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The three-dimensional structures of avian H5 and swine H9 influenza 
hemagglutinins (HAs) from viruses closely related to those that caused 
outbreaks of human disease in Hong Kong in 1997 and 1999 were 
determined bound to avian and human cell receptor analogs. Emerging 
influenza pandemics have been accompanied by the evolution of receptor-
binding specificity from the preference of avian viruses for sialic acid 
receptors in 2,3 linkage to the preference of human viruses for 2,6 
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linkages. The four new structures show that HA binding sites specific for human receptors appear to be 

wider than those preferring avian receptors and how avian and human receptors are distinguished by 
atomic contacts at the glycosidic linkage. 2,3-Linked sialosides bind the avian HA in a trans 
conformation to form an 2,3 linkage-specific motif, made by the glycosidic oxygen and 4-OH of the 
penultimate galactose, that is complementary to the hydrogen-bonding capacity of Gln-226, an avian-
specific residue. 2,6-Linked sialosides bind in a cis conformation, exposing the glycosidic oxygen to 
solution and nonpolar atoms of the receptor to Leu-226, a human-specific residue. The new structures 
are compared with previously reported crystal structures of HA/sialoside complexes of the H3 subtype 
that caused the 1968 Hong Kong Influenza virus pandemic and analyzed in relation to HA sequences of 
all 15 subtypes and to receptor affinity data to make clearer how receptor-binding sites of HAs from 
avian viruses evolve as the virus adapts to humans.  

 

During the past century, influenza viruses with hemagglutinin (HA) 
glycoproteins from 3 of the 15 influenza A virus subtypes (H1-H15) emerged 
from avian or animal hosts to cause worldwide epidemics: in 1918, H1; in 
1957, H2; and in 1968, H3 (1). Extensive surveys of H1, H2, and H3 viruses 
isolated from avian, swine, equine, and human sources show a correlation of 
receptor-binding preference with species of origin: human isolates prefer 
terminal sialic acids of glycoprotein and glycolipid receptors in 2,6 linkage 
to galactose, avian and equine prefer 2,3 linkages, and viruses from swine bind to both (2-4). The 
source of this specificity may derive from the selective pressure of an abundance of 2,6 linkages on 
lung and airway epithelial cells in humans in which the infection is respiratory and of 2,3 linkages on 
intestinal cells of birds in which the infection is enteric (3, 5, 6). The presence of potentially inhibitory 
mucins rich in 2,3 linkages in human lungs and glycoproteins with sialic acid in 2,6 linkages in horse 
sera also may be a factor in the selection of linkage specificity (7-9).  

In 1997, an avian virus containing an H5 subtype HA with 2,3 linkage preference caused 18 cases of 
human influenza in Hong Kong, 6 of them fatal (10-13), and in 1999, a very similar virus containing the 
HA of the H9 subtype with 2,6 specificity (14) caused milder disease in 7 people in Hong Kong (15, 
16) and Southern China (17). Neither of these incidents of avian viruses infecting humans resulted in 
widespread disease (18).  

We report here the three-dimensional structures of HAs from avian and swine viruses closely related to 
those causing the H5 and H9 human outbreaks, each complexed with two sialylated pentasaccharide 

analogues of avian and human cell surface receptors. We compare these avian and swine HA-receptor 
complexes with complexes formed by a human H3 HA from the virus that caused the 1968 human 
pandemic (19). The sialic acid receptor is bound in the same orientation in sites that are conserved 
largely in all three HAs but that differ in two residues of a loop that forms one edge of the sites; Leu or 
Gln at residue 226 and Ser or Gly at residue 228. The new structures suggest how avian and human 
receptors are distinguished: avian H5 HA hydrogen bonds through Gln-226 to the glycosidic oxygen that 
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is exposed in a trans conformation in the 2,3 sialic acid-to-galactose link; Leu-226 of swine H9 HA 
makes nonpolar interactions with the C6 atom of the 2,6 linkage, in which the glycosidic oxygen is 
exposed to solvent by a cis conformation of the linkage. HA receptor-binding sites favoring 2,6 
linkages (H9 swine and H3 human) are also "wider" than the site in the avian HA (H5 avian) that favors 

2,3 linkages.  

 

Hemagglutinin Purification, Crystal Growth, and Ligand Soaking. 
Bromelain-released hemagglutinins (BHA) from A/Duck/Singapore/3/97 
(H5N1) virus and A/Swine/Hong Kong/9/98 (H9N2) virus were prepared as 
described previously (Y.H., D.J.S., J.J.S., and D.C.W., unpublished data). 
Crystals were grown and cryoprotected as reported previously (Y.H., et al., 
unpublished data). Crystals to be soaked in 16 mM LSTa or LSTc (BioCarb, 
Lund, Sweden) were washed first in 200 µl of well solution; subsequent 
soaking steps all contained ligand.  

Data Collection, Structure Determination, and Refinement. Diffraction data were collected at 
14BMC at APS, 100 K. All data sets were processed with DENZO and SCALEPACK (20). LSTa and LSTc 
were modeled with 2Fo-Fc and Fo-Fc Fourier maps based on phases calculated from the H5 and H9 HA 
coordinates (Y.H. et al., unpublished data). Sialic acid (Sia) binds similarly in the four structures. 
Modeling of galactose was based on three density features: a planar pyranose ring, linkages to Sia-1 and 
GlcNAc, a protrusion normal to the pyranose ring corresponding to the axial 4-OH. The structures were 
refined with CNS (21); statistics are shown in Table 2.  

 

Common Features of the HA/Receptor Complexes. By using x-ray 
crystallography, the structures of the H5 HA from the 
A/Duck/Singapore/3/97 virus and the H9 HA from A/Swine/Hong Kong/9/98 
that have 26- and 39-aa sequence differences relative to the HAs from the 
1997 and 1999 human isolates from Hong Kong [aligned sequences and 
substitution locations are shown in Fig. 5, which is published as supporting 
information on the PNAS web site, www.pnas.org (refs. 10-13 and 16); 
K. Cameron and A. J. Hay (H5) and D. Markwell and K. F. Shortridge (H9), personal communications] 

have been determined to 1.9 Å and 1.8 Å resolution, respectively (Y.H. et al., unpublished data). We 
report here the structures to 2.4 Å resolution of both HAs complexed with the two sialo-
pentasaccharides LSTa and LSTc that are natural sialosides from human milk, which have sequences 
characteristic of the polylactosamine-like repeats (Gal-GlcNAc) containing the three terminal 
saccharides (Sia-Gal-GlcNAc) common to complex oligosaccharides on glycoproteins and glycolipids 

(19).  
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The terminal sialic acid moiety (Sia-1) of the pentasaccharides is positioned almost identically in all four 
structures (Fig. 1 a and b) and essentially as observed earlier for the human H3 HA in complexes with 
trisaccharides, designed inhibitors, and sialo-pentasaccharides (Fig. 1c) (19, 22-24). Four hydrogen 
bonds (dashed red in Fig. 1) and contacts with four residues conserved in most influenza A HAs, Tyr-98, 
Ser-136, Trp-153, and Leu-194, are found in all of the complexes. In the H5 and H9 complexes, a water 
molecule bridges a hydrogen-bonding contact between the 9-OH of Sia-1 and the main-chain amide of 
Gly-228 that, in the H3 complex, is a direct contact between Sia-1 9-OH and OH-group of Ser-228 (Fig. 
1). Small differences in the position of the sialic acids apparently are caused by contacts with six other 

residues (133a, 155, 183, 186, 190, and 226) that vary in these HAs (Fig. 1; Table 1). 

 

 

Avian Receptor Binding by H5 Avian Virus HA. The H5 avian HA, which contains Gln-226/Gly-228 
and prefers 2,3 linkages (25), binds to 2,3 LSTa (Fig. 2 a and b) through hydrogen bonds to the 
glycosidic oxygen of the linkage and the axial, 4-OH of Gal-2 to the amine and carbonyl groups of Gln-
226 (dotted lines in Fig. 2c). The glycosidic oxygen is exposed to Gln-226 because LSTa binds in a trans 
conformation (Fig. 2c Inset) around the bond between the C2 and glycosidic oxygen (star in Fig. 2c). 
The trans conformation projects the Gal-2 ring up and out of the site (bold arrow in Fig. 2c), away from 
the protein surface. The orientation of the Gal-2 ring (edge-on in Fig. 2c) around the bond from the 
glycosidic oxygen (star in Fig. 2c) to the C3 atom of galactose is determined by steric factors within the 
ligand, which avoid interactions between the 3- and 4-OH groups of Gal-2 and the ring of sialic acid. 
GlcNAc-3 is positioned outside and in front of the binding pocket and makes no contacts with the 

 
View larger 

version (25K):  
[in this window]  

[in a new window] 
  

Fig. 1.   Conserved and variable interactions of H5 avian, H9 swine, and H3 
human influenza virus subtype HAs with the sialic acid of pentasialosides. 
(a) 1997 H5 avian HA. (b) 1999 H9 swine HA. (c) 1968 H3 human HA. 
Red highlighted areas, conserved residues; yellow, sialic acid (Sia-1); red, 
oxygen; blue, nitrogen; filled HA atoms contact Sia-1; dashed lines, 
hydrogen bonds; red dashes, conserved hydrogen bonds.  

                               
View this table:  
[in this window] 

[in a new window] 
  

Table 1.   Atomic contacts between sialosides (LSTa, 2,3, and LSTc 2,6) 
and H5 (avian), H9 (swine), and H3 (human) subtype influenza virus HAs 
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protein (Fig. 2c). Gal-4 and Glc-5 are not visible in the electron density map.  

 

Thus, H5 avian HA contacts only the sialic acid, the 2,3-linkage glycosidic oxygen, and the axial 4-OH 
of Gal-2. The trans conformation of the 2,3 glycosidic linkage forms a motif of the glycosidic oxygen 
and the axial 4-OH of Gal-2 that is complementary to the hydrogen-bonding capacity of Gln-226 (Fig. 
2c). [Both cis and trans are low-energy conformations of 2,3 linkages, and both have been observed in 
studies of sialosides in solution and bound to other proteins (26-31).] 

Human Receptor Binding by H5 Avian Virus HA. Electron density for 2,6 LSTc bound to the H5 
avian HA (the nonpreferred combination) shows a poorly defined sialic acid moiety: three segments of 
density are visible, representing C2 and the attached carboxylate group, C5 and its N-acetyl substituent, 

and C6 with the glycerol group (Fig. 2d). The remaining four residues of the pentasaccharide are not 
visible. The quality of the x-ray data (better Rsym than the 2,3 data: 0.057 vs. 0.106) and the statistics 

from the crystallographic refinement (better Rfree
 than the 2,3 model: 0.22 vs. 0.240) suggest that the 

poor quality of the image of the 2,6 ligand indicates low affinity binding and/or the binding of multiple 

conformations.  

In solution, 2,6 linkages are predominantly in a cis conformation, with a cis-to-trans ratio of 9:1 (27) 
(for cis definition, see Fig. 2e). If LSTc bound in a cis conformation to the H5 HA, then the Gal-2 C6 
atom would cover Gln-226 (number 6 in Fig. 2d), shielding it from making hydrogen bonds, and the 
glycosidic oxygen (* in Fig. 2d) would be exposed to solvent (upward in Fig. 2 c- f). If LSTc bound in a 
trans conformation, the glycosidic oxygen may hydrogen-bond to Gln-226, but the 4-OH of Gal-2 would 
be too far away to mimic the 2,3-specific motif, and there would be an energetic penalty for choosing 
the less stable conformer. 

Avian and Human Receptor Binding by H9 Swine Virus HA. The H9 swine virus HA, which 

 
View larger version 

(31K):  
[in this window]  

[in a new window] 
  

Fig. 2.   The interaction of H5 and H9 influenza virus subtype HAs 
with avian 2,3 and human 2,6 sialosides. (a and b) Chemical 
formula of the pentasaccharides LSTa and LSTc. (c) Avian H5 HA 
with LSTa ( 2,3) pentasaccharide bound. The 2,3 linkage is in trans 
conformation (bold arrow points up, 180° from the bond to the 
carboxylate of Sia-1). Hydrogen bonds (dashed lines) from Gln-226 to 
the 2,3-specific motif [4-OH of Gal-1 and glycosidic-O (at *) of trans 
linkage]. (d) Avian H5 HA with LSTc ( 2,6) pentasaccharide bound. 
Only sialic acid of the ligand is ordered. (e) Swine H9 HA with LSTa (
2,3) pentasaccharide bound. Only two saccharides are ordered. The 

bound 2,3 linkage conformation is in cis conformation [bold arrow 
points nearly horizontal, 60° from the bond to the carboxylate of Sia-
1; compare with bold arrow (trans) in c]. Contacts and hydrogen bonds 
(dotted lines) to Leu-226 and the carbonyl-O of residue 225 are 
shown. (f) Swine H9 HA with LSTc ( 2,6) pentasaccharide bound. All 
five saccharides are ordered. The 2,6 linkage is in a cis conformation 
(bold arrow points nearly horizontal).  
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contains Leu-226 and Gly-228, interacts with both 2,3 LSTa and 2,6 LSTc by van der Wall contacts 

with a methyl group of Leu-226 (Fig. 2 e and f). Both ligands bind to H9 HA in a cis conformation (Fig. 
2e Inset) around the bond between Sia-1 C2 and the glycosidic oxygen (star in Fig. 2 e and f), which 
leaves the glycosidic oxygen exposed away from the nonpolar Leu-226 and up toward solution (up in 
Fig. 2 c- f), where it might hydrogen-bond with water. This cis conformation around the glycosidic bond 
also projects the linkage carbon atoms of Gal-2, C3 in LSTa (bold arrows in Fig. 2e), C6 in LSTc (bold 

arrows in Fig. 2f), and the Gal-2 ring of LSTa toward nonpolar contacts with Leu-226. Steric factors 
within the two ligands when bound in a cis conformation orient the Gal-2 ring perpendicular (face-on in 
Fig. 2 e and f) to the sialic acid ring, permitting a hydrogen bond from the 6-OH of LSTa and the main-
chain carbonyl oxygen of residue 225.  

Only the first (distal) two saccharides are observed in the H9/ 2,3 complex, suggesting that the 
remainder are disordered (Fig. 2e). 

HA Contacts with the Asialo Segment of the Pentasaccharides. In the preferred pairing, H9 with 
LSTc (Fig. 2f), the three proximal saccharides (GlcNAc-3, Gal-4, Glc-5) fold back over the top of the 
sialic acid and exit from the site at the front-right. Approximately 59 Å2 of nonpolar surface area is 
buried between Sia-1 and GlcNAc-3. Gal-4 and Glc-5 also contact Sia-1 (Table 2) and contact the 

binding site at the loop formed by residues 125-137, at the 150 loop, and at Asn-193, burying 201 Å2 
of protein surface (Fig. 3a). Up to 11 hydrogen bonds could form between these proximal saccharides 
and the HA and two with the 4-OH group of the sialic acid (Fig. 3a).  

 

 

                               
View this table:  
[in this window] 

[in a new window] 
  

Table 2.   Crystallographic data statistics 

 
View larger 

version (20K):  
[in this window]  

[in a new window] 

Fig. 3.   Atomic interactions between H5, H9, and H3 HAs and sialosides. 
(a) Potential hydrogen bonds (dashed red) between LSTc and the swine H9 
HA. (b) Comparison of the binding of LSTc ( 2,6) with the 1999 swine H9 
(red) and 1968 human H3 (blue) subtype HA. Purple circles, common 
contacts; blue, H3 contacts; red, H9 contacts. (c) Comparison of the binding 
of LSTa ( 2,3) with the 1997 avian H5 (green), 1999 swine H9 (red), and 
1968 human H3 (blue) subtype HAs. Purple circles, common contacts; blue, 
H3 contacts; green, H5 contacts; red, H9 contacts.  
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The bound pentasaccharides in the four complexes reported here (Fig. 2 c- f) are not near crystal lattice 
contacts (>10 Å), suggesting that the oligosaccharide conformations observed result from inherent 
conformational preferences within the oligosaccharides and from the contacts observed with the HA. A 
folded conformation for LSTc was observed earlier in the H3 HA/LSTc complex, but the ligand 
conformation differed in positioning the proximal three saccharides (GlcNAc-3, Gal-4, and Glc-5) 
toward the back and top of the binding site (blue in Fig. 3b) (19) rather than toward the front and right as 
seen here (red in Fig. 3b). The different bound conformations of LSTc, mainly a difference of about a 
60o rotation about one bond between Gal-2 and GlcNAc-3, may be due to the slightly different position 
of the HA main chain at residues 133-135 which, in H9 HA, position the carbonyl oxygens of 133 and 
135 and the amide of 133 closer into the binding site, where they may hydrogen-bond to Glc-5 (Fig. 3a). 
Sequence differences between the H3 and H9 HAs at 135 (Thr-H9; Gly-H3) and 133 (Ser-133; Asn-H3) 
and the fact that Ser-133 in H9 points into the binding site whereas the H3 Asn-133 points outward 
contribute two more potential hydrogen bonds in the H9/LSTc case (Fig. 3a). Mutagenesis studies could 
access the contribution to the saccharide conformation of these interactions and others with residues 
193, 156, and 155 (Fig. 3a). Another possible source of the difference in the LSTc conformations may 
result from the difference in the position of Gal-2 and GlcNAc-3, resulting from the sequence 
differences at 228 and 190 (Gly/Val-H9; Ser/Glu-H3). 

The first two saccharides of LSTa ( 2,3) bind almost identically to the Leu-226-containing H9 swine 
and H3 human virus HAs (red and blue in Fig. 3c), although two more of the proximal saccharides were 
observed in the H3 crystal structure (19). In the preferred combination, LSTa with the Gln-226-
containing avian H5 HA, the trans conformation at the (2,3) linkage (green and bold arrow in Fig. 3c) 
projects the proximal saccharides up and away from the 220s loop, and a contact from Gal-2 to Glu-190 
is observed. 

By contrast, only sialic acid and fragments of the penultimate Gal-2 are visible in electron density of the 
nonpreferred pairings, H5 with 2,6 LSTc (Fig. 2d) and H9 with 2,3 LSTa (Fig. 2e). 

Human and Swine HA Receptor-Binding Sites Are Wider than Those of the Avian HA. The 
distance between the 130 loop and the loop formed by residues 223-228, the 220 loop, which form two 
sides of the receptor-binding sites, is greater by 0.5Å (rms backbone atom average) in the human H3 
(Leu-226/Ser-228) and swine H9 (Leu-226/Gly-228) HAs than in the Avian H5 HA (Gln-226/Gly-228) 
(Fig. 4). The narrower avian HA-binding site has Gln-226 close under the sialic acid in position to 
hydrogen-bond to the carboxylate group, and the amide group of Gly-228 of the avian HA hydrogen-
bonds via a water molecule to the 8- and 9-OH of sialic acid (white in Fig. 4). In the swine H9 site, Gly-
228 is positioned approximately the same as in the H5 avian site, with a water molecule hydrogen-
bonded to the 228-amide, but Leu-226, compared with Gln-226, is pushed back from the sialic acid by 
more than 0.5Å, so that the lower methyl group of Leu-226 in the 220 loop can fit next to Ala-138 in the 
130 loop (gray in Fig. 4). In the human H3 HA, both Ser-228 and Leu-226 are "pushed" back from the 
sialic acid, with a hydrogen bond from the Ser-228 OH group to the 9-OH of sialic acid replacing the 
water-mediated hydrogen bond (green in Fig. 4). A related difference was described earlier between the 
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1968 human H3 HA and a single residue variant selected for decreased 2,6 binding in which Leu-226 
was replaced by Gln (L226Q) (22, 32). In that mutant, Ser-228 is located as in the wild-type human H3 
HA and Gln-226 is located as in the avian H5 HA.  

 

Evidently, the "closed" geometry of the avian H5 HA, which prefers 2,3 linkages, results from the Gln-
226/Gly-228 pair. This geometry appears optimal for positioning Gln-226 to hydrogen-bond to the 2,3 
trans motif composed of the 4-OH of Gal-2 and the glycosidic oxygen (Fig. 2c). The human H3 HA with 
the Leu-226/Ser-228 pair is at the opposite extreme, more "open" at both 228 and 226, which may be 
optimal for Leu-226 to make nonpolar contacts to 2,6 cis linkages. Swine H9 HA (Leu-226/Gly-228) 
and the L226Q variant of human H3 HA (Gln-226/Ser-228) appear to be intermediate, with partial avian 
and partial human character and the nonstandard Leu/Gly and Gln/Ser pairs (Fig. 2f). 

However, these considerations do not apply to the HAs of the H1 subtype. H1 HAs isolated from 
humans prefer the 2,6 sialic acid linkage yet contain the Gln-226/Gly-228 pair characteristic of avian 
HAs (33-35). H1 HA structures will be required to understand the basis for these preferences. 

 

We have compared how H5 avian, H9 swine, and H3 human virus HAs bind 
avian and human pentasaccharide sialoside receptor analogs by x-ray 
crystallography. Although differences in a few residues in the binding sites of 
the avian, swine, and human virus HAs cause small differences in the sialic 
acid position, the sialic acid makes a number of conserved contacts and 
hydrogen bonds (Fig. 1). The H5 avian HA recognizes the trans conformation 
of the 2,3 glycosidic linkage that creates a motif of the glycosidic oxygen 

and the axial 4-OH of Gal-2 that is complementary to the hydrogen-bonding capacity of Gln-226 (Fig. 
2c). If 2,6 sialosides bind in their preferred cis conformation to the H5 avian HA, then nonpolar atoms 

of Gal-2 would cover Gln-226 (number 6 in Fig. 2d), unfavorably shielding it from making hydrogen 

 
View larger version (38K):  

[in this window]  
[in a new window] 

  

Fig. 4.   Swine H9 and human H3 HA binding sites 
preferring 2,6 linkages are wider than avian H5 preferring 
2,3. The H9 swine (gray), H3 human (green), and H5 avian 

(white) 226/228 loops are superimposed, showing that the H5 
avian 220s loop (Gln-226/Gly-228) is closer to the opposing 
130s loop than the H9 swine (Leu-226/Gly-228) or H3 
human (Leu-226/Ser-228). Contact between Ala-138 and the 
lower methyl group of Leu-226 requires a more "open" site. 
The glycosidic oxygen of sialic acid (atom colors) is labeled 
with an asterisk. A water molecule (red sphere) mediates 
interactions between the amide group of Gly-228 and the 8-
 and 9-OHs of sialic acid in H9 swine and H5 avian HAs. The 
hydroxyl group of Ser-228 "replaces" the water molecule to 
form a hydrogen bond with 9-OH in the H3 human HA.  
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bonds. (No saccharides beyond sialic acid were observed in this x-ray structure, presumably because the 
binding was so unfavorable (Fig. 2d).]  

In contrast, the H9 swine and H3 human virus HAs recognize the cis conformation of the 2,6 and 2,3 
glycosidic linkage, where the linkage carbon atoms of Gal-2 C6 in LSTc and Gal-2 C3 in LSTa and the 
Gal-2 ring of LSTa make nonpolar contacts with Leu-226 (Fig. 2 e and f and figure 2 in ref. 19) and the 
glycosidic oxygen points toward solution. 2,6 apparently is favored by the H9 swine HA (Fig. 3f) 
because only sialic acid and Gal-2 of the oligosaccharide are detected interacting with the HA in the 

2,3 pentasaccharide sialoside complex (Fig. 3e). The width of avian virus-binding sites is narrower than 
the swine and human HA sites, which appears to optimize contacts with the preferred sialoside linkages. 
The H9 swine HA with Leu-226/Gly-228 may represent an evolutionary intermediate (33), with a 
binding site not yet as optimal for human cells as the human 1968 H3 site (Fig. 4).  

 

We thank members of our laboratories for helpful discussions, the beamline staff at 14BMC at APS for 
assistance in data collection, and Dr. Chi-Huey Wong and colleagues for a helpful synthesis. This 
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HA, hemagglutinin; Sia, sialic acid.  
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Data deposition: The atomic coordinates have been deposited in the Protein Data Bank, www.rcsb.org 
(PDB ID codes 1JSH, 1JSI, 1JSN, and 1JSO).  
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