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accuracies were 73.2% for the no-information
condition and 75.4% for the prior-information
condition (a benefit of 2.2%, significantly
smaller than the benefit of 7.7% in color task,
P < 0.001). The substantial asymmetry of effect
of prior information in encoding feature values
and location values provides distinctive support
for the Boolean map analysis.

Taken together, the experiments reported here
[along with other evidence recently presented
(6)] are consistent with the claim that observers
have conscious access to only one feature value
at one time but have conscious access to more
than one location simultaneously. Does the
present conclusion—that only one feature can be
consciously accessed at any one time—conflict
with the well-known evidence for parallel feature
processing in the visual search literature (3, 5)?
The parallel feature processing demonstrated in
that research generally involves the spatially
parallel rejection of homogeneous distractors in
search of a feature target, a claim that is consistent
with the Boolean map hypothesis.

The present results can also be seen as
showing that multiple location values can be
represented as a holistic pattern or surface (i.e.,
observers can encode them together as a unit),
thus avoiding competition. Feature values, on
the contrary, evidently cannot constitute a com-
parable sort of pattern in feature space (e.g.,
color space), and thus each needs its own sep-
arate visual representation.

The Boolean map format is supported not
only by the results of the very austere perceptual
tasks investigated here but also by a range of
results assessing observers' ability to apprehend
complex patterns in relatively rich displays,
such as matching, mentally rotating, or judging
the symmetry of arrangements of colors or ori-
entations in large grids of elements (6, 11, 12).
In each of these situations, it seems clear that,
although people can abstract the spatial dis-
tribution of one feature value at a time, even in
complex patterns, they are unable to become
aware of the distribution of more than one fea-
ture value at a time.

This conclusion may seem at odds with or-
dinary introspection, which may suggest that we
can become aware of a heterogeneous world
with many feature values at the same time, not
the mere spatial distribution of a single feature
value. What is to be made of this paradox?
The sense that human observers have of being
simultaneously aware of varied colors, shapes,
directions of motion, and so forth may reflect
experiences that are not occurring at any single
instant but rather at different times. As some
philosophers have noted, our assessment of the
content of our awareness may reflect not what
we have in mind at one instant, but rather what
we can readily fetch with a quick act of will (13).
Recent studies on change blindness (14–16) also
suggest that visual awareness is starkly limited
and that our apparently rich visual experience is

likely to be a substantial overestimation of what
is actually consciously available.
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Immunization by Avian H5 Influenza
Hemagglutinin Mutants with Altered
Receptor Binding Specificity
Zhi-Yong Yang,1* Chih-Jen Wei,1* Wing-Pui Kong,1 Lan Wu,1 Ling Xu,1
David F. Smith,2 Gary J. Nabel1†

Influenza virus entry is mediated by the receptor binding domain (RBD) of its spike, the
hemagglutinin (HA). Adaptation of avian viruses to humans is associated with HA specificity for
a2,6- rather than a2,3-linked sialic acid (SA) receptors. Here, we define mutations in influenza
A subtype H5N1 (avian) HA that alter its specificity for SA either by decreasing a2,3- or increasing
a2,6-SA recognition. RBD mutants were used to develop vaccines and monoclonal antibodies
that neutralized new variants. Structure-based modification of HA specificity can guide the
development of preemptive vaccines and therapeutic monoclonal antibodies that can be evaluated
before the emergence of human-adapted H5N1 strains.

The ability of influenza viruses to adapt
from animals to humans is determined
by several viral gene products [reviewed

in (1)]. Among them, the viral hemagglutinin
(HA) is of particular interest; it binds to spe-
cific sialic acid (SA) receptors in the respirato-
ry tract that affect transmission (1–3). At the
same time, it affects sensitivity to neutralizing
antibodies, the primary determinant of immune
protection (4, 5). The receptor binding domain

(RBD) within HA is composed of less than 300
amino acids, situated at the outer surface on
top of the viral spike (6–10). SA binding is
mediated by a cavity bordered by two ridges
(Fig. 1A), formed by loop 220 (amino acids
221 to 228), loop 130 (amino acids 135 to 138),
and a helical domain at amino acids 190 to 197
(numbering based on H3 A/Aichi/2/68) (10).
The structures of the H1, H5, and H3 HAs have
been previously described (6–10), and the H1

and H5 RBD show greater structural and
genetic similarity to one another than to H3
(Fig. 1A).

To define mutations that change receptor
recognition, we focused initially on differences
between H5 and H1 (A/South Carolina/1/18),
which recognizes a2,6-SA linkages, particu-
larly amino acids 190, 193, and 225 (Fig. 1B).
Individual or combination mutations to create
pseudoviruses were made in which amino acids
were replaced at certain positions, described
by the single-letter code for the amino acid
(11), as for example, aspartic acid substituted
for glutamic acid at position 190 (E190D).
We also used a mutant suggested previously
to increase a2,6 recognition, Q226L,G228S
(9). Surface expression of these HAs was
confirmed by flow cytometry (fig. S1A), and
pseudotyped lentiviral vectors were produced
after cotransfection of neuraminidase (NA).
Entry into 293A renal epithelial cells, which ex-
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press both a2,3- and a2,6-SAs (fig. S1B),
was measured with a luciferase reporter. The
E190D,K193S,G225D triple-mutant virus showed
entry similar to the wild-type HA (fig. S1C),
confirming its functional integrity; however,
receptor specificity could not be defined with
this assay.

The SA specificity of different HAs was
analyzed by a modification of the glycan mi-
croarray method (12) and by the resialylated
HA assay (13). For glycan arrays, HAs were
coexpressed with NA and purified (8). The
E190D,K193S,G225D mutation eliminated rec-
ognition of most a2,3-linked substrates com-
pared with wild-type protein (Fig. 2, A versus
B). The resialylated HA assay confirmed the
loss of a2,3-SA recognition in the triple mu-
tant and lack of a2,6 binding (Table 1A), also
seen in Q226L,G228S. Analysis of previously
described mutants (14) also revealed no a2,6-SA
recognition (Table 1B). Finally, we identified
mutations that increased a2,6-SA recognition
(Table 1C), particularly the S137A,T192I var-
iant that alters both the 130 loop and 190
helix. This altered specificity was confirmed
in glycan microarrays (table S1). These mu-
tations represent alternatives by which the HA
can adapt its substrate recognition; in the last-
mentioned instance, it increases a2,6-SA binding
to be more similar, although not identical, to
human-adapted influenza viruses.

Immunogenic and antigenic differences among
HAs with altered receptor specificity were
analyzed by vaccination of mice with wild-type
or the triple-mutant HA and generation of
monoclonal antibodies (mAbs). Each mAb
recognized mutant or wild-type HA coexpressed
with NA with differential specificity (Fig. 3A).
One potent H5-specific mAb, 9E8, neutralized
wild-type H5 but showed significantly re-
duced activity against the triple-mutant pseudo-
virus (Fig. 3B, left). In contrast, a second such
monoclonal, 10D10, neutralized both HAs
equivalently at maximal inhibitory concentra-
tions, although smaller differences were ob-
served at intermediate concentrations (Fig. 3B,
middle). A third mAb, 9B11, isolated after im-
munization with the triple-mutant expression
vector, showed the converse specificity, in-
hibiting the triple mutant but not affecting the
wild-type H5 pseudovirus (Fig. 3, B and C,
right). Finally, although 9E8 more effectively
neutralized the wild type than S137A,T192I,
another antibody, 11H12, showed comparable
activity on both (Fig. 3D), confirming the dif-
ferential antigenicity of this mutant. Modifica-
tion of SA binding specificity therefore altered
neutralization sensitivity and facilitated the
generation of vaccines that elicited effective
neutralizing mAbs.

In this report, we have identified muta-
tions in the avian H5 hemagglutinin that alter
its specificity for SA receptors and have
shown that such mutants can be used to elicit
neutralizing monoclonal antibodies that more

effectively inhibit these variants. Neutraliza-
tion sensitivity was determined with a lenti-
viral entry assay previously shown to define
mechanisms of entry for numerous viruses,
including HIV, severe acute respiratory syn-
drome (SARS), Ebola and Marburg hemor-
rhagic viruses, and, recently, influenza (15–17).
Inhibition by antibodies determined neutral-
ization sensitivity (18, 19) and correlated with
hemagglutination inhibition, a traditional marker

of immune protection (table S2) (19). With this
approach, the specificity of the HA was ex-
amined, independent of molecular adaptations
required to generate replication-competent
virus, which allowed identification of several
mutants with altered SA specificity. Other
mutants have been defined recently whose
recognition was assessed with a less-specific
assay (14), and we find here that they do not
gain a2,6-SA recognition in the HA assay

A B
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S193
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E190
S193
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E190
K193
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D225 G225G225

Fig. 1. Structural and genetic basis for hemagglutinin mutations. (A) The RBDs of alternative viral
hemagglutinins are shown. (B) Comparison of amino acid sequences in the major 130 and 220
loops and the 190 helix, color-coded in purple, lavender, and green, respectively.

Fig. 2. Altered specificity of the triple-mutant H5 compared with wild-type KAN-1 H5 coexpressed
with NA. Glycan microarray analysis of (A) wild-type or (B) triple-mutant HA purified after
coexpression with NA was performed by a modification (18) of a previous technique (12)
performed by Core H, Consortium for Functional Genomics, Emory University. Glycans with related
linkages are grouped by color: selected glycoproteins (orange), predominantly a2,3-sialosides
(yellow), a2,6-sialosides (green), a2,8 ligands (blue), or others (purple), as previously shown
(table S3).
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