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Potential Electrostatic Interactions in Multiple Regions Affect Human
Metapneumovirus F-Mediated Membrane Fusion
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The recently identified human metapneumovirus (HMPYV) is a worldwide respiratory virus affecting all age groups and causing
pneumonia and bronchiolitis in severe cases. Despite its clinical significance, no specific antiviral agents have been approved for
treatment of HMPYV infection. Unlike the case for most paramyxoviruses, the fusion proteins (F) of a number of strains, includ-
ing the clinical isolate CAN97-83, can be triggered by low pH. We recently reported that residue H435 in the HRB linker domain
acts as a pH sensor for HMPV CAN97-83 F, likely through electrostatic repulsion forces between a protonated H435 and its sur-
rounding basic residues, K295, R396, and K438, at low pH. Through site-directed mutagenesis, we demonstrated that a positive
charge at position 435 is required but not sufficient for F-mediated membrane fusion. Arginine or lysine substitution at position
435 resulted in a hyperfusogenic F protein, while replacement with aspartate or glutamate abolished fusion activity. Studies with
recombinant viruses carrying mutations in this region confirmed its importance. Furthermore, a second region within the F,
domain identified as being rich in charged residues was found to modulate fusion activity of HMPV F. Loss of charge at residues
E51, D54, and E56 altered local folding and overall stability of the F protein, with dramatic consequences for fusion activity. As a
whole, these studies implicate charged residues and potential electrostatic interactions in function, pH sensing, and overall sta-

bility of HMPV F.

Human metapneumovirus (HMPV) is a recently discovered
paramyxovirus that is a major cause of upper and lower re-
spiratory tract disease worldwide in all age groups (8, 9, 28, 41).
Numerous studies have shown that in addition to exacerbating
underlying diseases such as chronic obstructive pulmonary dis-
ease (COPD), HMPV can cause significant morbidity and some
mortality, especially in infants, the elderly, and people with com-
promised immune systems (8, 15, 16). Indeed, studies have esti-
mated that HMPV is the second or third most common cause of
severe acute respiratory tract infection in children (28). Despite its
widespread human pathogenicity, there is currently no approved
antiviral medication or vaccine against HMPV.

HMPV expresses three surface glycoproteins: the putative at-
tachment protein (G), the fusion protein (F), and the small hy-
drophobic protein (SH) (25). The F proteins of paramyxoviruses,
including that of HMPV, are trimeric type I fusion proteins. The
membrane fusion event is intimately linked to final formation of a
six-helix bundle in the F protein after extensive conformational
changes bring two heptad repeat (HR) regions—HRA and HRB—
into close proximity (37). For paramyxoviruses, the triggering
event that drives these conformational changes is hypothesized to
occur following attachment of the virus to its receptor. This trig-
gering must be regulated carefully, as the subsequent conforma-
tional change of the F protein from its metastable prefusion form
to its stable postfusion form is irreversible. Before a paramyxovi-
rus F protein can be triggered to promote membrane fusion, it
must undergo one or more proteolytic cleavage events, which cut
the precursor form of the protein (F,) into an active, disulfide-
linked form (F, +F,) (25, 37). Unlike most paramyxovirus F pro-
teins, which are processed by proteases present in the host cell,
HMPV F requires exogenous protease cleavage to be fusogenically
active. Thus, for infection to occur, HMPV requires proteolytic
activation after budding. In vitro, the cleavage of HMPV F can be

September 2012 Volume 86 Number 18

Journal of Virology p. 9843-9853

achieved by artificially adding a low concentration of trypsin to
the system (35).

Despite being classified as a paramyxovirus, HMPV is novel in
several aspects. While most other paramyxoviruses require the
expression of an attachment protein to be infectious, HMPV, like
its near relative respiratory syncytial virus (RSV), is infectious in
vitro when devoid of the G protein (7, 23, 25). However, unlike
RSV, HMPV lacking the G protein is also infectious in animals,
including nonhuman primates (3, 7). Additionally, the HMPV F
protein alone is able to promote cell-cell fusion in the absence of
the G protein (35). These observations suggest that HMPV F can
promote both attachment and efficient membrane fusion.

Another distinguishing feature of HMPV is that for at least
some strains of the virus, low pH can trigger the fusion activity of
the F protein (19, 35), while most paramyxovirus F proteins are
triggered at neutral pH (25). Our laboratory has shown that
low-pH treatment of Vero cells transfected with the F protein of
HMPYV strain CAN97-83 (clade A2) leads to F triggering and sub-
sequent syncytium formation (35). Furthermore, inhibitors of en-
dosomal acidification, such as bafilomycin A and concanamycin,
were able to confer partial protection against infection with a re-
combinant green fluorescent protein (GFP)-expressing HMPV
CAN97-83 strain as well as a B1 strain of the virus (27, 34). Certain
strains of HMPV clade Al also show low-pH-promoted fusion
(19).
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While low-pH triggering is unusual for paramyxoviruses, sev-
eral viruses from other virus families require low pH for mem-
brane fusion. A classic example of a type I fusion protein triggered
by low pH is influenza virus hemagglutinin (HA), which has a
triggering threshold of approximately pH 5.4 (30). Mechanisti-
cally, it is thought that electrostatic repulsive forces that arise be-
tween residues that become protonated at low pH and their neigh-
boring residues are responsible for destabilizing the prefusion
form and allowing it to trigger and refold into its postfusion con-
formation (18, 21). The effects of electrostatic interactions on the
stability of a protein vary dramatically depending on the location
of the interaction and the surrounding environment. For instance,
modeling studies showed a strong attraction between the posi-
tively charged HA1 subunits and the negatively charged HA2 sub-
units of influenza virus HA. At low pH, however, the HA1 sub-
units become protonated, increasing the repulsive force between
neighboring HA1 subunits in the trimeric protein. This results in
protein destabilization, which aids in facilitating the transition to
the postfusion structure (20).

Previous studies have emphasized the role of histidine residues
in the influenza virus HA triggering event as well as in those for
other fusion proteins (22). These moieties, with a side chain pK,
value of 6.04 in solution, can undergo protonation under physio-
logical conditions. Interestingly, sequence analysis of different in-
fluenza virus serotypes showed that a number of histidine residues
are conserved across strains, highlighting the potential role of
these residues in the function of the fusion protein (22). Analysis
of a homology model of the prefusion form of the HMPV F pro-
tein showed the presence of a region in the HRB linker domain
consisting of a central histidine, H435, that is surrounded by sev-
eral basic residues, most notably K295, R396, and K438 (Fig. 1)
(34). Previous studies indicated that the HRB linker domain is
important for modulating fusion in the F protein of parainfluenza
virus 5 (PIV5) (31). Mutagenesis studies confirmed the impor-
tance of this region for the low-pH-dependent triggering of
HMPV F, as alanine substitutions for the above-mentioned basic
residues resulted in a dramatic decrease in fusion activity (34).
Thus, the electrostatic repulsion forces that arise upon protona-
tion of H435 at low pH could be a driving force for fusion trigger-
ing of HMPV F.

In this study, we tested the hypothesis that changes in the ion-
ization state of H435 provide the driving force to trigger fusion.
While the introduction of a negatively charged residue stabilized
the protein, preventing fusion triggering, a positive charge at this
position restored triggering at pH 5 but not at a higher pH. These
results indicate that a positive charge in this region is required but
not sufficient for triggering. Further analysis of the HMPV F pro-
tein revealed a second unique, highly charged region, located in F,.
We therefore performed mutagenesis studies in this region and
report that residues E51, D54, and E56 are also important for the
triggering and stability of HMPV F. The results reported in this
study shed new light on the potential roles of electrostatic inter-
actions in HMPV F-mediated membrane fusion and suggest that
interactions in multiple regions drive conformational changes in
the F protein.

MATERIALS AND METHODS

Celllines. Vero and BSR T7/5 cells (provided by Karl-Klaus Conzelmann,
Max Pettenkofer Institut) (10) were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco Invitrogen, Carlsbad, CA) supplemented with
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FIG 1 Homology model of HMPV F in its prefusion conformation, highlight-
ing residues around H435 and the F, region. The amino acid sequence of
HMPV F was threaded onto the crystal structure of PIV5 F in its metastable
prefusion form (42). (A) HRB linker domain showing H435 (yellow) in close
proximity to K295, R396, and K438 (cyan). (B) Amino acid residues E51, D54,
and E56 (red) lie in close proximity, allowing potential salt bridge interactions
with R163 and K166 (green).

10% fetal bovine serum (FBS) and 1% penicillin and streptomycin (P/S).
The medium of BSR cells was supplemented with 0.5 mg/ml G418 sulfate
(Gibco Invitrogen, Carlsbad, CA) every third passage to select for T7
polymerase expression.

Plasmids and antibodies. The HMPV F gene within the pGEM-
3Zf(+) vector was described previously (34). The HMPV F H435R,
H435K, H435D, H435E, E51A, D54A, E56A, R163A, K166A, E51K, E51K/
H435R, D54A/E56A, D54A/E56A/H435R, D54A/H435R, E56A/H435R,
D54N/E56Q, and D54N/E56QQ/H435R protein mutants were created us-
ing QuikChange site-directed mutagenesis according to the manufactur-
er’s protocol (Stratagene). The HMPV F wild-type (WT) and mutant
genes were released from pGEM-3Zf(+), ligated into the pCAGGS mam-
malian expression vector, and sequenced in their entirety after ligation.
Antipeptide antibodies against HMPV F (Genemed Synthesis, San Fran-
cisco, CA) were generated using amino acids 524 to 538 of HMPV F.

Viruses. Recombinant GFP-expressing HMPV (rgHMPV) strain
CAN97-83, a genotype group A2 virus with a codon-stabilized SH gene
(2), was described previously (26). HMPV at a starting multiplicity of
infection (MOI) of 0.01 was propagated in Vero cells incubated at 32°C
with Opti-MEM supplemented with 200 mM L-glutamine and replen-
ished with 0.3 pg/ml tosylsulfonyl phenylalanyl chloromethyl ketone
(TPCK)-trypsin every day. On the seventh day, cells and medium were
collected and frozen at —80°C. The virus-containing suspension was
thawed to 37°C and subjected to centrifugation at 2,500 rpm for 10 min at
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4°C in a Sorval RT7 tabletop centrifuge. The supernatant was then sub-
jected to centrifugation over a 20% sucrose cushion for 2 h 15 min at
27,000 rpm and 4°C, using an SW28 swinging-bucket rotor on a Beckman
Optima L90-K ultracentrifuge. The resulting pellet was resuspended in
500 pl of Opti-MEM, left at 4°C overnight, divided into aliquots the next
morning, and stored at —80°C. Viral titers were determined by titration in
a 96-well plate and by counting the number of GFP-expressing cells the
following day. Recombinant GFP-expressing HMPVs with the F protein
mutations K295A, R396A, H435A, H435N, and K438A were generated
from cDNA. First, adapters containing the HMPV G-F and F-M2 inter-
genic regions were added to the specific mutant HMPV F genes by PCR;
PCR fragments were cloned into pCAGGS and sequenced. Next, a
1,653-bp Nhel/Pacl DNA fragment containing the wild-type HMPV F
gene was removed from the pgHMPV full-length cDNA plasmid and re-
placed by the individual mutant HMPV F genes. Recombinant GFP-ex-
pressing HMPVs with mutant F genes were recovered from ¢cDNAs as
described previously (6). rigHMPVs with the F protein mutations K295A,
R396A, H435A, H435R, and K438A were propagated under the same
conditions as those for wild-type virus; virus stocks were harvested either
when cell death became prominent or when GFP expression was seen in
all cells.

Syncytium assay of transfected cells. Subconfluent monolayers of
Vero cells plated in 6-well plates were transiently transfected with a total of
0.5 pg of DNA consisting of pPCAGGS-HMPV F WT, pCAGGS-HMPV F
mutants, or the empty pCAGGS vector (MCS control) by use of Lipo-
fectamine and Plus reagents (Invitrogen) according to the manufacturer’s
instructions. The next morning, confluent cell monolayers were incu-
bated at 37°C in 1 ml Opti-MEM with 0.3 pg/ml TPCK-trypsin for 1.5 h.
Cells were then subjected to four 4-min pH pulses every 2 h with 1 ml of
phosphate-buffered saline (PBS) at the indicated pH, buffered with 10
mM HEPES and 10 mM morpholineethanesulfonic acid (MES), at 37°C.
After an overnight incubation at 32°C in order to allow final cellular re-
arrangements to take place, digital photographs of syncytia were taken
with a Spot Insight Firewire digital camera mounted on a Carl Zeiss Ax-
iovert 100 inverted microscope using a 10X objective (Thornwood, NY).

Reporter gene fusion assay. Vero cells in 60-millimeter dishes were
transfected with 0.55 pg pPCAGGS-HMPV F WT or mutant Fand 0.55 pg
T7 control plasmid (Promega, Madison, WI) containing luciferase cDNA
under the control of the T7 promoter by use of Lipofectamine and Plus
reagents according to the manufacturer’s instructions. The following day,
Vero cells in one 60-millimeter dish were lifted from the plate surface and
subjected to centrifugation at 1,300 rpm and 4°C in a Sorval RT7 tabletop
centrifuge for 5 min. Cells were resuspended in 2 ml of DMEM plus 10%
FBS and 1% P/S and overlaid onto two 35-millimeter dishes of confluent
BSR cells (1 ml of Vero cells per 35-millimeter dish). Cells were incubated
at 32°C for 1.5 h and then treated with 1 ml of PBS at the indicated pH,
buffered with 10 mM HEPES and 10 mM MES, for 4 min at 37°C. Buffered
PBS was replaced by 1 ml of Opti-MEM with 0.3 pg/ml TPCK-trypsin,
and the pH pulse was repeated 1 h later. Cells were then incubated in 2 ml
DMEM plus 10% FBS and 1% P/S at 37°C for 4 h to allow for luciferase
production. Luciferase activity was assessed using a luciferase assay system
(Promega) according to the manufacturer’s protocol. Light emission was
measured using an Lmax luminometer (Molecular Devices, Sunnyvale,
CA) for 5 s, with a 1.6-s delay between measurements. Student t tests or
analysis of variance (ANOVA) tests were used to determine statistically
significant differences.

Protein expression, metabolic labeling, surface biotinylation, and
immunoprecipitation. Cells in 60-millimeter dishes were transfected
with 1.10 pg pCAGGS-HMPV F WT or mutant F (with empty pCAGGS
as the MCS control) by use of Lipofectamine and Plus reagents according
to the manufacturer’s protocol. At 18 to 24 h posttransfection, cells were
starved in methionine- and cysteine-deficient DMEM for 1 h and then
metabolically labeled with Tran[?°S] label (100 wCi/ml; Perkin-Elmer)
with 0.3 pug/ml TPCK-trypsin for 4 h. Following radiolabeling, cells were
washed three times with ice-cold PBS, pH 8, and surface proteins were
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TABLE 1 Estimated distances between 3-carbons of H435 and
surrounding basic residues in the HMPV F homology model

Distance (A)

Starting residue Ending residue

H435 K295 10
R396 13
K438 6

biotinylated with 1 mg/ml EZ-Link sulfo-NHS-biotin (Pierce, Rockford,
IL) diluted in PBS, pH 8, for 30 min with rocking at 4°C and then for 20
min at room temperature. Cells were lysed in 1 ml RIPA buffer containing
1 kallikrein inhibitory unit of aprotinin (Calbiochem, San Diego, CA), 1
mM phenylmethylsulfonyl fluoride (Sigma, Saint Louis, MO), and 25
mM iodoacetamide (Sigma) after removal of the biotin solution. The
lysates were subjected to centrifugation at 136,500 X g for 15 min at 4°C,
and supernatants were collected. Antipeptide sera and protein A-conju-
gated Sepharose beads (Amersham, Piscataway, NJ) were used to immu-
noprecipitate the F proteins as previously described (29). Immunopre-
cipitated protein was boiled away from the beads by use of a total of 100 .l
of 10% SDS (40 .l for the first boil and 60 .l for the second boil). Fifteen
percent of the total protein collected was used for total expression analysis,
and the remaining 85% was diluted in 500 wl biotinylation dilution buffer
(20 mM Tris [pH 8], 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.2%
bovine serum albumin) and incubated with immobilized streptavidin
(Thermo Scientific, Rockford, IL) for 1 h at 4°C. Samples were washed,
resolved by SDS-15% polyacrylamide gel electrophoresis (SDS-PAGE),
and visualized using a Typhoon imaging system. The signal intensity for
each sample was quantified using ImageQuant software, and Student ¢
tests or ANOVA tests were used to determine statistically significant dif-
ferences.

Homology modeling. A model of the prefusion conformation of the
HMPYV F protein was generated from the molecular coordinates (mmd-
bld: 37132) determined from the crystal structure of the prefusion form of
PIV5 F (42), using DeepView/Swiss-PdbViewer v4.0.1 (http://spdbv.vital
-it.ch/) as previously described (34).

RESULTS
A positive charge at residue 435 is required but not sufficient for
efficient triggering of HMPV F. We previously reported that the
histidine at position 435 (H435), located in the HRB linker do-
main (31), and the basic residues K295, R396, and K438 that sur-
round it (Fig. 1A) are important for low-pH triggering of HMPV
F (34). Because estimating the positions of the side chains from a
homology model is less accurate than estimating that of the pro-
tein backbone, the distances between the B-carbons of H435 and
residues K295, R396, and K438 were measured and were estimated
to be less than 15 A (Table 1). Therefore, the side chains of these
residues could be positioned such that addition of another posi-
tive charge through the protonation of H435 at pH 5 could desta-
bilize the metastable prefusion form, causing it to trigger the fu-
sion process. To test this, a positive charge at position 435 was
introduced by making arginine and lysine substitutions (HMPV F
H435R and H435K). Additionally, HMPV F H435D and H435E
mutants were created to introduce a negative charge in the region.
Surface biotinylation was performed using an antibody against
the cytoplasmic tail of HMPV F to examine surface expression and
proteolytic cleavage of the mutant proteins. For all mutant pro-
teins, the inactive F, precursor form and the cleaved, active F,
form were expressed at the cell surface (Fig. 2A and B), suggesting
that these proteins were properly folded. Total and surface expres-
sion levels of the F, form of HMPV F H435D, H435K, and H435E
mutants were decreased by 30 to 50% compared to WT levels,
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FIG 2 A positive charge at position H435 is required but not sufficient for HMPV F-mediated membrane fusion. (A) Quantification of the total and surface
expression of the F, form in metabolically labeled Vero cells expressing HMPV F WT, H435R, H435K, H435D, and H435E in the presence of TPCK-trypsin. Data
are presented as percentages of WT HMPV F expression, which was set to 100% (n = 4). (B) Representative gel of surface proteins used for quantification in panel
A. (C) Representative images of syncytium formation of cells expressing the H435 mutants after pulses at pH 5 (n = 4). (D) Luciferase reporter gene assay of Vero
cells transfected with mutant HMPV F that were used to overlay BSR cells and subjected to two pH pulses. Data are presented as percentages of WT luminosity

(fusion) at pH 5 (n = 5). Error bars show standard errors of the means (SEM).

whereas the HMPV F H435R mutant was expressed at WT levels.
The percentage of cleaved protein varied from 54 to 59% for the
WT and mutant F proteins, with differences that were not statis-
tically significant.

Fusogenic activity of these mutants was determined using a
syncytium assay in which cells expressing the mutant proteins
were exposed to four 4-min low-pH pulses (Fig. 2C). Both the
HMPV F H435R and H435K mutants were capable of promoting
cell-to-cell fusion when exposed to pH 5 pulses, and they formed
syncytia at levels equivalent to or slightly higher than the WT level.
Like the WT, however, these mutants did not show significant
fusion activity at pH 6 or pH 7 (data not shown). These data
indicate that a positive charge at position 435 is not sufficient to
drive membrane fusion, though our results suggest that a positive
charge at this position is necessary for triggering. Similar to the
previously published results for HMPV F H435A and H435N pro-
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tein mutants (34) and in agreement with results shown by Mas et
al. (27), fusion activity was not detected for the HMPV F H435D
and H435E mutants, potentially because the positive charge in-
volved in triggering was replaced by a negative charge that stabi-
lized the prefusion form of the protein.

To confirm the findings from the syncytium assay and to quan-
tify fusogenic activity, a firefly luciferase reporter gene assay was
employed. Briefly, Vero cells cotransfected with the different
HMPV F proteins and a T7-luciferase plasmid were overlaid onto
T7 polymerase-expressing BSR cells. Upon membrane fusion
of the two cell lines, luciferase production occurred, allowing
quantification of fusion. Consistent with the syncytium assay re-
sults, the HMPV F H435R and H435K mutants were fusogenically
active at pH 5 but not at pH 6 or pH 7 (Fig. 2D). Interestingly,
luciferase production of cells expressing the HMPV F H435R mu-
tant increased by 25% compared to that of cells expressing the
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WT (5 OX1O PFU/mL K295A (2.4x10'PFU/mL)

R396A (8.8x10° PFU/mL) H435A (6.6x10° PFU/mL)

H435N (5.7x10% PFU/mL) K438A (7.5x102PFU/mL)

FIG 3 Recombinant HMPVs carrying mutations in the HRB linker domain of
HMPYV F show drastic decreases in infectivity. GFP expression is shown for WT
and mutant HMPV-infected plates 6 days after infection with passage 2 virus
grown in Opti-MEM with 200 mM L-glutamine and 0.3 pg/ml TPCK-trypsin.
Values in parenthesis are representative titers obtained from supernatant and
cell lysates after a 6-day incubation.

WT. Despite a 45% decrease in surface expression for the HMPV
F H435K mutant, cells transfected with this mutant F protein re-
tained 84% of the fusion activity of the WT, suggesting that the
HMPV F H435K mutant may have a hyperfusogenic phenotype,
as previous studies with other paramyxovirus F proteins have in-
dicated that fusogenic activity correlates with the level of surface
expression of F (13, 31, 36). Fusion levels above background at pH
6 or 7 were not detected for any of the mutants tested, and as seen
in the syncytium assay, HMPV F H435D and H435E mutants did
not show any fusion above background at pH 5 (Fig. 2D) (P >
0.05; ANOVA). Together, these results suggest that a positive
charge at position 435, likely present after protonation at low pH,
is necessary but not sufficient for the triggering of HMPV F.
Mutations in H435 and the surrounding basic residues im-
pair viral growth. Our previous studies showed that H435 and its
surrounding basic residues are important for low-pH-dependent
cell-cell fusion activity of HMPV F (34). To determine if these
changes in fusion activity translated into changes in viral growth,
recombinant GFP-expressing HMPVs carrying the HMPV F mu-
tations H435A, H435N, K295A, R396A, and K438A were created
by replacing the HMPV F WT gene in the rgHMPV full-length
c¢DNA plasmid (6) with the mutant HMPV F genes. Mutant vi-
ruses were recovered by transfection of BSR cells (6), sequenced to
confirm the presence of the desired mutation and the absence of
other mutations in the F protein, and used subsequently to gen-
erate later passages. Viruses were then titrated to ensure that cells
were infected at an MOI of 0.01. Compared to the WT, all mutant
viruses exhibited at least a 100-fold reduction in viral growth. On
day 6 after infection with WT rgHMPV, 100% of the cells in a plate
were infected, resulting in high GFP expression levels and a titer
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between 10° and 107 PFU/ml, while the rates of infection and
growth of the mutant viruses were dramatically lower (Fig. 3).
Consequently, propagation of these viruses required a much lon-
ger incubation period to achieve workable viral titers (data not
shown). Interestingly, viruses carrying the K295A and R396A mu-
tations were more impaired than HMPVs carrying the H435A and
H435N mutations in their F proteins, producing titers of <107
PFU/ml. These results confirm that alterations of H435 and the
region surrounding it are deleterious for HMPV growth, verifying
that this region is important for the fusion activity of HMPV F and
for the overall fitness of the virus.

An electrostatic-rich region in F, modulates HMPV F low-
pH-dependent fusion. Since our results suggested that a positive
charge at position 435 was necessary but not sufficient to trigger
HMPV F, the homology model was further examined for addi-
tional regions where changes in charge-charge interactions could
potentially contribute to low-pH triggering. When the amino acid
sequence of HMPV F was aligned with those of other paramyxo-
virus fusion proteins, a distinct stretch of negatively charged resi-
dues (including E51, D54, and E56) that was not present in other
paramyxovirus F proteins was identified in the HMPV F, domain.
This region is homologous to the CBF, region shown to modulate
fusion of PIV5 F (17). Structural analysis of PIV5 F indicated that
a portion of the CBF, region interacts with sections of heptad
repeat A (HRA) to form a three-strand 3-sheet that is hypothe-
sized to stabilize the F protein structure in its prefusion confor-
mation (17, 42). Interestingly, the homology model of HMPV F
predicts these CBF, residues to be positioned in proximity to two
positively charged moieties from the HRA region—R163 and
K166 (Fig. 1B). Measurements from our homology model esti-
mate the distance between B-carbons of these residues to be be-
tween 4 and 11 A (Table 2), a distance permissible for the forma-
tion of salt bridges between side chains at neutral pH, potentially
stabilizing the overall structure of HMPV F. For salt bridges to
form, the charged groups of the side chain need to be less than 4 A
apart (1, 24). The highly charged local environment in this region
could theoretically alter the pK, of the side chains such that a drop
in pH from 7 to 5 could lead to changes in the protonation state of
E51, D54, and/or E56, resulting in destabilization and facilitating
triggering. To determine if these amino acids play a role in low-
pH-dependent fusion activity, HMPV F E51A, D54A, and E56A
mutants (F, mutants), as well as R163A and K166A mutants (HRA
mutants), were created and tested for proper expression and fu-
sogenic activity at various pHs.

With the exception of the E51A mutant, for which surface F,
expression was 66% of the WT level, all F, and HRA mutants were
expressed close to or above WT levels on the surfaces of trans-
fected Vero cells (Fig. 4A and B). The fusogenic activity of the
mutant proteins was determined by syncytium and reporter gene

TABLE 2 Estimated distances between B-carbons of selected amino acid
residues in F, in the HMPV F homology model

Starting residue Ending residue Distance (A)

E51 R163 4
D54 R163 5
E56 R163 10
E51 K166 8
D54 K166 5
E56 K166 10
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FIG 4 Charged residues in F, and HRA regions of HMPV F are important for the stability and fusogenic activity of the protein. (A) Quantification of total and
surface expression levels of the cleaved F, form of mutant proteins HMPV F E51A, D54A, E56A, R163A, and K166A in Vero cells (n = 4). Data are presented as
percentages of WT HMPV F expression, which was set to 100%. The asterisk indicates a significant difference from the WT control at the same pH (P < 0.05).
Error bars show SEM. (B) Representative surface biotinylation of mutant HMPV F used for quantification in panel A. (C) Representative pictures of syncytium
assay of HMPV F mutants at pH 5 and pH 6 (n = 4). Arrows point to small syncytia seen at pH 6. The areas delimited by the black squares for the D54A and E56A
mutants at pH 6 were enlarged and are shown below (D54A 2X and E56A 2 X, respectively). (D) Luciferase reporter gene assay of mutant F proteins tested for
panels A, B, and C (n = 3). Data are presented as percentages of WT luminosity (fusion) at pH 5. Asterisks indicate significant differences compared to the WT

control (P < 0.05). Error bars show SEM.

fusion assays. All of the mutants were able to promote efficient
syncytium formation at pH 5, except for HMPV F E51A (Fig. 4C).
Cells transfected with HMPV F D54A, E56A, R163A, and K166A
mutants produced more numerous and larger syncytia than those
transfected with the WT at pH 5. In contrast, syncytium formation
was not detected in cells transfected with HMPV F E51A, despite a
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significant amount of protein being expressed at the cell surface
(Fig. 4A to C). To our surprise, all of the mutants except for
HMPV F E51A also showed syncytia at pH 6, though they were
smaller (Fig. 4C). However, compared to that at pH 5, syncytium
formation was significantly lower at pH 6 and undetectable at pH
7 (data not shown).
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In agreement with the syncytium assay results, all of the mu-
tant HMPV F proteins, with the exception of the E51A mutant,
were able to efficiently promote fusion at pH 5 in the reporter gene
assay (Fig. 4D). In fact, the D54A, E56A, and K166A mutants
promoted fusion levels that were at least 25% above the WT level.
The HMPV F R163A mutant exhibited similar fusogenic activity
to that of the WT, while fusion activity for HMPV F E51A was
diminished to near background levels. The HMPV F D54A, E56A,
and K166A mutants also promoted fusion above WT levels at pH
5.5, although as seen with the WT, the fusogenic activity was re-
duced more than 50% compared to that at pH 5. Fusion levels for
HMPV F R163A were similar to that of the WT, and no fusion
above background was observed for HMPV F E51A at pH 5.5.
Interestingly, no fusion activity above background was detected at
pH 6 or above for any of the mutants. The disparate results be-
tween the syncytium and reporter gene assays at pH 6 may be due
to differences in the kinetics of the fusion process triggered at this
pH as well as to different amounts of activated F present at the
surface. While luciferase production was assessed after two pulses
spaced 1 h apart, syncytium formation was induced by a total of
four pH pulses given every 2 h. Additionally, for the luciferase
reporter to be synthesized, a pore large enough to transfer plasmid
DNA or the T7 polymerase must be formed between the time of
the pH pulse and cell lysis (4 h). Syncytium formation, on the
other hand, was assessed after an overnight incubation, which
allowed sufficient time for slower proteins to undergo the confor-
mational changes needed to enlarge the fusion pore (14).

E51 is required for proper local folding and cleavage activa-
tion of HMPV F. The results for the F, and HRA mutants suggest
that this region plays two important yet different roles in the sta-
bility and triggering of HMPV F. E51 appears to be involved in the
overall fusion activity of HMPV F and could potentially serve as
another pH sensor. Therefore, to test whether E51 acts similarly to
H435, expression and fusion of the HMPV F E51K mutant were
assessed.

Replacement of E51 with a lysine (E51K) decreased the surface
expression levels of the F, form of HMPV F by nearly 50% (Fig. 5A
and B). The reduction in surface expression observed for both the
E51A and E51K mutants suggests that the negative charge at this
position is important for stability and expression of the protein at
the cell surface. The importance of this residue is underscored by
the fact that the portion of the HMPV F E51K mutant that re-
mained on the surface also failed to promote cell-to-cell mem-
brane fusion at any pH, as assessed by our reporter gene and syn-
cytium formation assays.

To test whether there is cross talk between E51 and H435, the
E51K/H435R mutant was also made and analyzed. Like that of
HMPV F E51K, surface expression of the E51K/H435R mutant
was reduced. Furthermore, cell-to-cell fusion activity was not de-
tected at any pH, despite the introduction of the hyperfusogenic
mutation H435R (Fig. 5C and D). These results suggest that the
E51K mutation is dominant over H435R and confirm that residue
E51 plays a key role in the overall function of F.

Even though the HMPV F E51A, E51K, and E51K/H435R mu-
tants showed less surface expression, a significant amount of mu-
tant F reached the cell surface, suggesting that the effects of these
mutations on the overall structure are not severe enough to result
in complete endoplasmic reticulum (ER) retention due to gross
misfolding. Since E51 is near the cleavage site of HMPV F, elec-
trostatic interactions involving this moiety may be important for
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the proper folding and positioning of the proteolytic processing
site. To test this, surface expression of HMPV F E51A and E51K
mutants was examined in the absence of trypsin. Although HMPV
F strains or mutants have been identified in which some process-
ing to the mature F, +F, form is observed in the absence of exog-
enous trypsin (4, 33), WI HMPV CAN97-83 F protein cleavage in
vitro has been shown in our laboratory and others to require tryp-
sin treatment (5, 35, 40). Fitting with this, the WT HMPV F pro-
tein was observed in the mature, cleaved F, form only after addi-
tion of trypsin (Fig. 6A and B). Interestingly, more than 30% of the
E51A or E51K mutant was cleaved in the absence of trypsin (Fig.
6A and B), suggesting that the removal of the negative charge at
position 51 caused local misfolding that exposed a cleavage site
normally not accessible to an endogenous protease. Indeed, anal-
ysis of the sequence of HMPV F revealed the presence of an argi-
nine residue located two residues upstream of the putative cleav-
age site that could be utilized by an endogenous trypsin-like
protease. This aberrant cleavage event, however, did not resultin a
fusogenically active F protein (Fig. 5C and D). These results there-
fore suggest that E51 is important for positioning of the fusion
peptide for proper proteolytic processing.

Charged residues in F, are important for HMPV F prefusion
and postfusion stability. The hyperfusogenic phenotype of the
HMPV F D54A and E56A mutants suggests that the D54 and E56
residues are involved in modulating the stability of the protein,
potentially through salt bridge interactions with R163 and K166 in
the prefusion state. At low pH, neutralization of D54 and/or E56
could disrupt these salt bridges, allowing F fusion to trigger.
HMPYV F D54A/E56A and D54N/E56Q double mutants were cre-
ated and analyzed to determine the effects of disrupting these
potential interactions. The mutations in the latter mutant, i.e.,
D54N and E56Q, are more conservative, isosteric substitutions
that remove the charged residues while maintaining polarity at
these positions. Analysis of the R163 and K166 mutations was not
pursued further due to the location of these residues in HRA, as
their potential role in six-helix-bundle formation means that fu-
sion changes may not be attributed directly to triggering. Addi-
tionally, HMPV F D54A/H435R, E56A/H435R, D54A/E56A/
H435R, and D54N/E56Q/H435R mutants were made to test
whether changes in one region would influence the other.

Though the HMPV F D54A and E56A mutants were expressed
at or above WT levels (Fig. 4A), surface expression of the F, form
of the double alanine mutant (D54A/E56A) decreased by more
than 40%. Consistent with a decrease in surface expression levels,
a reduction in fusion activity was also observed for the HMPV F
D54A/E56A mutant. The more conservative polar substitutions
(D54N/E56Q), however, restored the surface expression to WT
levels (Fig. 5A and B), suggesting that either polar residues or
steric similarity is needed to stabilize the prefusion form of the
protein.

According to our reporter gene fusion assay, fusion activity was
significantly enhanced for HMPV F D54N/E56Q at pH 5 (Fig.
5C), to levels equivalent to those for the E56A mutant. However,
the effect of the mutations on the stability and fusogenic activity of
the protein was different. The D54N/E56Q mutant was more hy-
perfusogenic at pH 5.5 than the E56A mutant, and while the ad-
dition of the H435R mutation to the D54N/E56Q mutant (D54N/
E56Q/H435R) had a modest effect on fusion at pH 5.5, the E56A/
H435R mutant exhibited a dramatic increase in fusion activity at
the same pH. More importantly, analysis of the syncytium assay
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FIG 5 Different charged residues in F, are responsible for the stability and local folding of HMPV F. (A) Quantification of total and surface expression of the F,
form of HMPV F E51K, E51K/H435R, D54A/H435R, E56A/H435R, D54A/E56A, D54A/E56A/H435R, D54N/E56Q, and D54N/E56Q/H435R mutant proteins
as previously described (n = 5). Data are presented as percentages of WT HMPV F expression, which was set to 100%. Error bars show SEM. (B) Representative
gel used for quantification in panel A. (C) Luciferase reporter gene assay of HMPV F mutant proteins shown in panel A. Data are presented as percentages of WT
luminosity (fusion) at pH 5 (n = 6). Error bars show SEM. (D) Representative photographs of syncytium formation of Vero cells transfected with HMPV F
mutants at pH 5 (n = 4). Arrows point to small syncytia.

revealed that cells expressing the HMPV F D54N/E56Q and  smaller syncytia agrees with the hyperfusogenic phenotype ob-
D54N/E56Q/H435R mutants produced numerous syncytia that  served in the reporter gene fusion assay, as this would result in
were significantly smaller than those for the WT and the E56A and  more cells fusing and in increased luciferase production. No syn-
E56A/H435R mutants at pH 5 (Fig. 5D). The larger amount of  cytium formation was detected at pH 6 or pH 7 (data not shown).
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Thus, our data indicate that replacement of the negative charges at
positions 54 and 56 leads to changes in the stability of the fusion
protein that can be seen by changes in surface expression and
fusogenic activity.

The addition of the hyperfusogenic mutation H435R (D54A/
H435R, E56A/H435R, D54A/E56A/H435R, and D54N/E56Q/
H435R) did not significantly alter the fusion levels of the mutant
proteins at pH 5 (Fig. 4A and D and 5C and D). However, the
presence of the H435R mutation led to a modest increase in fusion
activity at pH 5.5, with the notable exceptions of the D54A/H435R
and E65A/H435R mutants, for which the increase in fusion was
significantly more pronounced. Together with a minor decrease in
F, surface expression (Fig. 4A and 5A), our data suggest that the
H435R mutation also affects the stability of the protein, allowing it
to trigger fusion at a higher pH. The destabilizing force of adding
a basic residue to an already positively charged region may indeed
be responsible for the hyperfusogenic phenotype of the H435R
mutant, as disruptions of charge-charge interactions have been
shown to alter the triggering threshold of influenza virus HA (12,
30). The pH dependency of HMPV F-mediated membrane fusion,
however, was not abolished by mutations at positions 54 and/or
56. Therefore, while H435 mediates the stability of the HRB linker
region to behave as a pH sensor, the stability effect conferred by
residues D54 and E56 is not involved in sensing low pH.

DISCUSSION

The results presented in this study provide new insights into the
multiple roles that electrostatic interactions play in the folding,
stability, and triggering of HMPV F. We demonstrated that a pos-
itive charge at position 435 is necessary but not sufficient to trigger
HMPV F, with this charge most likely arising through protonation
of H435 upon its exposure to a low-pH environment. This con-
clusion is supported by a recent report in which this histidine
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residue was mutated in the F proteins of phylogenetically distinct
HMPVs, with similar results (27). Furthermore, our mutagenesis
studies revealed that the novel enrichment of charged residues
present in the F, and HRA domains of HMPV F is important for
proper local folding and the overall stability of the protein. Re-
moval of the negative charge at position 51 affected proteolytic
processing and led to an inactive protein on the cell surface, con-
sistent with an alteration in the local conformation. Loss of charge
at positions 54, 56, 163, and/or 166 also affected stability and fu-
sogenic activity of HMPV F.

Several reports have shown important differences between
members of the Pneumovirinae subfamily and their Paramyxoviri-
nae counterparts. While viruses in the Paramyxovirinae subfamily
require the expression of the attachment protein for membrane
fusion and infection to occur, both RSV and HMPV remain infec-
tious in vitro in the absence of their putative attachment proteins
(7, 23). Furthermore, our laboratory has shown that triggering of
HMPV F can occur in the absence of the HMPV G protein (35).
Indeed, recent studies suggested that the protein responsible for
the primary attachment step for both of these viruses is F (11, 38).
The possibility of triggering the F proteins of certain clades of
HMPV by low pH further distinguishes this virus from the rest of
the family (19, 35). Close examination of the sequence alignment
of HMPV F and other paramyxovirus F proteins and of a homol-
ogy model based on the prefusion form of PIV5 F (42) reveals
areas rich in charged residues that are absent in other F proteins.
Therefore, changes in the ionization state of these residues could
explain the triggering of HMPV F by low pH, as seen in influenza
virus HA (30, 32, 39).

The first highly charged region identified is located at the HRB
linker domain and is centered at H435 (34). Based on mutagenesis
studies, we and others determined that H435 and the neighboring
K295, R396, and K438 residues, in addition to G294, are impor-
tant for low-pH-mediated fusion (19, 34), and the severe attenu-
ation of recombinant HMPV bearing an H435A, H435N, K295A,
R396A, or K438A mutation in the F protein (Fig. 3) highlights the
importance of this region for the virus. Furthermore, analyses of
HMPV F H435R and H435K mutants presented here and else-
where strongly suggest that a positive charge in this region is re-
quired though not sufficient for low-pH triggering of HMPV F.
Both the H435D and H435E mutants were not fusogenically ac-
tive, likely due to the presence of a negative charge. Such a pheno-
type, we hypothesize, is due to stabilization of the prefusion form
via electrostatic attraction, in contrast to the hyperfusogenic pro-
file observed when a positive charge is present at position 435.

Despite the dramatic reduction in cell-to-cell fusion observed
when the charged residues around HMPV F H435 were removed
(34), we were able to rescue infectious HMPV particles bearing
mutations in these residues (Fig. 3). Interestingly, while viral titers
of all mutant viruses were reduced by three or more logarithmic
units compared to the wild-type titer, titers of recombinant vi-
ruses expressing the H435A and H435N mutations were higher
than those of viruses bearing the K295A and R396A mutations.
Our homology model of the HMPV F protein in its prefusion
conformation indicates that K295 and R396 are freely exposed at
the surface of the protein (Fig. 1). It is possible that these residues
have other important roles in the life cycle of the virus, thereby
increasing the selective pressure and making these mutations
more difficult to overcome. We have shown that HMPV entry is
initially mediated by interactions between the F protein and hepa-
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ran sulfate (11). Therefore, one possibility is that the positively
charged residues K295 and R396 are needed for interactions with
the negatively charged heparan sulfate during virus entry. Even
though the residues around H435 are located at the base of the
head domain, interactions could take place at an intermediate step
or with longer branches of heparan sulfate.

Protonation of H368 was recently suggested by Mas et al. to
also be important for low-pH-dependent F proteins (27). Our
homology model predicts this residue to be more than 20 A from
H435 (data not shown), and it is predicted to lie adjacent to and
interacting with the fusion peptide (34). Alanine and asparagine
mutations of H368 in HMPV F CAN97-83 suggest that protona-
tion of this residue is not essential for low-pH-mediated fusion of
this F protein (34). Furthermore, with the exception of the H368A
mutant, for which fusion activity was not detected, none of the
mutations of H368 reported for CAN97-83 (34) or NL/1/00 (27)
showed a pH-independent triggering unless it was paired with a
positively charged residue at position 435. These results further
emphasize the importance of a positive charge at position 435 and
support our previous hypothesis that side chain packing around
the fusion peptide modulates the fusion efficiency and stability of
the F protein (34, 36).

Another unique region in HMPV F CAN97-83 where charged
residues are predicted to be concentrated in our homology model
is the interface between the F, and HRA domains of the protein.
While the charged residues are novel relative to other paramyxo-
virus F proteins, sequence alignments indicate that this enrich-
ment is conserved across different HMPV clades (data not
shown). This region has been shown to be important in modulat-
ing fusion for PIV5 F (17), and structural analysis of PIV5 F in its
prefusion conformation (42) indicated that residues in this area
form a three-strand 3-sheet, with two of the three strands derived
from HRA residues and the remaining strand derived from F,
residues. Though HMPV and PIV5 belong to different subfami-
lies, the importance of this region for the proper folding of F and
the promotion of membrane fusion is preserved. Interestingly,
there are striking differences between the F, region of PIV5 F and
that of HMPV F. This region in PIV5 F is composed primarily of
nonpolar residues, while polar and charged moieties are more
predominant in this region of HMPV F. Mechanistically, the way
that this region modulates folding and fusion in PIV5 F is still
unclear. However, because these charged residues in the F, do-
main of HMPV F are predicted to lie near those in HRA, we sug-
gest that potential electrostatic interactions between HRA and this
region in F, are involved in the folding and fusion of HMPV F.

The results shown in this study identify several areas where
electrostatic interactions, including salt bridges, may play impor-
tant roles in HMPV F function. We found that a positive charge at
the previously identified residue H435 (34) results in a hyperfu-
sogenic state but is not sufficient alone to cause pH-independent
fusion, while a negative charge at this position blocks the F pro-
tein’s fusogenic activity. Furthermore, we showed a charged re-
gion in F, to be important for proper proteolytic activation and for
the overall stability of HMPV F. We have previously shown that
HMPV infection can be inhibited partially by agents that raise
endosomal pH. Additionally, HMPV infection was greatly re-
duced after inhibition of clathrin-mediated endocytosis and dy-
namin by chlorpromazine and dynasore, respectively (34). A re-
cent report found variable inhibition of the infectivity of other
strains of HMPV by concanamycin A, without a clear link between
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a pH-triggered F protein and inhibition by the drug, and no inhi-
bition by ammonium chloride of any tested HMPV strain (27).
While our previous results using chlorpromazine and dynasore
suggest a role for endocytosis in HMPV entry, the correlation
between viral entry by endocytosis and the requirement for low
pH remains unclear. Electrostatic interactions may also play a role
in viral binding, as we have recently shown that an interaction
between HMPV F and heparan sulfate plays a critical role in initial
binding (7, 11), suggesting that a cascade of electrostatic interac-
tions occurs to drive HMPV F binding and fusion promotion.
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