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ABSTRACT

Schmidt, J.L. Characterization of HPI1VV3 matrix mutants deficient in budding. MS in
Microbiology, December 2019, 50 pp. (M. Hoffman)

The matrix (M) protein of human parainfluenza virus type 3 (HPI1V3) is important for
directing assembly and release of new virus; however, the mechanism of release remains
unclear. Identifying domains of M required for proper function can help to better
understand HPIV3. Alanine amino acid substitutions in regions of M result in inhibition
of growth of HPIV3 and release of M protein from cells. Phenotypic revertants,
containing a second site amino acid change in M, of the original amino acid substitutions
have been isolated and restore growth of HPIV3. Through generation of a 3-D homology
model it was hypothesized and confirmed the original alanine substitution regions are
important for dimerization of M. The regions were also shown to be unessential for
nuclear localization through immunofluorescent microscopy. M proteins containing the
second site amino acid change did not restore dimerization of M, but could may restore
oligomerization or some other function of M.
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INTRODUCTION
Clinical Significance

Human parainfluenza viruses (HPIV) are a frequent cause of community acquired
acute respiratory infections worldwide (1). Acute respiratory infections encompass both
upper and lower respiratory tract infections. The upper respiratory tract extends through
the airways of the nostrils to the voice box of the larynx (2). The lower respiratory tract
includes airways from the trachea to the alveoli of the lungs (2). Acute respiratory
infections are the leading cause of morbidity and mortality among children under five
years of age and cause an estimated 156 million episodes of clinical pneumonia alone
worldwide (2,3). Of these clinical pneumonia cases, 8.7% were severe enough to require
hospitalization (3). Although most lower respiratory infections are thought to be bacterial
in nature, there are estimates of 40 to 50 percent of infections in infants and children
being caused by viral agents in developing countries (3). Additionally, a recent
comprehensive study of causes of severe pneumonia in children has found 60% of cases
being caused by viral agents (4). The leading causes of viral pneumonia are human
respiratory syncytial virus (HRSV), followed by HPIV. HPIVs are genetically and
antigenically broken into types 1-4 (1). In children <5 years, HPIV types 1-3 have been
found in as many as a third of the 5 million lower respiratory infections per year in the
U.S. (1). Additionally, HPIV types 1-3 were responsible for 12% of hospitalizations for
lower respiratory infections in the U.S. in persons younger than 18 years (1). Previous

infection does not confer lifelong immunity to HPIV and reinfection into adulthood



occurs (1,5,6). However, the first HPIV infections, especially HPIV3, seem to pose the
most threat to infants and children as they are usually the most severe. With HPIV3 40%
of infections occur in the first year of life (1). It is estimated that HPIV3 is responsible for
approximately 18,000 hospitalizations in infants and children every year in the U.S. (1).
There is currently no vaccine or drugs available for treatment.
HPI1V3 Taxonomy and General Characteristics

HPIV3 is classified within the order of Mononegavirales. Members of
Mononegavirales have enveloped virions, helically symmetrical nucleocapsids, and non-
segmented, single stranded, (-) sense RNA genomes (6,7). The Mononegavirales is
comprised of five families: Bornaviridae, Filoviridae, Rhabdoviridae, Pneumoviridae,
and Paramyxoviridae. Filoviridae, Rhabdoviridae, and Paramyxoviridae can typically be
distinguished from one another through morphology of virions (7,8). Filoviridae virions
are identifiable by their bacilliform shape (7). The most notable filovirus is Ebola virus,
due to the severe hemorrhagic fever it causes in humans (8). Rhabdoviridae members are
easily distinguishable by their bullet-shaped virions (7). The most notable viruses within
Rhabdoviridae are Rabies virus, and vesicular stomatitis virus (VSV). Rabies virus
infects humans and other mammals, and causes acute progressive encephalitis in humans
(7). Vesicular stomatitis virus primarily infects non-human mammals, and affects
domesticated animals (cattle, horses, pigs) causing fever and lesions (12).

The Paramyxoviridae and Pneumoviridae families have virions with
morphologies ranging from filamentous to pleomorphic to spherical with varying
diameters (7,8). HRSV is within the Pneumoviridae family whichthat, as mentioned

earlier, is the leading cause of viral pneumonia in children <5 years (3,7).



Paramyxoviridae contains the following genera: Rubulavirus, Avulavirus, Respirovirus,
Henipavirus, and Morbillivirus (7). The type species of the genera are, respectively:
mumps virus (MuV), Newcastle disease virus (NDV), Sendai virus (SeV), Hendra virus
(HeV), and measles virus (MeV) (6). The four types of HPIV are spread between the

genera Rubulavirus (HPIV-2 and HPIV-4) and Respirovirus (HPIV-1 and HPIV-3) (1,7).

Virion Structural Organization

HPIV3 virions are 150-250 nm in diameter and range in morphology from
spherical to pleomorphic to filamentous (1). Virions consist of the following six
structural proteins: hemagglutinin-neuraminidase (HN), fusion (F), nucleoprotein (N),
phosphoprotein (P), large protein (L), and matrix (M) (Fig. 1). The genome also encodes
a seventh protein, nonstructural C protein, in an alternate reading frame in the P gene
(8,13). The function of C is not fully understood. It may be involved in the regulation of
viral transcription, inhibiting the host cell immune response and the promotion of virus
particle release (14,15).

The exterior of the virion consists of an envelope and two embedded
glycoproteins (HN and F) (8,13). The envelope is acquired from the plasma membrane
when virions bud out of cells. The HN protein is 572 amino acids long with the majority
of the protein (aa 53-572) being on the exterior of the envelope (49). The remainder of
the protein consists of a transmembrane domain (aa 31-52) and an amino-terminal
cytoplasmic tail (aa 1-31) (49). The HN protein is in a tetrameric form when present on
virions (49). The protein has both sialic acid binding activity, allowing for
hemagglutination, and neuraminidase activity (sialic acid cleavage, 7,12). Both activities

are contained in the exovirion domain of the protein (7). The F protein also contains



exovirion (aa 19-493), transmembrane (aa 494-514), and carboxy-terminal endovirion
domains (aa 515-539) (48). The F protein exists as a trimer on virions and, after

attachment, mediates fusion of the viral envelope with host cell membranes (7,15).

Envelope

Figure 1. Human parainfluenza 3 virion

The interior of virions contain the nucleocapsid core of the virus, termed the N-
RNA, consisting of the single-stranded, (-) sense RNA genome helically encapsidated by
N (7). The order of genes encoded on the genome from 3’ to 5’ is N, P/C, M, F, HN, and
L. The L and P proteins are also closely associated with the N-RNA via interactions with
N, to form a ribonucleoprotein complex (RNP) (7,12). The L and P proteins form the
RNA-dependent, RNA polymerase required to transcribe the genome upon entry into a

cell (5,7). The L-P complex also carries out replication of the viral genome.



The most abundant protein in HPIV3 virions is M, which lines the inner layer of
the envelope where it likely interacts with the envelope directly as well as the
cytoplasmic tails of HN and F, and N (7,12,16). M plays a critical role in the viral life
cycle by facilitating assembly and budding of new virions (5,7).

General Life Cycle of HPIV3
Adsorption and Entry

Infection of a cell by HPIV3 virions begins through attachment of HN to cell
surface proteins containing sialic acid (sialoglyconjugates) (5,7). HN and F then
regulate the fusion process of the viral envelope with host cell membrane (5). The fusion
of envelope and host cell membrane allows for the virion to empty the RNP into the host
cell.

Transcription and Replication

Upon entry of the genome into host cells, transcription is the next event to occur
(5,7). The P-L complex functions as an RNA-dependent, RNA polymerase. It begins
transcription of the viral RNA starting at the 3’ end of the genome (7). Transcription of
the genome is done via a start-stop mechanism, initiating and terminating transcription at
the beginning and end of each individual gene (5). This results in the production of six
individual capped and polyadenylated mMRNAs encoding the proteins N, P, M, F, HN, and
L (5,7). Transcribed RNAs can then be translated into viral proteins by host ribosomes.
Following initial transcription and accumulation of viral proteins, replication of the
genome begins (7). Replication begins with the entire (-) sense genome being copied into
a single genome-length (+) sense RNA known as the antigenome (5). The antigenomes

can then serve as templates for replication of new HPIV3 (-) sense genomes (5,7). The



newly made genomes are immediately encapsidated by N, and can be transcribed into
more mMRNAs, replicated, or packaged into new HPIV3 virions.
Assembly and Release

Assembly of virus particles occurs on the inner surface of the plasma membrane.
Envelope glycoproteins (HN and F) are directed to the cellular plasma membranes after
translation in the rough endoplasmic reticulum via the secretory pathway (5,17). M
localizes to the plasma membrane post-translation, though it may transit through the
nucleus first (5,17,22). Initiation of nucleocapsid assembly begins with the binding of N
to viral RNA as it is synthesized (7,12). Formation of the N-RNA allows for interactions
with L, P, and M (12,17). To facilitate assembly, matrix proteins are able to interact with
the nucleocapsid (N protein in particular) and envelope proteins. Once assembly is
complete, mature virions bud from cells. The budding mechanism is currently being
studied, though matrix proteins seem to be pivotal to this process as well. The
neuraminidase activity of HN cleaves sialic acids present on the infected cell to prevent
reinfection of the cell via the hemagglutinin activity of HN, upon budding of virions (7).

Matrix Protein Activities and Functions

The matrix proteins of paramyxoviruses have been extensively studied due to
their role in the assembly and budding of new virions. The importance of M in the
assembly and release of viral particles was first proposed through analysis of mutant
measles and Sendai viruses that were deficient in producing viral particles (50-52). M
protein was inactivated or undetectable in the various budding deficient mutants, leading
to the conclusion that M was crucial in formation of virions (50-52). Providing further

evidence that the M protein is involved in budding is the observation that expression of



M alone, without any other viral proteins, is sufficient for producing virus-like particles
(VLPs) which are released vesicles consisting of M protein surrounded by an envelope.
This independent budding feature of M is observed in HPIV1, HPIV3, SeV, NDV, Nipah
virus (NiV), and MeV (22,26,38,49,53-58). PIV5 and MuV proteins are also able to
produce VLP’s, but require co-expression of M, N and either the F or the HN proteins
(27,28).

In order to mediate assembly and release, the M protein is capable of a multitude
of interactions and functions. Matrix proteins have been shown to be able to self-
associate, interact with membranes, viral glycoproteins, nucleocapsids, and host cell
proteins (13,18,19). An additional, recently recognized activity of M proteins is their
ability to transit through the nucleus (23,42-44,59-62). This nuclear localization seems to
be important for M’s function in viral budding. The activities of M proteins are further
discussed in the following sections.

Self-association

Matrix proteins have been shown to self-associate into dimers, and higher-order
oligomers as well (6). This self-association of M proteins has been shown through co-
immunoprecipitations, cross-linking, electron microscopy, and X-ray crystallography.
(20,24,69-71). For example, M proteins of canine distemper virus and HPIV3 have both
been shown to interact with themselves via co-immunoprecipitations (41,74). Freeze-
fracture analyses of cells infected with SeV, also show lattices of M arranged on
membranes (13). Crystal structures of M proteins of the paramyxovirus NDV and the

pneumovirus RSV also indicate they occur in dimers, and contain contacts allowing for



dimer-dimer interactions (20, 24). It has been theorized that formation of M lattices could
even cause membrane deformations and begin the process of virion budding (20,24).
Nucleocapsid Interactions

Matrix proteins of paramyxoviruses are also capable of interacting with the RNP
complexes formed in infected cells. RNPs of MeV will colocalize with M at the plasma
membrane of an infected cell (19). However, this colocalization is lost when M is
mutated in MeV (19). This interaction is mediated by a direct interaction between the
nucelocapsid protein and M (19). Yeast two-hybrid assays using measles proteins have
mapped these interactions to the C-terminal portion of nucleocapsid protein (68).
Membrane Interactions

Matrix proteins contribute to assembly through interactions with the plasma
membrane of cells, which will eventually form the viral envelope. Matrix proteins have
been shown to interact with membranes through electron microscopy as well as
fractionation studies (13). The lack of any domains capable of spanning a membrane
indicate that this interaction is peripheral (6,13). There is evidence of both electrostatic
and hydrophobic interactions being drivers of membrane association. Matrix proteins of
paramyxoviruses are rich in basic amino acids having a net charge at pH 7 between +14-
17, and isoelectric points typically between 9.0-9.6 (8,49,63-65). The highly positive
charge on M proteins would indicate a possible electrostatic interaction with the polar
heads of the phospholipids of the cell membrane. Mapping of highly positive surface
domains on crystallized structures of NDV and HRSV M proteins support this idea (20,
77). However, there is also evidence M will associate with liposomes regardless of the

net charge of the lipid membranes (13). This would indicate hydrophobic interactions



between the two may also contribute to the association in addition to the electrostatic
interactions.
Glycoprotein Interactions

There is also evidence of interactions between the cytoplasmic tails of viral
glycoproteins and M. The clearest evidence of this interaction can be seen by the loss of
M-glycoprotein co-localization when cytoplasmic tails of various paramyxoviruses are
truncated (19,21). Interactions between the two can also be show by co-
immunoprecipitation. In NDV direct HN-M interactions were shown via co-
immunoprecipitation (22). The M proteins of Sendai virus also form detergent resistant
membrane rafts upon co-expression of M and viral glycoproteins (66).
Host-cell Protein Interactions

Paramyxoviruses’ M proteins not only interact with other viral proteins, but
interact with host cell proteins as well. It has been shown Sev M proteins interact with
the endosomal sorting complexes required for transport (ESCRT) system (18,19).
Proteins which make up the ESCRT system are normally responsible for cytokinesis as
well as forming multivesicular bodies (MVBs) (39). Formation of MVBs starts with
ESCRT complexes recognizing ubiquitinated protein on an endosomal membrane. The
targeted protein ends up in a vesicle within the endosome (which would be an MVB)
where it is degraded. The ESCRT machinery mediates this process by causing membrane
invagination into the endosome then triggering membrane fission, away from the

cytoplasm, allowing the vesicle to bud into the endosome (Fig. 2.) (39).



Early endosome

e @@ \VpsA

Late endosome/MVB

Figure 2. Model of ESCRT pathway utilization by viral matrix protein (viral proteins in
red). The ESCRT complexes are sequestered away from the endosome to the plasma
membrane via interactions with the M protein. Once at the budding site, ESCRTSs then
facilitate budding. Figure produced by Christine Hulseberg (76).

Some viruses are able to highjack this machinery and cause this same process to
occur at the plasma membrane for formation of enveloped virions (18,19). They can
accomplish this by having viral proteins directly interact with the ESCRT machinery.
Conserved amino acid sequences interacting with the ESCRT machinery have been
identified and given the term late domains (40). These late domains were first
characterized in retroviral Gag proteins and include: P(T/S)AP, PPxY, and YP(X)nL

(where n=1or 3 aa, 18). These late domain sequences are also found in (-)-RNA viruses
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as well, including rabies virus, VSV, Ebola virus, LCMV, and Lassa fever virus (19,29-
36). The paramyxovirus, SeV, has also been shown to interact with ESCRT machinery
(the ALIX/Aipl protein) via a YLDL sequence (believed to be a version of the YP(X)nL
late domain) in its M protein (25). PIV5 and MuV M proteins also likely use ESCRT for
budding since they become deficient in producing VLPs, when co-expressed with a
dominant-negative Vps4 mutant protein, a critical ESCRT protein involved in recycling
of ESCRT components (27,28). However, some paramyxoviruses (HRSV and NiV) are
able to still produce VLPs efficiently when expressed using the same Vps4 mutated
proteins, and so may bud through a different mechanism (37,38).

Paramyxovirus M proteins have also been shown to interact with host proteins
other than ESCRT system proteins. For example, SV5 interacts with an integral
membrane protein Caveolin 1 (72). Caveolin 1 is clustered at areas of SV5 budding, co-
localizes with M in cells, and can be co-immunprecipitated with M. Additionally, it is
incorporated into mature virions. MeV has also been shown to interact with a membrane-
directed host protein, Annexin A2 (73). Knockdown of Annexin A2 inhibited viral
growth and localization of M protein to the plasma membrane.

Nuclear Trafficking of Matrix

Although transcription and replication of paramyxoviruses occurs in the
cytoplasm, there is evidence of paramyxovirus M proteins trafficking through the
nucleus. This nuclear trafficking of M is an important prerequisite for budding in NiV
(44). Disrupting either nuclear localization or nuclear export both decreased NiV VLP
formation (44). The following members of Paramyxoviridae also demonstrated nuclear

trafficking of their matrix protein: HeV, SeV, MuV, MeV, HRSV, and NDV (23,42-44).
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The function of this transit is not fully understood. There are several potential
advantages to nuclear trafficking including down regulating antiviral host cell responses
and/or affecting gene transcription of the host cell to promote replication of the virus.
Another observation is that some M protein trafficking through the nucleus becomes
ubiquitinated within a nuclear localization signal (NLS). This would disrupt recognition
of the NLS and lead to more cytoplasmic localization of the protein. It is also possible
that ubiquitination of the M protein is needed for M protein function in budding. NiV,
HeV, SeV, MuV, NDV, PIV5, and MeV matrix proteins are ubiquitinated (23,45).
Depletion of free ubiquitin in a cell using MG132 treatment caused the matrix protein of
these viruses to be retained in the nucleus and inhibited the ability of these viruses to
effectively bud (23,44). The mechanism of how ubiquitination of M proteins contributes
to viral budding is not understood.
HPIV3 Matrix Proteins

The M protein of HPIV3, as with other paramyxoviruses, is a critical component
for viral assembly and budding. M protein expression in tissue culture cells triggers the
release of M-containing VLPs. This was demonstrated by transfection of pPCAGGS
plasmids encoding the HPIV3 M gene into 293T cells and detection of M protein in the
media by centrifugation/sedimentation of VLPs through 20% sucrose (26). It was
confirmed that released M was in the form of a VLP by the lack of degradation by trypsin
or Triton X-100, unless used in combination. The lack of degradation by trypsin alone
showed the likelihood of protection of M by an envelope. This shows M protein was not
released by cell lysis or other cell-mediated ways but was produced in the form of a VLP.

Additionally, M would not be present after centrifugation through the sucrose cushion if
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it were released by cell lysis. Expression of viral proteins HN, F, N, and P did not result
in VLP formation, indicating M is the only HPIV3 protein with intrinsic budding ability.

HN, F, N, and P were also co-expressed, pair-wise, with M (26). This co-
expression resulted in VLPs containing both M and the co-expressed protein (HN, F, or
N) indicating the M protein interacts individually with HN, F, and N. Co-expression with
P resulted in VLPs containing only M, indicating no direct interaction between M and P.
Expressing P in combination with M+N resulted in the presence of P in VLPs, likely due
to interactions between N and P. These results showed M drives assembly through
interactions with HN, F, and N.

Importance of 54-YLDV and 300-YPLMDL Domains

The 352 amino acid sequence of M was analyzed for the presence of potential late
domain sequences, to shed more light on the mechanism behind HPIV3 release. Four
potential late domain motifs were identified: 47-PPKH, 54-YLDV, 300-YPLMDL, 338-
YPNI (where the number reflects the amino acid position and the letters are the standard
one-letter code for amino acids). The presence of functional late domains could mean
HPIV3 M facilitates budding using ESCRT machinery. Mutational analysis of the four
potential domains, showed alanine substitutions of the 54-YLDV and 300-YPLMDL
amino acids reduced VLP formation. Another lab also assessed the budding ability of
HPIV3 M mutated in these motifs and found similar results for alanine substitution at
residues 302 and 305, but they did not report deficiencies of VLP production for a
deletion of the 54-YLDV motif (41). The conflicting results could be due Hoffman’s lab
using wild-type M, whereas Zhang et. al used an HA-tagged M protein for visualization.

Reduced budding of tagged M proteins may reduce the sensitivity of VLP assays (26,41).
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Although these amino acid patterns were similar to characterized late domain
amino acid patterns, the Hoffman lab has not shown M protein interactions with ESCRT
proteins. Co-immunoprecipitation assays between HPIV3 M and the ESCRT protein
Alix/AIP1 showed no interaction between the two. The lack of an interaction between
HPIV3 M and Alix/AIP1 was further confirmed using a mammalian two-hybrid system
(Hoffman lab unpublished). Additionally, HPIVV3 M-VLP release in siRNA-mediated
Alix knockdown within cells showed no inhibition of M release (78). In contrast, work
with the closely related SeV has shown that the SeV M binds Alix and that binding is
dependent on an YLDL M amino acid motif that aligns with the HPI1V3 54-YLDV
sequence (25). However, another group showed that suppression of Alix did not affect
production of Sendai virions upon a natural infection (79). As a result of this conflicting
evidence there isn’t a definitive answer for whether or not SeV utilizes Alix as a
mechanism for budding. Another critical protein for ESCRT-mediated budding is Vps4,
since it plays an essential role in releasing ESCRT complexes from membranes for reuse.
However, Vps4 depleted cells showed no inhibition on HPIV3 M release as well
(Hoffman lab unpublished).

Since ubiquitination has been linked to paramyxovirus budding and is a sorting
signal of the ESCRT system, an analysis of aa 302 as a signal for ubquitination was done.
Both the Zhang et. al. lab and the Hoffman lab has performed the same alanine
substitution at amino acid position 302 of HPIV3 M and reported similar deficiencies in
production of VLP’s (41). However, in analysis of ubiquitination of M containing the
L302A substitution they had conflicting results. Zhang et. al. concluded HPIV3 M

ubiquitination was lost due to the substitution and this caused the VLP deficiency,
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whereas the Hoffman lab did not show any difference in ubiquitination following the
L302A amino acid substitution of M when compared to wild type M protein (41,
Hoffman lab unpublished).

To further characterize the 54-YLDV and 300-YPLMDL regions, additional
alanine substitution were generated via mutagenesis of the pPCAGGS-M encoding
sequence. Since the Y, P, and L residues of the standard YP(X)1,sL late domain (where X
indicates any amino acid, and the subscript indicates a range from 1 to 3 amino acids are
tolerated in the sequence) are characteristically crucial, the alanine substitutions at
positions 54, 55, 57, 300, 301 and 305 would be expected to be most detrimental to
HPIV3 budding, if these regions were late domains. In agreement with this prediction
VLP formation assays performed with the 300-YPLMDL alanine substitutions showed
Y300 and P301 both resulted in a severe disruption in the ability of M to form VLPs (Fig.
3). However, in contradiction to the expected result, substitution at position L305 had
only a small negative effect on the ability of M to form VLP’s and substitution at L302
had a large negative effect (Fig. 3). Virus like particle assays performed with the 54-
YLDV alanine substitutions yielded similar inconsistent results with the expectation of
substitution of a YP(X)1,3L late domain. Alanine substitution of 54Y had the least
negative effect on VLP formation, whereas alanine substitution of 55L, 56D and 57V had
a more significant negative impact (Fig. 4). Notably, expression of the 55L, 56D and
57V alanine substitution M proteins was low, possibly indicating that the mutation

triggered misfolding and/or instability of the protein (Fig. 4).
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Figure 3. Release of alanine substitution M protein mutants in the form of VLPs. 293T
cells were tranfected with pCAGGs encoding wild type HPI1VV3 M or HPIVV3 M with an
alanine substitution made at amino acid positions 300, 302, 303, 304, or 305. Matrix
protein in the cell lysates and media are compared by a % of total M released into the
media.

lysate media

Residue changed- wt Y L D V]| wt Y L D \Y

Figure 4. Release of alanine substitution M protein mutants in the form of VLPs. 293T
cells were tranfected with pCAGGs encoding wild type HPIV3 M or HPIVV3 M with an
alanine substitution made at amino acid positions 54, 55, 56, or 57.

Although the function of the regions 54-YLDV and 300-YPLMDL do not seem to
be ESCRT pathway-related, they still are important for VLP formation. Therefore, a
further analysis of how these regions contribute to M protein function was warranted.
Toward this goal, mutant viruses containing single alanine substitutions in the two
regions were created. Specifically, viruses containing single alanine substitutions in the

HPIV3 M protein at amino acid positions 54, 55, 300, 302, and 305 were created and

analyzed.
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Perturbations in these regions resulted in defects of the growth of the mutants
compared to wild-type HPIV3 (Fig. 5). In the 300-YPLMDL region, the Y300A and
L302A mutants (where the first letter indicates the wildtype amino acid and number, and
the second letter indicates what that residue was changed to by mutation) severely
reduced viral growth, while the L305A mutant had a minor reduction in growth (Fig. 5).
In the 54-YLDV region, the L55A mutant also severely reduced viral growth, whereas
the Y54A mutant had a minor reduction in growth (Fig. 5). These results of amino acid
positions important for viral growth mirror those found for VLP formation. Therefore,
the inhibition of virion release correlates with the release of M in a VLP assay.
Consequently, since other viral proteins are not present in the VLP assays performed, the
deficiencies of these mutants are not likely caused by interactions between M and N, HN,

or F.
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Figure 5. HPIV3 growth curve performed in HelLa cells. Cells were infected with virus at
a MOI of 4 and virus samples were collected at 12, 24, and 48 hr time points, and titers
were determined by plaque assay
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Serial passages of the HPIV3 M mutant viruses were performed with the purpose
of recovering a revertant virus at a second site to shed light on the reason for functional
importance of these residues. Phenotypic revertants from viruses containing the Y300A
and L305A amino acid substitutions were isolated. The L305A revertant contained a
second-site mutation at the nucleotides encoding amino acid position 161 (glutamate to
histidine, Hoffman lab unpublished). To confirm that the Q161H change is responsible
for the reversion phenotype, a virus containing both changes (L305A/Q161H) was
constructed, analyzed, and found to grow in a similar fashion to the isolated revertant
(Fig. 6A).

The Y300A revertant had a mutation at the nucleotides encoding amino acid 289
resulting in an alanine to valine change. As with the L305A revertant, construction and
analysis of a Y300A/A289V double mutant showed increased replicative ability (Fig.
6B). Neither of these reversions restored or created a late domain sequence providing
further evidence the 300-YPLMDL region is not a late domain. In addition, the lack of a
3-D structure for HPIV3 M made hypotheses on the restoration of function these second

site mutations caused difficult.
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Figure 6. (A-B) HPIV3 growth curve performed in HeLa cells. Cells were infected with
virus at a MOI of 4 and virus samples were collected at 12, 24, and 48 hr timepoints, and
titers were determined by plaque assay

Research Objectives

To better understand the functions the 54-57 and 300-305 amino acid regions of

M the first research objective was to build a 3-D model of HPIV3-M. This model would



allow for predictions of the function of the 54, 55, 300, 302, and 305 residues.
Completion of this research objective resulted in analysis of the original mutations and
reversion mutations with structural models of HPI1V3 M (based on the determined M
protein crystal structure of the related NDV) (Fig. 7-9) (20). Analysis of the position of
these amino acid residues resulted in the determination of M-M dimerization being the
most likely importance of the 300, 302, and 305 residues (Fig. 7-9). Therefore my
second objective was to determine if M-M interaction is affected in the alanine
substitution mutants at the 300, 302, and 305 residues and if it is restored in the
Y300A/A289V and L305A/Q161H mutants. My final objective was to assess if the

localization of the previously mentioned M mutants is altered compared to WT-M
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MATERIALS AND METHODS
Creation of a 3-D Homology Model

The structural model of HPIV3 M was generated by the SWISS-MODEL
homology modelling program. HPIV3 M primary amino acid sequence was used as a
target sequence (Uniprot id#:P0783). The resulting New Castle disease virus matrix
protein (RCSB: 4G1G) was used as a template to build the model. The resulting model
was viewed and imaged using Pymol (Schrodinger).

Cell Culture

Human embyonic kidney (HEK) 293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum and grown at 37°C with 5%
CO2.

Plasmids

The pCAGGS Matrix (M) plasmid was previously constructed by inserting
sequence encoding HPIV3 M into the pCAGGS vector. The Y300A, L302A, L305A,
Y300A/A289V, and L305A/Q161H mutant M plasmids were generated via PCR site-
directed mutagenesis of the pPCAGGS-WT-M plasmid (26).
WT and mutant M sequences were inserted into the pACT and pBIND vector plasmids of
the CheckMate™ Mammalian Two-Hybrid System (Promega
corporation). Sall and Kpnl sites were added to upstream and downstream primers to
amplify the M open reading frame from the pPCAGGS M plasmids via PCR. The

subsequent PCR products and the pACT and pBIND vectors then underwent digestion
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with Sall and Kpnl enzymes and were gel purified. The PCR product containing the WT-
M gene and mutant M genes were then ligated into the pACT and pBIND plasmids and
transformed into E. coli. All plasmid sequences were confirmed by sequencing the insert
region. Plasmids were purified using Qiagen®© plasmid purification kits according to
manufacturer’s protocols.
Immunofluorescent Microscopy

Sub-confluent (40%) HEK-293T cells on glass coverslips were transfected
with pCAGGS-M, or M mutants thereof. Transfections were performed in 6 well plates.
The M plasmid, 0.5 pg, was added to 120 ul Opti-MEM™ (Gibco™ by Thermo Fisher
Scientific) and 3 ul X-tremeGENE™ 9 DNA transfection reagent (Roche) at room
temperature, allowed to sit for 30 min and then added to the cells. At varying time points
post-transfection, cells were fixed with 4% formaldehyde for 10 min, permeabilized with
0.5% Triton X-100 (Sigma) in PBS twice for 2 min, and blocked with 8% milk in TBST
for 30 min. The coverslips were incubated with a 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 polyclonal anti-rabbit IgG antibody conjugated with Dylight 488 (1/200 dilution in
TBST) (Abcam9683courtesy 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 Fluoromount-G® (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
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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 present throughout the whole cell to find the percent
of the M protein present in the nucleus.
CheckMate™ Mammalian Two-Hybrid System

HEK-293T cells were seeded into 24-well plates and incubated for 18-
24 hrs before transfection. pACT and pBIND plasmids, were combined in a molar ratio
of 2:1, with the total amount of 0.135 pug DNA added. An equal amount (0.0675
Kg) of pG5luc vector was also added to each transfection reaction. Transfections were
performed using Lipofectamine™ 3000 Transfection Reagent (Thermofisher Scientific).
The luminescence activity was measured 24 hrs post transfection using the Dual-
Luciferase® Reporter assay system (Promega corporation). Cells were lysed in 125 pl 1x
passive lysis buffer. A single sample luminometer was used to measure light production.
Either 1 ul or 5 pl of lysate was added to 25 ul of Luciferase Assay Reagent Il and read
for firefly luciferase activity. indicated an interaction of the fusion proteins Stop & Glo®
Reagent (25 pl) was then added to quantitate Renilla luciferase activity as a
normalization measure for transfection efficiency. pACT vector and pBIND vector
without M inserts were used as a negative control. pACT vector and pBind with M insert
was used as a background for WT-M and the M mutants. Binding efficiencies of mutants
were calculated by comparing the increases in luciferase activity over background to the

increase in luciferase activity over background of WT-M.
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RESULTS
Generation of a 3-D Homology Model of HPIV3-M

In order to create predictions of the importance of amino acid regions of HPIV3-
M a 3-D model homology model was created. The homology model was made with
SWISS-model homology software using HPIV3-M as a target sequence and NDV-M
protein as a template. The NDV M protein template used was recombinantly expressed
and purified as a dimer (20). The NDV M protein structure was then determined using x-
ray crystallography and deposited in the RCSB database with the identification number
being, 4G1G (20). In the M dimer model, residues Y54 and L55 are found on a highly
positive surface likely to interact with the plasma membrane, and so a disruption of the
M-membrane interaction is possible (Fig. 7). It could also possibly be involved in a
function before M reaches the membrane as well. The residues Y300, L302, and L305 are
near the monomer surface between M dimers (Fig. 8). Additionally, the L305A/Q161H
revertant provides evidence of the L305 residue being involved in M monomer-monomer
interactions. Matrix protein residue Q161 is distant from L305 when observing the
monomeric M protein. However, when observing position 305 on one monomer and
position 161 on a neighboring monomer the two residues are in close proximity (Fig. 9).
The recovery of this revertant, in addition to the presence of residue 305 at the
monomeric surface, allows us to hypothesize that L305 may be important for M-M

monomer to monomer interactions.
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The explanation for the growth restoration by the A289V revertant of the Y300A mutant
is not as clear. The amino acid position 289 is not near the dimer surface (Fig. 9).

However since paramyxoviruses are known to form higher order oligomers, it is possible
the change restored this ability of M (6). Additionally, the Y300 amino acid is still found

near the monomeric surface, and so is likely important for dimerization.

Membrane

Figure 7. Human parainfluenza virus type 3 Matrix protein (HP1VV3-M) model generated
using SWISS-MODEL Homology Modelling (46-48). The right image is rotated 90°
clockwise and 90° upward. (A) Surface model of HPIV3-M dimer with electrostatic
potentials displayed in blue (positive) and red ((-)). (B) HPIV3-M monomers (green and
yellow) in a ribbon diagram with residues 54 and 55 shown as red sticks.
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Monomeric
surface

Figure 8. Human parainfluenza virus type 3 Matrix protein model generated using
SWISS-MODEL homology modelling (45-47). Left images display M dimers and right
images represent a 90° upward rotation of the L image with an M-monomer (yellow)
hidden. (A) Surface representation in gray with aa300-305 shown as purple spheres. (B)
Ribbon diagram with one monomer colored yellow and the other green, aa300-305 are
colored purple with sticks shown.
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Figure 9. Sections of Human parainfluenza virus type 3 Matrix protein (dimer) model
generated using SWISS-MODEL homology modelling (45-47). (A) (Monomerl=grey)
(Monomer 2=black) Monomer 1 amino acids colored: aaA289-orange, aa300-YPLMDL-
305-purple and monomer 2 amino acid Q161 colored yellow. (B-D) (Monomer1=Green)
(Monomer 2=Yellow) Monomer 1 amino acids 300-YPLMDL-305 colored purple and
aaY300, L302, and L305 shown as sticks. In (C) aaQ161 is yellow with sticks shown. In
(D) aaA289 is orange with sticks shown.
Assessment of M Self-Association Disruption and Restoration.

Due to the location of the 300-305 amino acid residues being in proximity to the
surface where monomeric M proteins interact to form a dimer, the M-M interaction (Fig
7-9) is likely an important function of these residues. To assess this hypothesis a

mammalian 2-hybrid system (Checkmate, Promega) was utilized to investigate the self-

interaction of M protein mutants (Y300A, L302A, L305A, Y300/A289A,
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L305A/Q161H) and compare them to WT-M. Wild-type M and each mutant were
inserted into the reading frames of the pACT and pBIND plasmids to create the M-
activation domain and M-DNA binding domain fusions, respectively. Interaction of the
resulting wild-type fusion M proteins resulted in transcription of a luciferase gene, which
was measured by luciferase activity. The experiment was done in 5 replicates with
duplicates performed in 4 of the replicates. The wild-type M-M interaction produced
luciferase levels 2.7-fold over background levels (Table 1). Binding efficiencies of
mutants were calculated by comparing the increases in luciferase activity over
background to the increase in luciferase activity over background of WT-M. It was found
that the single mutant M proteins (Y300A, L302A, L305A), which were defective in
virus growth, were also significantly defective in M binding efficiencies compared to
WT-M (Table 1). However, the growth restoration mutants (Y300/A289V,
L305A/Q161H) M-M interactions were also defective compared to WT-M (Table 1).
These results show amino acids 300, 302, and 305 are important for M-M dimerization.
The results did not indicate a restoration of the M-M dimerization in the growth
restoration mutants, and therefore the reason for growth restoration may not be
restoration of M-M dimerization. Increasing higher order M-M interactions could still be

possible since only dimerization is assessed using the mammalian two-hybrid system.
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Table 1. Analysis of the self-association of 300-305 region mutants and revertants in
the CheckMate™ Mammalian Two-Hybrid System

M insert Mean fold increase Mean M-M interaction compared to
Sequence WT?(%)

WT 2.7£0.2* 100

Y300A 1.2+0.1* 11+8

L302A 0.7£0.1 0+0

L305A 0.9+0.2 0+0.67
Y300A/A289V 1.1+0.2 6.54+10.24
L305A/Q161H 1.1+0.2 9.34+7.75

aM-M interaction assessed by increases in luciferase activity over expression of empty
pACT vector and pBIND vector with the corresponding M insert.
*Statistically significant above background (p<0.05)

Assessment if localization is affected by perturbations of M.

Since localization of M proteins of the Paramyxoviridae have been shown to be
important for the viral life cycle this function was investigated (22, 41-43). Two mutants
(L302A and L305A) have also been investigated by another lab, Zhang et al., as a NES
signal and ubiquitination control site (41). Therefore, I also used immunofluorescent
microscopy to investigate the localization of various HPIV3 M proteins. The WT-M,
Y300A-M, L302A-M,_L305A-M, Y300A/A289V-M, and L305A/Q161H-M proteins
were expressed individually in HEK-293T cells. At 24 hrs post-transfection the cells
were fixed, and the nucleus and M proteins were stained for viewing via fluorescent
microscopy. A minimum of 30 cells were viewed using both confocal and epifluorescent
microscopy, and pixel intensities were measured to quantify the amount of M present in
the nucleus and cytoplasm of cells. Nuclear localization of WT-M protein was found to
be 31% 9 (Table 2). The mutant M proteins (Y300A, L302A, L305A) and restoration
mutant M proteins (Y300A/A289V, L305A/Q161H) did not have a statistical difference

in nuclear localization compared to WT-M (Table 2). In addition to nuclear localization
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the staining patterns of the various M mutants was similar to those seen in WT-M
expressing cells (Fig. 10). These results show that alteration of amino acids Y300, L302,
and L305 do not change the localization of the M protein.

Table 2. HPIV3 M protein nuclear localization.

M protein Mean percentage nuclear (%)
WT 3149
Y300A 34+8
L302A 31+10
L305A 29+10
Y300A/A289V 3315
L305A/Q161H 32+11
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300/289

305/161

Figure 10. Localization of 300-305 region mutants and revertants thereof in 293T cells. 1
pg of WT-M, Y300A, Y300A/A289V, L305A, or L305A/Q161H encoding plasmids
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% milk TBST. Samples were then incubated with rabbit anti-M primary antibody
followed by an anti-rabbit secondary antibody conjugated with Dylight 488. Cells were
stained with DAPI to visualize the nuclei. Samples were imaged at 600x with confocal

microscopy
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DISCUSSION

Matrix proteins of paramyxoviruses have been shown to be essential in assembly
and release of virions through their multiple interactions. Through alanine substitution
mutagenesis the 300-305 amino acid sequences of HPIVV3 M have been identified by the
Hoffman lab as being important for generation of VLPs and growth of virus (Fig 3-6).
Additionally, serially passaging of mutant M viruses (Y300A, L305A) resulted in
isolation of two revertants containing second-site mutations in the M protein
(Y300A/A289V, L305A/Q161H). In viewing the position of the original M mutants and
possible reversion mutations in the 3-D model, it is likely these residues are important for
M-M self-association (Fig 7-9).

Self-association of M has been shown in related viruses such as canine distemper
virus and respiratory syncytial virus to be important for localization of M and membrane
budding activity (24, 74). Given this evidence | investigated whether the HPIV3 M
mutants in the 300-305 region lost M self-association using a mammalian 2-hybrid
system. Additionally, I investigated whether the growth restoration mutant M proteins
(Y300A/A289V, L305A/Q161H) restored M self-association. Two of the mutants
investigated (L302A and L305A) have also been investigated by another lab, Zhang et
al., and L302A was proposed to be part of a NES signal and control ubiquitination (41).
Therefore, 1 also used immunofluorescent microscopy to investigate the localization of

the following M mutants: Y300A, L302A, L305A, Y300A/A289V, L305A/Q161H.
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The mammalian 2-hybrid results supported the prediction based on the 3-D model
of HPIV3 M, that the 300-305 amino acid sequence is involved in M-M self-association.
The system used showed a 2.7-fold increase in luciferase activity over background for
WT-M self-association. Although the WT-M signal was only 2.7-fold higher, it was
shown to be consistently above background. In contrast, the L302A and L305A mutant M
proteins never produced a signal over background. The Y300A M mutant only produced
an 11% increase in signal compared with WT-M (Table 1). This was a statistically
significant increase in signal above background, but was still significantly below WT-M
(Table 1). These results show that mutations in this region affect the binding efficiency of
HPIV3 M proteins. However, the system did not show the growth restoration M mutants
(Y300A/A289V, L305/Q161H) to have restored M-M binding ability. The
Y300A/A289V M had a slight increase over background, but it was similar to the levels
seen in the Y300A mutant. The L305A/Q161H M also had a slight insignificant increase
in signal over the L305A mutant and background. Given that the WT-M was only 2.7
fold over background it’s entirely possible this assay does not have the resolving power
to distinguish a slight increase over background with the two restoration mutants.
Alternative approaches may help determine whether the growth restoration mutants have
increase M-M association, this could be done by attempting to co-immunoprecipitate the
growth restoration mutants with WT-M. Alternatively, the growth restoration phenotype
could also be due to some other function of the M protein such as: membrane binding or
interactions with other viral proteins. The fact is, we do not know what impact decreased

M-M association has on other activities of the M protein.
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In addition to investigating the self-association of M, | also studied the
localization of aa300-305 alanine substitution mutants and revertants using
immunofluorescence microscopy. M mutants deficient in growth (Y300A, L302A,
L305A) did not have a significant difference in nuclear localization compared to WT-M
(Table 2). Additionally, reversion mutant M proteins (Y300A/A289V, L305A/Q161H)
had similar nuclear localization as WT-M. Since mutation of these residues did not affect
localization, it is unlikely nuclear trafficking is the function of this region. This finding
also indicates that regions of the mutant M proteins structure are likely maintained
despite the mutations, since they are still able to traffic through the cell in a similar
manner to WT-M proteins.

As mentioned earlier, two of the mutant HPIVV3 M proteins have also been
investigated by the Zhang et al. lab. Zhang claims, through immunofluorescence
microscopy that the L302A M mutant was unable to target the plasma membrane (41).
The authors did not offer any quantitative analysis of either nuclear localization or
plasma membrane localization using their immunofluorescence data. They did show, via
a membrane association assay, that L302A had less membrane association than WT-M. |
did not find the nuclear localization or plasma membrane localization of the L302A M
mutant to be any different from WT-M when viewing them using immunofluorescence
microscopy. The conflicting results could be due to Zhang et. al. using a tagged version
of the M protein. A membrane association assay using untagged L302A M could possibly
resolve this discrepancy.

Also, in contrast to my results, Zhang et.al. showed L302A M to retain

interactions with WT-M protein through coimmunoprecipitations (41). A possible
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explanation for the differing results is that | studied interactions between mutant proteins
with itself and not with tagged, WT-M proteins. Studying the self-association (rather than
mutant-WT association) of the mutants and revertants better reflects the physiological
conditions, since WT-M would not be present in the various mutant and revertant viruses
studied. Another possible explanation for the discrepant results is the fact that protein
binding with the mammalian 2-hybrid system occurs in the nucleus of the cells while the
coimmunoprecipitation looks at cytosolic interactions of proteins.

Overall I’ve shown the 300-305 region is important for self-association of the
HPIV3 M protein. This loss of self-association inhibits the ability of HPIV3 to replicate
HseH because mutating this region affects growth curves of HPIVV3. However, the loss of
self-association of the HPIVV3 M mutants does not seem to affect localization of the
protein. The negative effects of the 300 and 305 mutations on virus replication are
restored in revertants of the Y300A and L305A mutants. It is still not clear whether the
reversion mutations restore the loss of self-association or affect another function of the
HPIV3 M protein remains to be determined. Generation of mutant viruses containing
only the second site amino acid change in M could be done to confirm the second site
change growth restoration is related to the first change. Additionally, cross-linking
studies of the various M proteins analyzed could be done to further investigate whether
dimerization and/or oligomerization is affected by the various amino acid changes.
Finally, assessing if interactions with other viral proteins remain intact with the M
proteins tested would help determine if the M-M dimerization is the only function

affected by the amino acid changes.
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