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CHARACTERIZATION OF THE MUMPS VIRUS REPLICASE COMPLEX
Robert Cox
MICROBIOLOGY

ABSTRACT
Negative strand RNA viruses (NSV) are unique because their nucleocapsids are
used directly as the template for both transcription and replication. The viral genomic
RNA is coated by the nucleoprotein (N) for the entirety of the NSV replication cycle. The
viral polymerase, which is composed of the L and P proteins, can only recognize
encapsidated RNA as the template for RNA synthesis. Our previous studies have solved
the EM structure of the MuV N-RNA complex at 25A. This structure revealed how the
nucleocapsid is assembled and provides an initial model for examining how the viral
polymerase may recognize the nucleocapsid as the template for transcription and
replication. However, the low resolution of the MuV N-RNA model can only provide a
limited amount of information about the MuV nucleocapsid structure. Further
experiments are required to address the unique properties of paramyxovirus replication,
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such as the “rule of six” and post-transcriptional mRNA editing. The structure of the
MuV N-RNA ring, along with structural data from several other NSVs, was used to
design the experiments in this proposal. The long term goal is to delineate the interactions
of the MuV N-P-L-RNA complex. A system was developed to express and purify the N
and P proteins of mumps virus. Purified N-RNA complex was further examined using
electron microscopy. Systematic studies were conducted to map the different domains of

MuV P. Interactions between MuV P and the nucleocapsid were then determined.

Additionally, the oligomerization domain of MuV P was defined and its crystal structure
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was solved. Next, the three dimensional structure of the authentic MuV NC was solved
using cryo-electron microcopy, and the effects of phosphoprotein binding on the MuV
NC structure were observed. These studies provided insights into how MuV P associates
with NC and what changes are induced by P binding. From these studies, a model of the
MuV replicase was created, reflecting the novel features of the mumps N and P proteins

discovered in this thesis.

Keywords: mumps, nucleocapsid, phosphoprotein, RNA, virus, replication
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INTRODUCTION

Non-segmented negative strand RNA viruses (NSV) are grouped into four families
within the order Mononegavirales; Bornaviridae, Filoviridae, Rhabdoviridae, and
Paramyxoviridae. NSV include a wide variety of highly significant human and animal
pathogens. Members of Mononegavirales share many common features, including the
arrangement of genes and mode of gene expression. While the number of genes differs
between different members of NSV, they share a similar overall scheme for transcription and

genome replication.

The Paramyxoviridae family includes measles virus (MeV), respiratory syncytial
virus (RSV), parainfluenza viruses (PIV), Sendai virus (SeV), and mumps virus (MuV).
Other newly emerging paramyxoviruses include Hendra virus, metapneumovirus, and Nipah
virus. In developed countries, vaccines have proven effective in providing protection from
some paramyxovirus infections, such as measles and mumps. However, outbreaks still occur,
even among vaccinated individuals. Unfortunately, no vaccines exist for other
paramyxoviruses, such as RSV. Additionally, there are currently no effective antiviral drugs
available to treat paramyxovirus infections. The development of new and effective means of
controlling these pathogens is critical for treating infections and preventing future outbreaks.
Studies on the mechanisms of paramyxovirus replication will provide crucial insights into the
synthesis of RNA by the viral polymerase. Knowledge of these mechanisms could provide

valuable information necessary for the development of new vaccines or antiviral drugs. The



experiments outlined in this dissertation are aimed at determining the interactions between
the MuV nucleocapsid protein (N) and phosphoprotein (P) in order to gain a better

understanding of the mechanisms involved in viral RNA synthesis.

CLINICAL DISEASE

MuV was first isolated in 1934 (1). It is a highly contagious pathogen. In humans,
MuV causes highly inflammatory, systemic infections (2). Transmission occurs through
saliva and respiratory secretions. MuV initiates infection in the upper respiratory tract, where
it can then spread to the parotid glands. Viremia circulates MuV throughout the body to
different locations including the testes, ovaries, pancreas, and thyroid. Virus is released in
respiratory secretions from asymptomatic patients approximately seven days prior to any
clinical symptoms. This makes controlling the spread of MuV extremely difficult. Infection
is most often associated with acute, painful swelling of the salivary and parotid glands.
However, other symptoms include encephalitis, meningitis, myocarditis, nephritis, orchitis,
and pancreatitis. The swelling resulting from mumps orchitis can lead to testicular atrophy
and in some cases, sterility. MuV is also highly neurotropic and neurovirulent, capable of
causing mild meningitis to severe, and sometimes fatal, encephalitis (3). Infection with MuV
was the most common cause of viral meningitis and encephalitis prior to the era of mass
immunizations (2). Meningoencephalitis can occur in up to fifty percent of individuals
infected with MuV (4).

While the number of MuV infections has decreased due to mass vaccination,

outbreaks continue to occur (5). The Jeryl Lynn vaccine is highly efficacious and produces



very few adverse side effects. The rate of aseptic meningitis following vaccination with the
Jeryl Lynn strain is only 1 in 1.8 million (5). However, much higher incidents of vaccine-
associated meningitis have been observed for other MuV vaccines. The Urabe vaccine was
estimated to cause meningitis in one out of every 1,000-11,000 doses (5). The Urabe vaccine
has since been recalled due to safety concerns. While genomes of clinical isolates and
vaccine strains have been sequenced, the molecular biology behind MuV virulence is not
well understood (6). No single change in nucleotide or amino acid sequence is completely
responsible for the overall level of virulence or attenuation (7, 8). Additionally, no simple
pattern of genomic mutations has been found to delineate whether a strain is attenuated or

virulent (6, 9, 10).

MUMPS VIRUS GENOME

MuV is an enveloped NSV belonging to the family Paramyxoviridae. Like other
paramyxoviruses, the MuV genome consists of a single 15.3 kb strand of negative-sense
RNA encapsidated by the viral nucleocapsid (N) protein. The MuV genome encodes eight
viral proteins (11). Leader (Le) and trailer (Tr) regions flank the 3’- and 5’-termini of the
genome, respectively (Figure 1). These regions play multiple roles in transcription,
replication, and assembly of progeny virus. Additionally, a series of consensus sequences are
located at the beginning and end of each gene. These sequences are involved in transcription

initiation, polyadenylation, and transcription termination of individual genes.
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Figure 1: MuV virion and genome. The MuV genome is a single 15.3 kb strand of
negative sense RNA. The MuV genome encodes for eight proteins; six structural
proteins (N, P, M, F, HN, and L) and two accessory proteins (V and SH). MuV
possess a pleiomorphic envelope. The viral membrane is decorated with the HN and
F proteins. The M protein coats the interior surface of the viral envelope. Within the
virion, the MuV RNA genome is completely encapsidated by the N protein.

POST-TRANSCRIPTIONAL mRNA EDITING
The family Paramxyoviridae is divided into two subfamilies: Paramyxovirinae and
Pneumovirinae. Viruses of the Paramyxovirinae subfamily are classified into five genera:
Respirovirus, Morbillivirus, Rubulavirus, Avulavirus, and Henipavirus. MuV belongs to the
genus Rubulavirus. This classification is based in part on the genetic organization and
expression of P genes (Figure 2). A unique feature of paramyxoviruses is their ability to post-
transcriptionally edit mRNA encoding for the P protein. This unique feature of the

paramyxovirus family allows it to stand apart from other NSVs. Post-transcriptional editing



of mRNA does not occur in other NSVs, such as rhabdoviruses. Paramyxovirus P genes
contain an mRNA editing site, where pseudotemplated nucleotides are inserted during
mRNA synthesis. In SeV, a specific sequence in the P gene is responsible for causing the
mRNA transcript to backtrack (Table 1). This allows for three open reading frames
downstream to be available for translation, yielding the P, V, and W proteins (Figure 2). This

backtracking also occurs in the MuV P gene, and results in the addition of two Gs to

Paramyxovirinae
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Ssev [ N HPvwWHM H F — HN H L |
Mev ENCHPVMICHMH F — H H L |
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Figure 2: Layout of genes from different paramyxoviruses. MuV, SeV, and MeV all
belong to the subfamily Paramyxovirinae in the family Paramyxovirdae. RSV belongs to
the subfamily Pneumovirinae.

Species Genus P editing signal Percentage of expression
SeV  Respirovirus 3’- GAGUUGUUUUUUC -5 P=70%,V =28%,W=2%

MuV  Rubulavirus 3’- CUUAAAUUCUCCCC - ‘5 V =66%, P =30%, I=3%

Table 1. Paramyxovirus P gene mRNA editing signals. The various editing signals listed
(3" to 5'; negative sense RNA strand). The SeV P edit site was previously determined and
this C is boxed and in bold. The percentage of each P gene product transcribed is shown in
the far right column for SeV and MuV. The functions of MuV I are unknown.



the mRNA transcript. Interestingly, this phenomenon does not occur during replication. In
contrast to other genera in which the unedited P gene mRNA codes for the P protein, the
unedited MuV P gene codes for the V protein. The percentages of SeV and MuV P/V

expression are shown in Table 1.

V PROTEIN

Viruses have evolved diverse means to evade innate immune signaling and the
antiviral interferon response (12). During infection, paramyxoviruses are subjected to a
variety of intracellular antiviral responses, including the interferon (IFN) response. The V
protein plays important roles in viral pathogenesis by inhibiting IFN signaling and
production. Paramyxovirus V proteins have no cellular homologues. V proteins share their
N-terminal domain (NTD) with viral P proteins but contain a distinct, highly conserved C-
terminal domain (CTD) that binds two atoms of zinc (13-15). The V protein specifically
inhibits IFN-induced antiviral responses through direct inhibition of cellular STAT proteins.
The MuV V protein blocks IFN signaling by targeting STATI for degradation (16-23). MuV
V protein-dependent degradation of STAT proteins involves MuV V, STATI1, STAT?2,

STAT3, and several other cellular proteins (21).

MATRIX PROTEIN
Similar to other enveloped viruses, paramyxovirus particles are formed by budding
from membranes of infected cells. The matrix protein (M) plays a critical role in virus

assembly and budding (24, 25). M proteins assembles beneath the host plasma membrane



promotes other viral components to gather at these locations. The paramyxovirus M protein
can probably interact with both the cytoplasmic tails of the HN and F glycoproteins (26, 27),

as well as the nucleocapsid (28-31), to initiate virus assembly and budding (27).

FUSION PROTEIN
The fusion (F) glycoprotein F is a type I fusion protein (32). The F protein mediates
both cell-to-cell and virus-to-cell fusion in a pH-independent manner. For most
paramyxoviruses (33-38), interaction of HN with its receptor is essential in order for F to

promote membrane fusion during infection

SHORT HYDROPHOBIC PROTEIN
The small hydrophobic (SH) protein is a small hydrophobic integral membrane
protein shown to play a role in blocking TNF-alpha mediated apoptosis ((39-42). The SH
gene has been identified in all MuV strains. However, SH expression is not required for virus

growth in vitro (43, 44).

HEMAGGLUTININ-NEURAMINIDASE
The hemagglutinin-neuraminidase (HN) carries out three main functions: receptor
binding, fusion activation and virus release (45). HN is essential for activation of the fusion
protein. The initial step of viral entry occurs at neutral pH on the host membrane. After
attachment, HN activates the viral fusion protein to direct fusion of the viral envelope with

the plasma membrane of the cell (45-48).



NUCLEOCAPSID PROTEIN

The nucleocapsid protein (N) encapsidates the viral genome to form the helical
nucleocapsid (NC) (Figure 3A). The NC is a highly unique protein-RNA complex, in which
the viral RNA (VRNA) is completely encapsidated by the N protein. The NC serves as the
sole template for the viral RNA dependent RNA polymerase (VRARp). In order for the NC to
function as a template for RNA synthesis, it must be flexible enough for the vRdRp to gain
access the encapsidated RNA. However, the NC must also be sturdy enough to protect the
encapsidated genome. The first atomic structures of NSV nucleocapsids were two

nucleocapsid-like particles (NLP) belonging to vesicular stomatitis virus (VSV) and rabies

Figure 3. Nucleocapsid protein (N). (A) Model of the authentic MuV nucleocapsid. (B)
Model of a 13 subunit MuV NLP using the crystal structure of the VSV N-RNA complex
(49). The MuV NLP consist of 13 N subunits encapsidating 78 bases of RNA (51) (C)
Schematic diagram of the VSV NLP. Each VSV N subunit is composed of two domains: the
N-lobe and the C-lobe. The RNA is encapsidated in a cavity between the two lobes. The N-
arm and C-loop connect each N protein to its neighbors (49).



virus (RABV) (49, 50). These NLP consist of a segment of RNA encapsidated by a ring of N
protein subunits (Figure 3B). The N proteins assemble side-by-side and parallel to one
another along the length of the RNA. Each nucleoprotein subunit can be divided into two
distinct regions, the N-terminal lobe and the C-terminal lobe (Figure 3C) (49). Viral RNA is
encapsidated inside a large cavity located between the two lobes. In VSV, a N-terminal arm
and an extended loop in the C-terminal lobe have been shown to be important for capsid
stability (52).

There are several differences between the MuV nucleocapsid and the nucleocapsids
of other NSVs. First, the MuV nucleocapsid appears to be relatively flexible compared to the
nucleocapsids of other NSVs. Current data also suggests that MuV N is less effective at
protecting its encapsidated RNA compared to the other NSVs such as VSV (51). In addition,
unlike VSV, the nucleocapsids of paramyxoviruses are capable of forming helical structures
in the absence of the matrix protein. Kinks or bends may be present along the length of the
nucleocapsid, but the overall helical structure is maintained. The N protein subunits most
likely interact with each other through side-by-side and top-and-bottom interactions in order
to follow the helical symmetry. The ability of paramyxovirus nucleocapsids to form helical
structures may have functional implications, not only for virion assembly, but also for
replication (53, 54). Previous mutational studies showed that if the N-terminal arm of the
VSV N protein is removed, the ability to retain RNA is lost (52). The N-terminal arm extends
to the C-lobe of each neighboring nucleoprotein subunit and positions the two domains of the
N protein for proper formation of the RNA binding cavity (Figure 1C). This provides
evidence that the N-terminal arm might be capable of exposing the RNA template without

affecting the association of the N protein with the encapsidated genome. The L protein or the



L-P complex might be able to induce this conformational change, which would lead to the
exposure of the encapsidated genome for RNA synthesis. Upon completion of RNA
synthesis, the N-terminal arm could then reposition itself and restore the RNA back into the
binding cavity. Translocation of the polymerase along the nucleocapsid during RNA
synthesis is thought to involve the repeated attachment and release of the phosphoprotein’s
nucleocapsid binding domain (55). It has been suggested that P “‘cartwheels” on the
nucleocapsid, by the breaking and reforming contacts between the C-terminus of P, and the
nucleocapsid (55). This action may cause the N protein to open, allowing the polymerase
access to encapsidated RNA. The RNA template probably temporarily dissociates from the

nucleocapsid in order to be read by the viral polymerase.

PHOSPHOPROTEIN

The phosphoprotein (P) is a component of the vRdRp. The P protein is essential for
the replication of all NSVs. P performs several roles in the viral cycle. P is required by the L
protein for RNA synthesis (56, 57), interacts with the NC template (58-61), and chaperones
soluble N protein to the nascent viral RNA during encapsidation (58, 62, 63). The P protein
is a modular protein that consists of different functional domains separated by disordered
regions (Figure 4) (62, 64-66). Structures for individual domains of several NSV P proteins
have been solved (67-72). The structure of a full-length NSV P has yet to be determined.

The N-terminal region of NSV P proteins is responsible for keeping the RNA-free
form of N, termed N°, soluble, as well as chaperoning N” to the viral RNA during

encapsidation (58, 62, 63). The N-terminal regions for VSV P, RABV P, and SeV P all

10



contain N” binding sites (58, 63, 64, 73). It is logical to suspect that this is also true for the

MuV P protein.

All NSV P proteins contain a motif in their central regions known as the

oligomerization domain (69, 70). In addition, all NSV P form homo-oligomers, but their
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Figure 4. Modular organization of NSV P. Diagram displaying the modular organization
of the SeV P, rabies P, and VSV P. P proteins contains four major functional domains; the
N chaperoning domain (blue), the oligomerization domain (green), the L binding domain
(yellow), and the nucleocapsid binding domain (red).

lengths and oligomerization states vary (74). For example, recombinant, full-length P
proteins from VSV and RABV form dimers in solution (75, 76). In contrast, in
paramyxoviruses, such as Sendai virus and measles virus, P forms tetramers (62, 71).
Additionally, the oligomerization domain of VSV P was shown to be dispensable for

transcription and replication (77). However, the oligomerization domain of MeV P and SeV

P is required for both transcription and replication (65, 71, 73, 78, 79)

As well as positioning the polymerase on the nucleocapsid template (55), P also

interacts with the nucleocapsid itself. A nucleocapsid binding region is located on the C-

11



terminal end of the MuV P, and its position is well conserved in other NSV (55, 74, 78).
Structures of the C-terminal domains of RABV P, VSV P, and MuV P have been solved (72,
80, 81). Recently, the crystal structure of the VSV NLP in complex with the nucleocapsid
binding domain (NBD) of VSV P was solved. It revealed that the VSV NLP contains a
distinct binding site for P, located between neighboring N subunits (82). In VSV, the P
protein binding site on the N protein is formed by residues 352-386 and a portion of the
extended loop of the C-lobe (82). The N protein binds P by attaching to it from opposite sides
(82). The location of P binding could bring L in close proximity to the encapsidated RNA.
Similarly, the MeV P binding site is located on the C-terminus of the N protein (83).
However, MuV P has been shown to recognize a sequence in the N-terminal region of N, not
the C-terminus (55). Therefore, MuV may utilize a unique mechanism for the attachment of

its polymerase to the nucleocapsid compared to other NSVs.

The P protein is phosphorylated at several sites (84). For paramyxoviruses and
several NSV, phosphorylated residues are located in a long disordered region on the N-
terminus (76, 85-92). Current data suggests that phosphorylation of the P protein plays an
important role in viral RNA synthesis. The phosphorylation status of P is thought to be
important in regulating the switch from transcription to replication (93). For parainfluenza
virus 5 (PIVS5), a relative of MuV, the phosphorylation state of P influenced the ability of the
polymerase to synthesize viral RNA (84). The transcriptional activity of VSV P is also
regulated by phosphorylation (85). In VSV, the phosphorylation sites are located on positions
involved in P-N and P-L interactions, which could affect RNA synthesis. Phosphorylation of
viral proteins is thought to be carried out by host kinases (84, 87). The role of

phosphorylation in MuV replication remains unclear.
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LARGE PROTEIN
The large (L) protein is a large multifunctional protein. The L protein contains all of
the enzymatic activities necessary for RNA synthesis (67, 94, 95). In addition to RNA
synthesis, L is capable of providing a 5’ cap structure on viral mRNA and polyadenylation of
the 3’ end of viral mRNA (95-99). Sequence and phylogenetic analyses have divided NSV L
proteins into six different domains connected by variable regions (100-102). However, the

roles for all of the different L domains in RNA synthesis are unclear.

In order for efficient transcription and replication, the L protein must be positioned at
the mouth of the RNA cavity in order to access the RNA genome. In VSV, the L protein has
been shown to interact with two phosphorylation sites on P (82). More importantly, these
residues are located next to a solvent-accessible loop above the RNA cavity of the N protein
(82). This would allow L to be positioned within 5 nanometers of the encapsidated RNA.
Since the RNA 1is contained within the cavity, the N protein must undergo some
conformational changes in order for the L protein to gain access to the genome. The
conformational changes that allow the L protein to access the encapsidated genome are still

unknown.

VIRAL RNA SYNTHESIS
The life cycle of the virus begins with the binding of the HN protein on the viral
membrane to sialic acid on cellular glycolipids or glycoproteins (Figure SA). The HN protein
aids in adsorption of the virus to the host cell. Upon attachment, the F protein promotes

fusion of the viral envelope with the plasma membrane in pH independent manner (Figure
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5B). Upon entry into the host cell, the virion uncoats and releases the NC along with the viral

polymerase into the cytoplasm. Once in the cytoplasm, the vRARp uses the NC as the

Golgi %MitocW

Figure 5: The MuV life cycle. (A) The life cycle of the virus begins with the binding
of the HN protein on the viral membrane to sialic acid on cellular glycolipids or
glycoproteins . The HN protein aids in adsorption of the virus to the host cell. (B) Upon
attachment, the F protein promotes fusion of the viral envelope with the plasma
membrane in pH independent manner. (C) Upon entry into the host cell, the virion
uncoats and releases the NC along with the viral polymerase into the cytoplasm. (D)
Once in the cytoplasm, the vRARp uses the NC as the template for both transcription
(D), and replication (E). Newly synthesized N is chaperoned to replication complexes
(F) in order to encapsidated newly synthesized antigenomes (F1) and genomes (F2).
After the viral glycoproteins HN and F are processed in the Golgi apparatus (G), they
are trafficked to the plasma membrane (H), along with matrix and newly synthesized
genomes. The M protein accumulates on the interior surface of the cell plasma
membrane where it plays a role in packaging the NC genomes into mature virions. (I)
The virus then assembles and is released from the infected cell.

template for both transcription and replication (Figure 5D-E). The vRdRp transcribes the
encapsidated genome into 5’ capped and 3’ polyadenylated mRNAs (95). During

transcription, the vRdRp recognizes the 3’ end of the nucleocapsid template and begins to
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synthesize mRNA. The leader region and the first gene-start sequence provide a promoter
element (103-106). The polymerase then caps and methylates the nascent mRNA, and
synthesizes the mRNA transcript (107-110). At the end of each gene, the polymerase
recognizes a signal to polyadenylate, and after doing so, releases the viral mRNA (Figure
6A) (111-114). Next, the vRdRp either leaves the template, or skips over an intergenic
sequence and reinitiates transcription at a downstream start site (115). This continues along
the template making progressively less and less of each viral mRNAs (Figure 6B). This

mode of transcription is referred to as the “start-stop” model of sequential transcription.
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Figure 6. Overview of NSV RNA Synthesis. (A) The vRdRp both caps and polyadenylates
viral mRNA. The viral transcriptase is composed of the nucleocapsid genome in complex
with P, L, and other host factors. (B) N-P-L replicase complex. Genome replication requires
ongoing N protein synthesis in order to encapsidate newly made antigenomes and genomes.
During replication, the VRdRp ignores all cis-acting signals to produce full length genomic
RNA. (C) Levels of mRNA synthesis due to sequential and polar expression.
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The vRdRp also replicates the viral RNA genome (116-119). Despite using the same
viral proteins, transcription and replication are distinct processes. Transcription can occur in
vitro, using only the correct salts and ribonucleotides (120, 121). In contrast, genome
replication requires ongoing N protein synthesis. In order to switch from transcription to
genome replication, a large amount of N protein must first be translated in order to genomes
(Figure 6C). However, while N protein synthesis is required for replication, it might not be
the sole determinant between transcription and replication. Additionally, during replication,
the vRdRp ignores all cis-acting signals, such as polyadenylation sites, to produce full-length

genomic RNA.

REPLICATION AND THE “RULE OF SIX”

Paramyxovirus genome lengths have also been observed to follow a “rule of six”
(122). The “rule of six” describes an observation that the genomes of paramyxoviruses can
only be read efficiently by the viral polymerase when the length of their genomes is an
integer of six (122). Within the virion, the stoichiometry of the helical N-RNA complex is
one N protomer for six nucleotides (51). The promoter for replication has been shown to
include two specific sequences (122). One sequence is positioned near the 3’ end of viral
genome and the other is located 13 hexamers downstream. The promoter sequences must be
found within a full hexamer block of each other to initiate replication. The 3’ promoter can
be repositioned downstream as long as the distance between the two sequences is maintained

(122). One explanation is that the two sequences may stack on top of each other (Figure 7).
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Figure 7: Model of genomic promoters. A cartoon model of of the MuV NC which can
allow the two promoter sequences to stack on top of each other. PrE-I is 3’ promoter and
Pre-1II is the second promoter. The positions of PrE-I and PrE-II are shown as the orange
N subunits. Encapsidated RNA is depicted in red.

The ability of the two sequences to be located in such close proximity might allow them to
form an intitiation site for the viral polymerase. This unique feature adds an extra level of
complexity to the nucleocapsids of paramyxoviruses.

Current knowledge about the molecular mechanisms of transcription and replication
of paramyxoviruses is incomplete. The NC-P-L replicative complex of MuV possesses
several key features that make it an attractive subject for structural characterization. Also,
the VRdRp has no known homologue in human or animal tissues, making it an ideal target for
antiviral therapies. Structural characterization and the determination of the molecular
mechanisms behind the replicative complex of MuV is a critical prerequisite for the
discovery and design of new antiviral drugs. The experiments laid out in this dissertation are

designed to determine the interactions between components of the MuV replicase complex.
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These experiments may offer key insights into the mechanisms behind MuV replication, as

well as the replication of other NSVs.

In Chapter I, a system was developed to express and purify the N and P proteins of
mumps virus in Escherichia coli. Coexpression of the MuV N and P proteins resulted in a
soluble complex containing RNA. The P protein was subsequently removed, and the
resulting N-RNA complex was examined using electron microscopy. Similar to other NSV,

the MuV N-RNA complex appeared as a ring of N subunits encapsidating non-specific RNA.

In Chapter II, systematic studies were conducted to map the different domains of
MuV P. By pulldown assays were performed to determine interactions between MuV P and
the nucleocapsid. Interactions determined by pulldown assays were further analyzed using
surface plasmon resonance. Additionally, the oligomerization domain of MuV P was defined

and its crystal structure was solved.

In Chapter 111, the three dimensional structure of the authentic MuV NC was solved
using cryo-electron microcopy. The effects of phosphoprotein binding on the MuV NC
structure were observed. These studies provided insights into how MuV P associates with NC
and what changes are induced by P binding. From these studies, a model of the MuV
replicase was created, reflecting the novel features of the mumps N and P proteins discovered

in this thesis.
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ABSTRACT

The nucleocapsid protein (NP) of mumps virus (MuV), a paramyxovirus, was
coexpressed with the phosphoprotein (P) in Escherichia coli. The NP and P proteins form a
soluble complex containing RNA. Under a transmission electron microscope, the NP-RNA
complex appears as a nucleocapsidlike ring that has a diameter of approximately 20 nm with
13 subunits. There is a piece of single-stranded RNA with a length of 78 nucleotides in the
NP-RNA ring. Shorter RNA pieces are also visible. The MuV NP protein may provide
weaker protection of the RNA than the NP protein of some other negative-strand RNA

viruses, reflecting the degree of NP protein association.
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INTRODUCTION

Mumps virus (MuV) is the cause of an acute, but usually non-life-threatening,
infection which occurs most frequently in childhood or adolescence. MuV belongs to the
family Paramyxoviridae, genus Rubulavirus. The MuV genome consists of one
nonsegmented single-stranded RNA molecule with seven negative-sense genes encoding
eight proteins in the following order: the nucleocapsid protein (NP), V protein
(V)/phosphoprotein (P), matrix protein (M), fusion protein (F), small hydrophobic protein

(SH), hemagglutinin-neuraminidase (HN), and large (L) protein.

The MuV NP protein is 549 amino acids in length and is composed of an N-terminal
domain and a reportedly unstructured C-terminal tail (11). The N-terminal domain is
suggested to be the part mainly responsible for RNA encapsidation, P protein binding, and
formation of the nucleocapsid (10, 11). The primary function of the NP protein of a negative-
strand RNA virus (NSRV) is to form the viral nucleocapsid by encapsidating the viral
genomic RNA during replication. Crystal structures of nucleocapsidlike NP-RNA complexes
have been solved for vesicular stomatitis virus (VSV) and rabies virus (RABV) (1, 7). The
crystal structure shows that the NP proteins line up side by side to form a continuous
capsidlike structure, with the RNA accommodated in a central tunnel in the capsid. The
nonsegmented NSRVs encode their own viral polymerases, a complex composed of the L

and P proteins. In order to allow the polymerase to access the RNA template during viral
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transcription or replication, the nucleocapsid must undergo some conformational change to
expose the RNA. It is expected that MuV NP has some similarity with these previously
determined structures; however, differences are expected since the nucleocapsid template of
a paramyxovirus follows a strict “rule of six,” i.e., the length of the viral genome needs to be

an integer of six nucleotides in order to serve as a fully functional template (12).
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RESULTS AND DISCUSSION

A single vector was constructed to coexpress the MuV NP and P proteins in
Escherichia coli at equal molar ratios by following the approach of Green et al. (6). Soluble
N-terminally His-tagged P protein could be copurified with the NP protein by affinity
chromatography. When the loaded Ni affinity column was briefly washed with a buffer (20
mM Tris [pH 7.9], 500 mM NacCl, 50 mM imidazole), a portion of the NP protein was found
to elute from the column (Fig. 1A, lane 4). However, a significant fraction of the NP protein
remained bound in the column. The NP-P complex was found to elute from the Ni affinity
column at a concentration of approximately 150 mM imidazole. The fraction eluted by a mild
wash was purified by ion-exchange chromatography (HiTrap Q HP; GE Healthcare) (Fig.
1B). Fractions containing the NP protein were further purified by size exclusion
chromatography using a Sephacryl S-300 column (GE Healthcare) (Fig. 1E). The NP protein
was mostly in fractions corresponding to molecular masses larger than 300,000 Da,
suggesting the presence of a complex much larger than the monomeric protein. Recombinant
nucleocapsidlike ring structures were previously observed for VSV, RABV, and respiratory
syncytial virus (RSV) (1, 2, 6). It is therefore logical to suspect that this fraction of the MuV

NP protein is also a nucleocapsidlike ring.
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Figure 1. MuV NLP expression. MuV NP and P proteins were coexpressed in E. coli and purified
as described in the text. (A) Lanes 1 to 4 represent total soluble proteins postinduction, in the Ni
column flowthrough, in the binding buffer wash, and in the washing buffer wash of the Ni column,
respectively. Lane 5 shows a fraction containing the NP-P complex eluted by the linear imidazole
gradient from the Ni affinity column. (B) The washing buffer wash contained a large amount of NP
protein. It was dialyzed to 200 mM NaCl and further purified on a HiTrap Q HP (GE Healthcare) ion-
exchange column. Lanes 1 to 5 contain the MuV NP-RNA complex. (C) Fractions containing the NP-
RNA complex from the ion-exchange column were further purified by size exclusion
chromatography. Lanes 1 and 2 represent the molecular weight markers (in thousands) and fractions
containing the MuV NP-RNA complex, respectively. (D) Profile of MuV NP-RNA eluting from the
ion-exchange column. The largest peak represents the NP-RNA complex. (E) Profile of MuV NP-
RNA eluting from the size exclusion column. The single large peak represents the NP protein.
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The purified MuV NP protein fraction was examined under EM using an FEI Tecnai
Spirit electron microscope (EM) at the high-resolution imaging facility at the University of
Alabama at Birmingham (Fig. 2). The EM images clearly showed that the majority of the
MuV NP protein is in the form of a ring similar to those observed for VSV, RABV, and RSV
NP-RNA complexes (6, 9, 15). A collection of isolated ring images were averaged using the
program EMAN (14). Since almost all the images were taken down the central axis of the

ring structures and no tilt of the grids was applied during imaging, the averaging was carried
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out with only two-dimensional images. To build an initial model, 1,173 images were

collected and averaged. Among different rotation axes, the 13-fold axis (C13) produced the

se-06{ "
de-06]

3e-06

c(s)

2e-06+

1e-06

0= T T — T T —
0 10 20 30

sed coefficient [S]

Figure 2. The MuV NLP. The number of MuV NP protein subunits per nucleocapsid ring was
determined by EM analysis and analytical ultracentrifugation experiments. (A) A typical EM
image of negatively stained MuV NP-RNA (50 mM Tris [pH 7.5], 470 mM NacCl). (B) Particles
were selected, and a three-dimensional model was generated from 445 views of MuV
nucleocapsidlike rings. The average internal and external diameters are 5.6 nm and 20.0 nm,
respectively, and the thickness of the ring is 6.7 nm. The number of subunits per nucleocapsidlike
ring was determined to be 13. The resolution was determined at a Fourier shell correlation of 0.5
to be 24 A. The statistics of image reconstruction are as follows: mean = —0.084843; standard
deviation = 0.98878; root mean square = 0.99241; contour level = 2.71; subsampling interval = 2
A. The image was displayed with Chimera (16). (C) The number of molecules per
nucleocapsidlike ring was verified by analytical ultracentrifugation. Band profiles suggested a
dominant single species, and the sedimentation is consistent with a ring with 13 NP subunits.
Sed., sedimentation.

best averaged image. Using this model, a final collection of 445 images was used to generate
a three-dimensional model for the MuV NP-RNA ring (Fig. 2B). The outer diameter
measured for the averaged ring structure is 20.0 nm, and the inner diameter is 5.6 nm. The
thickness of the ring is 6.7 nm. The shape of the ring, with one end narrower than the other,
is similar to the shape of rings of other nucleocapsidlike particles. This number of subunits,

13, is consistent with that of the twist in the nucleocapsid of measles virus, another member
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of paramyxovirus family; the diameter of the ring and its hollow center are consistent with

those of the nucleocapsid of measles virus (3).

To confirm the size determined with the averaged EM image, the sedimentation
coefficient (s20,w) was determined to be 32.191 S by ultracentrifugation by using the
programs Sednterp and Sedfit (13, 18) (Fig. 2C). The molecular mass calculated from the
sedimentation coefficient is 853,000 Da. This molecular mass is within the experimental
error when it is compared to the calculated molecular mass of a 13-subunit MuV NP-RNA
ring (830,960 Da), assuming that the molecular mass of a MuV NP subunit is 62 kDa and

that of six nucleotides per subunit is 1.92 kDa.

Similar structures of other recombinant NSRV NP protein complexes often contain
encapsidated RNA. We measured the ratio of the optical density at 260 nm to that at 280 nm
for the MuV NP protein complex and found the value to be 1.26, indicating that the MuV NP
protein complex has encapsidated RNA. To characterize the encapsidated RNA, materials
extracted with Trizol (Invitrogen) from the purified NP protein complex were examined by
electrophoresis under denaturing conditions (Fig. 3A, lane 4). The gel clearly showed that
RNA is present in the complex. However, the length of RNA is more variable than what has
been observed for the VSV, RABV, or RSV NP-RNA complexes (6, 9, 19). Assuming that
each NP subunit accommodates six nucleotides, the RNA in a fully occupied 13-subunit ring
of the MuV NP-RNA complex should have a length of 78 nucleotides. In fact, a dominant
RNA band corresponding to this length was shown in the RNA gel (Fig. 3A, lane 4, band I).
Additionally, a large number of RNA pieces smaller than band I were observed (Fig. 3A).
The appearance of a dominant band, band II, which was actually part of a population of small

RNA pieces, could be an artifact of ethidium bromide or SYBR gold (Invitrogen) staining.
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This observation suggests that the RNA piece encapsidated by the MuV NP protein during
heterologous expression was not fully protected during purification, which is supported by
the observation that the RNA in the MuV N-RNA complex is susceptible to digestion when

incubated with RNase A for 1 h at 37°C (Fig. 3A, lane 6).
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Figure 3. MuV NLP RNA. The MuV nucleocapsidlike particles contain RNA. The length of the
RNA encapsidated in the MuV NP ring was measured by comparison with the RNA molecular
weight marker (Century Marker; Ambion). (A) RNA was extracted from purified VSV NP-RNA
complex (lane 2), the MuV NP-RNA complex (lanes 3 and 4), and RNase A-treated MuV NP
protein incubated at pH 7.5 (lane 6). The gel was stained with ethidium bromide. Two RNA bands
are labeled I and II. (B and C) Purified samples of the MuV NP-RNA complex were incubated for
1 h under different buffer conditions. The samples were then returned to normal buffer conditions
(50 mM Tris [pH 7.5], 470 mM NaCl) and allowed to incubate overnight at 8°C. RNA was
extracted using Trizol (Invitrogen), and samples were analyzed in a 10% 8 M urea-polyacrylamide
gel. Both gels were stained with SYBR gold (Invitrogen). (B) Lanes 1 to 6 correspond to the MuV
NP-RNA complex incubated at pH 9, pH 7.5, pH 6.5, pH 6.0, pH 5.5, and pH 4.0, respectively. (C)
Lanes 1 to 9 correspond to MW Marker (Century Marker; Ambion) and MuV NP-RNA complex
incubated at pH 7.5, pH 4, pH 5, pH 9, pH 11, 42°C, 60°C, and MuV NP-RNA complex in 1 M
NaCl (pH 8.3), respectively.

In order to determine the effect of pH, salt, and temperature on the susceptibility of
NP-bound RNA, the MuV NP-RNA ring was incubated under a variety of different
conditions. The conditions examined included pH 4, pH 4.5, pH 5, pH 5.5, pH 6.0, pH 6.5,
pH 7.5, pH 9, pH 11, 1 M NaCl, 2 M NaCl, 42°C, and 60°C. The NP-RNA ring was

incubated for 1 h under each condition and then returned to normal buffer conditions (50 mM
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Tris [pH 7.5], 470 mM NacCl). The NP-RNA ring was then allowed to incubate overnight at
8°C, and RNA was extracted using Trizol (Fig. 3B and C). It was found that the RNA
contained in the MuV NP-RNA complex is highly susceptible to digestion by contaminant
nucleases under several of these conditions. After incubation at a pH lower than 5, all RNA
pieces were lost. This level of RNA protection is significantly less than that of the VSV NP-
RNA ring (6). At a pH above 6, no further loss of RNA was observed, which is similar to
findings with the VSV and RABV NP-RNA rings (6, 9). When the MuV NP-RNA ring was
subjected to 1 M NaCl, the RNA was also lost, similar to the situation when the nucleocapsid
of influenza A virus was treated with high salt concentrations (8). The RNA in the VSV or
RABV NP-RNA complex was not affected by high salt concentrations (6, 9). Finally, the
RNA was lost when the MuV NP-RNA ring was heated to 60°C for 1 hour. No information
on heat treatment of other NSRV NP-RNA rings was available at the time this study was
done. The loss of RNA at a pH of less than 5.0 or under high-salt or high-temperature
conditions suggested that associations between the MuV NP subunits may be weaker than

between the NP subunits of other NSRVs.

EM images were taken of samples that had been subjected to different conditions as
described above (Fig. 4). These images (Fig. 4A and B) showed that the loss of RNA from
the MuV NP-RNA ring after various treatments was not due to denaturation of the NP
protein. The ring structures remained intact after RNA was lost and looked like untreated
MuV NP-RNA rings. These ring structures could be considered “empty-capsid’-like
structures. One interesting observation is that the MuV empty-capsid-like rings formed

rodlike structures after being subjected to pH 4.0 and then reneutralized (Fig. 4C). It seems
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that the MuV rings could easily make top-and-bottom interactions as would be present in the

superhelical structure of the paramyxovirus nucleocapsid (4, 17).

Figure 4. EM analysis of MuV NLP. EMs of the MuV NP-RNA complex were negatively
stained with 2% uranyl acetate (magnification, x42,000). (A) The MuV NP-RNA complex
incubated in 50 mM Tris pH 8.3 plus 1 M NaCl; (B) the MuV NP-RNA complex as a
precipitant in 0.1 M citric acid-sodium citrate (pH 4) plus 470 mM NaCl; (C) the MuV NP-RNA
complex incubated at pH 4 and resolubilized by increasing the pH back to approximately 7.5.
The ring structures in panels A, B, and C were comparable to that of the untreated MuV NP-
RNA ring (Fig. 2A) after the RNA was lost. These ring structures could be considered “empty-
capsid”-like structures. The scale bar in the bottom right corner of each micrograph corresponds
to 100 nm.

Several NSRV nucleocapsidlike rings have recently been described (2, 7, 9).

Coexpression of the MuV NP and P proteins in E. coli has resulted in the production of
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nucleocapsidlike rings with morphologies similar to those seen in other NSRVs. The MuV
NP-RNA ring contains 13 NP subunits and contains RNA. There are multiple sizes of RNA
contained within the NP ring, which is not seen with other NSRVs such as the NP-RNA ring
of VSV, suggesting that the RNA in the MuV NP ring is less protected (6). The study of the
MuV nucleocapsidlike particle will lead to further understanding of the unique features of the

paramyxovirus nucleocapsid.
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ABSTRACT

The phosphoprotein (P) is virally encoded by the Rhabdoviridae and
Paramyxoviridae in the order Mononegavirales. P is a self-associated oligomer and forms
complexes with the large viral polymerase protein (L), the nucleocapsid protein (N), and the
assembled nucleocapsid. P from different viruses has shown structural diversities even
though their essential functions are the same. We systematically mapped the domains in
mumps virus (MuV) P and investigated their interactions with nucleocapsid-like particles
(NLPs). Similar to other P proteins, MuV P contains N-terminal, central, and C-terminal
domains with flexible linkers between neighboring domains. By pulldown assays, we
discovered that in addition to the previously proposed nucleocapsid binding domain (residues
343-391), the N-terminal region of MuV P (residues 1-194) could also bind NLP. Further
analysis of binding kinetics was conducted using surface plasmon resonance. This is the first
observation that both the N- and C-terminal regions of a negative strand RNA virus P are
involved in binding the nucleocapsid. Additionally, we defined the oligomerization domain
(Pop) of MuV P as residues 213-277 and determined its crystal structure. The tetrameric
MuV Pgp is formed by one pair of long parallel a-helices with another pair in opposite
orientation. Unlike the parallel orientation of each a-helix in the tetramer of Sendai virus
Pop, this represents a novel orientation of a Pop where both the N- and C-terminal domains
are at either end of the tetramer. This is consistent with the observation that both the N- and
C-terminal domains are involved in binding the nucleocapsid.
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INTRODUCTION

The phosphoprotein (P) is a multi-functional protein encoded in the genomes of
negative strand RNA viruses (NSVs) of the Rhabdoviridae and Paramyxoviridae in the order
Mononegavirales. P performs several essential functions in virus replication. It is the cofactor
in the viral RNA-dependent-RNA-polymerase (RdRp), a complex that also includes the
virally encoded large (L) protein. L harbors the catalytic functions for RNA synthesis and
mRNA capping. P also directly binds the nucleocapsid, the active template for viral RNA
synthesis. Through this interaction, P delivers the RdRp to the nucleocapsid. In the absence
of P, the RdRp cannot recognize the nucleocapsid or gain access to the viral genome. The
domain responsible for P to bind the nucleocapsid, Pxgp, has been mapped to the C-terminal
region for a number of NSVs, including vesicular stomatitis virus (VSV), rabies virus
(RABV), measles virus (MeV), Sendai virus (SeV), Mokola virus (MOKYV), and mumps
virus (MuV) (1-5). Three-dimensional structures of this domain revealed a certain degree of
structural homology among different viruses (5-9). The crystal structure of VSV Pypp in
complex with a nucleocapsid-like particle (NLP) clearly showed that the P binding site in the
nucleocapsid is formed by two neighboring nucleocapsid protein (N) subunits (10). The large
extended loop in the C-lobe and a single a—helix (al13) of one N subunit and the same
extended loop in an adjacent N subunit make up the U shaped P binding site with a13 at the

bottom of the cleft. This high-affinity P binding site could only be created by N subunits that
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are assembled together in the nucleocapsid. By this mechanism, the cofactor P can dock the
RdRp specifically to the nucleocapsid in order to use it as the template for viral RNA
synthesis. In addition, P forms a stable complex with N that is free of RNA, termed N’-P.
This encapsidation-competent complex of N and P exists prior to incorporation of N into the
nucleocapsid (11). During virus replication, the N subunit in the N°-P complex is used to
concomitantly encapsidate the newly synthesized viral RNA (12). The domain essential for
keeping N free of RNA in the N°-P complex has been mapped to the N-terminal region
(Pnep) of P for several NSVs (11, 13-15). A crystal structure of VSV Pxep in complex with a
VSV N mutant showed that Pnep sits in the cavity where the viral RNA would be
accommodated in the nucleocapsid (16). Occupation of the cavity may be instrumental in

allowing P to keep N free of RNA in the N°-P complex.

Another important feature of P is that its functional form is a self-associated
oligomer. Self-association is required for supporting viral RNA synthesis (17), but is not
necessary for the association of P with other viral proteins such as L or N. The domain
responsible for P oligomerization (Pop) is located in the central region of P. Pnep and Pxgp
are linked to Pop through flexible loops, which appears to be a common modular structure
for all NSV P proteins. The length of P differs greatly among NSVs, and there is no
homology for Pop. Furthermore, the structure and the mode of self-association also vary
considerably from one P to another. In the case of SeV P (568 amino acids), Pop corresponds
to residues 320-433. Each SeV Pop subunit donates a single long helix to form a tetrameric
coiled-coil, with all helices being parallel to one another. Short helices at the N-terminal end
of SeV Pop contribute to additional tetrameric interactions. For VSV P (265 amino acids),

Pop comprises residues 107-177 (18, 19). VSV Pop dimerizes by domain swapping of a [3-
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hairpin from each subunit that participates in collating a B-sheet of four anti-parallel strands
on each side. Two parallel o—helices held together by a number of hydrophobic interactions
form the core of the VSV P dimer. By comparison, the oligomerization mode of RABV Pqp
is quite different from that of VSV Pqp, despite the two viruses being closely related
members of the Rhabdovirus family. RABV Pgp spans residues 92 to 131 in P (297 amino
acids), and forms a dimer (20). However, each polypeptide contains two anti-parallel helices
linked by a loop. The dimer of RABV Pgp involves a four-helix bundle between two parallel
subunits. This particular orientation places Pnop and Pngp at the same end of RABV P, in
contrast to other P proteins in which the two domains are at distant opposite ends of the
oligomer (19-21). In VSV, it has been shown that a chimeric P dimer with one P mutant
lacking Pnep and another mutant lacking Pnpp can fully support VSV RNA synthesis (17). In
the case of the RABV P dimer, it is not clear what the functional implications are when all

Pxep and Pngp domains are at the same end.

For this report, we carried out systematic studies of the domains of MuV P and their
possible interactions with the nucleocapsid. Previously, MuV P expressed as a recombinant
GST-fusion protein was shown to bind a truncated N (Nso9g) that was described as capable of
assembling into NLP (4). In addition, deletion of the last 49 residues in MuV P abolished
NLP binding, and the C-terminal domain (C343-391) alone was shown to be capable of
binding NLP (4). In contrast, nucleocapsid binding by the P protein from other
paramyxoviruses reportedly requires interactions with the C-terminal tail region of N (22-
25). The previous report appears to suggest that MuV P contains a Pypp that is similar to
other paramyxoviruses, but its binding site on the nucleocapsid may be located in a different

region of N. The crystal structure of the C-terminal domain of MuV P showed that it contains
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three packed a—helices that may be induced to fold when P binds the nucleocapsid (7). We
expanded the study of nucleocapsid-binding to include all domains in MuV P. Our structural
and functional characterization of MuV P is discussed here with comparison to other NSV

Ps.
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MATERIALS AND METHODS

MATERIALS

Restriction enzymes and T4 DNA ligase were purchased from New England BioLabs.
pET28b and BL21(DE3) were purchased from Novagen. Primers for PCR were purchased

from Invitrogen and Integrated DNA Technologies.

PLASMID CONSTRUCTION

The P genes were amplified from a cDNA clone of MuV strain 88-1961 (GenBank:
AF467767.2) by PCR. Primers for amplification on the 5’ end of the gene fragments
contained Nhel restriction sites while 3° primers contained Xhol sites. Sequences of the
primers can be sent upon request. The P gene or gene fragments and the pET-28b plasmid
were each digested with restriction enzymes Nhel and Xhol and gel purified. The purified
digested P genes were individually ligated in frame with the N-terminal polyhistidine tag,

resulting in the vector MuV P-pET28b, or MuV (P clone ID)-pET28b.
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PROTEIN EXPRESSION AND PURIFICATION

Expression vectors were transformed into E. coli strain BL21(DE3). Bacteria were
cultured in LB broth at 37 °C until ODg reached 0.6. Protein expression was induced with 1
mM IPTG for 18 hours at 18 °C. The cells were harvested by centrifugation and resuspended
in binding Buffer A containing 20 mM Tris (pH 7.9), 500 mM NaCl and 5 mM imidazole.
The cells were disrupted by sonication, and then centrifuged for 1hr at 18,000rpm. Soluble
fractions were collected and passed through a Ni-Affinity column (Chelating Sepharose Fast
Flow, GE Healthcare). The loaded Ni-affinity column was washed with 5 column volume
(CV) of binding Buffer A. The loaded column was washed with 5 CV of wash Buffer A
containing 20 mM Tris (pH 7.9), 500 mM NacCl, and 50 mM Imidazole. Samples were eluted
with elution Buffer A containing 20 mM Tris (pH 7.9), 500 mM Imidazole, and 500 mM
NaCl. Proteins were further purified by size exclusion chromatography (Sephacryl S-75 or S-
200, GE Healthcare) in size exclusion buffer containing 20 mM Tris pH 7.5 and 500 mM

NacCl.

PURIFICATION OF TRYPSINIZED MUV NLP

The MuV N protein was expressed and NLP was purified as previously reported (26).
NLP has a ring structure composed of 13 N subunits and a single strand of random RNA. The
purified NLP was allowed to incubate overnight at room temperature with trypsin at a 1
mg: 100 mg ratio (trypsin:N). Trypsin was then inactivated by the addition of PMSF (1 mM).
The digested NLP (NLPs79) was concentrated to 8 mg/ml and purified by size exclusion

chromatography using a S-400 column (HiPrep Sephacryl S-400, GE Healthcare). The
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identity of the digested N was confirmed by N-terminal amino acid sequencing and mass
spectrometry analysis. The size of the NLP379 was consistent with that of a ring structure

similar to the full-length NLP.

IDENTIFICATION OF PROTEASE RESISTANT FRAGMENTS OF THE MUV P

PROTEIN

The full-length P protein was digested using three different proteases: trypsin (TPCK
treated, Worthington), a-chymotrypsin (Sigma), and proteinase K (Fisher). The amounts of
enzymes used per mg of the P protein were 0.2 U, 0.1 U, 0.2 ug for trypsin, chymotrypsin,
and proteinase K, respectively. The P protein was digested with each protease for a
maximum of 2 hrs at 37°C. During this time course, aliquots of each digestion mixture were
taken at five minute intervals and denatured for analysis in SDS-PAGE gels. SDS-PAGE gels
of digestion reactions were electroblotted onto PVDF membranes and stained with coomassie
blue. Bands corresponding to stable P fragments were cut out and sent to the Protein Analysis
Core at UTMB (Galveston, TX) for N-terminal amino acid sequencing. Products at optimal
time-points from the limited digestions of P were purified using a Gelfree 8100 Fractionation
System (Protein Discovery), in accordance with the manufacturer’s protocol. Fractions
containing pure digestion products were subjected to mass spectrometry analysis at the

Protein Analysis Core at UTMB (Galveston, TX).
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BIOINFORMATICS ANALYSIS

The secondary structure of MuV P protein was predicted using Jpred3 (27). PIV5S V

protein (Accession #AAA47882) was used in the Jpred3 homologue search.

CRYSTALLIZATION AND DATA COLLECTION OF MUV Pgp

P161-277 was expressed and purified as described above and concentrated to 5-7
mg/mL. Crystallization conditions at 20°C were screened using Crystal Screen 1 & 2
(Hampton). An initial crystal hit was found in the handing drop set-up with a reservoir
solution containing 0.1 M NaAc (pH 4.6) and 2 M NaCl. Typical crystals appeared in
hanging drops after 10-14 days at 20°C. Crystals were cryo-protected in a cryosolution
containing the reservoir solution supplemented with 25 % glycerol. For preparation of uranyl
acetate derivatives, crystals were soaked stepwise in the reservoir solution containing 0.5,
1.0, 1.5 and 2.5 mM uranyl acetate at approximately 10 minute intervals. Uranyl acetate
soaked crystals were cryo-protected by the same protocol as native crystals, except for the
addition of 2.5 mM uranyl acetate to the cryosolution. Native crystals diffracted X-rays to a
resolution of 2.2 A when exposed to synchrotron X-rays at SER-CAT beamline BL-22 BM at

APS.

STRUCTURE DETERMINATION AND REFINEMENT

The phases of X-ray diffraction data were determined by SIRAS using the program

CNS (28). The uranium atom in the uranyl acetate derivative was used as an anomalous
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scatterer. An initial model was manually built into solvent flattened maps. The model was
then subjected to several rounds of the Autobuild routine in PHENIX (29). The resulting
model was subjected to several cycles of manual rebuilding using COOT (30) and refinement
with PHENIX (29). TLS refinement was performed using the PHENIX program (31, 32)].
The structure has been deposited in the Protein Data Bank under the code 4EIJ. Solvent
accessible surfaces were calculated using CNS (28). Structure figures were created using

PyMOL (33). Data collection and refinement statistics are shown in Table 1.

CONTACT AREA BETWEEN THE HELICES

In order to estimate how tight the interactions are between the different helices,
calculations of the buried surface areas were performed in CNS (28) (Table 2). The total
buried surface area is similar for each of the inter-chain interactions. Among the three
possible pairs of contacts, Chain A-B proved to have the highest percentage of buried
surface. However, the negligible differences among the three pairs strongly suggest that the

oligomeric state of MuV Pqp is a tetramer.
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Table 1. Crystal X-ray data, phasing, and refinement statistics

Parameter*

BL-22 BM?

Native crystal

Uranyl derivative

Data collection statistics

X-ray source

SER-CAT, APS, IL

SER-CAT, APS, IL

Wavelength (A) 1.0 1.0
Space group R32 R32
Cell dimensions
a, b, c(A) 80.348, 80.348, 165.17 | 78.919, 78.919, 165.447
a, B,y (°) 90, 90, 120 90, 90, 120
Resolution (A) 50-2.2 (2.24-2.2) 50-2.9 (2.96-2.9)
Rsym 0.062 (0.38) 0.081 (0.47)
Avg I/o(]) 26.695 (4.145) 23.11 (3.0)
Completeness (%) 99.9 (100) 99.6 (97.6)
Redundancy 4.6 (4.7) 3.5(3.7)
No. of reflections 49,262 16,324
No. of unique reflections 10,717 (528) 4,601 (233)
Phasing statistics
Heavy atom sites 3xU(0O),
Resolution range (A) 50-2.56 (2.76-2.56)
Figure of merit, acentric/centric 0.6566/0.3542
(0.6584/0.3531)

Phasing power, iso/ano

1.3471/1.3104
(1.2658/1.4415)

Reuis, 1S0/ano 0.599/0.7606
(0.6059/0.9150)
Refinement statistics
Molecules (ASU) 2
Resolution (A) 26.6-2.2 (2.31-2.2)
Avg B-factor (A?), protein/water 43.05/46.52
Coordinate error (maximum likelihood 0.26
based)
No. of reflections used 10,308
Ryor/ Riee 0.1814/0.2302
Completeness (%) 96.15
No. of atoms
Protein 942
Water 58
Glycerol 1
RMSD
Bond length (A) 0.006
Bond angle (°) 0.887
Ramachandran plot (%), favored regions | 98.3

e a Ry = Z|(I — <I>)|/Z <I>, where <I> is the observed intensity; Ryork = 2(||Fobs| —
k| Fimodel|)/Z(|Fobs|)- Riree Was obtained for a test set of reflections (9.98%).
b Values for the highest-resolution shell are indicated in parentheses.
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Table 2. Surface area calculations

Surface (AZ)

Chain Buried Total % Buried
Chain A 6,382

Chain B 5,824

A-B 2,771 9,436 29.3
A-A’ 2,570 10,193 25.2

B-B’ 2,601 9,050 28.7
Tetramer 5,065 13,809 36.7

GLUTARALDEHYDE CROSSLINKING

Protein crosslinking studies were carried out with the addition of 0.1% glutaraldehyde
stock solution diluted in PBS. Increasing concentrations of glutaraldehyde were added to 50
pl of P161-277 (3 mg/ml) and allowed to incubate for 4 hours or overnight on ice. The
reactions were quenched by addition of 18 pl of SDS-PAGE sample buffer. Samples were

denatured and analyzed by SDS-PAGE.

SEDIMENTATION VELOCITY ANALYSIS

Sedimentation velocity experiments were performed in an XL-A analytical
ultracentrifuge (Beckman Coulter) in two channel epon centerpieces. The data were
collected at 280 nm, and a speed of 40,000 rpm in an An60Ti 4-hole rotor at 20°C. The
concentration of protein loaded was ~1 mg/mL. The data (Table 3) were analyzed with the

program SEDFIT using both the c(s) and c(s,ff0) models
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(http://www.analyticalultracentrifugation.com/default.htm). The c(s,ff0) model was used for
molecular weight estimation of the sedimenting species. The buffer density, buffer viscosity,
and protein partial specific volume used in these calculations were estimated with the

program SEDNTERP (http://bitcwiki.sr.unh.edu/index.php/Main_Page).

Table 3. Sedimentation velocity statistics

Sample S value RMSD £/£0 Mol mass (kDa)

P161-277 2.6 0.009049 1.8525 57.8

P full 3.8 0.01062  2.6522 165.5
PULLDOWN ASSAY

In order to map N-P interactions, a pulldown assay was performed. A small column
containing 50 pl of charged Chelating Sepharose Fast Flow beads was first saturated with the
P protein or a P fragment. After allowing the sample to flow through the column, the beads
were washed with 10 CV of binding Buffer B, containing 20 mM Tris (pH 7.9), 50 mM
NaCl, and 5 mM Imidazole. NLP, or NLP379, in binding Buffer B was added to the loaded
column at a 1:1 molar ratio (N:P) and incubated at room temperature for 15 minutes. The
NLP or NLP379 solution was allowed to flow through. Next, the loaded column was washed
with 10 CV of binding Buffer B, followed by wash with 5 CV of wash Buffer B containing
20 mM Tris (pH 7.9), 50 mM NaCl, and 50 mM Imidazole. The protein was eluted with 5
CV of elution Buffer B containing 20 mM Tris (pH 7.9), 50 mM NaCl, and 500 mM
Imidazole. The eluate was denatured in SDS-PAGE sample buffer and electrophoresed in a
12% SDS-PAGE gel. Gels were stained with 1% Coomassie Brilliant blue dye. The full-
length MuV P protein was used as a positive control for binding NLP. The purified NLP or
NLP379 in the absence of any P fragments was used as a negative control.
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BIACORE 2000 ANALYSIS

Real time binding analysis of the MuV P protein to the MuV NLP and its truncated
form NLP379 were analyzed using surface plasmon resonance on a BIAcore 2000 instrument
(GE Healthcare). Purified NLP or N379 ligands were immobilized on the carboxylated surface
of a CMS5 sensor chip using an amine-coupling kit. Analytes full-length MuV P and P
fragments P1-194, P161-277, and P286-391 were flowed over the immobilized NLP or
NLP379 CMS5 chip at a flow rate of 20 uL./min at 25°C. Regeneration of the chip surface after
each cycle was performed using (0.015 M HEPES in 0.5 M NaCl). The change in the surface
plasmon resonance angle is displayed as response units, where 1,000 response units (RU) is
equal to 1 ng of analyte bound per nm? on the sensor surface. The experiments were carried
out in triplicates and kinetic association (K,) and dissociation (Kp) rate constants were

deduced using the 1:1 Langmuir kinetic model with BIA evaluation software.
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RESULTS

DIGESTION STUDIES OF MUV P

In order to study the structure and function of the MuV P protein, a single vector was
constructed to express the MuV P protein in E. coli. Following expression, his-tagged
recombinant P was purified from the soluble fraction of the lysate. The P protein was further
purified by size exclusion chromatography and was analyzed by SDS-PAGE. Purified P
migrates to a position consistent with that observed in previous publications, approximately 5
kDa higher than the calculated molecular weight of 41.5 kDa (26). Slow migration has also
been observed for VSV P (34), suggesting that NSV P proteins appear to migrate slower in

SDS PAGE

The full-length P protein was shown to be susceptible to digestion by residual
impurities over a brief time period following purification. In order to define domains within
MuV P, limited proteolytic digestion studies were performed. Purified full-length P protein
was digested using three different proteases: trypsin, chymotrypsin, and proteinase K.
Digestion products were examined by SDS-PAGE, which showed that each protease had a
different digestion pattern (Figure 1A-C). In order to identify the N- and C-termini of the
stable fragments, individual bands corresponding to digested products were isolated and

analyzed by N-terminal amino acid sequencing and mass spectrometry. The results for the
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Fig 1. Limited digestion of MuV P by different proteases. In panels A to C, lanes 1, 2,
and 3 correspond to the molecular mass ladder, undigested P protein, and digested P protein,
respectively. (A) Proteinase K digestion resulted in two stable fragments (K1, residues 194 to
391; K2, residues 214 to 391) (lane 3). (B) Trypsin digestion resulted in a major stable
fragment (T1, residues 135 to 391) (lane 3). Lanes 4 to 7 correspond to the different fractions
separated using the Gelfree 8100 fractionation system. (C) Chymotrypsin digestion resulted
in a major stable fragment (C1, residues 194 to 391) (lane 4). The identity of the major stable
fragments was revealed by N-terminal amino acid sequencing and molecular weight
determination, and is summarized in panel D. The molecular masses for fragments T1 and C1
were determined through mass spectrometry. The molecular masses of fragments K1 and K2
were approximated from their position on SDS-PAGE gels. Protease cut sites (*) represent
the sequences identified using N-terminal sequencing. (E) Summary of bioinformatics
analysis using Jpred3. Predicted helical regions are shown in the schematic to the right of
“Helix”. Predicted beta-strand regions are shown in the schematic to the right of “B-strand”.
Homology to PIV5 V protein is shown in the schematic to the right of “PIVS5 V.



limited digestion studies are summarized in Figure 1D. Trypsin digestion resulted in a major
stable fragment corresponding to residues 135-391 with an N-terminal sequence of MINRF
and a molecular weight of 27.7 kDa. Chymotrypsin digestion resulted in a major stable
fragment corresponding to residues 194-391 with an N-terminal sequence of AHPSP and a
molecular weight of 21.7 kDa. While bands corresponding to other partially digested
products were seen on SDS-PAGE gels for both trypsin and chymotrypsin digestions, the
molecular weight of these fragments could not be determined by mass spectrometry.
Proteinase K digestion resulted in two stable fragments. Identification of mass by mass
spectrometry was not successful. The residue numbers for the two K fragments (K1 and K2),
therefore, were designated based on their N-terminal sequence, and the molecular weight
approximated from their position on SDS-PAGE. The N-terminal sequence for K2 was
SVISA and likely corresponds to residues 214-391. The N-terminal sequence for K1 was
somewhat ambiguous, but the sequence in cycles 3 thru 5 was PSP. This sequence with the
size observed on SDS-PAGE of approximately 22 kDa is consistent with a fragment
encompassing residues 194-391. The chymotrypsin and K1 fragments are thus the same, and
consistent with the cleavage pattern of each enzyme where each cleaves adjacent to the
carboxyl group of bulky or aromatic amino acids. The sequence at this cleavage site of P is

Y/AHPSP.

BIOINFORMATICS ANALYSIS

Secondary structure prediction by Jpred3 identified nine different regions as probable
helical regions (Figure 1E). The prediction also identified four different regions that were

likely to have B-strand conformation. In addition, the Jpred3 search identified PIVS V as a
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homologue of MuV P. PIV5 V has a 37% identity to MuV P, located within the first 155
residues and 164 residues of MuV P and PIVS5 V, respectively. These data were used along
with the results of protease digestion to design a clone library of MuV P fragments. These
protein fragments were expressed and purified by the same methods used for the full-length
P. The yield of purified protein per liter varied for each fragment. A list of cloned P

fragments and a summary of protein expression results are shown in Figure 2. P fragments

Residue Range i
ConelD |5 409 2909 300 391 g
MuV P mﬁ T —E ++
P1-151 | N +
Pi-o4 | I
pi213 |
P51-151 [ ] +
P51-194 [ ] +++
P92-213 R ++
Po2-342 — =
P135-194 [ ] +
P135-342 _ +++
P161-277 I 4+
P161-342 I P
P194-342 || 4
P194-391 ] ++
P214-277 [ ] +
P214-342 N ++
P214-391 I £k
P251-342 I +
P251-391 B
P286-342 - +
P286-391 | ] +
P342-391 I ] +
¥ = Nucleocapsid Binding Region
= Oligomerization Domain
* = Protease cut site

Fig 2. Summary of MuV P fragments. A schematic representation of MuV P modules is
shown at the top. For expression levels, “+” indicates <15 mg/liter, “++” indicates 15 to 25
mg/liter, and “+++ indicates >25 mg/liter of purified recombinant protein. Fragments were
derived from a combination of protease digestion and bioinformatics analysis.



that were consistent with the results of the protease digestion have a better expression level in

the soluble fraction

STRUCTURE OF THE P OLIGOMERIZATION DOMAIN

Several fragments were subjected to crystal screens. Crystals were grown with
fragment P161-277 and the crystal structure was determined to 2.2 A resolution. Only
residues 213-277 could be fit correctly into the electron density maps. The traced polypeptide
represented an appropriate protein volume for the unit cell with a solvent content of 60.04%,
assuming a partial specific volume of 0.74 cc/g. Composite omit maps were created to
confirm that modeling was carried out correctly. The lack of residues 161-212 is likely due to
digestion in situ during crystallization as crystal formation only occurred after two weeks.
The asymmetric unit contains two chains (A and B) that cover residues 213-273 and 215-
2717, respectively (Figure 3A). Both chains are composed of a single long a-helix. However,
Chain A, unlike Chain B, contains a kink at Gly 246. Chain A also contains a stretch of
amino acids with extended conformation at the C-terminal end (residues 272-277) of its long

helix.

The crystallized MuV P fragment forms a tightly packed tetramer through non-
crystallographic and crystallographic symmetry contacts (Figure 3B). We therefore define
this tetramer as MuV Pgp. This tetrameric coiled-coil structure is reminiscent of SeV Pop
(Figure 3C). However, the tetramer formed by SeV Pgp is composed of four parallel helices,

whereas the tetramer formed by MuV Pgp is composed of two sets of parallel helices that are
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in opposite orientation (Figure 3B). In the MuV Pgp tetramer that is primarily formed with

hydrophobic interactions (Table 3), there are two zippers of charged sidechain interactions at

G246
A Y

213 p »

277

Fig 3. Structure of MuV Pgp. (A) Crystal structure of two parallel extended a-helices
(chain A in green and chain B in cyan). Chain A contains residues 215 to 277, and a kink
at Gly246 is noted. Chain B contains residues 213 to 273. (B) Pop tetramer as found in
the crystal. The crystal structures of Pops from SeV (C), VSV (D), and RABV (E) are
shown for comparison. The range of residues for each Pop is labeled. In panels C to E,
each independent polypeptide chain is a different color.

Table 3. Sedimentation velocity statistics

Sample S value RMSD £/£0 Mol mass (kDa)
P161-277 2.6 0.009049 1.8525 57.8
P full 3.8 0.01062  2.6522 165.5
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each end in addition to hydrophobic surface contacts among the helices. Between the parallel
pair of helices, the zipper is formed by Asp229, Glu236 and Asp240 (Chain A) and Arg231
and Lys238 (Chain B) as mentioned above (Figure 4A; inset A). Between the antiparallel
pair of helices, the zipper is formed by Lys253 and Lys260 (Chain B) and Asp229, Glu236
and Asp240 (Chain B’) (Figure 4B; inset B). The helices wrap around each other and seem to

clamp one another through these charge zippers at both ends of the tetrad.

Inset A

Fig 4. Tetrameric interactions. (A) Chain A-B interactions. In addition to extensive
surface contacts, the main interactions between chains A and B also include a zipper of
charged residues: Asp229, Glu236, and Asp240 (chain A) and Arg231 and Lys238
(chain B). In panel A, chain A is on the left, and chain B is on the right. The other two
chains in the tetramer are monocolored. (B) Chain B-B’ interactions. Residues Lys253
and Lys260 from chain B (left) also form a zipper of charged residues—Asp229,
Glu236, and Asp 240—from the antiparallel chain B’ (right). This clamping by the
zippers occurs on both ends of the tetramer. The tetramer in panel B is rotated left-
handed by 90° compared to the tetramer in panel A.
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GLUTARALDEHYDE CROSSLINKING

In order to verify the tetrameric state of the MuV P protein, crosslinking reactions
were performed using glutaraldehyde. Initially, full-length P was used in crosslinking
experiments. However, because MuV P is highly susceptible to nonspecific digestion (35),
the resulting crosslinked products were composed of a mixture of different P fragments, and
no clear data could be discerned (data not shown). Since the majority of the known protease
sensitive sites are contained within the terminal regions, P161-277 was used in place of the
full-length P protein and the resulting crosslinked products were much easier to identify.
Following analysis in SDS-PAGE gels, bands representing monomers, dimers, trimers, and

tetramers could be clearly discerned (Figure 5A).

SEDIMENTATION VELOCITY ANALYSIS

To further confirm the oligomeric state determined by the Pop crystal structure, we
carried out ultracentrifugation analyses to measure the sedimentation coefficient of the
purified P protein and fragment P161-277. For both P161-277 and full-length P, the data
revealed a single dominant species (Figure 5). The molecular weight derived from
sedimentation coefficient i1s 57.8 kDa for P161-277, which corresponds to the theoretical
weight of a P161-277 tetramer (57.6 kDa). Furthermore, the molecular weight derived from

sedimentation coefficient is 165.5 kDa for full-length P, very close to the theoretical
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Fig 5. Oligomerization state of MuV P. (A) Cross-linking with glutaraldehyde. MuV P161-
277 was cross-linked using glutaraldehyde in order to assess the oligomerization state. Cross-
linking products were analyzed in SDS-PAGE gels. Lanes 1 to 5 correspond to 4 h of
incubation with glutaraldehyde at the following concentrations: 0, 0.05, 0.06, 0.1, and 0.2%.
Lanes 6 and 7 correspond to overnight incubation with 0.2 and 0.3% glutaraldehyde,
respectively. Bands representing P161-277 monomers (P*1), dimers (P*2), trimers (P*3),
and tetramers (P*4) can be seen at ~15, ~30, ~45, and ~60 kDa, respectively, and are noted
to the right of the gel. (B) Sedimentation velocity analysis. Sedimentation coefficients were
determined, and molecular masses were derived for P161-277 and full-length P (Table 3).
The distribution plots showed a single species for each sample. The derived molecular mass
for P161-277 (57.8 kDa) corresponded to the theoretical mass of a P161-277 tetramer (57.6
kDa). Furthermore, the molecular mass derived for full-length P (165.5 kDa) was very close
to the theoretical molecular mass for a MuV P tetramer (168 kDa).
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molecular weight for a MuV P tetramer (168 kDa). We therefore concluded that the purified
MuV P protein or P161-277 is a tetramer, concurring with the results from the crystal

structure.

NUCLEOCAPSID BINDING

A number of recombinant P fragments were expressed and purified (Figures 1 and 2).
In order to determine which parts of the MuV P protein interact with the nucleocapsid, a
pulldown assay was developed. Purified P fragments were first added to a small Ni-affinity
column in saturating amounts. After allowing the supernatant to flow through, the beads were
washed once to remove any unbound protein. NLP of MuV prepared as previously reported
(26) was added to the loaded column at a 1:1 molar ratio (N:P) and allowed to incubate at
room temperature for 15 minutes. The NLP solution was then allowed to flow through. The
loaded column was washed to remove any unbound protein. The proteins were then eluted
from the column, and the products were denatured and electrophoresed in SDS-PAGE gels.
A summary of the results from the pulldown assays is shown in Figure 6. These assays
confirmed that the extreme C-terminal domain, P342-391, is a nucleocapsid binding domain
as previously reported (4). Other C-terminal fragments including residues 251-391, 286-391
and 342-391 each bound NLP (Figure 6). Unexpectedly, the results showed that the N-
terminal region of MuV P (Pj.194) was also capable of binding NLP. This has not been
reported previously for a NSV P protein and suggests that the functional domains of MuV P

may be different from those of other NSVs.
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In addition to using NLP formed by the full-length NLP (540 amino acids), binding

assays were also conducted using a trypsin digested form of the MuV NLP (NLP379). The

digested NLP379 was used to determine if P binding could be abolished in NLP lacking the C-

terminal region of N. Similar to the full-length NLP, NLP379 was also bound by both the N-

terminal (1-194, 51-194) and C-terminal (251-391, 286-391, and 342-391) regions of MuV P

(Figure 6D,E).
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Fig 6. NLP pulldown assays. In order to determine which P fragments could interact with
NLP, pulldown assays were performed. The headers of the gels in panels A, B, D, and E
indicate whether the P protein (or P fragments) saturated column was incubated with NLP
(+) or NLP379 or not (—). Amino acid numbers corresponding to individual P fragments
are labeled on the footer of the gels. The positions for N protein (labeled “N” in panels A
and B) and trypsinized N (labeled “N379” in panels D and E) are noted (A and B), and
trypsinized NLP (N379) are noted by arrows on the right sides of each gel (D and E). (C)
Negative controls. Lanes 1 and 2 show the results for negative controls for NLP and
trypsinized N379, respectively, with no P fragments added to the column.
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AFFINITY OF P FRAGMENTS BINDING NLP

Based upon pulldown experiments, we concluded that MuV P contains two separate
nucleocapsid binding domains: the N-terminal domain (P1-194) and the C-terminal domain
(P286-391). In order to further characterize the interactions between the two separate
nucleocapsid binding domains and NLP, surface plasmon resonance analysis was conducted.
The recombinant full-length P, P1-194, P161-277, and P286-391 were investigated for their
ability to interact with immobilized NLPs or NLP379. All analytes, except for P161-277 as a
negative control, exhibited measurable binding (Figure 7; Table 4). Kinetics experiments
were conducted at multiple concentrations (Figure 7). Modeling the association and
dissociation of the P analytes with NLP using the 1:1 Langmuir binding model led to
estimated K, values of 2.02 x 10° M™' for N1-194, 2.35 x 10° M for P286-391, 2.23 x 10°
M~ for the full-length P (Table 4). Using K, calculations, P286-391 also exhibited a
relatively higher affinity for NLP with an estimated dissociation constant of 4.26 x 10”7 M as
compared with N1-194 (4.95 x 10° M). Next we tested the ability of P to bind immobilized
NLP379 (Figure 7, E-H). Modeling the association and dissociation of the P analytes with
NLP379 using the 1:1 Langmuir binding model led to estimated K values of 2.17 x 10° M
for P1-194, 1.01 x 10° M for P286-391, 1.61 x 10° M"" for the full-length P (Table 4). The
estimated K4 and K)p values, P1-194 exhibited a relatively higher affinity for NLP379 with an
estimated dissociation constant (Kp) of 4.6 x 10”7 M as compared with P286-391, which has
a Kp value of 9.88 x 10® M. Control SPR experiments with P161-277, which contains the
OD domain, did not show measurable interactions with full length NLP or NLP379. The SPR
data indicate a 1.3-fold higher affinity in P binding the full length NLP versus NLP379, but

shows a slower dissociation rate (Fig. 7A, E). The curves of Fig. 7F, G show that there are
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very fast on and off rates for both P1-194 and P286-391 to NLP379 as compared to the full

length NLP.

Table 4. Binding kinetics

Sample

P1-194 + N full
P286-391 + N full
P full + N full
P1-194 + NLP379
P286-391 + NLP379
P full + NLP379

K, M
2.02 x 10°
2.35 % 10°
2.23 x 10°
2.17 x 10°
1.01 x 10°
1.61 x 10°
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Fig 7. Evaluation of N-P interactions using surface plasmon resonance. (A to D) Full-
length NLP was immobilized, and P protein analytes (full-length P, P1-194, P286-391, and
P161-277, respectively) were injected over the CM5 chip surface. All analytes displayed a
measurable binding response (1 RU = 1 pg/mm?2). (E to H) N379 was immobilized, and P
protein analytes (full-length P, P1-194, P286-391, and P161-277, respectively) were injected
over the CM5 chip surface. All analytes displayed a measurable binding response. All
experiments were carried out in triplicate. K4 and Ky values are listed in Table 4.
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DISCUSSION

It has been anticipated that MuV P has a modular structure composed of separated
functional domains. Here, we present an experimental approach to more accurately map the
functional domains of MuV P. In our proteolytic studies, the N-terminal region of P
preceding residue 194 appeared to be less stable than the region that follows since more
cleavage sites were found here. This is consistent with observations of other NSV Ps in
which the N-terminal region is more disordered compared to the middle and C-terminal
regions of P (11, 23, 36, 37). A previous study determined the structure of an extreme C-
terminal segment (residues 343-391) of MuV P (7). Our proteolytic digestion study did not
identify this smaller region of P as a stable fragment. A possible explanation for not being
able to map P343-391 in the current study is that this C-terminal region is part of a larger C-
terminal domain. The P343-391 region was previously proposed to be MuV Pnpp by analogy
to other P proteins. P343-391 may be a molten globule since its crystallization required the
addition of stabilizing agents (7). On the other hand, the protein expression data did point to a
potential linker between Pop and the C-terminal domain to be from residue 277 to 286. This
could suggest that the C-terminal domain of MuV P is larger than previously thought. P
proteins of other NSVs were reported to contain flexible regions between Pyep, Pop, and

Pusp (1, 21, 36, 38-43).

Crystallization studies clearly defined that MuV Pop comprises residues 213-277

when P161-277 was used in crystal growth. The structure of MuV Pgp was determined and
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shows a stable tetramer containing one pair of long parallel a-helices (64 residues) and a
second pair of parallel helices in opposite orientation. The presence of P tetramers in solution
was confirmed by analytical ultracentrifugation and crosslinking with glutaraldehyde (Figure
5). The unique organization of this tetrameric coiled-coil where parallel helices are joined
with antiparallel helices has not been reported for a native protein before. In this distinctive
assembly, interactions between the parallel helices are different from those between the
antiparallel helices. By contrast, interactions between any neighboring pair of helices are
identical in an all parallel or all antiparallel coiled-coil. The helices in the MuV Pgp tetramer
are held together by a large hydrophobic contact area between each monomer (Table 2) and
two zippers of charged sidechain interactions (Figure 4). This interesting orientation of
antiparallel helices places the N-terminal and the C-terminal regions at both ends of MuV
Pop. This particular structure may well suit the functional requirements of MuV P as

discussed below.

We have shown that P binds the full length MuV NLP and truncated NLP379. These
observations confirm that the P binding site in the MuV nucleocapsid does not fully require
the N-tail, same as previously reported (4). In lieu of the apparent dispensability of this N-
tail, nucleocapsid binding by MuV P may involve several regions of both N and P. Given this
and the novel structure of MuV Pod, P may well be different from other NSV Ps in binding
the nucleocapsid. With this open-minded approach, His-tagged fragments covering the full
range of MuV P were tested for binding a well prepared NLP composed of 13 N subunits and
a piece of random RNA as previously described (26). In the His-tag pulldown assays, full-
length MuV P and the previously identified C-terminal domain, P343-391, were shown to

bind NLP as expected. What was unexpected is that the N-terminal region of MuV P from
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residues 1 to 194 could also bind NLP. This indicates that specific nucleocapsid binding may
require both the N-terminal and the C-terminal regions of MuV P, a binding mode that is
different from all other known NSV Ps. The NLP binding by the N-terminal and C-terminal
regions was confirmed by surface plasmon resonance experiments. This analysis showed that
the C-terminal region of P has a higher affinity for NLP. When the N-tail was removed by
trypsin digestion (NLP379), the C-terminal region of P still binds NLP379 with a lower affinity.
The affinity of binding NLP379 by the C-terminal region of P is similar as that of the N-
terminal region of P binding to the full length NLP. These observations suggest that the C-
terminal region of P interacts with the N-tail and additional regions of N, and the N-terminal
region of P interacts with regions of N not including the N-tail. However, there is a 10.7-fold
increase in binding NLP379 by the N-terminal region of P versus the full length NLP. This
increase could point to the accessibility of the N° binding site for P upon removal of the N-
tail. Evidence shows that this site is located in the RNA cavity for other N proteins (11, 36,
37). The N” binding motif of P could potentially bind in this site if encapsidated RNA was
displaced from NLPs79. The overall affinity of the full length P for NLP is lower than that of
the individual domains. The affinity values for the full length tetrameric P may be
underestimated because the NLP is representative of a single turn of the helical nucleocapsid
and thus does not have the multiple binding sites available in the helical nucleocapsid

(described below). In addition, the full length P was not very stable in solution.

Comparisons of known structures of P uncovered three modes of P oligomerization
(Figure 3B-E). In the SeV P tetramer, oligomerization results in a coiled-coil structure of four
long parallel o—helices (21). Similarly, the subunits in the VSV P dimer are also parallel to

each other even though the f—sheet on each side is formed by domain swapping (19). The
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parallel orientation of P subunits in the oligomers places the N-terminal regions on one end
and the C-terminal regions on the other. Since specific nucleocapsid binding in these viruses
requires only the C-terminal region of P, the N-terminal region may be placed far away from
the C-terminal region. In the RABV P dimer, however, the N-terminal and C-terminal
regions are each positioned at the same end due to the U-shaped structure that links two
antiparallel helices in each Pop subunit (20). There is no indication that the N-terminal region
of RABV P is involved in binding the nucleocapsid. It is not clear what functional
implications this particular orientation of RABV P has. MuV P represents a third mode of
oligomerization in which parallel and antiparallel P subunits are associated together to form a
tetramer. In the MuV P tetramer, the dimensions of the helix bundle are similar to those of
the coiled-coil structure of the SeV P tetramer, but the orientations of the helices is different.
The antiparallel orientation of the MuV P subunits places two N terminal regions and two C-
terminal regions on each end of the tetramer. This organization may be functionally required
because both the N-terminal and C-terminal regions of P are involved in binding the
nucleocapsid as shown in this report. The two terminal regions should be in close proximity
to each other in order to effectively bind the nucleocapsid. The full P binding sites for each
terminal regions in the nucleocapsid remain to be identified for MuV. The results shown in
Figure 6 and 7 suggest that there are P binding sites within residues 1-379 in addition to the
C-terminal tail of N. This mode of binding requires that P bind at least two or more N
subunits either in the same turn or in successive turns in the helical nucleocapsid. Since the
conserved sequences for initiation of replication (PrE I and II) are located in two successive
turns of the nucleocapsid (44) it is possible that P plays a role in recognition of the two sites

by the viral RdRp. Our results again demonstrated that NSV P proteins all have a modular
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structure with separated functional domains and are present as oligomers (Figure 8). While
NSV P proteins harbor analogous functions, each may have very different domain
organization, and can interact with other viral proteins, especially the nucleocapsid, in a very

different manner.

Residue Range
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Rabies P
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E = Nucleocapsid Binding Domain
Bl = N° Domain

= Oligomerization Domain

|_|= L-binding Domain

Fig 8. Diagram of the domain organization for four different NSV Ps. Pop, is typically
located in the central region of P. PN°D and Pnpp are linked to Pop through flexible loops.
This appears to be a common modular structure for all NSV P proteins.
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ABSTRACT

Mumps virus (MuV) is a highly contagious pathogen, and despite massive
vaccinations, outbreaks continue to occur worldwide. The virus has a negative-sense, single-
stranded RNA genome that is encapsidated by the nucleocapsid protein (N) to form the
nucleocapsid (NC). NC serves as the template for both transcription and replication. In this
report we solved a 18.5 A resolution structure of the authentic MuV NC using cryo-electron
microcopy. We observed the effects of phosphoprotein (P) binding on the MuV NC structure.
The N-terminal domain of P (Pytp) has been shown to bind NC as well and appeared to
induce uncoiling of the helical NC. The location of the encapsidated viral genomic RNA was
defined by modeling crystal structures of homologous N in NC. These results provide critical
insights on the structure-function of the MuV NC and the structural alterations that occur

through its interactions with P.
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INTRODUCTION

Paramyxoviruses are enveloped non-segmented negative-strand RNA viruses (NSV)
belonging to the order Mononegavirales. Mononegavirales also includes the Bornaviridae,
Filoviridae, and Rhabdoviridae families. The Paramyxoviridae family includes several
important human pathogens such as measles virus (MeV), respiratory syncytial virus (RSV),
and mumps virus (MuV). While vaccines exist for some paramyxoviruses, they are not
available for others, such as RSV. In addition, no effective antiviral treatments have been

developed.

The MuV genome encodes 8 proteins, three of which are required for replication of
the MuV genome; the nucleocapsid protein (N), phosphoprotein (P), and the large protein
(L). N, P, and L have orthologs in a number of NSV. Studies on the roles of N, P, and L in
viral RNA synthesis have shown that each can individually and differentially affect the

processes of mRNA transcription and genome replication (1-10).

Throughout the virus replication cycle, the genome of NSV always exists in the
nucleocapsid (NC), a unique protein-RNA complex in which the viral RNA (viral genomic
RNA (VRNA) or complementary genomic RNA (cRNA)) is completely sequestered by the N
protein. NC is used as the functional template for RNA synthesis by the viral RNA
dependent RNA polymerase (VRdRp), which includes L and P. The L protein contains all the

enzymatic activities needed for viral RNA synthesis, such as the ability to cap and
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polyadenylate mRNA transcripts. P acts as a cofactor to home vRdRp onto the NC template
for RNA synthesis. In addition, the P protein chaperones N to encapsidate newly synthesized
viral genomes during replication. The encapsidation of RNA by N is concomitant with the

replication process.

How the sequestered genomic RNA is accessed by vRdRp is not clearly known.
Structures of NSV nucleocapsids and nucleocapsid-like particles (NLPs) have been solved
previously (11-16). Paramyxovirus NC forms a left-handed helix even though the helical
symmetry is not strictly followed due to the flexibility in NC (15, 17, 18). Based on the
crystal structure of a RSV NLP, it was shown that the genomic RNA was completely
sequestered between two domains (NTD and CTD) of the N protein (15, 16). Fitting the
crystal structure in the cryoEM structure of RSV NC revealed that the access to the genomic
RNA is blocked by the stacking of layers in the NC helix (15). The vRdRp must be able to
unwind the NC helix in order to gain access to the protected genomic RNA. The viral protein
that plays this role is P. In vesicular stomatitis virus (VSV) of the Rhabdoviridae family that
is closely related to paramyxoviruses, NC also forms a left-handed helix when packaged in
the virion (19). In the infected cell, however, VSV NC does not retain a helical structure,
although the genomic RNA is still sequestered in the nucleocapsid, according to the crystal
structure (12). It has been shown that the C-terminal domain of VSV P (Pc1p) binds at the
interface of two CTDs from neighboring parallel N subunits (20). Binding of Pcrp allows
VvRdRp to specifically recognize NC and to be positioned directly at the gate to the
sequestered genomic RNA. Binding between the extreme domain of MeV/Sendai virus (SeV)
P, PX, and a helix in the N-terminal region of MeV/SeV N has also been demonstrated (21,

22). This interaction may represent a portion of the overall contact area between N and Pcrp,
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but nevertheless it supports the notion that paramyxovirus Pcrp also plays a role in bringing
vRdRp to the gate of the sequestered genomic RNA. At the same time, it is likely that
additional interactions may be required to unwind the helical NC of paramyxoviruses for
efficient viral RNA synthesis. The L protein in vVRdRp may play such a role once it is
brought to NC by Pcrp, or it is possible that other regions in P can help to unwind NC. In our
recent studies, it was shown that the N-terminal domain of MuV P (Pnrp) also binds NC (23).
MuV P forms a unique tetramer in which two P molecules are associated with two P
molecules that have the opposite orientation, placing two Pnrp and two Perp at each end of
the P tetramer. This novel orientation of P molecules allows Pntp and Pcrp to bind NC

simultaneously, a unique observation not reported for other paramyxoviruses.

In this report, we determined the three dimensional structure of the authentic MuV
NC alone, and observed the effects of different modes of MuV P binding. More importantly,
we showed that NC binding by MuV Pxrp uncoils NC. These studies have provided insights

into how MuV P associates with NC and what changes are induced by P binding.
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MATERIALS AND METHODS

VIRUS AND CELLS

Vero cells were grown in complete media (CM), (DMEM supplemented with 10%
fetal bovine serum (FBS), 1X glutamine, and 1% penicillin-streptomycin). Cells were

cultured at 37 °C with 5% CO,. MuV strain lowa (MuV-IA) was used in our studies.

VIRUS PROPAGATION

For infections, MuV-IA stock was diluted in PBS with 10% CM. Cells of
approximately 70% confluence were infected with MuV-IA at an MOI=0.01. At 96 hours
post infection, or when maximum syncytia formation occurred, the supernatant containing

MuV virions was collected.

PLAQUE ASSAYS

Vero cells were grown to approximately 70% confluent. Media was removed and
cells were inoculated with serial dilutions of MuV. After incubation at 37 °C for 1 hour,

media was removed and a 1:1:1 mixture of 2X DMEM, CM, and 1.5% agarose was added to
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monolayers and allowed to solidify. Six days later, cells were fixed with 4% formaldehyde

and stained with 1% crystal violet.

PURIFICATION OF NC FROM INFECTED CELLS

Vero cells were infected at 37 °C with MuV-IA at MOI=0.01. At 24 hours post
infection, media was changed and the temperature was decreased from 37 °C to 30 °C. At 96
hours post infection, or when maximum syncytia formation occurred, cells were harvested
and lysed by freezing-thawing. The cell lysate was then centrifuged in a SW 41 rotor on a
continuous 20-40% CsCl gradient for 18 hrs at 32,000 rpm. Following centrifugation, the

gradients were fractioned and analyzed using SDS-PAGE.

PURIFICATION OF AUTHENTIC NC FROM VIRIONS

MuV-IA harvest was centrifuged over a 20% sucrose cushion in a SW28 rotor at
28,000rpm for 1.5 hours. The pellet was then resuspended in TNE (10 mM Tris; 200 mM
NaCl; 1 mM EDTA; pH 7.4) with 1% Triton X-100 in order to disrupt the virions. The
preparation was then centrifuged in a SW 41 rotor on a continuous 20-40% CsCl gradient for
18 hours at 32,000 rpm. Fractions containing purified nucleocapsids were analyzed by SDS-

PAGE.
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PROTEIN EXPRESSION AND PURIFICATION

Expression vectors were transformed into Escherichia coli strain BL21(DE3). The P
fragments Pcrp (residues 286-391) and Pnrp (residues 1-194) were expressed and purified
using Ni-affinity chromatography as previously reported (23). Proteins were further purified

by size-exclusion chromatography (Sephacryl S-75 or S-200; GE Healthcare) in TNE.

ELECTRON MICROSCOPY OF AUTHENTIC MUV NUCLEOCAPSIDS

The purified nucleocapsids (1 mg/ml) were placed on carbon coated mesh grids and
stained with 2% uranyl acetate or 2% phosphotungstic acid. In order to image NC-P
complexes, NC was allowed to incubate with excess amounts of either Pcrp or Pyrp prior to
collecting images. Images were taken on a FEI Tecnai F20 electron microscope with a Gatan
Ultrascan 4000 digital camera. For frozen hydrated images, the NC sample was added to a
freshly glow-discharged quantifoil holey carbon grid (R2/2; Quantifoil Micro Tools GmbH,
Germany). Grids were then blotted and plunged into liquid ethane using a VitroBot (FEI).
CryoEM was done on an FEI Tecnai F20 electron microscope equipped with a Gatan 626

cryo-sample holder and images were collected under low-dose conditions.

RNASE TREATMENT

Purified MuV NC was incubated with and without RNase A (0.5 mg/ml) at 37 °C
overnight. Absorbance measurements were carried out at 260nm and 280nm using a

NanoDrop 2000 (ThermoScientific).
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IMAGE ANALYSIS

Micrographs were selected for image processing based on optimal defocus, ice
thickness and astigmatism. CTF correction and three-dimensional reconstructions were
performed using the iterative helical real space reconstruction approach (IHRSR) using the
SPARX/EMAN?2 package (24-26). Resolution was determined by splitting the data into two
equal sets and comparing unsymmetrized reconstructions with a Fourier shell correlation of

0.5.
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RESULTS
PREPARATION OF MUV NUCLEOCAPSID

It has been previously reported that a significant amount of NC remains in the
infected cells (27). In order to obtain cell-associated NC, infected cells were scraped and
lysed by freezing and thawing. The cell lysate was then purified on a continuous 20-40%
CsCl gradient. A clear band was visible in the gradient after centrifugation. Fractions
containing the presumed NC were analyzed by SDS-PAGE. The N protein in this preparation
appeared smaller than that in NC isolated from virions (Figure 1, lane 2). Interestingly, it was
approximately the same size as the N fragment in the truncated NLP, NLP379, from our

previous report (23). This sample was not used in any further studies.
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Figure 1. SDS-PAGE of MuV NC preparations. SDS-PAGE analysis of MuV derived
NC is shown in Lane 1. The NC isolated from infected cells is shown in Lane 2. The cell
derived nucleocapsid migrated at a lower molecular weight than NC derived from virus.
The molecular weight ladder is shown in the MW lane.
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NC was also purified from detergent treated MuV virions. SDS-PAGE analysis of the
material that banded in the CsCl gradient showed a single protein component with a
molecular mass corresponding to that of MuV N (60 kDa; Figure 1, lane 1). Unlike the
sample purified from infected cells, the virion associated NC has the correct molecular mass
and did not suffer from any degradation. The purified sample had a ratio of the absorbance at
260 nm over 280 nm equal to 1.6 (Table 1), and was presumed to be the MuV NC. Fractions
containing the purified NC were then concentrated and imaged using negative stain electron

microscopy (EM) and cryo-EM.

Table 1. 260/280 Ratios

Sample ID 260/280

No RNase A; O/N incubation 37°C 1.17

No RNase A on ice (just purified NC) 1.6

RNase A Treated at time=0 1.37

RNase A treated at time= O/N incubation at 37°C 0.73
RNASE A TREATMENT

Purified NC was incubated with RNase A overnight at 37 °C. 260/280 ratios were
recorded before and after incubation. The 260/280 ratios are shown in Table 1. Overnight
incubation with RNase A was sufficient to significantly lower the 260/280 ratio, indicating
the generation of an empty NC by removal of the encapsidated RNA. This is in agreement

with previous observations using MuV NLP (28).
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IMAGING OF AUTHENTIC VIRAL NUCLEOCAPSIDS

Images of purified MuV NC by negative stain electron microscopy and cryo-EM
showed the classic “herringbone” structure of the typical paramyxovirus NC (Figure 2a).
Average diameter and pitch values are listed in Table 2. Images were also taken of MuV NC

in the

Table 2. Average Measurements of MuV NC.

Sample Stain Pitch Diameter

NC cryo Average: 64.8 A Average: 240 A
Range: 55-73 A Range: 233-249 A

NC negative Average: 58.7 A Average: 240 A
Range: 53-69 A Range: 226-262

NC- Pcrp negative Average: 70 A Average: 294 A
Range: 60-83 A Range: 276-311

Emtpy NC negative Average: 68 A Average: 242 A

Range: 59-75 A Range: 230-257 A

presence of two different P fragments, each containing a different NBD (23). Pntp appeared
to induce the helical NC to uncoil. A large number of unwound NC was observed in
negatively stained images (Figure 2b). Pcrp did not induce obvious uncoiling of NC.
However, there was a clear difference between NC with and without Pcrp (Figure 2c¢). In the
presence of Pcrp, NC appeared wider and to be decorated by densities presumed to
correspond to Pcrp. Additionally, negatively stained images of the empty NC showed that the

empty NC appeared more flexible than NC containing RNA (Figure 2d). However, due to the
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higher flexibility of NC-Pcrp the empty NC, no high quality reconstructions could be

resolved.

Figure 2. Negatively stained images. Negatively stained images of the MuV NC were taken
under several conditions. (A) Purified MuV NC. (B) MuV NC in the presence of P1-194. The
N-terminal domain of P appeared to induce uncoiling of the helical NC. (C) MuV NC in
association with Pcp. The presence of the C-terminal domain of P did not induce uncoiling
of the helical nucleocapsid. However, based upon negatively stained images, the average
diameter of NC increased, as did the range and variability of pitch values. (D) RNase A
treated “empty” NC appeared more flexible than NC containing RNA. (E) Closer views of
the NC helices from purified NC (left), NC with the C-terminus of P (center), and RNase A
treated NC (right). (F) CryoEM image of the MuV NC. (G) CryoEM reconstruction of the
MuV NC. The structure of the MuV NC is presented at sigma level = 2.2 (29).The helical
reconstruction of the MuV NC is a left handed helix with 12.67 N subunits per turn. Each N
subunit has a rise of 5.32 A and an azimuthal angle of -28.42°. Resolution was estimated to
be 18.5 A using FSC =0.5.
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THREE DIMENSIONAL RECONSTRUCTIONS

For the cryoEM reconstruction, a total of 682 images of MuV NC helices were boxed
from micrographs. CTF correction and class averaging were performed using the EMAN2
package. The IHRSR method was used to create three dimensional reconstructions of the
MuV NC. Class averages of NC were used to determine initial symmetry values such as rise
per subunit and azimuthal angle of N. After 50 rounds of helical refinement, symmetry
values stabilized. The resulting structure of the MuV NC revealed a typical left handed helix
with 12.67 N subunits per helical turn and a rise of 5.32 A per N subunit (Figure 2g).
Resolution was determined to be 18.5 A using FSC=0.5. Atomic models of VSV N (PDB
Code: 2GIC) and RSV N (PDB Code: 2wj8) were then fit into the MuV NC using Chimera
(Figure 3a-d) (29).These models confirmed that MuV N possesses the typical NSV N
architecture consisting of two core domains, the N-terminal domain (NTD) and the C-
terminal domain (CTD). The location of the encapsidated RNA was approximated by fitting

the structures of RSV and VSV into the MuV NC (Figure 3e).
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Figure 3. Comparison of MuV NC to other NSV N. Comparisons of MuV N to other NSV
N was made by fitting the atomic models of VSV N (A) and RSV N (B) into the MuV NC
structure. The crystal structures were drawn as ribbons (30). MuV N appears to share the
typical structure as other NSV N, consisting of two core domains; NTD (bottom) and CTD
(top). The structure of the MuV NC is presented at a sigma level of 2.28 and 1.82 for A-B
and C-E, respectively (29) (C) The approximate location of the encapsidated RNA was
determined by fitting the structures of RSV N (blue string) and VSV N (red string) into the
MuV NC. The viral RNA is sequestered between NTD and CTD.
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DISCUSSION

Currently, the only available structures of authentic paramyxovirus NCs are low-
resolution 3D reconstructions due to their flexibility. On the other hand, the atomic structures
of several NSV NLPs (N-RNA complexes) have been solved using x-ray crystallography.
These include VSV N, Rabies Virus (RABV) N, and RSV N (12, 14, 16). N monomers are
composed of two main domains, NTD and CTD. When the crystal structures of the RSV N-
RNA complex is fitted in the cryoEM structure of RSV NC, it is shown that the encapsidated
RNA runs along a cavity formed at the NTD/CTD interface throughout NC. Both NTD and
CTD make lateral interactions with adjacent N subunits. Additionally, each NTD/CTD core
has N- and/or C-terminal extensions, termed N-arm and C-loop (or C-arm), respectively, that

stabilize NC.

Similar to the MuV NC, structural studies on the NCs of MeV and Sendai virus (SeV)
revealed a left handed helical structure with about 13 subunits of N per helical turn, but with
high variablility (11, 13, 17). This flexibility may be due to a lack of top-bottom interactions
between successive helical turns and a variable nonintegral number of N subunits per turn.
The strong lateral interactions between the N subunits maintain the linear integrity of NC.
The extent of these interactions varies from virus to virus (12). Similar to other
paramyxovirus NCs, MuV NC displayed a considerable amount of flexibility. Average pitch
values for MuV NC were 65 A and 58 A for frozen hydrated and negatively stained NC,
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respectively. Pitch measurements for RSV NC range from 68 A to 74 A (15, 16). Similar
variability in pitch was also observed for MeV NC and SeV NC (11, 13, 17). With the
association of Pcrp, average MuV NC pitch measurements increased (Table 2), as did the
range and variability of values. The average diameter of MuV NC was 240 A for both frozen
hydrated and negatively stained NC. RSV NC seems to be narrower than MuV NC,
measuring between 140 A and 160 A in diameter. Moreover, the diameters of SeV NC and
MeV are approximately 200 A, making MuV NC larger than previously studied
paramyxovirus NCs. MuV NC- Pcrp helices had an average diameter of 287 A and 294 A for
frozen hydrated and negatively stained NC, respectively. The images of MuV NC-Pcrp
provide insightful details into the structural changes that accompany Pcrp binding to NC.
NC- Pcrp helices were significantly wider than NC alone, but NC still maintains the helical
symmetry. Interestingly, RSV P was shown to bind the C-arm of N (31, 32) In NLP
structures, the C-loop/-arm is located in what would be between consecutive turns of the
helical NC. The C-loop/-arm may play a role in top-bottom interactions between N subunits
on consecutive layers in the helical NC. The interaction between Pcrp and NC may allow

vRdRp to distort the helical conformation of the NC during RNA synthesis.

The most revealing result of this study is the observation that MuV Pnrp appeared to
induce the helical NC to uncoil. Prior to being incorporated into the NC, N exists as a
monomeric protein (N°). For VSV and RABV, N is kept monomeric and RNA-free by P,
forming a stable complex composed of a single N subunit and a dimer of P (33, 34). The N-
terminus of VSV P interacts with the back of the C-lobe of N and the RNA cavity. The N-
terminus of RSV P is also required for N°-p binding (35). P binding can block the lateral

contacts between N subunits to prevent NC oligomerization. Once encapsidation occurs the
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N° oligomerizes and P is free to chaperone another N°. The N-terminus of P has not been
shown to bind NC previously. In our previous studies, we showed that MuV P forms a
tetramer with one pair of P molecules associated with each other in a parallel manner, and
another pair of parallel P molecules in the opposite orientation. The novel mode of MuV P
tetramer association places both Pyrp and Perp at each end of the P tetramer. We hypothesize
that Pntp and Perp act in concert to induce changes in NC for viral RNA synthesis by vVRdRp
(Figure 4). The primary role of Pcrp is to allow vRdRp to specifically recognize NC, similar
as Pcrp in other P proteins. On the other hand, Pxp primarily uncoils MuV NC to expose the
“gate” to the sequestered genomic RNA. The two functions position vRdRp perfectly at the
site in NC for viral RNA synthesis. To uncoil NC, Pyrp binding may alter the curvature of

N-N interactions within the NC so the helical symmetry is completely disrupted.

Figure 4. Illustration of the NC-P-L replication complex. The unique orientation of the
MuV P tetramer places both Pxtp and Perp at each end of the P tetramer. We hypothesize
that Pxp and Perp act together to induce changes in NC for viral RNA synthesis by vRdRp.
The primary role of Pcrp is to target the vRdARp specifically to the NC. Pyrp acts primarily to
uncoil the MuV NC and allow vRdRp to gain access to the sequestered genomic RNA.
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The encapsidated RNA also seems to play a role in the stability of the MuV NC.
Empty NC in negatively stained images appeared to be considerably more flexible than NC
with RNA (Figure 2d). In previous structures, bases in the sequestered viral RNA could stack
inside the cavity of the NTD and CTD core (16, 36, 37). Some of the bases stack with the
aromatic sidechains of N residues. It is likely that such base stacking also exists in MuV NC,

which stabilizes the structure of NC.

Major questions remain about how the polymerase complex assembles and gains
access to the encapsidated RNA. The genomic RNA must be released from NC in order to be
read by vRdRp. During viral RNA synthesis, NC does not completely disassemble to free the
genomic RNA. vRdRp must induce a conformational change in the N subunits in order to
access the encapsidated RNA. Most likely, vVRdRp only exposes the sequestered RNA in a
localized region in NC. After the viral polymerase complex passes, the RNA template returns
to its position between the NTD and CTD cores, and the helical symmetry of NC is
reestablished. In this report, we have clearly shown that significant structural changes of
MuV NC occur upon P binding. These changes in NC could lead exposure of the sequestered
RNA to facilitate viral RNA synthesis. Pxtp and Pep appear to play an important role in

altering the NC during this process.
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DISCUSSION

MUV NLP CHARACTERIZATION

In this thesis, I have carried out the initial characterization of the MuV NLP.
Coexpression of the MuV N and P proteins in E. coli resulted in the production of NLP with
morphology similar to those seen in other NSVs. Like the NLPs of other NSVs, the MuV
NLP primarily exists as a ring structure, although a small number of helical structures was
observed. Similar to the MeV NLP, the MuV NLP contains 13 N subunits (54). This implies
that the MuV NLP truly mimics the assembly of the paramyxovirus NC, including at least
Rubulavirus and Morbillivirus families. The MuV NLP has a number of differences from the
NLP of other NSVs. The size of MuV NLP is larger than most NSV NLPs. Another
interesting observation is that the MuV NLPs associated to form a helix-like structure after
being subjected to pH 4.0 and then reneutralized. It seems that the rings tend to associate
with each other through top-and-bottom interactions similar to what may be present in the
helical structure of the paramyxovirus NC. The low pH may introduce some flexibility in the
rings to allow them switch to a washer-like configuration that allows the NLP to stack on top
of each other. Furthermore, unlike some other NSVs, the paramyxovirus NC can form a
helical structure without the association with the matrix protein. Bends or turns can occur

along the length of the paramyxovirus NC, but the overall helical structure is maintained.

96



This suggests that the N subunits may interact with each other through side-by-side

interactions and top-and-bottom interactions in order to maintain the helical symmetry.

In addition, the MuV N ring contained RNA of different sizes, which is not clearly
seen in other NSV, such as VSV (123). This suggests that the RNA in the MuV NLP is less
protected. To test the effects of pH, salt, and temperature on susceptibility of N bound RNA
to contaminant nucleases, the MuV NLP was exposed to a variety of different conditions.
Under several conditions, the RNA contained in the MuV NLP is susceptible to digestion.
This observation suggests that the association between N subunits in the MuV NLP may be
weaker than those of other NSVs. Additionally, the RNA binding cavity may not provide
complete protection for the RNA. The vRdRp must read the template while it is still in
association with the N protein. It may seem that the RNA would be associated with the N
protein more tightly if the two components are to be recognized by the vRdRp as a single
unit. All the data presented here, however, indicated that the N subunits in the MuV NLP are

flexible and do not encapsidate the RNA as tightly.

MUV PHOSPHOPROTEIN CHARACTERIZATION

MuV P has a modular structure comprised of several distinct functional domains.
Here, I presented an experimental approach to more accurately map the functional domains
of MuV P. Consistent with observations of other NSV Ps, the N-terminal region of MuV P
appeared to be less stable than the region that follows (63, 124-126). However, this does not
mean that the N-terminal region of MuV P does not possess any secondary or tertiary

structure. A previous study determined the structure of a C-terminal portion (P343-391) of
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MuV P (81). P343-391 was proposed to be MuV Pnpp by analogy to other NSV P proteins
(81). However, P343-391 is thought to exist as a molten globule and could possibly be part of
a larger C-terminal domain (81). Additionally, P proteins of other NSVs were reported to
contain flexible regions between Pnep, Pop, and Pngp (61, 62, 66, 71, 74, 75, 124, 127, 128).
Conversely, data did point to a possible flexible linker between Pop and the P343-391 from

residue 277 to 286.

MuV P is capable of binding both full length MuV NLP and truncated NLP379. These
observations confirm that a P binding site in the MuV NC does not require the C-terminal
region of N (named as N-tail) (83). It is possible that NC binding by MuV P involves
multiple regions in both N and P. His-tagged fragments of MuV P were tested for binding
purified MuV NLP (51). As predicted, both full-length MuV P and P343-391 were shown to
bind the NLP. Surprisingly, the N-terminal region of MuV P (P1-194) was also capable of
binding the NLP. This suggests that NC binding may utilize both the N-terminal and the C-
terminal regions of MuV P. This mode of NC binding is different from all other known NSV
Ps. The NLP binding by the N-terminal and C-terminal regions of MuV P was confirmed and
quantified by surface plasmon resonance (SPR) experiments. SPR analysis showed that the
C-terminal region of P has a higher affinity for full length NLP. When the N-tail of MuV N
was removed by trypsin digestion (NLP379), the C-terminal region of P bound NLP379 with a
lower affinity. The affinity of the C-terminal region of P for NLP379 is similar to the affinity
of the N-terminal region of P binding to the full length NLP. The C-terminal region of MuV
P most likely interacts with both the N-tail and additional regions of N. In contrast, there is a
significant increase in binding NLP379 by the N-terminal region of P over full length NLP.

The P1-194 NLP binding site may be more accessible after the N-tail is removed.
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Interestingly, the overall affinity of the full length P for NLP is lower than that of the
individual domains. The affinity values for the full length P tetramer may be underestimated
since the NLP is representative of a single turn of the authentic NC, and thus, does not have
the same binding sites available in comparison to the helical NC. In addition, the full length P

was not very stable in solution.

Crystallization studies clearly defined that MuV Pgp comprises residues 213-277. The
structure of MuV Pgp reveals a tetramer composed of one pair of long parallel a-helices and
a second pair of parallel helices in the opposite orientation. The tetrameric state of P was
confirmed by analytical ultracentrifugation and protein crosslinking. The MuV Pqp tetramer
is held together by a large hydrophobic contact area between each monomer and two zippers
of electrostatic interactions. This novel orientation of the MuV P tetramer positions the N-
terminal and the C-terminal regions at both ends of MuV Pop. The unique organization of the
MuV P tetramer has not been previously reported for any other protein. Interactions between
the parallel helices are different from those between the antiparallel helices. In all parallel or

all antiparallel coiled coils, interactions between any neighboring pair of helices are identical.

Analysis of NSV Pgp structures revealed three distinct modes of P oligomerization. In
the MeV P and SeV P, tetramerization results in a coiled-coil structure of four parallel helices
(71, 129). On the other hand, the subunits in the VSV P dimer are parallel to each other, but a
B—sheet on each side of the VSV P dimer is formed by domain swapping (69). The parallel
orientation of the oligomers places the N-terminal and the C-terminal regions on opposing
ends. For these NSVs, specific NC binding requires only the C-terminal region of P, so the

N-terminal region of P can be positioned away from the C-terminal region. In the RABV P

99



dimer the N-terminal and C-terminal regions are each located at the same end (70). However,
unlike MuV, there is no indication that the N-terminal region of RABV P is involved in
binding NC. MuV P possesses a unique third mode of oligomerization. The MuV P subunits
form a tetramer composed of parallel and antiparallel helices. The antiparallel orientation of
the MuV P subunits places two N-terminal regions and two C-terminal regions on both ends
of the tetramer. This organization is well suited since both the N-terminal and C-terminal
regions of MuV P are involved in binding the nucleocapsid. The precise locations of both
MuV P binding sites on the NC is still unclear. Our results suggest that there are P binding

sites within residues 1-379 in addition to the N-tail.

AUTHENTIC MUV NUCLEOCAPSID

Currently, the only available structures of paramyxovirus NCs are low-resolution 3D
reconstructions. However, atomic structures of several NSV NLPs have been solved using x-
ray crystallography. These include VSV N, RABV N, and RSV N (49, 50, 130). The N
monomer is composed of two core domains, NTD and CTD. The encapsidated RNA runs
along a cavity formed at the NTD/CTD interface. Both NTD and CTD make lateral
interactions with adjacent N subunits. Additionally, each NTD/CTD core has N- and/or C-
terminal extensions, termed N-arm and C-loop (or C-arm), respectively, that stabilize NC.
Strong lateral interactions between the N subunits maintain the linear integrity of NC. The
extent of these interactions varies among NSVs (49). The encapsidated RNA also seems to
play a role in the stability of the MuV NC, since empty MuV NC appeared considerably

more flexible than NC with RNA (Figure 2d). Based on previous observations, bases in the
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sequestered viral RNA could stack inside the cavity of the NTD and CTD core (130-132). It
is likely that such base stacking exists in the MuV NC, which could stabilize the structure of

the NC.

Similar to the NCs of other paramyxoviruses, the MuV NC exists as a left handed
helical structure (54, 133, 134). The MuV NC displayed some flexibility, possibly due to a
lack of significant top-bottom interactions between successive helical turns. Pitch
measurements for the MuV NC varied from 55 A to 73 A. Similar variability in pitch was
also observed for RSV, MeV and SeV NC (54, 130, 133-135). The MuV NC appears to have

a larger diameter than the NC of RSV, MeV, and SeV.

Images of MuV NC incubated with Pcrp provided insightful details into the
structural changes that accompany Pcrp binding to NC. With the association of Pcrp, the
range and variability of pitch measurements increased. NC- Pcrp helices were significantly
wider than NC alone, but NC still maintains an overall helical appearance. The C-terminus
of RSV P was shown to bind the C-arm of N (136, 137). In NLP structures, the C-arm is
located in what would be the space between consecutive turns of the helical NC. The
interaction between Pcrp and NC may allow vRdRp to distort the helical conformation of the

NC during RNA synthesis.

The most revealing result of this study is the observation that MuV Pyrp appeared to
induce the helical NC to uncoil. NC uncoiling may completely expose the access to the
sequestered genomic RNA. Prior to being incorporated into the NC, N exists as a monomeric
protein (N%). For VSV and RABV, N? is kept monomeric and RNA-free by P, forming a

stable complex composed of a single N subunit and a dimer of P (52, 138). The N-terminus
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of VSV P interacts with the back of the C-lobe of N and the RNA cavity (63, 124, 125).
Likewise, the N-terminus of RSV P is also required for N°-p binding (139). P binding can
block the lateral contacts between N subunits to prevent NC oligomerization. Once

encapsidation occurs the N” oligomerizes and P is free to chaperone another N°.

In this study, I have clearly shown that significant structural changes of MuV NC
occur upon P binding. These changes in NC could lead to exposure of the sequestered RNA
to facilitate viral RNA synthesis. Pxtp and Perp as part of vVRARp appear to play an important

role in altering the helical structure of the NC.
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SUMMARY

How the polymerase complex assembles and gains access to the encapsidated RNA is
still unresolved. The genomic RNA must be released from NC in order to be read by vRdRp.
However, during viral RNA synthesis, NC does not completely disassemble to free the
genomic RNA. The vRdRp must induce a conformational change in the N subunits in order
to access the encapsidated RNA. Interestingly, the promoters for replication are positioned
above and below each other on consecutive turns of the MuV NC, forming a “polymerase
landing pad”. Therefore, the helical structure of the NC may have functional implications not
only in virion assembly, but also in replication (53, 54). Since the conserved sequences for
initiation of replication are located in two successive turns of the NC (122) it is possible that
P plays a role in recognition of the two sites by the viral RdRp. This mode of binding
requires that P bind at least two or more N subunits in successive turns in the helical NC.
Pxtp and Perp as part of vVRARp appear to play an important role in altering NC. Since both
Pxtp and Perp are located at each end of the P tetramer, I hypothesize that the two NC
binding domains of MuV P act in concert to induce changes in NC for viral RNA synthesis
by vRdRp. The primary role of Pcrp is to allow vRdRp to specifically recognize NC, similar
as Pcrp in other P proteins. Meanwhile, Pxtp primarily uncoils the MuV NC to expose the
“gate” to the sequestered genomic RNA. The two functions position the vRdRp ideally at the
site in NC for viral RNA synthesis. To uncoil NC, Pyrp binding may alter the curvature of

N-N interactions within the NC so the helical symmetry is disrupted. Most likely, vRdRp
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only exposes the sequestered RNA in a localized region of the NC. After vRdRp passes, the
RNA template returns to its position between the NTD and CTD cores, and the helical
symmetry of NC is reestablished. These changes in NC could lead to exposure of the

sequestered RNA to facilitate viral RNA synthesis.
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