proposed that to allow the L
protein to progress over the RNA template one nucleotide at a time, the SeV P protein
“cartwheels” over the NP-RNA template during L transcription. This proposed mechanism
would mean that the P and L interactions are constantly broken and restored. Measles virus
RNA synthesis is believed to follow a similar model of P-L interactions. This model was
further supported by measles virus NP-P interaction analysis, which revealed “fast”
binding kinetics and weak binding affinity, ideally to allow for the “cartwheeling” of P and
constant breaking and rejoining of vRdRp (135, 139). The ability of vRdRp to travel
rapidly along the NP during genome synthesis is necessary for successful viral propagation,

and the replication complex kinetics would assist in this mechanism.

Rhabdovirus phosphoprotein structure and function

Vesicular stomatitis virus (VSV) P protein crystallization revealed a parallel dimer

formation held by hydrophobic residue interactions. This feature of P dimerization by
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rhabdoviruses sets it apart from other paramyxovirus P proteins. A hallmark of
paramyxovirus P proteins, the oligomerization domain where P self-associates is also a
necessity for replication of VSV (9, 140, 141). The N-terminal domain of rabies virus
phosphoprotein interacts with both nascent NP and L, and the C-terminal domain binds to
the NP-RNA template. Unlike VSV and SeV P, however, the rabies virus P is an anti-
parallel dimer, meaning that the N- and C-terminal domains are oriented on the same side
rather than on opposite poles (142-144). Crystallization of the rabies virus P also revealed
a helical hairpin between two a-helices for each P monomer, which is thought to allow
interactions between the N-terminal helix of one monomer with the C-terminal helix of
another monomer (145). Reasons for this “interaction gateway” between the helices of the
N- and C-termini of P could aid in maintaining structural stability of the dimer as well as
allowing fast and flexible kinetics of P-NP to P-L interactions during viral transcription

and replication.

Parainfluenza virus 5 phosphoprotein structure and function

Like other paramyxoviruses, the parainfluenza virus P has a binding site for nascent
NP in the N-terminus, self-associates and interacts with L polymerase at the
oligomerization domain, and associates with the NP-tail in its C-terminus. Similarly to
SeV, PIV5 P can form either dimers or tetramers, and its monomers are arranged in homo-
parallel fashion (109, 146, 147).

Recently, in 2020, the parainfluenza virus 5 phosphoprotein was crystallized,
focusing on the oligomerization domain of P bound to L polymerase. Crystallization

allowed for the discovery of many mechanisms, including two independent bindings sites
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for L and NP in the C-terminus of PIV5 P that may provide stable contact between L and
the NP-RNA template to prevent premature release of the L from the NP. Ultimately, a
unique conformation of the methyltransferase domain and C-terminal domain of L and its
relation to the C-terminal of P was proposed. The researchers hypothesized that during
transcription, the C-terminus of P captures a N monomer empty of genomic RNA to keep
in proximity for recapturing recently transcribed template RNA emerging from the exit
channel in L. For genome replication, the C-terminus of P captures the recently released N

monomer and is used to coat the new viral RNA (146).

Mumps virus phosphoprotein structure and function

The mumps virus P oligomerization domain is defined as amino acid residues 213
to 277 and has been crystallized. The MuV P tetramer is unique, in that it is comprised of
two pairs of parallel a-helices that are positioned anti-parallel to each other. This means
that in MuV P, there are two N-terminal and two C-terminal domains on either end of the
oligomerization domain, and this is believed to have functional and structural significance
(47). Mediation of binding to the NP is within the last 49 amino acid residues of MuV P
(residues 343-391), which coalesces with the extreme C-terminal NP-binding domain
(NBD) found in other paramyxovirus phosphoproteins (148). Nucleocapsid binding for
MuV P is not just limited to the C-terminal domain, but the N-terminal domain is also
capable of this interaction (47). The N-terminal domain of P was revealed by electron
microscopy to be responsible for the uncoiling of the helical nucleocapsid. This uncoiling

by Pnto resulted in improved viral RNA synthesis in a minigenome system (39).
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Since both N-terminal and C-terminal domains of MuV P bind to NP, its novel
tetramer organization may be responsible. Minigenome system analysis showed that
without the oligomerization domain, MuV N- and C-terminal domains alone did not result
in viral replication. Only when paired with the oligomerization domain were the N- and C-
terminal domains, when transfected together, capable of viral replication (39, 48). This
trans-complementarity of MuV P and how structure stability affects replication function

will be discussed further in this work.

Transmission and Prevention

The natural hosts of MuV infection, humans can spread the disease through direct
contact, contaminated fomites, or respiratory droplet spread. This highly contagious
disease propagates in the upper respiratory tract and then spreads to draining lymph nodes.
Once in the lymph nodes MuV infection becomes viremic and disseminates into all tissues
and organ systems during the two- to three-week incubation period (149). A hallmark of
MuV infection is inflammation of the parotid gland (a symptom by which mumps disease
received its name). MuV is also highly neurotropic, and central nervous system invasion
occurs in approximately half of all clinical cases, with aseptic meningitis and/or
encephalitis in up to 10% of patients with nervous system signs (1, 150). In both the pre-
and post-vaccination era, MuV infection has been the leading cause of acquired adolescent
deafness. About a third of infected persons may have mild to no symptoms of MuV
infection (149, 151).

Currently, there is no approved antiviral therapy treatment for MuV infection.

Treatment is focused primarily on the alleviation of symptoms. In the US, mumps
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vaccination is a part of the childhood vaccination program regimen as a component of the
trivalent measles, mumps, and rubella (MMR) vaccine. Children are recommended to be
vaccinated initially by 12-15 months of age and boosted by 4 to 6 years of age (152). The
MMR vaccine uses the Jeryl Lynn strain of MuV (JL), which was isolated from an infected
patient in 1963 and attenuated by serial passage in chicken eggs and chick-embryo cell
cultures. There has been a 99% reduction of mumps cases since the introduction of the
MuV vaccine and since the introduction of the two-dose MMR vaccination program in
1989 (153, 154).

While safe and efficacious, recent outbreaks in the US and worldwide have brought
the relevance of the JL mumps vaccine to the forefront. Almost six-thousand cases of
mumps and infection in ten US states were reported during an outbreak at a university in
lowa in 2006. Outbreaks have continued to occur throughout the decade, primarily among
adolescents in confined areas (college campuses, sports teams, and detention centers).
Interestingly, vaccinated and young persons appear to be the dominant demographic of
these outbreak cases, which raises concerns as to whether the current program for mumps
vaccination in the US is still as efficacious as it was when introduced (7, 154-156).

Standardization of the efficacy of the current MMR vaccination program has
proven difficult, as there is no established MuV neutralizing antibody titer predictive of
protection. Since the JL strain of MuV used in the MMR vaccine is from genotype A and
the outbreaks strains are from genotype G, there could be antigenic differences between
the vaccine and outbreak strains leading to the decreased vaccination efficacy. It is also
debated among the epidemiological community if a third dose of the MMR vaccine

provides enough boosting immunity to protect the patient long-term. The lack of consistent
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immune correlates of protection for MuV makes determining if the JL strain is enough to
provide effective immunity against the new genotype resurgence questionable (2, 3, 5, 155,
157, 158). There is a growing need for better immune correlates and animal models to

improve characterization of MuV and disease pathogenesis.
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Figure 2.1. Electron microscopic image of MuV virion. This image displays the
pleomorphic morphology exhibited by MuV. The virion in this case has ruptured and
allowed some of the nucleocapsid’s RNP to escape (on the right). This image was taken
using a high-powered, transmission electron microscope (SEM) in 1976. Modified from

the CDC Public Health Image Library ID# 1874 (159).
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Figure 2.2. Three-dimensional graphical illustration of the MuV particle. This illustration

represents the spherical shape of the MuV virion and highlights the glycoprotein tubercles
that “stud” the outer surface. The F protein is represented by the reddish-brown tubercles,
and the HN protein by the beige tubercles. Modified from the CDC Public Health Image

Library ID# 21073 (160).
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Figure 2.3. lllustration of the MuV genome. The figure represents the orientation and order
of the transcriptional units of the MuV genome. Since MuV is negative sense, the genome
reads from 3’ to 5°. First is the leader sequence, followed by the 7 genes that encode for 9
proteins: NP (nucleoprotein), V/P/l (phosphoprotein), M (matrix protein), F (fusion
protein), SH (short hydrophobic protein), HN (hemagglutinin-neuraminidase protein), and
L (large protein subunit of the vVRdRp). After the L ORF is the trailer sequence. The V, P,
and | proteins are all produced from the V/P/I gene via RNA editing and displayed based

on their respective sizes beneath the V/P/1 ORF.
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Figure 2.4. V/P/l RNA editing open reading frame (ORF) shift. The diagram describes the
how the insertion of +2 or +4 Guanine residues at a specific region in the VV/P/I gene
leads to a +1 or +2 ORF shift, respectively. The region common to V, P, and | is shown
by the vertical line where the insertion occurs. This figure is inspired by “RNA Editing
by G-Nucleotide Insertion in Mumps Virus P-Gene mRNA Transcripts” by Reay G.

Paterson and Robert A Lamb, Journal of Virology, 1990 (32).
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Figure 2.5. Paramyxovirus life cycle. The figure represents an illustration of the
paramyxovirus and MuV life cycle involving the N/NP, P, V, C/l, L, M, F, HN, and SH
proteins. First, MuV HN binds to the host cell surface and F fuses the viral envelope to the
cell membrane. The helical capsid and vRdRp is then released into the cytosol, where
transcription of the negative-sense VRNA genome and synthesis of the anti-sense VRNA
genome simultaneously occurs to replicate the negative-sense genome. This newly
synthesized copy of the VRNA genome is also used for secondary transcription by the

VRdRp. mRNAs are translated and recruited to the host cell surface by M. The particle then
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buds from the cell to infect a new host. Modified from Medical Microbiology, 27" Edition,

© McGraw-Hill Education (161).

37



MuV-
Minigenome
(RenLuc)

Firefly
Luciferase

(Control)

Polymerase
(BSR/T7)

T7

38

\\
—— (- ) f/\’

5

,-
Trailer

o &

Transcription

Quantify with
Luciferase
Reporter Assay

\

RenLuc PO'YAAA
RenLuc PO'YAAA
RenLuc PO'YAAA

Translation

2



Figure 2.6. Mumps virus minigenome replication system. This figure represents the minigenome system used for evaluating the effects
of the MuV replication proteins NP, L, and P on MuV replication. The 3’ leader and 5’ trailer sequences of the MuV genome are cloned
into a pCAGGS plasmid, with a Renilla Luciferase expression gene between the leader and trailer. This plasmid is referred to as a
“minigenome plasmid”, as it includes the leader and trailer sequence of the MuV full-length genome with a Renilla Luciferase protein
sequence in-between. The MuV minigenome plasmid and pCAGGS plasmids encoding for MuV NP, L, and P are transfected, along
with a Firefly Luciferase control pPCAGGS plasmid, into BSRT7 cells. As BSRT7 cells express T7 polymerase, the T7 promoter in the
pPCAGGS plasmids is recognized and NP, P, and L proteins are transcribed. The NP, P, and L recognize the leader sequence of the
minigenome plasmid and begin transcribing Renilla Luciferase. Thus, the more Renilla Luciferase that is detected by the luciferase
assay once the cells are lysed, the more “viral” replication that has occurred. As the minigenome plasmid also expresses a T7 promoter,
the Firefly Luciferase plasmid that has a T7 promoter is used as a control to compare “basal” cell level expression of Firefly Luciferase

to that of Renilla, which would include both T7-based and NP, P, and L-based expression.
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Figure 2.7. Types of DVGs and how they are formed. In panel (a), a deletion DVG is
shown to be generated when the RdRp falls off the template antigenome strand at what is
called a “break” region and then either continues along the same template strand skipping
internal regions or switches to a new template strand at a “region” point. The latter
scenario is how copyback and snapback DVGs are formed. In panel (b), a copyback DVG
is shown to be generated by the polymerase when it detaches from the template strand
and rejoins the nascent strand at a nonhomologous region, thereby creating a
nonhomologous loop structure with complementary ends. In panel (c), a snapback DVG
is shown to be generated in a manner like the copyback DVG, but significant
nonhomologous regions are absent as rejoin points are proximal to the breakpoints.
Modified from “The Impact of Defective Viruses on Infection and Immunity” — a Review

by Emmanuelle Genoyer and Carolina B Lopez, 2019 (125).
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CHAPTER 3

MUMPS VIRUS NUCLEOPROTEIN DOMAIN “TOP” AFFECTS DEFECTIVE

INTERFERING PARTICLE PRODUCTION!

! Risalvato J., Zengel J., Beavis, A., Luo, M., He, B. Submitted to Journal of Virology XX/XX/20XX.
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Abstract

Mumps virus (MuV) is a negative-sense, single-stranded RNA virus belonging to
the family Paramyxoviridae. A human pathogen, MuV is responsible for acute infection of
the parotid glands and can cause severe cases of encephalitis, meningitis, and deafness.
The nonsegmented RNA genome of MuV is encapsidated by the nucleocapsid protein
(NP), which forms the ribonucleoprotein (RNP) complex; this which serves as a template
for RNA synthesis. To make RNA accessible to the viral polymerase, a conformational
change within NP must occur. Crystal structure analysis of the NP of parainfluenza virus
5 (PIVS), a paramyxovirus closely related to MuV, indicates that an a-helix close to the
RNA genome becomes flexible when RNA is removed. This region of the NP is likely
responsible for the conformation change that allows the polymerase to access RNA for
transcription and replication. To examine the functionality of MuV’s NP point mutations
were made in MuV NP protein corresponding to PIV5 at sites G185P, A197Q, Q200R, and
groups denoted as Top (N63G, P139D, A197Q), Tip (P109E, N121G, A124R), and Bottom
(G21S, S29T, P43N, R93Q, R304Q). Only MuV mutants “185”, “197”, and “Top” were
able to be rescued. The “Top” MuV mutant exhibited normal growth kinetics at low
multiplicity of infections (MOIs); however, at high MOIs the virus could not efficiently
replicate. Further analysis indicates that production of defective interfering particles (DI
particles or DIPs) was enhanced in the mutant virus. Understanding the production of DI
particles, which can lead to increased interferon production, will invariably lead to a better

understanding of MuV pathogenesis as well as its replication/transcription process.
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Significance

Mumps virus (MuV) is a reemerging human pathogen. The nucleoprotein (NP) of MuV
and all other paramyxoviruses is essential for RNA synthesis and viral replication. By
exchanging amino acid sites between similar paramyxovirus NP, the structure and function
of specific domains of MuV NP may be determined. These findings will help lead to a

greater understanding of MuV genome replication and potential antiviral targets.

Introduction

Mumps virus (MuV) is a single-stranded, non-segmented, negative-sense RNA
virus that is a member of the Paramyxoviridae family and genus Rubalavirus (1). This
human pathogen causes mumps, a disease that can be transmitted through the upper
respiratory tract or conjunctivae by droplet transmission among individuals (4, 162).
Infection typically results in malaise and the hallmark swelling of the parotid glands. In
severe cases, infection can result in meningitis, encephalitis, and deafness. Additionally, in
post-pubescent males, one in four will develop orchitis, with about 13% of patients
developing subfertility (163, 164). Up until the introduction of mass vaccination of the
MMR (Measles, Mumps, and Rubella) vaccine in the 1960s, mumps was the leading cause
of acquired sensorineural deafness in children (165). After the introduction of a nation-
wide, two-dose, MMR vaccination program in 1989, by 2001 mumps was considered
nearly eliminated with less than 0.1 mumps cases per 100,000 people (166, 167). However,
recent outbreaks in the past decade among younger, vaccinated populations indicate the

need for the development of new strategies for outbreak control and MuV research.
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For MuV to replicate, there are three key proteins involved: nucleoprotein (NP),
phosphoprotein (P), and the large protein L (6, 168). NP forms a helical capsid that supports
and protects the RNA genome (39, 169). P is bound to NP by the amino-acid terminal
(NTD) and carboxy-terminal domains (CTD). While the P-NTD plays a role in unraveling
the NP so that L may access the RNA genome for replication, P-CTD is responsible for
transporting L to the NP-RNA template (48). L is responsible for the transcription of the
RNA genome, as well as the 5’ capping and addition of the poly(A) tail on the 3* end of
viral MRNA (6, 48). Together, these three proteins form the VRNP (viral ribonucleoprotein)
complex. The VRNP is a well-established feature of paramyxoviruses, with the NP
structure between different viral species being relatively conserved (168, 170).

There are some unique features of MuV’s vRNP complex. For example, MuV’s P
forms a unique tetramer in which two parallel homodimer pairs arrange at an
oligomerization domain in an anti-parallel orientation, leading to two NTDs and two CTDs
on both ends of the tetramer. This construction allows for both the NTD and CTD of MuV
to interact with NP (39, 45, 48, 171). Parainfluenza virus 5 (P1V5)’s P tetramer is a parallel
orientation with only the NTD directly interacting with its NP (8, 146, 147).

The NP of MuV, and all other paramyxoviruses, plays a crucial role in the
formation of the VRNP complex and its functions. Since the crystal structure of MuV NP
has yet to be determined, defining how NP interplays with L and P, as well as the RNA
genome, has been a challenge. MuV NP forms a helical capsid with 13 subunits, and like
most paramyxoviruses, holds the RNA on the outside of its capsid. This, and the fact that
NP does not exhibit specificity when it comes to encapsidating RNA of various lengths,

suggests that MuV’s RNA is less protected by the NP as compared to other negative
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stranded RNA viruses (6, 109). There is significant similarity of MuV’s NP to PIV5’s NP
structure. Given what we do know about both virus’ NP interactions with other viral
proteins during replication, an exchange of amino acid sites within MuV NP to PIV5 was
useful in better understanding MuV NP’s role in viral pathogenesis and replication.

To determine key differences between the residues and structure of MuV NP and
PIV5 NP, we developed a theoretical 3-D model for MuV NP using PIV5 NP’s crystal
structure as a template. In doing this, 3 point and 3 regions of interest were determined:
Y185P, A197Q, Q200R, “Top” (N63G, P139D, A197Q), “Tip” (P109E, N121G, A124R),
and “Bottom” (G218, S29T, P43N, R93Q, R304Q). Sites 197A and 200Q are within an
alpha helix in the MuV NP that is shifted so L may access the RNA, and 185Y lies within
the hinge region of this helix. “Top” and “Tip” of MuV NP may interact with the carboxy-
terminus (CTD) of P, and “Bottom” lies on the non-RNA interacting side of NP and may
affect NP integrity. To evaluate these differences, a minigenome assay was utilized to
estimate the effects of these mutations in MuV NP on MuV replication. These mutations
were also inserted into a full-length MuV, and growth kinetics were measured for mutant
MuVs “185”, “197”, and “Top”.

In this work, we show a novel MuV mutant capable of inherently producing DI
particles without the need for induction by high multiplicity infection and environmental
pressures. The MuV mutant, “Top”, exhibited growth kinetics at both high and low
multiplicities of infection that were inhibitory over time. Additionally, “Top” when co-
infected with a reporter wild-type MuV was capable of inhibiting said virus’ growth. “Top”
possesses mutations within a domain hypothesized to interact with the CTD of P and is

thus crucial to L binding to the RNA properly for replication. It is also possible that this
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mutated domain causes a misfolding of the RNA within its pocket in the NP, making it so
that L cannot produce correct copies of the vVRNA. MuV DI particles have not been cited
outside of persistent infection and other environmental factors (172-174), making the
development of a virus that produces DI particles conventionally an opportunity for better

understanding of paramyxovirus replication and pathogenesis.

Materials and Methods
Mapping of MuV NP onto PIV5 NP

Swiss-Model (169, 175) was used to create a theoretical model by taking the amino
acid sequence of the MuV NP and using the PIV5 NP crystal structure (4XJN.1.C) as a

template (109) to build MuV’s NP amino acid sequence onto.

Molecular cloning

Plasmids used in these experiments were constructed using standard molecular
cloning techniques (details and files available upon request). Mumps virus isolated in lowa
from 2006 (GenBank: JN012242.1) was used as a basis for plasmid sequences (171). MuV
helper plasmids NP, P, and L have been previously cloned into the pPCAGGS expression
vector (53, 75). Firefly luciferase (pFF-Luc) and a MuV minigenome plasmid expressing
Renilla luciferase flanked by MuV-IA trailer and leader sequences under a T7 promoter

(pT7-MG-RLuc) were also previously described (44).

Cell culture and transfections
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Vero and 293T cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) with 5% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S)
(Mediatech Inc., Manassas, VA). BSR-T7 cells were maintained in DMEM supplemented
with 10% FVBS, 1% P/S, and 10% tryptose phosphate broth (TPB). Cell lines were
incubated at 37°C with 5% CO.. Cells were passed at an appropriate dilution one day prior
to use in order to obtain 60-90% confluency upon transfection or infection. JetPRIME
transfection reagent (Polyplus Transfection Inc., New York, NY) was used to transfect

cells following the manufacturer’s protocols.

MuV minigenome system and dual-luciferase assay

BSR-T7 cells at 60-80% confluency in a 24-well plate were transfected with
pCAGGS-P (80 ng), pPCAGGS-L (500 ng), pT7-MG-RLuc (100 ng), pFF-Luc (1 ng), and
various amounts of pCAGGS-NP (wild type or mutant at 0, 25, 50, or 100 ng) using
JetPRIME (Polyplus Transfection, France) according to the manufacturer’s protocol.
pCAGGS-GFP (green fluorescent protein) was used to maintain a constant amount of total
plasmid transfected per well and served as a positive control for successful transfection.
After 48 hours, the medium was removed, and 100 pL of passive lysis buffer (Promega,
Madison, WI) was added to each well. The plates were then shaken on an orbital shaker
for 20 minutes. 40 pL of lysate was then transferred to a white, flat-bottom, 96-well plate,
while the remaining 60 pL of lysate was frozen at -20°C for analysis via Western blot. A
dual-luciferase assay (Promega) was performed according to the manufacturer’s protocol.
A GloMax 96-microplate luminometer (Promega) was used to detect luminescence. The

ratio of Renilla to firefly luminescence was determined for each well as the “relative
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luciferase activity”, and the average and standard error of triplicates was calculated. For
Western blot analysis, mouse monoclonal anti-MuV NP and P antibodies were used

together to detect NP and P expression, respectively, as previously described (39).

Virus rescue

293-T cells at 60-80% confluency were transfected in a 6-well plate with pPCAGGS-
NP (200 ng), pCAGGS-P (320 ng), pCAGGS-L (1250 ng), pPCAGGS-T7 (200 ng), and
full-length MuV genome (2500 ng) using JetPRIME (Polyplus). After 48 hours, the cells
were co-cultured with Vero cells at a ratio of 1:2 in a 10-cm dish, and supplemented with
DMEM with 5% FBS and 1% P/S. After 24 hours, the media was replaced with DMEM
with 2% FBS and 1% P/S. Cells were observed for an additional 2-7 days after co-culture
until CPE was observed, at which time single plagues were isolated and expanded in Vero
cells in 6-well plates to establish passage 1 (P1). The P1 titer was then determined by
plaque assay, then passaged again (P2) in T75 flasks at a multiplicity of infection (MOI)
of 0.01. Virus was collected after 72 hours into aliquots and stored at -80°C with sucrose
phosphate glutamate (SPG). Plaque assays were performed to determine the viral titer.

Virus sequence was confirmed by RT-PCR and sequencing.

Immunoblotting of Virus

Viral supernatant was collected and diluted to a titer of 3.0x10® PFU/mL. Virus
samples were then diluted 3:1 with 4X Laemmli Sample Buffer (Bio-Rad Laboratories,
Hercules, CA) plus B-mercaptoethanol at 9:1, then heated at 95°C for 5 minutes. Samples

were loaded into a 4-20% Mini-PROTEAN® TGX (Bio-Rad Laboratories, Hercules, CA)
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polyacrylamide gel, and proteins were size-separated by gel electrophoresis. The proteins
were then transferred to a polyvinylidene difluoride (PVDF) membrane (GE Healthcare,
Piscataway, NJ). The membrane was then incubated with mouse anti-MuV-NP antibody
(1:2000 dilution), followed by incubation with Cy3-conjugated goat anti-mouse 1gG
secondary antibody (1:2500 dilution) (Jackson ImmunoResearch, West Grove, PA), and

scanned using a Typhoon 9700 imager (GE Healthcare Life Sciences, Piscataway, NJ).

Growth curves

Confluent Vero cells in a 6-well plate were infected with MuV (wild type or MuV-
NP Y185P, A197Q, or Top mutant) at a MOI of 0.01 or 2 in 1 mL of DMEM - 2% FBS -
1% P/S for 2 hours in triplicate. Cells were then washed three times with media, and 2 mL
of DMEM - 2% FBS - 1% P/S was added to the cells. An initial sample was taken
immediately after the DMEM was added to the cells and labeled as 0 hours post infection
(hpi). For the high MOI of 2, samples were collected at 0, 12, 24, 36, 48, and 72 hpi. For
the low MOI of 0.01, samples were collected at 0, 24, 48, 72, 96, and 120 hpi. All samples
were supplemented with SPG and stored at -80°C.Viral titers were determined by plaque
assays on Vero cells. Each experiment was repeated for confirmation. Significance was

determined by two-way analysis of variance (ANOVA).

Hemagglutination assay
Whole cockerel erythrocytes were obtained from the Poultry Diagnostic Research
Center (Athens, GA, USA) as a gift from Brent Lovern. The red blood cells (RBCs) were

centrifuged at 4°C for 10 minutes at 150 rcf. After the centrifugation, the serum was
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removed, retaining the RBC pellet, and PBS was added back to the original volume. This
washing process was repeated a total of four times to create a 5% stock solution, viable for
up to 7 days. The washed RBCs were then diluted to a 0.25% concentration in phosphate
buffer saline (PBS). In a 96-well V-bottom plate, MuV was diluted with PBS in sequential
1:2 dilutions in a total volume of 50 pL per well, to which 50 puL of 0.25% RBCs were
added to each well in addition. The plates were incubated at 4°C for 90 minutes, and

agglutination patterns were observed.

Viral reduction of infectious yield assay

Vero cells were grown to confluency in 24-well plates in DMEM — 5% FBS — 1%
P/S. MuV-Renilla Luciferase was prepared ata MOI of 5. MuV or mutant MuV was diluted
to MOls of 2, 0.1, 0.01, or 0.001. The MOI groups were halved, with one half being treated
with UV light (UV Stratalinker 1800) at 10 x 10° pJ x 100 five times. Cells were then
infected with MuV-Renilla Luciferase, and then with either the UV-treated or untreated
MuV or mutant MuV at various dilutions in addition. Cells with virus were incubated for
2 hours at 37°C with 5% CO2 with a total volume of 250 uL of DMEM - 2% FBS — 1%
P/S and virus. After incubation, cells were washed twice with DMEM — 2% FBS — 1% P/S,
then covered with 500 uL of media.

At 24 and 48 hours the media was removed, and cells were washed with PBS, then
lysed with Renilla Luciferase Assay Lysis Buffer (Promega) according to the
manufacturer’s protocol, with shaking on an orbital shaker for 30 minutes. The cell lysates
were then collected and added to a white, flat-bottom, 96-well plate. The Renilla Luciferase

Assay Protocol (Promega) was then followed according to the manufacturer, and
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luminescence was measured using the GloMax 96-well plate luminometer (Promega). An
average between triplicates was taken for luciferase activity, and the data was normalized
to the activity of MuV-Renilla Luciferase infection alone. Experiments were done in

triplicate and repeated twice for consistency.

RT-PCR of DI particles

Viral RNA was extracted from cell culture supernatants using a QlAamp Viral
RNA Mini Kit (Qiagen Inc., Valencia, CA). Reverse transcription (RT) was performed
with random hexamers and SuperScript 111 reverse transcriptase (Life Technologies). The
cDNA templates along with four unique leader and trailer specific primers and one control
primer pair specific to the F and HN genes of the MuV genome were used to amplify DI
particles and fragments of the MuV and mutant genome by PCR. PCR products were
examined by electrophoresis on a 1% agarose gel and then gel extracted and column

purified using the QIAquick Gel Extraction Kit (Qiagen Inc., Valencia, CA).

TOPO cloning and sequencing

Purified RT-PCR products were cloned into the pCR™ 2.1-TOPO® TA vector
using the TOPO® TA Cloning Kit (Invitrogen, Carlsbad, CA). Reaction products were
then bacterially transformed into TOP10 E. coli cells (Invitrogen, Carlsbad, CA). Five
bacterial colonies from each cloning experiment were selected, grown overnight in culture
at 37°C, and their plasmid DNA extracted using the QIAprep Spin Miniprep Kit (QIAgen
Inc., Valencia, CA). Primers for the M13F (5’-GTAAAACGACGGCCAG-3’) and M13R

(5’-CAGGAAACAGCTATGAC-3’) regions of the pCR™ 2.1-TOPO® TA vector were
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used for Sanger sequencing by Genewiz (South Plainfield, NJ). Sequences were analyzed

using Geneious 11.1.5 (Auckland, New Zealand).

Analysis of chromatogram peak variance.
Background peak variance to quantify the heterogeneity of mutant and wild-type

virus samples that were Sanger sequenced was calculated using the following formula:

Variant Base Peak Height
X
Primary Base Peak Height + Variant Base Peak Height

100

This formula was adapted from the ThermoFisher Scientific Minor Variant Finder

Software v1.0 User Guide and computational program (176, 177).

Statistical analysis
Statistical analysis was performed using Graphpad Prism software version 5.04 for
Windows (Graphpad Software, La Jolla, CA). Student’s t test was used to calculate P

values.

Results
Identification of the Differences between MuV and PIV5’s Nucleoprotein

To investigate the structural characteristics of MuV NP, we constructed a
theoretical model of MuV NP based on the crystal structure of the PIV5 NP (169, 175)
(Figure 3.1). There were six key amino acid differences between PIV5 and MuV’s NP
within the “core” of MuV, residues 1 to 379 (Table 3.1). The N-tail was not included as it
has not been shown to be utilized in replication nor is essential for NP formation in vitro

for cryo-EM modeling (110). Three of these differences were singular sites (MuV to PIV5):
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Y185P, A197Q, Q200R. The latter three differences were grouped into regions based on
their structural location in NP: “Top” (N63G, P139D, A197Q), “Tip” (P109E, N121G,
A124R), and “Bottom” (G218, S29T, P43N, R93Q, R304Q). To assess these differences
and how they might affect the structure and function of the RNP, sites in MuV’s NP were
mutated to represent those in PIV5.

In Figure 3.1C, the different single point mutations from MuV-like to PIV5-like
residues were Y185P, A197Q, and Q200R and are structurally represented. MuV L is
hypothesized to open the helical structure of NP at amino acids 180 to 202 in order to
expose the RNA genome; however, this region is poorly conserved between MuV and
PIV5. To examine the roles of Y185P, A197Q, and Q200R on the MuV NP, these residues
were mutated. Amino acid sites 197 and 200 are thought to be on the NP helix, which needs
to be shifted during a P-initiated conformational change for L to access the RNA, while
185 is thought to be on the hinge region upstream of the helix, and may play a role in this
region’s flexibility (27, 39, 110).

In Figure 3.1D, the domains of interest: “Top”, “Tip”, and “Bottom”, are
represented in the MuV NP theoretical structure. The “Top” and “Tip” domains are
hypothesized to be the regions of NP that would interact with the carboxy-terminus (CTD)
of P. Since PIV5’s NP does not interact with the CTD of its P, but MuV’s NP does,
mutating these regions to evaluate if these proposed domains do in fact interact with the
Pctp and the consequences of their mutations was of high interest. The “Bottom” domain’s
role is unknown, but it does consist of residues exposed on the non-RNA interacting side
of the NP, which may mean that this domain is important to the NP’s structural integrity

(39, 110).
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Effects of NP Mutations on MuV Replication in a Minigenome System

To characterize the effects mutations in MuV NP to PIV5 NP amino acid sites,
mutations were made to the MuV NP and tested in a minigenome system. The minigenome
system is a transfection-based experiment that allows us to evaluate the direct effects of
mutations in the NP, P, or L of the vVRNP on viral genome replication. A plasmid containing
a Renilla luciferase gene flanked by the leader and trailer sequences of the MuV genome
is transfected along with NP, P, or L from MuV. The RNP forms in culture and transcribes
Renilla luciferase via recognition of the MuV leader and trailer sequences, which can then
be quantified using a luminometer. Should a mutation in one of the proteins negatively
affect transcription, Renilla luciferase activity should decrease. This value is normalized
against Firefly luciferase, which is also transfected at a constant amount.

It was found that mutants Y185P and Q200R had significantly decreased
minigenome activity (Figure 3.2A) but were expressed (Figure 3.2B). Furthermore, mutant
A197Q had noticeably reduced activity, with comparable protein expression levels to wild-
type NP. When evaluating NP mutants with mutated domains, “Top” had reduced
replication activity, but “Tip” and “Bottom” had almost none (Figure 3.2C). This
observation was reflected in their expression levels, with “Tip” having very little protein
expression, but increased NP degradation product, and “Bottom” having reduced
expression (Figure 3.2D). Taken together, it was hypothesized that should mutations be
made to the full-length viral genome, the NP mutations A197Q and “Top” would most

likely yield viable virus if rescued.
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Successful Rescue and Phenotype Determination of MuV mutants

Following the results from the minigenome experiment, mutations were made in
the full-length MuV genome to evaluate their viability and phenotypic differences. As
predicted, A197Q and “Top” were viable for virus rescue, but interestingly, So was Y 185P
(Table 3.2). After propagating the mutant viruses, RT-PCR of the whole virus genome
followed by Sanger sequencing (Genewiz) was used to confirm the presence of the
mutation(s) without any other unexpected mutation present in the genome (Figure 3.3).
Confirmation of NP production by the virus mutants was performed via western blot
analysis (Figure 3.3), with NP production by “Top” being significantly more pronounced
than both wild-type virus and other mutants.

After the MuV mutants were established and verified, growth curve assays were
performed to evaluate the phenotype of the mutants by growth Kinetics at high (2.0) and
low (0.01) multiplicities of infection (MOI). Mutant Y 185P at both high (Figure 3.4A) and
low (Figure 3.4B) MOI took longer than wild-type MuV to reach maximal titer, with it not
being reached until hour 24 and day 2 post infection (respectively). Mutant A197Q grew
similarly to MuV wild-type when infected at a low MOI (Figure 3.4C). However, when
infected at a high MOI, A197Q grew one log lower than wild-type by the end of the 72-
hour collection period (Figure 3.4D). Interestingly, “Top” grew approximately one log
lower than wild-type by the end of the time collection period when infected at a low MOI
(Figure 3.4E), and when infected at a high MOI was unable to grow well (Figure 3.4F). At
24 hpi, when peak PFU titer for high MOI infections is expected, “Top” grew only two
logs higher from its initial titer at hour O, decreasing thereafter to just above the same titer

as the 0 hpi timepoint at the end of the experiment.
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“Top” Virus Inhibits MuV Replication

To investigate whether “Top” virus has an inhibitory effect on MuV replication, a
reduction of infectious yield assay was designed. The experimental design (Figure 3.5A)
was based on a co-infection of Vero cells with a MuV expressing Renilla luciferase and
either wild-type or mutant virus. While the MOI of MuV-Renilla Luciferase will be
maintained the same for each co-infection, the wild-type or mutant virus was titrated from
high to low MOIs. Additionally, a subset of wild-type or mutant virus was UV-treated to
cross-link the viral RNA. The expectation was that should there be an effect on Renilla
luciferase activity due to wild-type or mutant virus inhibition, UV-treatment would
inactivate the wild-type or mutant virus, and therefore decreased MuV-Renilla Luciferase
activity would not be observed. If the effect on MuV-Renilla Luciferase activity remained
unchanged after the wild-type or mutant virus was inactivated, then the inhibition of viral
replication by “Top” is more likely caused by something in the supernatant and not the
virus itself.

For virus A197Q, at 24 hpi (Figure 3.5B) the mutant has a significant negative
effect on the Renilla luciferase activity. However, at 48 hpi (Figure 3.5C), there appears to
be no significant difference between the inhibition caused by wild-type MuV and A197Q,
nor for the UV-treated group. On the contrary, “Top” virus 24 hpi (Figure 3.5D) showed
increased inhibition of Renilla luciferase activity for all MOls, but especially high MOl,
compared to wild-type virus. At 48 hpi (Figure 3.5E) this trend continued, demonstrating
that while especially at a high MOI, even at a low MOI, “Top” inhibits viral replication.

This is further demonstrated by the “Top”-UV-treated virus having minimal inhibitory

56



activity compared to wild-type-UV-treated virus, thus confirming that the inhibition in
viral growth by “Top” is due to the virus and not an extracellular component in the

supernatant.

Only Infectious Virus Titer is Affected, not Binding Affinity

The peculiar growth curve kinetics of “Top”, combined with the noticeably higher
presence of NP in the viral supernatant at equivalent PFUs compared to other viruses, is
remarkable, and warranted further investigation into this phenotype.

To investigate whether the PFU titer of “Top” was accurately representing the
presence of total virus particles, a hemagglutination assay was performed. In Table 3.3, it
is shown that compared to wild-type MuV, the amount of binding activity by
hemagglutination activity is much higher than what should be expected of “Top” given its
PFU titer. This information leads to the hypothesis that there are virus particles
unaccounted for by the plaque titer that are capable of binding to cells but are incapable of
plaque formation. A plausible explanation is that “Top” virus produces a significant
amount of defective interfering (DI) particles compared to wild-type MuV, and therefore,
the growth of plaque-inducing virus is negatively affected, while the ability of virus

particles to assemble and bind to neighboring cells is not.

RT-PCR and Sequencing of “Top” Confirms Presence of Defective Interfering Particles
To definitively confirm the presence of DI particles and to characterize them, wild-
type and “Top” virus was serial passaged at low MOI (0.01) for 4 passages. RNA was

extracted from these viruses at each passage, and reverse transcribed with random
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hexamers, and then PCR with leader and trailer primers (Table 3.4) was performed. The
RT-PCRs were run on a 1% agarose gel and imaged. All viruses were positive for the F/HN
junction control (Primer Set 7), indicating that the RT-PCR methodology was appropriate.

In general, DI genomes are generated by most negative-stranded RNA viruses
during viral replication. These genomes are truncated forms of the original genome, and
usually retain a few key pieces of information from its full-length parent genome: a suitable
initiation site on the 3’ end and its complement on the 5’ end, the terminal sequence(s)
recognized by the RdRp, and sequences for packaging and encapsulation into the NP (NN).
Based on these parameters, primers were designed to capture potential DI genomes. The
most common type of DI genome is Class 11, or an internal deletion genome, which would
be captured by primer sets 1 and 2. Class I includes “copy-back” or panhandle DI genomes,
which arise when the polymerase carrying an incomplete strand switches back to transcribe
the 5° end, forming a classic panhandle shape in the RNA sequence. Class II includes
hairpin and “snapback” DI genomes, which are less complex in their secondary structure
than copy-backs; in this case, the polymerase will transcribe part of one strand and then
use it as a template, forming a hairpin structure (178, 179). Copy-back and hairpin DI
genomes were intended to be captured by primer pairs 3, 4, 5, and 6. Primer set 6 would
use the leader sequence and its complement to capture Class | and 1l DI genomes, while
sets 3, 4, and 5, as single primers, would help discern copy-backs from hairpins. Typically,
if there is a complex secondary structure, such as a panhandle, the polymerase during PCR
will either skip over the structure and make shortened cDNA segments with internal
deletions or will generate truncated products. Hairpins typically have fewer inner deletions

with shorter segments. These structures are detailed further in Figure 3.6.
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In Figure 3.7A, the wild-type MuV displayed PCR bands for Primer Sets 2, 4, and
6, which included leader and trailer, leader only, and leader with its reverse complement,
respectively. This was consistently observed throughout passages 2, 3, and 4 (data not
shown), establishing a qualitative “baseline” of DI particle genomes that may appear
naturally in the wild-type MuV population.

“Top” (passage 2) presented bands for the same primer groups as wild-type MuV
(2, 4, 6); however, it also had bands for groups 1, 3, and 5, which included primers for the
full leader and trailer, the full leader alone, and the trailer alone, respectively (Figure 3.7).
Interestingly, Primer Set 6 (leader with reverse complement) for “Top” showed a large
DNA smear. This was likely due to when amplifying reverse-transcribed RNA from “Top”
using complement leader primers, there was increased DNA of various length, indicating
a high likelihood of the presence of copy-back genomes that could not be well-transcribed
due to various secondary structures (180). Top” passage 3 appeared to have “lost” some of
the PCR bands that hallmarked “Top” passage 2 (Figure 3.7), indicating that with serial
passages, the viral population has a shift back to the wild-type genotype and thus becomes
heterogeneous.

To elucidate these bands and their DI sequences, the bands from wild-type MuV
and “Top” passages 2 and 3 were excised, and TOPO cloning performed. In Figure 3.8,
Sanger sequencing analysis for bands consistent between wild-type and “Top” passage 2
showed an increased variety of deletion defections in the sequences, while sequences of
bands unique to “Top” passage 2 revealed the presence of copy-back sequences. The copy-

back sequences were determined by examining the repeated sections of nucleotides before
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the beginning of a complemented region, indicating the RNA polymerase “stuttering”, and
then switching to the opposite or same strand.

Taken together, the sequencing and RT-PCR data suggests three main aspects
regarding “Top” and its production of DI particles: (1) “Top” produces a greater number
of DI particles compared to wild-type MuV, (2) “Top” produces a greater variety of DI
particles, particularly copy-back, compared to wild-type MuV, and (3) as “Top” is
passaged, the DI particle genotype becomes more representative of wild-type’s DI particle

profile in its increase of deletion and decrease of copy-back DI genomes.

Discussion

Here, we have shown that by changing MuV NP amino acid sites to PIV5 sites,
MuV NP function is vastly affected. Here, we have shown that by changing MuV NP
residues to those represented in P15, MuV NP function is markedly affected. Three of the
mutations (200, “Tip”, “Bottom”) proved to be detrimental to replication and virus
viability. The mutation at 185 showed comparable growth kinetics to wild-type MuV, but
197 showed decreased viral growth at high MOI infection. Interestingly, “Top”, a MuV
mutant where amino acid sites at 63, 139, and 197 were altered, showed less growth at low
MOI infection, and displayed an inhibitory effect on its growth kinetics when infected at a
high MOI (Figure 3.4). When investigating the possibility of “Top” alone being the culprit
of these inhibitory effects seen in MuV growth, it was determined that not only at high
MOI, but at low MOI, “Top” was able to inhibit viral replication of MuV-Renilla
Luciferase. This thought was further verified by the fact that when “Top” is UV-

inactivated, these inhibitory effects are no longer observed, minus minimal effects at high
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MOI infection at 24 hpi likely due to not all of the virus particles being initially inactivated
(Figure 3.5). Furthermore, “Top” displayed binding affinities by HN to sialic acid in titers
comparable to wild-type virus, indicating that there are virus particles in the supernatant of
“Top” that because they are uninfectious are being unaccounted for by plaque assay (Table
3.3). All this information taken together led to the hypothesis that the “Top” mutant
inherently produces DI particles, without requiring induction by high MOI infection.

DI particles were first discovered in 1954 by Preben von Magnus while working
with influenza. When he noticed a loss in viral yield after high multiplicity passage in eggs,
he discovered an increase in the ratio of viral particles to infectious virus; von Magnus
referred to these generated particles as “incomplete” virus (113). It was not until 1973, after
more advanced analytical techniques became available, that these particles were fully
characterized and named DI particles (128, 181). These particles have severely shortened
viral genomes and are thus deficient in replication. While these genomes are truncated,
they are still packaged by viral and cellular proteins due to the presence of signaling
packaging sequences (178), often with higher affinity than full-length viral genome, and
bud from host cells. Since these particles can still bind to cells but not replicate on their
own, they are considered noninfectious. The production of more DI particle progeny relies
on the replication machinery of infectious “helper” virus, which can be parasitized during
co-infection of the cell, and thus a competition arises between DI and infectious particles
(182). This phenomenon can often be induced by high multiplicity passages of virus, thus
alluding to the nature of DI particles to be of a “check-and-balance” evolutionary benefit
via triggering of innate immune responses (128, 181, 183). More recent characterizations

of DI particles through sequencing and in different virus types has progressed the
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knowledge of viral replication and has thus provided an opportunity for advancements in
antiviral and vaccine development.

DI particles are a budding field of interest in the field of virology, especially since
more non-influenza RNA viruses, along with specifically paramyxoviruses, are being
found to produce DI segments and particles of potential inhibitory qualities (184-187). The
reasoning behind this widespread characteristic of RNA viruses is due to the detection of
DI genomes by innate immune system mechanisms that include multiple viral sensors
independent of TLRs and type I IFN signaling can detect DI genomes, such as MDAS and
IRF3 (188). There is additional data that argues in favor of the adjuvant capacity of
paramyxovirus DI particles in stimulating both mouse and human dendritic cells and have
offered biological relevance to the reported inhibition of MDADS by various paramyxovirus
V proteins (49, 189).

To the best of our knowledge, there has not been a reported specific and intentional
mutation to not only Mumps virus nucleoprotein by which the new virus mutant naturally
produces DI particles. Further, this is the first report of a paramyxovirus that, after
subsequent passages, presents a switch from a mutation-dominant population to that of
wild-type, while still strongly exhibiting inhibitory and DI particle effects (sequencing data
available upon request), this residue change of the “Top” region is critical to understanding
key aspects of MuV RNA synthesis.

Due to “Top” being a domain, all three residues (63, 139, 197) were investigated
using the minigenome system in singularity and duality combinations in order to verify
that the entire “Top” domain is essential for this result to occur. The results of this

investigation on both a minigenome and virus rescue scale showed that only the “Top”
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combination exhibited the phenotype reported here — all three amino acid residue changes
were required to maintain nucleoprotein formation and/or virus viability. While some
individual and combinations of the “Top” amino acid mutations could produce either
correctly formed nucleoprotein or virus, the viruses that could be rescued grew to dismal
titers that could not be used for further characterization (data not shown).

Preliminary data has suggested that the “Top” domain of the nucleoprotein assists
in its ability to properly interact with P-CTD, thus affecting the chaperoning and adherence
of the polymerase to the RNA template. When this site was exchanged with the residues
present in PIV5 NP, which does not interact with the CTD of its P, the phenotype inhibited
viral growth while still producing DI particles. It is possible that since this “Top” domain
has changed, it now has decreased efficiency in its ability to properly interact with P. This
could help explain why the sequences from “Top” using primers to “capture” copy-back
and hairpin DI genomes had repeated sections, as the inability for the L to properly secure
to the template within the NP could cause a “stuttering” effect and inability to successfully
replicate the genome to completion and accuracy. Most of the data suggests an inability of
the “Top” nucleoprotein to interact fully with the carboxy domain of P; however, this
interaction needs to be further investigated. It is also of interest to investigate how the
“Top” nucleoprotein interacts with that of PIV5’s P, because “Top” NP now exhibits PIV5
amino acid residues within a critical domain.

Conclusively, this research provides insight into the mechanics and functions of
MuV NP’s role in replication where crystallization could not. Through the exchange of
residues between similar paramyxoviruses, insight was gained into how MuV’s NP is

essential for replication and assists in deciphering the function of specific sites and domains
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of the protein’s structure. MuV NP’s role in viral RNA synthesis on a structural level can
directly affect the viral polymerase’s ability to access the genome successfully, either
through the polymerase having difficulty in binding to NP, or NP being unable to
conformationally change to reveal the RNA template. We have also learned that by
manipulating the structure of one protein, DI particles can be produced in excess without
high MOI infection. This could also be applied to other paramyxoviruses to not only
discern how NP structure affects replicative function, but how to potentially manipulate
other viruses to produce DI particles without using a high amount of virus particles. This
development can help in developing further understanding of paramyxovirus replication

and potential antiviral production using DI particles.
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Figures and Figure Legend
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Figure 3.1. Model of MuV nucleoprotein. (A) The resulting theoretical 3D model of MuV
NP built upon a PIV5 NP crystal structure. The image(s) shown depict the ring structure
composed with 13 NP subunits. Red sites are 185 and 200, while green, magenta, and cyan
residues are “Top”, “Tip”, and “Bottom” domains, respectively. (B) Depicts a singular NP
NP subunit. Sites 185, 197, and 200 are marked and highlighted in red, and domains “Top”,

“Tip”, and “Bottom” are denoted in green, magenta, and cyan, respectively, within the NP

subunit model. Images were designed in PyMOL software.
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Mutant Site of Mutation

185 (Individual) Y185P

197 (Individual) A197Q

200 (Individual) Q200R

Top N063G/P139D/A197Q

Tip P109E/N121G/A124R

Bottom G021S/S029T/P043N/R093Q/R304Q

Table 3.1. Construct names and mutations made to the NP protein.
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Figure 3.2. Effects of mutations in NP in a minigenome system. (A) Relative minigenome
activity for NP mutants 185, 197, and 200, accompanied with their expression using a
western blot analysis for NP protein (B). (C) Relative minigenome activity for NP mutants

“Top”, “Tip”, and “Bottom”, alongside a western blot of their protein expression levels,

including protein degradation product (D).
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Successful  Plaqueswith  Positive (+)

. . . ) Colon . )
Plasmid Alias Mutation(s) Rescue Crystal Violet Immuno- Purifie‘; Viral Titer
Attempt(s) Staining staining
pJROL MuV NP 185  Y185P 1/1 YES YES YES 3.25E+07
pJRO2 MuV NP 197  A197Q 1/2 YES YES YES 4.70E+07
pJRO3 MuV NP 200  Q200R 0/4 NO NO NO
pJRO4 MuV NP TOP  N63G/P139D/A197Q0 1/1 YES YES YES 2.67E+06
pJROS MuV NP TIP P109E/N121G/A124R 0/4 NO NO NO
MuV NP
pJRO6 BOTTOM G215/S29T/P43N/R93Q/R304Q 0/4 NO NO NO

Table 3.2. Rescue Status of MuV Mutants with NP mutations.

69



185Y (TAC) > P (CCA)

il MW

ACA GCTCCAG ACCAACC

197A (GCG) = Q (CAA)

3CG ATT TCAAAAAT

Top 63N (AAT) > G (GGT)

TGCAGTCAAGGTGCTA

“Top” 139P (CCA) > D (GAC)

iTCCCTG ACACCA T
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E “Top” 197A (GCG) > Q (CAA)
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1
JATT TCAAAAATACC

WT 185 197 Top WT 185 197 Top WT 185 197 Top

- o s

s> ul 10 uL

15 uL

Figure 3.3: Confirmation of MuV mutant genomes and NP expression. Chromatograms of
sequencing data using Geneious R11.1.5 software for (A) Y185P, (B) A197Q, and “Top”
mutations N63G/P139D/A197Q (C, D, E, respectively). The red line underlines the nucleic
acid mutation site of interest. Viruses MuV-1A (WT), “185”, “197”, and “Top” were
diluted to 3.0x10% PFU/mL, and either 5, 10, or 15 uL of virus supernatant were loaded

onto a gel to perform SDS-PAGE and western blotting for nucleoprotein (NP) expression

(F).
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Figure 3.4. Growth curve kinetics of MuV mutants compared to wild-type. Low MOI
growth curves (A, C, E) for 185, 197, and “Top”, respectively, are based on samples taken
every 24 hours post infection for 72 hours of a MOI of 0.01 infection of Vero cells. High
MOI growth curves (B, D, F) for 185, 197, and “Top”, respectively, are based on samples
taken every 12 hours post infection for 60 hours of a MOI of 2 infection of Vero cells. Each
MOI infection was verified by back titration. Asterisk denotes statistical significance of

p<0.05 between groups at the same time point.
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Figure 3.5. Reduction of Infectious Yield (RIY) assay. A diagram of the experimental set
up and design of the reduction of infectious yield experiments (A). The Renilla luciferase
activity for wild-type and 197 MuV, as well as wild-type and 197 MuV that was UV
inactivated, is shown at 24 hours (B) and 48 hours (C) post infection at various MOls. The
same experiment was done for “Top” MuV, and the Renilla luciferase activity is shown at
24 hours (D) and 48 hours (E) post infection. Asterisk denotes statistical significance of
p<0.05 when compared to a like-group (WT to mutant, or WT-UV-treated to mutant-UV-

treated).
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PFUto HA Ratio

PFU/mL Normalized to

Virus Passage Titer HATiter (p{):{ (I'JT;)L) Wild type
MuV-WT 5 1.63E+7 128 6.37 1
MuV-WT* 6 3.78E+7 256 7.38 1.159

MuV-RenlLuc 5 4.38E+7 256 8.55 134
MuV-Y185P 2 3.25E+7 128 12.70 1.99
MuV-A197Q 2 4.70E+7 256 9.18 1.44
MuV-A197Q* 4 8.68E+5 64 0.678 0.106
MuV-Top 2 3.00E+6 128 1.17 0.18
MuV-Top 3 7.77E+5 256 0.15 0.02
MuV-Top* 4 6.00E+4 64 0.047 0.0074
* = Purified

Table 3.3. Hemagglutination titers compared to infectious virus (PFU) titer of MuV wild-
type and mutants. The * denotes virus purified by ultracentrifugation on a sucrose gradient

cushion.
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RT-PCR Bands RT-PCR Bands RT-PCR Bands

Primer . . . . . .
Set Forward Primer Reverse Primer Description Presentin Presentin Presentin
MuV-WT Pass 2? MuV-Top Pass 2? MuV-Top Pass 3?
JR236F:
: Entire lead ith trail
1 5-ACCAAG GGG AAA ATG AAG ATG GGA TAT TGG gff?cn MG GGG AGA AAG TAA AAT CAA 1.3 52 'L:znf: er sequence with traller o Yes (2) Yes (1)
TAG AAC AAA TAG TGT AAG AAA CAG T-3' b
2 JR232F: JR234R: First half of leader sequence with Yes (4) Yes (3) Yes (5)
5'-ACC AAG GGG AAA ATG AAG ATG GGA TATT-3'  5'-ACC AAG GGG AGA AAG TAA AAT CAAT-3’ trailer sequence
JR236F:
3 5'-ACC AAG GGG AAA ATG AAG ATG GGA TATTGG  N/A Entire leader sequence only No Yes (1) No
TAG AAC AAA TAG TGT AAG AAA CAG T-3'
4 JR232F: N/A First half of leader sequence onl Yes (3) Yes (3) Yes (6)
5'-ACC AAG GGG AAA ATG AAG ATG GGA TAT T-3' q Y
JR234R: .
5 N/A 5'-ACC AAG GGG AGA AAG TAA AAT CAA T-3' Trailer sequence only No Yes (1) No
6 IR232F: JR238R: First half of leader sequence with its Yes (1) Yes (smear) No
5'-ACC AAG GGG AAA ATG AAG ATG GGA TAT T-3°  5"-AAT ATC CCATCT TCATTT TCCCCTTGG T-3"  reverse complementary primer.
MuV_4939F: MuV_8550R: . -
- ~ 3.6k thin F and HN Yes (1 Yes (1 Yes (1
7 5. ACA AAT GCA CGC GCA ATA GC-3 5-AAC TGA CAG GCA AGC CAA AC-3' bregion within F and HN genes Yes (1) es (1) es (1)

Table 3.4. Defective Interfering (DI) particle primers pairs list for RT-PCR of mumps viruses. Seven primer pairs were used in all, with
three being single primers and pair ““7” being a positive control for the F and HN gene region of the MuV genome. Primer descriptions

and sequences are included.
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Class II: Hairpin

Class llI: Deletion | Lea | | 7 A0 |

Class IV: Mosaic | i I s I | - —Il

Figure 3.6. Diagram of types of defective interfering particle genomes. The diagram shows
four main categories of DI particle genomes: Class | and Class Il are referred to often as
copy- and snap-backs, respectively, and share similar inherent properties in that the
leader/trailer sequences are complementary, representing the skipping of the polymerase
between positive and negative RNA strands. Class 1l is a common type of DI particle,
where the polymerase skips large sections of the genome, but reattaches on the same strand
and direction, causing minor to major deletions in the final replicated genome. The last
class, mosaic, represents a combination of the classes within the same DI particle, and does

not occur often.
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Figure 3.7. RT-PCR of MuV using primers designed for detecting Defective Interfering (DI) particles. Included are images of the gel
electrophoresis of the RT-PCR products of extracted viral RNA from passage 2 of MuV wild-type and “Top” mutant passages 2 and 3.
Primer sets are organized by their “class” of DI particles and labeled at the bottom of the image. Bands are labeled starting with their
primer set number and then with a letter of the alphabet in order of size (largest to smallest). Bands are also labeled with relative

sizes to the right of each gel image.
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Figure 3.8. Sanger sequencing results from TOPO cloning of excised RT-PCR DI Particle
gel electrophoresis products. As seen in Figure 3.7, “Top’s” population becomes more
heterogeneous and reverts to a predominantly wild-type genotype. Through TOPO cloning
of excised gel fragments of the RT-PCR products, Sanger sequencing was able to be
performed on these unknown band sequences captured by the DI primer sets. This
qualitatively observed variability from the gel electrophoresis results is further supported
by the variance of peak height and quality surrounding the base pairs, which should be
mutated in passage 4 of the “Top” virus, for amino acid sites 63 (A), 139 (B), and 197 (C).
A collection of sequencing samples is shown and are aligned to the sequence for “Top”

virus.
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CHAPTER 4

THE STRUCTURAL AND FUNCTIONAL ANALYSIS OF THE MUMPS
PHOSPHOPROTEIN TRANS-COMPLEMENTARY N- AND C-TERMINAL

DOMAINS?

2 Risalvato J, Oliver AP, Luo M, He B. Submitted to Journal of Virology XX/XX/20XX.
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Abstract

Mumps virus (MuV) is a negative-stranded RNA virus that encapsidates its
genomic RNA within the nucleocapsid protein (NP). To make the viral genome accessible
to viral RNA-dependent RNA polymerase (L) for viral RNA synthesis, the phosphoprotein
(P) binds to NP to initiate the conformational change necessary for exposing the replication
template and helps to bring the RNA polymerase to NP and genomic RNA. Together, NP,
L, and P form the ribonucleoprotein (RNP) complex that is essential for viral transcription
and replication. MuV is the only known paramyxovirus for which both the N-terminal
domain (NTD) and C-terminal domain (CTD) of P bind to NP. It is thought that the unique
structure of MuV P, an anti-parallel tetramer, could be attributed to this distinctive
interaction. Each domain of P plays a different role in replication through the binding to
the nucleocapsid; the NTD uncoils the helical nucleocapsid, while the CTD assists in
directing the RNA polymerase to the nucleocapsid RNA template. To determine which
sites within the NTD and CTD of P are the precise binding sites to NP, an alanine scan was
performed on MuV P truncation mutants and full-length P, and their activities were
examined using a minigenome reporter system. Interestingly, our results indicate that the
NTD likely possesses a “positive” motif, while the CTD possesses a “negative” motif in

regulating viral RNA synthesis.

Significance
As an important reemerging human pathogen, MuV requires greater understanding
regarding its protein interactions in viral replication. The MuV phosphoprotein is a critical

component of viral RNA synthesis. In this work, a novel minigenome system was utilized
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to allow the NTD and CTD of P to be paired trans-complementary to aid in the verification
of MuV P’s protein conformation and better characterize its structural stability. This
understanding of protein structure in replicative function will allow the design of improved

antivirals and vaccines.

Introduction

A human disease, mumps causes acute infection with symptoms that range from
fatigue and parotitis to severe meningitis and permanent deafness (1). Mumps virus (MuV),
the causative agent of mumps, is a virus in the genus Rubulavirus and family
Paramyxoviridae. The MuV genome is a nonsegmented, negative-stranded RNA genome
with 15,384 nucleotides with seven genes encoding for nine viral proteins (6). The RNA
genome of mumps virus is encapsidated by the nucleoprotein (NP) within a helical
nucleocapsid (RNP) — this NP-RNA structural conformation serves as a template for MuV
RNA synthesis (99). The large protein (L) and the phosphoprotein (P) together form the
viral RNA-dependent RNA polymerase (VRdARp) complex which replicates the RNA
genome and performs transcription. L protein enzymatic activities include initiation,
elongation, and termination of RNA synthesis, but it is also capable of post-transcriptional
modifications such as MRNA capping and the addition of a 3’ poly(A) tail (6, 147). P is
the critical cofactor of the polymerase — it acts as a chaperone and anchor for L to the NP-
RNA template for all its essential enzymatic functions (98, 133, 190). As it is capable of
self-oligomerization and forming various complexes with L, NP, and RNP, P’s role in MuV

replication is vital.

85



Across the paramyxoviruses, the P proteins are modular and consist primarily of
three main domains: the N-terminal, oligomerization, and C-terminal domains, all with
flexible linkers between the adjoining regions (135, 136). P is observed to self-oligomerize
in many negative-stranded RNA viruses (NSVs) (135). The first paramyxovirus to have its
oligomerization domain of P crystallized was Sendai virus (SeV), which revealed a parallel
coiled-coil tetramer (all monomers in the same polar orientation) (137, 191-193). The
tetrameric structure of phosphoprotein has been found among other paramyxoviruses,
including mumps virus, but the orientation of the monomers within the tetramer differs
among them. The previously mentioned self-association of P is necessary for
transcriptional activity, and in the case of SeV, the region also serves as a binding site for
SeV L (47, 194-200).

The tetrameric structure of P does not appear to be a hallmark of all NSVs. For
example, the P protein of vesicular stomatitis virus (VSV) from the family Rhabdoviridae
forms a singular dimer of a-helices held together via hydrophobic interactions in parallel
orientation (141). As the VSV P is also capable of self-oligomerization, as seen in a VSV
minigenome assay, characterizing how VSV P’s dimer structure affects viral replication
compared to the paramyxovirus tetrameric structure can assist in understanding how these
P interactions are affected by structure (140, 201, 202). For example, the N-terminal of
rabies virus P, another rhabdovirus, interacts with nascent NP and L, while the C-terminal
domain binds to the RNP (143-145). However, this difference could be due to the N-
terminal and C-terminal domains of rabies P being positioned on the same poles, while the

domains are at opposite ends of oligomerization domains for MuV.
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For paramyxovirus P proteins, the nucleocapsid-binding domain (NBD) is mainly
found within the C-terminal domain for most viruses (148, 203, 204). Particularly in MuV
P, the last 49 amino acid residues of P directly mediate binding to the NP, although the
precise residues remain unknown (34). While the NBD within the C-terminal domain is
conserved, MuV P uniquely also binds to the NP within its N-terminal domain (47). This
NP interaction within the N-terminal of MuV P was confirmed by electron microscopy,
which revealed uncoiling of the helical nucleocapsid and resulted in increased viral RNA
synthesis within a minigenome system (39).

The MuV P oligomerization domain (defined as amino acid residues 213-277) has
been crystalized and revealed a tetrameric formation with two pairs of parallel a-helices
oriented in antiparallel to each other (47). This orientation means that both poles of the P
tetramer have two copies each of the N-terminal and C-terminal domains. This specific
orientation has been found to be unique among P proteins of nonsegmented NSVs.

In this work, we used a novel minigenome system for MuV in which the C-terminal
and N-terminal domains of P could be studied using different ratios of trans-
complementation. Furthermore, this system allowed for the testing of mutant P domains
for the determination of structural parameters of P’s stability and function in NP binding

interactions for viral replication.

Materials and Methods
Molecular cloning
Plasmids constructed in this work were done using standard molecular techniques

— details and sequence files of plasmids constructed and used are available upon request.
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The MuV NP, P, and L genes of the MuV strain lowa/US/2006 were cloned into a
pPCAGGS expression vector as previously described (75). P truncations with Flag and
MetMetMetFlag (mmmFlag) epitope tags are defined as Pno (residues 1-277 + mmmFlag)
and Poc (Flag + residues 213-391) throughout this work (48). A MuV minigenome plasmid
(pBH276/pMG-RLuc) containing the Renilla luciferase expression gene was used, along
with a plasmid containing the firefly-luciferase gene (pFF-Luc) (44). Both the firefly-
luciferase and minigenome plasmid expression plasmids were constructed using a

pCAGGS vector as the backbone.

Cell culture

BSR-T7 cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
with 10% fetal bovine serum (FBS), 10% tryptose phosphate broth (TPB), and 1%
penicillin-streptomycin solution (P/S) (Mediatech Inc. Manassas, VA). 293T cells were
maintained DMEM supplemented with 5% FBS and 1% P/S (Mediatech Inc., Manassas,

VA). Both cell lines were incubated at 37°C and 5% CO..

Transfections

BSR-T7 or 293T cells were passed at an appropriate dilution one day prior to use
in order to achieve approximately 80% confluency upon transfection the following day.
Cells were transfected using a JetPRIME (Polyplus Transfection Inc., New York, NY)

transfection reagent kit following the manufacturer’s protocols.

MuV minigenome system and dual-luciferase assay
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The MuV minigenome system used in this work was described previously (39, 44,
48). Total P, P domain truncations, or P domain truncation mutants were transfected at
increasing amounts (10, 20, 40, 80, or 160 ng) along with NP (25 ng), L (500 ng), pMG-
RLuc (100 ng), and pFF-Luc (1 ng) held at steady state in BSR-T7 cells. pPCAGGS
expressing green fluorescent protein (GFP) was used to normalize the mass of transfected
DNA per sample. After 48 hours, the cells were lysed and the lysate was used to perform
a dual-luciferase assay according to the manufacturer’s protocol (Promega, Madison, WI).
Light intensity of firefly and Renilla luciferase was detected and measured using a GloMax
96 Microplate Luminometer (Promega). Relative luciferase activity was defined and
calculated as the ratio of Renilla luciferase to firefly luciferase activity. Three replicates of
each sample were used to compare the peak relative luciferase activity of each P mutant to

that of wild-type P. Aliquots of the cell lysates were used for Western blot analysis.

Western Blot analysis of minigenome lysates

Minigenome lysate aliquots were diluted 3:1 with 4X Laemmli Sample Buffer (Bio-
Rad Laboratories, Hercules, CA) plus -mercaptoethanol at 9:1, and then heated at 95°C
for 5 minutes. Samples were loaded into a 4-20% Mini-PROTEAN® TGX (Bio-Rad
Laboratories, Hercules, CA) polyacrylamide gel, and proteins were size-separated by gel
electrophoresis. The proteins were then transferred to a polyvinylidene difluoride (PVDF)
membrane (GE Healthcare, Piscataway, NJ). The membrane was then incubated with
mouse anti-MuV-NP antibody (1:2000 dilution) and either anti-MuV-P antibody (1:1000
dilution) or anti-Flag antibody (1:2500 dilution) (ThermoFisher Scientific) or both anti-

MuV-P and anti-Flag antibody. Primary incubation was followed by secondary incubation
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with Cy3-conjugated goat anti-mouse IgG antibody (1:2500 dilution) (Jackson
ImmunoResearch, West Grove, PA), and scanned using a Typhoon 9700 imager (GE

Healthcare Life Sciences, Piscataway, NJ).

Results
MuV P domains exhibit trans-complementarity

As previously mentioned, the MuV P has three key domains: a N-terminal domain
(NTD), an oligomerization domain (OD), and a C-terminal domain (CTD). These domains
are connected via flexible linker regions. For the purpose of this work, Pno and Poc proteins
were used. Pno is a truncated P protein including only the NTD and OD, while Poc includes
only the OD and CTD of the phosphoprotein. Both Pno and Poc are tagged with a flag tag
on the carboxy terminus and the amino terminus, respectively. When truncated, it is known
that MuV P can form parallel dimers, and it is even capable of forming antiparallel dimers
(Figure 4.1). The presence of the oligomerization domain is essential for this dimerization
and tetramerization of the phosphoprotein and is also necessary for MuV genome
replication, so it was included in the truncated protein constructs (39, 44, 48). Additionally,
both the NTD and CTD of MuV must be present for the MuV genome to be replicated and
proteins expressed (Figure 4.2A).

Previous work had detailed use of Pno and Poc at a ratio of 1:1 (39, 48). Before
pursuing further experiments, other ratios of Pno:Poc were investigated in order to
determine if a ratio of 1:1 was suitable for our applications on the basis of Pno and Poc
being different molecular sizes (~31 and 21 kDa, respectively) and having different roles

during MuV replication. When holding the amount of POC static and adding increasing
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amounts of Pno, the ratio of Pno:Poc determined to yield the highest minigenome activity
was at those higher than 1:2, consistently 1:4 (Figure 4.2B). This was also seen when
holding the mass of Pno while adding increasing amounts of POC — the best Pno:Poc ratio
determined to yield increased minigenome activity was 1:2 to 1:4 (Figure 4.2C). The data
displayed that a Pno:Poc ratio at a minimum of 1:2 yielded significantly increased
minigenome results. However, since previous work was done using a Pno:Poc ratio of 1:1,
which also showed a trend of increased minigenome activity compared to wild-type P,
these parameters were not changed in order to not potentially introduce confounding

variables such as extraneous activity that could overshadow noteworthy results.

Truncations of the N- and C-terminal domains of P to isolate interacting regions

The initial goal of this work was to isolate the specific binding domains of NP to
the amino and carboxy termini of P. To do this, Pno and Poc were fractioned into fifths of
their original domains, denoted as Po.snoroc, Po.snoroc, Po.anoroc, and Po.2nosoc to represent
how much of the original domain was left after fractionation. Figure 4.3A shows a visual
representation of the fractioning of Pno’s N-terminal domain into fifths. MuV minigenome
data concluded no minigenome activity for these mutants (Figure 4.3B). However, since
expression was noted on the immunoblot for these fractioned Pno truncates (Figure 4.3C),
it was deduced that the first forty amino acids of the N-terminal domain of P was critical
for protein tetramerization and dimerization stability and replication functions.

The same process was repeated for Poc. Figure 4.4A shows a visual representation
of the fractioning of Poc’s C-terminal domain into fifths. The MuV minigenome data for

this fractionation determined that there was no minigenome activity for any of these
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mutants (Figure 4.4B). When immunoblotted, expression was present for the Poc truncates
(Figure 4.4C); thus, it was deduced that the last twenty amino acids of the C-terminal
domain of P was critical for protein tetramerization and dimerization stability and
replication functions.

Further fractionations and alanine substitutions in groups of five or four residues
were performed on the N-terminal and C-terminal of P. The data from these fractionations
further isolated the regions of interest for the N- and C-terminal domains to be the first

twenty and last twenty residues (data not shown).

Alanine scan of N- and C-terminal domains of P to find points of interaction

Once these regions of interest were narrowed down, an alanine scan was performed
within these regions and their minigenome activity observed. For the N-terminal domain,
the first eight (Figure 4.5A) and second eight (Figure 4.5B) amino acid residues were
replaced with alanine and minigenomes performed. For the C-terminal domain, two alanine
residues were “skipped” — aa390 and 378. Due to this, the last nine (except aa390) and
second-to-last nine (except aa378) amino acid residues were replaced with alanine, and
their minigenome activities observed (Figures 4.5C and D respectively). After performing
the minigenomes, it was noted that there appeared to be a “reflection” of activity, with the
N-terminal and C-terminal domains of P exhibiting chiral properties of minigenome
replication activity.

The observed chirality of minigenome replication activity between N-terminal and
C-terminal domain alanine mutants was further investigated by transfecting the chiral

domains in pairs, and the same minigenome activity pattern was observed (Figure 4.6).

92



Taken one step further, full-length P was also mutated so that chiral alanine substitutions
in both the N- and C-terminal domains were present in P simultaneously. Transfecting full-
length P mutants with single alanine substitutions in either its amino or carboxy terminus,
along with “double knock-out” mutants with mutations reflected in both termini, exhibited
a similar pattern of minigenome activity (Figure 4.7 and 4.8, respectively). A summary of
the amino acid residues substituted, their chemical properties, and subjective minigenome

activities per experiment can be seen in Table 4.1.

“Rescue” N- and C-terminus truncates with low activity with high activity termini

Based on the information gathered in Table 4.1, it was hypothesized that termini
with “low” minigenome activity might be “rescued”, or have some of their minigenome
activity return, if transfected with a “high” activity complementary terminus. To test this,
one “high” minigenome activity mutant representing the N- and C-termini, respectively,
were transfected with their opposing terminus mutants classified as having “low”
minigenome activity. The high performing Pno mutant selected to test in this instance was
PNo-15a against the low Poc performers Poc-3o1a, Poc-3ssa, Poc-3s7a, Poc-384a, Poc-3s3a, Poc-
382A, Poc-379a, and Poc-377a. The high performing Poc mutant selected to test in this instance
was Poc-376a against the low Pno performers Pno-2a, Pno-aa, Pno-sa, Pno-sa, Pno-9a, PNo-10a,
Pno-13a, and Pno-14a. It should be noted that both the “high” performing N- and C-terminus
P truncation mutants are chiral in their placement to one another.

As shown in Figure 4.9, Pno-15a was able to “rescue” Poc-3s7a and Poc-377a, and Poc-
376A was able to “rescue” Pno-sa. Pno-15a Was originally a Glutamine residue, which is polar

and charged, while Poc-3s7a and Poc-377a were Isoleucine and Aspartic Acid, hydrophobic
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and charged residues, respectively. Poc-376a was also originally a Glutamine residue, and it
was able to “rescue” Pno-sa, originally Aspartic Acid. This data suggests that these residues
are critical to P structure and MuV replication ability. The replacement of critical residues
with Alanine within one terminus can be potentially offset or “repaired” by the replacement
of specific residues on the opposing terminus, indicating that a structural interaction
between the N- and C- termini of P is essential to its replicative function.

From this point on in the study, the focus of the work became deducing why there
appeared to be identical minigenome activities among alanine scanned N-terminal and C-

terminal domains in chiral.

Heptad repeat in MuV P N- and C-terminal domains

Due to the repeating patterns seen in alanine-scanned Pno and Poc mutants
separately (Figure 4.5) and together (Figure 4.6), a similar pattern of minigenome activity
seen in P single-point and “double knock-out” mutants (Figures 4.7 and 4.8), and the ability
for “high” activity domains to “rescue” “low” activity opposite domains (Figure 4.9), it
was hypothesized that a heptad repeat for structural stability and possible maintenance of
viral replication activity was present. Heptad repeats are structural motifs that consist of a
repeating pattern of seven residues — abcdefg. Typically, “a” and “d” are hydrophobic
residues that reside towards the inside of a protein dimer, trimer, or tetramer, whereas “b”,
“c”, “e”, “f”, and “g” are polar residues and face the outer surface of the protein structure.
Additionally, “e” and “g” are often, but not always, charged amino acids (205). Heptad

repeats are essential for the structural basis of coiled coils and stabilizing their reactions
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and can have functional applications to allow for secondary structures as can be seen in
paramyxovirus fusion glycoproteins.

Due to the published crystal structure of the oligomerization domain of MuV P
(47), the antiparallel Pnto and Pcro helical pairs are approximately offset by ~0.25 heptad
in respect to each other, while the helical offset is zero in parallel homodimer structures
(206). This tetramer in which two dimers in parallel are oriented antiparallel to one another
provides a unique interdigitation at the nonpolar interface. The “d” side chains of Pntp1 are
hypothesized to intercalate into pockets formed by the “a” residues of the Pcrp2 and the
“g” residues of the Pctp1 helices. Pctp1 “d” residues are thought to interact with both the
Pnto1 and Pntop2 helices at the “a” and “g” residues, respectively. A similar structural
relation pattern can be seen where the “a” side chains of Pnto2 fit into grooves formed by
residues “d” and “e” of helices Pctp1 and Pcrpz, respectively. The proposed model can be
seen in Figure 4.10 and is supported by coiled-coil predictive software PredictProtein (207)

and Coiled-Coils Prediction (208, 209) (see Appendix).

Discussion

Paramyxovirus P proteins are believed to be capable of domain modification
without affecting the function of other P domains due to their modular structure and nature.
MuV P’s domains have been mapped and its oligomerization domain crystallized (47, 135).
Here, we generated MuV P N- and C-terminal domain truncations in order to examine how
mutations within the N- and C-terminal domains affect P structure and function in viral
RNA synthesis. It was previously found that transfecting increased amounts of N terminal

domain would result in enhanced activity in the minigenome system due to increased
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uncoiling of the nucleocapsid (39). This study confirmed that increasing the ratio of
Pnto:Pcto from 1:1 to 1:2-4 would result in enhanced MuV minigenome replicative
function. The necessity of the oligomerization domain and presence of both the N- and C-
termini of P was also confirmed. Thus, not only is the multimerization of P through a
central oligomerization domain required for MuV RNA synthesis, but the trans-
complementation of the N- and C-terminal domains of P as well. Furthermore, increasing
the amount of Poc two- to four-fold compared to Pno resulted in enhanced minigenome
activity. This is likely because Poc is both smaller in size than Pno and possesses a binding
site for NP and L polymerase within its domain.

Knowing that there is a binding site for NP in both the N- and C-termini of P,
truncations were made to narrow down this region. The first and last twenty amino acids
of P are thought to be the regions of highest likelihood for this interaction (Figure 4.3 and
4.4). However, in pursuing the binding site of NP within P domains, an alanine scan of the
termini revealed a pattern of activity between Pno and Poc. As mutations were made going
inwards starting at the beginning of the N-terminal of P, a similar minigenome activity
pattern could be seen when mutating inwards starting at the end of the C-terminus. This
observation held true for sixteen amino acid substitutions (Figure 4.5) and when
transfecting matching mutant Pno and Poc plasmids (Figure 4.6) as well as full-length P
single-point and “double knock-out” mutants (Figures 4.7 and 4.8). Not only does MuV P
exhibit trans-complementary properties of its amino and carboxy terminal domains, but
there is a chiral characteristic for approximately the first twenty amino acids. This chirality
is important for the function of P in MuV replication and is a hallmark of how P structure

can affect protein and viral replication functions.
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The chirality was further explored by using “high” minigenome activity Pno
mutants to “rescue” “low” minigenome activity Poc mutants, and vice a versa (Figure 4.9).
What was observed was a “high” activity Pno and Poc mutant, which had the same residues
replaced (Glutamine), were able to “rescue” two Poc and one Pno mutants, respectively.
This information helped guide the construction of a theoretical protein model for the N-
and C-termini of MuV P.

Heptad repeats have been documented thoroughly in paramyxoviruses, primarily
for glycoproteins F and HN. It has been found that heptad repeats are essential for
structural stability and transition from pre- to post-fusion states of the F protein (67-69).
While the research available for heptad repeats within glycoproteins of paramyxoviruses
is extensive, the same cannot easily be said for phosphoproteins. In 2000, Tarbouriech et
al. published a detailed characterization of an X-ray crystallized coiled coil structure of the
Sendai virus (SeV) phosphoprotein tetramer. The research documented the need for more
diverse heptad repeat models due to the unique nature of this viral phosphoprotein’s
structural stability. Using a traditional canonical hydrophobic heptad repeat model, the
authors were unable to consistently disrupt structural stability of SeV P when implementing
point mutations (136). Heptad repeats have been noted in Nipah virus and other
Henipaviruses (Hendra virus, Cedar virus, Ghanian bat henipavirus) but in the C-terminal
domain of phosphoprotein only, and the phosphoprotein of these viruses are parallel
tetramers (210).

To understand the diversity of heptad repeats, new methods need to be researched
to demonstrate how different tetrameric orientations can affect protein stability and

function. While the traditional heptad repeat utilizes a 3-1 (a-d) hydrophobic core, this only
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mostly holds true for dimers, trimers, or tetramers in parallel and are best exhibited in the
GCN4 leucine zipper motif (206, 210, 211). Anti-parallel tetramers have been identified to
have at least five different types of interaction patterns defined by hydrophobic repeats: 3-
1 (a-d), 3-3-1 (a-d-e), and 3-3-2 (a-d-g) to name a few (212, 213). When tetramers are in
tetramer, the classic knob-into-hole packaging interactions vary based on interdigitated
packing arrangements and offsets between helices. This can be further exacerbated when
working with a tetramer that is composed of two homodimers in anti-parallel — said
structures often follow a combination of classical knob-in-hole packaging and 3-1
hydrophobic interactions, as well as 3-3-1, 3-3-2, or other triad combinations switching
between differing helices within the tetramer (214-216).

In this work, a MuV minigenome system was used to estimate viral replication
activity and was applicable to understanding how alanine substitutions affected P coiled-
coil tetramerization and function. A replication activity pattern was observed when
mutations were performed in chiral orientation between the amino and carboxy termini of
P. This pattern held true when chiral pairs were transfected together and chiral mutations
were placed into full-length MuV P. With this minigenome system and activity pattern, a
heptad repeat coiled-coil structure was hypothesized and residues suggested (Figure 4.10).
By examining minigenome activity and comparing residue substitution characteristics, this
system was used in an innovative fashion to examine complex heptad repeats between
helices in the MuV P tetramer.

As heptad repeats are often important for protein structure and function via
interactions with other proteins, it is important to note that there is evidence to suggest that

the residues affected within this heptad repeat model had variable effect on NP binding
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activity (data not shown). Further experimentation would be useful in determining the
extent by which the structure of the N- and C-termini of P affect binding to NP during viral
replication.

The minigenome system for viruses, while typically used to characterize impacts
of replication protein differences on viral genome replication efficiency, proposes other
applications into improving our understanding of viral protein structure and their functions.
Our studies suggest that MuV P is trans-complementary, has chiral properties due to its
unique orientation, and has a heptad repeat present in the N- and C-terminal domains that

are critical to its stability and function in viral replication.
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Figures and Figure Legend
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Figure 4.1. MuV P and domain truncation orientations. The amino acid residues and
relative sizes in kiloDaltons (kD) for the MuV P domains are provided, along with the
nomenclature of the truncation mutants. The orientations of the truncations (parallel or
antiparallel dimers) are presented along with the Flag tag locations for the domain
truncation mutants. Green represents the N-terminal domain (NTD), gray represents the

oligomerization domain (OD), and blue represents the C-terminal domain (CTD) of P.
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Figure 4.2. Ratios of trans-complementation of P in the minigenome system. Minigenomes
were performed with wild-type phosphoprotein (P), PNO, POC, and PNO and POC in
different ratios in combination. Differing mass amounts are depicted by the different shades
of grey. Mass descriptions, for example “20 ng (10+10)”, indicates 20 ng of full-length P,
or 10 ng of Pno and 10 ng of Poc used together for a total of 20 ng of plasmid transfected.
(A) Minigenome activity of P, Pno, Poc, and Pno with Poc in increasing amounts. P, P
truncations alone, or P truncations together were transfected with other MuV replication
plasmids as described in the Materials and Methods section. The transfection amounts of
Pno + Poc truncations were each one-half of the total transfected wild-type P, so that the
total mass P protein would be equivalent. (B) Minigenome activity of Pno held static at
either 10, 20, 40, or 80 ng with Poc in increasing amounts for each N-terminal mass
condition. (C) Minigenome activity of Poc held static at either 10, 20, 40, or 80 ng with

Pno in increasing amounts for each C-terminal mass condition.
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Figure 4.3. MuV P Truncations to isolate N-interacting domains. (A) A diagram depicting
the fractionation of Pno to isolate regions of utmost importance for replication activity. (B)
Minigenome activity of the Pno fractioned mutants and their respective immunoblots (C).
Note the shift in size down the immunoblot of Pno due to fractionation, especially in the
Po.ano and Po.2no groups — the size in kDa for these two mutants is comparable to Poc (~19
kDa, 16 kDa, and 20 kDa, respectively). This made visualization of these two Pno mutants
difficult to differentiate from Poc. The expression of the flag epitope in Pno was also found
to be lesser than Poc during experimentation, making the appearance of Pno bands lighter

by comparison.
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Figure 4.4. MuV P Truncations to isolate C-interacting domains. (A) A diagram depicting
the fractionation of Poc to isolate regions of utmost importance for replication activity. (B)
Minigenome activity of the Poc fractioned mutants and their respective immunoblots (C).
Note the shift in size down the immunoblot of Poc due to fractionation. The expression of
the flag epitope in Poc was satisfactory. Po.2oc was barely detectable on the immunoblot

most likely due to its small size.
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Figure 4.5. Minigenome activity of Alanine scanned Pno and Poc truncation mutants.
Minigenome of an alanine scan of the first eight (A) and second eight (B) amino acid
residues of the N-terminus of Pno. Minigenomes were also performed for the last eight (C)
and the second-to-last eight (D) amino acid residues of the C-terminus of Poc. For Poc,
residues were also replaced with alanine unless alanine was already present — the residue

was skipped if this was the case.

108



4.0 -

CJ 20ng
3.5 4 B3 40 ng
£ m 80ng
s 3.0 7 @l 160 ng
[~
- 2.5 1
fud
< 20 -
o
3
Py 1.5 -
2
% 1.0 -
[v4
0.5 -
0- T T T - T T T T v

Q o
o g A g A o y o oF N7 F & & F W
2 och o"’?}? ooﬁé? e & oc::‘? oc,"“#? oo:'}?q & QOJ? Qoof oc.”"« Qoo'h" ro;"} Qo“é\ Qo“ﬁt
Q"‘o XQ xQ :Q xQ XQ uQ xQ xQ x x x xQ x x x %
¥ oy F oy oy F O T o F W F F
¥ Q¥ ¥ o ¥ @F @F @ o o o ¥ ¢ ¥ ¢F ¥
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A minigenome using chiral Pno and Poc alanine scanned truncation mutants.
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Residue Activity

. . i Polar (P)/ i
| e | oter C;;;g::hﬁ;}m Mutation | Knock-out
2 Asp D P,.C- Low - Low Low Low
3 Gin Q P High - Low High High
4 Phe F H Low - Low Low Low
5 lle I H Low - Low Low Low
6 Lys K PC+ High - High High High
7 Gln Q P High - High High High
8 Asp D P.C- Low - Low Low Low
9 Glu E P.C- Low — Low Low Low
10 Thr T P Low - Low High Low
11 Gly G neutral High - High High High
12 Asp D P.C- High - High Low High
13 Leu L H Low - Low Low Low
14 lle I H Low - Low Low Low
15 Glu E P.C- High - High Low High
16 Thr T P Low - High Low High
17 Gly G neutral High - High Low High
391 lle I H - Low Low Low Low
389 Ser S P - High Low High High
388 Arg R P.C+ - Low Low Low Low
387 lle I H - Low Low Low Low
386 lle I H - High High High High
385 Asp D P.C- - High High High High
384 Arg R P.C+ - Low Low High Low
383 Lys K PC+ - Low Low Low Low
382 lle I H - Low Low Low Low
381 Asp D P.C- - High High High High
380 Asn N P - High High High High
379 Leu L H - Low Low Low Low
377 Asp D P.C- - Low Low High Low
376 Glu E P.C- - High High High High
375 Thr T P - High High High High
374 Ser S P - Low High High High
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Table 4.1. Summary of minigenome activity of residues in the N- and C-terminal domains
of P. “Low” indicates little to no minigenome activity while “High” indicates some to high
minigenome activity. Note that for the “Pno+Poc” and “P Double Knock-out” column the

activities are repeated for both the N- and C-terminal domain residues.
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Figure 4.9. Rescue of “low” activity terminal truncation mutants with “high” activity
opposite mutant termini. The figures depict the minigenome activity seen when
transfecting a “high” activity Pno (A) or Poc (B) mutant with Poc or Pno “low” performing
mutants, respectively. The purpose of this was to see if minigenome activity with “low”

performing mutants could be restored.
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Figure 4.10. Heptad repeat and coiled-coil structure for MuV P. (A) This is a diagram of
the coiled-coil interactions between residues of the heptad repeat within Pnto and Pcto as
parallel homodimers and between homodimers in antiparallel. (B) A visual representation
of the amino acid residues assigned to their heptad repat residue “letter” in the N-terminal

and C-terminal domains of P.
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CHAPTER 5

CONCLUSIONS

Mumps virus is a highly infectious and neurotropic paramyxovirus — over 40% of
the US population were infected by the age of 10 years before mass vaccination
campaigns in the 1960s (217). Since widespread vaccination, there has been over a 99%
reduction of mumps disease incidence in the US reported. With an efficacious vaccine
widely available, research interest in MuV declined and became stagnant until large
outbreaks in the US were reported in 2006 (2, 3, 5, 7, 157, 158, 218). While
researchers work to deduce precisely what is the cause of this resurgence, it is evident
that a greater understanding of MuV infection, pathogenicity, and correlates of
protection is needed to conquer this problem. At the core of this understanding of
MuV is the need to better characterize MuV proteins and their roles in the viral life
cycle, primarily viral replication. Viral RNA replication and transcription is a
process that can be exploited by evolving antiviral therapies and vaccine platform
development. The goal of this research endeavor was to characterize how the
structure of nucleoprotein and phosphoprotein impact MuV replication. The
importance of these two proteins in genome replication and transcription has been
documented in numerous paramyxoviruses, but there are still facets of these proteins
in MuV-specific replication processes that remain to be elucidated. Previous work from
our lab has highlighted the importance of the MuV NP structure and how it unravels the
RNA genome for viral replication (27, 110, 171). Other work by our lab has detailed the

role of P in bridging the L polymerase and NP-RNA template for successful replication
117



and transcription (39, 44, 47, 48). To address how NP and P structure impact replicative

functions, the following specific aims were proposed and addressed:

Specific Aim 1: To determine how structure modulates function of MuV NP by
mutating amino acid sites to those found similarly in PIV5 (parainfluenza virus 5). The
hypothesis was that by exchanging amino acid sites between similar paramyxovirus NP,
the structure and function of specific domains of MuV NP may be determined. In these
studies, the results in Chapter 3 show that of the six isolated domains, only mutants Y 185P,
A197Q, and “Top” were viable in virus form. Minigenome and western blot data also
supported this notion. Furthermore, mutations to the domains “Top”, “Tip”, and “Bottom”
individually or in combination did not yield viable virus, indicating that these domains in
their entirety are essential for virus viability (data not shown).

The MuV mutant “185” had a substitution at Y185 for residue P, which is seen in
PIV5’s NP. This virus was able to be rescued and propagated. Interestingly, mutant 185
was consistently slow to grow, but by the end of the time frame would grow up to half a
log higher than wildtype MuV. This was also seen during a two-week long persistent
infection growth curve — MuV mutant 185 would be delayed in its initial titer, but
throughout the time period would grow up to a log higher and maintain higher titers during
persistent infection (data not shown). The reasoning behind this could be due to site 185
being right within the “hinge” region of the RNP that must move to allow access of the
VRdRp to the viral RNA template. Should this hinge-effect be altered, decreased viral
growth could be initially observed. Additionally, NP functions not only in protecting the

RNA genome, but in helping to chaperone viral components to the inner cell surface for
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eventual budding and egress. It is possible that residue 185 plays a role in binding to M for
viral assembly and budding, and the process of viral release is delayed. Both scenarios are
also not mutually exclusive and could together explain the viral growth kinetics observed.
More investigation into why MuV 185 has initially delayed but increased viral growth and
persistence is warranted.

MuV mutant “197” had decreased growth kinetics and grew to a lower titer than
wildtype MuV. However, “197” is one of the three mutations found in the “Top” domain.
When amino acid residues 63, 139, and 197 together were mutated to residues found in
PIV5’s NP, virus initially grew, but titers quickly plummeted within 24-48 hours to
baseline levels. Thus, it was concluded that this “Top” domain was of critical importance
to viral viability.

To determine how defective interfering particles can be innately developed by MuV
due to structural changes to the MuV NP. Using binding affinity and interference assays, a
novel MuV with a mutated NP domain is hypothesized to inherently produce high numbers
of defective interfering (DI) particles that inhibit viral replication. In these studies, as
detailed in Chapter 3, it was found that MuV mutant “Top” was capable of inherently
producing DI particles without the assistance of high multiplicity of infection (MOI). This
was observed in viral growth curve kinetics, particle formation was confirmed via a
comparison of hemagglutination-assay (HA) titer and infectious titer (PFU), and
interference by “Top” on MuV replication was determined using a reduction-of-infectious-
yield (R1Y) assay. At both high and low MOIs as low as 0.001, statistically significant
reduction in MuV-Renilla infectious titer was observed when co-infected with MuV mutant

“Top”. This was further confirmed to not be due to any chemical substances secreted by
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the cells into the media when the mutant “Top” was UV cross-linked and inactivated —
MuV-Renilla when co-infected with sterilized “Top” was unaffected.

To characterize the DI particles, RT-PCR using primers designed to capture a
variety of DI particles was utilized. Compared to wild-type MuV, mutant “Top” could
produce a diverse repertoire of DI particles. TOPO-cloning of the RT-PCR products was
also utilized in order to classify the DI particles, which noted the presence of copy-back
and deletion DI genomes of higher variety of type when compared to wild-type MuV.

In conclusion, MuV mutant “Top” has a uniquely inherent ability to produce DI
particles. One possible explanation is that PIV5’s NP interacts with only the N-terminal
domain of its P, whereas MuV’s NP interacts with both the N- and C-terminal domains of
its P. When performing radiolabeling, it was discovered that “Top” NP had a decreased
ability to bind with the C-terminal domain of P in co-immunoprecipitation assays (data not

shown). Further investigation into this mechanism would be of interest.

Specific Aim 2: To determine the role of the amino and carboxy terminal domains
of MuV P (Pntp and Pctp, respectively) and how the structure of P affects viral replication
function. A novel minigenome assay was developed to investigate effects of an alanine
screen in theorized NP-P binding domains in Pnto and Pcto. The working hypothesis is
that these amino acid substitutions will have impacts on replication protein interactions and
structural stability of P, thus displaying how P’s unique antiparallel tetramer structure
affects MuV viral replication. In Chapter 4, P’s trans-complementarity was shown as well
as its diverse dynamics when the ratio of N- and C-terminal domains are transfected in

different amounts. It was observed that transfecting two- to four-fold the amount of C-
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terminal to N-terminal domain of P caused markedly increased MuV minigenome activity,
which exhibited MuV P’s unique ability to interact with NP and both termini.

After performing fractionation of the N- and C-terminal truncations and an alanine
scan to deduce interaction sites of interest, a chiral property of P was noticed. When alanine
scanning the N-terminus from beginning to end, the same minigenome activity pattern was
seen when alanine scanning the C-terminus from its end to its beginning. This property
showed the importance of the MuV P tetramer being a pair of homodimers in anti-parallel
to one another — having two copies of both the N- and C-terminal domains on either end,
as well as the ability for the MuV P to form either homo- or hetero-dimers, requires
structural stability that allows for these functions. This chiral property of replication
activity was observed when transfecting “matched pairs” of Pno and Poc together, and
when transfecting full-length P with “double knock-outs” of these matched chiral residue
pairs on either terminus.

These patterns of activity based on structural substitutions led to the hypothesis and
modeling of a heptad repeat in the head and tail ends of P. This heptad repeat could provide
an explanation as to how P can form stable dimers and tetramers in both parallel and anti-
parallel, and still perform replication functions. Heptad repeats for fusion glycoproteins
have been documented in many paramyxoviruses, including MuV (67-69), and recently
SeV P has had a heptad repeat documented in the C-terminal domain of its P (136). This
use of a MuV minigenome is a novel method and strategy for determining the heptad repeat
structure of MuV P’s unique tetramerization and dimerization states, and helps characterize

the diversity of hydrophobic interactions between homodimers, heterodimers, and
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tetramers with a pair of homodimers in antiparallel beyond the standard 3-1 motif (206,
210, 212).

Developing more effective vaccine platforms and strategies, as well as novel
antivirals and therapeutics, is necessary for the control of MuV infection and future
outbreaks. These studies provide insight into the roles that NP and P structure have on viral
function. Developing MuV mutant “Top” into quantifiable DI particles could assist in
antiviral therapy and inhibit viral replication in the human host. The discovery of a virus
that can self-inhibit without high viral loads would also be useful in the development of
antivirals in other negative-stranded RNA viruses. The characterization of a heptad repeat
in MuV P can help in expanding the toolkit for pinpointing heptad repeats and other protein
structural motifs, as well as assist in pinpointing residues or domains of interest for
developing antiviral compounds. This research shows the importance of basic research in
creating steppingstones for the development of translational research for disease prevention

or cures in humans and animals.
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Secondary Structure Composition Solvent Accessibility

LOOP
EXPOSED

Figure Al. PredictProtein Software prediction for secondary structures and solvent
accessibility of MuV P. Residues 1-391 of MuV phosphoprotein were entered into the
PredictProtein Software and structural and solvent characteristics were predicted for each
site. The purple regions denote areas that are exposed (outer surface of the protein) while
yellow regions are predicted to be areas buried within the protein (inner surface). Red

regions denote helix prediction regions of the protein (207).
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Figure A2. Coiled-Coils Software prediction for MuV P heptad repeat. The heptad repeat
is denoted with various colored letters (abcdefg). Three output row iterations are provided

with numbers 0-9 denoting likelihood for left-handed monomeric coils (208, 209).
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