
JOURNAL OF VIROLOGY, May 2008, p. 5079–5083 Vol. 82, No. 10
0022-538X/08/$08.00�0 doi:10.1128/JVI.01958-07
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

NOTES

Infectivity Studies of Influenza Virus Hemagglutinin Receptor Binding
Site Mutants in Mice�

Jeffrey Meisner,1 Kristy J. Szretter,1,2 Konrad C. Bradley,1 William A. Langley,1 Zhu-Nan Li,1
Byeong-Jae Lee,1 Sudha Thoennes,1 Javier Martin,3 John J. Skehel,4 Rupert J. Russell,5

Jacqueline M. Katz,2 and David A. Steinhauer1*
Emory University School of Medicine, 1510 Clifton Rd., Atlanta, Georgia 303221; Influenza Branch MS G-16, Centers for Disease Control,

1600 Clifton Rd., Atlanta, Georgia, 303332; Division of Virology, Nation Institute for Biological Standards and Controls, Blanche Lane,
Potters Bar, Hertfordshire EN6 3QG, United Kingdom3; National Institute for Medical Research, The Ridgeway, Mill Hill,

London NW7 1AA, United Kingdom4; and School of Biology, University of St. Andrews,
Fife KY16 9ST, United Kingdom5

Received 6 September 2007/Accepted 27 February 2008

The replicative properties of influenza virus hemagglutinin (HA) mutants with altered receptor binding
characteristics were analyzed following intranasal inoculation of mice. Among the mutants examined was a
virus containing a Y98F substitution at a conserved position in the receptor binding site that leads to a 20-fold
reduction in binding. This mutant can replicate as well as wild-type (WT) virus in MDCK cells and in
embryonated chicken eggs but is highly attenuated in mice, exhibiting titers in lungs more than 1,000-fold lower
than those of the WT. The capacity of the Y98F mutant to induce antibody responses and the structural
locations of HA reversion mutations are examined.

Influenza A viruses attach to host cells due to interactions
between the hemagglutinin (HA) and cell surface glycoconju-
gates containing terminal sialic acids (17). A shallow depres-
sion of conserved amino acids at the membrane-distal tip of
each monomer of the HA trimer serves as the receptor binding
site, and this has been characterized in detail based on the
structures of HA-receptor analog complexes (9, 11, 30, 32). In
all HA-receptor complexes, the location of sialic acid in the
binding site is virtually superimposable in the binding pocket,
while the structural configuration of the other sugars of recep-
tor analogs can vary considerably.

The type of linkage by which sialic acid is attached to the
penultimate galactose sugar of influenza virus receptors can be
associated with species specificity, with avian viruses preferring
�2,3-linked receptors and human viruses favoring receptors
containing �2,6 linkages (5, 27, 29). Numerous reports have
related changes in linkage specificity to HA residues 226 and
228 (H3 numbering) at the left side of the binding site (5, 14,
23, 28, 29, 34–37, 39). However, studies on HA mutations
associated with growth of human clinical isolates in eggs (7, 8,
16, 24, 25), variability among viruses isolated from different
species (5, 19, 21, 22, 26, 28), and mutations of avian virus HAs
that affect the binding specificity (20, 31, 34, 35, 39, 40) dem-
onstrate that a range of residues in the vicinity of the binding
site may affect receptor recognition properties. Depending on
the host cells and replication environment, as well as the virus

strain or subtype, any number of these residues could be rel-
evant for adaptation.

The structure of the HA of A/Aichi/2/68 virus (H3 subtype)
and that of its receptor binding region are shown in Fig. 1. In
a previous study, several HA mutants with substitutions at
conserved positions were analyzed quantitatively for binding to
human erythrocytes and a range of phenotypes was detected
(18). Despite the abundance of data on receptor binding mu-
tants, receptor specificity, and the relationship to host species
for influenza viruses, there is little information that directly
relates receptor binding activity that has been quantitatively
determined to efficiency of influenza virus infection in vivo.
Here we investigate a selection of the mutant viruses generated
by reverse genetics for their ability to infect and replicate in
BALB/c mice following intranasal (i.n.) inoculation. The mu-
tant with the poorest binding activity (Y98F mutant) was se-
verely attenuated in mice, whereas replication was not com-
promised for mutants more moderately inhibited for binding.
Antibody responses and mutants selected in Y98F mutant-
infected mice were also analyzed. These findings enhance our
understanding of the relationship between receptor binding
and virus fitness in a susceptible host.

Results and discussion. The mouse is an established model
for studying the pathogenesis of susceptible strains of influenza
virus (38). Certain H3-subtype human virus strains have been
shown to be capable of infecting mice following intranasal
inoculation even though �2,6-linked receptors are expressed
poorly or are not detected in the respiratory tract using specific
lectin staining (10, 12). We used BALB/c mice to evaluate the
abilities of our mutant receptor binding site viruses to infect,
replicate, and cause disease. Based on previous results (18),
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four viruses with mutant Aichi HAs were chosen for analysis:
one with binding activity similar to that of the wild type (WT)
(S228G mutant), two with moderate inhibition of binding
(S136T and G225D mutants), and one for which erythrocyte
binding was reduced by 20-fold relative to WT levels (Y98F
mutant). Three mice per group were infected i.n. with 106 PFU
of WT or mutant viruses. At three days postinfection, all ex-
cept those infected with the Y98F virus displayed characteristic
signs of illness, such as shivering, ruffled fur, hunched posture,
and weight loss. Mice were sacrificed, and titers of virus in
lungs were determined by plaque assay on MDCK cells. These
are shown in Table 1, along with previous results on erythro-
cyte binding and viral titers in MDCK cells (18). The titers of
virus in lungs from mice infected with WT, S136T, G225D, or

S228G virus were similar (approximately 106 PFU/ml), while
the lung viral titers of Y98F mutant-infected mice were re-
duced by three logs. These results reflect those observed with
MDCKRR cells deficient in sialic acid receptors (2), in which
only the Y98F virus is significantly restricted for growth (18).
We have also done infectivity studies of WT and mutant vi-
ruses on WT MDCK cells treated with various concentrations
of Clostridium perfringens neuraminidase (ranging from 0 to
100 mU/ml) to specifically cleave sialic acid from the cell sur-
face in an incremental fashion. These showed the Y98F mutant
to be the most severely restricted, followed by the mutants with
the intermediate binding phenotype, and the effect was partic-
ularly apparent at lower concentrations of neuraminidase (data
not shown). WT MDCK cells and human erythrocytes have
been reported to express abundant levels of both �2,3- and
�2,6-linked cell surface sialosides (13, 15), indicating that the
Y98F mutant is compromised for binding to each receptor
type. The results suggest that the polyvalent binding interac-
tions between the virus and host cell receptors involve a func-
tional interplay between binding affinity and receptor density
and that each plays a role in the outcome of infection.

In another set of experiments, mice were infected with a
range (106 to 101 PFU) of WT or Y98F virus doses (Table 2).
A group infected with 106 PFU of the WT virus exhibited
greater than 20% weight loss by day 8, whereas mice infected
with the same dose of Y98F virus exhibited insignificant weight
loss through day 4 before gaining weight (Fig. 2). Another
group of mice was used to determine day 3 lung titers, which
again showed titers in Y98F mutant-infected mice to be three
to four logs lower than those of the WT with any inoculation
dose. Furthermore, serial titration of the virus inocula from 106

to 101 PFU established that the 50% mouse infectious dose for

FIG. 1. Left panel, ribbon diagram showing the HA trimer. One of the three monomers is colored to show the HA1 subunit in blue and the
HA2 subunit in red. The region encompassing the receptor binding domain is shaded, and the location of bound sialic acid is indicated in green.
The location of HA1 Tyr-98 at the base of the binding pocket is also indicated, as are some of the positions identified in reversion mutants that
may influence trimer stability. Right panel, enlarged view of the receptor binding region. The binding site is a shallow depression bordered by a
short �-helix (the 190 helix) at the membrane-distal edge, the 130 loop at the front of the site, and the 220 loop at the left side. Conserved residues
Y98, W153, H183, and Y195 form the base of the site, and the positions of Y98 and W153 are indicated. Sialic acid is shown in green, and the
location of residues identified in reversion mutants are indicated (as they appear in WT HA). The sialic acid binding pocket is located in the
monomer colored in blue, but residues from the adjacent monomer (shown in gray) can influence binding, particularly if carbohydrate attachments
are involved. This is illustrated by the location of the carbohydrate chain originating from HA1 Asn-165 of the neighboring monomer, shown here
in gray and red at the left side of the binding site.

TABLE 1. Infectivity and growth characteristics of HA receptor
binding site mutants

Mutation
Binding
(% WT
level)a

HA titer
(turkey
RBCsb)

Titer in
MDCK cells

(log10 PFU/ml)

Lung viral titer
(log10 PFU/ml)

on day 3c

None 100 256 7.0 6.3
Y98F 5 �2 7.0 3.4
S136T 45 128a 6.8 6.6
S225D 53 512a 6.8 6.1
S228G 112 512a 7.0 6.1

W222R 64 5.6 6.7
K238N 512 6.6 5.2

a Results from reference 18.
b RBCs, red blood cells.
c Mice were infected i.n. with 106 PFU of WT or mutant H3N1 viruses gen-

erated as described previously (18) or with 7 � 103 PFU for the experiment with
pseudorevertant viruses. Lungs from three mice per group were collected and
pooled, and titers were determined on MDCK cells.
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Y98F virus was 1,000-fold higher than that for WT virus (104.5

PFU versus 101.5 PFU), confirming that the Y98F mutant is
highly attenuated in BALB/c mice.

To evaluate the ability of the attenuated Y98F virus to
induce protective antibody responses, groups of four mice were
inoculated intranasally with 106 PFU of WT virus, Y98F virus,
or virus diluent. Three months after infection, sera were col-
lected and tested for the presence of hemagglutinin inhibition
(HI) antibodies to the WT virus. Both WT and Y98F virus
induced substantial serum HI antibody, and the respective
geometric mean titers were similar (Table 3). Mice were then
challenged with 106 PFU of WT virus and sacrificed on day 3
postinfection, and the lung viral titers were determined (Table
3). More than 5 logs of virus were detected in the lungs of
control mice, whereas no virus was detected in mice initially
infected with either WT or Y98F virus. Thus, the protective
antibody responses conferred by Y98F virus were comparable
with those of mice that survived an initial disease-inducing
infection with WT virus.

Viruses were isolated from the lungs of Y98F-infected mice
at day 3 and plaque purified on MDCK cells, and the HAs of
several were sequenced. Among the 18 plaques analyzed, 5 had
no sequence changes, retaining the Y98F mutation (two dis-
played P284H heterogeneity). Six were true WT revertants to

Y98, and the others had pseudoreversion mutations with
changes at alternative positions. Three of these had an R220L
mutation, and the others contained the change W222R,
K238N, I230M, or N137S. It is not possible to discriminate
between mutations that may have been present in the quasi-
species of MDCK-grown virus inoculum and amplified in the
mouse respiratory tract versus those that were generated and
selected in vivo. Regardless, the fact that these mutations clus-
tered primarily in the receptor binding region indicates that
the amino acid substitutions are likely to convey a selective
advantage over Y98F virus based on the binding phenotype.
The observation that mice infected with Y98F virus stocks do
not display disease symptoms suggests that early innate im-
mune responses may be induced before variants of greater
fitness reach significant titers.

Figure 1 shows the location of Y98 in WT HA. The hydroxyl
of its phenol side chain forms hydrogen bonds to the 8- and
9-hydroxyls of the sialic acid glycerol moiety and NE2 of the
H183 imidazole side chain. In WT HA, I230 packs against Y98
and W153. Mutation to methionine would allow more-intimate
hydrophobic packing with both Y98 and W153, which could
introduce added stability to the site and compensate for the
loss of the H bond between Y98 and H183. In WT HA, an H
bond is formed between the main chain of N137 and the
carboxylate of sialic acid, and this is unlikely to be altered by
mutation to serine. However, an S-to-A substitution at this
position has recently been reported to influence binding spec-
ificity of an H5-subtype HA (40).

Tryptophan 222 is located on the left side of the binding
domain. In many H1-subtype HAs, lysine is present at this
position, where it forms hydrogen bonds to Gal-2 of both the
human and avian receptors (9). However, W222 of the H3
subtype packs against the carbohydrate attached to N165 of a
neighboring monomer. Mutation from W to R at this position
could have two effects. First, it would introduce a side chain
capable of forming hydrogen bond interactions with Gal-2 of
the receptor, similar to that observed in H1 HAs. Second, the
conformation of the carbohydrate at N165 of the neighboring
monomer could be altered and influence receptor binding.

Arginine 220 lies at a monomer-monomer interface of HA
adjacent to the binding site. Substitutions at this position could

TABLE 3. Y98F mutant induces protective immune response
equivalent to that for WT virus

Virus inoculuma Postinfection serum
HI antibody GMTb

Lung viral titer (log10
PFU/ml) at day 3

postchallengec

WT virus 126 �1.3
Y98F virus 112 �1.3
None �10 5.8

a Groups of mice were infected i.n. with 106 PFU of WT or Y98F mutant virus
or were mock infected with virus diluent.

b Three months postinfection, sera from three or four mice per group were
collected and tested individually for the presence of HI antibody. Data are
expressed as the geometric mean titer (GMT). A value of �10 represents the
lower limit of antibody detection.

c Three months postinfection, mice were challenged with 106 PFU of WT
virus; 3 days later, animals were euthanized, lungs from three or four mice per
group were collected and pooled, and titers were determined to assess the
presence of virus on MDCK cells. The lower limit of virus detection was 101.3

PFU/ml.

TABLE 2. Infectivity and virulence of Y98F mutant virus in mice

Virus
50% mouse

infectious dosea

(log10 PFU)

Inoculum
(PFU)

Lung viral titer
(log

10
PFU/ml)

at day 3b

Mean
maximum
% wt lossc

WT 1.5 106 6.4 21.4
105 6.2
104 6.3

Y98F 4.5 106 3.5 1.2
105 1.8
104 2.1

a Mice (n � 2) were infected i.n. with serial dilutions of virus from 106 to 101

PFU. Three days later, lungs were harvested and titers were determined indi-
vidually in MDCK cells. The 50% mouse infectious dose was determined as the
highest dilution of virus which infected mice.

b Mice were infected i.n. with 106 to 104 PFU of WT or mutant virus. Lungs
from three mice per inoculum group were collected and pooled, and titers were
determined on MDCK cells.

c A separate group of four mice was infected with 106 PFU of virus (each
mouse) and was monitored for weight loss daily for 14 days. Mice infected
with WT virus and Y98F virus exhibited maximum weight loss on days 8 and
4 postinfection, respectively. One mouse infected with WT virus succumbed
on day 8.

FIG. 2. Time course of weight loss in mice infected with WT or
Y98F mutant viruses.
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change the conformation of the 220 loop and could also influ-
ence HA trimer stability by disrupting monomer-monomer
contacts. Residues 238 and 284 are located approximately 40 Å
from the binding site but could also be relevant for trimer
stability, since they are situated at interfaces of domains that
relocate relative to one another during membrane fusion. K238
is involved in an ion pair with E72 of HA2 from a neighboring
monomer that would be eliminated by mutation to N. Proline
284 lies in an HA1-HA2 interface within a monomer, and a
histidine at this position could form an ion pair with E69 of
HA2. In each example, the changes could lead to altered sta-
bility of subunit interfaces, as noted for the R220L mutant
above. Mutations at position 218, which resides in proximity to
220 at a monomer-monomer interface, are known to cause
both elevated fusion pH and changes in receptor specificity (6).
In some situations, changes at subunit interfaces may affect the
location and interactions of carbohydrates originating from
neighboring monomers.

Pseudorevertant virus plaques with the W222R, I230M,
K238N, and P284H mutations isolated during the experiments
summarized in Table 2 were amplified on MDCK cells for
further analysis. Interestingly, during the two passages re-
quired to amplify stocks of these viruses in MDCK cells, the
consensus sequence of both the I230M and P284H (which was
heterogeneous) virus stocks reverted back to the WT sequence
at these positions while retaining the Y98F mutation. In addi-
tion, the yield of the W222R mutant in MDCK cells was re-
duced by at least a log relative to that of the WT or the other
mutants (Table 1). Both the W222R virus and the K238N
mutant, which was observed to grow reasonably well on
MDCK cells, were able to agglutinate erythrocytes despite the
continued presence of the Y98F mutation (Table 1). This pro-
vides evidence for a direct effect of these mutations on recep-
tor binding properties. Furthermore, the W222R and K238N
pseudorevertant viruses and the WT were used to reinfect mice
intranasally, and 3-day lung titers of these showed the muta-
tions to either completely (W222R) or partially (K238N) revert
the attenuated phenotype conferred by the Y98F mutation
(Table 1).

These results support the interpretation that the Y98F mu-
tant is attenuated in mice due to its binding properties, that
mutations located at various positions in and around the HA
receptor binding site can be selected during replication of this
mutant in the mouse respiratory tract, and that at least a subset
of these can restore binding and reverse the attenuated phe-
notype. In addition, they clearly demonstrate that the selective
pressure operating on HA binding is different in MDCK cells
and the mouse respiratory tract. This comes as no surprise, but
it serves as a warning for studies on natural isolates or biolog-
ical mutants that require amplification prior to the analysis of
their binding properties. Our current study does not address
the effects of the pseudoreversion mutations on �2,3 or �2,6
linkage specificity or the length of the glycan chains to which
the mutant HAs bind (4), but these will be interesting to
investigate.

The Y98F mutant is attenuated for replication in the respi-
ratory tracts of mice, but we did not look for the presence of
virus elsewhere. However, it should be noted that mutants with
reduced binding capacity have the potential to disseminate
more efficiently to become more pathogenic. Such examples

have been reported for murine polyomavirus strains with en-
hanced tumorigenicity in mice (33) and with mutants of the
Sindbis virus E2 glycoprotein that reduce binding to heparin
sulfate receptors but cause increased viremia and delay virus
clearance in infected mice (3).

Although viruses such as the Y98F mutant have certain
properties that are desirable in an attenuated vaccine, the scale
and scope of reversion as highlighted here are likely to mitigate
against this. However, since receptor binding is not required
for fusion (1), such mutants may be useful as surrogate fuso-
genic proteins in viral vectors designed for gene therapy or
targeted delivery purposes.
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