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ABSTRACT
Haas, M.H. Nuclear localization and nuclear export signals of the human parainfluenza
virus matrix protein and their involvement in virus release. MS in Microbiology, May
2018, 47 pp. (M. Hoffman)

Matrix proteins of some viruses within the Paramyxovirinae subfamily transit through
the nucleus. This process is needed for virus particle release from cells and is controlled
by nuclear localization (NLS) and nuclear export signals (NES). This investigation
sought to determine if the matrix protein of one paramyxovirus, human parainfluenza
virus 3 (HPIV3) also transits through the nucleus in an NLS/NES-dependent manner.
Toward this goal, wild-type and NLS/NES-mutated HPIV3 matrix proteins were
expressed in 293T cells and immunofluorescent localization assays and virus-like particle
(VLP) release assays were conducted. The wild-type matrix protein did localize to the
nucleus and localization was influenced by NLS and NES mutations. The NLS mutant,
K258A, limited entry of the matrix protein into the nucleus, and the NLS mutant, K258R,
and the NES mutant, L106/107A, restricted release of the matrix protein from the
nucleus. Regarding production of virus-like-particles, the wild-type M directed VLP
formation but the NLS mutations limited formation. Expression of the L106/107A mutant
was not detected, so VLP formation ability could not be determined. These results show
that HPIV3 M protein nuclear transit was controlled by the NLS and NES signals and the
lack of nuclear transit resulted in decreased VLP budding.
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INTRODUCTION
Background
Human parainfluenza viruses (HPIVs) are non-segmented, negative sense RNA
viruses in the Paramyxoviridae family of the Mononegavirales order. The
Mononegavirales order has many different viruses that cause asymptomatic to life
threatening diseases in both humans and animals. Other families within the
Mononegavirales order include Filoviridae, Rhabdoviridae, Nyamivardae, and
Bornaviridae. Members of the Filoviridae family are known to produce hemorrhagic
fever; a prominent virus in this family is Ebola (EbV) (1). The Rhabdoviridae family
contains the zoonotic virus rabies (2). The Paramyxoviridae family is divided into two
subfamilies, the Paramyxovirinae and the Pneumovirinae, which are classified into seven
genera. The Paramyxovirinae contains not only the four different types of HPIVs but also
viruses such as mumps (MuV), measles (MeV), and Sendai virus (SeV) (3). HPIV3
belongs to the Respirovirus genus, along with HPV1, SeV, and bovine parainfluenza
virus type 3 (bPIV3). All viruses in this genus cause respiratory infections to their hosts.
SeV is the prototypic virus of not just the genus, but the entire family, and it primarily
targets mice (4-8).
Clinical Significance
Since the late 1950s HPIVs have been classified into four different types
serologically. HPIV1, 2, and 3 are the most common, and HPIV4 is the least prevalent.
All HPIVs cause respiratory problems in humans. HPIV3 can spread through large
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droplets or coming in contact with a contaminated surface (4,9). HPIV3 outbreaks
typically happen in spring or early summer. Once infected with HPIV3, the virus
replicates inside epithelial cells of the respiratory tract. If the infection is limited to only
the nasal and throat passages the result is usually an upper respiratory tract infection, or
cold. In healthy individuals, this is the most common outcome of HPIV3 infection.
Occasionally, the infection spreads beyond these parts of the respiratory tract to the lower
respiratory tract where more severe diseases can occur (10). If HPIV3 progresses to the
lower respiratory tract, particularly common in young children and elderly individuals,
severe lower respiratory illnesses such as bronchiolitis, pneumonia, and croup result. For
example, in young children HPIV3 is the second leading cause of bronchiolitis and
pneumonia behind respiratory syncytial virus (RSV) (10-13). There are approximately
500,000 to 800,000 hospitalizations in the United States due to lower respiratory tract
infections in individuals under the age of eighteen, with HPIV3 accounting for 12% of
these cases (9,14-16). In developed countries, such as the United States, mortality due to
HPIV3 is highly unusual, and is almost exclusively limited to infants and
immunocompromised and elderly individuals (11).
There is no vaccine or antiviral therapy available for HPIV3. Fortunately, most
upper respiratory infections are self-limiting. However, for severe cases of croup,
bronchiolitis, or pneumonia, treatments such as epinephrine or corticosteroids could be
beneficial to help relieve symptoms and open up the airway passage (4,17-19). Overall,
HPIV3 is a major public health and economic concern due to how common it is, and the
number of doctor visits and hospitalizations it causes.
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Structure
HPIV3 is negative sense RNA virus that is non-segmented, enveloped,
pleomorphic with particles about 150-200 nm in diameter (4,9,20). The HPIV3 genome is
about 15,000 nucleotides and encodes seven major proteins, nucleocapsid (N),
phosphoprotein (P), C, matrix (M), fusion (F), hemagglutinin-neuraminidase (HN), and
large (L); all proteins are structural except the C protein (Figure 1; 4,9,21).

FIG 1 HPIV3 major proteins encoded by the genome. See text for more.

HPIV3 has an envelope that is acquired when the virus buds from a host cell
plasma membrane. The hemagglutinin-neuraminidase (HN) and fusion (F) glycoproteins
are transmembrane proteins in the viral envelope (9,18-20). The majority of these
proteins extend outward from the envelope. The HN protein allows the virus to attach to
the host cells by binding to sialic acid residues on proteins of the host cell membranes.
The sialic acid binding activity of this protein is also responsible for the ability of HPIV3
particles to agglutinate red blood cells (hemagglutination). The neuraminidase activity of
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HN cleaves sialic acid residues from host cell membrane proteins. (22-24). The F protein
mediates fusion of the viral envelope and the host cell plasma membrane.
In the interior of the particle, the viral RNA is bound by the nucleocapsid (N)
protein which forms a helical N-RNA structure. The large (L) polymerase and
phosphoprotein (P) proteins bind to the N-RNA, forming the ribonucleoprotein complex
(RNP) (4,9). The L and P proteins work together and act as the RNA-dependent RNA
polymerase (RDRP) for viral transcription and replication (4,9).
The matrix (M) protein is membrane-associated on the interior of the viral
envelope. This protein is the most common structural protein in the viruses of the
Mononegavirales order (4,9,24). The M protein mediates virus particle assembly and
release. During assembly, the M protein binds to other viral proteins to coordinate the
assembly process. How the M protein is used to trigger budding of virus particles from
cells is still not well understood.
The C protein of the paramyxoviruses is not a structural protein, but has been
shown to have roles in inhibiting viral transcription, promoting virus budding, and
counteracting host immune responses (21,25,26).
Life Cycle
Attachment is the first step in the life cycle and begins when HN binds to sialic
acid residues on the host cell proteins present on a cell’s plasma membrane. After this,
the F protein mediates fusion of the viral envelope and the cell membrane. Once the virus
envelope and cell membrane have fused, the RNP enters the host cell’s cytoplasm
(4,27,28). The P and L proteins make up the RDRP which is needed for transcription and
4

replication of the viral genome (3,4,9). The RDRP starts transcription on the 3’ end of the
genome and makes six viral mRNAs for N, P/C, M, F, HN, and L. After transcription, the
host cell ribosomes translate the mRNAs into proteins. The negative sense, genomic
RNA can then serve as a template for replication. After genome replication and further
synthesis of viral proteins, assembly occurs. The first step in this process is the formation
of the helical N-RNA structure, to which the P and L proteins bind to form the RNP
complex. Next, viral components assemble at the cytoplasmic side of the cell membrane.
It is thought that the M proteins guides the assembly process by binding to other viral
proteins to coordinate assembly. M associates with the RNP complex (by binding to N)
and binds to the cytoplasmic tails of the HN and F proteins (3,4,20,29). Once all viral
components are present at the plasma membrane, budding takes place. This process
allows viruses to exit the host cell. Prior to and during the assembly/release process, the
neuraminidase activity cleaves the sialic residues off all cell surface proteins including
HN and F proteins. This ensures efficient release and spread of newly formed virus
particles by preventing virion-virion binding and the reattachment of released virions to
the previously infected host cell (4,25,30,31).
Matrix Protein of the Mononegavirales
The M protein assists in assembly and release of virus particles (32). It is well
understood how the M protein assembles virions, but less is known about the role of M
proteins in triggering budding from the cell. It is known that matrix proteins have the
ability to trigger budding without any other viral proteins present. When expressed
individually in cells, M proteins of many paramyxoviruses including HPIV3, RSV, SeV,
HPIV1, Nipah virus (NiV), and MeV can produce virus-like particles (VLPs; 3,4,9,335

45). These VLPs are composed of a lipid membrane surrounding the M protein.
However, some paramyxoviruses such as PIV5 and MuV require coexpression of the
matrix protein with other viral proteins (N and F or HN) to form VLPs (46,47). In any
case though, the M protein is essential for budding from the host cell.
Another known activity of some Paramyxoviridae M proteins is nuclear transit.
For NiV, Hendra (HeV) SeV and MuV viruses it has been found that nuclear transit is
required for the M protein-triggered budding (48,49). Nuclear transit of the M protein is
important for budding, yet the reason why is unknown. However, it is thought that the M
protein could be modified in a way that is essential for budding. Additionally, M could
enter the nucleus to interfere with host functions such as transcription, while in the
nucleus.
Late Domains
As previously stated, the mechanism through which release of VLPs/virus
particles occurs is still unclear. Late domains, which are short, defined amino acid
sequences, are needed on some M proteins to facilitate budding from the host cell (50).
There is evidence that late domains bind cellular proteins involved in vesicle formation
and redirects these proteins to the plasma membrane where they trigger virus budding.
Late domains have been found in some members of the Mononegavirales, mostly in the
Filoviridae and Rhabdoviridae (51).
In cells, plasma membrane proteins that play a key role in maintaining
homeostasis are either degraded or recycled. Proteins that are targeted for degradation are
mono-ubiquitinated after endocytosis. This allows these proteins to be recognized by a
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series of cellular protein complexes, collectively termed the endosomal sorting complex
required for transport (ESCRT) system. The ESCRT system, by facilitating vesicle
budding into endosomes to form multivesicular bodies (MVBs), mediates sorting of
proteins that were on the cell membrane to the lysosome for degradation or back to the
cell membrane for reuse (52-54).
Enveloped viruses containing proteins with late domains are able to bind cellular
ESCRT proteins and hijack the ESCRT machinery and can take it to the plasma
membrane to initiate virus budding, thus facilitating virus release (Figure 2).
Identification of late domains in the Paramyxoviridae has not been as straight forward as
in other families. SeV is the only paramyxovirus shown to have an interaction between M
and an ESCRT protein (Alix). This interaction was shown to be late domain-dependent
and needed for virus budding (55-58).

FIG 2 ESCRT associated viral budding. This figure demonstrates the ESCRT pathway
being used by some mononegavirus M proteins to facilitate budding.
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Nuclear Trafficking and NLS and NES Signals/Domains
It had been previously thought that paramyxoviruses replicate entirely in the
cytosol. However, it is clear that nuclear trafficking of M is important in some
paramyxovirus life cycles. Recent data has shown that nuclear trafficking is a prerequisite
for M protein to function in budding. The exact reasons for nuclear trafficking of M are
not yet known.
The mechanics of M protein nuclear localization and export are understood for
paramyxoviruses. Nuclear localization (NLS) and nuclear export signals (NES) found
within the M proteins are thought to regulate transient nuclear localization (48). An NLS
is a lysine/arginine rich sequence that allows a protein to interact with the nuclear cargo
receptor (NCR), also called Importin, which mediates importation of proteins into the
nucleus. The NES is a leucine rich sequence that interacts with the complex of the NCR
and Ran-GTP, also called Exportin, which promotes export of the protein from the
nucleus. By sequence alignment, the M protein NLS and NES domains appear to be
conserved throughout the Paramyxovirinae subfamily. Both NLS and NES sequences are
functionally conserved in NiV, HeV, SeV, and MuV. Thus, via this alignment, putative
NLS and NES sequences in the HPIV3 M protein have been identified (Figure 3).
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FIG 3 Conserved NLS and NES signals in the Paramyxovirinae subfamily. The amino
acids in red are predicted to be critical amino acids for nuclear transit (modified from 48,
59-62).

Nipah virus was the first paramyxovirus investigated for M protein nuclear
trafficking. NiV was shown to have NLS and NES signals that regulate nuclearcytoplasmic trafficking. Mutations of conserved residues in the NLS led to nuclear
exclusion, while mutations in conserved residues in the NES led to increased nuclear
accumulation. Furthermore, it was demonstrated that nuclear export was also regulated
by ubiquitination, which takes place in the nucleus. Ubiquitination occurs on a lysine
residue (K258) located within the NLS of the M protein of NiV. A K258R mutant, which
conserves a functional NLS and retains nuclear localization function, was not
ubiquitinated and was defective in nuclear export, indicating that ubiquitination was
important for nuclear export. All NLS and NES mutants have reduced VLP formation
ability. Also, it was found that proteasome inhibition results in nuclear retention of the M
protein. Proteasome inhibition results in polyubiquitinated proteins not being degraded.
Thus, Ub was not recycled and free Ub is depleted, resulting in decreased ubiquitination
of proteins. Under this condition, the NiV M protein was retained in the nucleus, again
pointing to the importance of ubiquitination in the nuclear export of the M protein.
9

In summary, nuclear cytoplasmic trafficking was a prerequisite for NiV M
budding. Specifically, the NLS was needed for the NiV M protein to go into the nucleus,
where it is ubiquitinated within the NLS domain. Ubiquitination appears to be needed for
nuclear export. It was proposed that the ubiquitinated M protein then interacts with
proteins of the ESCRT pathway to facilitate budding (48,49). However, no known
interaction between any ESCRT protein and the NiV M protein has been demonstrated.
Nuclear transit and ubiquitination have also been observed in other
paramyxoviruses. Nuclear transit of the M proteins of NiV, HeV, SeV, and MuV was
controlled by an NLS. When the lysine (K258 in NiV) in the NLS was mutated to an
alanine nuclear exclusion was seen. When this lysine was changed to an arginine a
decrease in ubiquitination and an increase of nuclear retention was seen. Increased
nuclear localization of these M proteins was also seen when ubiquitin was depleted.
Additionally, in HeV, SeV, and MuV mutation of the leucines in the NES cause
significant nuclear retention compared to their respective wild-type proteins (48).
To summarize, nuclear trafficking of the M protein was regulated as follows.
After the M protein enters the nucleus via a NLS, it is ubiquitinated on a lysine present
within the NLS. This is thought to prevent nuclear re-entry because after ubiquitination,
importin (the cellular protein that recognizes the NLS) can no longer bind. Thus,
ubiquitination, in addition to the NES, was also needed for nuclear exclusion (48,49). It is
thought that the ubiquitination of M proteins allows recognition of ESCRT complexes
which help mediate budding of many enveloped viruses, such as HIV and Ebola (48,6365). However, with the paramyxoviruses there is minimal evidence showing that M
proteins can bind to ESCRT proteins, let alone in ubiquitin-dependent manner. Overall
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though, ubiquitination of M proteins is critical for M protein function and is needed for
nuclear exit.
HPIV3 NLS and NES
Putative NLS and NES motifs in the HPIV3 M sequence have been identified
(Figure 3). Alignment of the HPIV3 M sequence with other paramyxoviruses, shows that
NLS and NES domains could be located at 240GLIKRKVGRMYSVEYCKQKIEKMRL-260 and 101-GNDQELLQAATKLDIEVRRT120 respectively. Lysines that are needed for NLS function, and leucines that have been
shown needed for NES function in SeV are conserved in HPIV3 (Figure 3; 48,49,59-62).
Because of this it is possible that the M protein of HPIV3 also undergoes nuclear
trafficking.
In the past the Hoffman lab has investigated M nuclear localization with
immunofluorescent (IF) based analysis of cells transfected to express HPIV3 MF, a
carboxy-terminal flag tagged version of M. The M protein was primarily located in the
cytoplasm, but some MF was also detected in the nuclei of cells (Hoffman lab
unpublished data). However, past results in the Hoffman lab have shown issues with
tagged versions of HPIV3 M. HPIV3 M proteins with HA or Flag tags at the amino- or
carboxy-termini were shown to bud as VLPs about two-fold less efficiently than wildtype M (42). Additionally, recovery of virus from an infectious clone encoding a
carboxy-Flag tag on M was unsuccessful, indicating the Flag sequence had a severe,
negative effect on the life cycle of the virus (personal communication, M Hoffman).
Because of this, we wanted to use the wild-type M protein for further localization studies,
which necessitated development of a specific antibody for the M protein.
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RESEARCH OBJECTIVES
Nothing is known regarding nuclear trafficking and the putative NLS and NES
domains of the HPIV3 M protein. To better understand how the M protein facilitates
budding, my research will examine nuclear trafficking of the HPIV3 M protein and if the
putative NLS and NES signals are involved in this process. After establishing an IF-based
localization assay for the M protein, I will create mutants in the NLS and NES domains
to see their impact on M protein localization and release of VLPs.
Specific Objectives
1. Develop an M protein localization assay.
2. Examine whether putative NLS and NES domains affect M protein localization

and release of virus-like particles.

12

MATERIALS AND METHODS
Cells
293T (human embryonic epithelial kidney cells) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), and grown at
37°C with 5% CO2. HeLa cells were cultured in DMEM with 5% FBS and grown at 37°
C with 5% CO2.
Plasmids
The pCAGGS M plasmid was previously constructed by inserting the HPIV3 Mencoding sequence into the pCAGGS eukaryotic expression vector (42). The NLS
mutants K258A, K258R, and the NES mutant L106/107A were created through PCRbased site-directed mutagenesis of the pCAGGS-M plasmid.
Primary Antibody Development
An anti-M polyclonal antibody was developed to use in M protein localization
assays. The Hoffman lab worked with Li International to develop the antibody. Based on
hydrophilicity, Li International suggested several regions of the M protein as possible
peptides to be used for immunization. Further analysis was done by aligning and
overlaying the HPIV3 M protein sequences into the sequence/crystal structure of
Newcastle virus M protein (no crystal structure of the HPIV3 M protein is available) to
further confirm that the peptide would be on the surface of the protein. It was decided to
13

use the 50 amino acid sequence 214-263:
VQTDSKGIVQILDEKGEKSLNFMVHLGLIKRKVGRMYSVEYCKQKIEKMR to
develop the primary antibody. Li International produced the peptide and immunized two
rabbits.
Characterization of the Primary Antibody
Transfections were performed with 30-40% confluent 293T cells in 6 well plates.
The M plasmid, 0.5 µg, was added to 120 µl Opti-MEM™ (Gibco™ by Thermo Fisher
Scientific) and 3 µl X-tremeGENE™ 9 DNA transfection reagent (Roche) at room
temperature, allowed to sit for 30 min and then added to the cells. After 48 hrs post
transfection cells were lysed with 400 µl of 1X cell lysis buffer (25 mM tris-phosphate, 2
mM dithiothreitol (DTT), 2 mM ethylenediaminetetraacetic acid (EDTA), 10% glycerol,
1% Triton-X100, pH 7.6), and centrifuged for 10 min at 2,567 RCF. Then the supernatant
was collected and used to run a western blot. 10 µl of the supernatant was then added to
10 µl of 4X SDS buffer and heated to 95 ºC for 5 min prior to electrophoresis by SDSPAGE on 0.75 mm 12% acrylamide gels. Proteins were transferred from the gel to
Immobilon®-P polyvinylidene difluoride (PVDF) (Milipore®) membranes with a semiwet transfer system at 3 volts and 0.19 amps for 45 min. After the transfer, the
membrane was blocked overnight at 4°C with 5% milk in Tris-buffered saline with
Tween® 20 (TBST) (150 mM NaCl, 50 mM Tris-Cl, 0.05% Tween® 20, pH 7.5). After
blocking, membranes were incubated with the polyclonal rabbit anti-M protein antibody
(Li International) in TBST (1/100 and 1/200 dilutions) for 1 hr. Then the membranes
were washed three times with 5% milk/TBST and then three times with TBST. Next the
membranes were incubated with a secondary antibody, donkey anti-rabbit HRP antibody
14

(SA1-100, Thermo Scientific) in TBST (1/2000 dilution) for 1 hr. Then the membranes
were washed three times with 5% milk/TBST and then with TBST three times. Following
the secondary antibody, all membranes were exposed to SuperSignal® West Pico
Chemiluminescent Substrate (Thermo Scientific), and visualized with a ChemiDoc™
Touch (Bio-Rad®) imaging system. All images were analyzed with Image Lab™ (BioRad®).
Immunofluorescent Microscopy
Sub-confluent (40%) 293T cells on glass coverslips were transfected with
pCAGGS-M, or NLS/NES mutants thereof. At varying time points post-transfection,
cells were fixed with 4% formaldehyde for 10 min, permeabilized with 0.5% Triton X100 (Sigma) in PBS twice for 2 min, and blocked with 5% milk in TBST for 30 min. The
coverslips were incubated with the rabbit anti-M protein (1/100 dilution in TBST) for 1
hr, washed three times with TBST, and followed by a 1 hr incubation with a goat antirabbit IgG antibody conjugated with Dylight 594 (1/200 dilution in TBST) (Abcam96885
courtesy of Dr. Sanderfoot). Cells were washed twice with TBST, and incubated with
300 nM of DAPI (Thermo Fisher) in PBS for 5 min, then washed three times with PBS.
The coverslips were then mounted on microscope slides with one drop of FluoromountG® (Southern Biotech) and sealed. A Nikon Eclipse 80i microscope and a Nikon CS1
Laser Scanning confocal fluorescence microscope were used for microscopic analysis,
and images were analyzed with ImageJ (National Institutes of Health). To quantify the
amount of M protein present in the nucleus the integrated density in the nucleus and the
integrated density of the total M protein present was determined. The integrated density
of the M protein in the nucleus was divided by the integrated density of the M protein
15

present throughout the whole cell to find the percent of the M protein present in the
nucleus.
To determine the localization of the M protein in HPIV3-infected cells, HeLa cells were
infected with HPIV3 at an MOI of either 0.1, 1, or 10. The IF procedure was identical to
the IF procedure listed above, cells were fixed at 24 hr, blocked, incubated with
antibodies, counter stained with DAPI and viewed with fluorescence and confocal
microscopy.
Virus-Like Particle Budding Assays
Transfections were performed with 30-40% confluent 293T cells in 6-well plates.
Plasmids were added to 120 µl Opti-MEM™ (Gibco™ by Thermo Fisher Scientific) and
3 µl X-tremeGENE™ 9 DNA transfection reagent (Roche) at room temperature, and let
sit for 30 min. The amount of each plasmid used for transfections were as followed: 1.2
µg of M, 0.6 µg K258A, 1.0 µg K258R and 1.2 µg L106/107A.
To collect the HPIV3 M protein released into the media as VLP’s, the media was
collected 48 hr post transfection, and centrifuged for 10 min at 9495 RCF. The
supernatant was then layered on top of 3.2 mL of a 20% sucrose solution in phosphatebuffered saline (PBS) (8 mM Na2HPO4, 137 mM NaCl, 2 mM KH2PO4, 2.7 mM KCl)
and subjected to ultra-centrifugation at 121,570 RCF to pellet VLP’s. Pellets were
resuspended in 20 µl 6X SDS running buffer. Cell lysate samples were taken by adding
400 µl of 1x cell lysis buffer to the cells, and allowing 5 min for lysis. The collected
lysate was then centrifuged at 9495 RCF for 10 min. The supernatant was collected and 8
µl of sample was added to 3 µl of 6X SDS buffer. Media and lysate samples were heated
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at 95°C for 5 min, then subjected to SDS-PAGE on a 0.75 mm 12% acrylamide gel for
western blot analysis as previously described. However, to detect the HPIV3 M protein,
membranes were incubated with the polyclonal rabbit anti-RNP antibody (Courtesy of
the Amiya Banerjee lab at Cleveland Clinic) in TBST (1/2000 dilution) for 1 hr instead of
the anti-M antibody used during the primary antibody development protocol listed above.
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RESULTS
Objective 1: Develop an M Protein Localization Assay.
To develop a means to assess M protein localization in cells, an IF-based
localization assay was developed. In an IF-based protein localization assay, antibodies
against the target protein are critical. To develop the assay, we had an anti-M polyclonal
antibody made by Li Technologies. The Hoffman lab worked with the company to design
a 50 amino acid segment of matrix protein, aa 214-263
(VQTDSKGIVQILDEKGEKSLNFMVHLGLIKRKVGRMYSVEYCKQKIEKMR) that
was used as an antigen and injected into rabbits to generate an antibody. After we
received the antibody, it was characterized in a western blot to ensure binding to the M
protein of HPIV3 (Figure 4). The rabbit anti-M antibody was able to bind the M protein
(Lane 1, Figure 4). However, there also was evidence that the antibody might not be
completely specific for the M protein as the antibody bound cellular proteins in mock
transfected cells (Lane 2, Figure 4).
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FIG 4 Testing the anti-M antisera for detection of HPIV3 M protein. Forty-eight hr posttransfection, cellular lysates were collected. Proteins were separated via SDS-PAGE and
the M protein was detected through a western blot. A cytoplasmic extract from cells
transfected to express the M protein was run in Lane 1, while proteins from a mock
transfection were run in Lane 2.

The antibody was then tested with an IF-based localization assay to confirm the
antibody was able to visualize the M protein. 293T cells on coverslips were transfected
with a plasmid encoding the HPIV3 M protein. Variables tested during the development
of the assay included time of staining post-transfection, and primary antibody dilutions.
The cells were also counter-stained with DAPI, which allows visualization of the nuclei.
After repeating the experiment four times it was clear that all conditions tested
yielded similar results (Figure 5). A 1/100 dilution of the primary antibody and 24 hr post
transfection time point was used for all further experiments to do experiments more
rapidly and to potentially decrease non-specific staining of the antibody.
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FIG 5 HPIV3 M protein localization assay development in 293T cells. 0.5 µg of M was
transfected into 293T cells on coverslips. At 24 and 48 hr post-transfection, cells were
fixed with 4% formaldehyde, permeabilized with 0.5% Triton X 100, and blocked with
5% TBST milk. Then the samples were incubated with rabbit anti-M primary antibody,
either 1/20, 1/60, 1/100 dilution, followed by a secondary antibody conjugated with
Dylight 594. DAPI was used for visualization of the nuclei. Samples were imaged at
600x with epifluorescence microscopy.
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After the assay was developed the transfected M protein was examined via
confocal microscopy to determine the degree of M protein nuclear localization. The
integrated density of the M protein in the nucleus and the entire cell was determined for
approximately 30 different cells to determine the portion of M in the nucleus. At 24 hr
post-transfection 65.3% ±15.1 of the M protein was present in the nucleus (Figure 6).

FIG 6 HPIV3 M protein nuclear trafficking in 293T cells during a transfection. 0.5 µg of
M protein was transfected into 293T cells on coverslips. At 24 post-transfection, cells
were fixed with 4% formaldehyde, permeabilized with 0.5% Triton X 100, and blocked
with 5% TBST milk. Then the samples were incubated with rabbit anti-M primary
antibody, followed by a secondary antibody conjugated with Dylight 594. DAPI was also
added to visualize the nuclei. Cells were imaged at 600x with confocal microscopy.
Samples were quantified with ImageJ.

After the assay was developed with transfected cells, it was applied to HPIV3infected HeLa cells to confirm the assay was functional and to see if the M protein in the
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context of a virus infection follows the same pattern as with transfection-expressed M
protein. HeLa cells were infected at MOIs of 0.1, 1, and 10 and were analyzed by IF at 24
hr post infection. In the mock samples little to no red background was seen, which
confirms that the primary antibody is fairly specific for the viral M protein. The infection
with an MOI of 1 was found to be most useful, as some cells were infected, some not
infected, and syncytia (cells that fused together as a result of HPIV3 infection) were
present. The MOI of 10 was too much virus when assayed at 24 hr post-infection since
many cells had detached from the coverslips and those remaining showed extensive
cytopathic effects (Figure 7).
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FIG 7 Detection of M protein in HPIV3-infected cells. HPIV3 was infected at a MOI of
0.1, 1, and 10 into HeLa cells on coverslips. At 24 post-infection, cells were fixed with
4% formaldehyde, permeabilized with 0.5% Triton X 100, and blocked with 5% TBST
milk. Samples were then incubated with rabbit anti-M primary antibody, followed by a
secondary antibody conjugated with Dylight 594. Cells were stained with DAPI to
visualize the nuclei. Cells were then imaged at 600x with epifluroescent microscopy.

The samples were then viewed with confocal microscopy to quantify nuclear
localization. With an MOI of 0.1, 47.9% ± 2.45 of the M protein was found to be in the
nucleus at 24 hr and with an MOI of 1, 53.4% ± 13.7 of the M protein was found to be in
the nucleus (Figure 8). This shows that the M protein does truly localize to the nucleus.
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FIG 8 Quantification of M protein in HPIV3 infected cells. HPIV3 was infected at a MOI
of 0.1 and 1 into HeLa cells on coverslips. At 24 post-infection, cells were fixed with 4%
formaldehyde, permeabilized with 0.5% Triton X 100, and blocked with 5% TBST milk.
Then samples were incubated with rabbit anti-M primary antibody, followed by a
secondary antibody conjugated with Dylight 594. DAPI was used for visualization of the
nuclei. Cells were imaged at 600x with confocal microscopy. Images were quantified
with ImageJ.

Objective 2: Examine Whether Putative NLS and NES Domains Affect M Protein
Localization and Release of Virus-Like Particles.
Since the IF assay shows M localization to the nucleus, the functions of the
putative NLS and NES signals were tested. Specifically, in the NLS, K258A and K258R
mutants were made and in the NES two critical leucines (aa 106 and 107) were mutated
simultaneously to alanines. The K258A mutant was constructed because a basic residue
at aa258 should be critical for nuclear localization signal function, and previous studies
using an analogous mutant with Nipah, Hendra, Mumps, and Sendai virus M proteins
prevented the M protein from entering the nucleus (48, 49). The K258R mutant (which
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maintains the basic amino acids of the NLS) was created because this mutation with NiV,
HeV, SeV, MuV, and NDV still entered the nucleus, but then accumulated there (48, 49).
This observation was correlated with the K258R mutant not being ubiquitinated at K258,
which does occur with the wild-type M protein (48, 49). Similarly, in previous studies
with NiV, HeV, and SeV viruses it was seen that changing the leucine residues at
106/107 in the NES to alanines caused the M protein to accumulate in the nucleus (48,
49). To confirm expression and detection of the mutant proteins, epifluorescence was
used to observe each mutant and wild-type M protein. All proteins were detected via the
immunofluorescence assay (Figure 9).

FIG 9 HPIV3 M protein and mutant analysis in 293T cells. 0.5 µg of M, K258A, K258R,
and 106/107A were transfected into 293T cells on coverslips. At 24 hr post-transfection,
cells were fixed with 4% formaldehyde, permeabilized with 0.5% Triton X 100, and
blocked with 5% TBST milk. Samples were then incubated with rabbit anti-M primary
antibody followed by a secondary antibody conjugated with Dylight 594. Cells were
stained with DAPI to visualize the nuclei. Samples were imaged at 600x with
epifluorescent microscopy.
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Next the samples were viewed with confocal microscopy to more accurately
quantify nuclear localization. When analyzing M protein mutants, statistically significant
differences in nuclear localization were seen when compared to wild-type M: 38.0% ±
16.6 of the K258A mutant, 82.8% ± 9.8 of the K258R mutant and 80.0% ± 7.7 of the
L106/107A mutant was found in the nucleus at 24 hr (Figure 10, 11). These results
follow suit with the expected results from previous studies.
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FIG 10 HPIV3 M protein and mutant analysis of nuclear trafficking in 293T cells. 0.5 µg
of M, K258A, K258R, and 106/107A were transfected into 293T cells on coverslips. At
24 hr post-transfection, cells were fixed with 4% formaldehyde, permeabilized with 0.5%
Triton X 100, and blocked with 5% TBST milk. Then samples were incubated with rabbit
anti-M primary antibody followed by a secondary antibody conjugated with Dylight 594.
Cells were stained with DAPI to visualize the nuclei. Samples were imaged at 600x with
confocal microscopy. Quantification was completed with ImageJ.
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FIG 11 Quantification of M protein nuclear localization. Overall, all
immunofluorescence data are represented in the graph. The means were calculated by
finding the integrated density of M protein, the SD was calculated through a standard
deviation formula, and P values were found through a standard t-test equation in excel. P
values for the M mutants were as follows: K258A = 2.43 x 10-7, K258R = 2.91 x 10-8,
and L106/107A = 3.38 x 10-6.

The VLP formation ability of the mutants was also determined. 293T cells in 6well plates were transfected with the pCAGGS clones encoding wild-type and NES and
NLS-mutated M proteins. After 48 hr post transfection the media and lysates were
collected. The VLP’s were pelleted with ultracentrifugation of the media and the lysates
samples were clarified by low speed centrifugation to remove cell debris prior to analysis
by western blot. The M protein, K258A, and K258R were detected in the cell lysate
samples (Figure 11 Lane 2, 3, and 4). However, after trying many different plasmid
amounts of L106/107A in the transfection this mutant was not able to be detected (Figure
11 Lane 5). The wild-type M protein was able to bud from the cell (Figure 11 Lane 7).
The K258A and K258R mutants showed greatly decreased budding at 5.6 and 6.2
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percent, respectively, the release efficiency of wild-type M (Figure 11 Lane 8 and 9).
Because the L106/107A mutant was not detected, its release efficiency could not be
determined (Figure 11 Lane 10).

FIG 12 VLP release of HPIV3 M protein mutants. 293T cells in 6 well plates were
transfected with 1.2 µg of M, 0.6 µg of K258A, 1.0 µg of K258R, and 1.2 µg of
L106/107A. At 48 hr post-transfection media and lysate samples were collected. The
VLP’s were pelleted by ultracentrifugation at 121,5700 RCF and the lysates samples
were centrifuged at 9495 RFC and the supernatant was collected. All samples were
analyzed by western blot, visualized with a chemidoc imager, and analyzed with ImageJ.
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DISCUSSION
With some paramyxoviruses, M protein nuclear transit is controlled by the NLS
and NES domains. When these domains are disrupted nuclear transit is altered and
budding fails to occur (48, 49). Thus, I investigated whether the M protein of HPIV3 also
transits through the nucleus in an NLS/NES domain-dependent manner, and whether
mutants defective in nuclear transit also show budding defects.
M protein localization was studied with indirect IF assays. The wild-type M
protein was present in the nucleus as reported in other paramyxoviruses (48, 49).
Specifically, approximately 50% of the transfection and infection-derived HPIV3 M
protein was found in the nucleus 24 hr post-transfection (Figure 6, 8). Wang et al.
likewise found 50% of 3X-Flag-tagged NiV M protein in the nucleus. They also looked
at NiV M protein during an infection and saw M protein was distributed both in the
nucleus and cytoplasm of infected cells, though they did not quantify the amount of M
protein in the nucleus. Similarly, Pentecost et al. saw nuclear localization with SeV, NiV,
HeV, MuV, MeV, and NDV. Specifically, Pentecost et al. saw approximately 30%
nuclear localization with a 3X-Flag-tagged version of the SeV M protein. This contrast to
my data could be due to the 3X-Flag-tag present on this virus, interrupting normal
function of the M protein. Additionally, the difference could be due to the amount of
plasmid used, or condition of cells used for the transfection (which impacts the level of
protein expression). Pentecost et al. also viewed SeV localization during a live viral
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infection. From their figures the amount of M protein located in the nucleus appears
similar to my HPIV3 infection data, however, the exact amount located in the nucleus
was not reported.
Since the M protein did localize to the nucleus the putative NLS and NES
domains of M were investigated to determine if they could control nuclear transit and
budding. K258 is a highly conserved lysine residue in the NLS and is believed to serve
dual functions. The lysine is important for nuclear import; and serves as a ubiquitination
site that appears to be important for nuclear export (48, 49). The K258A mutation, which
reduces the positive charge of the NLS, was found to limit nuclear import in HPIV3 M
protein transfection studies. Specifically, only 38% of the M protein was located in the
nucleus (wild-type 65.3%) (Figure 10). Wang et al. showed that the mutation K258A in
NiV 3X-Flag tagged protein also limited nuclear import, specifically they saw 38.5% in
the nucleus (wild-type 50%) (49). In addition, Pentecost et al. also saw nuclear exclusion
when mutating the lysine to an alanine in 3X-Flag-tagged SeV, NiV, HeV, and MuV,
though they did not quantify the nuclear localization (48).
The mutation K258R, which maintains the positive charge in the NLS but ablates
the ability of this position to be ubiquitinated, was also investigated in HPIV3. This
mutation caused increased accumulation of M in the nucleus (82.8%) presumably due to
decreased nuclear export or increased import (Figure 10). Wang et al. also mutated
K258R in NiV and saw nuclear retention, specifically they found 62.5% of the M protein
to be in the nucleus (49). Similarly, Pentecost et al. saw nuclear retention with SeV, NiV,
HeV, MuV, and NDV when mutating this lysine in the NLS to an arginine. Specifically,
75-100% of the Flag tagged M protein was found in the nucleus with SeV, the virus most
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closely related to HPIV3. As discussed in the introduction, ubiquitination occurs at lysine
residues but not arginine residues thus in the nucleus K258R mutants are not
ubiquitinated. It is also possible that ubiquitination of K258 is needed to change the
conformation of the M protein to expose the NES to exportin, and thus without this
change, the M protein is not able to leave the nucleus (49).
It is known with some paramyxoviruses that nuclear transit is needed for budding
(48, 49). There are two main hypotheses for why the M protein travels through the
nucleus. It is thought that the M protein may enter the nucleus to be modified to allow it
to function in budding, and/or the M protein enters the nucleus to interfere with host
functions. It is possible that ubiquitination of the M protein in the nucleus promotes
recognition by ESCRT complexes, which are known to help mediate budding of some
enveloped viruses. It is known that PIV-5, SeV and MuV M proteins can bind to ESCRT
components and thus facilitate budding (48). The M protein of one paramyxovirus, RSV,
enters the nucleus and appears to antagonize host functions by inhibiting host gene
expression and inducing cell cycle arrest (48). Although, it is not exactly known why
paramyxovirus M proteins travel through the nucleus, it has been deemed an important
step of the viral life cycle because if you either impede nuclear import or export budding
is inhibited (48, 49).
To further investigate the role of the NLS and NES on the budding process of
HPIV3 M proteins VLP budding assays were conducted. Both wild-type M protein and
the mutations K258A and K258R, were expressed. The K258A and K258R mutations
abrogated budding ability. Similar to the Hoffman lab, Wang et al. observed that NiV
K258A and K258R mutations also inhibited VLP budding (49). Specifically, they found
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relative budding percentages for K258A and K258R less than 6% when compared to
wild-type M VLP. Wang et al. wanted to find out if K258A could not bud due to
conformational defect or lack of plasma membrane association, and thus ran membrane
flotation assays. They confirmed that K258A had a lack of plasma membrane association
and was not able to associate with the plasma membrane as well as wild-type M protein,
which may explain why K258A cannot be packaged into VLP’s. To understand if HPIV3
K258A M protein similarly cannot bud due to lack of membrane association a membrane
flotation assay would be an essential next step. The increased nuclear retention of the
K258R mutant could explain why budding is limited with this mutant. Additionally,
because the HPIV3 M K258R mutant displayed nuclear retention, failed to bud from
cells, and is predicted to not be ubiquitinated, a future experiment would be to investigate
the ubiquitination status of this mutant.
The NES is a leucine rich sequence that controls nuclear export in some
paramyxoviruses. An L106/107A double mutant in the HPIV3 M protein NLS was seen
to have nuclear retention. Specifically, 80.0% of the M protein was found in the nucleus
(Figure 10). Similarly, Pentecost et al. found that when mutating the two leucines to
alanines in the NES nuclear retention was seen with the Flag-tagged M proteins of SeV,
NiV, HeV, and MuV. With SeV 50-75% of the M protein was seen in the nucleus
compared to 30% with the wild-type SeV M protein (48). Overall, with some
paramyxoviruses it has been shown that if you have either the NLS mutated and a
functional NES or if you have the NES mutated and a functional NLS nuclear exclusion
or retention is seen, showing that both domains are essential for normal nuclear transit.
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The mutant L106/107A was not detected in cell lysates through the standard
western blot procedure (Figure 11 Lane 5). Because we were not able to see expression
with the L106/107A mutant in the lysate samples we could not determine if this mutation
had an impact on budding. Because the L106/107A mutant was detected at similar levels
to the wild-type and mutant M proteins with IF assay, the IF procedure was repeated in
parallel with the western blot procedure with the same experimental conditions. The
L106/107A mutant was detected by IF (as previously seen), but not by western blotting.
Since the L106/107A mutant was able to be detected with the immunofluorescence
protocol and not the western blot procedure, detection of this mutant with
immunofluorescence could be due to the addition of formaldehyde to fix the cells.
Formaldehyde has the ability to mutate epitopes, thus it could be possible that the only
reason this mutant was seen with immunofluorescence was due to the change in epitopes
therefore allowing the antibody to bind to this mutant. To test this a different fixative
agent could be used and the mutant could be viewed again with immunofluorescence
microscopy to see if it is able to be detected with this method without the addition of
formaldehyde. The lack of detection of this mutant with the western blot procedure could
be caused by the release of proteolytic enzymes upon cell lysis and consequently the
degradation of the protein. This mutant could be more susceptible to degradation because
the structure was altered. To test this, addition of protease inhibitors to the cell lysis
buffer could be done to see if the L106/107A mutant could be detected through the
western blot procedure. Also, lack of detection of the L106/107A mutant could be due to
lysis conditions not fully breaking down the membranes of cellular organelles thus not
freeing nuclear proteins as well, therefore the L106/107A mutant could be trapped in the
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nucleus, which would explain why this mutant could not be detected in the cell lysates.
To test this, a higher concentration of cell lysis buffer or addition of SDS to the cell lysis
buffer could be tested to ensure nuclear breakdown and release of proteins from inside
the nucleus. In contrast to the Hoffman lab Wang et al. could express the L106/107A
mutant with NiV and showed that this mutation inhibited VLP budding, approximately
only 3% could bud compared to 100% for Wild-type M VLP.
Overall, it was found that nuclear transit of the HPIV3 M protein is controlled by
NLS and NES domains. The mutation K258A impacted nuclear import and the K258R
and L106/107A mutations limited nuclear export. Restricting nuclear entry or limiting
nuclear release does not allow for VLP formation, thus, uninhibited travel through the
nucleus is needed for budding. To confirm physiological relevance of these observations,
the NLS and NES mutants can be inserted into HPIV3 to examine their effects on virus
replication. To test physiological relevance Pentecost et al. inserted NLS K254R (aligned
to HPIV3 K258R) and NES L102/103A (aligned to HPIV3 L106/107A) mutations into
recombinant T7-driven SeV and examined their impact on the virus. Specifically, they
observed that both wild-type and mutant SeV could be rescued at similar levels, but only
wild-type SeV produced infectious viral titers (107 I.U./ml). The mutants did not produce
detectible infectious viral titers (< 10 I.U./ml; 48). Because of the relatedness between
SeV and HPIV3 it is likely that these mutations will impact HPIV3 in the same manner.
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