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Zinc Binding Activity of Human Metapneumovirus M2-1 Protein Is
Indispensable for Viral Replication and Pathogenesis In Vivo
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ABSTRACT

Human metapneumovirus (hMPV) is a member of the Pneumovirinae subfamily in the Paramyxoviridae family that causes re-
spiratory tract infections in humans. Unlike members of the Paramyxovirinae subfamily, the polymerase complex of pneumovi-
ruses requires an additional cofactor, the M2-1 protein, which functions as a transcriptional antitermination factor. The M2-1
protein was found to incorporate zinc ions, although the specific role(s) of the zinc binding activity in viral replication and
pathogenesis remains unknown. In this study, we found that the third cysteine (C21) and the last histidine (H25) in the zinc
binding motif (CCCH) of hMPV M2-1 were essential for zinc binding activity, whereas the first two cysteines (C7 and C15) play
only minor or redundant roles in zinc binding. In addition, the zinc binding motif is essential for the oligomerization of M2-1.
Subsequently, recombinant hMPVs (rhMPVs) carrying mutations in the zinc binding motif were recovered. Interestingly,
rhMPV-C21S and -H25L mutants, which lacked zinc binding activity, had delayed replication in cell culture and were highly at-
tenuated in cotton rats. In contrast, thMPV-C7S and -C158 strains, which retained 60% of the zinc binding activity, replicated as
efficiently as rhMPV in cotton rats. Importantly, rhMPVs that lacked zinc binding activity triggered high levels of neutralizing
antibody and provided complete protection against challenge with rhMPV. Taken together, these results demonstrate that zinc
binding activity is indispensable for viral replication and pathogenesis in vivo. These results also suggest that inhibition of zinc
binding activity may serve as a novel approach to rationally attenuate hMPV and perhaps other pneumoviruses for vaccine pur-
poses.

IMPORTANCE

The pneumoviruses include many important human and animal pathogens, such as human respiratory syncytial virus (hRSV),
hMPYV, bovine RSV, and avian metapneumovirus (aMPV). Among these viruses, hRSV and hMPYV are the leading causes of acute
respiratory tract infection in infants and children. Despite major efforts, there is no antiviral or vaccine to combat these diseases.
All known pneumoviruses encode a zinc binding protein, M2-1, which is a transcriptional antitermination factor. In this work,
we found that the zinc binding activity of M2-1 is essential for virus replication and pathogenesis in vivo. Recombinant hMPV's
that lacked zinc binding activity were not only defective in replication in the upper and lower respiratory tract but also triggered
a strong protective immunity in cotton rats. Thus, inhibition of M2-1 zinc binding activity can lead to the development of novel,
live attenuated vaccines, as well as antiviral drugs for pneumoviruses.

H uman metapneumovirus (hMPV), first characterized in 2001
in the Netherlands (1), belongs to the Metapneumovirus ge-
nus within the Pneumovirinae subfamily of the Paramyxoviridae
family. Since its discovery, h(MPV has been isolated from individ-
uals of all ages with acute respiratory tract infection, especially
from infants, children, the elderly, and immunocompromised in-
dividuals (2). hMPV infection is currently recognized as a leading
cause of respiratory tract infection in the first years of life, with
symptoms similar to those of human respiratory syncytial virus
(hRSV) infection (3-6). Epidemiological studies suggest that 5 to
15% of all respiratory tract infections in infants and young chil-
dren are caused by hMPV, a proportion second only to that of
hRSV (7). Other important pneumoviruses include avian meta-
pneumovirus (aMPV), pneumonia virus of mice (PVM), and bo-
vine RSV, which cause respiratory tract infections in animals.
Together, pneumoviruses are the major causative agents of respi-
ratory tract infection in humans and animals. Currently, there is
no vaccine for most pneumoviruses, particularly hRSV and
hMPV.

The genome of hMPV is a nonsegmented negative-sense
(NNS) RNA, with a size ranging from 13,280 to 13,378 nucleo-
tides, and contains 8 genes which encode 9 proteins in the order of

June 2015 Volume 89 Number 12

Journal of Virology

3’-N-P-M-F-M2-SH-G-L-5" (4, 6). The M2 gene of hMPV con-
tains two overlapping open reading frames (ORFs), M2-1 and
M2-2. Like all NNS RNA viruses, the genomic RNA is completely
encapsidated by nucleoprotein (N), forming the N-RNA complex
that serves as a template for genome replication and mRNA tran-
scription (8). During replication, the RNA-dependent RNA poly-
merase (RdRp) enters at the extreme 3’ end of the genome and
synthesizes full-length complementary antigenome, which in turn
serves as the template for synthesis of the full-length progeny ge-
nome. During transcription, RARp copies the genomic RNA tem-
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plate to synthesize a short, uncapped leader RNA and capped,
methylated, and polyadenylated mRNAs that encode all the viral
proteins (8). The components of RdRp of the Paramyxovirinae
subfamily (family Paramyxoviridae), Rhabdoviridae, and Borna-
viridae include the large (L) protein catalytic subunit and phos-
phoprotein (P) cofactor (8). The RARp of the Pneumovirinae sub-
family of the Paramyxoviridae family requires an additional
cofactor, the M2-1 protein (9, 10), whereas the polymerase of
Ebola virus within the Filoviridae family requires VP30 as an ad-
ditional cofactor (11-13). Interestingly, both the M2-1 protein of
pneumoviruses and VP30 protein of filoviruses are typical zinc
binding proteins that are thought to play many critical regulatory
roles in RNA synthesis and processing via poorly understood
mechanisms (11, 13-16).

The M2-1 protein is unique to all known pneumoviruses. Our
current understanding of the functions of M2-1 proteins comes
predominantly from studies of the hRSV M2-1 protein. The hRSV
M2-1 functions as a transcriptional elongation factor and antiter-
minator that enhances readthrough of intergenic junctions (14,
15, 17). Thus, M2-1 is essential for the synthesis of full-length
mRNAs and polycistronic mRNAs (14, 15, 17). The hRSV M2-1
was found to be an RNA binding protein, although RNA binding
specificity is controversial (18). Recent nuclear magnetic reso-
nance (NMR) studies showed that the RSV M2-1 core domain
preferentially recognizes poly(A) tails of viral mRNAs (19). Thus,
M2-1 likely binds nascent mRNA transcripts, preventing prema-
ture termination through stabilization of the transcription com-
plex and inhibition of RNA secondary structure formation (15, 19,
20). In addition, hRSV M2-1 was shown to interact with the P
protein and colocalize with the N and L proteins (21, 22). Exten-
sive deletions in M2-1, as well as single amino acid (aa) mutations
in the zinc binding motif, were lethal to hRSV (9, 23, 24), suggest-
ing that the M2-1 protein is absolutely essential for the hRSV life
cycle.

The hMPV M2-1 protein is a basic protein of 187 amino acids,
with a theoretical pI of 9.14 (http://web.expasy.org/compute_pi/).
In contrast to hRSV, the M2-1 protein of the Metapneumovirus
genus might play different roles in the virus life cycle. Unlike
hRSV, hMPV M2-1 was found to be dispensable for virus viability
or replication in tissue culture (25). Specifically, recombinant
hMPV (rhMPV) lacking the M2-1 gene was recovered and highly
attenuated in replication in vitro and in vivo but was not immu-
nogenic and not capable of inducing protective immunity in ani-
mal models (25). This suggests that rhMPV lacking the M2-1 gene
was overly attenuated in vivo such that it failed to induce a robust
immune response. The M2-1 protein of aMPV, which shares 85%
amino acid identity with that of hMPV M2-1, was shown to in-
crease minigenome expression by at least 100-fold (26). Thus,
unlike the hRSV M2-1 protein, it appears that hMPV M2-1 is not
absolutely essential for transcriptional processivity (25, 27).

Sequence alignment found that M2-1 proteins of all known
pneumoviruses possess a putative zinc binding motif (CCCH)
(Fig. 1). Most recently, the crystal structures of both the hRSV and
hMPV M2-1 proteins have been solved. The M2-1 protein of
hRSV forms a disk-like symmetrical tetramer, which is driven by a
long helix forming a four-helix bundle at its center and stabilized
by contact between the zinc-binding domain and adjacent
protomers (Fig. 2A) (28). Each M2-1 monomer forms three dis-
tinct regions, including the zinc binding domain, the tetrameriza-
tion helix, and the core domain, which are linked by unstructured
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or flexible sequences (Fig. 2B). In contrast to the hRSV M2-1
structure, the h(MPV M2-1 protein forms an asymmetric tetramer,
in which three of the protomers exhibit a closed conformation and
one forms an open conformation (Fig. 2C) (29). Each protomer is
composed of an N-terminal zinc finger domain and an a-helical
tetramerization motif forming a rigid unit, followed by a flexible
linker and an a-helical core domain (Fig. 2D). Despite these sig-
nificant discoveries, the biological roles of the zinc binding motif
in the maintenance of M2-1 functions, viral replication, and
pathogenesis in vivo are still poorly understood.

In this study, we found that the last two amino acid residues
(C21 and H25) in the zinc binding motif in hMPV M2-1 are es-
sential for zinc binding activity and that the amino acids in the
zinc binding motif are essential for oligomerization of the M2-1
protein. Unlike RSV, rhMPVs lacking zinc binding activity were
successfully recovered from infectious cDNA clones. Interest-
ingly, rhMPVs lacking zinc binding activity were attenuated not
only in an in vitro cell culture system but also in viral replication in
the upper and lower respiratory tract of cotton rats. Importantly,
unlike rhMPV lacking the entire M2-1 gene, cotton rats immu-
nized with rhMPVs lacking zinc binding activity triggered a high
level of neutralizing antibody and were completely protected from
challenge with wild-type (WT) rhMPV.

MATERIALS AND METHODS

Ethics statement. The animal study was conducted in strict accordance
with USDA regulations and the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Research Council (30)
and was approved by The Ohio State University Institutional Animal Care
and Use Committee (IACUC; animal protocol no. 2009A0221). The ani-
mal care facilities at The Ohio State University are AAALAC accredited.
Every effort was made to minimize potential distress, pain, or discomfort
to the animals throughout all experiments.

Cell lines. LLC-MK2 (ATCC CCL-7) cells were maintained in Opti-
MEM medium (Life Technologies, Bethesda, MD) supplemented with
2% fetal bovine serum (FBS). Vero E6 cells (ATCC CRL-1586) and BHK-
SR19-T7 cells (kindly provided by Apath, LLC, Brooklyn, NY) were
grown in Dulbecco’s modified Eagle’s medium (DMEM,; Life Technolo-
gies) supplemented with 10% FBS. The medium for the BHK-SR19-T7
cells was supplemented with 10 pwg/ml puromycin (Life Technologies)
during every other passage to select for T7 polymerase-expressing cells.

Plasmids and site-directed mutagenesis. Plasmids encoding the
hMPV minigenome, the full-length genomic cDNA of hMPV strain NL/
1/00, and support plasmids expressing the hMPV N protein (pCITE-N), P
protein (pCITE-P), L protein (pCITE-L), and M2-1 protein (pCITE-
M2-1) were kindly provided by Ron A. M. Fouchier at the Department of
Virology, Erasmus Medical Center, Rotterdam, the Netherlands. The F
cleavage site in the genome of h(MPV NL/1/00 was modified to a trypsin-
independent F cleavage site, as described previously (31, 32). The M2-1
mutants of hMPV were generated by site-directed mutagenesis using the
QuikChange methodology (Stratagene, La Jolla, CA). All constructs were
sequenced at The Ohio State University Plant Microbe Genetics Facility to
confirm the presence of the introduced mutations.

Expression and purification of recombinant hMPV M2-1 protein
from Escherichia coli. The hMPV M2-1 gene was PCR amplified from a
cDNA clone of strain NL/1/00 and was inserted into the Escherichia coli
expression system pGEX-4T-1 vector at BamHI and NotI sites. To facili-
tate the protein purification, a glutathione S-transferase (GST) fusion
protein was fused to the N terminus of the M2-1 gene. The resulting
plasmids were transformed into E. coli Rosetta(DE3) and grown at 37°C
until the absorbance at 600 nm reached 0.6 to 0.8. Then, the cells were
chilled on ice for 10 min and protein expression was induced by the ad-
dition of 20 pM isopropyl B-p-1-thiogalactopyranoside (IPTG) and 75
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FIG 1 Sequence alignment of pneumovirus M2-1 proteins. Representative members of pneumoviruses include human metapneumovirus subtype A (hMPV-A;
gi215794520), hMPV-B (gi 215794505), avian metapneumovirus subtype A (aMPV-A; gi 49823139), aMPV-B (gi 310772463), aMPV-C (gi 237847064), human
respiratory virus type A (hRSV-A; gi 333959), hRSV-B (gi 2582031), bovine respiratory syncytial virus (BRSV; gi 210823), and pneumonia virus of mice (PVM;
Genlnfo Identifier [gi] 56900724). Fully conserved residues are highlighted by red boxes, conserved substitutions are indicated by red letters, and black letters
mean no match. The dot indicates the number of amino acids. Zinc binding domain (aa 7 to 31) and oligomerization domain (aa 32 to 53) are indicated by an
underline. Zinc binding motif (CCCH) is indicated by an arrow.
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FIG 2 Structural comparison of h(MPV and RSV M2-1 protein. (A) hRSV M2-1 tetramer. Structure was generated using PDB identifier (ID) 4C3D. (B) hRSV
M2-1 monomer. Oligomerization domain is highlighted in red. (C) hMPV M2-1 tetramer structure was generated using PDB ID 4CS7. (D) hMPV M2-1

monomer. The predicted oligomerization domain is highlighted in red.

puM ZnSO,. The cells were grown for an additional 20 h at 25°C and
harvested by centrifugation at 5,000 X g for 10 min. Bacterial pellets were
resuspended in lysis buffer (40 mM Tris-HCI [pH 7.4], 1.0 M NaCl, 0.5
mM dithiothreitol [DTT], and 20 uM ZnSO,) supplemented with 1
mg/ml of lysozyme and protease inhibitor cocktail (Roche, Mannheim,
Germany). After 30 min of incubation on ice, the cells were lysed using
sonication, followed by centrifugation at 15,000 X gat4°C for 40 min. The
supernatant was collected and loaded into a column containing 5 ml of
glutathione HiCap matrix (Qiagen). The G resins were washed with 150
ml of resuspension buffer, followed by being washed with 100 ml of the
cleavage buffer (50 mM Tris-HCI [pH 7.6], 2.5 mM CaCl,, 150 mM NaCl,
and 0.2 mM DTT). To isolate GST-free M2-1, 20 ml of the cleavage buffer
containing 2 units/ml of thrombin (Sigma, St. Louis, MO) was loaded into
the column and incubated at room temperature for 8 h. Cleavage was
seized by adding 4-amidinophenylmethanesulfonyl fluoride hydrochlo-
ride (APMSF) (Sigma). Similarly, the GST fusion hMPV M2-1 mutants
C7S, C15S, C21S, and H25L were generated. The purified hMPV M2-1
proteins were dialyzed against phosphate-buffered saline (PBS) buffer
containing 300 mM NaCl and 10 wM ZnSO,. Protein concentration was
determined by the Bradford assay (Sigma).

Circular dichroism (CD) spectroscopy. Recombinant hMPV M2-1
protein was dissolved in buffer (40 mM Tris-HCI [pH 7.4], 10 uM ZnCl,)
and dialyzed against this same buffer at 4°C overnight. A total of 2 uM
M2-1 protein was incubated with increasing concentrations of EDTA and
analyzed by an AVIV far-UV spectropolarimeter at 20°C using a quartz
microcell of 0.1-cm path length with a wavelength range of 190 to 260 nm
at a scanning speed of 50 nm per minute. Ten individual readings were
recorded and averaged. After subtraction of the baseline, the spectra were
mathematically transformed into molar ellipticity.

Colorimetric determination of the zinc content. Purified hMPV
M2-1 was dialyzed against 50 mM PBS (pH 7.0) containing 0.3 M NaCl at
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4°C overnight. M2-1 proteins at concentrations of 2 WM, 3 uM, and 4 puM
in 1 ml of solution containing 100 M 4-(2-pyridylazo)resorcinol (PAR)
were incubated at 25°C for 20 min, and the absorbance at 500 nm was
monitored for 5 min. Upon addition of 100 uM p-chloromercuriphenyl-
sulfonic acid (PMPS), the release of strongly bound Zn** was monitored.
The amount of Zn** bound to hMPV M2-1 was quantified by comparing
the sample readings to a standard curve generated using 2 pM, 3 wM, and
4 uM ZnSO, (Sigma). Buffer containing 50 mM PBS (pH 7.0), 0.3 M
NaCl, and 100 pM PAR was used as the blank control. The zinc ion
content of GST-M2-1 and mutants were measured at 2 wM and com-
pared with rM2-1 at the same zinc concentration.

Glutaraldehyde cross-linking. A total of 1.2 pg of rM2-1, GST-M2-1,
or mutant proteins was diluted in 20 wl of reaction buffer (50 mM PBS
[pH 7.0], 300 mM NaCl) and incubated with increasing amounts of glu-
taraldehyde from 0 to 2% at 25°C for 30 s. The reaction was stopped by the
addition of Tris-HCI (pH 7.4) at a final concentration of 50 mM. Subse-
quently, the cross-linked products were analyzed by 12% SDS-PAGE, and
the proteins were visualized by Coomassie blue staining.

Recovery of rhMPVs from the full-length cDNA clones. thMPVs
were rescued using a reverse genetics system as described previously (27,
31). Briefly, BHK-SR19-T7 cells (kindly provided by Apath LLC), which
stably express T7 RNA polymerase, were transfected with 5.0 pg of plas-
mid phMPV carrying the full-length hMPV genome, 2.0 pg of pCITE-N,
2.0 pg of pCITE-P, 1.0 pug of pCITE-L, and 1.0 g of pCITE-M2-1 using
Lipofectamine 2000 (Life Technologies). At day 6 posttransfection, the
cells were harvested using scrapers and were cocultured with LLC-MK2
cells at 50 to 60% confluence. When extensive cytopathic effects (CPE)
were observed, the cells were subjected to three freeze-thaw cycles, fol-
lowed by centrifugation at 3,000 X g for 10 min. The supernatant was
subsequently used to infect new LLC-MK2 cells. The successful recovery
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of the thMPVs was confirmed by immunostaining, agarose overlay plaque
assay, and reverse transcription (RT)-PCR.

Immunostaining plaque assay. Vero E6 cells were seeded in 24-well
plates and infected with serial dilutions of thMPV. At day 6 postinfection,
the supernatant was removed and cells were fixed in a prechilled acetone-
methanol solution at room temperature for 15 min. Cells were perme-
abilized in PBS containing 0.4% Triton X-100 at room temperature for 10
min and blocked at 37°C for 1 h using 1% bovine serum albumin (BSA) in
PBS. The cells were then labeled with an anti-hMPV N protein primary
monoclonal antibody (Millipore, Billerica, MA) at a dilution of 1:1,000,
followed by incubation with horseradish peroxidase (HRP)-labeled rabbit
anti-mouse secondary antibody (Thermo Scientific, Waltham, MA) at a
dilution of 1:5,000. After incubation with 3-amino-9-ethylcarbazole
(AEC) chromogen substrate (Sigma, St. Louis, MO), positive cells were
visualized under a microscope. The viral titer was calculated as the num-
ber of PFU per milliliter.

Viral replication kinetics in LLC-MK2 cells. Confluent LLC-MK2
cells in 35-mm dishes were infected with wild-type (WT) rhMPV or mu-
tant thMPV at a multiplicity of infection (MOI) of 0.01. After 1 h of
adsorption, the inoculum was removed and the cells were washed three
times with PBS. Fresh DMEM (supplemented with 2% FBS) was added,
and the infected cells were incubated at 37°C. At different time points
postinfection, the supernatant and cells were harvested by three freeze-
thaw cycles, followed by centrifugation at 1,500 X g at room temperature
for 15 min. The virus titer was determined by an immunostaining assay in
Vero E6 cells.

Replication and pathogenesis of rhMPV in cotton rats. Twenty five
4-week-old female specific-pathogen-free (SPF) cotton rats (Harlan Lab-
oratories, Indianapolis, IN) were randomly divided into five groups (5
cotton rats per group). Prior to virus inoculation, the cotton rats were
anesthetized with isoflurane. The cotton rats in group 1 were inoculated
with 1.0 X 10° PFU of WT rhMPV and served as positive controls. The
cotton rats in groups 2 to 5 were inoculated with 1.0 X 10° PFU of four
rhMPV mutants (rhMPV-C7S, -C15S, -C21S, and -H25L strains). The
cotton rats in group 6 were mock infected with 0.1 ml of Opti-MEM
medium and served as uninfected controls. Each cotton rat was inoculated
intranasally with a volume of 100 pl. After inoculation, the animals were
evaluated on a daily basis for mortality and the presence of any respiratory
symptoms. At day 4 postinfection, the cotton rats were sacrificed, and
lungs and nasal turbinates were collected for both virus isolation and
histological analysis.

Immunogenicity of rhMPVs in cotton rats. Twenty five cotton rats
(Harlan Laboratories, Indianapolis, IN) were randomly divided into five
groups (5 cotton rats per group). The cotton rats in group 1 were mock
infected with Opti-MEM medium and used as an infected control, and
those in groups 2 to 4 were intranasally inoculated with 1.0 X 10° PFU of
the WT rhMPV, rhMPV-C21S, or rhMPV-H25L strain in 0.1 ml Opti-
MEM medium. The cotton rats in group 5 were inoculated with DMEM
and served as the unimmunized challenged control. After immunization,
the cotton rats were evaluated daily for mortality and the presence of any
symptoms of hMPV infection. Blood samples were collected from each rat
weekly by facial vein retro-orbital bleeding, and serum was isolated for
neutralizing antibody detection. At week 4 postimmunization, the cotton
rats in groups 1 to 4 were challenged intranasally with wild-type rhMPV at
a dose of 1.0 X 10° PFU per cotton rat. After challenge, the animals were
evaluated twice every day for mortality and the presence of any symptoms
of hAMPV infection. At day 4 postchallenge, all cotton rats from each group
were euthanized by CO, asphyxiation. The lungs and nasal turbinates
from each cotton rat were collected for virus isolation and histological
evaluation. The immunogenicity of rhMPV mutants was evaluated using
the following methods: (i) humoral immunity was determined by analysis
of serum neutralization of virus using an endpoint dilution plaque reduc-
tion assay; (ii) viral titers in the nasal turbinates and lungs were deter-
mined by an immunostaining plaque assay; and (iii) pulmonary histopa-
thology and viral antigen distribution were determined using the
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procedure described below. The protection was evaluated with respect to
viral replication, antigen distribution, and pulmonary histopathology.

Pulmonary histology. After sacrifice, the right lung of each animal
was removed, inflated, and fixed with 4% neutral buffered formaldehyde.
Fixed tissues were embedded in paraffin and sectioned at 5 pm. Slides
were then stained with hematoxylin-eosin (H&E) for the examination of
histological changes by light microscopy. The pulmonary histopatholog-
ical changes were reviewed by 2 or 3 independent pathologists. Histo-
pathological changes were scored to include the extent of inflammation
(focal or diffuse), the pattern of inflammation (peribronchiolar, perivas-
cular, interstitial, alveolar), and the nature of the cells making up the
infiltrate (neutrophils, eosinophils, lymphocytes, macrophages).

Immunohistochemical (IHC) staining. The right lung of each animal
was fixed in 10% neutral buffered formaldehyde and embedded in paraf-
fin. Five-micrometer sections were cut and placed onto positively charged
slides. After deparaffinization, sections were incubated with target re-
trieval solution (Dako, Carpinteria, CA) for antigen retrieval. After anti-
body block, a primary mouse anti-hMPV monoclonal antibody (Virostat,
Portland, ME) was added for 30 min at room temperature, followed by
incubation with a biotinylated horse anti-mouse secondary antibody
(Vector Laboratories, Burlingame, CA). Slides were further incubated
with ABC Elite complex to probe biotin (Vector Laboratories) and then
developed using a 3,3’-diaminobenzidine (DAB) chromogen kit (Dako)
and hematoxylin as a counterstain. Lung sections from hMPV-infected
and uninfected samples were used as positive and negative controls, re-
spectively.

Determination of hMPV neutralizing antibody. hMPV-specific neu-
tralizing antibody titers were determined using a plaque reduction neu-
tralization assay. Briefly, cotton rat sera were collected by retro-orbital
bleeding weekly until challenge. The serum samples were heat inactivated
at 56°C for 30 min. Twofold dilutions of the serum samples were mixed
with an equal volume of DMEM containing approximately 100 PFU/well
hMPV NL/1/00 in a 96-well plate, and the plate was incubated at room
temperature for 1 h with constant rotation. The mixtures were then trans-
ferred to confluent Vero E6 cells in a 96-well plate in triplicate. After 1 h of
incubation at 37°C, the virus-serum mixtures were removed and the cells
were overlaid with 0.75% methylcellulose in DMEM and incubated for
another 4 days before virus plaque titration. The plaques were counted,
and 50% plaque reduction titers were calculated as the hMPV-specific
neutralizing antibody titers.

Determination of viral titer in lung and nasal turbinate. The nasal
turbinate and the left lung from each cotton rat were removed, weighed,
and homogenized in 1 ml of PBS solution using a Precellys 24 tissue
homogenizer (Bertin, MD) by following the manufacturer’s recommen-
dations. The presence of infectious virus was determined by an immuno-
staining plaque assay in Vero cells, as described above.

Statistical analysis. Quantitative analysis was performed by either
densitometric scanning of autoradiographs or by using a phosphorimager
(Typhoon; GE Healthcare, Piscataway, NJ) and ImageQuant TL software
(GE Healthcare, Piscataway, NJ). Statistical analysis was performed by
one-way multiple comparisons using SPSS (version 8.0) statistical analy-
sis software (SPSS Inc., Chicago, IL). A P value of <0.05 was considered
statistically significant.

RESULTS

Identification of amino acid residues in hMPV M2-1 protein
essential for zinc binding activity. To begin to explore the bio-
logical roles of the M2-1 protein in the hMPV life cycle, we first
attempted to characterize its zinc binding activity. To do this, we
developed a time course colorimetric assay that can directly and
quantitatively measure zinc binding. Briefly, various amounts of
highly purified M2-1 protein were incubated with 100 wM 4-(2-
pyridylazo)resorcinol (PAR), the metallochromic indicator, and
the release of Zn>" bound by M2-1 protein was monitored upon
addition of 100 wM PMPS, which is a thiol oxidizer for the sulf-
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FIG 3 Identification of amino acids in the M2-1 protein essential for zinc binding activity. (A) Standard curve of zinc ion release. Standard curve generated using
2 uM, 3 uM, and 4 pM ZnSO,. (B) Measurement of zinc binding of the hMPV M2-1 protein by a colorimetric assay. The amount of Zn*" bound to the hMPV
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GST-tagged hMPV M2-1 protein was expressed in E. coli Rosetta(DE3) and purified using a column containing glutathione HiCap matrix. Where indicated, GST
was cleaved from M2-1 by thrombin. Proteins were analyzed by SDS-PAGE. (D) The effect of mutations to the zinc binding motif of the M2-1 protein on zinc
binding activity. Zinc binding activity was measured by a colorimetric assay. Percent of wild-type M2-1 binding for each M2-1 mutant was shown. Data are the

averages from three independent experiments * standard deviations.

hydryl group (11, 33, 34). Subsequently, the amounts of zinc ion
release were determined using standard curves generated by
ZnSO,. At the concentration of 2, 3, and 4 uM Zn?", the absor-
bance at 500 nm was 0.14, 0.20, and 0.27, respectively (Fig. 3A). At
a concentration of 2, 3, and 4 WM hMPV M2-1, the absorbance at
500 nm was 0.14, 0.20, and 0.26 upon addition of PMPS (Fig. 3B).
Therefore, the molar ratio between hMPV M2-1 and zinc ion
release was 1:1; namely, one M2-1 molecule binds to one zinc ion.

Sequence alignment found that M2-1 proteins of all known
pneumoviruses possess a putative zinc binding motif (CCCH)
(Fig. 1). Next, we determine whether the zinc binding motif is,
indeed, essential for zinc binding activity. To do this, the cysteine
residues at positions 7, 15, and 21 were changed to serine individ-
ually, and the histidine at position 25 was changed to leucine. To
enhance the solubility of mutant M2-1 proteins, a GST tag was
fused to the N terminus of M2-1. All mutant M2-1 proteins were
expressed and purified (Fig. 3C). As shown in Fig. 3D, GST-fused
rM2-1 (GST-rM2-1) was found to bind the same amount of zinc
as rM2-1, demonstrating that the GST tag did not affect the zinc
binding activity of the M2-1 protein. Subsequently, the impact of
the M2-1 mutations on zinc binding activity was determined. As
shown in Fig. 3D, the C7S and C15S mutants impaired zinc bind-
ing activity by 58% and 62%, respectively. Notably, the C21S and
H25L mutants almost completely abolished zinc binding ability.
These results demonstrated that C21 and H25 in the zinc binding
motif are essential for zinc binding activity, whereas C7 and C15
play minor or redundant roles in zinc binding.

Treatment with EDTA alters the secondary structure of
hMPV M2-1. Having demonstrated that the M2-1 protein coor-

6396 jviasm.org

Journal of Virology

dinates zinc ions, we next determined whether the secondary
structure of M2-1 is altered by incubating with various concentra-
tions of EDTA, which can chelate metal ions, including zinc. As
shown in Fig. 4A, a-helical signal was detected with two negative
maximums at 208 nm and 222 nm using a circular dichroism
(CD) spectroscopy analysis. The secondary structure of hMPV
M2-1 at pH 7.4 and 20°C was dominated by the ordered a-helices
(Fig. 4A). The CD spectroscopy showed that the a-helical content
gradually decreased when the concentration of EDTA increased
from 0 to 20 uM (Fig. 4B). At the maximum metal chelation
concentration (20 wM EDTA), the CD spectra were completely
altered and did not exhibit a classical a-helix curve (Fig. 4B).
These observations indicate that metal coordination, most likely
zinc coordination, is necessary for the proper folding of hAMPV
M2-1.

Mutations in the zinc binding motif impair oligomerization
of the M2-1 protein. The effect of mutations in the zinc binding
motif on oligomerization of M2-1 was determined by a chemical
cross-linking assay. Briefly, 1.0 g of rM2-1 protein (without any
tag) was cross-linked by an increasing concentration (from 0 to
0.2%) of glutaraldehyde, and the resulting products were resolved
by SDS-PAGE. As shown in Fig. 5A, protein bands with masses of
approximately 40, 60, and 80 kDa were observed when the con-
centration of glutaraldehyde was gradually increased. Since the
native hMPV M2-1 is a 21.3-kDa protein, these bands correlate
with the predicted sizes of M2-1 dimers, trimers, and tetramers,
respectively (Fig. 5A). No protein bands larger than tetramers
were observed even when the concentration of glutaraldehyde was
increased above 0.2% with a longer time for cross-linking (data
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not shown). This is consistent with recent structural studies,
which showed that the M2-1 protein is a tetramer (29). To test
whether the GST tag affects the formation of tetramers, GST—
M2-1 was subjected to a cross-linking assay. The predicted prod-
uct of the GST-M2-1 tetramer (196 kDa) was clearly detectable by
SDS-PAGE, although the predicted dimers and trimers were dif-
ficult to visualize (Fig. 5B). This result indicates that the GST tag
did not affect oligomerization of M2-1. Subsequently, we exam-
ined the effects of mutations in the zinc binding motif on
oligomerization of M2-1. Interestingly, the predicted M2-1
tetramer (196-kDa protein) was not observed for C7S, C15S,
C21S, and H25L (Fig. 5C). Thus, this result suggests that muta-
tions in the zinc binding motif impair the oligomerization of the
hMPV M2-1 protein.

Recovery of recombinant hMPV (rhMPV) carrying muta-
tions in the zinc binding motif of the M2-1 protein. To deter-
mine the role of zinc binding activity in viral replication and
pathogenesis, we mutated the zinc binding motif of M2-1 in an
infectious cDNA clone of hMPV lineage A strain NL/1/00. All four
recombinant viruses (rhMPV-C7S, -C15S, -C21S, and -H25L mu-
tants) were successfully recovered. The viruses were passed three
times in LLC-MK2 cells and stained by a monoclonal antibody
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against N protein. As shown in Fig. 6A, all thMPV mutants were
positive for viral N protein expression in the immunostaining
assay at day 3 postinfection. However, the immunospots formed
by these rhMPV mutants in LLC-MK2 cells were smaller than
those formed by WT rthMPV, especially those of the C21S and
H25L mutants. The ability of these recombinant viruses to form
plaques in LLC-MK2 cells was determined by an agarose overlay
plaque assay (Fig. 6B). After 7 days of incubation, the plaque sizes
for hMPV-C7S, C15S, C21S, and H25L were 1.21 = 0.13, 1.03 =
0.20, 0.84 £ 0.26, and 0.68 £ 0.11 mm in diameter, respectively,
which were all significantly smaller than that of WT rhMPV
(1.59 = 0.31 mm) (P < 0.05). This suggests that thMPVs carrying
mutations in the zinc binding motif had defects in cell-cell spread
and/or viral replication in cell culture.

Subsequently, all h(MPV mutants were plaque purified. The
M2-1 gene of each recombinant virus was amplified by RT-PCR
and sequenced, and the presence of the desired mutation was con-
firmed. Finally, the entire genome of each hMPV mutant was am-
plified and sequenced. The results showed that no additional mu-
tations were found in the genome except for the introduced
mutation in the M2-1 gene. These hMPV mutants were passed 10
times in LLC-MK2 cells, and sequencing found that all of the
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FIG 5 Mutations in the zinc binding motif impair the oligomerization of the
M2-1 protein. (A) Glutaraldehyde cross-linking of rM2-1. A total of 1.2 pg of
rM2-1 protein was incubated with increasing amounts of glutaraldehyde from
0to 2% at 25°C for 30 s. The reaction was stopped by adding Tris-HCI (pH 7.4)
at a final concentration of 50 mM. The cross-linked products were analyzed by
a 12% SDS-PAGE gel, followed by Coomassie blue staining. The predicted
dimer, trimer, and tetramer were indicated. (B) Glutaraldehyde cross-linking
of GST-M2-1. (C) Glutaraldehyde cross-linking of GST-M2-1 mutants. A
total of 1.2 pug of each GST-M2-1 mutant was incubated with 2% glutaralde-
hyde, and the products were analyzed by SDS-PAGE.

mutants retained the desired mutation. This suggests that these
zinc binding-defective hMPV mutants are genetically stable in cell
culture.

Recombinant rhMPV lacking zinc binding activity exhibited
delayed replication but grew to a titer comparable to that of
rhMPV. The replication kinetics of recombinant hMPV carrying
mutations in the zinc binding motif were determined in LLC-
MK?2 cells (Fig. 7). Briefly, LLC-MK2 cells were infected with each
recombinant virus atan MOI of 0.01. At the indicated time points,
the amount of virus in the supernatant was determined by immu-
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nostaining. WT rhMPV reached a peak titer of 10°° PFU/ml at day
7 postinoculation. Recombinant rhMPV-C7S and -C15S mutants
reached a similar titer at day 8 postinoculation. Recombinant
rhMPV-C21S and -H25L mutants showed delayed replication ki-
netics compared to rhMPV and reached a peak titer of 10°* and
10%! PFU/ml at day 9 postinoculation, respectively. Recombinant
rhMPV-C21S and -H25L mutants also had significant delayed cy-
topathic effects (CPEs), genomic RNA synthesis, and mRNA syn-
thesis in LLC-MK2 cells (data not shown). Therefore, although
rhMPV-C21S and -H25L mutants exhibited a significant delay in
viral replication, they grew to a titer comparable to that of WT
rhMPV.

Recombinant rhMPV viruses lacking zinc binding activity
were highly attenuated in cotton rats. The replication and patho-
genesis of rhMPV carrying mutations in the zinc binding motif
were determined in cotton rats, the best small-animal model for
hMPV (35, 36). Briefly, 4-week-old SPF cotton rats were inocu-
lated intranasally with 1.0 X 10° PFU of WT rhMPV or rhMPV
mutants. At day 4 postinoculation, cotton rats were terminated
and viral replication in nasal turbinate and lungs and pulmonary
histology were evaluated (Table 1). As expected, rhMPV repli-
cated efficiently in the nasal turbinates and lungs of all five cotton
rats, with average viral titers of 10°°* and 10*** PFU/g tissue,
respectively. Recombinant thMPV-C7S and -C15S mutants,
which retained 60% of zinc binding activity, replicated as effi-
ciently as rhMPV in cotton rats, producing similar titers in both
the nasal turbinates and the lungs of all five cotton rats (P > 0.05).
Recombinant rhMPV-C21S and -H25L mutants, which abolished
zinc binding activity, were highly attenuated in the replication in
cotton rats. No infectious virus was detected in either nasal turbi-
nate or lungs in rhMPV-C21S mutant-infected cotton rats. Only
one out of five cotton rats had a low level of infectious virus (2.3
log PFU/ml) in nasal turbinate, and no infectious virus was found
in lungs. Pulmonary histology showed that rhMPV caused mod-
erate histological lesions, including interstitial pneumonia, peri-
bronchial lymphoplasmacytic infiltrates, mononuclear cell infil-
trate, and edematous thickening of the bronchial submucosa (Fig.
8). Recombinant thMPV-C7S and -C15S mutants (data not
shown for the C15S mutant) caused histologic lesions similar to
those of thMPV. In contrast, thMPV-C21S and -H25L mutants
(data not shown for the H25L mutant) caused no or only mild
pulmonary histological changes (Fig. 8). Immunohistobiochem-
istry analysis found that the lungs of cotton rats infected by
rhMPV deposited a large amount of viral antigen in epithelial
cells. The viral antigen expression of hMPV-C7S and -C15S mu-
tants in lung epithelial cells was similar to that of WT rhMPV (Fig.
9). In contrast, no viral antigen was found in the lungs of cotton
rats infected by thMPV-C21S and -H25L mutants (Fig. 9). Taken
together, these results demonstrated that rhMPV-C7S and -C15S
mutants replicated efficiently in cotton rats and caused similar
histologic lesion as rhMPV, whereas rhMPV-C21S and -H25L
mutants were highly attenuated in replication in both the upper
and lower respiratory tracts of cotton rats.

Recombinant rhMPVs lacking zinc binding activity were
highly immunogenic and protected cotton rats from hMPV in-
fection. The immunogenicity of the two attenuated mutants
(rhMPV-C21S and -H25L mutants) was determined by vaccina-
tion of cotton rats, followed by challenge with rhMPV. After vac-
cination, serum antibody was determined weekly by a plaque
reduction neutralization assay. WT rhMPV infection and reinfec-
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FIG 6 Recovery of recombinant hMPVs carrying mutations in the zinc binding motif. (A) Immunostaining spots formed by recombinant hMPVs. LLC-MK2
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(B) Plaque morphology of recombinant hMPVs. An agarose overlay plaque assay was performed in monolayer LLC-MK2 cells. Viral plaques were developed at
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deviations.

tion were used as a control. An ideal live attenuated vaccine can-
didate should generate immunogenicity similar to or higher than
that of WT hMPV. As shown in Fig. 10, thMPV-C21S and -H25L
mutants triggered high levels of neutralizing antibody that were
comparable to those generated after WT rhMPV immunization
(P> 0.05). Antibody was detectable at week 1 postimmunization,
and the levels gradually increased during weeks 2 to 4. However,
there was no significant difference in antibody titer during a
4-week time period (P > 0.05). No hMPV-specific antibody was

—o—rhMPV
—&-rhMPV-C7S
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FIG 7 Multistep growth curve of recombinant hMPVs carrying mutations in
the zinc binding site. Vero E6 cells in 35-mm dishes were infected with each
recombinant hMPV atan MOI of 0.01. After adsorption for 1 h, the inoculums
were removed and the infected cells were washed 3 times with Opti-MEM.
Then, fresh Opti-MEM containing 2% FBS was added and cells were incubated
at 37°C for various time periods. Aliquots of the cell culture fluid were re-
moved at the indicated intervals. Viral titer was determined by an immuno-
staining assay in Vero-E6 cells.
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detected in the unvaccinated control. At week 4 postimmuniza-
tion, all vaccinated cotton rats were challenged with WT rhMPV,
and cotton rats were terminated at day 4 postinfection. No infec-
tious viruses were detectable in either nasal turbinates or lungs
from the animals vaccinated with rhMPV-C21S and -H25L mu-
tants followed by challenging with rhMPV (Table 2). Pulmonary
histology showed that the unvaccinated challenged control had
moderate pathological changes characterized by interstitial pneu-
monia, mononuclear cell infiltrate, and edematous thickening of
the bronchial submucosa. In contrast, no or only mild histological
changes were found in the lungs of cotton rats vaccinated with
rhMPV-C21S and rhMPV-H25L mutants (Table 2). No enhanced
lung damage was found for the mutants. IHC showed that large
numbers of viral antigens were found at the luminal surface of the
bronchial epithelial cells in lung tissues from unvaccinated chal-
lenged controls (Fig. 11). In contrast, no antigens were found on
the luminal surface of bronchial epithelial cells in rhMPV-C21S
and rhMPV-H25L mutant groups (Fig. 11). Instead, antigen was
found within bronchial tissue, which may be related to viral clear-
ance. Collectively, these results demonstrate that hMPVs lacking
zinc binding activity are not only sufficiently attenuated but also
capable of triggering high levels of antibody and providing com-
plete protection against hMPV infection.

DISCUSSION

In this study, we characterized the roles of the hMPV M2-1 pro-
tein in viral replication in vitro and in vivo. Using highly purified
M2-1 protein expressed from E. coli, we showed that M2-1 is a zinc
binding protein that coordinates zinc ion at a molecular ratio of
1:1. Subsequent mutagenesis showed that C21 and H25 in the zinc
binding motif are essential for zinc binding activity, whereas C7
and C15 play minor or redundant roles in zinc binding. Recom-
binant rhMPVs lacking zinc binding activity not only were highly
attenuated in replication in cell culture and in cotton rats but also
elicited high levels of neutralizing antibody and provided
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TABLE 1 Replication of rhMPV carrying mutations in the zinc binding motif in cotton rats®

Viral replication” in:

Nasal turbinate Lung
No. of cotton rats % of infected Mean titer log % of infected Mean titer log Lung

Mutant” per group animals (PFU/g) animals (PFU/g) histology* Lung THC?
rhMPV 100 5.68 = 0.36 A 100 425+ 043 A 1.8A 3.0A
rhMPV-C7S 5 100 5.31 £ 0.60 A 100 4.14 = 0.34 A 15A 25A
rhMPV-C15S 5 100 5.56 = 0.39 A 100 4.08 = 0.47 A 1.6 A 25A
rhMPV-C21S 5 0 ND 0 ND 0.5B 0B
rhMPV-H25L 5 20 2.3 0 ND 0.8B 0.5B

“ Cotton rats were inoculated intranasally with DMEM or 2 X 10° PFU wild-type thMPV or thMPV mutants. At day 4 postimmunization, animals were euthanized for pathology

study.

b For thMPV-H25L, 1 out of 5 cotton rats had detectable virus with a titer of 2.3 log PFU/g. ND indicates that infectious virus was not detectable.
¢ The severity of lung histology was scored for each lung tissues. Average score for each group is shown. 0, no change; 1, mild change; 2, moderate change; and 3, severe change.

9 The amount of AMPV antigen expression in lung was scored. Average score for each group

is shown. 0, no antigen; 1, small amount; 2, moderate amount; and 3, large amount.

¢ Values within a column followed by different uppercase letters (A and B) are significantly different (P < 0.05).

complete protection against rhMPV. In contrast, recombinant
rhMPVs retaining approximately 60% of zinc binding activity
replicated as efficiently as thMPV in vitro and in vivo. Collectively,
these data indicate that the zinc binding activity of M2-1 is indis-
pensable for viral replication and pathogenesis in vivo.

Metal ions were shown to be integrated in several gene regula-
tory proteins as early as the 1970s (37—39). Among them, zinc is an
important structural component of proteins involved in nucleic
acid binding and gene regulation. Typical zinc binding motifs,
including CCHH, CCHC, and CCCH, are often involved in tran-
scriptional and translational processes (40, 41). Many viruses en-
code their own zinc binding proteins that regulate viral replication
and/or pathogenesis. The NS5A protein of hepatitis C virus con-
tains a CCCC zinc binding motif, and zinc coordination is re-
quired for its role in hepatitis C replication (42). All retroviral
nucleocapsid proteins (with the exception of spumaretrovirus)
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contain one or two copies of a zinc finger motif, which is essential
for viral replication (43, 44). This is based on the evidence that
mutations in the zinc-coordinating residues led to the loss of viral
infectivity and a significant reduction in genomic RNA packaging
(44). The V proteins of many paramyxoviruses (such as simian
virus 5, Sendai, mumps, measles, and Newcastle disease viruses)
have been shown to bind zinc ion (45, 46). Sendai virus defective
in the zinc binding activity of the V protein exhibited a WT level of
viral protein synthesis and growth patterns in vitro. However,
these Sendai virus mutants were strongly attenuated in mice,
exhibiting earlier viral clearance from the mouse lung and less
virulence to mice (46, 47). Therefore, the zinc binding capacity
of the Sendai V protein is essential for viral replication in vivo
but not in vitro. Interestingly, deletion of the VP30 gene from the
Ebola virus genome resulted in a replication-deficient Ebola vi-
rus (EbolaAVP30) which can replicate efficiently only if the

1

paraformaldehyde. Fixed tissues were embedded in paraffin, sectioned at 5 um, and stained with hematoxylin-eosin (HE) for the examination of histological
changes by light microscopy. Lungs from rhMPV and rhMPV-C7S had moderate to severe lymphocyte infiltrates, whereas lungs from rhMPV-C21S had no to
mild lymphocyte infiltrates.
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VP30 protein is provided in trans (48). Replication-deficient
EbolaAVP30 does not cause disease or death in STAT-1-knockout
mice. In addition, mice and guinea pigs vaccinated with
EbolaAVP30 virus are protected against lethal challenge with
Ebola virus infection (49). In this case, VP30 is essential for Ebola
virus replication both in vitro and in vivo.
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FIG 10 Recombinant hMPVs triggered a high level of neutralizing antibody
titer in cotton rats. Cotton rats were immunized with each recombinant hMPV
intranasally at a dose of 1.0 X 10° PFU per rat. Blood samples were collected
from each rat weekly by retro-orbital bleeding. The hMPV neutralizing anti-
body was determined using a plaque reduction neutralization assay as de-
scribed in Materials and Methods. Data are the average titers from four cotton
rats * standard deviations.
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It is well established that M2-1 of hRSV is a transcriptional
elongation factor and antiterminator. In the RSV lacZ mini-
genome assay, no lacZ reporter gene expression was detected
when M2-1 was omitted from the polymerase complex (50). Sim-
ilarly, without M2-1, a very low level of reporter gene expression
(2 to 5%) was detected in the minigenome assay of PVM, another
pneumovirus (50). Consistent with the processivity function of
M2-1, deletion of the M2-1 gene from the RSV genome is lethal to
the virus (24). Subsequently, the cysteine residues at positions 7,
15,21, and 96 in the M2-1 protein of the hRSV A2 strain were each
individually replaced by a glycine residue. It was found that mu-
tations in the first three cysteine residues, which are located in the
zinc binding motif, were also lethal to virus (24). This suggests that
the zinc binding motif in the hRSV M2-1 protein is absolutely
essential for virus viability. In contrast to hRSV, the M2-1 protein
of hMPV is dispensable for minigenome replication and virus
viability (25). Deletion of hMPV M2-1 from the genome yielded a
viable virus (rAM2-1) that replicated less efficiently than parent
hMPYV in cell culture and was completely defective in replication
in the lungs of cotton rats (25). Therefore, the M2-1 protein of
hMPV was dispensable for efficient replication in vitro but was
essential for virus replication in vivo. In this study, we found that
zinc binding-deficient thMPVs were highly attenuated in replica-
tion in in vitro cell culture and in cotton rats (in vivo) and did not
cause lung histologic lesions. In contrast, rhMPVs that retained
60% of zinc binding activity were capable of replicating as effi-
ciently as wild-type hMPV in vitro and in vivo and causing signif-
icant lung damage. Thus, the zinc binding activity of hMPV M2-1
is dispensable for viral replication in vitro but essential for viral
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TABLE 2 Immunogenicity of rhMPV lacking zinc binding activity in cotton rats

Nasal turbinate Lung
No. of cotton rats % of infected Mean titer log % of infected Mean titer log Lung
Mutant” per group animals (PFU/g) animals (PFU/g) histology*
DMEM 5 100 4.82 = 0.19 100 4.34 = 0.20 20A
thMPV 5 0 ND” 0 ND 08B
rhMPV-C21S 5 0 ND 0 ND 0.6 B
rhMPV-H25L 5 0 ND 0 ND 0.5B

“ Animals were immunized intranasally with DMEM or 2 X 10° PFU wild-type rhMPV or rhMPV mutants. At day 28 postimmunization, animals were challenged with 10° PFU

wild-type rhMPV.
Y ND indicates infectious virus was not detectable.

¢ The severity of lung histology was scored for each lung tissues. Average score for each group is shown. 0, no change; 1, mild change; 2, moderate change; and 3, severe change.
Values within a column followed by different uppercase letters (A and B) are significantly different (P < 0.05).

replication and pathogenesis in vivo. In addition, our results
showed that all four mutations in zinc binding motif equally af-
fected oligomerization of M2-1 protein but exhibited the distinct
ability in viral replication in vivo, suggesting that the oligomeriza-
tion of M2-1 is not essential for its in vivo replication. Perhaps 60%
of zinc binding activity for C7S and C15S is not sufficient for
oligomerization but is sufficient for efficient viral replication in
vivo.

The individual cysteine and histidine residues within the zinc
finger motif contribute differently to zinc coordination. In the
case of the Ebola VP30 zinc binding motif (CCCH), mutations to
the first cysteine and the last histidine did not significantly impair
zinc binding ability (11). However, an additional mutation of the
third cysteine to serine reduced the zinc binding ability of VP30 by
80%. When all four zinc-coordinating residues were mutated, the
zinc binding ability of the VP30 protein was abolished (11). Prior
to our study, it was not known whether this zinc binding motif is,

‘ Mock mfected’

AN e T g
PENAS

indeed, required for zinc coordination. We found that the third
cysteine and the histidine in the zinc binding motif (CCCH) of
hMPV M2-1 are crucial for zinc coordination, while the first two
cysteine residues each play a minor or redundant role in zinc bind-
ing. Interestingly, all four M2-1 mutants affected the formation of
M2-1 tetramers, suggesting that zinc binding residues are essential
for oligomerization of M2-1. The recently solved structure of
hMPV M2-1 showed that the oligomerization domain maps to
amino acids 32 to 58, and this region folds as an a-helix, which is
exposed on the protein surface (Fig. 2D) (29). However, the
CCCH zinc binding motif is physically separated from the oligo-
merization domain (Fig. 2D). It is likely that mutations in the zinc
binding motif affect local structure, which in turn alters the global
structure of the M2-1 protein. In fact, differential scanning fluo-
rimetry (DSF) experiment showed that GST-M2-1 had a melting
point (T,,) of43.6°C, and C7S and C15S mutants decreased the T,
by 1°C, whereas C21S and H25L mutants had dramatic alteration

Unimmunized
challenge control

FIG 11 Immunohistochemical (IHC) staining of lungs from cotton rats vaccinated by rhMPV mutants followed by rhMPV challenge. Lung tissues were fixed
in 4% (vol/vol) phosphate-buffered paraformaldehyde. Deparaffinized sections were stained with monoclonal antibody against the hMPV matrix protein
(Virostat, Portland, ME) to determine the distribution of viral antigen. Arrows indicate antigen-positive cells.
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TABLE 3 Interaction of the zinc binding motif with other amino acids
within the M2-1 monomer

Hydrogen bond (bond length inA)

Main Main Side
Amino chain-main chain-side chain-side Ionic
acid” chain chain chain interaction
C7 A5 (3.34) Y9 (3.46) C15 (3.80)
Y9 (3.23) E10 (3.56) C21 (3.90)
E10(2.99) F23 (3.79) C25 (3.63)
V11 (2.99) N24 (3.58)
N24 (2.87)
Cl5 E10 (3.07) C7 (3.80)
R17 (3.80) C21 (3.86)
C25(3.47)
C21 F23 (3.63) C7 (3.90)
C15 (3.86)
€25 (3.59)
H25 Y27 (3.43) E10 (3.80) C7 (3.63) E10 (3.9)
F23 (3.10) C15(3.47)
C21(3.59)

“ Data were collected using the hMPV M2-1 structure (PDB ID 4CS7). The bond length
is indicated in parentheses in each column. C15 is also involved in the interprotein
interaction between chains in the tetramer. There are four chains (A, B, C, and E) in the
tetramer. C15 (chain E) interacts with S75 (chain A), and C15 (chain B) interacts with
T76 (chain E).

of T,,, decreasing by 3°C and 5°C, respectively. These results sug-
gest that mutations in the zinc binding motif decrease the thermo-
stability of M2-1. In the crystal structure of hMPV M2-1, the cys-
teine and histidine residues in the zinc binding motif form an
extensive hydrogen bond network with side chain-side chain,
main chain-side chain, and main chain-main chain interactions
(Table 3).

An important application of this study is to develop rhMPVs
that lack zinc binding activity as potential live vaccine candidates
for hMPV. It is well known that inactivated vaccines are not suit-
able for hRSV, hMPV, and parainfluenza virus type 3 (PIV3), all of
which cause acute respiratory tract infection in the same popula-
tions (infants, children, and the elderly), since an inactivated vac-
cine causes enhanced lung damage upon reinfection by the same
virus (51-53). Therefore, live attenuated vaccines are the most
promising vaccine candidates for these viruses. However, it has
been a challenge to identify a vaccine candidate that has an opti-
mal balance between attenuation and immunogenicity. For de-
cades, approaches to generate attenuated vaccines by employing
chemical mutagens or deleting nonessential genes led to recombi-
nant viruses that were genetically unstable, attenuated too much
or too little, exhibited impaired virus titer, and/or lacked sufficient
immunogenicity (54, 55). From these perspectives, zinc binding-
deficient thMPVs are ideal live vaccine candidates. These two
rhMPV mutants grow to high titers in cell culture, making it eco-
nomically feasible for vaccine production. No revertants or addi-
tional mutations were detected after 10 passages of these mutants
in cell culture, suggesting that they are genetically stable. Impor-
tantly, these two rhMPV mutants were sufficiently attenuated yet
retained high immunogenicity in cotton rats. Previously, it was
shown that thMPV lacking the entire M2-1 gene (rAM2-1) was
overly attenuated so that it failed to trigger either an hMPV-spe-
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cificantibody response or protective immunity in animals (25). In
contrast to rAM2-1, rhMPVs lacking zinc binding activity were
completely defective in replication in the upper and lower respi-
ratory tracts of cotton rats but were capable of inducing high levels
of neutralizing antibody and providing complete protection
against the challenge of rhMPV. Previously, we showed that
rhMPV replicated to a peak titer in cotton rats at day 4 postinoc-
ulation (56). At this time point, no infectious virus was detected in
the nasal turbinate and lungs of cotton rats inoculated with
rhMPV-C21S and -H25L mutants. However, these tissues were
positive for hMPV RNA (data not shown), as determined by real-
time RT-PCR, which is not surprising, because real-time RT-PCR
was much more sensitive than plaque assay. Similar results were
observed for other h(MPV mutants, such as receptor binding-de-
fective hMPVs and methyltransferase-defective rhMPVs, which
were defective in receptor binding activity in fusion (F) protein
and mRNA cap methyltransferase activity in the large (L) poly-
merase protein, respectively (31, 35). Another possibility is that
infectious hMPV has been cleared from nasal turbinate and lungs
for these mutants at day 4 postinfection. Perhaps this low level of
replication of hMPV mutants in vivo was sufficient to trigger a
high level of neutralizing antibody and protective immunity.
Thus, the inhibition of zinc binding activity carries great potential
as a novel approach to rationally attenuate h(MPV for vaccine pur-
poses. The phenotypes (growth kinetics, attenuation, genetic sta-
bility, and immunogenicity) of zinc binding-defective thMPVs in
vitro and in vivo were similar to those that have been observed for
receptor binding-defective hMPV and methyltransferase-defec-
tive hMPVs (35, 56). Future experiments are required to deter-
mine whether cellular immunity is involved in immune protec-
tion and to test the safety and immunogenicity of these promising
vaccine candidates in nonhuman primates and humans.

In conclusion, this work highlights a major gap in our under-
standing of the biological roles of the zinc binding activity of the
M2-1 protein in the replication and pathogenesis of hMPV in vivo.
Our findings also suggest that inhibition of M2-1 zinc binding
activity can potentially lead to the development of novel live at-
tenuated vaccines, as well as antiviral drugs, for pneumoviruses.
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