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ABSTRACT

Mumps virus (MuV) is a paramyxovirus with a negative-sense non-segmented,
negative-strand RNA-genome. MuV infects humans causing acute infection with
hallmark enlargement of the parotid gland [1]. Although in incidence of mumps has
greatly decreased since introduction of vaccines in the late 1960’s, there have been large
outbreaks in highly vaccinated population [2-6]. To better control these outbreaks, we
need to better understand the replication of MuV and the role of MuV proteins in
replication and pathogenesis. It has been known for over 30 years that many of the MuV
proteins are phosphorylated, but until recently the role of phosphorylation of these
proteins had not been studied [7]. In the follow body of work, we aim to better
understand the role of phosphorylation in MuV RNA synthesis and replication and apply
these finding to enhance the yield of a candidate vaccine in cell culture. We determined
the major phosphorylation site in the nucleoprotein (NP) to be at position S439, and show
that phosphorylation at this site has a negative effect on RNA synthesis and peak viral
titers. We also build on previous research on phosphorylation of the phosphoprotein (P)

[8] by determine the kinase involved in the phosphorylation of the MuV P protein to be



PLK1 and showing the NP is important for P phosphorylation. The binding site for P
was determined to be at residue T147, and mutation of this residue to prevent PLK1
binding and phosphorylation of other residues in P resulted in increased MuV growth in
cell culture. We used what was learned in the basic research into the phosphorylation of
MuV proteins to enhance the growth of a novel MuV vaccine candidate previously
developed in our lab [9]. By introducing an alanine substation mutation at position T147
and rescuing a vaccine virus containing the T147A mutation, we increased vaccine yield
10-fold in vero cells. This work allows for a better understanding of how
phosphorylation effects MuV RNA replication and growth and the findings advanced the

development of a next generation MuV vaccine candidate.
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CHAPTER 1
INTRODUCTION

Mumps virus (MuV) is a paramyxovirus with a negative-sense, non-segmented
RNA-genome. MuV infects humans causing acute infection with hallmark enlargement
of the parotid gland [1]. Widespread vaccination in the United States with the Jeryl Lynn
vaccine strain, which began in the late 1960s, has led a large reduction in the number of
infections. While the number of cases has been greatly reduced , there have been
multiple large outbreaks (>1000 cases) in the United States and Europe over the past
decade [2-5]. In these outbreaks at least 90% of the individual infected received the
measles, mumps, and rubella (MMR) vaccine [6]. New strategies to control these
outbreaks are needed. Understanding the roles of each of the MuV proteins in virus
replication and pathogenesis will aid in the development of countermeasures for MuV.

While there is a general understanding of the roles of the various MuV proteins
based on previous studies or inferences from closely related viruses, such as PIV5. There
are still many aspects of MuV replication and pathogenesis that are not well understood.
Our lab has previously shown that phosphorylation of P plays a critical role in viral RNA
synthesis [8]. The hypothesis for the proposed research is transcription and replication of
MuV is controlled by phosphorylation of NP and the NP-dependent phosphorylation of P.
The following specific aims will be addressed:

Specific Aim 1: Determine the phosphorylated residues in MuV NP that are

critical for viral transcription and replication. Phosphorylation of NP was demonstrated



through radioactive labeling MuV infected chicken cells [7], but the role of this
phosphorylation is still not understood. Phosphorylation sites in NP will be predicted
through the use of in silico prediction and mass spectrometry. The role of
phosphorylation at selected sites will be determined using a minigenome system and
incorporation of mutations at selected sites into rescued MuV. The working hypothesis is
that phosphorylation of residues in MuV NP play a role in viral RNA transcription and
replication.

Specific Aim 2: Determine host kinases that are involved in the phosphorylation
of MuV proteins. We have found that many of the MuV proteins are phosphorylated, yet
the kinases responsible for the phosphorylation have not been identified. Because MuV
is not thought to encode kinase activity, we believe that we can identify host kinases
responsible for the phosphorylation of viral proteins. We will first identify potential
phosphorylation sites through sequence based prediction, mass spectrometry, and
mutagenesis. We hypothesize that we can use kinase motif prediction algorithms and
SiRNA screening to determine which host kinases are important for viral replication and
transcription.

Specific Aim 3: Improve the lead MuV vaccine candidate by altering NP and P
phosphorylation sites. A vaccine candidate based on the genotype G mumps virus
(MuV/lowa/2006) was modified to prevent transcription of V and delete the SH gene
(MuV-dVdSH). This vaccine was shown to be immunogenic in mice and have a good
safety profile [9], but the replication of the vaccine candidate in cell culture was

attenuated. We hypothesis that growth of the vaccine candidate may be enhanced



through the incorporation of mutations in NP and P, which increase virus growth in cell
culture, while maintaining attenuation of pathogenesis in vivo.

A sub aim for this project is to determine if vaccination with MuV-dVdSH can
produce an immune response to currently circulating mumps genotype better than
vaccination with the current Jeryl Lynn vaccine. It has previously been shown that the
Jeryl Lynn vaccine (genotype A) produces lower neutralizing titers to the major genotype
circulating in the United States (genotype G). We would also like to determine if there
are differences in heterologous neutralization between other genotype, specifically
genotype F, which is currently the major circulating genotype in China. The working
hypothesis is that the MuV-dVdSH vaccine candidate based on the genotype G virus,
MuV/lowa/06, will produce a better immune response to currently circulating strains in

the United States and China when compared to the Jeryl Lynn vaccine.



CHAPTER 2
LITERATURE REVIEW
Classification, history, and impact

Mumps is believed to first be described by Hippocrates in the 5 century BC [1]
and the virus is predicted to have entered the human population no sooner than 4000-
5000 years ago based on population densities required to sustain transmission [10].
Mumps infection can result in serious complications and often involves the CNS.
Involvement of the CNS during mumps disease progression was first demonstrated by
Hamilton, a physician in 1790 [11], reviewed in this publication [12]. The detection of
an infectious agent in the CNS during mumps infection was able to confirm this in 1943
[13].

In the early 20" century, there were many publications that suggested mumps was
caused by a transmissible agent that was present in bacteria free filtrate of saliva from
patients with mumps. When inoculated into various animals, some characteristics of
mumps infection were recapitulated, namely swelling of the parotitis, fever, mononuclear
cell infiltration, orchitis, and meningitis [14-19]. In the first of these studies, in 1908,
Granata demonstrates that filterable agents isolated from patients with mumps caused
disease in rabbits. Inoculation of the filtered saliva resulted in fever in infected rabbits
when infected intravenously. When it was directly inoculated into the parotid gland he
reported some amount of swelling. This was the first demonstration the mumps may be

caused by a virus. Following this research, another group used material isolated from the



children with mumps to inoculate monkeys [18]. This caused fever and an apparent
immune response, but not the classical swelling observed in people. Mumps was known
to be associated with meningitis since early characterization of the disease. This included
description of meningitis described in a mumps patient as early at 1758 by Hamilton.
There were many other descriptions of meningitis that were summarized at the time of
this early research [20,21]. This was likely the impetus for the next animal studies that
were performed that looked into the neurovirulence of the filterable agent isolated from
individuals with mumps [17]. Researchers found that both rhesus macaques and
cynomolgus macaques developed meningitis when injected intracerebrally with the
filtered agent. Over half of the cynomolgus macaques died and one of the rhesus
macaques died. The same study was the first to show swelling of [14-16]the parotid
glands of monkeys injected by intraperitoneal and intravenous inoculation. These results
suggested that similar symptoms could be demonstrated in monkeys and that these might
be a good model for further research.

Cats were another model that looked promising for mumps research and could
recapitulate some of the disease seen in humans. Wollstein had multiple studies that
explored aspects of mumps disease using injection of filtered lysate for patients with
mumps [14-16]. Cats would develop symptoms including fevers, parotitis, meningitis,
and orchitis, which are some of the major clinical symptoms seen in patients. The
orchitis was associated with a decrease in spermatogenesis, which is also seen in humans.
During passage of the virus over multiple generations in cats, there was an increase
followed by a decrease in virulence, although specific changes in the virus could not be

assessed at the time. The studies were limited by the age and route of infection with only



young cats showing disease and direct inoculation being required. Overall, this research
showed that cats could be a good model for studying mumps disease.

Although up to this point, there was a large body of research showing the mumps
was likely caused by a filterable agent, there was still some debate as to whether the
cause could be bacterial [22-24]. Kermorgant’s research found that there were
spirochetes that could be isolated from mumps patients, and suggested that these were the
actually causative agent for mumps. Because of the debate at the time, there needed to be
conclusive evidence that demonstrated the causative agent of mumps and showed that
Koch’s postulates could be met.

The first study considered to conclusively show that mumps was caused by a
virus agent was published in 1934 by Johnson and Goodpasture. The authors show that
Rhesus macaques inoculated with filtered saliva from individuals with clinical symptoms
of mumps developed symptoms consistent with those seen in humans. They also showed
the saliva from healthy individuals did not cause any disease, suggesting that a virus is
the causative agent of mumps [25]. These studies allowed for an early basis for MuV
research. Using filtration, they established that mumps was caused by a virus. They also
developed that early large animal model using Rhesus macaques that is still being
pursued as one of the most relevant animal models for symptomatic MuV infection [26].

The same researchers were then able to fulfill Koch’s postulates through the
experimental infection of children with or without prior mumps disease. Virus isolated
from infected monkeys was used to infect children. Upon clinically apparent disease,
saliva from one of the children was used to infect naive monkeys, resulting in parotitis

[25,27]. In these sets of experiments published in 1934-1935, Johnson and Goodpasture



advanced the understanding of causative agent of mumps and set up basic research
needed to develop a vaccine. Although the use of human subjects in the manner they
were used in this study would not occur today, these experiments were important for the
understanding of MuV infection and pathogenesis. Showing that a filterable agent was
able to cause mumps in humans was able to initiate further research into the development
of a vaccine for protection.

By 1945, multiple groups were able to show that the virus could be propagated in
embryonated chicken eggs, which allowed for further characterization of the virus
[28,29]. This also allowed for attenuation through serial passage in eggs, which would be
later used for the development of vaccines against mumps [30].

Mumps virus properties
MuV is an enveloped, non-segmented, negative-sense RNA virus with a standard genome
size of 15,384 nucleotides. It belongs to the order Mononegavirales, family
Paramyxoviridae, subfamily Paramyxovirinae, and genus Rubulavirus. The MuV
genome is comprised of seven transcriptional units in the order 3’-NP-V/P/I-M-F-SH-
HN-L-5", with RNA synthesis initiating at a single site at the 3* end. These gene encode
for nine viral proteins, with three proteins being produced by the V/P/I gene through
RNA editing, where V is the faithful transcript, two guanine (G) residues are inserted to
produce the P mRNA, and 4 G residues are inserted to produce the | mRNA [31]. The
alternate editing of the VV/P/I gene allows for proteins with multiple different functions to
be transcribed using a single portion of the genome. The ability to produce multiple

transcripts from a single portion of the genome allows for more functionality while not



needing to increase the size of the genome. This allows for a more efficient genome
organization.

Like other paramyxoviruses, there is a transcription gradient, with the highest
levels of transcription for the genes at the 3 end of the genome. The most abundant
protein is the nucleocapsid protein (NP), which encapsidates the viral RNA genome,
forming the ribonucleoprotein (RNP). The mumps replication complex consists of NP,
the phosphoprotein (P), and the large polymerase protein (L), with P and L forming the
viral RNA-dependent RNA polymerase (VRARp) [32—34]. In the early 1970’s, MuV
were found to have a RNA polymerase very similar to other paramyxoviruses. Further
characterization showed that both the NP and P proteins are important for replication of
the viral RNA.

The P transcript was described in 1988 as containing a single open reading frame,
which encoded a protein of 391 amino acids in length [35]. It was later found that there
were multiple transcripts made from the P gene, and the P was not actually the faithful
transcript [31]. The faithful transcript of the gene encodes the V protein, and two
additional proteins are expressed when there were two and four G residues inserted
during mRNA transcription, producing mRNA encoding the P and I proteins,
respectively. The phosphoprotein (P) interacts with NP and L, acting as an adapter
between the RNP and viral polymerase to allow for RNA synthesis [36]. P is also though
to play a regulatory role in transcription and replication [8].

The structural proteins of the mumps virus are the matrix protein (M), and the two
glycoproteins, the fusion (F) and the hemagglutinin-neuraminidase (HN) proteins. The

matrix protein is required for viral budding and linking of the RNP with the glycoproteins



during viral assembly. Co-transfection experiments show that only M is required for
budding of virus like particles (VLPs), but that the efficient budding requires other viral
proteins. The maximal production of VLPs resulted when M, NP, and F were present
[37]. The HN protein is a membrane-anchored, highly glycosylated protein with a
globular head. HN is involved in receptor binding, through interaction with sialic acid on
the cell surface, required for virus-cell attachment. It also has neuraminidase activity
required for virus release [38,39]. HN is also required for efficient virus-cell and cell-cell
fusion by the F protein [40]. The F protein is also glycosylated and is produced in an
inactive FO form. Host proteases are required for cleavage of FO into the active F1 and
F2 heterodimers, which are linked by two disulfide linkages [41,42].

There are also three non-structural proteins produced during MuV infection, the
V, I and small hydrophobic (SH) proteins. The V protein of mumps plays a critical role
in pathogenesis and is involved in host immune regulation. When expressed in cell
culture, the V protein is able to block both interferon (IFN) expression and interleukin-6
(IL-6) signaling. Preventing mumps virus from expressing V through directed
mutagenesis also results in attenuation [43,44]. Recent work also shows that the V
protein is involved in transcription and replication in the closely related virus
parainfluenza virus 5 (PIV5), which is also able to interact with the mumps virus
replication complex [45]. V likely interacts with P in the shared N-terminal domain,
which is involved in P oligomerization [46]. Currently the role of the I protein is
unknown, but it is not required for virus replication. It likely also interacts with V and P
through their shared N-terminal domain, so it could play a role through interaction with

those proteins. The SH protein is a small membrane bound protein, which while not



required for viral replication [47], is involved in mediating the host immune response.
SH has been shown to block the signaling of tumor necrosis factor alpha (TFN-a) [48] in
transfected cells, and this effect was no longer present in cells infected with mumps virus
lacking the SH ORF [49].

Transmission and symptoms

As previously discussed, MuV is present in the saliva of infected patients [27] and
can be transmitted between individuals through the upper respiratory tract or conjunctiva.
The virus is thought to be spread by droplet transmission. The virus has an incubation
period of 12 to 25 days, with an average of 16-18 days [50,51]. Upon onset of illness,
virus can be isolated from the saliva, cerebrospinal fluid, and urine. Virus could be
recovered as soon as symptom onset and up to two weeks after symptom onset [52,53].
MuV is usually found in the urine of infected patients and infection of the kidneys is
common yet does not cause overt pathology in the organ [54]. The characteristic
symptom of mumps infection is the swelling of the parotid gland, although this swelling
does not always occur and other symptoms, such as meningitis and orchitis, may occur
without apparent parotitis [55,56].

Mumps is often found in the CNS, with immune cell infiltration into the CSF
found in at least one third of clinically attended mumps cases. Even with this high level
of CNS involvement, symptomatic CNS infection is not common and encephalitis occurs
in less than 0.5% of cases [12,13,57,58]. Mumps infection can also cause hearing loss in
one or rarely both ears and was the most common infectious cause of unilateral deafness
before widespread vaccination [59,60]. Mizushima et. al. explored the pathogenic cause

of deafness in 55 patients. They found that there was no relation between the severity of
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the MuV infection and deafness. There was also a wide spread in the ages of individuals
at the time of infection and no difference in the male to female ratio, suggesting that
anyone infected with mumps may be at risk for more severe outcomes. The large number
of cases of deafness caused by mumps illustrates that large total number of cases, since
the incidence of deafness after infection was low at about 1 in 20,000 infections [60].

Although mumps is classically considered a disease of children, there are also
many cases of infections in postpubertal individuals, which lead to additional symptoms
and areas of infection. One major issue is orchitis, which occurs in many males that are
infected with mumps after puberty [61,62]. Although it is less common, oophoritis and
mastitis can occur in postpubertal females, with oophoritis possibly leading to premature
menopause [63,64]. MuV infection can cause spontaneous abortion in pregnant women
[65], although pregnant women do not suffer more severe disease. Another earlier study
showed that infection could result in spontaneous abortion in about 25% of women,
usually when infection occurred during the first trimester [66].

Although sterility due to orchitis is considered rare [67], there are many cases of
sterility or decreased sperm count described [68] and the pathology behind sterility is
being researched [69]. Wang et. al. showed that there was a difference in the expression
of geranylgeranyl diphosphate synthase 1 (GGPPS). In infertile patients that had a
previous MuV infection, there was a decrease in the GGPPS expression in the testis
comparted to infertile patients that did not have a history of infection. Decrease
expression of GGPPS was shown to be important for regulation of prenylation in Sertoli
cells in mice, a cell type that is critical for spermatogenesis. This research suggests that

these changes may result in immune responses in the testis, resulting in infertility.
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Treatment and vaccination

There is currently no effective therapeutic for treatment of mumps. The
administration of mumps-specific immunoglobulins has been attempted with limited
success [70], but the best way to prevent mumps disease is prophylactic treatment
through the use of vaccination. The current mumps vaccines are all live attenuated
vaccines from various origins. Table 2.1 lists the current and past MuV vaccines
(adapted from [1] Table 43.2). The most common mumps strain used in vaccines
worldwide in Jeryl Lynn, which was developed through the serial passage in
embryonated hen’s eggs and chick embryo cell culture of a virus isolated from a child for
which the virus is named [71]. There have been other vaccines produced by similar
methods, including Leningrad-3 [72] and later L-Zagreb [73] in the former Soviet Union,
Rubini in much of Europe [74], and Urabe in Japan, Europe, and Canada [75]. The use
of many of these early vaccines was halted or scaled back due to issues with aseptic
meningitis after vaccination or a lack of vaccine efficacy. Leninigrad-3 [76], Leningrad
[77] and Urabe [78] vaccines all have a significant risk of aseptic meningitis of about 20-
100 cases per 100,000 vaccinated individuals. This compares to a rate of less than 1 case
per 100,000 vaccinated individual for the Jeryl Lynn vaccine [79]. Development of safer
vaccines has in some cases led to a less effective vaccine, as was the case with the Rubini
vaccine produced in the late 1980s [80]. This vaccine was later shown to have very
limited efficacy compared to other vaccines and was withdrawn from use. The Rubini
vaccine had a vaccine efficacy of 6.3%, compared to 61.6% for Jeryl Lynn and 73.1% for

Urabe Am 9 over the same period [74].
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Although the MMRYV effectively decreased the total number of mumps cases in
vaccinated populations, there continues to be MuV cases. The United States Department
of Health and Human Services releases Healthy People objectives every ten years,
looking forward at health goals in the United States over the next ten years. In 2000,
there was a goal set to eliminate indigenous mumps cases by the year 2010 [81]. But,
after numerous large outbreaks in the United States, this goal has now be updated to
reduction of reported cases in the United States to under 500 per year [82]. The current
vaccines are the best tool for preventing mumps disease, but there is debate about
whether the current vaccines match the circulating MuV genotypes.

While MuV is considered to have a single serotype, there are 12 distinct
genotypes. Genotyping of MuV was traditionally performed by sequencing the SH gene
and corresponding non-coding gene start and gene end sequences, but was recently
updated to included HN sequencing to better define genotypes [83]. In North America
and parts of Europe, the most common outbreaks strains of MuVs are genotype G, while
the most common vaccine strain, Jeryl Lynn, is genotype A [84,85]. Other strains have
been associated with individual cases in the United States, but have not been connected to
large outbreaks [83]. This may be due to differences in the infectiousness or antigenicity
between the strains, although this has not been demonstrated experimentally.

In Korea, where the Jeryl Lynn (genotype A) and Urabe AM9 (genotype B)
strains are used for vaccination, the most common circulating MuV are genotype H [86].
There is also concern that the genotype C virus circulating in India may not be
neutralized effectively after immunization with the current vaccine strain used in the area,

L-Zagreb (genotype N) [87]. In this study, the researchers show that a majority of the
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circulating strains in India are of genotype C and that both vaccinated and unvaccinated
individuals are infected.

In China, there is still circulating MuV in the population, even with widespread
vaccination [88], most of which appears to be of genotype F [89]. The vaccine used in
China is Sy strain (genotype A) [66]. This vaccine was derived from the same Jeryl
Lynn strain used in the United States. Fu et. al. performed a study in 2004-2005, which
showed an efficacy of 86% for one dose of vaccine. It was also shown that the efficacy
was higher soon after infection (first 4 years), further from the time of vaccination.

There was another study, researchers characterized a large outbreak among
vaccinated Palestinian refugees [90]. In this outbreak, there were just under 4,000 cases
of mumps. Of the individuals, 68% had at least one dose of the MMR vaccine, and it was
confirmed that most of the people infected did have an 1gG response from the initial
vaccination. They feel that this suggests a lack of protection from the current vaccine.
When the virus causing the outbreak was sequenced, they found that the virus was of
genotype H, and suggested that a better matched vaccine may be needed.

Although there are changes in the genotype, MuV is still considered to only have
one serotype. There are researchers that argue against immune escape as a reason for the
recent, large outbreak of mumps in vaccinated populations [91]. While this research did
not find a significant difference in the neutralizing titer against a range of viruses for
individuals vaccinated with Jeryl Lynn, there was at least a 2-fold decrease in the titer
when neutralizing the most commonly circulating genotype in the United States
(genotype G). There was also a large spread in the neutralizing titer for these individuals,

so although the titer required for protection from MuV infection has not been established,
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it is possible that even this decrease is sufficient to allow for the increase in infections
seen in the United States over the past decade.
Mumps virus transcription and replication

The RNA genome associates with NP to form the helical ribonucleoprotein
(RNP), which protects the genome from degradation, and serves as the template for RNA
synthesis. The NP also associates with the phosphoprotein (P) and indirectly with the
large protein (L), which form the viral RNA-dependent RNA polymerase (VRARp) [33].
The VRdRp uses NP-encapsidated RNA as a template for both replication of the VRNA
genome and production of mMRNA [1]. The vVRdRp transcribes the NP-encapsidated RNA
into 5’ capped and 3’ polyadenylated mRNAs in cytoplasm [92]. Although the exact
details of MRNA production are not known, the process is currently believed to involve
termination and reinitiation (stop and start) at each gene junction. The vVRdRp also
replicates viral RNA genome [92-96]. It is thought that vVRdARp transcribes mRNA first
and replicates VRNA at a later stage after entry into host cells. The regulation of the
switch from transcription to replication by VRdRp is not clear. It is thought that
phosphorylation state of the P protein plays a critical role. Interestingly, P interacts with
NP in RNP as well as free NP [36,97-99].

Some structural studies have been carried out to look at how NP, P, L, and RNA
interact with themselves and one another to form the complex required for both VRNA
and mRNA synthesis. The morphology of many paramyxovirus nucleocapsid proteins
have been characterized, while sharing some commonalities, there are also many
differences that allow for the nucleocapsid structures to be differentiated [100]. There are

differences in the number of subunits that it takes to make a full turn in the structure, the
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width of the ring structure, and the distance between turns of the ring. Each of these may
impact the way in which RNA is accessed by the polymerase complex and the stability of
the RNA regarding temperature and RNase exposure. The mumps NP was found to not
require its C-terminal tail in order to form nucleocapsid structures [99]. This same study
demonstrated that the N-terminal domain of NP binds to the P protein of MuV, and that
there was no domain on the C-tail that strongly binds the P protein. A nucleocapsid
binding domain (NBD) in P was also found to be from residues 343-391. Understanding
how the various components of the MuV replication complex interact is important when
designing possible treatments or preventative measures.

The use of bacterially expressed nucleoprotein allowed for better characterization
of the MuV nucleocapsid complex. It was found the when NP was co-expressed with P
in E. coli, there was a production of NP-RNA rings that contained 13 NP subunits [101].
The ring structure did not require the presence of RNA, and the RNA contained in the
ring could be readily removed through the use of RNase treatment. When RNA was
incorporated, it was found to be of 78 nucleotides in length, matching the size that would
be expected based on the rule of six. Further research by the same group produced a
more detailed structure of the MuV nucleocapsid, using cyro-electron microscopy [36].
To visualize the MuV nucleocapsid in a more natural setting, nucleocapsid was purified
from infected cells. The nucleocapsid had a traditional herringbone structure, which is
seen in many related viruses. The researches also wanted to better understand the role of
P and its interaction with the nucleocapsid. To do this, the components of the RNP
structure were co-transfected and the resulting nucleocapsid structure was visualized.

They found that when only the C-terminal domain of P was co-expressed with NP, there
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was little change in the overall structure of the nucleocapsid. When the N-terminal
domain of P was co-expressed with NP, there was an uncoiling of the nucleocapsid
structure, suggesting that this interaction may be important for accessing of the RNA by
the polymerase during RNA synthesis. Functional testing of the P truncations in this
paper also show that there is a requirement for both the C-terminal and N-terminal
domains for RNA synthesis. The P protein has been shown to have an effect on RNA
replication and it appears that there may be a regulatory role [8]. When mutations were
introduced into the P protein, there can be an increase or decrease in the transcriptional
activity of the MuV RdRp when assessed using either a minigenome system or when
introduced into the virus. The ability of these mutations to change the rate of RNA
synthesis suggests a regulatory role. This research gave better insight into how the RNA
may be accessed and the role the P may be playing. The minigenome system (Fig. 2.1)
and rescue system (Fig. 2.2) for MuV used in this work is also critical to ongoing work
into the mechanisms of MuV replication.

Building on the previous structural information about NP of the closely related
virus parainfluenza virus 5 (P1V5) [102], a high resolution (10.4-A) cyro-EM structure
for the N-terminus of NP was modeled [103]. The cryo-EM structure of MuV NP lacked
RNA, while there was RNA crystalized with PIVV5-NP. There were also some
differences among residues that may interact with the RNA or L. The lack of RNA leads
to an opening of the RNA binding groove, which may be similar to the changes needed
for the RdRp to access the RNA during synthesis. Neither group was able to get
structural information about the C-terminal tail, likely due to the unstructured nature of

the tail. It is important to note that when the tail is removed, there is no activity in the

17



minigenome system, suggesting that this region is critical to act as a temple for RNA
synthesis, either through its role in interacting with RNA or the RdRp.

The structure of the oligomerization domain of the P protein was crystalized,
giving structural information for residues 213-277 [36]. It was found that the P protein
oligomerizes in two pairs of parallel a-helices that align in an antiparallel orientation.
This is in contrast to vesicular stomatitis virus (VSV) [104] and Sendai virus (SeV) [105],
which both have four parallel a-helices that form the oligomerization domain. It was also
discovered that there was a second NBD in P between residues 1 to 194, along with the
previously discussed domain between residues 343 to 391 [36]. The multiple studies on
the domains of MuV P have allowed for the identification of the oligomerization domain,
two nucleotide binding domains, and a basic structure in regard to orientation of the
tetramer. This has allowed for a general model of the P, NP, L structure to be proposed,
although additional research will be needed to confirm this model [97].

There has also been some progress made in characterization and structure for the
L protein. Due to the large size of the L protein, it is difficult to perform some critical
experiments to determine the role of individual domains and find a structure for L.
Although a molecular clone of L has been available since 1992, there has not been a
published structure for any of MuV L [34]. There was recently a published structure for
VSV, which is also a negative strand RNA virus, although it is a part of another family
(rhabdoviridae), and more closely related to rabies virus [106]. Although this structure
may give some insight into the MuV L protein, there are likely significant differences

between the two proteins. A structure of the MuV L protein would be an important

18



addition to the field. Since RNA replication is a major target for drug discovery for the
treatment of viral disease, it would be a very useful addition to the field.
Mumps virus fusion and budding

MuV is an enveloped virus that has two surface exposed glycoproteins, the fusion
protein (F) and hemagglutinin-neuraminidase protein (HN). Cell-cell fusion requires
both F and HN expression in the same cell [107]. F and HN are also both important for
viral budding. Although only the matrix protein (M) is required for budding, F and HN
proteins coordinate with M and the nucleocapsid proteins (NP) for optimal budding
[108]. Besides M, F was shown to be the most critical for efficient budding in this study.

When SH is not able to identify the genotype of MuV isolates, HN is
recommended to determine the genotype [83]. There are many different areas of the HN
protein that have been identified to be involved in sialic acid (SA) binding,
neurovirulence, and antigenicity [109]. Early studies looking at epitopes in HN using
monoclonal antibodies (mAbs) to map different sites in HN, showing that there are at
least 3 strongly inhibitory sites, as well as 5 less inhibitory sites, although the locations of
these sites were not defined [110]. Using these antibodies, the researchers could decrease
virus induced cellular toxicity. When trying to identify epitopes important for MuV
neutralization, researchers found that monoclonal or polyclonal antibodies generated
against a genotype A virus had decreased or no binding to genotype C and D viruses
[111]. HN proteins with substitutions at positions 269, 252, and 354 were found to no
longer bind some of the mADbs generated against genotype A virus. This type specific
neutralization had also been described earlier [112]. Sialic acid and virulence were also

found to be linked to differences in the HN sequence [113]. Vaccination with the Urabe
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AMO strain of MuV sometimes resulted in post-vaccination meningitis [78]. Further
research showed that this may have been related to the mutation HN(E335K), which
resulted in a shift from an 02,3 to and 02,6 sialic acid binding preference [113]. They
also found that this mutation led to an increase in neuraminidase activity. Later research
showed that in rescued virus there was no difference in virulence in neuronal cell lines or
the rat neurovirulence model [114]. Around the same time another group demonstrated
that there was a difference in the accessibility of the HN receptor binding motif due to
this change [115]. It appears that there are multiple genes that may be involved in the
neurovirulence of MuV [116], and that a single point mutation is not likely to be the
cause of neurovirulence [117]. The rat model seems to be a good predictor for
neurovirulence, although the underlying mechanisms and residues important for
neurovirulence still need further study. This suggests that testing of potential vaccines
for neurovirulence will be critical, and that lack of known neurovirulence markers will
not be sufficient.

Before there was a structure for the MuV HN protein, researchers used the
structure of HN for Newcastle disease virus (NDV) [118] and PIV5 [119,120]. While
these structures were helpful in mapping important residues and creating models for MuV
HN structure, the recently published MuV HN structure will be a very useful tool for
mapping sites onto HN [121]. The MuV HN structure was solved bound to a
trisaccharide containing an a2,3-linked sialic acid in the receptor binding groove. This
model will allow for better characterization of antigenic sites on MuV and may be
important for determining residues that could be involved in differences in antigenicity

between the current vaccines and circulating strains of MuV.
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It has been demonstrated that changes in the F proteins can cause differences in
viral growth characteristics and virulence. Previous studies have shown that increases in
fusion correlated with increases in neuroinvasion [122] and neurovirulence [123]. This
means that understanding how changes in MuV can affect fusion are very important.
Understanding the viral proteins and host factors involved in fusion may allow for the
development of treatment for severe cases of mumps and prevention of neurovirulent
MuV infections. Although there is currently no structure for MuV F, the structure of the
closely related virus PI1V5 can be used to model MuV F [124,125]. Using these
structures along with the MuV HN structure, we can map sites that may be critical for
antigenicity, receptor binding, fusion, and F-HN interaction.

The F proteins of MuV is also critical for efficient viral budding [37]. Previous
work showed that a leucine residue at position 383 in F was required for fusion in B95a
cells [126]. This residue was mutated in the Hoshino vaccine strain (KO3), which
resulted in decreased cell-cell fusion. Another residue at position 195 in F has been
shown to affect the amount of cell-cell fusion in COS7 cells [127]. This residue is a
serine in most viruses, but it has also been found to be a phenylalanine or tyrosine in
other viruses. When the aromatic residues are present, there is a decrease in fusion.
These aromatic residues are present in Urabe, Zagreb, and some circulating viruses,
including the 2006 isolate from the outbreak in lowa (lowa/06) that was used in most of
the following research.

The F cytoplasmic tail has previously been shown to play an important role in
fusion and budding in related viruses. For the closely related virus parainfluenza virus 5

(P1V5), deletion of 18 amino acids from the cytoplasmic tail resulted in a small decrease
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in fusion and had little effect on virion production and budding [128]. This same study
showed that there was a defect when both the F and HN cytoplasmic tails were removed,
suggesting that there may be a redundant role for the two cytoplasmic tails. Another
study in PIV5 showed that a 19 amino acid deletion resulting in the full deletion of the F
cytoplasmic tail resulted in impaired fusion pore enlargement [129]. The cytoplasmic tail
of the human respiratory syncytial virus (RSV) was shown to be important for viral
budding and F surface distribution [130]. Another group showed that the in Sendai virus
(SeV) and human parainfluenza virus 1 (hP1V1) the F cytoplasmic tail was not involved
in intracellular trafficking, but that it was important for coordinating the components
required for budding at the plasma membrane [131].
Phosphorylation in viral replication and transcription

For all negative-sense non-segmented RNA viruses, their genomes are
encapsidated with nucleoprotein to form RNP. It has been shown that phosphorylation of
NP plays a role in transcription, replication, and genome stability. In measles virus,
phosphorylation of NP has been shown to up-regulate transcriptional activity in a
minigenome assay [132]. A similar phenotype has also been seen in rabies virus [133]
and Nipah virus [134]. In measles virus, phosphorylation of N is involved in genome
stability and phosphorylation of N affects genome stability [135]. In Marburg virus, only
phosphorylated NP is incorporated into nucleocapsid complexes [136]. Similarly in
measles virus, phosphorylated N is preferentially incorporated into the nucleocapsid
[137]. Although it has been shown that NP is phosphorylated in MuV-infected chicken

cells, the role of phosphorylation was unclear at the time [7].
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The phosphoprotein (P) of paramyxoviruses is named as such because it is highly
phosphorylated. It has been shown for multiple viruses that the P protein plays a critical
role in viral RNA synthesis (2-7). The role of the P phosphorylation in mRNA synthesis
was studied thoroughly for PIV5, and it was found that phosphorylation can play both a
positive and negative role (3-5). Residue S157 in P was found to be phosphorylated in
infected cells (3). This site was found to be the binding site for the host kinase polo-like
kinase 1 (PLK1) and PLK1 was found to phosphorylated P at position S308 upon binding
(3, 4). Phosphorylation at these residues resulted in reduced viral gene expression and
this reduction correlated with a reduction in host innate response. Regulation of gene
expression by phosphorylation is believed to be involved in evading the host immune
response by controlling viral protein production (4). Using mass spectrometry, T286 was
identified as an additional phosphorylated residue. Mutation of this site to prevent
phosphorylation resulted in decrease reporter activity in a PIVV5 minigenome system and
resulted in delayed viral growth when incorporated into the PIV5 virus (5). These results
show that phosphorylation at this site increases viral MRNA synthesis, demonstrating that
phosphorylation can both be a positive or negative regulator of RNA synthesis in PI1V5.

While PLK1 has been shown to be an important kinase for the P protein of PIV5,
the role of many host kinases in the phosphorylation of other negative sense viruses have
been studied [138]. Some of the other host kinases found to play a role in the
phosphorylation of paramyxovirus P proteins include casein kinase 11 (CKII), protein
kinase c isoform zeta (PKC-¢), and protein kinase B (AKT). The P proteins of RSV and
measles virus are thought to be phosphorylated by CKIl [138-140]. The P protein of

hPIV3 and Sendai virus are phosphorylated by PKC-£ [141,142], and the P protein for
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canine distemper virus is phosphorylated by both CKIl and PKC- [143]. Because host
kinases have been shown to be critical for phosphorylation of viral proteins in order for
efficient virus replication, it has been suggested that host kinases may be a valid target for
antiviral drug development [144]. It is also possible that removing kinase that down

regulate viral growth in vaccine production cell lines may increase vaccine yields [145].
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Figure 2.1. MuV minigenome system. In order to assess the ability of NP, P and L to

support RNA replication in a simplified system, the MuV minigenome system is used. A
minigenome plasmid containing the MuV leader and trailer sequences flanking a single
Renilla luciferase ORF is co-transfected with plasmids encoding either the wild-type
sequences or mutants of NP, P, and L. This results in the expression of NP, P and L with
a viral RNA (VRNA) mimic encoding only luciferase. This is sufficient to allow for
VRNA replication through a positive sense intermediate, and transcription to produce a
single transcript encoding luciferase. This can be translated by host machinery to
produces Renilla luciferase. RdRp activity is assessed using a luminescent reporter

assay. Firefly luciferase encoding plasmid can be used as a transfection control.
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Figure 2.2. Rescue of MuV mutants. To produce MuV containing specific mutations, a
reverse genetics system has been established. Plasmids encoding the MuV genome under
a T7 promoter are engineered to contain mutation at specific sites. These plasmids are
transfected with plasmids encoding NP, P, and L. Plasmid expressed T7 is co-transfected
in rescues using 293T cells, and optionally co-transfected into BSRT7 cells, which
constitutively express T7 polymerase. These plasmids are sufficient for gene
transcription and genome replication, but a 2" amplification cell line is required for
virion production. Vero cells are co-cultured to allow for efficient virus production. All

viruses produced using this method are clonally purified and fully sequenced.
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Table 2.1: Mumps vaccine strain summary

Vaccine Strain Manufacturer Area of Use Genotype
Hoshino Kitasato Institute Japan, Korea B [3]
Jeryl Lynn Merck and Co Worldwide A [3]
(MumpsVax) '
Leningrad-3 Moscoyv State Faqhty for Former' Soviet N [83]
Bacterial Preparations Union
Leningrad- Institute of Immunology of Croatia, India, and N [83]
Zagreb Zagreb Slovenia
. Chem-Sero Therapeutic
Miyahara Research Institute Japan B [146]
NK M-46 Chiba Japan
Pavivac Sevapharma Czech Republic
RIT-4385 GlaxoSmithKline Europe Al3]
Biologicals
. RUb.'n' Swiss Serum Institute Switzerland A [3]
(discontinued)
S-12 Razi _State S_erum and Iran H [147]
Vaccine Institute
Sofia-6 Center .for I.nfectlous and Bulgaria [148]
Parasitic Diseases
Torii Takeda Japan B [3]
Urabe G_Iaxo_SmlthKIme Worldwide B [3]
Biologicals
Sanofi-Pasteur Worldwide
Biken Japan

Chiron Therapeutics and
Vaccines

Germany, Italy,
Asia, Latin America
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CHAPTER 3
THE ROLES OF PHOSPHORYLATION OF THE NUCLEOCAPSID PROTEIN OF
MUMPS VIRUS IN REGULATING VIRAL RNA TRANSCRIPTION AND

REPLICATION!

1Zengel J., Pickar A., Pei X., Lin A., He B. 2015. J Virol. 89:7338-47. Reprinted here
with permission of the publisher.
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Abstract

Mumps virus (MuV) is a paramyxovirus with a negative sense non-segmented
RNA genome. The viral RNA genome is encapsidated by the nucleocapsid protein (NP)
to form the ribonucleoprotein (RNP), which serves as a template for transcription and
replication. In this study, we investigated the roles of phosphorylation sites of NP in MuV
RNA synthesis. Using radioactive labeling, we first demonstrated that NP was
phosphorylated in MuV-infected cells. Using both liquid chromatography-mass
spectrometry (LC-MS) and in silico modeling, we identified nine putative phosphorylated
residues within NP. We mutated these nine residues to alanine. Mutation of the serine
residue at position 439 to alanine (S439A) was found to reduce the phosphorylation of
NP in transfected cells by over 90%. The effects of these mutations on the MuV mini-
genome system were examined. S439A was found to have higher activity, four mutants
had lower activity and four mutants had similar activity compared to wild-type NP. MuV
containing the S439A mutation had reduced phosphorylation of NP by 90% and
enhanced viral RNA synthesis and viral protein expression at early time point after
infection, indicating that S439 is the major phosphorylation site of NP and its

phosphorylation plays an important role in down-regulating viral RNA synthesis.
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Significance
Mumps virus (MuV), a paramyxovirus, is an important human pathogen that is re-
emerging in human populations. Nucelocapsid protein (NP) of MuV is essential for viral
RNA synthesis. We have identified the major phosphorylation site of NP. We have found
that phosphorylation of NP plays a critical role in regulating viral RNA synthesis. The
work will lead to a better understanding of viral RNA synthesis and possible novel targets

for anti-viral drug development.
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Introduction

Mumps virus (MuV) infects humans, causing acute infection with hallmark
enlargement of the parotid gland (1). Before widespread vaccination in the late 1960s,
mumps was the leading cause of aseptic meningitis and caused deafness in children (2).
Although vaccination has greatly reduced the number of infections, large outbreaks have
occurred recently in vaccinated populations. The largest recent outbreak in the United
States originated at a university in lowa in 2006, where over 5000 cases were reported,
compared to approximately 250 cases per year in the preceding years (3). In 2014, there
were over 1100 cases of mumps reported, mainly centered around universities (4). At
least 90% of the individual infected received the Measles, Mumps, and Rubella (MMR)
vaccine, and the majority of people received two doses (3). New strategies to control
these outbreaks are needed. Understanding the roles of each MuV protein in virus
replication and pathogenesis will aid development of countermeasures for MuV.

Mumps virus (MuV) is a member of the family Paramyxoviridae in the genus
Rubulavirus (1). It has a negative sense, non-segmented, RNA genome of 15,384
nucleotides. The genome is comprised of seven transcriptional units that encode nine
viral proteins in the following order: 3’-NP-V/I/P-M-F-SH-HN-L-5" with RNA synthesis
initiating at a single site at the 3” end. The RNA genome associates with NP to form the
helical ribonucleoprotein (RNP), which protects the genome from degradation, and serves
as the template for RNA synthesis. The NP also associates with the phosphoprotein (P)
and indirectly with the large protein (L), in which P and L forms the viral RNA-
dependent RNA polymerase (VRdRp) (5). The vVRdRp uses NP-encapsidated RNA as a

template for both replication of the VRNA genome and production of mRNA (2). The
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VRdRp transcribes the NP-encapsidated RNA into 5° capped and 3’ polyadenylated
MRNAS in cytoplasm (6). Although the exact details of mMRNA production are not
known, the process is currently believed to involve termination and reinitiation (stop and
start) at each gene junction. The VRdRp also replicates viral RNA genome (7-10). It is
thought that vRdRp transcribes VRNA first and replicates VRNA at a later stage after
entry into host cells. The regulation of the switch from transcription to replication by
VRdRp is not clear. It is thought that phosphorylation state of the P protein plays a critical
role. Interestingly, P interacts with NP in RNP as well as free NP (11-14). Mumps NP is
also involved in virus budding. It interacts with the matrix (M) protein, which is critical
for virus egress (15).

For all negative-sense non-segmented RNA viruses, their genomes are
encapsidated with nucleoprotein to form RNP. It has been shown that phosphorylation of
NP plays a role in transcription, replication, and genome stability. In measles virus,
phosphorylation of NP has been shown to up-regulate transcriptional activity in a
minigenome assay (16). A similar phenotype has also been seen in rabies virus (17) and
Nipah virus (18). In measles virus, phosphorylation of NP is involved in genome
stability and phosphorylation of NP affects genome stability (19). In Marburg virus, only
phosphorylated NP is incorporated into nucleocapsid complexes (20). Similarly, in
measles virus, phosphorylated NP is preferentially incorporated into the nucleocapsid
(21). Although it has been shown that NP is phosphorylated in MuV-infected chicken
cells, the role of phosphorylation is unclear (22).

In this study, we used in silico modeling and mass spectrometry to determine

phosphorylation sites in the NP of MuV. We studied the function of NP in RNA
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transcription and replication using a minigenome system (23) and a reverse genetics
system (24).

Materials and Methods
Plasmids and cells

All plasmids were constructed using standard molecular cloning techniques.
Plasmid sequences were based on the sequence of a mumps virus isolated during an
outbreak in lowa from 2006 (GenBank: JN012242.1). MuV NP, P, and L were
previously cloned into the pPCAGGS expression vector (24, 25). Firefly-luciferase (pFF-
Luc) and a MuV mini-genome plasmid expressing Renilla luciferase flanked by MuV-1A
trailer and leader sequences and under a T7 promoter (pT7-MG-RLuc) were also
previously produced (23). Mutations were introduced into pPCAGGS-NP as previously
described for introduction of pPCAGGS-P mutations (23). Plasmids encoding the full-
length genome of MuV-IA previously used to rescue virus were mutated as necessary.
Plasmids and sequences are available upon request.

HEK293T cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 5% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S).
BSR-T7 cells were maintained in DMEM supplemented with 10% FBS, 1% P/S, 10%
tryptose phosphate broth (TPB), and 400 pug/ml G418 to maintain T7 RNA polymerase
(RNAP) expression. Vero and HeLa cells were maintained in DMEM with 10% FBS and
1% P/S. All cells were cultured at 37°C and 5% CO.. Cells were passaged the day
before to achieve about 85-95% confluence for infection and 60-80% confluence for

transfection.
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Minigenome

BSR-T7 cells (1 day, 60-80% confluent, 24-well plate) were transfected with
pCAGGS-P (80 ng), pPCAGGS-L (500 ng), pT7-MG-RLuc (100 ng), pFF-Luc (1 ng), and
varying amounts of pCAGGS-NP (wt or mutant at 0, 12.5, 25, 50, or 100 ng) using
JetPRIME (Polyplus Transfection, France) following manufacture’s protocol. Empty
pCAGGS vector was used to maintain a constant amount of total plasmid transfected per
well. After 48 hr, media was removed and 100 pl of passive lysis buffer (Promega,
Madison, WI) was added to each well, followed by shaking on an orbital shaker for 15
min. 40 pl of lysate was transferred to a white 96-well plate and a dual luciferase assay
(Promega) was performed according to the manufacturer’s protocol. Luminescence was
detected using a GloMax 96 Microplate Luminometer (Promega). The ratio of Renilla to
firefly luminescence was determined for each well, and the average of 3-6 biological
replicates was calculated. The peak activity for each NP plasmid was determined and
each experimental data set was normalized to wt NP. The data reported is the combined
data for a least 3 experimental replicates.
Virus Rescue and sequencing

BSR-T7 cells (1 day, 60-80% confluent, 6-well plate) were transfected with
pCAGGS-NP (100 ng), pPCAGGS-P (160 ng), pPCAGGS-L (2000 ng), and full-length
genome (2500 ng) using jetPRIME. After 48-72hr, transfected BSR-T7 cells were
trypsinized and co-cultured with Vero cells at a ratio of 1:5 in a 10-cm dish. When CPE
was observed (2-7 days), the media, likely containing virus, was collected and a plaque
assay was performed using Vero cells. Single plaques were isolated 6-7 days later and

cultured in fresh Vero cells in 6-well plates to produce passage 1 (P1). After titer
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determination, P1 was passaged again in T75 or T150 flasks at an MOI of 0.01 to
produce P2. After 72hrs, virus was collected, BSA was added to 1% final concentration,
and aliquots were stored at -80°C. Titer was determined by plaque assay. Viral RNA
was isolated using QlAamp Viral RNA Mini Kit (Qiagen, Valencia, CA) followed by
synthesis of DNA templates using SuperScript 111 One-Step RT-PCR System with
Platinum Tag (Life Technologies, Grand Island, NY) and 5 sets of primers were used to
amplify the entire genome. Fragments were sent to Genewiz (South Plainfield, NJ) for
sequencing using 6-10 primers per fragment. Only viruses matching the full-length
plasmid sequence were used for further experiments. Primer sequences are available
upon request.
Immunoprecipitation

Cells were lysed with whole cell extraction buffer (WCEB) (50mM Tris-HCI [pH
8], 280mM NaCl, 0.5% NP-40, 0.2mM EDTA, 2mM EGTA, and 10% glycerol)
supplemented with protease inhibitors (1x protease inhibitor, 0.1mM
phenylmethylsulfonyl fluoride OR 1x protease/phosphatase inhibitor cocktail for
radioactive labeling experiments). Insoluble material was pelleted at 14000xg for 2
minutes and the supernatant was transferred to a new tube. Rec-Protein G-Sepharose 4B
beads and anti-P or anti-NP mAb was added to each tube and nutated overnight at 4°C.
The next day, tubes were spun at 600xg for 2 min and supernatant was aspirated. Three
washes were performed with 1 ml of WCEB using the same process. The bead pellet was
resuspended in 50-200 ul of 2x Laemmli Sample Buffer (Bio-Rad, Hercules, CA) + 5%

B-Mercaptoethanol followed by heating at 95°C for 5 min.
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Mass spectrometry

Vero cells in a 10-cm plate were infected with MuV-1A at an MOI of 0.5. After
24 hr, immunoprecipitation was performed as described above with an anti-MuV-P mADb.
After overnight incubation, the sample was spun to pellet the beads and the supernatant
was collected. The washes were continued and loading buffer was added as above. This
produced the “anti-P”” sample. The supernatant collected prior to the first wash was used
for a second immunoprecipitation with anti-MuV-NP mAb. This produced the “anti-NP”
sample. Both samples were resolved on a 10% acrylamide gel by SDS-PAGE. The gel
was stained with Coomassie Blue G250 in 10% acetic acid and 45% methanol for 4
hours, followed by destaining with destain buffer (10% acetic acid, 40% methanol, 50%
water). Bands were excised from the gel and sent to the MS & Proteomics WM Keck
Foundation Biotechnology Resource Laboratory (Yale University, New Haven, CT) for
further processing and mass spectrometry (MS). Briefly, the protein was digested with
trypsin and enriched for phosphoproteins on a TiO2 column (2x). Peptides were separated
on a nancACQUITY (Waters, Milford, MA) (75um x 250mm eluted at 300nl/min, 80
minute run) with MS analysis on an Orbitrap Elite mass spectrometer (Thermo
Scientific). Both the fraction enriched by the column and the flow-through were
analyzed by LC-MS/MS, and peak lists were combined prior to a Mascot search against
the NCBInr database with taxonomy restricted to viruses. Phosphorylated peptides were
considered significant with a random probability score of less than 5%. For peptides with
more than one possible phosphorylation site, the Mascot Delta Score and PhosphoRS

score were used to determine which site was phosphorylated.
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Radioactive labeling for phosphorylation analysis

In order to examine phosphorylation of NP expressed from transfected plasmid, 1
pg of pPCAGGS-NP (wt or mutant) was transfected into HEK293T cells in a 6-well plate
using JetPrime in duplicate. After 24 hr, cells were starved in 1 ml DMEM lacking
methionine and cysteine for 30 min followed by labeling with about 50 uCi/ml 3°S-
EasyTag Express35S Protein Labeling Mix (PerkinElmer, Waltham, MA) for 6 hr.
Alternatively, the cells were starved with 1 ml DMEM lacking sodium phosphate
followed by labeling with about 100 pCi **P-Orthophosphoric acid (Perkin Elmer) for 6
hr. The cells were then lysed and immunoprecipitation was performed with anti-NP mAb
as described above. The samples were resolved on a 10% acrylamide gel by SDS-PAGE
and gels were dried. Radioactivity was detected by exposing the gel to a Storage
Phosphor Screen BAS-IP MS (Fuji) overnight. The screen was read on a Typhoon FLA
7000 (GE Healthcare Life Sciences, Pittsburgh, PA) and the densitometry analysis was
performed using ImageQuant TL software (GE Healthcare). The ratio of *3P/**S was
calculated and reported.

In order to determine NP phosphorylation in infected cells, Vero cells in a 6-well
plate were infected with MuV (wt, S439A, S520A, or 542A) at an MOI of 0.1 for 1 hr.
Media was replaced with DMEM containing 2% FBS and 1% P/S and incubated for 24
hr. After 24 hr, the cells were lysed, labeled, and immunoprecipitation and quantification
were performed as above.

Growth Curves
Vero or HeLa cells in a 10-cm dish were infected with MuV (wt, S439A, S520A,

or 542A) at an MOI of 0.01 or 5 in 5 ml of DMEM+2% FBS+1% P/S for 1 hrin
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triplicate. Cells were washed four times with PBS and 10 ml of DMEM+2% FBS+1%
P/S was added to the cells. One sample was taken immediately after the DMEM was
added and labeled as 0 hpi (hours post infection). For MOI of 5, samples were collected
at0, 6, 12, 24, 48, and 72 hpi. For MOI of 0.01, samples were collected at 0, 24, 48, 72,
96, and 120 hpi. All samples were supplemented with 1% BSA after collection and
stored at -80°C. Virus titers were determined by plaque assay on Vero cells. Results
were confirmed in a second experiment. Significance was determined by two-way
ANOVA using the Holm-Sidak method to correct for multiple comparisons.
Real-time PCR

Vero cells in a 6-well plate were infected with MuV (wt, S439A, S520A, or
S542A) at an MOI of 0.1 for 1 hr, washed three times with PBS, and 2 ml of
DMEM+2%FBS+1%P/S was added to each well. At0, 6, 12, and 18 hpi, total RNA was
collected using the RNeasy Plus Mini Kit with QIAshredder homogenization (Qiagen)
according to the manufacturer’s instruction. cDNA was generated using SuperScript 111
Reverse Transcriptase (Life Technologies) using 5 ul of RNA according to the
manufacturer’s directions. Oligo(dT)s (Promega) were used for mMRNA cDNA synthesis
and a primer specific for the negative sense genome
(TGAACTAGCGAGGCCTATCCCCAAG) was used for genomic cDNA synthesis. 5ul
of cDNA was used for real-time PCR using a MuV-F specific, FAM-tagged probe (Life
Technologies) and TagMan Gene Expression Master Mix (Life Technologies) according
to the manufacturer’s instructions. Real-time PCR was run on a StepOnePlus Real Time
PCR System (Life Technologies). Biological triplicate samples were run for each

sample. Ct values were normalized to genomic RNA at 0 hpi. Significance was
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determined by two-way ANOVA using the Holm-Sidak method to correct for multiple
comparisons.
Protein quantification

Cells were infected at an MOI of 0.1 for 6 hr or MOI of 5 for 24 hr. Cells were
washed once with PBS and trypsinized. Cells were collected into a 1.5 ml tube and
pelleted (all spins at 600 g), washed twice with DMEM+2% FBS, and fixed and
permeabilized using Cytofix/Cytoperm solution (BD Biosciences, San Jose, CA)
overnight at 4°C. The mAbs were conjugated using Zenon Alexa 488 (A488) or
Allophycocyanin (APC) Mouse IgG: Labeling Kits (Life Technologies) according to the
manufactures specifications. Cells were then washed twice with Perm/Wash buffer (BD
Biosiences) followed by staining with anti-NP(A488) or anti-P(APC). After staining for
20 min at 4°C, samples were washed twice with Perm/Wash buffer and once with
PBS+1%BSA. Cells were then resuspended in 500 pl of PBS+1% BSA. Flow cytometry
was performed using the LSRII Flow Cytometer (BD) and data was collected and
analyzed using FACSDiva (BD). The mean fluorescence intensity was calculated for the
stained population.

Total protein was also measured by infecting cells at an MOI of 5 as above, lysing
with 2x Laemmli Sample Buffer (Bio-Rad), and heating at 95°C for 5 min. Samples
were then resolved on a 10% acrylamide gel by SDS-PAGE and transferred to Amersham
Hybond LFP PVDF membranes (GE Healthcare Life Sciences). Immunoblotting was
performed by incubating the membranes with anti-NP and anti-P mAb and anti-GAPDH
[GT239] (Genetex, Irvine, CA) in 5% milk+PBS+0.1% Tween 20 (PBST) overnight at

4°C, followed by three washes with PBST, followed by incubation with Cy3 conjugated
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goat anti-mouse 1gG diluted 1:2500 (Jackson ImmunoResearch, West Grove, PA) in 5%
milk+PBST for 1hr at room temperature. After the incubation, the membrane was
washed four times with PBST and dried. The blot was visualized on the Typhoon FLA
7000 (GE Healthcare Life Sciences) and the densitometry analysis was performed using
ImageQuant TL software (GE Healthcare)
Results

MuV NP is phosphorylated

Previously, it was shown that MuV NP was phosphorylated when mumps virus
was grown in chicken embryo cells. In order to determine if NP is phosphorylated in
mammalian cells, Vero cells were infected with the recombinant mumps virus,
rMuV (lowa/US/06) (referred to as MuV), at an MOI of 0.1 for 24 hr and labeled with
353-Met/Cys or 33P- Orthophosphoric acid. Immunoprecipitation was performed using
anti-NP mAb (24) and samples were resolved by SDS-PAGE. NP was detected in the 3P
labeling, indicating that NP was phosphorylated in infected cells (Fig. 3.1A, left panel).
To determine if NP phosphorylation was dependent on other viral proteins, cells were
transfected with a plasmid encoding MuV NP, labeled with radioactive reagents and
immunoprecipitated as above (Fig. 3.1A, right panel). NP was detected in NP-transfected
cells labeled with *P, indicating that NP was phosphorylated without any other viral
proteins present.
Phosphorylation sites in NP were determined by in silico modeling and mass
spectrometry

Potential phosphorylation sites within NP were first identified using NetPhos 2.0

(http://www.cbs.dtu.dk/services/NetPhos/), a sequence-based prediction (26). Using this
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program, 12 phosphorylation sites were predicted above the cutoff value of 0.5. These
sites are summarized in Table 3.1.

To identify the phosphorylated resides in MuV NP in infected cells, Vero cells
were infected with MuV at an MOI of 0.1 for 48hr. In order to determine if there were
differences in the phosphorylation state of NP interacting with P, two sequential
immunoprecipitations were performed. Cells were first lysed and immunoprecipitated
with a mADb specific for MuV-P, which pulled down all of the P protein in the sample, as
well as NP that was associated with P (Fig. 3.1B, Sample 1). The unbound protein from
the first immunoprecipitation was then immunoprecipitated again using a mAb specific
for MuV-NP, which pulled down all of the non-P associated NP (Fig. 3.1B, Sample 2).
These samples were resolved by SDS-PAGE and stained with Coomassie Blue. The
labeled NP bands were excised from the gel. The samples were subjected to tryptic
digestion, phosphopeptide enrichment, and analyzed by LC-MS/MS. The coverage was
between 93-94% for each sample (Fig. 3.1C and 3.1D), with residues T387 and S439
found to be phosphorylated in both samples, and residues S25 and S542 phosphorylated
in only in sample 1. The detected sites along with other sites that were below the defined
cutoff for confirmed phosphorylation are summarized in Table 3.1.

The S439 residue in MuV NP was found to be the major phosphorylation site in
transfected cells

To assess which serine and threonine residues contributed to NP phosphorylation,
we chose to examine seven residues (S25, S94, T183, S298, T387, S439, and S542)
based on identification by mass spectrometry and two residues (S67 and S520) based on

high in silico prediction scores (0.990 and 0.979). Plasmids encoding NP were made
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with mutations to convert the serine or threonine residues to alanine in the encoded
protein. Effects of the mutations on phosphorylation were determined by transfection of
cells with plasmids expressing wt NP or the NP with alanine substitutions in duplicate.
After 24 hours, one replicate was labeled with **S and the other was labeled with 33P.
After 6 hours of labeling, the cells were lysed and immunoprecipitation with anti-NP
antibody was performed. The samples were resolved by SDS-PAGE (Fig. 3.2A) and the
ratio of *°P to %S was calculated (Fig. 3.2B). NP-S439A had little or no phosphorylation,
while there was no significant difference between wt NP and the other mutants. The
addition of P and L in the transfection had no effect on the phosphorylation of wt NP
during transfection (data not shown).
The role of NP residues was assessed with a MuV minigenome system

The role of NP in transcription and replication was studied using the MuV
minigenome system previously developed in our lab (23). The minigenome system
consists of plasmids required for transcription and replication of viral RNA (NP, P, and
L), as wells as a plasmid that encodes a viral negative sense minigenome under a T7
promoter. When transfected into T7 RNAP-expressing BSR-T7 cells, the minigenome
plasmid produces negative-sense RNA containing the sequence for Renilla luciferase
flanked by the MuV leader and trailer. The MuV replication machinery (NP, P, and L)
replicates this RNA through a positive sense intermediate and produces Renilla luciferase
MRNA, which is translated by host machinery. Changes in Renilla luciferase activity are
due to changes in the replicative and transcriptional activity of the MuV replication
system. The plasmids encoding NP mutants were tested at four concentrations and the

peak activity was reported for each (Fig. 3.3A). An example minigenome titration is
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shown comparing wt NP and the S439A mutant (Fig. 3.3B). Western blots were
performed for each minigenome set to examine NP expression levels (Fig. 3.3C). Two
mutants and wt NP are shown, but all mutants had similar protein amounts when the
same amount of plasmid was transfected, with some slight variation. The same plasmids
showed no difference in protein levels when using radioactive labeling. The use of
multiple concentrations of plasmid in the minigenome system also controls for any
differences in expression. We found that the S439A mutant had a higher level of
minigenome activity. Four of the substitutions (S25A, S94A, T183A, S298A) had lower
activity and there was no change with the other four substitutions (S67A, T387A, S520A,
S542A).
S439 was the major phosphorylation site in NP in virus

We have constructed plasmids containing full-length MuV genome with alanine
substitutions in NP and produced seven plasmids (S25A, S94A, S183A, T387A, S439A,
S520A, S542A). The reverse genetics system previously developed in our lab was used
to successfully rescue three viruses (rMuV-NP-S439A, S520A, S542A) (24, 25).
Complete genome sequences were confirmed as outlined in the methods. At least three
rescue attempts were made to rescue the other viruses, without success, while wild-type
viruses were consistently rescued. To examine the phosphorylation states of NP in these
viruses, Vero cells were infected with wt MuV and the three mutant viruses. Radioactive
labeling of infected cells and immunoprecipitation of cell lysates were performed, and
phosphorylation was determined as in the previous experiment (Fig. 3.4A). After
calculating the ratio of 3P to **S (Fig. 3.4B), we found that there was a significant

decrease in phosphorylation for MuV-NP-S439A, while there was no change in the other
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two mutant viruses, indicating that S439 is the major phosphorylation site of NP. This is
consistent with the results obtained using transfected NP.
rMuV(wt), rMuV-NP-S439A, S520A, and S542A had changed growth rates in cell
culture

To determine the effect of the NP mutations on virus growth in cell culture,
single-cycle and multi-cycle growth curves were performed in Vero and HeLa cells. Ina
single-cycle growth curve, cells were infected with an MOI of 5 and supernatant was
collected at 0, 6, 12, 24, 48, and 72 hours post infection (hpi). In a multi-cycle growth
curve, cells were infected at an MOI of 0.01 and supernatant was collected every 24
hours until 144 hpi. During single-cycle replication in Vero cells (Fig. 3.5A), there was
lower virus titer for rIMuV-NP-S439A at 6 hpi when compared to rMuV(wt), but an
increased titer at 12, 24, 48, and 72 hpi. rMuV-NP-S542A had decreased titers at 12, 24,
48, and 72 hpi and rMuV-NP-S520A had even lower titers at each of those time-points.
During multi-cycle replication in Vero cells (Fig 3.5B), rMuV-NP-S439A had increased
titers at 48, 96, and 120 hpi, while both rMuV-NP-S520A and S542A had reduced titers
at 72 and 120 hpi when compared to rMuV (wt).

In HelL a cells, the growth characteristics of the viruses were similar to those in
Vero cells for the single-cycle growth, but there were differences between HelLa and
Vero for the multi-cycle growth. There still was a lag in single-cycle growth for MuV-
NP-S439A (Fig. 3.5C), but the virus was able to reach a significantly higher titer than
rMuV (wt) by 48hpi. During multi-cycle growth in HeLa cells (Fig. 3.5D), MuV-NP-

S439A had lower titers from 72 to 144 hpi. MuV-NP-S542A has higher titers compared
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to rMuV (wt) at 48 and 96hpi with slightly lower titers at 144hpi. MuV-NP-S520A had
decreased titers compared to rMuV (wt) after 72hpi, similar to growth in Vero cells.
rMuV-NP-S439A had increased protein present at 6 and 24 hours post infection

To determine if there were differences in protein production for these viruses, the
amount of protein produced during viral infection was examined by western blotting first
(Fig. 3.6A). rMuV-NP-S439A had increased viral protein in cells (Fig. 3.6B). rMuV-
NP-S542A also had a small increase in viral protein levels by western blot, although the
increase was not significant. To determine if this difference was due to protein
production on a per cell basis, flow cytometry was used to stain for viral protein
expression after infection. In order to determine early protein production, cells were
collected 6 hours after infection (MOI of 0.1) and stained with antibodies specific to
MuV NP or P. The mean fluorescence intensity was determined for each of the stained
populations (Fig. 3.6C). rMuV-NP-S439A produced more protein at 6 hpi, as seen by
staining for NP, while amounts of P were not detectable at this time. Furthermore,
rMuV-NP-S439A had an increase in both the amount of NP and P produced on a per cell
basis using high MOI (MOI of 5) infection at 24 hpi (Fig. 3.6D). rMuV-NP-S542A had a
trend toward higher protein levels by flow cytometry, but the difference was not
significantly different from rMuV (wt) (p=0.12 to 0.4).
rMuv-NP-S439A had increased genome replication and mRNA production

To understand the difference in protein production and viral titer, the amount of
genome RNA and mRNA were measured by quantitative real-time, reverse transcription
PCR (qRT-PCR) in infected Vero cells (MOI of 0.1). The cDNA was generated using a

genome specific primer to quantify genome RNA and oligo dT to quantify mMRNA. The
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probe used for all samples was specific to MuV F or HN. Data using the MuV F specific
probe is reported. It was found that rMuV-NP-S439A had increased genomic RNA
production at 6, 12, and 18 hpi, while rMuV-NP-S520A and S542A had decreased
genomic RNA production at 12 and 18 hpi when compared to rMuV(wt) (Fig. 3.7A).
rMuV-NP-S439A also had increased mRNA production at all timepoints, while rMuV-
NP-S520A and S542A had decreased levels at 6, 12, and 18 hpi when compared to
MuV (wt) (Fig. 3.7B). When comparing the ratio of mMRNA to genomic RNA, rMuV-NP-
S439A had increased relative mMRNA levels at 0 and 6 hpi, rMuV-NP-S542A had reduced
relative levels at 6 and 12 hpi, and rMuV-NP-S520A had no significant differences when
compared to MuV(wt) (Fig. 3.7C).
Mutations in NP affect NP-P interaction during infection but not transfection

To investigate the mechanism of the phosphorylation of NP in regulating viral
RNA synthesis, NP and P interaction was examined. Cells were transfected with
plasmids encoding NP and P and immunoprecipitation was performed using either anti-
NP (Fig. 3.8A) or anti-P (Fig. 3.8B) mAbs. After co-immunoprecipitation of NP and P
when using plasmids encoding any of the mutant NPs, no difference was detected. To
assess differences in NP and P association in infected cells, Vero cells were infected with
MuV-wt, S439A, S520A, and S542A. Co-immunoprecipitation and total protein
visualization was performed (Fig. 3.8C). The ratio of NP to P was calculated (Fig. 3.8D)
and MuV-S439A had decreased amounts of NP co-immunoprecipitated with P during the
anti-P pull down. While there was a difference in NP-P interaction during infection,
there was no difference in the amount of NP or P in sucrose gradient purified virus from

infected cells (data not shown).
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Discussion

In this study, we identified and confirmed multiple phosphorylated residues in
MuV NP by mass spectrometry and directed mutagenesis. We showed that S439 was the
major site of phosphorylation. Mutating this residue to alanine caused an increase in
minigenome activity and higher levels of viral RNA and protein expression in rMuV-NP-
S439A-infected cells than wild type virus-infected cells at early time points after
infection. This is in contrast to previous work on Measles, Rabies, and Nipah viruses,
which have decreased activity in their respective minigenome systems when NP
phosphorylation is reduced (16-18). To the best of our knowledge this is the only case in
which decreased phosphorylation of the nucleoprotein of a virus resulted in increased
activity, indicating that phosphorylation of NP down-regulate viral RNA synthesis. We
hypothesize that phosphorylation can both up- and down-regulate activity and that these
differences may depend on the site that is being phosphorylated.

The mechanism of down-regulation of viral RNA synthesis by S439 of NP is not
clear. We assessed the RNA binding of S439A along with all other alanine substitution
mutants, but no differences were found compared to any of the mutants and wt NP (data
not shown). One interesting difference between wt NP and NP-S439A is their interaction
with P. While we were not able to show any differences in interactions between NP and P
or NP and M in transfected cells, we found that there was much less NP pulled down in
cells infected with rMuV-NP-S439A by an anti-P mAb in co-immunoprecipitation. This
result suggests that phosphorylation at S439 increases NP association with P in infected
cells, although phosphorylation at S439 was found in both P-associated NP and free NP

(Fig. 3.1B, Table 3.1). This is rather surprising because the domain of NP interacting

47



with P is located at N-terminal 400 amino acid residues of NP and mutation at residue
439 should not have affected binding with P (13, 14). The difference in expression levels
of NP, P and L in transfection and infection may contribute to the difference observed in
the NP-P binding. It is possible that a previous un-detected region of NP (C-terminal tail
domain) can interact with P, in the presence of other viral protein such as L and M.

The fact that rMuV-NP-S439A caused a slight lag in virion production even
though there was more RNA and protein at that time point when compared to the other
viruses suggests that there may be some defect in packaging of RNA for production and
release of progeny virus. The lag in virion production may be detrimental to virus growth
in vivo, which could explain why this position is highly conserved among all MuV strains
(data not shown). The lower titer of rMuV-NP-S439A in HeLa cells, a type | interferon
(IFN) producing cell, compared to wt MuV is consistent with this residue being critical
for MuV growth in vivo. It is possible that the rMuV-NP-S439A virus was more sensitive
to type I IFN during HeLa infection, which is not observed in Vero cells, an IFN
defective cell.

While mutations at other amino acid residues did not produce a significant
decrease in phosphorylation in transfected cells, they did play critical roles. There was a
small decrease in phosphorylation of the S542A mutant. There was also a small, but
significant decrease in both genomic RNA and mRNA, although there was a slight
increase in protein produced. It is possible that there may be some defect in budding for
the rMuV-NP-S542A virus, which might have caused the decrease in RNA and increased
protein in the cells. Less protein may be exported in progeny virions. In PIV5, a closely

related paramyxovirus, it is known that negatively charged residues in the tail of NP are
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important for NP-M interaction and virus budding (27). The impact of the mutation at
S542 may also be attributed to the transient nature of phosphorylation at this site. This is
consistent with the mass spectrometry data that shows S542 was only significantly
phosphorylated in the P-associated sample. rMuV-NP-S520A had a lower virus titer
when compared to MuV (wt), suggesting that there was some defect in virus growth,
although there were only modest decreases in the amount of genomic RNA and mRNA
produced. We were also unable to find any phosphorylation at this site by mass
spectrometry and saw no decrease in phosphorylation when the residue was substituted
for alanine. It is possible that phosphorylation at this residue per se does not have an
impact on virus life cycle, but the residue itself is important for the virus life cycle. When
amino acid residues at positions S94, T183, or S298 were substituted with alanine, there
was a large decrease in minigenome activity. Viruses containing these mutations were not
obtained after multiple attempts, likely due to the low level of replicative activity seen in
the minigenome system, suggesting that these residues play important roles in the virus
life cycle. It is surprising that viruses containing mutations at S67 and T387 were not
obtained since these mutations did not affect minigenome activity. It is likely that these
residues, not necessarily their phosphorylation status, may play a role beyond viral RNA
synthesis. Interestingly, mutations at the unstructured C-terminus of NP allowed rescue
of infectious virus and we were unable to rescue infectious viruses containing mutations
at the N-terminal of NP, suggesting that residues in the more structure N-terminus need
to be preserved.

Understanding the roles of phosphorylation of MuV NP will not only contribute

to our knowledge on viral RNA synthesis, but also aid design of novel anti-virals and the
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next generation of vaccines. Since MuV is not known to encode its own kinase to
phosphorylate NP, the host kinases responsible for NP phosphorylation may be viable
drug targets. While host kinase responsible for phosphorylation of NP’s S439 residue is
not likely a good target for antiviral drug development, kinases responsible for
phosphorylation of N-terminal of NP may be good targets since mutating these residues
resulted in difficulties in obtaining infectious viruses. Identifying of the host kinases
responsible for phosphorylating these critical sites of NP may lead to development of
small molecule inhibitors of the kinases as anti-MuV drugs, which do not exist at present.
Preventing phosphorylation at NP-S439 was able to increase viral replication in Vero
cells. This mutation can be incorporated into vaccine viruses enabling faster growth and
higher titer viruses, which will reduce the cost of future vaccines.
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Figure 3.1. Analysis of NP phosphorylation by mass spectrometry. (A) Phosphorylation
of NP in infected or transfected cells. Vero cells were infected with MuV-IA and
HEK?293T cells were transfected with NP and P. After 24 hr, proteins were labeled with
353-met or 3*P-Orthophosphoric acid. Cells were lysed and immunoprecipitated with
anti-NP mAb. The samples were resolved by SDS-PAGE. (B) Immunoprecipitiation of
NP by anti-NP and anti-P. Vero cells were infected by MuV-IA and lysate was
immunoprecipitated with an anti-P mAb (sample 1). Unbound protein was
immunoprecipiatated with and anti-NP mAb (sample 2). The samples were resolved by
SDS-PAGE followed by visualization using Coomassie blue and NP band was excised

for analysis by LC-MS/MS. The P1 and P2 bands of MuV P were excised for analysis in
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another study. (C) Coverage of MS of NP after anti-P IP. (D) Coverage of MS of NP
after anti-NP IP. Phosphorylated positions are in bold and positions not covered are

struck through. Phosphorylation was considered significant with a random probability

score of less than 5%.
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Figure 3.2. Phosphorylation of NP mutants in transfected cells. (A) Detection of NP
mutant phosphorylation. Residue S439 was found to be the major phosphorylation site in
NP. HEK293 cells were transfected with plasmids encoding either wt or NP with S/T
residues mutated to A followed by **S-Met/Cys or 33P-Orthophosphoric acid.
Immunoprecipitation was performed with an anti-NP mAb and samples were resolved by
SDS-PAGE. A representative gel is shown along with data from three separate

experiments. (B) Summary of quantified NP phosphorylation. The relative density of
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the phosphorylated versus total NP was calculated for each experiment. All data was

normalized to wt NP. (One-way ANOVA with Holm-Sidak multiple comparison test,

N=3, *p<0.001)
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Figure 3.3. Effects of NP mutants on the MuV minigenome system. (A) Peak

minigenome activity of the NP mutants. A MuV minigenome assay was performed using

plasmids encoding NP with possible phosphorylation sites mutated to alanine. The

amount of NP plasmid was varied (12.5, 25, 50, 100ng/well). The ratio of Renilla

luciferase to firefly luciferase activity was normalized to wt for each sample and the peak

titer is reported. Mutating position S439 was found to significantly increase minigenome

activity. (n=3, ANOVA with Dunnett’s multiple comparison test, *p<0.01, **p<0.001)

(B) Representative activity curves for the minigenome assay. The minigenome activity
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for wt and S439A NP are shown at each concentration tested. (C) The expression of NP
was assessed by western blot. All mutant proteins were shown to be expressed at similar

levels, as seen by blotting for NP using an NP specific mAb.
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Figure 3.4. Phosphorylation of NP mutants in infected cells. (A) Detection of
phosphorylation of NP mutants. Vero cells were infected with MuV (wt) or mutant
viruses. Radioactive labeling was performed and lysates were immunoprecipitation with
an anti-NP mAb. Samples were resolved by SDS-PAGE. A representative gel is shown.
(B) Summary of NP phosphorylation in infected cells. MuV-NP-S439A was found the
have significantly reduced phosphorylation in infected cells. (N=3, student t-test,

*p<0.01)
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Figure 3.5. Growth kinetics of MuV mutants. In each experiment, cells were infected
with MuV/(wt), S439A, S520A, or S542A. Media was collected at various time points.
The titer of virus in the media was determined by plaque assay using Vero cells (A) Vero
cells infected at an MOI of 5. (B) Vero cells infected at an MOI of 0.01. (C) HeLa cells
infected at an MOI of 5. (D) HeLa cells infected at an MOI of 0.01. (For all growth

curves: n=3, ANOVA with Dunnett’s multiple comparison test, *p<0.05)
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Figure 3.6. Protein production in infected Vero cells. In each experiment, cells were
infected with MuV wt, S439A, S520A, or S542A. (A) Total protein production in Vero
cells infected at an MOI of 5 after 24 hours. Samples were resolved by SDS-PAGE and
NP was quantified by western blot. (B) Summary of total protein production in Vero
cells infected at an MOI of 5. Average density was calculated over multiple experiments
and 439A was found to have increased protein production. (C) Protein production in
Vero cells infected at an MOI of 0.1 after 6 hours. Cells were collected and stained using
anti-NP (A488) and anti-P (APC) for flow cytometry. The mean fluorescence intensity
(MFI) was calculated for the stained population. (D) Protein production in Vero cells
infected at an MOI of 5 after 24 hours. Cells were treated as in (C). (One-way ANOVA

with Holm-Sidak multiple comparison test, n=3, *p<0.05)
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Figure 3.7. Genomic RNA and mRNA levels in infected Vero cells. Vero cells were
infected at an MOI of 0.1 with MuV(wt), S439A, S520A, or S542A. Total RNA was
extracted from biological replicates (n=3). Real-time PCR was performed on each
sample using a using a MuV-F specific FAM-tagged probe. (A) Levels of genomic RNA.
Genome replication was calculated after normalization to genomic RNA levels at 0 hpi.
(B) Levels of viral mMRNA. mRNA production was calculated after normalization to
genomic RNA levels at 0 hpi. (C) Quantification of relative levels of mRNA to genomic
RNA. The ratio of mMRNA to genomic RNA was calculated at each timepoint. (Multiple

T-tests with Holm-Sidak multiple comparison test, n=3, *p<0.05)

57



o

A — B —_ 2
= = c
o o =
= £ =

o o c

- - - - s O - - G- -

L LLCMNMONDO NS & eI C MmO Nno NS g °
NSNS 00 wma S S AN 0ORAWOMN S S o
SNOoOadANMSND <> SNOooOdANMSF NN =2

I
|
|
l
|
|
|
!
|
I
=
/
\

—— ——— ——— —

- ——— -~
P o o - ———— P S reeee—————
g S S = s & 3 =
cs 88388858 0.
2T H o n = T H 4 on = :
151
°
B
NP D - o - g 10 T
o
=
0.5 *
P —‘_—«- ——
0.0 : :
& oX o qy'
oy
P4 & &
Anti-NP Anti-P NP Mutations

Figure 3.8. Interaction between MuV NP and P. (A) Interaction between NP and P in
transfected cells. HEK293T cells were transfected with wt and mutant NPs and P.
Proteins were labeled with **S-Met/Cys and co-immunoprecipitation was performed
using antibodies specific to NP. No difference was detected in the amount of NP or P
pulled down. (B) Interaction between NP and P in transfected cells. Using the same
samples as (A), co-immunoprecipitation was performed using antibodies specific to P.
No difference was detected in the amount of NP or P pulled down. (C) Interaction
between NP and P in infected cells. Vero cells were infected with MuV (wt), S439A,
S520A, S542A, or mock infected. Total protein was labeled with **S-Met/Cys and co-
immunoprecipitation was performed using antibodies specific to NP or P. (D) The mean

of the NP to P ratio for the anti-P immunoprecipitation is graphed with the SEM shown.

58



There was less NP co-immunoprecipitated with P, during infection with rMuV-NP-

S439A. (n=3, student t-test, *p<0.05

Amino | NetPhos | LCMS Phos | LCMS Phos
Acid | (in silico) | (anti-P IP) | {(anti-NP IP)
T12| 0.689 N/A N/A
525/ 0.071 0.0024 29
T30] 0.950 N/A N/A
T42| 0.891 N/A N/A
567 0.990 N/A N/A
594, 0.996 0.28 0.29

T183| 0.091 N/A 8.4
5191 0.749 N/A N/A
5226/ 0.510 N/A N/A
$298| 0.042 N/A 0.059
T368| 0.816 N/A N/A
T387| 0.565 0.0004 0.0032
T395| 0.500 N/A 150
S439| 0.992 0.0074 0.00036
$520 0.979 N/A N/A
S542| 0.028 0.00015 3.4

Table 3.1. Phosphorylation of MuV NP by in silico prediction and mass
spectrometry. Phosphorylation site prediction was performed using the NetPhos 2.0

Server (http://www.cbs.dtu.dk/services/NetPhos/). Values >0.5 were considered to likely

be phosphorylated and are highlighted. Phosphorylation sites found by mass
spectrometry (as described in Fig. 3.1) are shown in the two right columns. The random
probability score for each site is listed, with a score of <0.05 considered likely to be

phosphorylated and are highlighted.
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CHAPTER 4
MUMPS VIRUS NUCLEOPROTEIN ENHANCES PHOSPHORYLATION OF THE

PHOSPHOPROTEIN BY POLO-LIKE KINASE 12

2Pickar A*, Zengel J*, Xu P, Li Z, He B. J Virol 2015;90:1588-98. *Contributed equally

to this work. Reprinted with the permission of the publisher.
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Abstract

The RNA-dependent RNA polymerases (VRARP) of non-segmented, negative-
sense viruses (NNSV) consist of the enzymatic large protein (L) and the phosphoprotein
(P). P is heavily phosphorylated and its phosphorylation plays a critical role in viral RNA
synthesis. Since NNSVs do not encode kinases, P is phosphorylated by host kinases. In
this study, we investigate the roles that viral proteins play in the phosphorylation of
mumps virus (MuV) P. We found that NP enhances the phosphorylation of P. We have
identified the serine/threonine kinase polo-like kinase 1 (PLK1) as a host kinase that
phosphorylates P and that phosphorylation of P by PLK1 is enhanced by NP. The PLK1
binding site in MuV P was mapped to residues 146-148 within the S(pS/T)P motif and

the phosphorylation site was identified as residues S292 and S294.
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Significance
It has previously been shown that P acts as a chaperone for NP, which
encapsidates viral genomic RNA to form the NP-RNA complex, the functional template
for viral RNA synthesis. Thus, it is assumed that phosphorylation of P may regulate NP’s
ability to form the NP-RNA complex, thereby regulating viral RNA synthesis. Our work
demonstrates that MuV NP affects phosphorylation of P, suggesting that NP can regulate

viral RNA synthesis by regulating phosphorylation of P.
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INTRODUCTION

Many human and animal pathogens such as mumps virus (MuV), Sendai virus
(SeV), human respiratory syncytial virus (RSV), the parainfluenza viruses, Measles virus
(MeV), J paramyxovirus (JPV), Hendra virus (HeV), and Nipah virus (NiV) are in the
Paramyxoviridae family of the Mononegavirales [1]. The non-segmented, negative-
stranded RNA genome of these viruses is encapsidated by the nucleoprotein (NP) to
produce the helical nucleocapsid that functions as the template for viral RNA synthesis.
The viral RNA dependent RNA polymerase (VRdRp), which minimally consists of the
phosphoprotein (P) and the large protein (L), functions for both transcription and
replication of the viral RNA genome. The enzymatic activities of the L protein are
responsible for initiation, elongation, and termination of RNA synthesis, and the L
protein functions to add the 5’ cap and 3’ poly(A) sequences to transcribed viral mMRNA
[1]. P protein interacts with NP to dock the VRdRp to the NP-RNA template.

The P proteins of paramyxoviruses are highly phosphorylated and
phosphorylation of these proteins has been shown to play critical roles in regulating viral
MRNA synthesis [2-7]. Phosphorylation of residues within the P protein of parainfluenza
virus 5 (PIV5), a prototypical paramyxovirus, plays both negative and positive roles in
MRNA synthesis [3-5]. A phosphorylation site at S157 was found in the P protein of
PIV5-infected cells [3]. Further studies indicate that polo-like kinase 1 (PLK1) associates
with S157 and phosphorylates the PIV5 P protein at S308 [3,4]. Phosphorylation of both
of these residues reduces viral gene expression and prevents cytokine induction and cell
death. This report shows that P phosphorylation negatively regulates viral gene

expression, suggesting that PI1V5 limits its gene expression to avoid induction of innate
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immune responses [4]. Further studies of the PIVV5 P protein by mass spectrometry have
identified T286 as a phosphorylation site and mutation of this residue reduces mini-
genome activity [5]. A recombinant virus containing the T286 mutation grows slower
than wild-type PIV5 and has delayed viral mMRNA synthesis and protein expression,
demonstrating that phosphorylation at T286 plays a positive role in virus growth and viral
gene expression by up-regulating viral mMRNA transcription [5]. These studies suggest a
role of P phosphorylation in viral mMRNA synthesis.

It is commonly believed that phosphorylation of the P proteins is carried out by
host kinases [8]. The main host kinases that have been identified so far to phosphorylate
paramyxovirus P proteins are casein kinase Il (CKII), protein kinase ¢ isoform zeta
(PKC-(), protein kinase B (AKT) and PLK1 [9-14]. The P proteins of RSV and measles
virus are thought to be phosphorylated by CKII [9-11]. The P proteins of HPIV3 and
Sendai virus are reported to be phosphorylated by PKC-{ [12,13] The P protein of canine
distemper virus is phosphorylated by both PKC-£ and CKII [14]. Phosphorylation of the
PIV5 P protein by AKT results in up regulation of viral gene expression whereas
phosphorylation by PLK1 results in down regulation [15]. It has been proposed to target
host kinases that are critical for viral RNA synthesis as an anti-viral strategy for these
paramyxoviruses [15].

MuV is a human pathogen of the Rubulavirus genus of the family
Paramyxovidae. MuV infection causes acute parotitis and it is a neurotropic agent with
symptoms ranging from mild meningitis to severe encephalitis [16]. Phosphorylation of
MuV P plays a role in viral RNA synthesis [7]. A systematic mutational analysis of MuV

P has identified residue T101 of P important in viral RNA synthesis. Analysis of a
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recombinant MuV containing this mutation (rMuV-P-T101A) indicates that
phosphorylation at P-T101 plays a negative role in viral transcription [7]. Host kinases
that are important for MuV phosphorylation have not been identified.

In this work, we examined the role of viral proteins in phosphorylation of P of
MuV, identified a host kinase that is important for MuV replication and investigated the
mechanism of activation of this host kinase.

Materials and Methods

Plasmids and cells

A plasmid containing the human PLK1 gene was obtained from Open Biosystems
(AL, USA). A Flag tag was added to the N-terminus of PLK1 and cloned into pCAGGS
vector. Kinase-deficient PLK1 (Flag-PLK1-K82M) was constructed using Flag-PLK1 as
the template as previously described [4]. MuV NP, P, and L genes of the Mu\/'ow&/Us/06
strain were cloned into the pCAGGS expression vector [21]. Plasmids expressing P
mutants were constructed using standard molecular cloning techniques. Plasmids
containing the full-length genome for rMuV-P-T147A, rMuV-P-S292A/S294A, and
rMuV-P-T147A/S292A/S294A viruses were made similarly to that of rMuV-P-T101A as
described before [7]. The MuV mini-genome plasmid (BH526/ pMG-RLuc), containing
Renilla, and a plasmid containing firefly-luciferase (pFF-Luc) were described previously
[7]. Construction details and sequence files of the plasmids are available upon request.

HEK293T 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). Vero and HelLa cells were maintained in DMEM supplemented with

10% FBS and 1% P/S. BSR-T7 cells were maintained in DMEM supplemented with 10%
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FBS, 1% P/S, 10% tryptose phosphate broth (TPB), and 400 pg/ml G418 sulfate
antibiotic (Mediatech Inc.). All cell lines were incubated at 37°C with 5% CO; and
passed at an appropriate dilution one day prior to use, to achieve 80 to 90% confluence
upon transfection or infection.
Transfections, infections, and virus rescue

Cells were transfected using JetPRIME® (Polyplus-transfection Inc., New York,
NY) following the manufacturer’s protocols. For virus infections, cells were inoculated
with viruses at a multiplicity of infection (MOI) of 0.1 or 3 in DMEM plus 1% bovine
serum albumin (BSA) and incubated at 37°C with 5% CO> for 1-2 hours. The inocula
were then replaced with DMEM supplemented with 2% FBS and 1% P/S.

rMuV-P-T147A, rMuV-P-T204A, rMuV-P-S292A/S294A, rMuV-P-
T147A/T204A, and rMuV-P-T147A/S292A/S294A were rescued from the plasmids
containing their respective full-length genome as described before [7]. A plasmid
containing the full-length genome (5 pg), along with plasmids pCAGGS-L (2 pg),
pCAGGS-NP (100ng), and pCAGGS-P (320ng), were transfected into BSR-T7 cells.
Three days later, transfected BSR-T7 cells were mixed with Vero cells at a 1:5 dilution.
Four days later, media was transferred to fresh VVero cell monolayers and propagated
further. When syncytia formation was observed, media was collected and used for plaque
assays in Vero cells as previously described [5]. Single plaques were isolated 6-7 days
later and cultured in fresh Vero cells to produce passage 1 (P1). After titer determination,
P1 was passaged again at an MOI of 0.01 to produce P2. After 72 hrs, virus was
collected, sucrose-phosphate-glutamate SPG (2.18 M sucrose, 37.6 mM potassium

phosphate monobasic, 71 mM potassium phosphate dibasic, and 49 mM potassium
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glutamate) was added to 1% final concentration, and aliquots were stored at -80°C. Titers
were determined by plaque assay. Viral genomes were sequenced as previously described
[27]. Viral RNA was isolated using QlAamp Viral RNA Mini Kit (Qiagen, Valencia,
CA) followed by synthesis of DNA templates using SuperScript 111 One-Step RT-PCR
System with Platinum Taq (Life Technologies, Grand Island, NY) and 5 sets of primers
to amplify the entire genome. Fragments were sent to Genewiz (South Plainfield, NJ) for
sequencing using 6-10 primers per fragment. Only viruses matching the full-length
plasmid sequence were used for further experiments. Primer sequences are available upon
request.
Phosphorylation of P

To examine phosphorylation of P, HeLa cells or HEK293T cells in 6-well plates
were transfected with 1 pg of pPCAGGS-P or pPCAGGS-P mutants, 1 pg of pPCAGGS-NP,
and 1 pg of Flag-PLK1 or Flag-PLK1-K82M, or infected with MuV or a recombinant
mutant MuV at an MOI of 0.1. After 18 hpt, the cells were starved with DMEM lacking
cysteine-methionine and then labeled with 72.7 pCi/ml **S-EasyTagTM Express35S
Protein Labeling (Perkin Elmer, Waltham, MA) for 3-8 hours (h) or starved with DMEM
lacking sodium phosphate and then labeled with 100 uCi 3*P-Radionuclide
Orthophosphoric acid (Perkin Elmer, Waltham) for 8 h. The cells were then lysed with
whole-cell extraction buffer (WCEB) (50mM Tris-HCI [pH 8.0], 280 mM NaCl, 0.5%
NP-40, 0.2 mM EDTA, 2 mM EGTA, and 10% glycerol) with a mixture of protease
inhibitors as previously described [23].The lysate was immunoprecipitated using rec-
protein G-sepharose 4B conjugate and mouse monoclonal anti-MuV-P, mouse

monoclonal anti-MuV-NP, or mouse anti-Flag (M2 clone, Sigma-Aldrich, St. Louis, MO)
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antibodies. After washing 3x with WCEB, the agarose beads were mixed with 3x SDS
loading buffer (188 mM Tris-HCI [pH 6.8], 6% SDS, 30% glycerol, 0.03% w/v
bromophenol blue, and 200 mM dithiothreitol [DTT]), heated at 95°C for 5 min, and
resolved by 10% SDS-polyacrylamide gel electrophoresis (PAGE). Phosphorylation of
the P protein of 4 individual experiments was calculated by densitometry analysis of the
33p /%S ratio using ImageQuant TL software (GE Healthcare Life Sciences).

PLK1 inhibitor

The highly selective PLKL1 inhibitor, Bl 2536, was purchased from Selleck
Chemicals (Houston, TX). The compound was dissolved in ethanol. To study the effect
of the PLK1 inhibitor on P phosphorylation in infected cells, Vero cells were infected
with MuV at an MOI of 0.1 and incubated with 1 uM BI 2536. To study the effect of the
PLKZ1 inhibitor on P phosphorylation in transfected cells, HEK293T cells were
transfected with 1 ug of P or P mutants, 1 pg of NP, and 1 pg of Flag-PLK1. At 18 hours
post infection (hpi) or transfection, cells were starved with DMEM lacking cysteine-
methionine and then labeled with 72.7 nCi/ml 3°S-EasyTagTM Express35S Protein
Labeling (Perkin Elmer) in the presence of 1 uM BI 2536 for 3 h. The cells were then
lysed with WCEB and immunoprecipitated as described above.

To study the effect of PLK1 inhibitor on viral protein expression, Vero cells were
infected with a recombinant virus expressing a Renilla luciferase protein (rMuV-Rluc) at
an MOI of 0.01 and incubated with Bl 2536 at various concentrations. After 24 hpi cells
were lysed with Renilla luciferase assay lysis buffer (Promega) and vigorously mixed for
20 min to permit full lysis. Renilla luciferase activity was measured according to

manufacturer’s protocol (Promega) and light intensity was detected by a GloMax® 96
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Microplate Luminometer (Promega). Aliquots of the cell lysates were used for Western
blot analysis to detect P protein expression.
MuV mini-genome system and dual-luciferase assay.

The MuV mini-genome system used in this study was described previously [7].
BSR-T7 cells in 24-well plates were transfected with pPCAGGS-P (80ng) pCAGGS-NP
(25 ng), pPCAGGS-L (500 ng), pMG-RLuc (100 ng), pFF-Luc (1 ng), and various
amounts of Flag-PLK1 or Flag-PLK1 (K82M) (0, 16, 32, or 64 ng). Empty pCAGGS
vector was used to normalize the amount of transfected DNA per sample. After 48 hpt,
2/5 of the lysate from each well was used to carry out the dual-luciferase assay according
to the manufacturer’s protocol (Promega, Madison, WI), and light intensity was detected
using a GloMax 96 Microplate Luminometer (Promega). Relative luciferase activity was
defined as the ratio of Renilla luciferase (R-Luc) to firefly luciferase (FF-Luc) activity.
Six replicates of each sample were measured. Cell lysate aliquots from the dual luciferase
assay were mixed with one-half volume of 3x SDS loading buffer and heated at 95°C for
5 min. Samples were resolved by 10% SDS-PAGE and transferred to a polyvinylidene
difluoride membrane (GE Healthcare, Piscataway, NJ). The membrane was incubated
with mouse anti-MuV-NP antibody (1:2000 dilution) or mouse anti-Flag (M2 clone,
Sigma, 1:1000 dilution), followed by incubation with Cy3 conjugated goat anti-mouse
IgG secondary antibody (1:2500 dilution) (Jackson ImmunoResearch, West Grove, PA)
and scanned using a Typhoon 9700 imager (GE Healthcare Life Sciences, Piscataway,

NJ).
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Pulse-chase labeling

To examine the stability of P, HEK293T cells were transfected with 1 ng of P, 1
ug of NP, and 1 pg of Flag-PLK1. Empty pCAGGS vector was used to normalize the
amount of transfected DNA per sample. After 18 hpt, the cells were starved with DMEM
lacking cysteine-methionine and then labeled with 72.7 pCi/ml **S-EasyTagTM
Express35S Protein Labeling for 30 min. The cells were then washed with PBS and the
media was replaced with DMEM supplemented with 2% FBS and 1% P/S. After
replacing the media (0 h) and after 4, 8, and 12 h, cells were lysed with WCEB and the
lysate was immunoprecipitated using rec-protein G-sepharose 4B conjugate and mouse
anti-MuV-P as described above. The P half-life of 4 individual experiments was
calculated by normalization of P expression at 0 h using ImageQuant TL software (GE
Healthcare Life Sciences).
Single-step growth curve

Vero cells in 10-cm dishes were infected with MuV, rMuV-P-T147A, rMuV-P-
S292A/S294A, or rIMuV-P-T147A/S292A/S294A at a MOI of 3 in triplicate. Media was
collected at 0, 8, 16, 24, 48, 72 hpi and supplemented with 1% SPG, then stored at -80°C.
Virus titers were determined in Vero cells by plaque assays, and completed in triplicate
as previously described [5].
Phosphorylation of P in related viruses

Plasmids encoding NP and P for parainfluenza virus 5 (P1V5, W3A), J
paramyxovirus (JPV, JPV-BH), respiratory syncytial virus (RSV, A2), and measles virus
(MeV, Edmonston) were previously produced or cloning into pPCAGGS vector for this

study. Plasmids were transfected along with PLK1 or PLK1 (K82M) in different
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combinations. After 24 hours, radioactive labeling was performed as previously described
above. Immunoprecipitation was performed using monoclonal antibodiesAbs specific to
P (PIV5: anti-P/V, JPV: rabbit anti-P, RSV: clone C1 MeV: clone 9H4). Samples were
resolved by SDS-PAGE.
Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego, CA). Student’s t test was used to calculate P
values when comparing two groups. When performing multiple comparisons, the Holm-
Sidak method with alpha = 5% was used to determine statistical significance.

Results

Phosphorylation of MuV P is greater in virus-infected cells compared to cells
transfected with P

Previous research shows that there is a difference in the phosphorylation of MuV
P in MuV-infected cells versus cells transfected with plasmid encoding MuV P [7]. To
confirm these results, HeLa cells were transfected with plasmids encoding MuV P or
infected with MuV. The cells were radioactively labeled with either 3°S-Cys/Met or *3P-
orthophosphate and lysates were immunoprecipitated with a monoclonal anti-MuV-P
antibody to determine the amount of phosphorylation (Fig. 4.1A). P phosphorylation was
lower during transfection compared to virus infection. Most interestingly, there was a
difference in the patterns of P bands associated with the P protein in infected cells versus
transfected cells. This higher band was also the major phosphorylated species in infected
cells. The major phosphorylated P species, the slower migrating band, was detected in

MuV-infected cells but not in transfected cells.
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To understand the discrepancy in phosphorylation of P in transfected cells versus
infected cells, we examined phosphorylation of P in cells containing the mini-genome
system components. The mini-genome system has been used to examine MuV RNA
synthesis [7]. Plasmids encoding P, L, and NP were transfected along with a plasmid
encoding the MuV mini-genome under a T7 promoter. When the mini-genome plasmid is
transcribed by T7 RNAP, a negative-sense mini-genome RNA is produced, consisting of
the leader and trailer of MuV flanking the negative sense coding sequence for Renilla
luciferase. Since this system is able to model the transcriptional activity observed during
infection, we reasoned that phosphorylation of P in this system should reflect that of P in
infection. BSR-T7 cells are typically used for mini-genome experiments due to their
stable expression of T7 RNAP. However, the expression level of transfected plasmids in
BSR-T7 cells was not sufficient to examine phosphorylation using radioactive labeling.
Instead, HEK293T cells were used. P was transfected alone, with the individual mini-
genome components, or with all of the components together. Radioactive labeling and P
immunoprecipitation was performed as before and samples were resolved by SDS-PAGE
(Fig. 4.1B). The phosphorylation of MuV P was enhanced in the presence of MuV NP,
while the other mini-genome components had no effect. The phosphorylation of
transfected P was closer to that of P during infection when NP was co-transfected. Most
importantly, the pattern of phosphorylated P looked similar between P+NP and MuV-
infected samples.

MuV NP and PLK1 are both required for high levels of MuV P phosphorylation
To understand the mechanism of the enhanced phosphorylation of P by NP, it will

be important to identify the host kinase that phosphorylates P during viral infection. It has
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been shown that PLKL1 is responsible for the phosphorylation of P for the closely related
virus parainfluenza virus 5 (P1V5) [4]. PLK1 is a serine/threonine kinase that functions as
the critical regulator in progression through mitosis [17]. PLK1 contains a polo-box
domain (PBD) and a kinase activity domain. The PBD domain of PLK1 interacts with its
target through the consensus binding motif (S p(S/T) P), where the second amino acid
residue is phosphorylated for optimal binding [18]. Upon binding of PLK1 to its target
within the STP motif, PLK1 phosphorylates the target itself or a protein associated with
the target [19]. To determine if PLK1 was responsible for MuV P phosphorylation in
infected cells, we treated MuV-infected cells with a PLK1 inhibitor (Bl 2536) during
radioactive labeling. Treatment of infected cells with Bl 2536 resulted in an 80%
reduction in P phosphorylation (Fig. 4.2A and 4.2B). The Py band (the major
phosphorylated P species) was no longer visible in the Bl 2536-treated sample. These
results suggest that PLK1 phosphorylates P in infected cells.

To determine the role of PLK1 in phosphorylation of P in transfected cells,
plasmids encoding P, NP and Flag-PLK1 were transfected in different combinations (Fig.
4.3A). As seen previously, the addition of NP resulted in greater P phosphorylation.
There was also an increase in P phosphorylation when P and PLK1 were co-expressed.
When all three plasmids were transfected together, there was a large increase in the
amount of P phosphorylation and a shift to a dominant P11 band. The increase was greater
than the additive effect when adding NP or PLK1 alone, suggesting that the coordination

of NP, P, and PLK1 results in synergistic enhancement of P phosphorylation.
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PLK1 Kkinase activity is required for increased phosphorylation of MuV P

To confirm that PLK1 kinase activity was required for phosphorylation of MuV
P, we used a plasmid encoding a PLK1 kinase deficient mutant (PLK1-K82M). The
PLK1 kinase deficient mutant has a point mutation in the ATP binding motif (K82M) and
lacks kinase activity [20]. We found that the enhanced phosphorylation phenotype and
dominant P17 band for the P+NP+PLK1 sample was absent when PLK1 was replaced
with the kinase deficient mutant (Fig. 4.3B). This suggests that PLK1 kinase activity is
required for enhanced P phosphorylation.

We confirmed that PLK1 activity is required for P phosphorylation by treating
transfected samples with Bl 2536 during radioactive labeling (Fig 4.3C). A band shift
from P17 to P2 was observed in the inhibitor-treated sample. This band shift was
consistent with a loss of phosphorylation observed in earlier experiments and suggests
that Bl 2536 prevents P phosphorylation during transfection. There was also an increase
in the amount of PLK1 that co-immunoprecipitated with P in the inhibitor-treated
samples. PLK1 may dissociate from the transient P-PLK1 complex following
phosphorylation, therefore inhibiting PLK1 activity may result in retention of the P-PLK1
interaction.

We also wanted to understand if the enhanced phosphorylation of P during co-
transfection with NP, but not PLK1, was dependent on endogenous PLK1activity. In
order to do this, cells were transfected with P or P+NP followed by treatment with Bl
2536 to inhibit endogenous PLK1 activity (Fig. 4.3D). We found that the enhance
phosphorylation of P seen in the presence of NP was abolished when PLK1 activity was

inhibited. The treated NP+P sample had phosphorylation at a similar level as P alone
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(Fig. 4.3E). This confirms that the enhanced phosphorylation phenotype seen with NP/P
co-transfection is PLK1 dependent.
Stability of MuV P in the presence of NP and PLK1

It is possible that NP increases stability of P, not phosphorylation of P. To
examine stability of P in the presence of NP, P was transfected with NP, PLK1 or both
NP and PLK1. After 18 hours post transfection (hpt), cells were pulsed with radioactive
isotope, and the amount of P was determined over time (Fig. 4.4A). The half-life of P in
transfected cells was determined for each condition (Fig. 4.4B). The half-life of P was
similar when NP and PLK1 were also transfected. There was a significant decrease in the
half-life of P when PLK1 was present (P=0.031). These results suggest increased
phosphorylation of P in the presence of NP or PLK1 was not due to protein stability.
Although there was no difference between half-lives of the total amount of P, the P1t
band appeared to be more stable than the P2 band when P, NP, and PLK1 were co-
transfected (Fig. 4.4C).
PLK1 inhibits MuV viral protein production

To understand the role of P phosphorylation by PLK1 in the MuV life cycle, we
assessed the role of PLK1 inhibition using recombinant MuV expressing Renilla
luciferase (rMuV-Rluc) [21]. When Vero cells infected (MOI1=0.01) with rMuV-Rluc
were treated with Bl 2536, there was an increase in reporter expression (Fig. 4.5A).
Similar increases were observed in HeLa cells and with a high MOI (data not shown).
Viral protein levels were also increased after treatment with Bl 2536, corroborating the

results observed using the Renilla reporter (Fig. 4.5B).
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To determine if treatment with PLK1 inhibitor had a direct effect on viral RNA
synthesis, we examined the effects of the inhibitor on the MuV mini-genome system.
BSR-T7 cells were transfected with plasmids required for optimal mini-genome activity
followed by treatment with Bl 2536. After 48 hpt, mini-genome activity was measured
(Fig. 4.5C). There was an increase in mini-genome activity at all concentrations of Bl
2536 > 50nM. This result suggests that phosphorylation of P by PLK1 decreases MuV
transcription and replication.

To determine if overexpression of PLK1 would have the converse effect, PLK1 or
PLK1-K82M were transfected along with the mini-genome components. The addition of
PLK1 resulted in a decrease in mini-genome activity in a dose dependent manner, while
there was no significant difference in the mini-genome activity when the kinase deficient
PLK1-K82M plasmid was added (Fig. 4.5D). This result confirms the role of PLK1 as a
negative regulator of MuV transcription and replication.

Determining the critical residues in MuV P required for phosphorylation by PLK1

PLKZ1 has been shown to interact with its target through a highly conserved
binding site motif (S-pS/pT-P), where the second amino acid residue, Sor T, is
phosphorylated for optimal binding and subsequent kinase activity [18,22]. MuV P
contains two possible PLK1 binding sites: residues 146-148 (STP) and 203-205 (STP).
The second residue of each binding motif was mutated to alanine (A) to produce plasmids
encoding P-T147A and P-T204A, as well as a double mutant P-T147A/T204A. The P
mutants were co-transfected with NP and PLK1 to determine if there was still enhanced
phosphorylation of P, characterized by the presence of a strong P11 band (Fig. 4.6). Cells

transfected with NP, PLK1 and P showed the characteristic P11 band, as did the P-T204A
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mutant. When NP and PLK1 were co-transfected with P-T147A or P-T147A/T204A, the
P11 band was lost. When BI 2536 was included during labeling, P17 was lost for all
treated samples. As seen previously (Fig. 4.3C), a greater amount of PLK1 co-
immunoprecipitated with P when treated with BI 2536. The amount of PLK1 co-
immunoprecipitated was reduced for both mutants containing the T147A mutation. This
data shows that PLK1 binding and subsequent phosphorylation of P is dependent on the
motif at positions 146-148.

To determine the sites in P that are phosphorylated by PLK1 after PLK1 binding,
a library containing the entire serine or threonine residues of P mutated to alanine was
screened. Each P mutant was transfected with NP and PLK1, and P phosphorylation was
determined based on the presence of the P11 band (Fig. 4.7A). There were three mutants
that had decreased P11 band intensity: P-T147A, P-T145A/S146A/T150A, and P-
T292A/S294A. To determine critical residues, the two clusters were separated into single
site mutants and tested (Fig. 4.7B). As expected, P-T147A had decreased
phosphorylation. While P-S292A/S294A had a very low level of phosphorylation, the
individual mutations had little difference in phosphorylation. It is likely that these
residues are a target for PLK1 phosphorylation and that both residues are compensating
each other. The P-T145A/S146A/T150A mutant also had decreased phosphorylation.
When split into individual mutations, P-T145A and P-T150A both had low levels of
phosphorylation, while P-S146A was similar to wild-type P. Since these sites are close to
the PLK1 binding site, it is possible that mutating these sites disrupted the PLK1 binding
site. Changes around this site may modify a kinase target domain that is required for

phosphorylation at position T147, which is required for efficient PLK1 binding.
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We also wanted to determine if the T147 and S292/S294 sites were important for
phosphorylation of P in the presence of NP without the addition of exogenous PLK1. In
order to determine this, cells were transfected with P, P-T147A, or P-S292A/S294A with
or without the addition of NP. We found, as before, that there was enhanced
phosphorylation of P in the presence of NP, but that there was little to no increase in
phosphorylation of either mutant in the presence of NP (Fig. 4.7C and 4.7D). This
suggests that the enhanced phosphorylation of P in the presence of NP is disrupted by
mutating the PLK1 binding motif at position T147 or the target motif at position
S292/S294.

Determining the effects of point mutations in P of rMuV

To determine the effects of the mutations at the PLK1 binding site (P-T147A) and
the target site (P-S292A/S294A), viruses were rescued (rMuV-P-T147A, rMuV-P-
S292A/S294A, and rMuV-P-T147A/S292A/S294A). Following rescue, Vero cells were
infected and P phosphorylation was determined (Fig. 4.8A). Relative P phosphorylation
was decreased by approximately 60% for the mutants containing the T147A mutation
(Fig. 4.8B). While total phosphorylated levels of rMuV-P-S292A/S294A were similar to
wild-type MuV, the slower moving phosphorylated P was no longer detected.

Growth of rMuV P mutants in cell culture

To determine the effects of these mutations on viral growth, single-step growth
curves were performed in Vero cells. Viral titers were determined up to 72 hours post-
infection (hpi) (Fig. 4.9A). Each of the P mutations had a significant effect on the growth
kinetics of MuV (Fig. 4.9B). rMuV-P-T147A and rMuV-P-T147A/S292A/S294A had

increased titers at multiple time points. Mutations that decreased phosphorylation in the
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transfection experiments had a positive effect on viral growth, thus this data suggests that
P phosphorylation by PLK1 has a negative effect on viral growth.
The role of NP and PLK1 in the phosphorylation of P for related viruses

Since NP played an important role in the phosphorylation of MuV P, we thought
that it may also play a role in related viruses. We tested this hypothesis for PIV5, J
paramyxovirus (JPV), and respiratory syncytial virus (RSV). For each virus, the effects
of NP and PLK1 on P phosphorylation were assessed. PIV5 had a similar phenotype to
MuV, with P phosphorylation greatly increasing with the addition of both NP and PLK1
(Fig. 4.10A). The phosphorylation of JPV P was dependent on the presence of NP, but it
was not dependent on PLK1 (Fig. 4.10B). For JPV, there was little or no P
phosphorylation when NP was not present. For RSV (Fig. 4.10C), P was highly
phosphorylated when transfected alone and NP or PLK1 had no effect. These results
suggest that NP plays a role in the phosphorylation and function of the P protein in
viruses other than MuV.

Discussion

In a previous publication, we observed that the banding pattern and the
phosphorylation of MuV P differed in MuV-infected cells compared with transfected
cells expressing MuV P alone [7]. We suspected that there were other viral proteins
playing a role in the phosphorylation of P. Previous research on the closely related virus
PIV5 shows that phosphorylation of PIV5 P is dependent on AKT1 and PIV5 L protein
[15,23]. However, phosphorylation of P was not shown to be directly dependent on
interaction with L. In our current study, we showed an increase in phosphorylation of P

when NP and PLK1 were co-transfected with P for both MuV and PIV5. The degree of
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phosphorylation and the banding pattern of P in co-transfected samples were similar in
infected cells in contrast to when P was transfected alone. It is important to consider that
there may be important interactions that are excluded in the simplified system when a
single viral protein is expressed.

The major role of the NP-P interaction is to enable the VRARP to dock the
replication complex onto RNA encapsidated by NP. NP structure, solubility, and RNA
binding, are all affected by NP interaction with P. Specifically, P keeps nascent NP
soluble until it is ready to bind viral RNA genome [24-26]. Thus, P is thought of as a
regulator of NP function. In this work, we have shown that NP can regulated P structure
and function. MuV NP is required for enhanced and appropriate phosphorylation of MuV
P. This work suggests that NP regulates the phosphorylation status of P, which in turn
regulates the functions of P, since the phosphorylation state of P has a clear effect on the
transcriptional and replicative activity of the MuV vRdRp complex in both the mini-
genome system and during viral infection. The ratio of NP to P has been shown to be
important for activity in the MuV minigenome assay [7, 18]. It is possible that increasing
the amount of NP could decrease activity through affecting the phosphorylation status of
P, which may explain the drop in activity when an excess of NP is transfected. The
discovery that NP plays a role in determining the phosphorylation state of P adds
complexity to the NP-P interaction.

We examined the mechanism behind the enhanced and appropriate
phosphorylation phenotype, by determining the role that PLK1 plays in P
phosphorylation and virus growth. It’s know that PIV5 P is phosphorylated by PLK1 and

that this phosphorylation down-regulates gene expression [4]. The same phenotype was
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observed in our experiments with MuV. When we inhibited phosphorylation of MuV P
by PLK1, we saw an increase in gene expression, protein production, and viral growth.
Inhibition of PLK1 kinase activity using Bl 2536 increased reporter readout during
infection and in the mini-genome system. Over-expression of the kinase deficient mutant
of PLK1 (K82M) did not inhibit mini-genome activity, while wild-type PLK1 did.
Together, this data shows that PLK1 is a negative regulator of viral RNA synthesis of
MuV through its binding and phosphorylation of the P protein.

The discovery that NP enhanced P phosphorylation and induced the P2 to P11
band shift was instrumental in identifying PLK1 phosphorylation sites on P. We used this
band shift to find mutations in P that reduced phosphorylation. We found the PLK1
binding site in P was at 146-S(pT)P-148 and the target site was at residues S292 and
S294. Mutating these sites resulted in increased viral growth, as expected. Our finding
that rMuV-P-T147A has enhanced growth illustrates the limitations of the mini-genome
system. When a P containing the T147A or S292A/S294A mutations were tested in the
MuV mini-genome system, the activity was comparable to wild-type P [7]. The mini-
genome system is critical for determining the roles of viral proteins in viral RNA
synthesis if rescuing virus is not feasible, but there may be additional roles for P that
cannot be assessed in this system.

In this work, we demonstrated NP plays a role in P phosphorylation for other
paramyxoviruses. PIV5 shows a similar phenotype to MuV, with NP and PLK1
increasing phosphorylation of P and producing a slower migrating P band. We found that
JPV, a currently unclassified paramyxovirus, required NP for enhanced P

phosphorylation, but did not require PLK1. JPV P does not possess the PLK1 binding
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motif found in MuV and PIV5 P, so this result is not surprising. RSV had highly
phosphorylated P proteins, even when transfected alone, suggesting that the requirement
for NP varies between viruses.
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Figure 4.1. Banding pattern of phosphorylated MuV P in transfected and infected cells.
(A) P phosphorylation in P-transfected cells. HeLa cells were transfected with empty
vector or P or infected with MuV and radioactively labeled with [3*S]Met or
[*®P]phosphate. The cells were lysed and immunoprecipitated with monoclonal anti-
MuV-P antibody. The immunoprecipitated products were resolved by SDS-PAGE. The

major (infection-Py, transfection-P1t) and minor (P2) phosphorylated products are
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defined. (B) P phosphorylation in minigenome-component-transfected HEK293T cells
were transfected with P, NP, L, and MG-RLuc (MG) in various combinations and
radioactively labeled with 33S or 33P. The cells were lysed, immunoprecipitated with anti-

MuV-P, and resolved by SDS-PAGE.
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Figure 4.2. Effects of Bl 2536 on P phosphorylation. (A) Effects of PLK1 inhibitor on P
phosphorylation. Vero cells were mock infected or infected with MuV. At 18 hpi, the
cells were radioactively labeled with 3°S or 33P in the presence of 1 uM BI 2536. The
cells were lysed and immunoprecipitated with anti-MuV-P. (B) Quantification of effects
of Bl 2536 on P phosphorylation. The relative level of P phosphorylation was calculated
as the ratio of phosphorylated protein (**P-labeled P) to total protein (**S-labeled P) and
standardized to that of MuV-infected without inhibitor. P value was calculated using
Student’s t test. Error bars represent the standard error of the mean (SEM) of 3 individual

experiments.
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Figure 4.3. PLK1 phosphorylates P. (A) PLK1 enhances P phosphorylation. HEK293T
cells were transfected with P, NP and Flag-PLK1 in various combinations and
radioactively labeled with 35S or 33P. The cells were lysed and split into fractions for
immunoprecipitation with monoclonal anti-MuV-P, monoclonal anti-MuV-NP, or
monoclonal anti-Flag antibodies. The immunoprecipitated products were resolved by
SDS-PAGE. (B) PLK1 kinase activity required for P phosphorylation. HEK293T cells
were transfected with P, NP, Flag-PLK1, and Flag-PLK1(K82M) in various
combinations and radioactively labeled with 33S or *3P. The cells were lysed and
immunoprecipitated with anti-MuV-P. (C) PLK1 inhibitor prevents P phosphorylation in
transfected cells. HEK293T cells were transfected with P, NP and Flag-PLK1 in various
combinations and radioactively labeled with *°S in the presence of 1 uM BI 2536. The
cells were lysed and immunoprecipitated with anti-MuV-P. (D) PLK1 inhibitor prevents
P phosphorylation by endogenous PLK1 in the presence of NP. HEK293T cells were
transfected with P or P+NP. Cells were labeled with %S or **P with or without BI 2536.
The cells were lysed and immunoprecipitated with anti-MuV-P. (E) Quantification of P
phosphorylation by endogenous PLK1. The phosphorylation of P was determined for
each of the samples by finding the ratio of 33P to *S. Significance was determined using

the Holm-Sidak method with alpha = 5%.
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Figure 4.4. Pulse-chase analysis of P stability in the presence of NP and PLK1. (A)
Stability of P in the presence of NP and PLK1. HEK293T cells were transfected with P,

NP and Flag-PLK1 in various combinations. Cells were pulsed with **S for 30 min
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followed by chase incubations in culture media. At 0, 4, 8, and 12 hours post chase (hpc),
cells were lysed and immunoprecipitated with anti-MuV-P and resolved by SDS-PAGE.
(B and C) Quantification of P half-life. The relative level of P was measured and
standardized to that of 0 hpc for each group. The half-life of P was calculated for total P
(B) or Piror P2 (C) based on exponential trend lines for four individual experiments. P

values were calculated using Student’s t test.
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Figure 4.5. PLK1 inhibits viral protein production. (A and B) Effect of Bl 2536 on

recombinant MuV expressing Renilla luciferase (rMuV-Rluc). (A) Vero cells in 96-well
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plates were infected with rMuV-Rluc at an MOI of 0.01 and incubated with Bl 2536 at
various concentrations. Renilla luciferase activity was measured at 24 hpi. Error bars
represent the SEM of data from 4 replicates. (B) Immunoblotting of cell lysates was
performed to detect the expression levels of P. (C) Effect of Bl 2536 on MuV mini-
genome activity. BSR-T7 cells in 24-well plates were transfected with P (80ng), NP (25
ng), L (500 ng), pMG-RLuc (100 ng), pFF-Luc (1 ng), and incubated with Bl 2636 at
various concentrations. Activity was measured at 48 hpt as described in Materials and
Methods. Renilla luciferase was the reporter gene in the mini-genome and Firefly
luciferase expression was used as a transfection control. The mini-genome activity was
measured and normalized as the ratio of Renilla luciferase activity to firefly luciferase
activity (relative luciferase activity). Immunoblotting of mini-genome cell lysates was
performed to detect the expression levels of NP. (D) Effect of PLK1 and PLK1 (K82M)
overexpression on mini-genome activity. BSR-T7 cells were transfected as described in
(C) along with various amounts of Flag-PLK1 or Flag-PLK1 (K82M) (0, 16, 32, or 64
ng). Activity was measured at 48 hpt as described in Materials and Methods. P values
were calculated using Student’s t test. Error bars represent the SEM of data from six
replicates. Immunoblotting of mini-genome cell lysates was performed to detect the

expression levels of PLK1 and PLK1 (K82M).
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Figure 4.6. Interaction between PLK1 and P at P146-148 binding motif. HEK293T cells
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and resolved by SDS-PAGE.
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Figure 4.7. PLK1 phosphorylation site in MuV P. (A) Identification of critical residues
for P phosphorylation by PLK1. HEK293T cells were transfected with P, P mutants, NP
and Flag-PLK1 and radioactively labeled with 3°S. The cells were lysed and
immunoprecipitated with anti-MuV-P. (B) Quantification of P phosphorylation. The
relative level of P phosphorylation was calculated as the ratio of phosphorylated protein
(P17) to total protein (P11+P2) and standardized to that of wild-type P-transfected with
PLK1 and NP. (C) Phosphorylation of P mutants by endogenous PLKL1 in the presence of
NP. HEK293T cells were transfected with P, P-T147A, or P-S292A/S294A with or
without NP and radioactively labeled with *S or 33P. The cells were lysed and
immunoprecipitated with anti-MuV-P. (D) Quantification of P mutant phosphorylation by
endogenous PLK1. The fold change in P phosphorylation with the addition of NP was
calculated for wild-type P and each of the P mutants. Significance was determined using

the Holm-Sidak method with alpha = 5%.
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Figure 4.8. P phosphorylation in recombinant viruses. (A) P phosphorylation in infected
cells. Vero cells were mock infected or infected with MuV, rMuV-P-T147A, rMuV-P-
S292A/S294A, or rIMuV-P-T147A/S292A/S294A at an MOI of 0.1 and radioactively
labeled with %S or 33P. The cells were lysed and immunoprecipitated with anti-MuV-P.
(B) Quantification of P phosphorylation. The relative level of P phosphorylation was
calculated as the ratio of phosphorylated protein (33P-labeled P) to total protein (**S-
labeled P) and standardized to that of MuV-infected. P values were calculated using
Student’s t test. Error bars represent the standard error of the mean (SEM) of 4 individual

experiments. *P < 0.01.
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Figure 4.9. Growth kinetics of MuV mutants. (A) Single-step growth curve of
recombinant viruses. In each experiment, cells were infected with MuV, rMuV-P-T147A,
rMuV-P-S292A/S294A, or rMuV-P-T147A/S292A/S294A at an MOI of 3. Media was

collected at various time points. The titer of virus in the media was determined by plaque
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assay using Vero cells. (B) Each mutant virus was compared to wild-type MuV and
statistical significance was determined using the Holm-Sidak method with alpha = 5%.

The P values are provided with significant values in bold
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Figure 4.10. Effects of NP and PLK1 on phosphorylation of P in related viruses. P
phosphorylation was assessed in transfected cells for PIV5 (A), JPV (B), and RSV (C).
Plasmid encoding P of each virus was transfected along with various combinations of NP,

PLK1, and PLK1 (K82M) and radioactively labeled with 35S or 33P. The cells were
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lysed and immunoprecipitated with viral specific anti-P antibodies to determine

phosphorylation of P for each transfection condition.
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CHAPTER 5
IMMUNOGENICITY OF MUMPS VIRUS VACCINES MATCHING CIRCULATING

GENOTYPES IN THE UNITED STATES AND CHINAS®

Zengel J., Phan S.1., Pickar A., Xu P., He B. Vaccine. 2017 Jul 13;35(32):3988-3994.
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Abstract

Mumps virus (MuV) causes acute infection in humans with characteristic swelling
of the parotid gland. While vaccination has greatly reduced the incidence of MuV
infection, there have been multiple large outbreaks of mumps virus (MuV) in highly
vaccinated populations. The most common vaccine strain, Jeryl Lynn, belongs to
genotype A, which is no longer a circulating genotype. We have developed two vaccine
candidates that match the circulating genotypes in the United States (genotype G) and
China (genotype F). We found that there was a significant decrease in the ability of the
Jeryl Lynn vaccine to produce a neutralizing antibody response to non-matched viruses,
when compared to either of our vaccine candidates. Our data suggests that an updated

vaccine may allow for better immunity against the circulating MuV genotypes G and F.
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Importance
In the past decade, there have been multiple large outbreaks of MuV in highly
vaccinated populations. One factor contributing to these outbreaks may be antigenic drift
in the circulating strains compared to the vaccine strain. In this work, we show that
viruses from two circulating genotypes, G and F, are antigenically different than the
genotype A vaccine strain. Using this information, we can produce a vaccine that is more
antigenically similar to the circulating viruses, which may confer a better immune

response.
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Introduction

MuV is an enveloped, non-segmented, negative-sense RNA virus in family
Paramyxoviridae and genus Rubulavirus. MuV is present in the saliva of infected
patients [27] and can be transmitted between individuals through the upper respiratory
tract or conjunctiva by droplet transmission. The characteristic symptom of mumps
infection is the swelling of the parotid gland [55,56]. Although mumps is classically
considered a disease of children, there are also many cases of infections in postpubertal
individuals, causing orchitis occurs in many males [61,62]. Oophoritis and mastitis are
less common, but can occur in postpubertal females [63,64]. Although sterility due to
orchitis is considered rare [67], there are many cases of sterility or decreased sperm count
described [68] and the cause of sterility is being investigated [69].

There is currently no effective treatment of mumps, with administration of
mumps-specific immunoglobulins having limited success [70]. The best way to prevent
mumps disease is to use a vaccine. The current mumps vaccines are live attenuated
viruses. The most common vaccine worldwide is Jeryl Lynn. The vaccine was
developed over 50 years ago by serially passaging virus isolated from a patient in hen’s
eggs and chick embryo cell culture [71]. There have been other vaccines produced by
similar methods, including Leningrad-3 [72] and later L-Zagreb [73] in the former Soviet
Union, Rubini in much of Europe [74], and Urabe in Japan, Europe, and Canada [75].
The use of many of these vaccines was halted or scaled back due to issues with aseptic

meningitis after vaccination or a lack of vaccine efficacy [74,76-78,80].
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Although the MuV have been very effective in decreasing the total number of
mumps cases in vaccinated populations, there continues to be cases in these highly-
vaccinated populations. The United States Department of Health and Human Services
releases Healthy People objectives every ten years, looking forward at health goals in the
United States over the next ten years. In 2000, the United States Department of Health
and Human Services set a goal set to eliminate indigenous mumps cases by the year 2010
[81]. But, after numerous large outbreaks in the United States, this goal has now be
updated to reduction of reported cases in the United States to under 500 per year [82]. In
North America and parts of Europe, the most common circulating MuVs are genotype G,
while the most common vaccine strain, Jeryl Lynn, is genotype A [84,85].

In Korea, where the Jeryl Lynn (genotype A) and Urabe AM9 (genotype B)
strains are used for vaccination, the most common circulating MuV are genotype H [86].
The genotype C virus circulating in India may not be neutralized effectively after
immunization with their L-Zagreb vaccine (genotype N) [87]. In China, there is still
circulating MuV in the population, even with widespread vaccination [88], most of which
appears to be of genotype F [89]. The vaccine used in China is Szg strain (genotype A),
which was derived from the Jeryl Lynn vaccine strain [66].

Previously in our lab, a MuV vaccine candidate based on a genotype G virus was
generated [9]. This vaccine was based on a clinical isolate from a large outbreak in lowa
in 2006. Attenuation was introduced by preventing the transcription of the V gene and
deleting the SH ORF. This vaccine was shown to be safe and effective in generating an
immune response in mice [9]. In this work, we further characterize this vaccine, as well

as produce and test a chimeric vaccine to match the genotype F viruses circulating in
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China. The immunogenicity and antigenicity were assessed among the Jeryl Lynn
vaccine and our genotype G and F vaccines.
Materials and Methods

Phylogenetics

All available full length genome sequences were obtained from the Virus
Pathogen Resource [169]. Of these, a representative set was selected by removing
sequences isolated during the same outbreak or duplicate vaccine strains. Using MEGA
7 [170], the Maximum Likelyhood method based on the JTT matrix-based model [171]
was used to generate trees for the F and HN protein sequences. The trees were drawn to
scale with the branch lengths measured in the number of substitutions per site.
Plasmids and Cells

All plasmids were constructed using standard molecular cloning techniques.
Plasmid sequences were based on the sequence of a mumps virus isolated during an
outbreak in lowa from 2006 (GenBank: JN012242.1). MuV NP, P, and L were
previously cloned into the pPCAGGS expression vector (24, 25). The plasmid encoding
the MuV(AVASH) virus sequence was previously generated [9]. The MuV(AVASH,
gen-F) rescue plasmid was generated by replacing the F and HN ORFs with the sequence
from PZHO0804 genotype F strain. The DNA for PZH0804 replacement was generated by
gene synthesis (GenScript), and inserted into the genome using standard cloning
techniques. Plasmids and sequences are available upon request.

BSR-T7 cells were maintained in DMEM supplemented with 10% FBS, 1% P/S,
10% tryptose phosphate broth (TPB), and 400 pug/ml G418 to maintain T7 RNA

polymerase (RNAP) expression. Vero cells were maintained in DMEM with 10% FBS
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and 1% P/S. All cells were cultured at 37°C and 5% CO,. Cells were passaged the day
before to achieve about 85-95% confluence for infection and 60-80% confluence for
transfection.
Virus Rescue and Sequencing

BSR-T7 cells (1 day, 60-80% confluent, 6-well plate) were transfected with
pCAGGS-NP (100 ng), pPCAGGS-P (160 ng), pPCAGGS-L (2000 ng), and full-length
genome (2500 ng) using JetPRIME (Polyplus, Illkirch, France). After 48-72hr,
transfected BSR-T7 cells were trypsinized and co-cultured with Vero cells at a ratio of
1:5in a 10-cm dish. When CPE was observed (2-7 days), the media was collected and a
plaque assay was performed using Vero cells. Single plaques were isolated 6-7 days later
and cultured in fresh Vero cells in 6-well plates to produce passage 1 (P1). After titer
determination, P1 was passaged again in T75 or T150 flasks at an MOI of 0.01 to
produce P2. After 72hrs, virus was collected, BSA was added to 1% final concentration,
and aliquots were stored at -80°C. Titer was determined by plaque assay. Viral RNA
was isolated using QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA) followed by
synthesis of DNA templates using SuperScript 111 One-Step RT-PCR System with
Platinum Tag (Life Technologies, Grand Island, NY) and 5 sets of primers were used to
amplify the entire genome. Fragments were sent to Genewiz (South Plainfield, NJ) for
sequencing using 8 primers per fragment. Virus was confirmed to match plasmid
sequence. Primer sequences are available upon request.
Viruses

The genotype G vaccine is based on a strain isolated from a patient during the

2006 outbreak in lowa. This virus was attenuated through insertion of two nucleotides in
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the RNA editing region of P/V to prevent V expression and deletion of the SH ORF, as
previously described [9]. The Jeryl Lynn vaccine strain was isolated from the measles,
mumps, and rubella vaccine, as previously described [9]. The genotype F vaccine was
generated by rescuing an lowa/06(AVASH) virus that has the F and HN ORFs replaced
with that of PZHO0804.
Western Blotting

To measure total protein, cells were infected at an MOI of 0.1. After 48 hours,
cells were lysed with 2x Laemmli Sample Buffer (Bio-Rad), and heated at 95°C for 5
min. Samples were then resolved on a 10% acrylamide gel by SDS-PAGE and
transferred to Amersham Hybond LFP PVDF membranes (GE Healthcare Life Sciences).
Immunoblotting was performed by incubating the membranes with anti-NP and anti-P or
anti-F mAbs generated in our lab and mouse anti-actin (Sigma) in 5% milk+PBS+0.1%
Tween 20 (PBST) overnight at 4°C, followed by three washes with PBST, followed by
incubation with Cy3-conjugated goat anti-mouse 1gG diluted 1:2500 (Jackson
ImmunoResearch,West Grove, PA) in 5% milk+PBST for 1hr at room temperature.
After the incubation, the membrane was washed four times with PBST and dried. The
blot was visualized on the Typhoon FLA 7000 (GE Healthcare Life Sciences) and the
densitometry analysis was performed using ImageQuant TL software (GE Healthcare).
Growth Curves

Vero cells in 6-well plates were infected with MuV at an MOI of 0.01 in 1 ml of
DMEM+2% FBS+1% P/S for 1 hr in triplicate. Cells were washed with PBS and 2 ml of
DMEM+2% FBS+1% P/S was added to the cells. Samples were collected at 24, 48, 72,

and 96 hours post-infection (hpi). All samples were supplemented with 1% BSA after
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collection and stored at -80°C. Virus titers were determined by plaque assay on Vero
cells. Results were confirmed in a second experiment. Significance was determined by
two-way ANOVA using the Holm-Sidak method to correct for multiple comparisons.
Cell-cell fusion assay

Vero cells (24-well plate, 70% confluent) were transfected with plasmids
encoding F and HN from either lowa/06 or PZH0804, along with a plasmid encoding
firefly luciferase under a T7 promoter and a plasmid encoding Renilla luciferase as a
transfection control. A second set of Vero cells (10 cm dish, 70% confluent) was
transfected with a plasmid encoding the T7 polymerase. After 24 hours, the T7-
transfected cells were trypsinized and overlaid onto the 24-well plate. After an additional
24 hours, cells were lysed and a dual luciferase assay was performed according to the
manufacturer’s instructions (Lonza). The fusion activity was determined by dividing the
firefly luciferase activity by the Renilla luciferase activity.
Mouse Experiments

6-8 week old BALB/c mice were used for all experiments. Mice were infected
intranasally (i.n.) with 10° PFU of each vaccine candidate in 100ul of virus in PBS or
sham immunized with PBS only. At day 21 post vaccination, mice were boosted in the
same manner. At day 14 post-boost (day 35), mice were humanely euthanized, blood
was collected to assess MuV-specific ELISA titers and neutralization titers, and
splenocytes were isolated to determine MuV-specific cell-mediated immune responses.
All animal studies were conducted under guidelines approved by the Institutional Animal

Care and Use Committee (IACUC) of the University of Georgia.
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ELISA

To generate antigen for ELISA, Vero cells were infected with each of the vaccine
viruses or mock infected with PBS. After 48 hours, cells were washed twice with PBS
and scraped off. The cells were resuspended in PBS followed by three freeze and thaw
cycles at -80°C and 37°C, respectively, to lyse the cells. This was followed by sonication
to disrupt the cell membrane and release viral antigen into solution. Protein amounts
were standardized to the amount of F protein in each preparation. Immunlon high
binding polystyrene plates (Thermo Scientific) were coated overnight at 4°C with MuV
genotype A, G, and F or Vero cell lysate. The next day, plates were washed and blocked
with 300 pl of diluent/blocking solution (KPL) with 5% nonfat milk for 1 hour at room
temperature. Serum was diluted in KPL diluent/blocking solution and added to each
plate. Secondary antibody incubation was performed using a goat anti-mouse HRP
antibody (SouthernBiotech) diluted in KPL buffer at 1:1000. Plates were developed with
SureBlue Reserve TMB substrate (KPL). Absorbance was determined using the BioTek
Epoch reader, and dilution cutoffs were determined based on the 0.5 absorbance.
Interferon-gamma ELISpot

ELISpot was performed using the Mouse IFN-gamma BD ELISpot Set using the
manufacturer’s protocol. In short, plates were coated with IFN-gamma-specific capture
antibody overnight at 4°C. The next day, the plates were blocked with RPMI containing
10% FBS and 1% Penicillin-Streptomycin-L-Glutamine. Spleens were removed from
mice and cells were isolated through mechanical disruption followed by red blood cell
lysis using ACK lysis buffer. Cells were resuspended in RPMI containing 10% FBS and

1% Penicillin-Streptomycin-L-Glutamine to a concentration of 250,000 cells per 100 pl.
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Cells were added to the blocked ELISpot plate in triplicate for each condition. Cell were
stimulated with the same Vero cell lysates used for the ELISA, as well as with
PMA/ionomycin and media only controls for 48 hours at 37°C in a 5% CO- incubator.
Plates were developed using an anti-IFN-gamma antibody conjugated to biotin, followed
by incubation with Streptavidin-HRP. This was followed by incubation with AEC from
the AEC substrate set (BD). Spots were visualized using the Cellular Technology Ltd.
IMMUNOSPOT reader.
Plaque Reduction Neutralization Assay

Heat-inactivated serum was diluted in DMEM between 1:20 and 1:640 in 2-fold
increments. 50ul of diluted serum was incubated with 80 PFU of virus in 50 pl of
DMEM for 1 hour at 37°C. After incubation, the mixture was added to 1 ml of DMEM +
2% FBS + Penicillin/Streptomycin and added to confluent Vero cells in a 6-well plate.
Cells were incubated at 37°C for 1 hr with rocking every 15 minutes. After this, media
was removed and a solid overlay was added containing DMEM+ 2% FBS +
Penicillin/Streptomycin + 1% Low-melt agarose. The number of plaques was determined
at 6-7 days post infection. The plaque reduction titer was determined based on the
dilution of serum that was able to reduce the number of plaque by one half.
Modeling of MuV F and HN

Models were generated with lowa/06 F and HN sequences using the SWISS-
MODEL Workspace [172]. The PIV5 crystal structures for F (4WSG) [125] and HN
(4JF7) [120] were used as the backbone for the models. Models were visualized using

PyMol Version 1.8.2.0 [173]. Each monomer was colored and sites that differed between
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Jeryl Lynn and both lowa/06 and PZH0804 were labeled and highlighted with magenta
spheres.

Results
Phylogenetic assessment of MuV isolates

To compare the genome sequences among virus isolates in different locations
over time, full length virus sequences were obtained from the Virus Pathogen Resource
[169]. There were 94 complete genomes available at the time of analysis. Sequences
isolated from the same outbreak or vaccine background were removed to avoid bias,
leaving 54 sequences for further analysis. Maximum Likelihood trees were generated for
F (Fig. 5.1A) and HN (Fig. 5.1B). We have selected three representative viruses to
represent these groups: Jeryl Lynn (A), PZH0804/China/2008 (F), and lowa/USA/2006
Q).

The similarity of the viruses chosen for the vaccine studies were assessed among
the open reading frame (ORF) and encoded protein sequences (Fig. 5.1C). We found that
lowa/06 and PZH0804 had the highest percentage similarity for both ORF and protein
sequences. Jeryl Lynn still a high degree of similarity for both the F and HN ORFs
(92.8-93.9%) and protein sequences (95.2-96.1%).

Construction of chimera virus

The genotype G vaccine was previously generated in our lab [9]. This vaccine is
a recombinant virus based on a virus isolated during a 2006 mumps outbreak at a college
in lowa. It was attenuated through the removal of the immunomodulatory proteins V and
SH, and will be referred to as MuV(AVASH). The genotype F vaccine was generated by

replacing F and HN ORFs in the genotype G vaccine with those of the
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PZH0804/China/2008 virus, which was isolated in Panzhihua in the Sichuan province of
China in 2008 [174]. We chose to replace F and HN because neutralizing antibodies
against the surface antigens of MuV are thought the be important for protection [175].
This chimeric virus will be referred to as MuV(AVASH, gen-F) (Fig. 5.2).
Rescue and characterization of vaccine viruses

Vaccine viruses were rescued using a MuV reverse genetics system previously
developed in our lab [49]. After rescue, a plague assay was performed and single plaques
were isolated. Larger stock viruses were grown from a single plaque isolate, and the
sequence was confirmed to match the expected sequence. The protein expression of wild-
type Towa/06, MuV(AVASH), and MuV(AVASH, gen-F) in Vero cells was determined
(Fig. 5.3A). Blotting for NP showed similar levels of expression, while there was
increased expression of P for both vaccine strains. The increased expression of P is likely
due to the lack of V transcription, as previously reported [44].

The expression of F was similar for all viruses, but there was an increase in fusion
of cells infected with MuV(AVASH, gen-F) (Fig. 5.3C). Larger syncytia can be seen 24
hours after infection with MuV(AVASH, gen-F), when compared to MuV(AVASH). By
48 hours post infection, most cells are fused when infected with MuV(AVASH, gen-F).
To determine if the F protein of PZH0804 caused this increase in fusion, we performed a
cell-cell fusion assay (Fig. 5.3D). We found that there was an increase in fusion when
the F protein of PZH0804 was co-transfected with either PZH0804 or lowa/06 HN,
suggesting that the increase in cell-cell fusion during viral infection is due to differences

in the F proteins.
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Antibody responses after MuV vaccination

To compare immunogenicity of the vaccine candidates, BALB/c mice were
immunized intranasally (i.n.) with 10° PFU of each vaccine candidate and boosted at 21
days post-vaccination. At day 14 post-boost (day 35), mice were euthanized, blood was
collected to assess MuV-specific ELISA titers and neutralization titers, and splenocytes
were isolated to determine MuV-specific cell-mediated immune responses.

To compare humoral immune responses, MuV-specific serum IgG titers were
measured. The average absorbance is reported for plates coated with antigen from Jeryl
Lynn (Fig. 5.4A), MuV(AVASH) (Fig. 5.4B), and MuV(AVASH, gen-F) (Fig. 5.4C).
The titer was determined using a cutoff absorbance of 0.5 for each sample, and reported
for Jeryl Lynn (Fig. 5.4D), MuV(AVASH) (Fig. 5.4E), and MuV(AVASH, gen-F) (Fig.
5.4F). The ELISA titer trended higher for the Jeryl Lynn in each case, but the only
significant difference was between Jeryl Lynn and MuV(AVASH) serum titers against
Jeryl Lynn (p=0.0016). The results from the ELISAs suggest that there are similar
amounts of antibody produced from vaccination with each of the vaccine candidates, and
that there is little difference in antibody specificity among the genotypes. This data is
consistent with the trend seen using a commercial ELISA kit coated with antigen
produced from the Enders strain of MuV, another genotype A virus (data not shown).

We next determined the cross neutralization between the different genotypes.
Mice immunized with Jeryl Lynn had neutralization titers against genotype A virus that
were significantly greater than those produced with either the lowa/06 or PZH0804
vaccines (Fig. 5.5A). Mice immunized with either MuV(AVASH) or MuV(AVASH, gen-

F) produced significantly higher neutralizing titers against genotype F virus than Jeryl
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Lynn (Fig. 5.5B). A significantly lower neutralizing titer produced in mice immunized
with Jeryl Lynn, while mice immunized with MuV(AVASH) or MuV(AVASH, gen-F)
produced similar neutralizing titers (Fig. 5.5C). This data shows that there is a difference
in the neutralizing antibodies between genotype A viruses and genotype F and G viruses.
Cellular immune response after MuV vaccination

Since cellular immunity may also be important in preventing disease caused by
MuV [176,177], we measured the cellular immune responses after vaccination. The
number of interferon-gamma (IFNy)-secreting cells in the spleen of vaccinated mice was
assessed at 14 days post-boost by ELISpot (Fig. 5.6). While we found that Jeryl Lynn
consistently produced more IFNy-secreting cells for each of the antigens, there was no
significant difference. This result suggests that there is no genotype-specific difference
in the cellular immune response between the vaccines.
Enhancing vaccine growth in cell culture

One of the drawbacks of the current vaccine candidate is the low titers that are
achieved when grown in cell culture. In order to try to increase the titer of the
MuV(AVASH) virus, we introduced an alanine substitution mutation at P(T147) in the
MuV(AVASH) rescue plasmid to rescue the virus MuV(AVASH, P-T147A). This
mutation was previously shown to increase the growth of wild-type MuV in vero cells
[178]. After the virus was rescued, the growth kinetics were determined in vero cells
(Fig. 5.7A). The virus had a peak titer that was about 10-fold higher than that of the
parent MuV(AVASH) vaccine candidate, but was still about 10-fold lower than that of

MuV (wt).
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The ability of the new virus to produce a similar immune response in mice was
also tested. Mice were immunized twice as in the previous experiments and serum was
collected 14 days after the boost. The ELISA titer of the serum generated in mice was
determined using a commercial MuV ELISA kit coated with antigen form the Enders
vaccine strain (genotype A) (Fig. 5.7B). There was no significant difference in titer
among the various vaccination groups. We also determined the neutralization titer using
a plaque reduction assay. The neutralization titer was determined against both genotype
G (Fig. 5.7C) and genotype A (Fig. 5.7D) viruses. There was no significant difference
between the neutralization of the genotype G virus for serum isolated form mice
immunized with either MuV(AVASH) or MuV(AVASH, P-T147A). There was a
significant decrease in the neutralizing titer of the genotype a virus for the mice
immunized with the MuV(AVASH, P-T147A) virus compared to those immunized with
MuV(AVASH). Overall, this shows that the mutation was able to increase vaccine yield
in cell culture and give similar immune responses against the circulating strain of MuV.

Discussion

The MuV vaccine was able to greatly reduce the number of mumps cases after its
introduction in the late 1960°s. There was a resurgence of mumps cases in the late
1980’s in the vaccinated population [179], which prompted the recommendation of a
second dose of the MMR vaccine [180]. Two doses of MMR reduced the number of
mumps cases to under 300 annually in the United States from 2001-2005 [181].
However, mumps outbreaks have occurred in the United States in the last decade,
including the large outbreak centered around a university in lowa, which had over 5,000

cases in 2006 [2,4,5,182]. Mumps outbreaks have also been reported in vaccinated

111



populations in Europe and Asia [85-88,183,184]. None of these outbreaks were
associated with the genotype A, which was the Jeryl Lynn vaccine genotype.

Both of our vaccine candidates could generate a robust immune response against
the circulating genotype G and F viruses. While Jeryl Lynn vaccination could generate a
good immune response against genotype A virus, there was a significant decrease in the
ability of serum from these mice to neutralize genotype G or F viruses. It is possible that
this decrease may contribute to some of the recent outbreaks. It has been shown that
there is variation in serum neutralizing antibodies among people over time
[86,91,184,185]. Poor immune responses or waning immunity may result in some
individuals dropping below a protective threshold. This may be exacerbated by a vaccine
that does not match the circulating strains.

Although there was a significant difference in neutralizing antibody titers between
Jeryl Lynn and the two vaccine candidates, vaccination with Jeryl Lynn produced higher
or similar serum ELISA titers and cellular immune responses. It is known that NP is an
immunodominant antigen during MuV infection [186,187]. Antibodies against NP may
mask a decrease in antibodies specific to F and HN. The lack of differences in the
cellular immune response may be due to NP or common T-cell epitopes in F and HN.
We do not currently know what the dominant T-cell epitopes are for MuV, but this data
would suggest they are shared between these viruses.

Our results also allow us to start exploring the reasons for the differences in the
neutralizing antibodies produced after vaccination. Since no antigenic difference
between the genotype G and F vaccine candidates was observed using the neutralization

assay, we propose that there is likely a common difference between the HN and/or F of
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these viruses and Jeryl Lynn that accounts for the difference in neutralization titers.
Using the structures of PIV5 F [125] and HN [120], we modeled the structure of MuV F
and HN (Fig. 5.8). We compared the common variation compared to sites that may be
targeted by neutralizing antibodies [115,188]. We found that 7 of these sites in HN
differed in lowa/06 and PZH0804 viruses compared to Jeryl Lynn. Two of the mutated
residues, 354 and 356, have been shown to escape neutralization by neutralizing
monoclonal antibodies [111]. The sites proposed to be important for F-specific
neutralizing antibodies did not differ, but all epitopes may not have been mapped [188].
We also found many differences in the F and HN interacting domains. Antibodies
recognizing this region may prevent F-HN interaction after receptor binding. Mutating
these residues and testing their antigenicity will help with determining what sites are
important for the differential neutralization between genotypes.

During these studies, we observed increased fusogenicity of the PZH0804 F
protein in both infected and transfected cells when compared to lowa/06 F. There is a
total of 17 differences between the F protein sequences. It is likely that the differences in
fusion are due to a difference at position 195. Previous research has shown that an
aromatic residue at this position reduces fusion in COS7 cells [127]. Another residue that
was known to effect fusogenicity in MuV at postion 383 was the same in both viruses
[126]. We also considered sites known to affect PIV5 fusion, but no differences were
found between PZH0804 and lowa/06 F proteins [189-191]. It appears that the change at
position 195 is responsible for the change in fusion.

One of the drawbacks of MuV(AVASH) that we tested previously and in this

paper is the low peak titers that are achieved in vero cells, which would likely be used for
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vaccine production in the future. In order to address this, we introduced a mutation into
the MuV(AVASH) backbone, which we previously identified to increase the peak titers
of MuV (wt) that was grown in vero cells [178]. The MuV(AVASH, P-T147A) virus was
rescued and shown to also have increase peak titers in cell culture with a 10-fold increase
in peak titer compared to MuV(AVASH), but with a peak titer still about 10-fold lower
than MuV/(wt). We believe that work is a good example of how basic research can be
used to enhance translational research. The information that we obtained when studying
the role of phosphorylation of the P proteins resulted in finding a residue that could be
mutated to increase the titer of or candidate vaccine virus.

Although there are changes in the genotype, MuV is still considered to have only
one serotype [192]. Previously, differences in neutralizing titer against a range of viruses
was examined after a second vaccination with Jeryl Lynn [91]. Six weeks post-
immunization, there was at least a 2-fold decrease in the titer when neutralizing genotype
G virus compared to neutralization of homologous virus, consistent with our results.
While the definitive role of antibody in protection has not been proven, it is possible that
the observed decrease is responsible for the increase in infections seen in the United
States over the past decade. Our lowa/06 based vaccine produced a good immune
response specific to both genotype F and G viruses. A vaccine matching the circulating

genotypes may better protect against MuV infection.
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Figure 5.1. Phylogenetic tree of mumps virus (MuV) fusion (F) and hemagglutinin (HN)
amino acid sequences from available full length sequences. Full length MuV sequences
were obtained from the Virus Pathogen Resource (viprbrc.org), and duplicate or highly
similar sequences were removed. The remaining sequences were used to compare the
protein sequences for F (A) and HN (B). We generated Maximum Likelihood trees using

a method based on the JTT matrix-based model [1]. The tree is drawn to scale, with
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branch lengths measured in the number of substitutions per site. Evolutionary analyses
were conducted in MEGAY7 [2]. Labels for the established MuV genotypes were added to
the right of the trees. The genotypes studied in the paper (A, F, and G) are highlighted.
(C) Comparison of F and HN gene and protein sequences for the vaccine viruses. The
number of matched nucleotides or amino acids in the coding sequence for F and HN was

determined for each of the vaccine viruses, and the % similarity was calculated.

S 5
MuV (L) N v M F SH HN L

3 o 5
MuV (dVdSH) N P, ™ F HN L

3 5
e T :

Genotype F F/HN)

lowa/06 Jeryl Lynn

Figure 5.2: Schematics of vaccines viruses. NP, nucleoprotein; V, V protein; P,
phosphoprotein; M, matrix protein; F, fusion protein; SH, small hydrophobic protein;
HN, hemagglutinin-neuraminidase protein; L, large protein/RNA-dependent polymerase.
Vaccine candidates are based on sequences for lowa/USA/2006 (genotype G), Jeryl Lynn
vaccine (genotype A), and PZH0804/China/2008 (genotype F). The lowa/USA/2006
vaccine candidate was generated by inserting two alanine residues in the RNA editing
site to prevent V transcription and by removing of the SH ORF. The Jeryl Lynn vaccine

strain was isolated from the measles, mumps, and rubella (MMR) vaccine.
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Figure 5.3: Characterization of vaccine viruses. (A) Expression of viral proteins. Vero
cells were infected at an MOI=0.1 for 48 hours with wild-type lowa/USA/2006, MuV
(AVASH), MuV (AVASH, gen-F), or mock infected. Cell lysates were analyzed by
Western blotting after SDS-PAGE using antibodies specific for MuV NP, P, or F. (B)
Vaccine virus growth in cell culture. Vero cells were infected with viruses at an MOI =
0.01. The titer of virus in the media was determined at 24, 48, 72, and 92 h.p.i. The
growth rate of each of the viruses was compared to the clinical isolate, lowa/06. The titer
of Jeryl Lynn was lower at 24, 72, and 96 hours post infection (h.p.i), but there was no
difference in the peak titer at 48 h.p.i. Both MuV(AVASH) and MuV(AVASH, gen-F)
had decreased titers at all time points, and had about a 20-fold decrease in peak titer at 48
hours post infection. (n is 3; 2-way ANOVA with Dunnett’s multiple-comparison test

comparing to lowa/06; *, P < 0.05).
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Figure 5.4: Cross-reactive antibody titers in mice after immunization. Serum was
collected from mice 14 days after boosting. Serum antibody titers were determined by
ELISA. Dilution curves were generated using serum from each of the vaccination groups
using plates coated with Jeryl Lynn (A), MuV (AVASH) (B), or MuV (AVASH, gen-F)
(C). Titers were determined by using the dilution at which the OD at 450nm was >0.5.
The mean titer and SEM are reported for each vaccination group for plate coated with
Jeryl Lynn (D), MuV (AVASH) (E), or MuV (AVASH, gen-F) (F). (n is 4-6; 1-way

ANOVA with Fisher’s LSD post hoc comparisons to homologous group; *, P<0.05)
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Figure 5.5: Cross-neutralization titers in mice after immunization. Serum was collected
from mice 14 days after boosting. A plaque reduction assay was used to determine the
neutralization titer for each vaccination group. The plaque reduction titer for each
vaccination group was determined using Jeryl Lynn (A), MuV (AVASH) (B), and MuV
(AVASH, gen-F) (C). The mean 50% plaque reduction titer and SEM are reported. (n is
4-6; 1-way ANOVA with Fisher’s LSD post hoc comparisons to homologous group; *,

P<0.05)
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Figure 5.6: Cellular immunity in mice after immunization. Spleens were removed from
mice and splenocytes were isolated 14 days after boosting. ELISpot was used to
determine the number of interferon-y secreting cells. Splenocytes were stimulated with
antigen from Jeryl Lynn, MuV (AVASH), or MuV (AVASH, gen-F). The mean and SEM
were reported for the number of interferon-y secreting cells per 10° splenocytes. (n is 4-6;
1-way ANOVA with Fisher’s LSD post hoc comparisons to homologous group; *,

P<0.05)
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Figure 5.7. Enhancing the yield of the genotype G vaccine candidate in cell culture. (A)
Vaccine virus growth in cell culture. Vero cells were infected with viruses at an MOI =
0.01. The titer of virus in the media was determined at 24, 48, 72, and 92 h.p.i. The
growth rate of the MuV(AVASH, P-T147A) was compared to MuV(AVASH) and
MuV(wt). The peak titer was found to be significantly higher for the MuV(AVASH, P-
T147A virus) compared to MuV(AVASH), but it was still significantly lower than
MuV(wt). (B) ELISA titer after two doses of vaccine. ELISA titers were determined
using a commercial kit coated with antigen from the Enders strain (genotype A). The
differences in ELISA titer were not significant different between the groups. (C, D)
Neutralization titer in mice after immunization. Serum was collected from mice 14 days

after boosting. A plaque reduction assay was used to determine the neutralization titer
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for each vaccination group. The plaque reduction titer for each group was determined
using MuV (AVASH) (C) or Jeryl Lynn (D). The neutralizing titers produced from
vaccination with the MuV (AVASH, P-T147A) vaccine candidate were no significantly
different from MuV (AVASH) against the homologous virus, but there was a decrease in

the neutralizing titer against the genotype A virus.
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Figure 5.8. Model of MuV F and HN protein structures. The MuV F (right) and HN
(left) were modeled based on the crystal structure of PIV5 F (3WSG) and HN (4JF7).
Residues that differ between Jeryl Lynn and both lowa/06 and PZH0804 were mapped
onto each structure and labeled with magenta spheres. Labels were added showing the

mutation from Jeryl Lynn to lowa/06 and PZH0804. There are multiple differences
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found in the F-HN interacting domain. There are also changes at residues 354 and 356

that are known to escape neutralization by some monoclonal antibodies.
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CHAPTER 6
CONCLUSIONS

The use of vaccination to prevent mumps has been a great success over the last 50
years. Before widespread vaccination in the late 1960’s, over 40% of the population
would have been infected by MuV by the age of 10 [193]. Those that did not get mumps
as children would often get infected when in the military , possibly due to living in close
quarters [194]. Since the introduction of the vaccine, there was a decrease of over 99% in
the incidence of mumps in the United States for many years. The availability of an
effective vaccine also decreased research interest. Priorities changed when there were
large outbreaks in both Europe and the United States, included cases of infection in fully
vaccinated individuals [2-4,6]. Because of these outbreaks, it has become clear that basic
research is required to better understand basic details of MuV infection, replication,
pathogenicity, and the correlates of vaccine protection. The goal of the research
comprising this thesis was to determine the role of phosphorylation in MuV infection and
replication. Previous work in our lab showed that the phosphorylation of P played an
important role in regulating viral RNA synthesis [8]. We hypothesized that the
transcription and replication of MuV is controlled by the phosphorylation of NP and the
NP-dependent phosphorylation of P. To address this hypothesis, we proposed the

following specific aims:
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Specific Aim 1: To determine the phosphorylated residues in MuV NP that are
critical for viral transcription and replication. The working hypothesis is that
phosphorylation of residues in MuV NP play a role in viral RNA transcription and
replication. To determine what residues were phosphorylated in MuV virus and MuV-
infected cells, we used various purification methods followed by mass spectrometry
along with in silico prediction. Although our original goal was to determine the role of
NP phosphorylation, we found several phosphorylation residues in MuV proteins
including the two major sites that were discussed in this both of work at position NP-
S439 and P-T147.

We confirmed using radioactive labeling that NP-S439 was the major
phosphorylation site in MuV NP. Preventing the phosphorylation of NP-S439 resulted in
an increase in RNA synthesis in both the minigenome system and in rescued virus. This
suggests that phosphorylation of this residue may play a role in regulating RNA
synthesis. We also found that the amount of NP associated with P was decreased cells
infected with MuV(NP-S439A), suggesting that this interaction may be phosphorylation
dependent. An interesting observation in viruses containing the NP-S439A mutation was
that there was a slight lag in virus replication at 6 hours post infection. We hypothesized
that this may be due to differences in the ratio of genomic RNA to mRNA and protein,
which may cause a decrease in the production of infections virus at very early time
points. This would explain why a mutation at this site does not naturally occur, since
early replication would be very important in an infected host.

The discovery of phosphorylation of MuV P at residues T147 allowed us to build

on previous research relating to the role of P in MuV RNA synthesis [8], as well how
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phosphorylation of P is related between various paramyxoviruses, including PIV5, where
phosphorylation of P on homologous residues was previously reported [152]. The overall
findings on the role of P phosphorylation were similar to those found with PIV5,
including the kinase involved. The major new finding that NP plays an important role in
the phosphorylation of P. We found that without NP, P phosphorylation was greatly
reduced for MuV, PIV5, and JPV. This demonstrates that context can be very important
for phosphorylation, which can inform future experiments with a goal of identifying
phosphorylated proteins.

Together these results suggest that phosphorylation is an important regulator of
RNA replication. The two phosphorylation events may also be related, since it was
shown that removal of the major phosphorylation site resulted in decreased P association.
This may result in a decrease in P phosphorylation. This is supported by our findings that
a decrease in phosphorylation through either the NP(S439A) or P(T147A) mutations
results in increased RNA synthesis. This new understanding of how phosphorylation
effects MuV growth may allow for the development of treatments for mumps or directed

mutagenesis to increase vaccine virus yield.

Specific Aim 2: To determine host factors that are involved in the
phosphorylation of MuV proteins. We hypothesized that we could use kinase motif
prediction algorithms and siRNA screening to determine which host kinases are
important for viral replication and transcription. In specific aim 1, we determined that
there were multiple instances when phosphorylation had a significant effect on MuV

replication and virion production. In this aim, we wanted to determine host proteins that
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were involved in these processes. This included host kinases that are responsible for the
phosphorylation of the MuV proteins or host proteins that have interactions that require a
certain phosphorylation state.

After determining that P was phosphorylated, we wanted to determine the kinase
that was responsible for this phosphorylation. The site that we confirmed by mass spec at
T147 cause this site to be an S/pT/P motif, which is known to be a PLK1 binding site
[162]. We went on to confirm that most the P phosphorylation was due to
phosphorylation of PLK1. This was done by showing that inhibitors of PLK1 greatly
reduced P phosphorylation in infected or transfected cells and that transfection of PLK1
increased P phosphorylation in transfected cells. It was found that preventing
phosphorylation by the host kinase PLK1 resulted in an increase in viral protein
production and growth. While we were originally hoping to find a kinase that has a
positive effect on viral growth, which would allow for the possible use of a kinase
inhibitor to help treat MuV infection, this new information may allow for increase yield
of vaccine viruses.

Combining the research of the first two aims allows us to propose a possible
mechanism for how NP, P, and PLK1 interact, and the phosphorylation that occurs (Fig.
6.1). In this model, we propose that P is first phosphorylated at T147 in the STP binding
motif by a yet unknown kinase. This allows for PLK1 binding, but not phosphorylation
at the secondary phosphorylation sites at S292 and S294. For phosphorylation at these
sites to occur, NP needs to bind P. Since we demonstrate that NP-P interaction is
impacted by NP phosphorylation, it is possible that phosphorylation at S439 will also

result in increased NP-P association, and therefore increase P phosphorylation.
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Phosphorylation of both NP and P has a negative impact on RNA synthesis, although

there are likely other roles for phosphorylation that have yet to be assessed.

Specific Aim 3: To improve the lead MuV vaccine candidate previously
developed in our lab using directed mutagenesis of the MuV genome based on the finding
from Specific Aims 1 and 2. The working hypothesis is that growth of the vaccine
candidate may be enhanced through the incorporation of mutations in NP and P, which
increase virus growth in cell culture, while maintaining attenuation of pathogenesis in
vivo.

A sub aim for this project is to determine if vaccination with MuV-dVdSH can
produce an immune response to currently circulating mumps genotype better than
vaccination with the current Jeryl Lynn vaccine. The working hypothesis was that the
MuV-dVdSH vaccine candidate based on the genotype G virus, MuV/lowa/06, will
produce a better immune response to currently circulating strains in the United States and
China when compared to the Jeryl Lynn vaccine.

To address this aim, we continued the work previously performed in our lab in the
development of a specifically attenuated MuV vaccine based on the outbreak strain from
lowa in 2006 [9]. The vaccine virus was created by preventing the expression of the V
protein through mutation of the RNA editing site and deletion of the SH ORF producing
MuV(AVASH). This virus was previously shown to be immunogenic in mice and safe in
a rat neurotoxicity model. Although the genotype G virus this vaccine was based on is
the major circulating virus in both the United States and much of Europe, we wanted to

see if we could use our vaccine strain as a platform for other MuV genotype vaccines.
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We decided to test this by producing a vaccine specific to the genotype F viruses
currently circulating in China. We demonstrate that vaccination with a virus expressing
the F and HN or genotype G or F MuV results in increased neutralization titer against
either genotype G or F compared to vaccination with the genotype A Jeryl Lynn strain.
Our results from this work suggest that while a new vaccine may be required to better
match circulating strains, it is possible that we would not need a vaccine against each
individual genotype. This could streamline the production of new vaccine candidates
against currently circulating MuV strains.

The main drawback was that this vaccine did not grow well in cell culture,
growing to peak titers that were about 100-fold lower that the parent strain. To improve
the growth of the vaccine virus, we attempted to introduce mutation at phosphorylation
sites that were shown to increase wild-type virus growth, specifically NP-S439A and P-
T147A. We were unable to rescue a vaccine virus containing the NP-S439A mutation,
but we were able to rescue the MuV(AVASH, P-T147A) vaccine virus. The inclusion of
the P-T147A mutation resulted in peak cell culture titers to be increased 10-fold, although
this was still less than MuV (wt) peak titers. The new vaccine virus was also shown to be

effective in eliciting an immune response in mice.

In this body of work, we identify multiple phosphorylation sites in MuV proteins
that had not previously been described. We were then able to show how phosphorylation
at these sites affected viral RNA synthesis and replication. This basic research was then
able to enhance the production of a next generation mumps vaccine candidate that was

developed in our lab. Continuing this research may also allow for us to find inhibitors
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that can be used to treat patients with mumps. This research shows how basic research is
an important for translational research that could help prevent or cure infectious diseases

in humans.
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Figure 6.1. Proposed model for NP, P, and PLK1 interactions. The phosphorylation of P
requires phosphorylation by an unknown priming kinase, association with PLK1, and
interaction with NP. This results in phosphorylation at residues T147, S292, and S294.
The phosphorylation of P has a negative impact on RNA synthesis in a minigenome

system or infected cells.
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