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ABSTRACT

Highly pathogenic avian influenza viruses of the H5N1 subtype continue to circulate in poultry in Asia, Africa, and the Middle
East. Recently, outbreaks of novel reassortant H5 viruses have also occurred in North America. Although the number of human
infections with highly pathogenic H5N1 influenza viruses continues to rise, these viruses remain unable to efficiently transmit
between humans. However, we and others have identified H5 viruses capable of respiratory droplet transmission in ferrets. Two
experimentally introduced mutations in the viral hemagglutinin (HA) receptor-binding domain conferred binding to human-
type receptors but reduced HA stability. Compensatory mutations in HA (acquired during virus replication in ferrets) were es-
sential to restore HA stability. These stabilizing mutations in HA also affected the pH at which HA undergoes an irreversible
switch to its fusogenic form in host endosomes, a crucial step for virus infectivity. To identify additional stabilizing mutations in
an H5 HA, we subjected a virus library possessing random mutations in the ectodomain of an H5 HA (altered to bind human-
type receptors) to three rounds of treatment at 50°C. We isolated several mutants that maintained their human-type receptor-
binding preference but acquired an appreciable increase in heat stability and underwent membrane fusion at a lower pH; collec-
tively, these properties may aid H5 virus respiratory droplet transmission in mammals.

IMPORTANCE

We have identified mutations in HA that increase its heat stability and affect the pH that triggers an irreversible conformational
change (a prerequisite for virus infectivity). These mutations were identified in the genetic background of an H5 HA protein that
was mutated to bind to human cells. The ability to bind to human-type receptors, together with physical stability and an altered
pH threshold for HA conformational change, may facilitate avian influenza virus transmission via respiratory droplets in mam-
mals.

Highly pathogenic H5N1 avian influenza viruses are now en-
zootic in poultry populations throughout Southeast Asia and

Egypt (1). However, these viruses lack the ability to efficiently trans-
mit between humans despite continuing reports of diagnosed cases
by the World Health Organization (http://www.who.int/influenza
/human_animal_interface/H5N1_cumulative_table_archives
/en/). The hemagglutinin (HA) protein of influenza A viruses is a
type 1 transmembrane glycoprotein that confers virus binding to
host cell receptors (2). The receptor-binding pocket, located in the
globular head region of the HA1 subunit (2), mediates influenza
virus binding to oligosaccharides containing terminal sialic acid
residues (3). Influenza viruses circulating in humans typically
bind to sialic acid residues attached to galactose in an �2,6 linkage
(Sia�2,6Gal), whereas influenza viruses circulating in avian spe-
cies preferentially bind to sialic acid residues attached to galactose
in an �2,3 linkage (Sia�2,3Gal) (3). In addition to their preferen-
tial binding to Sia�2,3Gal, some H5N1 viruses also bind to a lim-
ited extent to human-type receptors (4, 5); however, such viruses
still lack the ability to transmit among ferrets via respiratory drop-
lets (6). Furthermore, the experimental introduction of amino
acids that promote human-type receptor-binding specificity to
avian H5 HA proteins does not produce a virus that transmits
among ferrets via respiratory droplets (7, 8).

Recently, we (8) and others (9–11) identified H5 viruses that

can transmit via respiratory droplets in ferrets or guinea pigs. We
introduced human-type receptor-binding mutations (N224K and
Q226L, H3 numbering) into the HA protein of the A/Vietnam/
1203/2004 (H5N1) strain and generated a reassortant virus with
the remaining seven viral RNA segments from the human A/Cal-
ifornia/04/2009 (H1N1) virus (8). After two passages in ferrets,
the virus acquired the ability to transmit via respiratory droplets in
these animals (8). The ferret-transmissible H5 virus possessed ad-
ditional mutations in HA that eliminated a potential glycosylation
site in HA (N158D) and increased the protein’s stability (T318I)
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(8). Further testing demonstrated that the mutations that con-
ferred human-type receptor-binding specificity also reduced HA
stability, requiring compensatory mutations (8). Fouchier and
colleagues introduced human-type receptor-binding mutations
into an avian H5N1 virus and performed sequential virus passages
in ferrets, followed by respiratory droplet transmission studies in
these animals (9). Sequence analysis of a variant that transmitted
among ferrets via respiratory droplets revealed additional muta-
tions in HA (9), one of which also conferred stability to the protein
(12, 13). Together, these two studies demonstrated that mutations
that alter the receptor-binding preference of HA may reduce the
protein’s stability, leading to the need for additional compensa-
tory stabilizing mutations for the virus to be respiratory droplet
transmissible.

The HA protein comprises two disulfide bridge-linked sub-
units (HA1 and HA2) that exist in infecting viruses in a spring-
loaded metastable confirmation (14). During receptor-mediated
endocytosis, HA undergoes an irreversible conformational change
when exposed to the increasingly acidic environment of late en-
dosomes. This conformational change exposes the hydrophobic N
terminus of the HA2 subunit (also called the “fusion peptide”),
which triggers fusion of the endosomal and viral membranes and
the release of viral ribonucleoprotein complexes into the cytosol
of infected cells. The pH threshold at which HA undergoes the
conformational change and triggers membrane fusion differs
among influenza viruses of different subtypes and among influ-
enza viruses isolated from different hosts (reviewed in reference
15). Highly pathogenic avian H5N1 HAs trigger membrane fusion
at pH �5.5 to 6.0 (16–18), whereas contemporary human H1N1
and H3N2 HAs undergo the conformational change and mem-
brane fusion at a more acidic pH of �5.0 to 5.5 (18). Interestingly,
the N224K/Q226L mutations in HA that confer binding to human
cells increased the pH threshold for membrane fusion, whereas
the T318I (8) and H110Y (12) mutations that emerged during
virus replication in ferrets reduced the pH threshold for mem-
brane fusion. Here, we sought to identify additional mutations in
H5 HA that increase physical stability and reduce the pH opti-
mum of fusion. Such mutations may affect respiratory droplet
transmission in mammals of an H5 virus that binds to human-
type receptors and replicates efficiently in mammalian cells.

MATERIALS AND METHODS
Cells. Madin-Darby canine kidney (MDCK) cells overexpressing
Sia�2,6Gal (AX4 cells) (19, 20) were maintained in Eagle minimal essen-
tial medium (MEM) containing 5% newborn calf serum (NCS) and anti-
biotics. Human embryonic kidney 293T cells were maintained in Dul-
becco modified Eagle medium containing 10% fetal bovine serum (FBS)
and antibiotics. Human epithelial HeLa cells were maintained in MEM
containing 10% FBS and antibiotics. All cells were maintained at 37°C in
5% CO2.

Plasmids. Plasmids for viral RNA production contained the individ-
ual viral gene segments bordered by the human RNA polymerase I pro-
moter and the mouse RNA polymerase I terminator sequences as de-
scribed previously (21). For reassortant viruses possessing the A/Vietnam/
1203/2004 (H5N1; VN1203) HA and neuraminidase (NA) genes in the
genetic background of A/Puerto Rico/8/34 (H1N1; PR8) virus, the mul-
tibasic amino acid sequence at the VN1203 HA cleavage site (RERRRKK
R2G; the arrow indicates the cleavage site) was changed to RETR2G by
site-directed mutagenesis.

Viruses. All viruses were generated using plasmid-driven reverse ge-
netics as described previously (21). Recombinant viruses were amplified
in AX4 cells and stored at �80°C until use. The HA segment of all viruses

was sequenced to ensure the absence of unwanted mutations. All experi-
ments with viruses possessing the VN1203 HA gene with the multibasic
cleavage sequence in HA in the genetic background of the human A/Cal-
ifornia/04/2009 (H1N1; CA04) virus were performed in enhanced bio-
safety level 3 (BSL3) containment laboratories approved for such use by
the Centers for Disease Control and Prevention (CDC) and the U.S. De-
partment of Agriculture (USDA). All experiments with VN1203/PR8 re-
assortant viruses (possessing a single basic amino acid at the VN1203 HA
cleavage site) were performed in BSL2 laboratories after these viruses were
exempted from Select Agent status and approved for work in BSL2 con-
tainment. Viruses used for tissue-binding studies and glycan arrays were
inactivated by incubating them with 0.1% �-propiolactone (final concen-
tration).

Library construction. Random mutations were introduced into the
ectodomain (amino acids 17 to 531; H3 numbering) of the VN1203 HA
protein by using the GenoMorph II random mutagenesis kit (Agilent). A
mutation rate of 2 to 3 amino acids was achieved by optimization of PCR
cycles and was confirmed by using Sanger sequencing. Mutant PCR prod-
ucts were introduced into an RNA transcription plasmid encoding the
remaining portions of HA. The resultant plasmid library was used to
generate the mutant virus library as described previously (8).

Thermostability assay. Aliquots of viruses and virus libraries were
transferred to 0.5-ml tubes and incubated in a heat block at 50°C for 10
min, 20 min, 30 min, 1 h, or 2 h. After the designated length of heat
treatment, samples were immediately placed on ice. Infectivity and hem-
agglutination activity were determined using plaque and HA assays, re-
spectively.

HA assay. Viruses (50 �l) were serially diluted with 50 �l of phos-
phate-buffered saline (PBS) in a U-well microtiter plate. Portions (50 �l)
of 0.5% (vol/vol) turkey red blood cells (TRBCs) were added to each well.
The plates were incubated at room temperature, and hemagglutination
was evaluated after 45 min.

Plaque assay. Viruses were diluted in a 10-fold dilution series, in du-
plicate, with MEM containing 0.3% bovine serum albumin (BSA). Mono-
layers of AX4 cells in a 12-well plate were washed with PBS, inoculated
with 50 �l of virus dilutions, and incubated for 30 min at 37°C. Cells were
washed with MEM containing 0.3% BSA and overlaid with a mixture of
MEM containing 0.3% BSA, agarose (1:1), and TPCK (tolylsulfonyl phe-
nylalanyl chloromethyl ketone)-trypsin (0.5 �g/ml). Plates were incu-
bated at 37°C for 48 h before virus titers were calculated using the method
of Reed and Munch (22).

Polykaryon formation assay. HeLa cells cultured in a 12-well plate
were transfected with the protein expression plasmid pCAGGS encoding
wild-type or mutant HA. At 24 h posttransfection, the HA-expressing
HeLa cells were treated with TPCK-trypsin (1 �g/ml) in MEM containing
0.3% BSA for 30 min. H5 HA does not require trypsin treatment for HA
cleavage; nonetheless, incubation with trypsin was carried out for better
comparison with experiments that are not part of this study. Polykaryon
formation was induced by incubating cells with low-pH buffer (145 mM
NaCl, 20 mM sodium citrate [pH 5.0 to 5.8]) for 2 min at 37°C. The
low-pH buffer was removed, MEM containing 10% FBS was added, and
plates were incubated for 3 h at 37°C. The cells were fixed with methanol
and stained with Giemsa solution (Sigma-Aldrich). Photographs were
taken using an integrated digital camera in an inverted microscope (AMG,
EVOS XL Core). The efficiency of polykaryon formation was calculated as
the number of nuclei in polykaryons divided by the total nuclei in the field
of view. Averages were calculated from five randomly chosen fields.

Solid-phase binding assay. Viruses were amplified in AX4 cells. Su-
pernatant collected from infected cells was centrifuged at 1,462 � g for 30
min to remove cell debris. Virus supernatant was laid over a cushion of
30% sucrose in PBS, ultracentrifuged at 76,755 � g for 2 h at 4°C, and then
resuspended in PBS containing glycerol for storage at �80°C. Virus con-
centrations were determined by using hemagglutination assays with
0.5% (vol/vol) TRBCs. Microtiter plates (Nunc) were incubated with
the sodium salts of sialylglycopolymers [poly-L-glutamic acid back-
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bones containing N-acetylneuraminic acid linked to galactose through
either an �2,3 (Neu5Ac�2,3Gal�1,4GlcNAc�1-pAP) or an �2,6
(Neu5Ac�2,6Gal�1,4GlcNAc�1-pAP) bond] (23) in PBS at 4°C over-
night. The glycopolymer solution was removed, and the plates were
blocked with 150 �l of PBS containing 4% BSA at room temperature
for 1 h. After four washes with cold PBS, a solution containing influ-
enza virus (8 to 16 HA units in PBS) was added to the plates for incuba-
tion at 4°C overnight. After washing as described above, the plates were
incubated for 2 h at 4°C with rabbit polyclonal antiserum to either
VN1203 or A/Kawasaki/173/2001(H1N1; K173) virus. The plates were
washed again as before and incubated with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG antiserum for 2 h at 4°C. After
washing, the plates were incubated with o-phenylenediamine (Sigma) in
PBS containing 0.03% H2O2 for 10 min at room temperature. The reac-
tion was stopped with 50 �l of 1 M HCl. Absorbance was measured at 490
nm using an optical plate reader (Infinite M1000; Tecan).

Tissue binding. Viruses were amplified in AX4 cells. Supernatants
collected from infected cells were centrifuged at 1,462 � g for 30 min to
remove cell debris. Viruses were inactivated by mixing the supernatants
with 0.1% �-propiolactone (final concentration). Virus supernatant was
laid over a cushion of 30% sucrose in PBS, ultracentrifuged at 76,755 � g
for 2 h at 4°C, and then resuspended in PBS for storage at �80°C. Virus
concentrations were determined by using hemagglutination assays with
0.5% (vol/vol) TRBCs. Paraffin-embedded normal human trachea and
lung (US Biomax) tissue samples were deparaffinized and rehydrated.
Sections were blocked by using Carbo-Free blocking solution (Vector)
and TNB blocking buffer (Perkin-Elmer). The equivalent of 8 HA units of
fluorescein-5-isothiocyanate (FITC)-labeled viruses was added to the tis-
sue sections, followed by incubation at 4°C overnight. The slides were
washed five times with cold PBS and then incubated with an HRP-conju-
gated rabbit anti-FITC antibody (Dako) for 30 min at room temperature.
The slides were washed again five times with cold PBS and then incubated
with AEC (3-amino-9-ethyl-carbozole) substrate chromogen (Dako) for
15 min at room temperature. The slides were then rinsed with water and
counterstained with Mayer’s hematoxylin (Sigma-Aldrich) for 3 min at
room temperature. A final rinse with water was performed before cover-
slips were mounted by using Shandon Immu-Mount (Thermo Scientific).
Tissue sections were examined by using a high-resolution camera
(AxioCam HRc) mounted on a microscope (Axio Imager.A2; Zeiss).

Glycan array. Glycan array analysis was performed on a glass slide
microarray containing six replicates of 58 diverse sialic acid-containing
glycans, including terminal sequences and intact N-linked and O-linked
glycans found on mammalian and avian glycoproteins and glycolipids
(24, 25). Viruses were amplified in AX4 cells. Supernatants collected from
infected cells were centrifuged at 1,462 � g for 30 min to remove cell
debris. Viruses were inactivated by mixing the supernatants with 0.1%
�-propiolactone (final concentration). Virus supernatant was laid over a
cushion of 30% sucrose in PBS, ultracentrifuged at 76,755 � g for 2 h at
4°C, and then resuspended in PBS for storage at �80°C. Virus samples
were directly labeled with biotin (26) and then applied to the slide array.
Slide scanning to detect virus bound to glycans was conducted as de-
scribed previously (27). A complete list of glycans on the array is presented
in Table S1 in the supplemental material.

Biosafety statement. All experiments were approved by the University
of Wisconsin—Madison’s Institutional Biosafety Committee. All experi-
ments involving H5 viruses with a multibasic HA cleavage site were per-
formed in enhanced BSL3 (BSL3�) laboratories approved for such use by
the CDC and USDA. All experiments involving live H5N1 viruses were
concluded prior to the pause on gain-of-function research announced by
the U.S. Government on 17 October 2014.

RESULTS
Isolation of HA mutants with increased heat stability. Our goal
was to identify stabilizing mutations in the context of an H5 HA
that binds to human-type receptors. We, therefore, used the

A/Vietnam/1203/2004 (H5N1; VN1203) HA protein possessing
the N224K and Q226L mutations which confer a switch from
avian- to human-type receptor-binding preference in the VN1203
HA (8). Starting with this mutated H5 HA cDNA, we introduced
random mutations into the ectodomain of HA (amino acids 17 to
531; H3 numbering, Fig. 1). A mutation rate of 2 to 3 amino acids
per HA segment was achieved by optimizing the error-prone PCR
cycles and was confirmed by using Sanger sequencing. The mutant
cDNAs were inserted into plasmids encoding the remaining por-
tions of HA (i.e., the signal peptide, transmembrane region, and
cytoplasmic tail), and possessing RNA polymerase I promoter and
terminator sequences essential for plasmid-driven reverse genet-
ics (21) (Fig. 1). This constituted the mutant HA plasmid library,
which was subsequently transfected into human embryonic kid-
ney (293T) cells together with plasmids encoding the remaining
seven viral RNA segments of A/California/04/2009 (H1N1;
CA04), resulting in viruses (termed H5HA-N224K�Q226L/
CA04) of the same genetic composition as the virus used in our
previous H5 virus transmission study in ferrets (8). Supernatant
from the transfected 293T cells was amplified in Madin-Darby
canine kidney (MDCK) cells overexpressing Sia�2,6Gal (AX4
cells) (19, 20).

Heat treatment at 50°C inactivates viruses with low physical
stability. Moreover, heat treatment at neutral pH induces a con-
formational change in HA that mimics the low-pH-induced con-
formational change in late endosomes (14, 28). To isolate variants
with increased heat stability, we first assessed the kinetics of virus
inactivation for an aliquot of the mutant virus library and found
that incubation for 10 min at 50°C reduced virus titers by �4 log10

units (Fig. 2, “Library”). We also tested an aliquot of the parental
H5HA-N224K�Q226L/CA04 virus; comparable to the mutant

FIG 1 Generation of the mutant virus library. (A) The target area for mu-
tagenesis (amino acids 17 to 531) is shown in gray; the sequences encoding the
signal peptide (amino acids 1 to 16) and the transmembrane region and cyto-
solic tail (amino acids 532 to 568) are depicted by horizontal and vertical lines,
respectively. The amino acid changes that confer binding to human-type re-
ceptors (N224K and Q226L) are depicted as black circles. (B) Schematic dia-
gram showing the construction of the mutant plasmid library. The cDNA
template encoding HA amino acids 17 to 531 was amplified by using error-
prone PCR, resulting in random amino acid changes. The mutated PCR prod-
ucts were then used to replace the wild-type sequence in the plasmid vector; the
resulting plasmid library was subsequently used to generate the mutant virus
library.
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virus library, virus titers were reduced by �4 log10 units after 10
min at 50°C (Fig. 2, “Parental”). Fresh aliquots of both samples
(i.e., the mutant virus library and the parental H5HA-
N224K�Q226L/CA04 virus) were incubated for 10 min at 50°C,
followed by amplification of the remaining infectious viruses in
AX4 cells. These new stocks (called “Library10” and “Parental10”
because they represent the viruses that remained viable after 10
min of treatment at 50°C) underwent heat treatment again as
described above. In this second heat treatment, the kinetics of
virus inactivation shifted toward slower virus inactivation
compared with the first heat treatment (Fig. 2); in addition, the
Parental10 sample displayed slower inactivation kinetics com-
pared to the Library10 sample. Therefore, fresh aliquots of the
Library10 and Parental10 stocks were incubated for 20 or 30
min, respectively, followed by amplification of the remaining
infectious viruses in AX4 cells. After this third heat treatment,
the heat stability of both samples increased considerably (Fig.
2, “Library20” and “Parental30”), suggesting the enrichment of
variants with increased heat stability. We therefore incubated
the Library20 and Parental30 samples for 2 h at 50°C, per-
formed plaque assays in AX4 cells, randomly isolated 20
plaques each, and amplified them in AX4 cells. All 40 viruses
were then tested for their infectious virus titers and hemagglu-
tination (HA) activity after heat treatment for various times at
50°C (Fig. 3 and 4). We detected considerable variability in heat
stability among the isolated viruses; most, but not all, displayed
increased stability at 50°C compared with the parental virus.

For further studies, we selected the eight most heat-stable vi-
ruses from the mutant virus library screen and the 12 most heat-
stable viruses derived from the parental virus. Sanger sequencing
of the HA genes of these viruses revealed several mutations in HA
that may be responsible for the increased heat stability (Tables 1
and 2). The most frequently detected mutations were S221P and
R397M, which are located in the receptor-binding domain and
stalk, respectively (Fig. 5). Four mutations (I29M, R397M, L418I,
and L427I) were detected both in viruses isolated from the mutant
virus library and derived from the parental virus. The finding that
these mutations were selected in two independent screens sug-
gests that they may have biological significance for HA heat
stability. Six virus samples (all derived from the parental
H5HA-N224K�Q226L/CA04 virus) showed a partial or com-
plete L226Q reversion, suggesting they may no longer prefer-
entially recognize human-type receptors.

Generation and characterization of mutant viruses possess-
ing stabilizing mutations in HA. To confirm that the increased
viral heat stability resulted from mutations in HA, we created 15
mutant viruses by introducing the HA mutations shown in Tables
1 and 2 into the parental H5HA-N224K�Q226L/CA04 virus. If
more than one mutation was found in an HA (see Tables 1 and 2),
we also generated viruses possessing the individual mutations.
The resulting 15 mutant viruses were subjected to heat treatment
at 50°C and assessed for their infectivity and HA titers (Fig. 6). A
virus possessing the VN1203 HA gene in the background of CA04
(H5HA/CA04) rapidly lost infectivity and HA activity. The

FIG 2 Isolation of HA mutants with increased heat stability. (A) Schematic diagram of the selection strategy used. The mutant virus library was subjected to three
consecutive rounds of heat treatment, resulting in the selection of variants with increased heat stability. Likewise, the parental virus was subjected to three rounds
of heat treatment (not shown here). (B) The mutant virus library and parental stock of H5HA-N224K�Q226L/CA04 underwent three consecutive heat
treatments at 50°C for the indicated times. Shown are the means and standard deviations at each time point (plaque assay in AX4 cells in triplicate).
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H5HA-N224K�Q226L/CA04 virus (which possesses mutations
that confer binding to human-type receptors) displayed even
lower heat stability, as described previously (8). In contrast, sev-
eral of the mutations isolated here increased the heat stability
above that detected for H5HA/CA04 and H5HA-N224K�Q226L/
CA04. In particular, introduction of the I29M, R397M, L418I,
L427I, or D95*G/S221P (an asterisk [*] denotes the position after
95 in H5 HA, which does not have an equivalent in H3 HA num-
bering) mutations into H5HA-N224K�Q226L/CA04 generated
viruses with high heat stability (Fig. 6). These mutants were there-
fore selected for further analysis. A virus possessing three muta-
tions in HA (I29M�S221P�M431L) also displayed high heat sta-
bility; however, we did not include this virus in our further studies
because multiple mutations may not cooccur frequently in nature.

Effect of heat-stabilizing mutations on HA-induced mem-
brane fusion. Heat treatment induces a conformational change in
HA comparable to that triggered by the low pH in late endosomes,
which subsequently leads to the fusion of the viral and endosomal
membranes. We previously reported that the N224K and Q226L
mutations in the background of VN1203 HA decrease heat stabil-
ity and increase the pH at which membrane fusion is triggered,
whereas the T318I mutation in HA reverses this effect (8). We
therefore tested the effect of the heat-stabilizing mutations on
HA-induced membrane fusion. Briefly, HeLa cells were trans-
fected with plasmids expressing wild-type or mutant HA proteins.
Twenty-four hours later, polykaryon formation was induced by
incubating the cells with buffer of different pH values for 2 min at

37°C. Three hours later, cells were fixed and stained with Giemsa
solution (Sigma-Aldrich) (Fig. 7). The efficiency of polykaryon
formation was calculated as the number of nuclei in polykaryons
divided by the total nuclei in the field of view; presented are the
averages of five randomly chosen fields (Fig. 7A).

H5HA protein triggered considerable levels of polykaryon for-
mation at pH 5.6 (Fig. 7A). Introduction of the N224K�Q226L
mutations slightly increased the pH threshold for membrane
fusion, an observation consistent with our previous findings
(8). Introduction of the L418I or D95*G/S221P mutations into
the H5HA-N224K�Q226L protein reversed this effect, and
these mutant HA proteins triggered membrane fusion at pH
values lower than those observed for H5HA and H5HA-
N224K�Q226. This effect was even stronger upon the intro-
duction of the I29M, R397M, or L427I mutations into the
H5HA-N224K�Q226L/CA04 HA protein; these mutant HAs
did not trigger appreciable polykaryon formation until the pH
was lowered to 5.2. Thus, all five HA-stabilizing mutants tested
here triggered membrane fusion at a more acidic pH compared
to the parental H5HA-N224K�Q226L HA.

Receptor-binding specificity of viruses possessing HA-stabi-
lizing mutations. Our study aimed to identify HA-stabilizing mu-
tations in the background of an H5 HA that binds to human-type
receptors. After establishing the effects of the isolated mutations in
HA on heat stability and the pH threshold for membrane fusion,
we assessed their potential effect on receptor-binding specificity.
For these studies, the multibasic sequence at the HA cleavage
site was replaced with a single arginine residue; this HA gene

FIG 3 Heat stability of mutant viruses selected from the mutant virus library.
After the third heat treatment, we performed plaque assays in AX4 cells, ran-
domly selected 20 plaques (L1 to L20), amplified them in AX4 cells, and de-
termined their virus titers (A) and HA titers (B) after treatment at 50°C for the
indicated time periods. The mutations detected in the HA proteins of these
viruses are presented in Tables 1 and 2.

FIG 4 Heat stability of mutant viruses derived from the H5HA-
N224K�Q226L/CA04 virus. After the third heat treatment, we performed
plaque assays in AX4 cells, randomly selected 20 plaques (P1 to P20), amplified
them in AX4 cells, and determined their virus titers (A) and HA titers (B) after
treatment at 50°C for the indicated time periods. The mutations detected in the
HA proteins of these viruses are presented in Tables 1 and 2.
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was combined with VN1203 NA and the six remaining viral
genes of A/Puerto Rico/8/34 (H1N1) virus. The resulting virus
(H5NAHA	/PR8) and HA-stabilizing variants were approved
for use in BSL2 containment by the University of Wisconsin—
Madison’s Institutional Biosafety Committee.

First, we performed a solid-phase binding assay in which
�2,3- or �2,6-linked sialylglycopolymers were coated onto a
microtiter plate and incubated with virus (Fig. 8A). The human
control virus K173NAHA/PR8 (consisting of the A/Kawasaki/
173/2001 [H1N1] NA and HA genes in the background of PR8)
bound to �2,6-linked sialylglycopolymers (Fig. 8A), as ex-
pected. Consistent with our previous study (8), H5NAHA	/
PR8 displayed specificity for �2,3-linked sialylglycopolymers,
which was shifted to human-type receptor-binding specificity
upon introduction of the N224K/Q226L mutations (Fig. 8A,

see H5NAHA	-N224K�Q226L/PR8) (8). The introduction
of additional HA-stabilizing mutations into H5NAHA	-
N224K�Q226L/PR8 did not affect the receptor-binding specific-
ity in this assay; hence, the mutant viruses’ ability to bind to hu-
man cells was retained.

Binding to human respiratory tract tissue samples is a biolog-
ically relevant assay. The upper human respiratory tract primarily
contains cells that express Sia�2,6Gal receptors (29). In the lower
respiratory tract (the bronchiole and alveolus), some cells such as
type II pneumocytes express Sia�2,3Gal receptors (29). To exam-

TABLE 1 HA-stabilizing mutations listed by amino acid position

Mutation Structural region Virus plaque(s)a

I29 M Stalk L133, P193

D95*G Globular head receptor-binding domain P33

D101N Globular head receptor-binding domain L153

A218V Globular head receptor-binding domain L1
S221P Globular head receptor-binding domain P11, P32,3, P41, P52,3 P81, P92, P193, P203

M230V Globular head receptor-binding domain L153

R397 M Stalk L6, L18, P14, P18
L418I Stalk L53, L17, P15
L427I Stalk L19, P11
M431L Stalk P193

R456K Stalk P41

a L1 to L20, plaques derived from virus library; P1 to P20, plaques derived from parental sample. Superscript numbers: 1, sequencing revealed reversion from L226 to Q226;
2, sequencing revealed both L226 and Q226; 3, sequencing revealed both the wild-type amino acid and the amino acid identified after heat treatment (for example,
sequence analysis of plaque P19 revealed both isoleucine and methionine at position 29).

TABLE 2 HA-stabilizing mutations listed by plaque number

Virus plaquea Mutation(s)

L1 A218V
L53 L418I
L6 R397M
L133 I29M
L153 D101N, M230V
L17 L418I
L18 R397M
L19 L427I
P11 S221P
P32,3 D95*G, S221P
P41 S221P, R456K
P52,3 S221P
P81 S221P
P92 S221P
P11 L427I
P14 R397M
P15 L418I
P18 R397M
P193 I29M, S221P, M431L
P203 S221P
a L1 to L20, plaques derived from virus library; P1 to P20, plaques derived from
parental sample. Superscript numbers: 1, sequencing revealed reversion from L226
to Q226; 2, sequencing revealed both L226 and Q226; 3, sequencing revealed both
the wild-type amino acid and the amino acid identified after heat treatment (for
example, sequence analysis of plaque P19 revealed both isoleucine and methionine
at position 29).

FIG 5 Localization of HA stabilizing mutations. Shown is the VN1203 HA
monomer structure (Protein Data Bank accession number 2FK0 [36]) with the
N224K/Q226L mutations (black labels) that confer human-type receptor-
binding and the HA-stabilizing mutations (colored labels) identified here.
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ine the binding properties of the HA stability-enhancing mu-
tants identified here, we inactivated viruses with �-propiolac-
tone, labeled them with FITC, and added them overnight to
deparaffinized and rehydrated normal human trachea and lung
tissue samples (Fig. 8B). The sialic acid receptors on tracheal
sections are representative of the respiratory tissue in the upper
human airway (29). Virus binding was detected by using HRP-
conjugated rabbit anti-FITC antibody and AEC substrate chro-
mogen. H5NAHA	/PR8 did not bind to tracheal sections,
in contrast to the human control virus (K173NAHA/PR8)
and H5NAHA	-N224K�Q226L/PR8, which possesses the
N224K�Q226L mutations that confer binding to human-type
receptors. The introduction of HA-stabilizing mutations did
not appreciably affect the receptor-binding properties of the
mutant viruses. In contrast to tracheal samples, all viruses tested
here bound to alveolar lung sections, reflecting the expression of
both human- and avian-type receptors on the cells of the alveoli.
Thus, in agreement with the data from the solid-phase binding
assays, the HA-stabilizing mutations identified here do not affect
binding to human-type receptors.

To further characterize the receptor-binding specificity of the
HA mutants with increased stability, we performed a glycan array
analysis as described previously (13). Inactivated virus stocks
were added to glass slide microarrays containing replicates of
58 diverse sialic acid-containing glycans found on avian (�2,3-
linked) and mammalian (�2,6-linked) glycoproteins and gly-

colipids. H5NAHA	/PR8 displayed specificity for �2,3-linked
sialosides (Fig. 9). Introduction of the N224K/Q226L muta-
tions resulted in a shift to human-type receptor-binding spec-
ificity (Fig. 9, see H5NAHA	-N224K�Q226L/PR8), although
the mutant virus retained the ability to bind to some of the
�2,3-linked glycans. The Introduction of additional HA-stabi-
lizing mutations into H5NAHA	-N224K�Q226L/PR8 did not
appreciably affect the receptor-binding specificity of the mu-
tant viruses.

DISCUSSION

Previous findings by us (8, 13) and others (9, 12) demonstrated
that HA heat stability and pH-dependent fusion activity contrib-
ute to the respiratory droplet transmissibility of avian H5 influ-
enza viruses in mammals. In particular, mutations in H5 HA that
conferred binding to human-type receptors reduced stability and
increased the pH threshold for membrane fusion. Compensatory
mutations in HA, such as T318I and H110Y, which reversed these
effects, were critical for H5 virus transmissibility in ferrets. Here,
we identified several additional mutations in an H5 HA that com-
pensate for the reduced stability and higher pH threshold for
membrane fusion conferred by mutations that facilitate binding
to human-type receptors. Such mutations could contribute to the
emergence of influenza viruses capable of transmitting among
mammals.

The pH threshold for membrane fusion may be an important

FIG 6 Stability at 50°C of selected HA mutants. Shown are the virus titers (A and B) and HA titers (C and D) of the HA mutants selected from the mutant virus
library screen and the parental H5HA-N224K�Q226L/CA04 virus after three rounds of treatment at 50°C. HA mutants further characterized for fusion and
receptor-binding activity are shown in panels A and C. The mutants that were not characterized further are shown in panels B and D. A “�” indicates that the
HA protein encodes the respective amino acid change(s) in the background of H5HA-N224K�Q226L.

Stabilizing Mutations in an H5 HA

March 2016 Volume 90 Number 6 jvi.asm.org 2987Journal of Virology

http://jvi.asm.org


determinant of influenza virulence (reviewed in reference 15). In
avian species, relatively high pH thresholds for membrane fusion
(i.e., pH 5.5 to 6.0) are associated with high virulence (17, 30).
Several studies have found that mutations in H5N1 viruses that
increase or decrease the pH threshold for membrane fusion cause
an increase or decrease, respectively, in virulence in avian species
(17, 30). In mammalian hosts, the correlation between the pH
threshold for membrane fusion and influenza virulence is less
clear. In mice, a relatively high pH threshold for HA conforma-
tional change and membrane fusion was correlated with high vir-

ulence of human influenza viruses (31–33); in contrast, high
mouse virulence of an H5N1 virus correlated with a mutation in
HA that reduced the pH threshold of membrane fusion (34). High
virulence in ferrets appears to be associated with a more acidic pH
optimum for membrane fusion of pH �5.0 to 5.7 (8, 9, 12). Here,
we also found that the N224K/Q226L mutations increased the pH
of fusion compared to H5HA, whereas the heat-stabilizing muta-
tions identified decreased the pH threshold for membrane fusion
to �5.2 to 5.5. Likewise, human influenza viruses of the H1N1 and
H3N2 subtypes typically undergo HA conformational changes at a

FIG 7 Efficiency of polykaryon formation (as a measure of fusion activity) of mutant HA proteins. HeLa cells were transfected with plasmids expressing the
indicated wild-type or mutant HA proteins and were then exposed to acidic buffers over a pH range (5.0 to 5.8) to induce cell-cell fusion. (A) The efficiency of
polykaryon formation was calculated from the number of nuclei in the polykaryons divided by the total number of nuclei in the same field. Shown are the means
and standard deviations determined from five randomly selected fields. pCAGGS, vector control. (B) Representative photographs of polykaryon formation at the
indicated pH values. Images were taken at �20 magnification. A “�” indicates that the HA protein encodes the respective amino acid change(s) in the
background of H5HA-N224K�Q226L.
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FIG 8 Receptor-binding preference of mutant HA proteins. (A) Binding of HA proteins to sialylglycopolymers that correspond to influenza virus receptors on
avian (�2,3; red) or human (�2,6; blue) cells. H5NAHA	/PR8 (a virus that binds to avian-type receptors), K173NAHA/PR8 (a virus that binds to human-type
receptors), and the indicated mutant viruses were evaluated for their ability to bind to the avian- or human-type receptor analogs. (B) Binding to human tissue
sections (trachea, alveolus). The indicated viruses were labeled with FITC and incubated with the tissue samples. Tracheal cells contain primarily �2,6 (human-
type) receptors, whereas alveolar cells contain �2,6 (human-) and �2,3 (avian-type) receptors. PBS, control. A “�” indicates that the HA protein encodes the
respective amino acid change(s) in the background of H5HA-N224K�Q226L.
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pH of between 5.0 and 5.5. This relatively acidic pH optimum may
be necessary for human influenza viruses to prevent premature
HA conformational change in the mucosa of the human respira-
tory tract, which has a pH of approximately 5.5 to 6.5 (35). Thus,
viruses possessing the VN1203 HA or the VN1203 HA with the
N224K and Q226L mutations may undergo premature HA con-
formational change in the human mucosa to some extent, which
would likely reduce their infectivity. The HA mutations identi-
fied here shift the pH threshold for membrane fusion to a pH
range that has been reported effective for human influenza
viruses (18) and for influenza viruses that are highly virulent in
ferrets (8, 9, 12).

A considerable number of mutations have now been described

that affect the stability and/or fusion activity of HA (reviewed in
reference 15). The S221P mutation described here was previously
identified as a stabilizing mutation (30), but it has not been re-
ported in conjunction with the D95*G mutation. We also found
that S221P affects the heat stability of HA (Fig. 6) and that this
effect is enhanced when combined with the D95*G mutation. The
other stabilizing mutations characterized here have not been de-
scribed previously. Many of the known HA-stabilizing mutations
are located in regions that undergo major structural changes dur-
ing the HA fusion process (reviewed in reference 15). In fact, the
R397M mutation identified in this study is located in the B-loop of
the HA2 subunit (Fig. 5), which rearranges into a coiled domain
during the acid-induced HA conformational change. The I29M,

FIG 9 Glycan microarray analysis of mutant HA proteins. Glycan microarrays containing nonsialylated controls (glycans 1 and 2), �2,3-linked sialosides (red
bars, glycans 3 to 35), �2,6-linked sialosides (blue bars, glycans 36 to 56), and glycans possessing both �2,3- and �2,6-linked sialic acids (checkered bars, glycans
57 and 58); a complete list of glycans is provided in Table S1 in the supplemental material. Viruses were evaluated for their ability to bind to the respective
sialosides (relative fluorescence units). A “�” indicates that the HA protein encodes the respective amino acid change(s) in the background of
H5HA-N224K�Q226L.
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L418I, and L427I mutations are part of the trimer interface in the
stalk region of the protein; a number of other mutations that affect
the pH threshold for membrane fusion also map to this region
(reviewed in reference 15). The D95*G and S221P mutations are
located near the receptor-binding pocket.

During the preparation of the manuscript, we analyzed the
influenza sequence database (http://www.fludb.org) to determine
the prevalence of the mutations we identified here among H5N1
influenza viruses. The I29M, R397M, L418I, and L427I mutations
have not been detected in H5N1 viruses isolated from humans and
have each been detected in 0 to 4 avian H5N1 viruses. The D95*G
and S221P mutations have been detected in 19 and 25 human
H5N1 viruses, respectively, but not in combination. In contrast,
the D95*G mutation has been detected in 
250 avian H5N1
viruses, and the S221P mutation was present in 
150 avian H5N1
viruses; an appreciable number of these H5N1 avian isolates
encoded both mutations. Based on currently available
surveillance data, the HA-stabilizing mutations identified here do
not appear to be selected in humans.

We currently do not know the effect of the HA-stabilizing mu-
tations identified in this study on the respiratory droplet transmis-
sibility of H5 viruses in ferrets. On 17 October 2014, the U.S.
Government announced a research pause on certain gain-of-
function studies with influenza viruses, so the potential role of
these novel HA-stabilizing mutations in respiratory droplet trans-
mission in ferrets cannot be assessed at this time.
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