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Structure and Receptor Specificity of
the Hemagglutinin from an H5N1

Influenza Virus

James Stevens,™* Ola Blixt,"? Terrence M. Tumpey,”* Jeffery K. Taubenberger,®

James C. Paulson,™? lan A. Wilson»3*

The hemagglutinin (HA) structure at 2.9 angstrom resolution, from a highly pathogenic Vietnamese
H5N1 influenza virus, is more related to the 1918 and other human H1 HAs than to a 1997 duck
H5 HA. Glycan microarray analysis of this Viet04 HA reveals an avian «2-3 sialic acid receptor
binding preference. Introduction of mutations that can convert H1 serotype HAs to human «2-6
receptor specificity only enhanced or reduced affinity for avian-type receptors. However, mutations
that can convert avian H2 and H3 HAs to human receptor specificity, when inserted onto the Viet04
H5 HA framework, permitted binding to a natural human «2-6 glycan, which suggests a path for
this H5N1 virus to gain a foothold in the human population.

he H5NI1 avian influenza virus, com-

I monly called “bird flu,” is a highly con-
tagious and deadly pathogen in poultry.

Since late 2003, H5N1 has reached epizootic
levels in domestic fowl in a number of Asian
countries, including China, Vietnam, Thailand,
Korea, Indonesia, Japan, and Cambodia, and
has now spread to wild bird populations. More
recently, the H5N1 virus has spread to infect
bird populations across much of Europe and
into Africa. However, its spread to the human
population has so far been limited, with only
191 documented severe infections, but with a
high mortality accounting for 108 deaths in
Indonesia, Vietnam, Thailand, Cambodia, Chi-
na, Iraq, Turkey, Azerbaijan, and Egypt [as
of 4 April 2006, see the World Health
Organization Web site (/)]. Of these, evi-
dence suggests direct bird-to-human transmis-
sion, although indirect transmission, perhaps
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through contaminated water supplies, cannot
be ruled out.

Of the three influenza pandemics of the last
century, the 1957 (H2N2) and 1968 (H3N2)
pandemic viruses were avian-human reassort-
ments in which three and two of the eight avian
gene segments, respectively, were reassorted
into an already circulating, human-adapted virus
(2, 3). The origin of the genes of the 1918 in-
fluenza virus (HIN1), which killed about 50
million people worldwide (4), is unknown. The
extinct pandemic virus from 1918 has recently
been reconstructed in the laboratory and was
found to be highly virulent in mice and chicken
embryos (5, 6). With continued outbreaks of the
H5N1 virus in poultry and wild birds, further
human cases are likely, and the potential for the
emergence of a human-adapted H5 virus, either
by reassortment or mutation, is a threat to pub-
lic health worldwide.

Hemagglutinin (HA), the principal antigen
on the viral surface, is the primary target for
neutralizing antibodies and is responsible for
viral binding to host receptors, enabling entry
into the host cell through endocytosis and sub-
sequent membrane fusion. As such, the HA is
an important target for both drug and vaccine
development. Although 16 avian and mamma-
lian serotypes of HA are known, only three
(H1, H2, and H3) have become adapted to the

human population. HA is a homotrimer; each
monomer is synthesized as a single polypeptide
(HAO) that is cleaved by host proteases into
two subunits (HA1 and HA2). HA binds to
receptors containing glycans with terminal sialic
acids, where their precise linkage determines
species preference. A switch in receptor speci-
ficity from sialic acids connected to galactose in
02-3 linkages (avian) to 0.2-6 linkages (human)
is a major obstacle for influenza A viruses to
cross the species barrier and to adapt to a new
host (7, 8). On H3 and HI HA frameworks, as
few as two amino acid mutations can switch
human and avian receptor specificity.

Of the H5N1 viral isolates studied to date,
A/Vietnam/1203/2004 (Viet04) is among the
most pathogenic in mammalian models, such as
ferrets and mice (9, 70). This virus was orig-
inally isolated from a 10-year-old Vietnamese
boy who died from bird flu. Because of the im-
portance of HA in viral pathogenesis and host
response to viral infection, we cloned and
expressed the ectodomain (HAO) of its HA gene
(fig. S1) in a baculovirus expression system,
using the same strategy that led to the crystal
structure of the 1918 influenza virus HAO
(11, 12). Viet04 HAO was cleaved during protein
production into its activated form (HA1/HA2)
and was crystallized at pH 6.55 (13). Its struc-
ture was determined by molecular replacement
(MR) to 2.95 A resolution (table S1) (/4). In
addition, we have investigated the potential of
this HS HA to acquire human receptor specificity
by introducing mutations known to effect such a
specificity switch on H1 and H3 frameworks.

Structural overview. The overall fold of the
Viet04 HA trimer (Fig. 1, A and B) is very
similar to other published HAs, as expected,
with a globular head containing the receptor
binding domain (RBD) and vestigial esterase
domain, and a membrane proximal domain
with its distinctive, central a-helical stalk and
HA1/HA2 cleavage site (essential for viral
pathogenicity). Although Viet04 HA and the
only other avian H5 HA structure, Sing97
[A/Duck/Singapore/3/1997; Protein Data Bank
(PDB) entry 1jsm (/5)], are closely related in
sequence (HA1, 90%; HA2, 98%), the best mo-
lecular replacement (MR) solutions were sur-
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prisingly achieved by using the 1918 HI1
structure (sequence identity: HA1, 58%; HA2,
85%) as a search model (/6). Superimposition
of human, avian, and swine HA structures by
using their HA2 domains (table S2) or individ-
ual domains (table S3) confirms that the Viet04
HA is more closely related to human 1918
H1 HA [root mean square deviation (RMSD)
1.2 A] than to Sing97 H5 HA (RMSD 1.7 A).
For example, an interhelical loop between the
two major helices in HA2 is stabilized by a
hydrogen bond between HA2 Arg® and HA2
Asn®!, resulting in its having an overall con-
formation much more akin to the 1918 H1 loop
than to that of Sing97 or H3 (Fig. 1C).

The amino acid sequence of Viet04 HA
predicts seven possible glycosylation sites per
monomer, although one is in the cytoplasmic
tail and unlikely to be glycosylated. Interpretable
electron density is observed at 16 of the possi-
ble 54 glycosylation sites in the asymmetric
unit (nine monomers), which represents car-
bohydrates at two sites, Asn3* and Asn'®® in
HAL (17).

Hemagglutinin is synthesized as a single-
chain precursor (HAO) in the endoplasmic re-
ticulum, where it is assembled as a trimer, and is
then exported to the cell surface via the Golgi
network. On the cell surface, HAO is cleaved by
specific host proteases, such as tryptase Clara
(18), into HA1 and HA2 (19). For the majority
of HAs, the specific cleavage site (Q/E-X-R)

Polybasic

cleavage
site and
is Patch

(20) and the narrow tissue distribution of the
relevant proteolytic enzymes restricts infection
to the lung in mammals. However, for HS and
H7 subtypes, a polybasic sequence has been
associated with high virulence in birds (27),
because of enhanced cleavage susceptibility by a
broader range of cellular proteases, as seen with
our baculovirus-expressed Viet04 HA (fig. S1)
(22). Consequently, the tissue tropism for H5
viruses in mammals is not restricted to the lungs,
but extends to other organs, including the brain
(10). In the Viet04 structure, the C-terminal HA1
cleavage site region could be interpreted only as
far as Pro’?* and does not account for the
remaining QRERRRKKR residues before Gly!
at the N terminus of HA2 (fig. S3). As in other
HAs, the HA2 N terminus is stabilized within
an electronegative cavity by hydrogen bonds
from its backbone amide groups to Asp'!? and
to Ser!'!3 of the adjacent HA2 (fig. S3).

From our previous 1918 HAO structure, we
proposed that a pH-sensitive histidine patch
(HisA'8, His*3%, and HisB!'!) (/4), together
with the adjacent HA2 Trp®?!, could play a role
in fusion peptide destabilization and release (Fig.
1A) (11). This structural feature is conserved in
other avian and human HI, H2, and H5
serotypes, as well as in Viet04 HA (fig. S3).
In 1918 HAO, a second patch of four exposed
histidines within the vestigial esterase domain
(Fig. 1A and fig. S4A), together with a nearby
lysine, was also implicated in pathogenicity via

RESEARCH ARTICLES I

enhanced membrane fusion (/7). Of the five
HAL residues in this basic patch (His*’, Lys>°,
His?7>, His?®, and His?>*®), only three are
conserved in avian HS5 structures (His*’,
Lys*Y, and His?**®) (fig. S4, B to D), but Viet04
and Sing97 HAs have an additional lysine
(Lys*) and histidine (His**?) (fig. S4, B, C,
and E). Furthermore, Viet04 has yet another
lysine (Lys*®), which renders this patch even
more basic and is found in two strains (1203/
1204) that were isolated from the same patient
(10) (fig. S5). The contribution of this region to
virulence, if any, is as yet unknown, but is
worthy of further investigation.

H5N1 antigenic variation. Phylogenetic
analysis of HS HA genes from 2004 and 2005
has revealed two distinct lineages, termed
clades 1 and 2 (23); Viet04 belongs to the
Indochina peninsula lineage (clade 1). Compar-
ison of their amino acid sequences identified 13
positions of antigenic variation that are mainly
clustered around the receptor-binding site; the
rest are within the vestigial esterase domain (Fig.
2). Escape mutants of H5 HAs (24, 25) can be
clustered into three epitopes (24), as follows:
site 1, an exposed loop (HA1 140 to 145) that
overlaps with antigenic sites A (26) of H3 (27)
and Ca2 of H1 (28); site 2, HA1 residues 156
and 157, which correspond to antigenic site B
in H3 serotypes; and site 3, HA1 129 to 133,
which is restricted to the Sa site in H1 HAs (28)
and H9 serotypes (29). Thus, natural variation

Fig. 1. Crystal structure of
Viet04 HA and comparison
with 1918 human H1, duck
H5, and 1968 human H3 HAs.
(A) Overview of the Viet04
trimer, represented as a ribbon
diagram. For clarity, each mono-
mer has been colored different-
ly. Carbohydrates observed in
the electron-density maps are
colored orange, and all the
asparagines that make up a
glycosylation site are labeled.
Only Glu?°, Glu®®%, and Phe'>*
are not labeled, as these are on
the back of the molecule. The
location of the receptor bind-
ing, cleavage, and basic patch
sites are highlighted only on
one monomer. All the figures
were generated and rendered
with the use of MacPymol (66).
(B) Structural comparison of
the Vieto4 monomer (olive)
with duck H5 (orange) and
1918 H1 (red) HAs. Structures

Downloaded from www.sciencemag.org on July 15, 2009

were first superimposed on the
HA2 domain of Viet04 through the following residues: Viet04, Gly* to Pro'¢?;
1918 H1 (PDB: 1rd8), Gly* to Pro¢°; H3 (PDB: 2hmg), Gly* to Pro¢%; H5 (PDB:
1jsm), Gly* to Pro'¢°. Orientation of the overlay approximates to the blue
monomer in (A). (C) Superimposition of the two long a-helices of HA2 for 1918
H1 (PDB: 1rd8), avian H5 (PDB: 1jsm), human H3 (PDB: 2hmg), and Viet04 reveal that the extended interhelical loop of Viet04 is more similar to the 1918
H1 than to the existing avian H5 structure. The side chain of Phe®3 is illustrated as an example of the close proximity of the two structures.

D154
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(yellow in Fig. 2), as well as escape mutants
(blue in Fig. 2, green in both 2004 and 2005
viral isolates), suggests continued evolution of
the virus that impacts decisions on which strain
should be considered for a bird flu vaccine. One
mutation that has alanine at residue 160 replaced
by threonine (A160T), which is present in all
200405 strains, introduces a new glycosylation
site at Asn'*8, consistent with a strategy com-
monly used by influenza viruses to mask and
unmask antigenic sites from the immune sys-
tem (30, 31). This glycosylation likely results in
steric hindrance to antigenic site 2 (around
residues 156 and 157), thus reducing the ability
of the host to mount an effective immune
response to these more recent HSN1 viruses.
Receptor binding domain. The RBD is at
the membrane distal end (HA1) of each HA
monomer (Fig. 1A) and binds to its sialic acid—

Side View

Fig. 2. Antigenic varia-
tion in recent H5N1 vi-
ruses mapped onto the
Viet04 structure. (Left)
Side view of the Viet04
structure in which natural
mutations identified by
comparison of 2005 with
2004 isolates (23) are
colored yellow; escape
mutants (24, 25) are blue;
and those that overlap in
both analyses are green.
All of the 2004 and
2005 strains have a new
potential glycosylation
site at position 158 in
the HAL chain (orange).
The receptor binding site
is highlighted with a red
oval. (Right) Top view
looking down onto the
globular membrane distal
end of the trimer around
the RBD showing that
the mutations mainly
cluster around the RBD.

Fig. 3. Analysis of Viet04 receptor
binding site. (A) The Viet04 receptor-
binding domain (RBD) with the side
chains of key residues for receptor binding
labeled. The binding site comprises three
structural elements: an a-helix (190-helix)
and two loops (130-loop and 220-loop).
Residues mutated in this study are labeled
red. (B) Overlay of the RBDs of Viet04
with Sing97 structure (PDB: 1jsm) reveals
a similar RBD. The most divergent part of
the pocket is the loop made up of residues
210 to 221, in which the Viet04 loop is
displaced ~1 A farther away from the
binding pocket compared with the 1997
avian H5. Only two residues, at position
216 and 221, differ in these two RBDs.

containing receptors with very weak (millimolar)
affinity (32). However, influenza virus can in-
crease its avidity to host cells through multivalent
binding via a high density of HA trimers on the
virus surface. Avian viruses bind to sialosides
with an a2-3 linkage in the intestinal tract,
whereas human-adapted viruses are specific for
the 02-6 linkage in the respiratory tract (7),
although HS5 viruses have also been reported in
human intestine (33). A switch from 02-3 to
02-6 receptor specificity is a critical step in the
adaptation of avian viruses to a human host and
appears to be one of the reasons why most avian
influenza viruses, including current avian HS5
strains, are not easily transmitted from human to
human after avian-to-human infection.

All HA structures, including Viet04 (Fig. 3A),
have similarly configured RBDs. The binding
site comprises three structural elements, namely

Top View

Pro140
Sert4s Lys'#

an o-helix (190-helix, HA1 188 to 190) and two
loops (130-loop, HA1 134 to 138, and 220-loop,
HAT1 221 to 228) (Fig. 3A). A number of con-
served residues are involved in receptor bind-
ing, including Tyr"®, Trp'53, and His!®? (Table
1) (19). Superimposition of the RBD structural
elements of Viet04 with Sing97 HS5 reveals a
very close relation (RMSD 0.3 A) (Fig. 3B).
Indeed, all key residues implicated in receptor
specificity [reviewed in (/9)] (Table 1) are con-
served between structures, although loop 210 to
221 is displaced ~1 A from its equivalent in
Sing97 (Fig. 3B). Otherwise, only two RBD
residues differ between these two HS5 HAs
(Viet04, Arg?'¢ and Ser??!; Dk97, Glu?!¢ and
Pro??"). Thus, the question arises as to how a
current H5 virus could adapt its HA for binding
to human receptors.

Receptor binding specificity of Viet04 HA.
Our cloning and expression strategy produces
HA with a His-tag at the C terminus, which fa-
cilitates receptor-binding studies using a glycan
microarray (34-37). Glycan binding analyses of
Viet0O4 HA reveal an avian 02-3 specificity in
which the highest affinity is for glycans with sul-
fate on the 6 position of the N-acetylglucosamine
(GlIcNAc) residue at the third position in the glycan
chain (Fig. 4A and table S4) (38, 39). Con-
siderable binding to only one 0.2-6-linked sialo-
side was observed (6 -sialyllactose, no. 49), but
this glycan is only found in milk and is not a
receptor candidate for influenza (40). We also
expressed and investigated the glycan-binding
properties of A/Duck/Singapore/Q-F119-3/
1997 (Dk97), whose sequence is identical to
that of Sing97, for correlation with its structure
(15). Binding of glycoproteins (nos. 1 to 6) and
sulfated glycans was comparable to those of
Viet04, but binding to other a2-3 sialosides was
reduced relative to Viet04 (Fig. 4B).

Mutational analysis of the RBD. Previous
studies using whole virus identified a number
of key RBD mutations that were implicated in
avian-human receptor specificity switching in
H1, H2, and H3 serotypes. However, adaptation
of avian H1 and H2/H3 serotypes for human
receptor binding occurs by different mecha-
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nisms. For H2 and H3, mutation of GIn??° and
Gly??® in avian strains to Leu??® and Ser??® in
human viruses correlates with a shift to human
receptor specificity (41, 42). In H1 serotypes,
the avian GIn??¢ and Gly??® framework is main-
tained and a Glu'®® to Asp!°® mutation now
appears critical for adaptation to human a2-6 re-
ceptors (43, 44). Indeed, glycan microarray and
cell-based assays revealed that the 1918 HA

Table 1. Conserved residues within the RBDs of H1 and H5 serotypes that
are implicated in receptor specificity. Accession numbers for each wild-type
HA are listed in supporting online material. Residues mutated in this study
are highlighted in gray. The last two columns give a qualitative assessment of
02-3/02-6 binding preferences for each mutant with the glycan array.

could be readily converted from classic 02-6
receptor specificity to classic avian a2-3 spe-
cificity by only two mutations (DI90E and
D225G) (35, 45). Here, the reverse experiment
was performed with an avian H1 virus [A/Duck/
Alberta/35/1976 (Dk76)] in which the same two
residues were mutated to the “human’ sequences
(E190D and G225D), which completely con-
verted Dk76 to exclusive 0.2-6 specificity, similar

RESEARCH ARTICLES

to that seen for the South Carolina 1918 virus
(Figs. 4C and 5, A to C; and table S4) (11, 46).

However, which mutations are likely to mod-
ulate receptor specificity in the HS serotype is
not so obvious. Based on sequence similarity,
H5 is in the same clade as H1, H2, and H6
serotypes (47). So, to address that issue, we
analyzed glycan binding of Viet04 HA (Fig. 5
and fig. S6) by generating a panel of mutants

Qualitative binding assessments were based on a combination of the signal
strength and the number of glycans bound for a given linkage. The binding
of Viet04 was used as a standard for strong binding to the a:2-3 linkage
(v »¥v*), and the double mutant for Dk76 (E190D,G225D) was used for
strong binding (v +##) to the 0.2-6 linkage.

Viral strain Amino acid position Specificity
98 136 153 183 190 193 194 216 221 222 225 226 227 228 a2-3 02-6
H1 serotype
A/Duck/Alberta/35/1976 Y T w H E S L E P K G Q A G Vs 0
A/Duck/Alberta/35/1976 (E190D) Y T W H D S L E P K G Q A G g 0
A/Duck/Alberta/35/1976 (G225D) Y T w H E S L E P K D Q A G 0 0]
A/Duck/Alberta/35/1976 (E190D,G225D) Y T W H D S L E P K D Q A G 0 I d
H5 serotype
A/Duck/Singapore/Q-F119-3/1997 Y S W H E K L E P K G Q S G il 0
ANietnam/1203/2004 Y S W H E K L R S K G Q S G SHS 4
A/Vietnam/1203/2004 (E190D) Y S w H D K L R S K G Q S G d 0
ANietnam/1203/2004 (G225D) Y S W H E K L R S K D Q S G S 4
A/Vietnam/1203/2004 (E190D,G225D) Y S w H D K L R S K D Q S G (0] 0
ANietnam/1203/2004 (Q226L) Y S W H E K L R S K G L S G g 0
A/NVietnam/1203/2004 (S227N) Y S w H E K L R S K G Q N G S e
ANietnam/1203/2004 (G228S) Y S W H E K L R S K G 0 S S  SASHSE S
A/Vietnam/1203/2004 (Q226L,G228S) Y S W H E K L R S K G L S S e A
ANVietnam/1203/2004 (R216E) Y S W H E K L E S K G Q S G ND ND
ANietnam/1203/2004 (S221P) Y S W H E K L R P K G Q S G S 4
ANietnam/1203/2004 (R216E,S221P) Y S W H E K L E P K G Q S G S g

*Although Viet04 mutants (G228S and Q226L,G228S) only bound a limited number of a2-6 ligands, they bound strongly to these glycans and were, therefore, assessed as v*v* for a.2-6
specificity. No binding is represented by “0”; ND indicates binding to the array was not determined.

Fig. 4. Glycan microarray analy-
ses of (A) Viet04, (B) Dk97, and
(C) an avian H1, Dk76. The Dk97
HA sequence is identical to that in
the published structure of duck
virus Sing97, so a direct structural
comparison can be made. Binding
to different types of glycans on
the array are highlighted where §
orange represents glycoproteins; 1
yellow, a2-3 ligands; green, a2-6

ligands; blue, a2-8 ligands; and

Fluorescence

purple, other ligands such as B-linkages, modified sialic acid analogs or glycolylsialic acid

600001 vieto4
A

Jﬂlh hllnnl\l|||¢Lm

Glycan Array

60000

Cc

glycans. Red bars indicate sulfated or additional negatively charged ligands. See table S4
for list and tabulated binding results. Because of continual glycan microarray development,
a number of new ligands were printed between analyzing the Dk76 protein (C) and the
remaining samples reported in this study. Binding to glycans nos. 37 to 44, 56, 58 to 60,
67, and 70 was not determined for Dk76 and its three mutants in Fig. 5.
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(Fig. 3A and Table 1) in and around the RBD to
explore whether this HS HA can readily become
adapted to humans through mutations that are
known to change receptor specificity in H1 and
H3 serotypes. Mutations at positions 190 and
225 did not reveal any adaptation of Viet04 to
human receptor analogs (Fig. 5, D to F) (48), in
contrast to H1 Dk76 (Fig. 5, A to C) and 1918
HAs (35). Indeed, the single E190D mutation on
the Viet04 framework reveals markedly reduced
affinity to 02-3 sialosides (Fig. 5D), whereas
the double mutant (E190D,G225D) did not in-
teract at all with the glycan microarray (Fig.
5F) (49, 50). However, sulfated glycans bound
equally well to the single E190D mutant and to
the wild type (Figs. 4A and 5D), which sug-
gests that other residues within the Viet04
RBD, such as Lys!? or Lys?*? (Fig. 3A), may
enhance interaction with charged glycans.
Mutation of residues 226 and 228, which
enable H3 viruses to switch from avian to human
specificity, was also evaluated as a potential

route for HS viruses to acquire human receptor
specificity. Although a dramatic switch to a clas-
sic 02-6 human receptor binder was not observed
(51), the double mutant (Q226L,G228S) showed
substantially reduced affinity to 02-3 sialo-
sides, as noted for mutants of the H3 A/Hong
Kong/156/1997 virus (52). But it was notable
that significant binding to a natural, branched
02-6 biantennary glycan (nos. 56 and 57) was
observed for both the double mutant and the
single G228S mutant (Fig. SH). Although the
glycan composition of lung epithelia have not
been analyzed in detail, the mammalian sialyl-
transferase that produces 02-6-linked structures
on many human tissues (53, 54) is found in
lung epithelial cells (55-57). Thus, these two
effects could offer advantages for an HSNI1
virus to adapt to a human host. Decreased
binding to 02-3-linked glycans would help
circumvent the inhibitory effects of respiratory
mucins (58), whereas increased binding to
biantennary N-linked glycans with 02-6-linked

sialic acids would allow the virus to attach to
the surface of epithelial cells that express this
carbohydrate receptor (55-57). In this regard,
human H1 viruses before 1957 were reported to
bind sialic acid receptors with both ¢2-3 and
02-6 linkages; post 1957 viruses were specific
only for 02-6 linkages (37). These binding
patterns suggest that, once a foothold in a new
host species is made, the virus HA optimizes its
specificity to the new host. It is noteworthy
that, of the HAs tested on the array, the
humanized avian H1 (Dk76) double mutant
(E190D,G225D) (Fig. 5C) and the human H3
HA (A/Moscow/10/1999) (35) did not bind 02-6
biantennary glycans, in contrast to 1918 South
Carolina H1 HA and human H1, A/Texas/36/
1991 (35). Therefore, the HAs of some viruses
may be able to increase avidity through
interaction with such bivalent structures on N-
linked glycans, whereas, for others, the geom-
etry of the bivalent structure appears to restrict
binding to linear sequences containing 02-6
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Fig. 5. Glycan microarray analysis of mutants of Viet04 and Dk76.
Mutations of an avian H1, Dk76: (A) E190D, (B) G225D, and (C) E190D
and G225D were generated and subjected to glycan microarray analysis.
Both positions were reported to be important for conversion of 02-6
receptor specificity of the human 1918 virus HA to avian a2-3 specificity
(35, 45). These mutations did indeed result in exclusive 0.2-6 specificity for
this avian H1 HA. (D to F) Consequently, Viet04 mutations were generated at
the same positions, but did not result in a switch of receptor specificity,

except to 6'-sialyllactose, although they did result in decreased ©2-3
binding, particularly to nonsulfated glycans (compare Fig. 4A). (G to I)
Viet04 was mutated at positions 226 and 228, known to be important for H3
HA 02-6 receptor adaptation. Again, no clear switch in receptor specificity
was observed, although binding to biantennary a.2-6 moieties was observed,
as well as reduced o.2-3 binding in the double and single (Q226L) mutant.
Graphs are generated as described in the legend for Fig. 4 and labels to the
introduced mutations.
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linkages. Thus, although human viral HAs have
a primary specificity for a2-6 linkages, each
may use a different spectrum of glycan recep-
tors for cell entry.

All key residues within the RBD are con-
served in the majority of H5 strains that
have infected humans (fig. S5). However, two
A/Hong Kong/2003 (HK2003) isolates acquired
a S227N mutation within the binding site, where-
as a double mutation (E216R,P221S) in the
220-loop is observed in all 2003-05 isolates
(fig. S5). The possible effect of these natural
mutations on Viet04 HA binding specificity
(Table 1) was, therefore, assessed. The S227N
mutation had comparable specificity to that of
Viet04, with the exception of increased binding,
particularly for branched 02-3 fucosylated
glycans (nos. 26 to 29) and for 6-sialylated
N-acetylgalactosamine (GalNAc) (no. 20) (fig.
S6A) (59, 60), contrary to previous reports that
HK2003 isolates had increased affinity toward
02-6 analogs, but decreased affinity toward
02-3 analogs (39). However, in a previous study
from a 1997 isolate, such changes were also not
observed (52), although Viet04 differs at a num-
ber of other positions around the RBD compared
with the Hong Kong isolates that could ac-
count for this difference (67) (Fig. 3A). Reverse
R216E and S221P mutants were also generated,
as well as the double mutant (R216E,S221P),
but the R216E mutant expressed poorly and
could not be analyzed. However, only the
double mutant is found in natural isolates, sug-
gesting a pressure to select for both mutations,
which possibly are related to the HA stability.
Whereas Viet04 HA binds to branched fuco-
sylated sialosides (nos. 26 to 29) (Fig. 4A), the
S221P mutation showed weaker binding,
whereas the double mutant abrogated binding
to all branched fucosylated glycans unless sul-
fated (no. 25) (fig. S6, B and C). In the Viet04
HA structure, these residues hydrogen bond to
an adjacent monomer in the trimer (Arg?'® with
Asn?1% and Ser®?! with Asp?*!) (15) and sta-
bilize the displaced 210 to 229 loop (Fig. 3B),
which, therefore, could possibly enhance bind-
ing to branched fucosylated glycans.

So how might H5 avian HA adapt to human
receptors? Knowledge of genetic changes in
circulating viral isolates (39) by themselves ob-
viously cannot be used to predict the impact on
receptor specificity, let alone predict the effect
of future mutations. Here, we use a completely
recombinant system for structural and functional
analyses that enables such investigation in the
laboratory. Our conclusion is that the mutations
that cause a shift from the avian-type to human-
type specificity on the H1 and H3 frameworks
do not cause an equivalent shift in specificity on
the H5 framework of the Viet04 isolate. How-
ever, the mutations that give rise to 02-6
specificity in H3 HAs do in fact reduce avidity
to 02-3 sialosides and increase specificity for
02-6-linked biantennary N-linked glycans that
could serve as receptors for the virus on lung

epithelial cells. These combined effects could
allow the Viet04 virus to escape entrapment by
mucins and increase the likelihood of binding to
and infection of susceptible epithelial cells (52).
Thus, such mutations provide one possible
route by which H5 viruses could gain a foot-
hold in the human population, although it is
possible that other, as yet unidentified, muta-
tions may allow the H5NI1 virus to effect a
switch in receptor specificity.

This glycan microarray technology can,
therefore, be used to analyze not only existing
viral HAs, but as we show here, to identify
mutations that enable adaptation of the remain-
ing influenza serotypes into the human popula-
tion. Monitoring such changes in the “receptor
binding footprint™ in the field on whole viruses
using the glycan microarray could be invaluable
in the identification of emerging viruses that
could cause new pandemics or epidemics.

References and Notes

1. WHO (www.who.int/en/).

2. C. Scholtissek, W. Rohde, V. Von Hoyningen, R. Rott,
Virology 87, 13 (1978).

3. Y. Kawaoka, W. ]. Bean, R. G. Webster, Virology 169, 283
(1989).

4. N. P. Johnson, ]. Mueller, Bull. Hist. Med. 76, 105 (2002).

5. ]. K. Taubenberger et al., Nature 437, 889 (2005).

6. T. M. Tumpey et al., Science 310, 77 (2005).

7. C.R. Parrish, Y. Kawaoka, Annu. Rev. Microbiol. 59, 553
(2005).

8. Y. Suzuki et al., ]. Virol. 74, 11825 (2000).

9. E. A. Govorkova et al., J. Virol. 79, 2191 (2005).

10. T. R. Maines et al., J. Virol. 79, 11788 (2005).

11. ). Stevens et al., Science 303, 1866 (2004).

12. Materials and Methods are available as supporting
material on Science Online.

13. Viet04 HA at a concentration of 9 mg/ml was used to
grow crystals in sitting drops with a precipitant solution of
22% polyethylene glycol 2000 and 0.1 M Hepes, pH
6.55 (see also supporting online material).

14. 1918 H1 HAO (PDB: 1rd8), truncated to remove residues
around the cleavage site, was used as the initial MR
model. The final R, and Ry, values are 26.9 and
31.9% respectively, at 2.9 A resolution. The crystal
asymmetric unit contains nine hemagglutinin monomers
(six HA monomers in two noncrystallographic trimers and
three HA monomers that each form one-third of three
crystallographic trimers) with an estimated solvent
content of 57% based on a Matthews' coefficient (V, ) of
2.9 A3/dalton (fig. 52). For comparison with previous
structures, the Viet04 sequences are numbered as for the
H3 subtype. A, C, E, G, I, K, M, O, and Q refer to the
nine HA1 subunits in the asymmetric unit, and B, D, F, H,
], L, N, P, and R refer to the nine HA2 subunits; e.g.,
HisA8 refers to HAL residue 18 in the A subunit and
HisB11 refers to HA2 residue 111 in the B subunit of the
same monomer. Insertions in Viet04 relative to H3 are
labeled by the preceding residue with a letter (e.g.,
Asn19h).

15. Y. Ha, D. ]. Stevens, ]. J. Skehel, D. C. Wiley, EMBO J. 21,
865 (2002).

16. Scores from the molecular replacement program PHASER
revealed superior scores for the 1918 H1 structure
(Z score: 37.2; and log-likelihood gain, 3412), as
compared with the Sing97 structure (Z scores, 33.8; and
log-likelihood gain, 768).

17. Two N-acetyl glucosamines were interpretable at 13 of
these sites (AsnA34, Asn©34, AsnC169, AsnE34, AsnG34,
Asnl34l Asn\169l AsnK34l Asnkléql ASnM34, Asané‘?l Asn034l
Asn©169), but an additional mannose residue could be
interpreted at a further three sites (AsnA16?, AsnE169,
AsnG169). The glycans are stabilized at Asn3* by a
neighboring residue (Gln24) in the same chain, whereas

RESEARCH ARTICLES

at Asn'¢?, an additional mannose was visualized because
of stabilization with Lys°¢ and main-chain amide of Val>7,
in a symmetry-related monomer.

18. H. Kido et al., J. Biol. Chem. 267, 13573 (1992).

19. ]. ). Skehel, D. C. Wiley, Annu. Rev. Biochem. 69, 531
(2000).

20. Single-letter abbreviations for the amino acid residues
are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G,
Gly; H, His; 1, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q,
Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; X, any amino
acid; and Y, Tyr.

21. D.]. Hulse, R. G. Webster, R. ]. Russell, D. R. Perez,

J. Virol. 78, 9954 (2004).

22. H. D. Klenk, W. Garten, Trends Microbiol. 2, 39 (1994).

23. WHO Global Influenza Program Surveillance Network,
Emerg. Infect. Dis. 11, 1515 (2005).

24. N. V. Kaverin et al., ]. Gen. Virol. 83, 2497 (2002).

25. M. Philpott, C. Hioe, M. Sheerar, V. S. Hinshaw, J. Virol.
64, 2941 (1990).

26. Regions of antigenic variation have been identified in H1 and
H3 serotypes. For H1, these sites were designated Sa, Sb, Ca,
and Cb; for H3, sites were designated A, B, C, and D.

27. D. C. Wiley, I. A. Wilson, ]. ]. Skehel, Nature 289, 373
(1981).

28. A.]. Caton, G. G. Brownlee, ]. W. Yewdell, W. Gerhard, Cell
31, 417 (1982).

29. N. V. Kaverin et al., . Virol. 78, 240 (2004).

30. M. L. Perdue, D. L. Suarez, Vet. Microbiol. 74, 77 (2000).

31. S. ). Baigent, ]. W. McCauley, Virus Res. 79, 177
(2001).

32. N. K. Sauter et al., Biochemistry 31, 9609 (1992).

33. ]. H. Beigel et al., N. Engl. J. Med. 353, 1374 (2005).

34. 0. Blixt et al., Proc. Natl. Acad. Sci. U.S.A. 101, 17033
(2004).

35. . Stevens et al., ]. Mol. Biol. 355, 1143 (2006).

36. HA binding can be analyzed not only for sialic acid—
linkage preference, but also for additional features, such
as charge; glycan length; or additional sulfation,
fucosylation, and sialylation. Of the 265 glycans currently
imprinted on the array, 6 are glycoproteins; 38 have
sialic acids with 02-3 linkages; 16 have 02-6 linkages; 7
have 02-8 linkages; and a further 16 are B-linkages,
modified sialic acid analogs, or glycolylsialic acid glycans.
(See table S4 for the glycans analyzed in this study. Of
the a2-6 sialosides, only natural full-sized N-linked
glycans represented on the array are the biantennary
structures (nos. 56 and 57). The remaining sialosides are
fragments or terminal sequences found on glycoproteins.
For full information on the array, contact the Consortium
for Functional Glycomics (62). Previous binding data using
this technology and cell-based assays with whole viruses
show that N-linked glycans close to the receptor-binding site
can affect receptor binding through steric hindrance
(35, 63). Insect cells do not produce complex glycans
containing terminal galactose and/or sialic acids, as seen in
mammalian cells, although high-mannose glycans are
produced (64). However, because of the presence of the
influenza sialidase, complex glycans of influenza HAs usually
terminate only in galactose, and thus the size of the
N-glycans elaborated by insect cells approximate to the size
of the complex N-glycans in mammalian host cells. Thus,
any importance of complex glycans for HA function is still
unknown. Indeed, results for the avian H3 HA (A/Duck/
Ukraine/1/1963), published recently (35), are in agreement
with previous whole viral studies (65). However, indepen-
dent studies are ongoing to develop the array for whole-
virus analyses so that a direct comparison can be made.
Such initial experiments are promising, because the strict
0.2-3 specificity observed here for Dk76 is also seen with
whole-virus studies (37) and preliminary experiments with
A/Puerto Rico/8/1934 virus that reveal both 0:2-3 and a2-6
specificity (34), in agreement with experiments from cell-
based assays (37).

37. G. N. Rogers, B. L. D'Souza, Virology 173, 317 (1989).

38. Whole-virus studies, including those for Viet04 virus, also
revealed a2-3 specificity with a preference for sulfation
in current H5N1 strains (39). However, this assay used
only seven ligands (one 0:2-6 and six 0:2-3), which is
considerably fewer than the 84 sialosides, sialoside analogs,
and glycoproteins analyzed here. In our glycan array,

www.sciencemag.org SCIENCE VOL 312 21 APRIL 2006

409

Downloaded from www.sciencemag.org on July 15, 2009


http://www.sciencemag.org

sulfation on the second galactose was not tolerated (no. 37)
for Viet04, although binding was apparent for sialosides
with Gal in either B1-3 or p1-4 linkage to a GlcNAc or
GalNAC (nos. 21 to 23, 32, 33), as well as to fucosylated
glycans (nos. 26 to 29).

39. A. Gambaryan et al., Virology 344, 432 (2006).

40. H. Debray, D. Decout, G. Strecker, G. Spik, ]. Montreuil,
Eur. ]. Biochem. 117, 41 (1981).

41. R.]. Connor, Y. Kawaoka, R. G. Webster, ]. C. Paulson,
Virology 205, 17 (1994).

42. G. N. Rogers et al., Nature 304, 76 (1983).

43. M. Matrosovich et al., J. Virol. 74, 8502 (2000).

44. E. Nobusawa, H. Ishihara, T. Morishita, K. Sato,

K. Nakajima, Virology 278, 587 (2000).

45. L. Glaser et al., J. Virol. 79, 11533 (2005).

46. Avian H1 bound only to nonbranched glycans and to
sulfated and/or negatively charged glycans (Figs. 4C and 5,
Ato Q). The single E190D mutation reduced binding to most
0.2-3 glycans, except to sulfated sialosides (Fig. 5A). These
results suggest mutation at both 190 and 225 positions is
always a requirement for H1 serotypes to adapt to a human
host.

47. R. A. Fouchier et al., ]. Virol. 79, 2814 (2005).

48. The E190D mutation (Fig. 5D) reduced overall binding of
02-3 ligands and glycoproteins, except for the sulfated
and/or negatively charged glycans (nos. 18, 20, 24, 25,
and 38). The G225D mutation (Fig. 5E) appeared to have
little effect on the binding profile, in contrast to avian H1,
where binding was not detected (Fig. 5B). The double
mutant (E190D,G225D) did not bind to any glycan on the
array (see Fig. 5F).

49. S. ). Gamblin et al., Science 303, 1838 (2004).

50. For the human H1 HA from A/Puerto Rico/8/1934, the
longer side chain of Glu*° can form hydrogen bonds
to sialic acid of both a2-6 and a2-3 sialosides, whereas
for structures of A/Swine/lowa/1930, H1 HA bound to
human receptor analogs, the shorter side chain of Asp0
can only interact with the GlcNAc to stabilize the a2-6
conformation (49). Binding data, with the 1918 South
Carolina H1 HA (35) and the Dk76 double mutation
(E190D,G225D) (Fig. 50), show that some sulfated glycans
with 0.2-6 sialic acid linkages can bind. However, this
situation does not arise for the Viet04 double mutant.
Although the G225D mutation would have been expected to

enhance 0:2-6 specificity, the additional stabilizing influence
of the E190D mutation toward the GlcNAc may not be
possible because of the neighboring Lys**3, which could
inhibit interaction of Asp'®° with the glycan either by steric
hindrance or by direct interaction with Asp°. Experiments
are in progress to test this notion.

51. The Q226L mutation eliminated binding to the micro-
array, except for two negatively charged 0.2-3 glycans
[with either an extra sialic acid on the 6-position of a
GalNAc (no. 20) or 6-sulfation on GlcNAc with a branched
fucose (no. 25)]. The G228S mutation did not have any
significant effect compared with Viet04, except that
sialosides with sulfation on the 6-position of the
galactose, with or without branched fucosylation on
the GLcNAc (nos. 12, 37) were tolerated. Stronger binding
was observed for fucosylated glycans (nos. 26 to 29),
and reduced binding was observed for sialosides with
B1-3 linkages between the galactose and GlcNAc/GalNAc
(nos. 21 to 23) (Fig. 5H). In addition to 6'-sialyllactose
(no. 49), as seen for Viet04, binding was observed for
0.2-6 biantennary structures (nos. 56 and 57). The
double mutant (Q226L,G228S) showed reduced binding
to 02-3 sialosides. Only sulfated and long-chain
glycans were tolerated (nos. 16, 20, 24, 25, 35),
but binding to a:2-6 biantennary structures (nos. 56
and 57), as with the G228S mutation, was also
maintained.

52. R. Harvey, A. C. Martin, M. Zambon, W. S. Barclay, J. Virol.
78, 502 (2004).

53. D. H. Joziasse et al., ]. Biol. Chem. 262, 2025 (1987).

54. See glycan structure database (www.functionalglycomics.
org).

55. L. G. Baum, ]. C. Paulson, Acta Histochem. Suppl. 40, 35
(1990).

56. P. Gagneux et al., J. Biol. Chem. 278, 48245 (2003).
57. M. N. Matrosovich, T. Y. Matrosovich, T. Gray, N. A. Roberts,
H. D. Klenk, Proc. Natl. Acad. Sci. U.S.A. 101, 4620

(2004).

58. G. Lamblin et al., Glycoconj. ]. 18, 661 (2001).

59. Attenuated viruses with a S227N mutation led to higher
hemagglutinin inhibition titers in ferrets (60). Thus,
enhanced binding to a2-3 ligands, especially to 6-sulfated
GalNAc, could lead to an increased uptake into antigen-
presenting cells and subsequent antibody production.

60. E. Hoffmann, A. S. Lipatov, R. ]. Webby, E. A. Govorkova,
R. G. Webster, Proc. Natl. Acad. Sci. U.S.A. 102, 12915
(2005).

61. The 2003 isolates contain Ala¢°, Argl?3, Lys216 and
Asn??7, whereas Viet04 has Thré° (which introduces a
glycosylation site at Asn*>®), Lys93, Arg?¢, and Ser??’.

62. Consortium for Functional Glycomics (www:/functionalglycomics.
org).

63. H. D. Klenk, R. Wagner, D. Heuer, T. Wolff, Virus Res. 82,
73 (2002).

64. T. A. Kost, ]. P. Condreay, D. L. Jarvis, Nat. Biotechnol. 23,
567 (2005).

65. G. N. Rogers, ]. C. Paulson, Virology 127, 361 (1983).

66. W. L. Delano (2002); (www.pymol.org).

67. The work was supported in part by National Institute of
Allergy and Infectious Diseases grant Al058113 (.LA.W.,
TT., ].KT.); National Institute of General Medical Sciences
grants GM062116 (to J.C.P., I.A.W.) and GM060938 (to
].C.P.); and partial support from NIH grants to .A.W.
(CA55896 and Al42266). We thank P. Palese and L. Glaser
(Mount Sinai School of Medicine, New York) for providing
the full-length clone of A/Vietnam/1203/2004; the staff of
the Advanced Light Source Beamline 8.2.2 for the
beamline assistance; X. Dai, S. Ferguson, P. Carney, and
]. Vanhnasy (The Scripps Research Institute) for expert
technical assistance; and R. Stanfield and M. Elsliger (The
Scripps Research Institute) for helpful discussions. This is
publication 17916-MB from The Scripps Research Insti-
tute. Coordinates and structure factors have been
deposited in the Protein Data Bank (code 2FKO0) and will
be released on publication.

Supporting Online Material
www.sciencemag.org/cgi/content/full/1124513/DC1
Materials and Methods

Figs. S1 to S6

Tables S1 to S4

References

3 January 2006; accepted 28 February 2006
Published online 16 March 2006;
10.1126/science.1124513

Include this information when citing this paper.

410

Ultrafast Laser-Driven Microlens
to Focus and Energy-Select
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We present a technique for simultaneous focusing and energy selection of high-current, mega—electron
volt proton beams with the use of radial, transient electric fields (107 to 10%° volts per meter) triggered
on the inner walls of a hollow microcylinder by an intense subpicosecond laser pulse. Because of

the transient nature of the focusing fields, the proposed method allows selection of a desired range
out of the spectrum of the polyenergetic proton beam. This technique addresses current drawbacks of
laser-accelerated proton beams, such as their broad spectrum and divergence at the source.

he recent development of ultra-intense
laser pulses (/) has opened up oppor-
tunities for applications in many areas,
including particle acceleration (2—5), inertial fu-
sion energy (6), generation of intense x-ray

pulses (7), laser-driven nuclear physics (8), and
laboratory astrophysics (9). In particular, the
acceleration of mega—electron volt ions from
the interaction of high-intensity laser-pulses
with thin solids has major applicative prospects

because of the high beam quality of these ion
bursts (10, 11). Such proton beams are already
applied to produce high-energy density matter
(12) or to radiograph transient processes (/3),
and they offer promising prospects for tumor
therapy (/4), isotope generation for positron
emission tomography (/5), fast ignition of fu-
sion cores (/6), and brightness increase of con-
ventional accelerators. However, because these
proton beams are polyenergetic and divergent
at the source, reduction and control of their di-
vergence and energy spread are essential re-
quirements for most of these applications.
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