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Cell-surface-receptor binding by influenza viruses is a key deter-
minant of their transmissibility, both fromavian andanimal species
to humans aswell as fromhuman tohuman.Highly pathogenic avian
H5N1 viruses that are a threat to public health have been observed to
acquire affinity for human receptors, and transmissible-mutant-
selection experiments have identified a virus that is transmissible
in ferrets1–3, the generally accepted experimental model for influenza
in humans. Here, our quantitative biophysical measurements of the
receptor-binding properties of haemagglutinin (HA) from the trans-
missiblemutant indicate a small increase in affinity for human recep-
tor and amarkeddecrease in affinity for avian receptor. Fromanalysis
of virus and HA binding data we have derived an algorithm that
predicts virus avidity from the affinity of individual HA–receptor
interactions. It reveals that the transmissible-mutant virus has a
200-fold preference for binding human over avian receptors. The
crystal structure of the transmissible-mutant HA in complex with
receptor analogues shows that it has acquired the ability to bind
human receptor in the same folded-back conformation as seen
for HA from the 1918, 1957 (ref. 4), 1968 (ref. 5) and 2009 (ref. 6)
pandemic viruses. This bindingmode is substantially different from
thatbywhichnon-transmissiblewild-typeH5virusHAbinds human
receptor. The structure of the complex also explains how the change
in preference from avian to human receptors arises from the
Gln226Leu substitution, which facilitates binding to human receptor
but restricts binding to avian receptor. Both features probably con-
tribute to the acquisition of transmissibility by this mutant virus.
The importance ofHA,whichmediates virus binding to cell-surface

sialic acid moieties in the multi-gene-dependent process of H5N1
influenza virus transmission7, has been examined in several recent stud-
ies of ferrets infected with receptor-binding transmissible mutants1–3.
We have studied the previously described transmissible mutant1 that
acquired the ability to transmit in respiratory droplets, without contact,
from ferret to ferret. The transmissible-mutant HA contained three
amino acid substitutions in or near the receptor-binding site and a
fourth, about 70s from it, nearer to the virus membrane (Supplemen-
tary Figs 1 and 2). One of themutations, Gln226Leu, is shared byHAs of
the other droplet-transmissible H5N1 viruses recently described and
was key to the acquisition of human transmissibility by the 1957 (H2)
and 1968 (H3) pandemic viruses8,9. Such transmissibility from avian to
human requires a change in binding preference from sialic acid in a2,3-
linkage to galactose on carbohydrate side chains (characteristic of the
virus receptors in avian enteric tracts) to sialic acid in a2,6-linkage
(characteristic of human trachea airway epithelia)10,11.

We have used two procedures to quantify the receptor-binding
affinity and specificity of H5 viruses: microscale thermophoresis (MST)
using recombinant HA trimers, and surface biolayer interferometry
(BLI) with purified viruses. We have established a simple algorithm
that enables virus binding to surfaces to be predicted from the dissociation

constant (Kd(receptor)) of a single receptor interaction (Supplementary
Fig. 2). Several key findings emerge. First, virus avidity for a given
receptor is proportional to Kd(receptor) to the power of the multiplicity
coefficient, the factor that accounts for the contributions of multiple
HA–receptor interactions that occur between a virus and a target mem-
brane. This relationship explains how typically millimolar Kd(receptor)

values for HA affinity for its receptor can propagate to the femtomolar
avidities observed for virus binding.Crucially, our data showthat there is
an effective upper value for the multiplicity coefficient of about 5.5,
which derives from the geometry of virus particles12 and the thermodyn-
amics of the interactions. This limitation on virus valency explains how
relativelymodest decreases inKd(receptor), perhaps 15-fold, can lead to an
almost complete loss of virus binding and accounts for the biological
observations of receptor-binding specificity (Supplementary Fig. 2).
Our MST data (Fig. 1a) show that the affinity of transmissible-

mutant HA for human receptor is slightly increased in comparison to
HA from the wild-type A/Vietnam/1194/2004 (H5N1) (VN1194)
strain (Kd5 12mM versus 17mM), whereas the affinity for avian
receptor is greatly decreased (Kd5 32mM versus 1.1mM). The data
also show that the transmissible-mutant HA binds about fivefold
weaker to human receptor, and about tenfold weaker to avian receptor,
thanHA from thewell-characterized 1968pandemicH3 virusA/Aichi/
2/68 (H3N2), vaccine strain X-31. The binding constants for the latter,
determinedhere byMST, for both receptor types are in good agreement
with those determined previously by NMR13.
Our interferometry data for wild-type VN1194 H5 virus binding to

human and avian receptor analogues attached to the biosensor are
given in Fig. 1b, together with the data for X-31. These data show that
the wild-type VN1194 H5 virus has very strong avidity towards avian
receptor, as is found for nearly all avian viruses4,8,14, and, unusually for
an avian virus, almost none towards human receptor. The discrimina-
tion is such that the preference ratio (human/avian) for wild-type
VN1194 H5 can only be estimated to be poorer than 5 3 1027. By
contrast, X-31 has a preference ratio of about 10, which is similar to
other pandemic viruses. To obtain information for the transmissible-
mutant viruswe usedMSTdata for itsHAand our empirical algorithm
that relates HA affinity to virus avidity.
In Fig. 1c we present the binding curves predicted for wild-type

VN1194 and transmissible-mutant viruses from the MST data using
the algorithm. Importantly, there is close agreement between the experi-
mental and predicted virus binding curves for wild-type VN1194 H5,
which gives confidence in the predicted behaviour of the transmissible-
mutant virus. Figure 1c shows that the transmissible-mutant virus has a
preference ratio of about 200 in favour of human receptor binding,
which is achieved by modest avidity for human receptor being offset
by essentially undetectable binding to avian receptor. Qualitatively sim-
ilar results to these have been reported previously1. For comparison,
transmissible-mutant virus binding to human receptor is ,104 times
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weaker thanX-31,whereas its binding to avian receptor is 105–106-times
weaker than X-31.
We estimate that the highest receptor loadings achieved on the BLI

biosensors are of the same order as accessible sialylated glyco-conju-
gates on target cell surfaces (Supplementary Fig. 2). Viruses that barely
bind to the biosensor at this concentration are unlikely to be able to
bind effectively to cells. It seems clear, therefore, that although the
transmissible-mutant virus binds human receptor more weakly than
pandemic viruses, about half of the virus will be bound at the receptor
densities found on cell surfaces, a conclusion consistent with its
observed transmissibility. On the other hand the transmissible-mutant

virus would not bind effectively to cells with predominantly avian
receptors. As a consequence the specificity properties of the transmiss-
ible-mutant virus would favour infection of cells in the human upper
respiratory tract that have been shown to display a2,6-linked sialic
acids. At the same time, the loss of avian receptor binding would also
prevent the sequestration of the virus by airwaymucins, which are rich
sources of a2,3-linked sialic acid15. Avoidance of mucins is probably
important for the ferret transmissibility of the transmissible-mutant
virus given that its human-receptor-binding properties are modest
compared to pandemic viruses.
To understand the molecular basis of the altered affinity and spe-

cificity of the transmissible-mutant HA we determined its crystal
structure, and that of wild-type VN1194 (clade 1) and A/turkey/
Turkey/1/2005 (H5N1) (tyTy) (clade 2) H5 HAs in complex with
human receptor analogues (Fig. 2, Supplementary Table 1 and
Supplementary Fig. 1). The most notable feature of these structures
is the different orientation of galactose at position 2 (Gal-2) and
N-acetylglucosamine at position 3 (GlcNAc-3) of the receptor in the
transmissible-mutant HA complex compared with their arrangement
in both wild-type HA complexes (Fig. 2). In the transmissible-mutant
complex, Gal-2 adopts a cis configuration about the glycosidic bond
with sialic acid, and GlcNAc-3 exits the receptor-binding site towards
the 190-helix (residues 187–197) (Fig. 2a, b) This orientation of Gal-2
and GlcNAc-3 is very similar to that in complexes formed between
human receptor and HAs from the 1918 (H1), 1957 (H2) and 1968
(H3) pandemic viruses4,5 (Fig. 3a). However, it is inmarked contrast to
that seen in the wild-type H5HA structures (Fig. 2e, g). Although only
the first two sugars are ordered in the VN1194 complex, compared
with three in the tyTy complex, sialic acid at position 1 of the receptor
(Sia-1) and Gal-2 adopt the same conformation in both. In these cases
(and all other mutant H5 HAs we have examined (X.X. et. al, unpub-
lished observations)), Gal-2 also adopts a cis configuration about the
glycosidic bond with sialic acid but it is rotated by approximately 90u
about its C6–C5 bond such that GlcNAc-3 exits from the side of the
receptor-binding site, over the 130-loop (residues 132–138). This
mode of human-receptor binding has not been reported for any other
avian or human HA. It seems to be enabled by the formation of a
hydrogen bond between the 39 hydroxyl of Gal-2 with the main-chain
carbonyl at residue 225 (Fig. 3b). This interaction is facilitated by the
low position in the site adopted by Gln 226, which is stabilized by a
hydrogen bond between its side chain and the hydroxyl of Ser 137.
The most obvious explanation for the difference in Gal-2 orienta-

tion in the complex formed by the transmissible-mutant HA with the
human receptor is the presence at the base of the receptor-binding site
of the hydrophobic leucine residue at position 226, in place of the polar
glutamine residue found in wild-type H5 HAs. The structural effect of
this Gln226Leu mutation in the transmissible mutant appears similar
to that caused by the same substitution associated with the conversion
of avianH2 andH3 to human viruses. In all three cases the introduction
of the hydrophobic residue increases the separation between the 220-
and 130-loops by about 1s, and residues 224 and 225 on the 220-loop
(residues 220–228) sit about 1.4s higher in the site as a consequence of
human-receptor binding (Supplementary Fig. 1).
To understand the loss of avian-receptor binding by transmissible-

mutant HA we determined its structure, and that of the wild-type H5
HAs, in complex with an avian receptor analogue (Fig. 2c, f, h and
Supplementary Fig. 1k–o). The most notable feature of these com-
plexes is that, whereas both wild-type HAs bind avian receptor in
the typical fashion of all avian HAs reported to date4,16,17 (Fig. 2f, h),
the transmissible-mutant HA binds in a substantially different way
with Gal-2 adopting a cis, rather than a trans, conformation about
the glycosidic bond with sialic acid (Fig. 2c). As a result, Gal-2 appears
face-on in the transmissible-mutant complex in Fig. 2 whereas it is
edge-on in the wild-typeH5HA complexes. The altered orientation of
Gal-2 and ofGlcNAc-3 also results in a quite different trajectory for the
avian receptor in the transmissible-mutant HA complex compared
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Figure 1 | HA and virus binding to human and avian receptors. a, MST data
for the binding of a2,3-linked sialyl lactosamine (a2,3-SLN) and a2,6-linked
sialyl lactosamine (a2,6-SLN) to HAs. Data are plotted as normalized signal
change as a function of receptor sugar concentration divided by 3. For a full
explanation of the normalization of the sugar concentration see Supplementary
Information. b, BLI data for the binding of viruses to a2,3-SLN and a2,6-SLN.
30-kDa polymers containing 20% mol sugar and 5% mol biotin linked to a
polyacrylamide backbone were immobilized to different levels on streptavidin-
coated biosensors. Data are plotted as fractional saturation of the sensor surface
as a function of relative sugar loading (RSL) for a fixed virus concentration of
100 pM. c, Comparison of experimental and simulated BLI data. The symbols
represent the BLI data for the wild-type H5 virus. The solid lines are binding
curves simulated using the HA monomer dissociation constants derived from
MST experiments and the multiplicity coefficient (see Supplementary
Information).
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with the wild-type H5 HA complexes. This mode of binding avian
receptor by transmissible-mutant HA is shared by both H2 and H3
pandemic virus HAs4,5 (Supplementary Fig. 1).
In addition to the Gln226Leu mutation, transmissible-mutant HA

contains three other amino acid substitutions: Asn158Asp, Asn224Lys
and Thr318Ile (Fig. 2a and Supplementary Fig. 1). Asn158Asp results
in the loss of a site for glycosylation in clade 1 H5 HAs (many clade 2
H5HAs also lack this glycosylation sequon). Simple modelling studies
based on our structure of the complexes formed betweenwild-type and
the transmissible-mutant HA with human receptor suggest that the
presence of a large carbohydrate side chain at residue 158 might steri-
callyblock receptorbinding to cell-surface sialic acids18 (Supplementary
Fig. 1a). Mutation of the glycosylation site would remove this potential
impediment and thus facilitate theobserved transmissibility in ferrets1,2.
Residue 224 is located on the rim of the receptor-binding site

(Fig. 2a, b and Supplementary Fig. 1) with its side chain oriented away
from the site. It is not apparent that it influences receptor binding
directly. However, the substitution of a lysine residue at this position
introduces a basic residue that may, like similar mutations that have
been described in H5 viruses isolated from humans19, enhance virus
binding to cell surfaces through non-specific electrostatic interactions.
It is notable in this regard that in two of the respiratory-droplet-
transmissible-mutant H5 viruses that have been described, in addition
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Figure 2 | Crystal structures of receptor complexes of wild-type H5 and
transmissible-mutant HAs. a, Ribbons representation of an HA trimer of
transmissible mutant with one monomer coloured in blue (HA-1) and red
(HA-2), and the other twomonomers shown in grey. For two of themonomers
the structures of the bound receptor analogues are encircled and magnified in
b (human receptor) and c (avian receptor). The locations of the four mutations
associated with the transmissible mutant are indicated by solid black dots and
are labelled. b, The receptor-binding site of the transmissible-mutant HA
containing human receptor with the three sugars coloured in red (GlcNAc-3),
blue (Gal-2) and yellow (Sia-1). The structural elements that form the edges of

the receptor binding site are labelled: 130-loop, 190-helix and 220-loop. c, The
receptor-binding site of a second monomer (rotated about the vertical axis)
showing bound avian receptor. d, The components of the human (left) and
avian (right) receptor and their distinctive linkage types in the upper part and
an overlap of the same two ligands shown in orientation of c in the lower part.
e–h, The receptor-binding sites of wild-type VN1194 and tyTy H5 HA with
bound human receptor (e and g, respectively) viewed in the same orientation of
the complex as b, and wild-type VN1194 and tyTy H5 HA bound to avian
receptor (f and h, respectively) in the same orientation of the complex as c.
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to the Gln226Leu amino acid substitution, there have been mutations
that introduce basic amino acids: Gln196Arg3 and Asn224Lys1. These
observations suggest that increases in positive charge at themembrane-
distal surface ofHAmay be favourable for non-specific interactionwith
negatively charged cell-surface components20,21. Given the relatively
modest specific binding that the transmissible-mutant HA displays
towards human receptors, such a non-specific contributionmay favour
transmissibility.
Residue 318 is 70s away from the receptor-binding site (Fig. 2a and

Supplementary Fig. 1) and is unlikely to influence receptor binding
directly. However, it has been shown to increase the thermal stability of
the transmissible-mutant HA1, which is consistent with the known
effects of mutations in similar locations in the intra-and inter-subunit
interfaces of HA22. Our structure shows how the Thr318Ile mutation
results in the isoleucine residue packing against the hydrophobic sur-
face formed by Trp 21 in the ‘fusion peptide’ and Val 48 and Val 52 in
themiddle of helix A of the same subunit (Supplementary Fig. 1c) This
interaction would stabilize the positions of both the fusion peptide and
helix A, and as a consequence counteract the destabilizing effects of the
three mutations in the membrane-distal locations23, resulting in reten-
tion of the wild-type HA fusion pH1.
As the first step in virus infection, HA receptor binding of appro-

priate affinity and specificity is an obvious requirement for the spread
of infection between individuals and between species. For pandemic
influenza viruses that originate in avian species the acquisition of both
properties is required.Avian influenza viruses of theH5 subtype remain
a threat because they have been shown to have the ability to infect
humans and because the infections that they have caused in humans
and in other species are extremely severe. Genetically, HAs of the H5
subtype aremost closely related toHAsof theH1andH2 subtypes, both
of which have been the source of pandemic influenza virus HAs.
However, the mechanism by which avian H1 viruses acquired the abil-
ity to infect and spread inhumans is distinct from that used by avianH2
viruses. The H1 virus HA required the Glu190Asp and Gly225Asp
mutations9,24,25 in the receptor-binding site. By contrast, the H2 HA
required the Gln226Leu and Gly228Ser mutations9,14,26,27. Importantly,
in relation to observations on the transmissible-mutant virus, H2 pre-
cursor viruses, containing only the Gln226Leumutation, were isolated
in 1957 (ref. 9) and a similar H2 virus with the same single mutation
has recently been shown to acquire transmissibility in ferrets28. The
structural consequences of the Gln226Leu substitution, widening of
the gap between the 130- and 220-loops at the edges of the receptor-
binding site, and generation of a hydrophobic environment at the base
of the site, are very similar for the transmissible-mutant HA and for
the HA of the H2 pandemic virus and are broadly similar to what
occurs in the more distantly related HA of the H3 pandemic virus17

(Supplementary Fig. 1).
In some respects the properties of the transmissiblemutant described

here suggest that H5 viruses could take a similar evolutionary pathway
in humans to that followed in 1957 and 1968 by avian H2 and H3
viruses. Thus, the preference of the transmissible mutant for binding
to human versus avian receptors, and the structural manner by which
it binds them, are highly characteristic of pandemic viruses. On the
other hand, the transmissible mutant achieves its 200-fold preference
for human receptor by essentially losing its binding potential for avian
receptor. This property distinguishes it from known pandemic viruses.
Whether or not these properties are shared by the other two transmiss-
ible H5 mutants2,3 remains to be determined.
The loss of affinity for avian receptor noted here also implies that the

species in which a transmissible mutant of this sort may evolve would
be restricted to either birds (such as quail29) or mammals (such as pigs
or humans30) which could provide an abundance of human receptors.
This restriction may also distinguish the transmissible mutant from
viruses thatwere precursors of theH2andH3pandemics. Both avianH2
and H3 viruses with high avidity for both avian and human receptors

have been identified4, and they may have been directly transferred to
humans from waterfowl, the main source of avian influenza viruses.

METHODS SUMMARY
Influenza viruses were grown in hens’ eggs and purified by sucrose density gra-
dient centrifugation, according to standard protocols. HA trimers were purified
after proteolytic release from these viruses. HAs for wild-type A/Vietnam/1194/
2004 (H5N1) (VN1194) and A/turkey/Turkey/1/2005 (H5N1) (tyTy) and the
transmissible-mutant H5 were sub-cloned into a modified pAcGP67A vector that
carries a tobacco etch virus (TEV) protease site, a trimerization foldon and a His
tag. Protein was expressed in Sf9 cells and purified as described previously21. MST
measurements were performedusing aNanoTemperMonolithNT.115 instrument
(NanoTemper Technologies GmbH). BHA samples (HA released from virus by
bromelain digestion) were labelled with the amine-reactive dye NT-647 using the
MonolithNT.115 Protein LabellingKit RED-NHS. Binding curves were generated
from the sodium salts ofa2,3-SLN anda2,6-SLN (obtained fromDextra). For BLI,
virus binding to defined receptor analogues was measured on an Octet RED
biolayer interferometer (ForteBio). Biotinylated a2,3-SLN and a2,6-SLN were
purchased from Lectinity Holdings Inc. Binding of viruses (at 100 pM) was mea-
sured at 25 uC in a 30–50-min association step. All solutions also contained 10mM
oseltamivir carboxylate (Roche) and 10 mM zanamivir (GSK) to prevent cleavage
of the receptor analogues by the viral neuraminidase. The (relative) amount of
virus bound to the biosensor at differentRSLswas calculated from the amplitude of
the response at the end of the association step. HA was crystallized according to
standard procedures and HA–receptor complexes were prepared by soaking HA
crystals in crystallization solution supplemented with 40mM receptor analogues
2,3-SLN or 2,6-SLN. Diffraction data were collected at 100 K at the Diamond
Synchrotron, processed with Mosflm or XDS and subsequent calculations carried
out using theCCP4 suite. Structures were built withCoot and refinedwith Refmac.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS
MST. MST measurements were performed using a NanoTemper Monolith
NT.115 instrument (NanoTemper Technologies GmbH). HA samples were
labelled with the amine-reactive dye NT-647 using the Monolith NT.115
Protein Labelling Kit RED-NHS. Labelling levels (generally in the range 0.3–0.4
dye molecules per HA monomer) were determined using e2805 74090 (H3) and
83030 (H5) M21 cm21 for the HA monomer concentration, and e6475 250,000
M21 cm21 for the dye concentration. Sodium salts of a2,3-SLN and a2,6-SLN
(obtained from Dextra) were dissolved to a final concentration of 50–100mM in
PBS buffer containing 0.05% Tween-20 and labelled HA at a concentration of
,50nM. This stock solution was then serially diluted 1:1 using the same buffer to
give 12 working solutions with different sugar concentrations but the same fluor-
ophore concentration. These solutions were then loaded into standard treated
capillaries and MST measurements were made at 25 uC using 20% light-emitting
diode power and 40% infrared-laser power. The laser-on time was 30 s and laser-
off time 5 s. All measurements were made at least five times.
BLI.Virus binding to defined receptor analogues was measured on an Octet RED
biolayer interferometer (ForteBio). Biotinylated a2,3-SLN and a2,6-SLN were
purchased from Lectinity Holding. These were approximately 30-kDa polymers
containing 20% mol sugar and 5% mol biotin linked to a polyacrylamide back-
bone. The polymers were immobilized on streptavidin biosensors (ForteBio) at
concentrations ranging from 0.01–1.5mgml21. The RSL of the biosensor was
calculated from the amplitude of the response at the end of the 5–10-min loading
step. The maximum response at complete saturation was ,0.6 nm. Binding of
viruses (at 100pM) was measured at 25 uC in a 30–50-min association step. The
buffer was 10mM HEPES, pH7.4, 150mM NaCl, 3mM EDTA and 0.005%
Tween-20. All solutions also contained 10mM oseltamivir carboxylate (Roche)
and 10mM zanamivir (GSK) to prevent cleavage of the receptor analogues by the
viral neuraminidase. The (relative) amount of virus bound to the biosensor at
different RSLs was calculated from the amplitude of the response at the end of the

association step. These measured amplitudes were normalized by dividing by the
maximum response (typically 5–6 nm) and this normalized response was plotted
as a function of the RSL (see Fig. 1a and Supplementary Fig. 2). These normalized
virus binding response curves report the fractional saturation of the sensor surface
(f ) and smooth lines through the curves were generated by fitting the data to a
simple variant of the Hill equation:

f~
½RSL�n

½RSL0:5�nz½RSL�n

InwhichRSL is the relative sugar loading, RSL0.5 is the relative sugar loading at half
saturation (f5 0.5), and n is a Hill coefficient.
Crystallography.TheHAofVN1194was purified from vaccine strain virus RG14
grown in embryonated chicken eggs. HAs of tyTy and the transmissible mutant
were expressed in Sf9 insect cells. Following previously publishedmethods22 all H5
HAswere purified as trypsin released ectodomains in the final buffer (10mMTris-
HCl, pH8.0, 50mM NaCl). VN1194 HA was crystallized from 0.1 M HEPES,
pH7.0, 0.05M MgCl2, 28–30% PEG 550. tyTy HA was initially crystallized from
Bis-tris propane, pH7.5, 0.2MK/NaPO4, pH7.0, 20%PEG3350 and crystals were
improved by seeding in Bis-tris propane, pH7.5, 0.05–0.15M K/NaPO4, pH7.0,
15–18%PEG 3350. The transmissible mutant was crystallized from 0.1MHEPES,
pH7.0, 25–30% Jaffamine ED-2001. Ligand-soaking experiments were performed
by soaking the crystals in crystallization solution supplemented with 40mM
receptor analogues for 16 h. VN1194 and transmissible-mutant crystals were fro-
zen in liquidnitrogendirectly from thedrop. tyTyHAcrystalswere cryo-protected
by addition of 25% ethylene glycol before freezing.
Diffraction data were collected on Diamond beamlines at 100K, and processed

in the XIA2 pipeline, before being scaled by Scala from the CCP4 suite. Structures
were determined bymolecular replacement in Phaser using the VN1194 structure
as a search model (PDB code, 2IBX). MolProbity was used to validate the final
structures.
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