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The hemagglutinin (HA) surface glycoprotein promotes influenza virus entry and is the key protective
antigen in natural immunity and vaccines. The HA protein is a trimeric envelope glycoprotein consisting of a
globular receptor-binding domain (HA-RBD) that is inserted into a membrane fusion-mediating stalk domain.
Similar to other class I viral fusion proteins, the fusogenic stalk domain spontaneously refolds into its
postfusion conformation when expressed in isolation, consistent with this domain being trapped in a meta-
stable conformation. Using X-ray crystallography, we show that the influenza virus HA-RBD refolds sponta-
neously into its native, immunogenic structure even when expressed in an unglycosylated form in Escherichia
coli. In the 2.10-Å structure of the HA-RBD, the receptor-binding pocket is intact and its conformational
epitopes are preserved. Recombinant HA-RBD is immunogenic and protective in ferrets, and the protein also
binds with specificity to sera from influenza virus-infected humans. Overall, the data provide a structural basis
for the rapid production of influenza vaccines in E. coli. From an evolutionary standpoint, the ability of the
HA-RBD to refold spontaneously into its native conformation suggests that influenza virus acquired this
domain as an insertion into an ancestral membrane-fusion domain. The insertion of independently folding
domains into fusogenic stalk domains may be a common feature of class I viral fusion proteins.

The genetic drift of seasonal influenza viruses and the oc-
casional emergence of pandemic strains represent a continuing
and serious burden on human health. Pandemic influenza vi-
ruses arise at irregular intervals, can infect up to 50% or more
of the population, and vary in disease severity. Most notably,
the H1N1 Spanish influenza pandemic of 1918 killed an esti-
mated 20 to 50 million people worldwide, and the 1957 H2N2
Asian flu and 1968 H3N2 Hong Kong flu pandemics killed
between 0.5 and 1 million people in the United States alone
(30). The ongoing danger of influenza was recently emphasized
by the emergence of the novel H1N1 pandemic virus from
Mexico in April of 2009. The urgent need to speed up vaccine
production was highlighted by this outbreak because over
340,000 confirmed cases and 4,100 deaths had occurred world-
wide during the 6 months that were necessary to produce a
vaccine using current procedures (39).

As the major surface antigen of influenza A viruses, the
hemagglutinin (HA) envelope glycoprotein is the primary
source of natural immunity and the key target in vaccination.
However, changes in the antigenic sites of the HA protein due
to antigenic drift result in lost or diminished immunity ac-
quired from previous infection or vaccination (35). This neces-
sitates the production of new vaccines against seasonal influ-

enza viruses each year. The HA protein also plays a central
role in the emergence of human pandemic influenza viruses.
There are 16 known antigenic subtypes of HA proteins in
influenza A viruses (H1 through H16), and a pandemic occurs
when an influenza virus that has an HA protein to which most
of the population lacks immunity acquires the ability to be
efficiently transmitted from person to person.

The HA protein has multiple roles in the virus life cycle,
notably receptor binding and membrane fusion. The protein is
synthesized as a single precursor protein, HA0, that trimerizes
and becomes glycosylated in the endoplasmic reticulum as it
traffics to the cell surface (33). The HA protein contains mul-
tiple disulfide bonds and is cleaved into a mature form con-
sisting of two subunits, HA1 and HA2 (9, 18). HA2 and the N-
and C-terminal portions of HA1 form a membrane-proximal
stalk that mediates membrane fusion during viral entry (40). A
receptor-binding domain (HA-RBD) forms the distal head of
the molecule and is inserted into the HA1 subunit. During
virus entry, the HA-RBD engages sialic acid-containing recep-
tors on the surface of the host cell, and the virion is subse-
quently internalized by endocytosis (33). Structurally and func-
tionally, the HA-RBD is a member of the lectin superfamily,
and the specificity of the binding pocket contributes to the host
range of influenza viruses. For example, �(2,6)-containing sia-
losides are typically preferred by the HA protein from human
viruses and �(2,3) sialosides by the HA proteins from avian
viruses (13, 28). Upon triggering by the low-pH environment of
endosomes, the HA protein undergoes an irreversible confor-
mational change (6, 40) during which the intact HA-RBDs
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dissociate from the stalk of the trimer (3, 14, 19, 21). This
observation, together with the manner in which the lectin-like
domain is inserted as a folded module into the full-length HA
protein, led us to hypothesize that the HA-RBD is able to
adopt its native structure in isolation. Proper folding of the
isolated HA-RBD into its native immunogenic structure has
important therapeutic implications because the domain con-
tains all of the known HA antigenic epitopes responsible for
antibody recognition (5), and producing a protein-based influ-
enza vaccine composed of isolated HA-RBD would dramati-
cally speed up vaccine development during the early stages of
a pandemic.

In a recently published report, a construct of the 2009 pan-
demic H1N1 HA protein that encompasses the HA-RBD, des-
ignated HA63–286-RBD, was expressed in Escherichia coli as
inclusion bodies, refolded and purified, and used as a vaccine
to produce immunity in ferrets (2). In this report, we show that
this construct behaves as a stable, structured protein in solu-
tion, can be readily crystallized, and indeed adopts a structure
that is virtually indistinguishable from that in the H1N1 HA
protein ectodomain (41).

MATERIALS AND METHODS

Cloning and protein production. The details of HA63–286-RBD protein pro-
duction have been described elsewhere (2). Briefly, a codon-optimized synthetic
gene corresponding to A/H1N1/2009 influenza virus hemagglutinin residues 63
to 286 (GenBank accession number ACQ99608) (residues 55 to 271 in H3
numbering) was cloned into the pJexpress404 vector. HA63–286-RBD was ex-
pressed in Escherichia coli as insoluble protein in inclusion bodies. The protein
was purified under denaturing conditions, refolded on a metal affinity purifica-
tion column, and eluted with standard elution buffer. A baculovirus-expressed
and purified construct of the full-length A/CA/04/2009 H1 HA protein (HA-full)
was obtained from BEI Resources (catalog no. NR-15258). A baculovirus-ex-
pressed and purified construct of the ectodomain of A/CA/04/2009 H1 HA
protein (HA-ecto) was prepared as previously described (41).

HA63–286-RBD protein size estimation. HA63–286-RBD protein was further
purified by size exclusion chromatography using a Superdex 200 10/300 column
(Pharmacia) and 10 mM Tris-Cl (pH 8.0)–100 mM NaCl as running buffer. Gel
filtration standards (Bio-Rad) were used to estimate the molecular weight of
HA63–286-RBD. Protein eluting as a monomer was concentrated to �4 mg/ml.
The purification tag was not removed for these studies.

Crystal structure determination. HA63–286-RBD protein crystals were grown
by the hanging-drop vapor diffusion method at 18°C by combining 1 �l protein
solution with 1 �l well solution (20% PEG 2000MME and 0.1 M Tris-HCl, pH
8.5). Crystals were transferred to a reservoir solution containing 25% glycerol for
1 to 2 min before being frozen in liquid nitrogen. Diffraction data were collected
to a 2.10-Å resolution at cryogenic temperature at the Advanced Light Source
(ALS) Synchrotron beamline 8.2.1 at an X-ray wavelength at 1.00 Å. Data
processing and reduction were carried out with HKL2000 (27). Data collection
statistics are presented in Table 1.

The HA63–286-RBD structure was determined by molecular replacement
(MR) using Phaser (25). An initial solution was obtained using residues 50 to 273
from the crystal structure of the 1930 H1 swine hemagglutinin protein (Protein
Data Bank [PDB] entry 1RUY) (17). Inspection of the initial electron density
maps revealed a number of loops with little to no density, so the MR model was
trimmed. MR was repeated and showed improved results (Z score, 37.2; log-
likelihood gain, 1,808). After we “mutated” the model to the correct amino acid
sequence, model building was performed with Coot (16), followed by iterative
rounds of simulated annealing with Phenix (1) and restrained refinement CCP4-
REFMAC5 (26). Refinement was monitored by following Rfree calculated for a
random subset (5%) of reflections omitted from refinement. The final model was
validated using MolProbity (15). Data refinement statistics are listed in Table 1.

ELISA. Specific binding to antibodies from serum samples of influenza virus
A/H1N1/2009 convalescent patients was determined by a specific enzyme-linked
immunosorbent assay (ELISA) protocol using protein HA63–286-RBD as an
antigen as described previously (2). All patients provided written informed con-
sent for the collection of samples and subsequent analysis at the moment that the

blood sample was taken. This study was conducted according to the principles
expressed in the Declaration of Helsinki. The study was approved by the Insti-
tutional Review Board of the School of Biotechnology and Health at Tecno-
lógico de Monterrey at Monterrey, México. Exposure to A/H1N1/2009 was
confirmed in patients by reverse transcription (RT)-PCR. Unexposed samples
were collected from patients in 2008.

Sequence accession number. The coordinates for the HA63–286-RBD structure
have been deposited at the Protein Data Bank as PDB entry 3MLH.

RESULTS

Analysis of the HA receptor-binding domain in solution.
The choice of construct and the production of the hemagglu-
tinin HA-RBD from a swine origin pandemic A/H1N1/2009
influenza virus are described in a recently published report (2).
Briefly, HA residues 63 to 286 (residues 55 to 271 in H3
numbering) were selected because they represent the N- and
C-terminal boundaries of the HA-RBD lectin fold and were
hypothesized to adopt the correct three-dimensional structure
in isolation. To be consistent with the previous report, this
construct will be referred to as HA63–286-RBD. HA63–286-RBD
was expressed in E. coli as an �25-kDa His-tagged insoluble
protein in inclusion bodies, purified under denaturing condi-
tions on a Ni2�-chelation column, refolded on the column, and
finally eluted. While the HA protein ectodomain forms a tri-
mer in solution, few of the trimeric interactions involve the
receptor-binding domains. Therefore, we anticipated that
HA63–286-RBD would be monomeric in solution, in keeping
with results from other published studies (3). To determine the
oligomeric state, the refolded HA63–286-RBD was subjected to

TABLE 1. Data collection and refinement statisticsa

Parameter Value

Data collection
Space group ...........................................................P21
a, b, c (Å) ...............................................................39.86, 74.07, 75.18
�, �, � (°) ...............................................................90.00, 94.73, 90.00
Resolution (Å).......................................................40.0–2.1 (2.18–2.10)
Rmerge ......................................................................0.127 (0.373)
I/�I ..........................................................................12.7 (3.8)
Completeness (%).................................................100 (100)
Redundancy ...........................................................5.0 (3.9)

Refinement
Resolution (Å).......................................................40.0-2.1
No. of reflections...................................................24,258
Rwork/Rfree

b..............................................................0.177/0.206
No. of atoms

Protein ................................................................3382
Water ..................................................................193
Glycerol ..............................................................36

Average B-factors (Å2)
Protein ................................................................16.1
Water ..................................................................23.3
Glycerol ..............................................................26.8

Ramachandran (%)
Favored...............................................................95.9
Allowed...............................................................4.1
Outliers ...............................................................0

Rms deviations
Bond lengths (Å)...............................................0.008
Bond angles (Å) ................................................1.074

a Data were collected from a single crystal. Values for the highest-resolution
shell are shown in parentheses.

b Rfree was calculated using 5% of the reflections.
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size exclusion chromatography and found to elute as a single
sharp peak at �25 kDa (Fig. 1), consistent with the monomeric
species. This procedure not only served to further purify the
sample but also suggested that HA63-286-RBD is well folded
into a homogenous population suitable for structural analyses.

Crystal structure analysis of the HA receptor-binding do-
main. HA63-286-RBD readily formed clusters of plate-like crys-
tals in a number of conditions, and the best crystals grew in
PEG 2000MME at pH 8.5 and diffracted well despite being
very thin (�200 by 10 by 2 �m3). The crystals are in space
group P21, and the structure was solved to 2.1-Å resolution by
molecular replacement using the receptor-binding domain of
1930 swine H1 HA protein (PDB entry 1RUY) as a search
model (17). This search model was used because the structure
of the A/H1N1/2009 HA ectodomain (41, 42) had not been
published at the time of these studies. The structure was re-
fined to high accuracy, and the crystallographic and refinement
statistics are shown in Table 1. Our structure (Fig. 2A) reveals
that isolated and refolded HA63-286-RBD adopts the same
three-dimensional fold that occurs in the A/H1N1/2009 HA
ectodomain structure that was generated by baculovirus ex-
pression in insect cells (Fig. 2B) (41). The two receptor-binding
domain structures overlay very well, with an overall root mean
square deviation (RMSD) of 0.32 Å (Fig. 2C). Notably, both
disulfide bonds are formed correctly between Cys59 and Cys71
and Cys94 and Cys139 (H3 numbering) (Fig. 2C), and these
were subsequently confirmed by a simulated annealing omit
map in which the cysteines were replaced by alanines.

HA63-286-RBD forms a dimer in the crystallographic asym-
metric unit, but we believe that this is a crystal artifact because
the dimer interface is mediated by hydrophilic interactions and
a number of ordered water molecules (Fig. 3). Compared to
the trimer subunits in the HA ectodomain structure, the dimer
subunits in HA63-286-RBD are rotated by �180°, and the dimer

FIG. 1. Size exclusion chromatography of recombinant HA63-286-
RBD. The isolated HA receptor-binding domain elutes as a well-
folded monomer (labeled black peak) with an apparent molecular size
of �25 kDa compared to molecular size standards (labeled gray peaks)
on a Superdex 200 size exclusion chromatography column. The puri-
fied peak was collected and yielded well-diffracting crystals. Abs, ab-
sorbance.

FIG. 2. Structural comparison of the HA receptor-binding domain in the HA63-286-RBD (A) and the A/H1N1/2009 HA ectodomain (B). In
these two panels, the domain is colored blue to red, N to C terminus, to facilitate the chain trace. Glycosylation at Asn94 and Asn278 in the HA
ectodomain is shown as a ball-and-stick model. (C) Overlay of HA63-286-RBD (green) and equivalent residues in HA ectodomain (blue). The
locations of the receptor-binding pocket and two disulfide bonds are highlighted. (D and E) Detail of boxed regions in panels A and B, respectively,
corresponding to the interface region between the receptor-binding domain and the helical stalk region that undergoes pH-dependent confor-
mational changes. Note that the isoleucine-rich third �-strand of the interfacial �-sheet in panel E is disordered in panel D. The coordinates for
HA63-286-RBD have been deposited at the Protein Data Bank as PDB entry 3MLH. The coordinates for the A/H1N1/2009 HA ectodomain are
from PDB entry 3LZG. All residues are labeled using H3 numbering.
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interface has no relationship to the native trimeric interface.
As a result, the receptor-binding pockets are facing opposite
directions in HA63-286-RBD, in contrast to the structurally
related dimeric bovine coronavirus hemagglutinin-esterase
protein in which the receptor-binding pockets are facing the
same direction (44). Our size exclusion chromatography data
support HA63-286-RBD as being monomeric in solution (Fig.
1), and previous analytical ultracentrifugation analyses found
that HA63-286-RBD exists mainly as a monomer in solution (2).

Unsurprisingly, one difference between the isolated HA63-286-
RBD structure and the complete ectodomain version occurs
close to the N and C termini where the insertion of the RBD
into the stalk of the HA protein occurs. A close-up view of this
region reveals that the C-terminal 5 residues in HA63-286-RBD
are disordered compared to the same residues in the HA
ectodomain (compare Fig. 2D and E). In the HA ectodomain,
these residues form a �-strand that contains three sequential
isoleucine residues and packs against the interhelical loop of
the stalk (Fig. 2E). This region of the molecule is relatively
distant from the receptor-binding pocket and the antigenic
sites, and this structural difference in the HA63-286-RBD con-
struct is unlikely to affect its binding specificity or immunolog-
ical properties. However, the structural difference may be im-
portant in terms of potentially optimizing the domain for
expression in E. coli.

Receptor-binding pocket. To verify that the structure of
HA63-286-RBD retains an intact receptor-binding pocket, the
conformations of the amino acids lining this region of the
HA63-286-RBD were analyzed. The sialic acid-binding pocket

in HA63-286-RBD is structurally very similar to that in the
A/H1N1/2009 HA ectodomain (Fig. 4A) (41). A sialic acid
molecule was successfully modeled into this site based on the
structure of the 1934 H1 HA protein bound to a human sialic
acid receptor analog (PDB entry 1RVZ) (Fig. 4B) (17). Glyc-
erol was used as a cryoprotectant for the HA63-286-RBD crys-
tals prior to freezing, and we observed clear electron density in
the receptor-binding pocket of HA63-286-RBD that was suc-
cessfully interpreted and refined as a bound glycerol molecule
(Fig. 4C). Interactions between the glycerol molecule and res-
idues Tyr98, His183, Asp190, and Gln226 (in H3 numbering)
suggest that the glycerol molecule may be mimicking the 8-OH
and 9-OH arm of the sialic acid molecule, as seen by compar-
ing Fig. 4B and C.

Antigenic epitopes. For a protein to be an effective antigen
in a protein-based vaccine, it is important for antigenic epitopes to
have the same three-dimensional structures as found on the sur-
face of the virus. There are four distinct antigenic sites on the H1
HA protein, called Sa, Sb, Ca, and Cb (5, 8). The three anti-
genic sites Sa, Sb, and Cb are contained within a single pro-
tomer of the trimer. The antigenic site Ca spans a large cleft
between two adjacent RBDs in the HA trimer and is composed
of two subsites, Ca1 and Ca2, in each protomer. Figure 5 shows
the locations of the antigenic sites in HA63-286-RBD. Signifi-
cantly, all of the antigenic sites are structurally conserved com-
pared to those in the HA ectodomain. Amino acid backbones
overlay with RMSDs of 0.32 Å (Sa site), 0.33 Å (Sb site), 0.41
Å (Ca1 subsite), 0.09 Å (Ca2 subsite), and 2.22 Å (Cb site).
The relatively large RMSD for the Cb site is due to its location

FIG. 3. HA63-286-RBD forms a crystallographic dimer with a hydrophilic interface. (A) The asymmetric unit of HA63-286-RBD is shown as
surface-filled and ribbon models for chain A (purple) and chain B (green). Waters (red) at the interface are shown as spheres. Note the interactions
of Glu216 with Lys211 and Tyr233. (B) Electrostatic surface of HA63-286-RBD. The chains are turned 90° to the right or left to reveal the
electrostatic surface at the interface of the two chains. The acidic patch at Glu216 interacts with the basic patch at Lys211 in the opposite chain.
All residues are labeled using H3 numbering.
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in a flexible loop that is known to adopt variable backbone
conformations. These differences in the Cb site are observed
even between different chains within the same crystal structure,
such as in the two HA63-286-RBD monomers and in the six
RBDs in the HA ectodomain (two trimers) (Fig. 5F). Thus, we
contend that all of the antigenic sites in HA63-286-RBD, includ-
ing the Cb site, are structurally conserved between the E.

coli-expressed RBD construct and the insect cell-expressed
trimeric ectodomain construct.

The Sa antigenic site forms a three-dimensional antigenic
site composed of two loops. The Sa sites of the 1918 and 2009
pandemic influenza H1 virus HA proteins are highly conserved
in sequence and in structure and do not have glycosylation sites
nearby (41). An Sa site-specific antibody (2D1) isolated from a

FIG. 4. Analysis of the receptor-binding pocket of HA63-286-RBD. (A) Overlay of the receptor-binding pockets of HA63-286-RBD (green) and
the A/H1N1/2009 HA ectodomain (blue). The coordinates for the A/H1N1/2009 HA ectodomain are from PDB entry 3LZG. (B) Structural model
of a sialic acid molecule within the receptor-binding pocket of HA63-286-RBD. The model is based on the structure of the 1934 H1 HA ectodomain
bound to a human sialic acid receptor analog (PDB entry 1RVZ). (C) Observed binding of a glycerol molecule in the receptor-binding pocket of
HA63-286-RBD. Glycerol occupies the site that recognizes the 8-OH and 9-OH moiety of sialic acid. All residues are labeled using H3 numbering.

FIG. 5. Analysis of the antigenic sites on HA63-286-RBD. (A) Conformational antigenic sites Sa, Sb, Ca, and Cb are mapped onto the
HA63-286-RBD crystal structure (dark gray secondary structure elements within a semitransparent surface representation). The Ca site is formed
from two subsites, Ca1 and Ca2, and they form a single contiguous antigenic site only when two protomers are adjacent in the HA trimer. (B to
F) Zoomed-in views show an overlay of HA63-286-RBD (green) and the A/H1N1/2009 HA ectodomain (blue) at each antigenic site. The Cb site
adopts variable backbone conformations, as seen in the two molecules of HA63-286-RBD (green), and the six molecules of A/H1N1/2009 HA
ectodomain (blue) in their respective crystal structures. Similarly, some surface-exposed hydrophilic amino acid side chains (e.g., Q192 in the Sb
site and R208 in the Ca1 site) can adopt variable conformations. The coordinates for A/H1N1/2009 HA ectodomain are from PDB entry 3LZG.
All residues are labeled using H3 numbering as done in reference 5.
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survivor of the 1918 pandemic has high affinity and cross-
reactivity to both the 1918 and 2009 pandemic influenza viruses
(24, 41, 43). Seasonal human H1 isolates gradually obtained up
to three glycosylation sites in the Sa region from 1930 to 2007
that mask the Sa antigenic site from antibodies that bind this
site. These data suggest that the Sa antigenic site may be at
least part of the reason for age-related immunity to 2009 H1N1
virus. An overlay of amino acid backbone and side chains in the
Sa antigenic site between the HA63-286-RBD and HA
ectodomain shows the high degree of structural similarity in
the two constructs (Fig. 5B). Thus, an intact and exposed Sa
site in the E. coli-expressed construct might allow for the
generation of neutralizing antibodies to this immunologi-
cally important epitope.

HA63-286-RBD-specific recognition of antibodies from H1N1-
infected subjects. The high degree of structural similarity be-
tween the antigenic sites of HA63-286-RBD and HA ectodo-
main suggests that vaccination with HA63-286-RBD will elicit
antibodies to these antigenic sites and will provide protection
against viral infection. The ability of HA63-286-RBD to elicit
immunity in vivo is consistent with recently published data
which show that HA63-286-RBD is immunogenic and has pro-
tective capacity in ferrets (2).

To confirm that antigenic epitopes are intact in HA63-286-
RBD protein, an ELISA was used to measure binding of an-
tibodies in human serum samples to HA63-286-RBD protein.
Sera from patients positive for infection by the pandemic
A/H1N1/2009 influenza virus were found to bind HA63-286-
RBD protein at significantly higher levels (two-tailed P
value, �0.0001 by an unpaired t test) than sera collected in
2008 before the emergence of the pandemic virus (Fig. 6).
Thus, the data demonstrate that the E. coli-expressed protein

is recognized with specificity by serum antibodies from infected
humans.

Polyclonal sera can react with antigen in degraded or un-
folded forms, though often with lower affinity than structurally
native protein. Moreover, it is possible that a lack of glycosy-
lation in the E. coli-expressed HA63-286-RBD protein could
decrease antigenic reactivity. Therefore, we compared the
antigenic reactivity of the E. coli-expressed and refolded
HA63-286-RBD protein to baculovirus-expressed and glycosylated
constructs of the full-length HA protein (HA-full) and the HA
protein ectodomain (HA-ecto). The HA-ecto protein con-
struct had slightly higher reactivity to sera from patients pos-
itive for infection by the pandemic A/H1N1/2009 influenza
virus than the HA63-286-RBD protein (Fig. 6). Although the
difference was not statistically significant (two-tailed P value,
0.2069 by an unpaired t test), the slightly higher reactivity of
the HA-ecto protein could be due to the presence of additional
epitopes located within the stalk region. In addition, the aver-
age antigenic reactivities of the HA63-286-RBD protein and
HA-full protein constructs were also statistically similar (two-
tailed P value, 0.1519 by an unpaired t test).

DISCUSSION

We have shown for the first time that an isolated HA-RBD
of the influenza virus expressed in E. coli, and refolded from
inclusion bodies, adopts the same three-dimensional structure
that is found on the surface of infectious virions. We have
specifically studied the domain that encompasses residues 63
to 286 (HA63-286-RBD) of the A/H1N1/2009 strain that
emerged from Mexico in April of 2009. However, the highly
conserved structure of the domain suggests that the HA-RBD
of any influenza virus strain can be studied in a similar manner.
Significantly, the structure of the isolated HA-RBD, including
the receptor-binding pocket, antigenic epitopes, and disulfide
bridges, of the E. coli-expressed HA-RBD match exactly those
of the domain in the HA protein ectodomain structure that has
recently been characterized (41). This is consistent with re-
cently published data which show that the isolated domain
retains immunogenicity, despite lacking glycosylation sites and
forming monomers in solution (2).

Pandemic influenza viruses of the last century have con-
tained few glycosylation sites in their HA-RBDs. A key finding
reported here is that glycosylation is not required for the
proper folding of this domain, and this posttranslational mod-
ification may be for other purposes, such as immune evasion or
receptor-binding affinity (36). While currently circulating hu-
man H3N2 influenza viruses contain seven glycosylation sites
in the HA-RBD, the 1968 Hong Kong H3N2 pandemic virus
contained only two before acquiring five additional glycosyla-
tion sites while circulating in humans over the past 40 years.
Similarly, seasonal human H1N1 influenza viruses have up to
four or five glycosylation sites in their HA-RBDs, yet the 1918
H1N1 Spanish flu pandemic virus contained only one glycosy-
lation site in its HA-RBD. The 2009 swine origin H1N1 pan-
demic virus also contains only one RBD glycosylation at N94
(Fig. 2B), distant from its antigenic sites and receptor-binding
pocket. The results described here show that this single glyco-
sylation is not required for the proper folding of the RBD from
the 2009 pandemic virus.

FIG. 6. Specific recognition of HA protein constructs by sera from
patients infected with influenza virus A/H1N1/2009. ELISAs were per-
formed using either sera collected between March and May of 2008
from 10 nonexposed subjects or sera collected in 2009 from 16 PCR-
confirmed A/H1N1/2009-infected subjects. The protein constructs
used were E. coli-expressed HA63-286-RBD (HA-RBD), baculovirus-
expressed HA ectodomain (HA-ecto), and baculovirus-expressed full-
length HA protein (HA-full). All of the absorbance levels from
ELISAs were normalized to a value of 1 for the binding of sera from
2008 uninfected subjects to the HA63-286-RBD protein. The reactivity
of HA63-286-RBD to sera from 2009 infected subjects was statistically
similar to the reactivities of HA ectodomain and full-length HA
protein (two-tailed P values of 0.2069 and 0.1519, respectively, from
unpaired t tests). For the HA63-286-RBD protein, the difference in
binding between the two groups of sera from either uninfected or
infected subjects was found to be statistically significant (two-tailed
P value, �0.0001 by an unpaired t test).
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Considering how the HA protein functions during mem-
brane fusion and the manner in which the HA-RBD is inserted
into the stalk of the full-length HA protein, it is perhaps not
surprising that the HA-RBD can fold independently. This is in
stark contrast to the membrane fusion-mediating stalk domain
that spontaneously refolds into its postfusion structure if ex-
pressed alone in E. coli (10, 11). The main role of the HA-RBD
is to recognize and bind sialic acid receptors on the surface of
the target cell and to initiate endocytosis. The actual mem-
brane fusion process involves a major conformation change of
the HA trimer stalk during which the three HA-RBDs are
essentially discarded yet remain structurally intact (3, 38). In
terms of structure, the HA-RBD is a lectin superfamily mem-
ber (4) and can also be considered a �-sandwich “fold family 1”
carbohydrate-binding module (CBM) (4). Typical of CBMs,
the sialic acid-binding site of the HA-RBD is populated with
aromatic residues (Tyr98, Trp153, and His183, in H3 num-
bering) that act as platforms for the sugar ring (4). Evi-
dently, during the evolution of influenza viruses, a recom-
bination event occurred in which the gene for a primordial
lectin molecule was incorporated into a membrane fusion do-
main to provide sugar recognition abilities without compromis-
ing the fusion mechanism. Thus, as is typical for an indepen-
dently folded domain, the N- and C-termini remain spatially
close, and the HA-RBD/HA-RBD interfaces within the tri-
meric structure are very loose and mainly hydrophilic in na-
ture. The results presented here are consistent with the previ-
ous observation that distinct hemagglutinin and esterase
domains are inserted into the membrane fusion domain of the
influenza C virus HEF protein (29). Our data suggest that
other viral fusion proteins may also contain inserted domains
that fold independently and could be used for structural stud-
ies.

Significant to the prevention and control of influenza, these
results provide a structural basis supporting the use of isolated
HA-RBD constructs generated in E. coli as candidates for
protein-based vaccines. Most significantly, the refolded HA-
RBD has intact antigenic sites: three complete antigenic sites
(Sa, Sb, Cb) and a fourth Ca site that spans adjacent RBDs in
the context of the trimer and is split into two subsites (Ca1 and
Ca2) in the monomer. We support these structural findings
with data that show that human serum antibodies from
A/H1N1/2009 influenza virus-exposed patients are able to rec-
ognize the isolated HA-RBD. In practical terms, the isolated
HA-RBD offers four therapeutic advantages. (i) It provides an
avenue to quickly characterize the HA-RBD from any new
virus strain at the structural level. Our structural analysis was
completed in 3 weeks (from size exclusion chromatography to
completed structure), whereas the technically more challeng-
ing H1N1 HA protein ectodomain structural analysis has taken
considerably longer to complete. (ii) The lack of glycosylation
sites on our sample might serve to increase immunogenicity by
increasing the exposure of antigenic sites to the immune sys-
tem, as long as vaccine efficacy is not reduced by the immune
response also targeting epitopes masked by glycosylation on
the native protein (37). (iii) The isolated domain will facilitate
the search for small-molecule inhibitors that can block the
binding of sialic acid. (iv) Most importantly, the HA-RBD
offers the potential to develop influenza vaccines rapidly from
bacterially expressed protein. E. coli-expressed constructs of

the HA1 receptor-binding domains from H3, H5, and H7 sub-
type viruses have also been found to bind monoclonal antibod-
ies and retain immunogenicity in several other recent studies
(12, 20, 22, 23, 31, 34). The metastable folding of the prefusion
form of the HA protein (7, 32) means that virus-free genera-
tion of the entire HA protein for vaccine production and bio-
logical characterization remains a challenge. Also, soluble
fragments of the HA2 membrane fusion domain expressed in
E. coli spontaneously fold into their postfusion conformation,
making them less suitable for vaccine development (7, 10, 11).

Finally, it should be emphasized that neither the HA63-286-
RBD construct described here nor equivalent constructs from
other strains are likely to be the most optimal for expression in
E. coli. Therefore, we intend to investigate other constructs by
protein engineering and crystallography. For example, the un-
folded C-terminal �-strand that contains three sequential iso-
leucine residues packs against the interhelical loop of the stalk
region in the HA protein ectodomain (Fig. 2E) and represents
the one hydrophobic interface involving the HA-RBD. Further
truncating the C terminus to remove this �-strand or identify-
ing a more hydrophilic sequence that stabilizes this �-strand
and the associated �-sheet are potential avenues for improving
yield and/or overall protein stability. In addition, it may be
possible to remove the disulfide bridges to improve yield and
solubility in E. coli-based expression systems. The fact that the
HA-RBD can be refolded into its native structure and subse-
quently forms correct disulfide bonds suggests that these are
created late during folding. We hypothesize that mutation of
the four cysteines to alanines or serines will not seriously affect
the final structure but may facilitate expression of soluble pro-
tein in E. coli. If this is correct, the refolding step of our current
production procedure may no longer be necessary.
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2. Aguilar-Yáñez, J. M., R. Portillo-Lara, G. I. Mendoza-Ochoa, S. A. García-
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