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Influenza A viruses can be isolated from a variety of animals, but their range of hosts is restricted. For ex-
ample, human influenza viruses do not replicate in duck intestine, the major replication site of avian viruses
in ducks. Although amino acids at positions 226 and 228 of hemagglutinin (HA) of the H3 subtype are known
to be important for this host range restriction, the contributions of specific amino acids at these positions to
restriction were not known. Here, we address this issue by generating HAs with site-specific mutations of a
human virus that contain different amino acid residues at these positions. We also let ducks select replication-
competent viruses from a replication-incompetent virus containing a human virus HA by inoculating animals
with 10'** 50% egg infectious dose of the latter virus and identified a mutation in the HA. Our results showed
that the Ser-to-Gly mutation at position 228, in addition to the Leu-to-Gln mutation at position 226 of the HA
of the H3 subtype, is critical for human virus HA to support virus replication in duck intestine.

Influenza A viruses can be isolated from various animals,
including humans, pigs, horses, wild waterfowl, chickens, pas-
serine birds, sea mammals, minks, and camels (27). Of these
host animals, wild waterfowl are the principal reservoir of in-
fluenza A viruses. In fact, all of the viruses currently circulating
in other animal species are thought to have originated from
wild waterfowl (27). However, under experimental conditions,
avian influenza viruses do not replicate efficiently in humans
(3); similarly, human viruses do not replicate efficiently in
ducks (7, 10, 29). Such studies indicate host range restriction of
influenza viruses. The viruses that caused the 1957 and 1968
influenza pandemics were reassortant viruses of human and
avian influenza viruses (22, 26). Avian influenza virus genes
were somehow introduced into the human populations, break-
ing through the host range restriction. To elucidate the mech-
anism by which pandemic influenza virus strains are generated,
we must first understand the molecular basis of host range re-
striction of influenza virus and how such restriction is breached.

The hemagglutinin (HA) of influenza A viruses is a major
surface glycoprotein that is responsible for attachment of the
virus to the cell surface of oligosaccharide receptors. All influ-
enza A viruses recognize oligosaccharides containing terminal
sialic acid (SA) as receptors; however, human viruses prefer-
entially recognize SA linked to galactose by «2,6 linkages
(SAa2,6Gal), whereas avian viruses preferentially recognize
SAa2,3Gal (12, 17, 24). The amino acids that make up the re-
ceptor-binding site (RBS) are highly conserved, even among
the HAs of different subtypes of avian influenza virus; how-

* Corresponding author. Mailing address: Department of Pathobio-
logical Sciences, School of Veterinary Medicine, University of Wiscon-
sin—Madison, 2015 Linden Dr. West, Madison, WI 53706. Phone:
(608) 265-4925. Fax: (608) 265-5622. E-mail: kawaokay@svm.vetmed
.wisc.edu.

T Present address: Department of Biology, Spelman College, At-
lanta, GA 30314-4399.

7626

ever, those of human viruses display distinct variability (12). In
particular, the residues at positions 138, 190, 194, 225, 226, and
228 are highly conserved in the avian RBS, whereas human
HAs harbor substitutions at these positions. In H2 and H3
influenza virus strains, residues at positions 226 and 228 in the
HA correlate with the preferential recognition of the SA-Gal
linkage by HA and the host species from which the virus was
isolated. HAs with Leu at position 226 (Leu-226) and Ser-228
(human viruses) preferentially recognize SAa2,6Gal, whereas
those with GIn-226 and Gly-228 (avian and equine viruses)
recognize SAa2,3Gal (4). Moreover, the HA plays an impor-
tant role in host range restriction of influenza virus. For ex-
ample, a reassortant virus possessing only the HA gene from
human A/Udorn/307/72 (Udorn) (H3N2) virus and the rest of
its genes from A/mallard/New York/6750/78 (Mal/NY) (H2N2)
virus does not grow in the duck intestine, the major site of
avian influenza virus replication in this animal (7). However,
two mutations, Leu-to-Gln at position 226 and Ser-to-Gly at
position 228 (but not the 226 mutation alone) allow the human
virus HA to support virus replication in duck intestine (13).
These findings demonstrate the importance of these residues
for receptor specificity and for host range restriction of the
virus. However, the contribution of the 228 mutation alone to
changes in viral properties remains unknown.

Recently, we showed that agglutination of erythrocytes from
different animal species can be used to assess the receptor
specificity of influenza A viruses (9). Human viruses, including
those known to preferentially recognize SAa2,6Gal, agglutinat-
ed erythrocytes from chicken, ducks, guinea pigs, and sheep
but not those from horses or cows; however, avian and equine
viruses, including those known to preferentially recognize
SAa2,3Gal, agglutinated all of these erythrocytes. Fluores-
cence-activated cell sorting (FACS) analysis of the erythro-
cytes with SA-Gal linkage-specific lectins demonstrated that
horse erythrocytes contained mostly SAa2,3Gal and hardly any
SAa2,6Gal, whereas human and chicken erythrocytes con-
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TABLE 1. Properties of HA mutants

Amino acid . . ]
HA at position: Cell sur_facs Adsorption” of erythrocytes from: Rescued by reverse Al;:el;l:l)i/cta(:izlxllpiogu‘é}:a]
. expression genetics' - . g
226 228 Chickens Humans Horses intesting

Wild type Leu Ser ++ ++ ++ + + _

LN Leu Asn — NT NT NT NT NA
LC Leu Cys ++ - - - NT NA
LV Leu Val ++ ++ ++ - — NA
LK Leu Lys ++ + ++ - — NA
LT Leu Thr ++ ++ ++ - — NA
LA Leu Ala + +++ +++ + - NA
LR Leu Arg ++ + ++ - — NA
LG Leu Gly ++ ++ +4+ + NT NA
LD Leu Asp +++ — - — NT NA
QS (R4) Gln Ser ++ ++ ++ +++ + —

ON Gln Asn +4++ + + - NT NA
QC Gln Cys + + + - — NA
Qv Gln Val ++ +++ +++ +++ - NA
QK Gln Lys +++ - + + NT NA
QT Gln Thr + — — — NT NA
QA Gln Ala ++ + + + + _

QR Gln Arg ++ + ++ ++ + -

QG (R2) Gln Gly ++ +++ +++ +++ + +

QD Gln Asp ++ - - + NT NA

“ Relative cell surface expression was determined by FACS analysis, using a pool of HA monoclonal antibodies as described in the legend to Fig. 1. Symbols: +, 1
to 50%; ++, 50 to 150%; +++, more than 150% of the wild-type expression. QS and QG mutants are identical to the HAs of R4 and R2 viruses (11), respectively.
 Symbols: +, 1 to 100 hemadsorption-positive cells; ++, 100 to 300 hemadsorption-positive cells; +++, over 300 hemadsorption-positive cells/1,000 cells examined.

NT, not tested.

¢ +, rescued by reverse genetics; NT, not tested; —, not rescued by reverse genetics.

d

tained both SAa2,3Gal and SAa2,6Gal. Because more than
97% of SA in horse erythrocytes is the N-glycolyl form and no
N-glycolyl SA exists in human and chicken erythrocytes (25),
the above findings suggest that avian but not human viruses
recognize N-glycolyl SA linked to galactose by «2,3 linkages,
which are abundant on horse, but not human and chicken,
erythrocytes.

In this study, we focused on the restriction of human influ-
enza viruses in ducks, because previous studies have shown
that duck influenza viruses replicate in duck intestine efficient-
ly (replicating up to 10° 50% egg infectious dose [EIDs)/g),
whereas replication of human viruses in this site is undetect-
able (10), providing a clear-cut system. Although host range
restriction of influenza viruses is polygenic (1, 7, 21, 23), we
focused on the contribution of HA in this study. Our aim was
to determine which amino acids at positions 226 and 228 of the
H3 HA are specifically required for replication of the virus in
duck intestine. To this end, we made mutant human virus HAs
with substitutions at positions 226 and/or 228 and tested their
receptor specificity with horse, human, and chicken erythro-
cytes. We also generated transfectant influenza viruses con-
taining some of these HA mutants and tested their ability to
replicate in ducks. In addition, we sought mutations that con-
vert human virus HA, which does not support virus replication
in duck intestine, to a form that would support virus replication
in this site, by inoculating a large amount of a replication-
incompetent virus in duck intestine and allowing the ducks to
select replication-competent viruses.

Influenza A virus Udorn (H3N2), Mal/NY (H2N2), A/Puerto
Rico/8/34 (HIN1), and a reassortant virus, R4 (7), that pos-
sesses a mutant Udorn HA (Leu-to-Gln mutation at position
226 [L226Q]) and the rest of its genes from the Mal/NY virus,
were obtained from the repository at St. Jude Children’s Re-
search Hospital. Udorn and Mal/NY viruses have been isolated

—, not able to support viral replication; NA, not applicable; +, able to support viral replication.

and passaged in eggs. Seal/E1l virus, a variant of A/Seal/Mas-
sachusetts/1/80 (H7N7), was obtained from Rudolf Rott (15).
This virus grows in Madin-Darby canine kidney (MDCK) cells
in the presence of elastase (2 wg/ml; Calbiochem, La Jolla,
Calif.) but not trypsin due to a mutation at its HA cleavage site
(15). A reassortant virus, Seal/E1-Mal/NY, containing the
Seal/E1 HA gene and the rest of its genes from Mal/NY, was
made as previously described (9).

A plasmid, pUd72HA-39, containing the Udorn HA gene
was constructed as described by Huddleston and Brownlee (8).
To generate transfectant viruses, a plasmid, pGt3UH23, was
constructed by PCR (18) amplification of the Udorn HA gene
flanked by the Ksp632I site and the T3 RNA polymerase pro-
moter sequence by using pUd72HA-39 as a template. The
PCR product was cloned into a pGEM?7 vector as described
previously (5). The HA genes mutated at codons 226 and/or
228 were generated by PCR (18). The 332-bp PCR products
(spanning the Xbal site at nucleotide 732 and the Stul site at
nucleotide 1064) that contained the desired mutations were
used to replace the corresponding region of pGt3UH23. For
HA expression in cells, the HA genes were cloned into the
Asp718 and the Sphl sites of pPCAGGS/MCS (11), which con-
tains the chicken B-actin promoter (14).

Plasmids, used to generate transfectant viruses (e.g.,
pGt3UH23), were digested with Ksp632I, and their ends were
filled in with Klenow fragment as described previously (5). To
generate an HA-ribonucleoprotein (RNP) complex, we tran-
scribed the plasmids in vitro with T3 RNA polymerase in the
presence of nucleoprotein and polymerase proteins. The HA-
RNP complex was then transfected into 80% confluent Madin-
Darby bovine kidney (MDBK) cells that had been infected 1 h
earlier with Seal/E1-Mal/NY reassortant virus at a multiplicity
of infection of one. Eighteen hours after transfection, the cul-
ture supernatants were collected and clarified by centrifuga-
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FIG. 1. Cell surface expression of mutant HAs analyzed by FACS. Cos-1 cells
(60% confluency) were transfected with 2 ug of purified plasmid DNA per well
of a 6-well tissue culture plate with Lipofectamine (Gibco). The cells and trans-
fection mixture were incubated for 5 h at 37°C, after which the transfection
medium was replaced with 2 ml of Opti-Mem medium (Life Technologies, Inc.)
containing 5% fetal calf serum (FCS). The cells were then incubated for 40 h at
37°C. Cells expressing HA were washed with PBS, treated with Vibrio cholerae
sialidase (5.5 milliunits/ml; Life Technologies, Inc.) for 1 h at 37°C (which
abolishes the susceptibility of cells to influenza virus infection) to remove sialic
acid from the HA, which interferes with receptor recognition (17), and then
maintained in suspension following trypsinization. Cells were spun down, washed
twice with PBS containing 10% FCS, and then resuspended in PBS containing
10% FCS and an anti-H3 HA monoclonal antibody (S11/4, S28/1, S37/2, and
121/1) pool (diluted 1:400). After a 1-h incubation at 4°C, the cells were washed
twice with PBS containing 10% FCS, and then incubated with fluorescein iso-
thiocynate-labeled goat anti-mouse immunoglobulin (diluted 1:20 in PBS con-
taining 10% FCS) (Boehringer Mannheim Biochemicals) for 30 min at 4°C. The
cells were washed twice as before and then fixed in PBS containing 3.7% para-
formaldehyde for 20 min at 4°C. Cells were centrifuged, resuspended in PBS
containing 10% FCS, and stored at 4°C until analyzed by FACS with a FACScan
(Becton Dickinson). The relative expression levels presented are based on mean
values of fluorescence intensity. Experiments were repeated three times, and
representative data are shown.

tion (10,000 X g, 30 s). Transfectant viruses were selected by
infection of MDCK cells in the presence of trypsin. Because
the HA of the helper Seal/E1-Mal/NY reassortant is cleaved by
elastase but not by trypsin, transfectant viruses have a growth
advantage over Seal/E1-Mal/NY virus grown in the presence of
trypsin. The transfectant viruses obtained were plaque purified
three times on MDCK cells, and a final tissue culture stock was
used to inoculate 11-day-old embryonated chicken eggs. Allan-
toic fluid stocks of viruses were stored at —70°C. The entire
HA gene of each transfectant virus was sequenced by using an
automated sequencer (Applied Biosystem Inc., Foster City,
Calif.).

Three 3-month-old Peking ducks (Ridgeway Hatcheries)
were orally inoculated with 10° EIDs, of each transfectant
virus (1 ml/duck, three ducks/virus) (12). Three days postin-
oculation, the ducks were sacrificed and their colons were
removed. The tissue was homogenized, resuspended in phos-
phate-buffered saline (PBS), and inoculated into 11-day-old
embryonated chicken eggs for virus isolation. The sequence of
the HA1 portion of the gene of virus isolated from at least one
duck inoculated with each virus was determined.

Effects of HA amino acid residues 226 and 228 on cell
surface expression and receptor specificity. Residues 226 and
228 in the human influenza virus HA of H2 and H3 subtypes

J. VIROL.

are both thought to be important for host range restriction and
receptor specificity of the virus (4). However, the exact contri-
butions that these residues make to these viral properties were
unknown. The Leu-to-Gln mutation at position 226 of a human
virus HA (X31 strain) alters its receptor specificity from
SAa2,6Gal to SAa2,3Gal (17). While this mutation alone is
not sufficient to convert another human virus HA (Udorn
strain) to a form of HA that supports virus replication in duck
intestine, an additional mutation at residue 228 from Ser to
Gly does permit this conversion (13). Although the majority of
duck virus HAs possess Gly at position 228, some have Arg or
Ser (2). To understand the effects of different amino acid
residues at position 228 on the receptor specificity of HA, we
made a number of human Udorn virus HA mutants that had
different amino acids at this position with and without the
Leu-to-Gln mutation at position 226 (Table 1). Mutants were
designated by a single amino acid code according to their
amino acid residues at positions 226 and 228. For example, a
mutant possessing Gln at position 226 and Cys at position 228
was designated QC.

For HA to function, it has to be transported to the cell
surface. We therefore examined the relative cell surface ex-
pression levels of our HA mutants and found some variations
(Fig. 1). FACS analysis showed that many of the mutant HAs
were expressed on the cell surface at levels comparable to that
of the wild type but that others, including LA, QC, QA, and
QG, were expressed at significantly lower levels on the cell
surface. The QT mutant was consistently detected on the cell
surface at just above the background level, whereas the LN
mutant was negative for cell surface expression.

To confirm that our failure to detect some of the mutants
was not due to a lack of expression per se, we analyzed HA
expression by Western blot analysis of cell lysates. The results
showed that all of the HAs, with the exception of the LN
mutant, were expressed at least 50% of the wild-type level
(data not shown). Because the LN mutant was expressed at
only 15% of the wild-type level and was not transported to the
cell surface (Fig. 1), this mutant was excluded from subsequent
assays.

We next tested these HA mutants for their ability to bind to
chicken (Fig. 2A) and human (Fig. 2B) erythrocytes. Mutations
to Lys, Thr, or Arg at position 228 (LK, LT, and LR) appre-
ciably reduced hemadsorption activity, whereas those to Cys or
Asp (LC and LD mutants) completely abolished activity. Other
mutations at position 228 reduced or enhanced the activity
slightly, depending on the erythrocytes used. Although chicken
and human erythrocytes exhibited similar profiles in SA-Gal
linkage-specific lectin assays, which suggests comparable «2,3
and «2,6 linkage proportions, some mutants differentially
bound these erythrocytes; for example, the LK and the LR
mutants both bound to chicken erythrocytes less efficiently
than to human erythrocytes.

We then analyzed the effect of the 228 mutations in con-
junction with the L226Q mutation. The L226Q mutation alone
(i.e., the QS mutant) did not affect chicken or human erythro-
cyte binding appreciably. However, when coupled with the
L226Q mutation, the HA activity detected with the S228K or
S228T mutation alone (i.e., the LK or LT mutant, respectively)
was completely abolished (QK and QT mutants [Fig. 2]). In-
terestingly, two mutants, QV and QG, bound both erythrocytes
more efficiently than did wild-type (LS) HA. One mutant, QG,
is the same as the HA of R2 virus, which supports viral repli-
cation in ducks (13). The QV mutation, however, has not been
found in nature. HA possessing the L.226Q and S228R muta-
tions (i.e., the QR mutant) exists in some avian H3 viruses (2);
however, this mutant did not bind either type of erythrocyte
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efficiently. These results indicate that limited alterations at
positions 226 and 228 of HA are accommodated to permit HA
function.

Because avian, but not human, influenza viruses hemagglu-
tinate horse erythrocytes (9), we also tested the ability of our
mutants to hemadsorb these erythrocytes (Fig. 2C). None of
the mutants that had a mutation only at position 228 adsorbed
horse erythrocytes efficiently. However, the mutants that had
an alteration at position 228 as well as the L.226Q mutation and
adsorbed either chicken or human erythrocytes (QV, QR, and
QG mutants) also adsorbed horse erythrocytes. Interestingly,
the L.226Q mutation alone (i.e., QS mutant) made the human
Udorn virus HA adsorb these erythrocytes. However, an addi-
tional mutation at position 228, from Ser to Val or Gly, made
this HA adsorb horse erythrocytes extremely well. The finding
that the QG mutant (i.e., the R2 mutant) hemadsorbs horse
erythrocytes efficiently is consistent with the fact that most
avian H3 HAs contain these residues (2). However, although
the HA that possesses Val at position 228 has not been found
in nature, it adsorbed these erythrocytes extremely well. Inter-
estingly, even though the avian viruses A/duck/Hokkaido/8/80
(H3N8) and A/mallard/New York/6874/78 (H3N2) possess Gln
at position 226 and Arg at position 228 and agglutinate horse
erythrocytes, the ability of the QR mutant to bind to these eryth-
rocytes was not as strong as those of the QV and QG mutants.
These results show that the L226Q mutation causes the human
Udorn virus HA to recognize sialyloligosaccharides on horse
erythrocytes and that the additional mutation, S228G, signifi-
cantly enhances this ability.
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FIG. 2. Effects of mutations at positions 226 and/or 228 on the hemadsorbing
activity of human virus HA. Cos-1 cells were transfected with plasmid expressing
HA. At 40 h posttransfection, they were washed twice with PBS containing 10%
FCS and incubated with chilled 1% erythrocyte suspensions (chicken [in house],
human [type O, St. Jude Children’s Research Hospital blood bank], or horse
[Rockland]) in PBS. After a 1-h incubation at 4°C, the cells were washed at least
five times with PBS and rinsed with methanol to remove erythrocytes that were
nonspecifically bound. The cells were then air dried and stained with a 1:20
dilution of Giemsa stain (Sigma) for 15 min at 4°C. The numbers of hemadsorp-
tion-positive cells were recorded by examining five randomly selected micro-
scopic fields that consisted of approximately 500 cells. Experiments were per-
formed three times with similar results.

Replication of transfectant viruses possessing mutations at
positions 226 and 228 in HA. Because avian, but not human,
influenza viruses agglutinate horse erythrocytes efficiently (9),
we asked whether the mutant human Udorn HAs, which adsorb
these erythrocytes, support virus replication in duck intestine.
To this end, we attempted to generate transfectant viruses com-
prised of the mutant Udorn HA gene and the rest of its genes
from Mal/NY. To generate such viruses, we first made a reas-
sortant virus, Seal/E1-Mal/NY, that possesses the HA gene
from Seal/E1 and the rest of its genes from the Mal/NY virus.
The HA of Seal/E1-Mal/NY reassortant virus is derived from
the Seal/E1 virus and is cleaved by elastase but not by trypsin.
Therefore, transfectant viruses that possess HA that is cleav-
able by trypsin have a growth advantage in the presence of this
protease. Using this selection method, we attempted to gener-
ate viruses possessing the LA, LT, LV, LK, LR, QN, QA, QR,
QV, QC, and QG HAs as well as the wild-type HA. We were,
however, only able to obtain viruses possessing the wild-type,
QA, QR, or QG mutant HA, which were designated Udorn-
Mal/NY, QA-Mal/NY, QR-Mal/NY, and QG-Mal/NY, respec-
tively. These results suggest that the HA mutants that were not
rescued do not support virus replication to the level at which
the current reverse genetics system operates.

We then examined the replication of transfectant viruses in
MDCK cells, embryonated chicken eggs, and ducks. All of
the rescued viruses efficiently replicated in MDCK cells (rang-
ing from 107! to 107® PFU/ml) and eggs (ranging from 10"
to 105! EIDs,). Upon inoculation into ducks, the wild-type
(Udorn-Mal/NY; thus, the same as R4 [13]) virus did not
replicate in intestine, whereas QG-Mal/NY (thus, the same as
R2) virus was able to replicate in ducks, consistent with previ-
ous reports (13). The QA-Mal/NY virus did not replicate in
duck intestine and neither did QR-Mal/NY, even though vi-
ruses possessing GIn-226 and Arg-228 have been isolated from
ducks (A/duck/Hokkaido/8/80 [H3N8] and A/mallard/New
York/6874/78 [H3N2] [2]). It may be that the Gly-to-Arg mu-
tation at position 228 occurred in the HAs of A/duck/Hok-
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kaido/8/80 and A/mallard/New York/6874/78 during their prop-
agation in eggs and that these viruses no longer replicated in
duck intestine. To exclude this possibility, we sequenced the
HA gene of A/duck/Hokkaido/8/80 (H3N8) and confirmed the
Gln at position 226 and Arg at position 228. We then inocu-
lated A/duck/Hokkaido/8/80 into ducks and found that the
virus indeed replicated in the intestines of all three ducks
tested. Together, these results suggest that residues other than
226 and 228 contribute to the replication of A/duck/Hokkaido/
8/80 virus in duck intestine.

Importance of Gly-228 for virus replication in duck intes-
tine. Previous studies have shown that although a virus (R4)
that possesses a single mutation at position 226 (from Leu to
Gln) in the human Udorn virus HA does not replicate in duck
intestine, another mutation at position 228 from Ser to Gly
allows the virus to grow (13). Is this Ser-to-Gly mutation at
position 228 the only change that converts the 226 mutant to
one that supports virus replication in ducks? To answer this
question, we inoculated a large amount (10'%-°> EIDs/duck) of
R4 virus into the rectum of ducks through the cloaca. The
cloacal inoculation was done to efficiently introduce a large
amount of virus into the major site of virus replication in ducks
without substantially reducing virus titers in the stomach, as
would occur with oral inoculation. Assuming the mutation rate
of influenza virus to be approximately 10~ (16), we antici-
pated that a virus with an additional mutation that supports
virus replication in ducks would be selected by this approach.
Upon inoculation of the virus into 10 ducks, we recovered virus
from the intestines of 8 ducks 3 days after inoculation. Each of
the recovered viruses (a total of eight) was orally inoculated
into two ducks to test its replicative ability in intestine. Of the
eight viruses tested, seven replicated in duck intestine. Upon
sequencing the entire HA gene of all eight viruses, we found
that the seven that replicated in duck intestine upon oral in-
oculation had the Ser-to-Gly mutation at position 228 (thus,
they were the same as the QG mutant). The one that did not
replicate in ducks had no additional mutation (i.e., it was
identical to R4). These results indicate that the Ser-to-Gly
mutation at position 228 of a human virus HA possessing the
L226Q mutation is indeed the most critical mutation to sup-
port virus replication in duck intestine.

In the current study, we have identified specific combina-
tions of amino acid changes that affect the ability of human
virus HA to support virus replication in ducks. Our results
show that the residues at positions 226 and 228 are both es-
sential for HA to support this function. The importance of the
L226Q change was shown by the lack of horse erythrocyte
binding ability (a characteristic of human, but not avian, influ-
enza viruses [9]), with the S228G mutation alone. The critical
role of Gly-228 in viral replication in duck intestine was dem-
onstrated by the consistent selection of mutant viruses possess-
ing this change during replication in ducks. Moreover, the
presence of GIn-226 and Gly-228 correlated with the high
affinity of HA for horse erythrocytes. Thus, these findings es-
tablish critical roles for these amino acids in receptor recogni-
tion and in host range restriction of influenza virus.

It is unclear at the molecular level how the presence of
GIn-226 and Gly-228 results in the high affinity of HA for
SAa2,3Gal-terminated receptors of equine erythrocytes and
why this affinity decreases with an amino acid substitution in
either of these positions. Significant favorable interactions are
known to occur between the avian virus HA and the penulti-
mate galactose moiety linked to sialic acid by a2,3, but not «2,6
linkage, and Leu-226 and Ser-228, specific for the human virus
HA, are known to abrogate these interactions (12). According
to the structural models of the complexes of the X31 human
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FIG. 3. Positions of residues 226 and 228 in the RBS of influenza virus HA
in relation to the Neu5Ac2,3Gal moiety. Only the relevant portion of the human
virus X31 HA complexed with 3’ sialylactose (IHGG structure, Brookhaven
Protein Databank [19]) and the Neu5Aca2-3Gal moiety of 3’ sialyl lactose
(heavy atoms, stick presentation) are shown for clarity. Atoms of sialic acid
(NAN) and galactose (GAL) that are thought to participate in hydrogen bonding
with HA (19) are shown as small white balls; atoms of the protein that participate
in these hydrogen bonds are shown as white on black background. Substitution
226S—G results in a loss of a hydrogen bond between the hydroxyl group of
serine and the O-9 hydroxyl of sialic acid, whereas mutation 226L—Q results in
new hydrogen bonds between the amide side chain of glutamine and the C-8
hydroxyl and carboxylic groups of Neu5Ac (30). This figure was generated with
a WebLab viewer (Molecular Simulations, Inc., San Diego, Calif.).

influenza virus HA with sialyloligosaccharides (19, 30) (Fig. 3),
amino acid substitutions at positions 226 and 228 can affect the
hydrogen bond formation and van der Waals interactions be-
tween the sialic acid moiety and the protein. We can therefore
speculate that the presence of both GIn-226 and Gly-228 is
required for the proper orientation of the sialic acid moiety in
the avian virus RBS for the optimal (energetically favorable) fit
of the a2,3-linked Gal and that a mutation in either position
could slightly reorient the whole sialyloligosaccharide in the
RBS and destroy this fit.

Our data explain why avian virus HAs possess Gln at posi-
tion 226 (2). Irrespective of the amino acid at position 228,
HAs with Leu-226 do not exhibit characteristics of avian virus
HAs (e.g., binding to horse erythrocytes [11]). This finding
indicates that Gln-226 is indispensable for the avian virus re-
ceptor-binding phenotype. In fact, all avian virus HAs exam-
ined thus far possess GIn-226 (2). Regarding the residue at
position 228, A/duck/Hokkaido/8/80 possesses Arg-228 but
replicates in ducks. By contrast, the QR-Mal/NY virus failed to
replicate in ducks. The HA of A/duck/Hokkaido/8/80 virus has
Gly at position 229, whereas all of the other avian H3 HAs
have Arg at this position (2). It may be that this amino acid
substitution compensates for the effect of the G228R mutation
in this duck virus.

What do our findings mean with respect to pandemic aware-
ness? Our results suggest that if we find changes at residues
226 and 228 in the HA of avian viruses that have transmitted
to mammals such as pigs (6, 20) and horses (28), then these
viruses may have acquired the ability to recognize receptors in
human trachea. Therefore, during the surveillance of viruses in
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nonhuman animals, it is particularly important to pay attention
to the amino acid residues at these positions. Genes other than
HA are also known to contribute to the host range restriction
of influenza A viruses. Such genes include PB2 (1, 23), NA (7),
and nucleoprotein (21). However, the molecular mechanisms
by which these other genes affect the host range of influenza
viruses have yet to be elucidated. A better understanding of
such mechanisms would provide knowledge important for pre-
venting future influenza pandemics.
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