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with Three Major Antigenic Sites and Residues Mediating
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Abstract

Most monoclonal antibodies (mAbs) to the influenza A virus hemagglutinin (HA) head domain exhibit very limited breadth
of inhibitory activity due to antigenic drift in field strains. However, mAb 1F1, isolated from a 1918 influenza pandemic
survivor, inhibits select human H1 viruses (1918, 1943, 1947, and 1977 isolates). The crystal structure of 1F1 in complex with
the 1918 HA shows that 1F1 contacts residues that are classically defined as belonging to three distinct antigenic sites, Sa,
Sb and Ca,. The 1F1 heavy chain also reaches into the receptor binding site (RBS) and interacts with residues that contact
sialoglycan receptors and determine HA receptor specificity. The 1F1 epitope is remarkably similar to the previously
described murine HC63 H3 epitope, despite significant sequence differences between H1 and H3 HAs. Both antibodies
potently inhibit receptor binding, but only HC63 can block the pH-induced conformational changes in HA that drive
membrane fusion. Contacts within the RBS suggested that 1F1 may be sensitive to changes that alter HA receptor binding
activity. Affinity assays confirmed that sequence changes that switch the HA to avian receptor specificity affect binding of
1F1 and a mAb possessing a closely related heavy chain, 1120. To characterize 1F1 cross-reactivity, additional escape mutant
selection and site-directed mutagenesis were performed. Residues 190 and 227 in the 1F1 epitope were found to be critical
for 1F1 reactivity towards 1918, 1943 and 1977 HAs, as well as for 1120 reactivity towards the 1918 HA. Therefore, 1F1 heavy-
chain interactions with conserved RBS residues likely contribute to its ability to inhibit divergent HAs.
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pocket have been described by Ohshima ez al. [8] and our group
[11]. Whittle ¢t al. described the HIN1 antibody CH65 [9] which
is complementary in its HIN1 activity to our HIN1 antibody 5J8
[10]. Antibody CO5 also binds to the receptor binding site of
multiple influenza A subtypes using mainly its CDR H3 loop [14].
Recently, a cross-reactive antibody to influenza B CR8033 was
shown to bind to the head and overlap with the receptor-binding

Introduction

The hemagglutinin (HA) protein of influenza viruses binds to
sialic acid receptors on host cells and is the major target of
neutralizing antibodies. Amino-acid changes in the immunodomi-
nant HA antigenic sites that arise in response to immune selective
pressure (antigenic drift) enable seasonal influenza A viruses to

cause repeated epidemics and necessitate continuous reevaluation pocket [12]. Extensive epitope mapping with large panels of

murine mAbs previously identified five major antigenic sites on the
HA head domain of HINI1 viruses, and these have been termed

of the composition of influenza vaccines. Characterization of
antibodies that display the ability to cross-neutralize divergent

viruses may suggest strategies to elicit more broadly protective
immunity. The broadest cross-reactive influenza mAbs described
to date recognize conserved regions of the HA stem [1,2,3,4,5,6]
as compared to the HA head region, which is much more variable.
Nevertheless, a few cross-reactive antibodies to the HA head have
also been found [7,8,9,10,11,12,13,14]. S139 is a murine
monoclonal antibody against antigenic site B [7], but also reaches
into the receptor binding site [13]. Recently, human monoclonal
antibodies of the Vy1-69 lineage against the receptor-binding
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Sa, Sb (residues 186—198), Ca;, Cay (residues 140145, 224-225)
and Cb [15,16,17]. These highly variable surface-exposed regions
are located in the membrane-distal end of the HA trimer near the
HA RBS.

In a previous study [18], we described five naturally occurring
human mAbs that potently inhibit the 1918 HINI pandemic
influenza virus. The antibodies were cloned from the B cells of
individuals born prior to 1918, and were isolated prior to the 2009
H1 pandemic; the mAbs were designated 1F1, 1120, 2B12, 2D1,
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Author Summary

Influenza infection kills thousands of people every year
and causes major pandemics every few decades. The most
lethal outbreak of influenza known was the 1918 HIN1
influenza pandemic that killed an estimated 20 to 100
million people. The 1918 virus was likely introduced into
the human population from birds. We previously described
five human neutralizing antibodies from survivors of the
1918 pandemic that bind the hemagglutinin (HA) surface
antigen. Here, we define the binding sites of antibodies
1F1 and 1120 on the 1918 HA and demonstrate that these
overlap with the glycan receptor binding site. The glycan
specificity differs between human and avian viruses for the
linkages of the sialylated sugar receptors [human (x2-6) or
avian (22-3)]. 1F1 and 1120 binds viruses that contain HA
residues that mediate preference for «2-6 sialylated
sugars. Three other control antibodies were not affected
by preferences for the linkages of the sialylated sugar
receptors because they bind elsewhere. Since the recep-
tor-binding site is relatively conserved, this may explain
the cross-reactivity of 1F1 and the enhanced binding of
1F1 and 1120 to HAs with human receptor specificity.

and 4D20 [18]. Two of these mAbs, 1F1 and 1120, independently
selected escape mutants of the 1918-like influenza A/Swine/
Towa/15/30 (HIN1) virus with the same proline to histidine
escape mutation at HA1 position 186, a residue adjacent to the Sb
antigenic site [18]. Sequence analysis with the online antibody
database tool IMGT [19] revealed the antibody heavy chain genes
encoding mAbs 1F1 and 1120 used similar V, D, and J gene
segments (Vy3-30, D3-22, Jiu5 for 1F1; Vi3-30, D3-10, Jii5 for
1120; Table S1), but different light chain types (A for 1F1; k for
1120; Table S1). Similar concentrations of 1F1 and 1120 inhibit
the 1918 virus, and administration of either antibody protected
mice from lethal 1918 virus challenge [18]. One notable difference
between these two antibodies, however, is that mAb 1F1 not only
inhibits the 1918 HINT virus, but also 1943 as well as select 1947
and 1977 human HINI viruses [18]. 1120 does not inhibit these
antigenically drifted post-1918 human viruses.

We used a combination of X-ray crystallography, site-directed
mutagenesis, selection of antibody escape mutant viruses and
biochemical assays to define the epitopes of 1F1 and the related
1120 antibodies. The structure of 1F1 in complex with the 1918
HA demonstrated that the 1F1 heavy chain reaches into the HA
receptor binding pocket and makes contacts with residues that
interact with the sialoglycan receptor. Additional contacts are
made with residues from the Sa, Sb and Ca, antigenic sites.
Hemagglutination-inhibition and binding assays corroborated the
crystal structure data and indicated that the 1120 mAb likely binds
HA in a similar manner as 1F1.

Results

Crystal structure of mAb 1F1 in complex with 1918 HA
To better understand the mechanism of 1F1 neutralization and
its ability to cross-react with HIN1 viruses separated by decades of
virus evolution, we determined the crystal structure of Fab 1F1 in
complex with SC1918 HA using diffraction data that extend to
3.3 A, but we report a nominal resolution of 3.55 A due to
anisotropy (see Table S2). We also determined crystal structures of
the 1F1 Fab and “avianized” 1918 HA (SC1918 D190E D225G;
AV1918) components separately at high resolution (1.45 A and
1.80 A resolution, respectively). The new AV1918 structure was
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refined at significantly higher resolution than closely related
structures reported previously (e.g., SC1918, PDB code 1RUZ)
[20,21]. The availability of these high-resolution models for
molecular replacement and as restraints in structure refinement
significantly improved the final quality of the lower resolution Fab-
HA complex structure. Data collection and refinement statistics
are reported in Table S2. The overall structure of AV1918 HA is
very similar to previously reported structures for SC1918 HA. The
two amino-acid substitutions that differentiate Av1918 from
SC1918 (D190E and D225G) had no significant effect on the
overall architecture of the receptor binding site, aside from the
altered side-chain substitutions.

The crystal structure of the 1F1-SC1918 complex contains two
complete HA trimers in the asymmetric unit. Each HA protomer
(6 in all for the two trimers) is bound by a single copy of the 1F1
Fab in the expected stoichiometry of 3 Fabs per HA trimer. Of the
6 Fabs in the asymmetric unit, only two are fully ordered. In the
remaining four copies, only the variable domains are well defined,
as observed in other Fab and Ig-domain containing structures
[1,22,23]. Together these disordered domains constitute ~17% of
the total expected protein mass in the asymmetric unit. As the
variable and constant domains are joined via two flexible hinges in
the “elbow” region and these four sets of 1F1 constant domains
fail to make significant crystal contacts in the relatively open
crystal lattice, these constant regions likely adopt an ensemble of
conformations in the crystal and are not interpretable in our
electron density maps. Indeed, the Fab elbow angles vary over 30°
between the 1F1 Fabs resolved in the free Fab structure (215° and
217°) and in the SC1918 complex (185° and 190°).

Fab 1F1 binds an epitope at the apex of the HA spike, in the
HA1 “head” region (Figure 1, overview). The 1F1 epitope
contains several residues that typically contact the sialoglycan
receptor, including 135, 153, 183, 190, 194, 222, and 225
(Figure 2, RBS with glycan, contact residues labeled). Of particular
note are the H1 HA receptor specificity-determining residues 190
and 225 [20,21,24,25,26,27]. Many of these contacts are mediated
by CDR-H3, which inserts its tip into the RBS. 1F1 also contacts a
number of more variable residues outside the RBS, including
133A, 145, 156, 159, 186, 187, 189, 192, 193, 196, 227, and 228
(Figure 2). In total, 1F1 binding to the HA buries a total of
1440 A? of protein surface at the interface. Of this, approximately
72% is buried by the heavy chain and 28% by the light chain,
similar to many other antibodies to proteins.

Remarkably, the epitope of 1F1 on H1 HA is similar to the
HC63 epitope in H3 HA (PDB code 1KEN) [28,29], despite
highly divergent sequences on both sides of the interface for both
the antibodies and the HA targets (Figure 3, 1F1 vs. HC63).
Furthermore, the overall orientation of the Vi domains from
HC63 and 1F1 are very similar, resulting in their CDR-H1, -H2,
and -H3 contacting similar surfaces on the H3 and H1 HAs,
respectively. In particular, HC63 also inserts the tip of CDR-H3
mto the receptor binding site, albeit somewhat less deeply than
1F1 due to a shorter length CDR-H3 (11 residues for HC63 versus
17 for 1F1). However, a slight rotation (~20°) of the Vi domain
around its interface with the HA results in significantly different
interactions between the light chains of these two antibodies. In
contrast to HC63, where its CDR-L.1 and -L.2 are also centered on
the receptor binding site, the 1F1 light chain is displaced by more
than 10 A, moving the tip of CDR-L2 out of the receptor binding
site where it binds the outer surface of the 190-helix. Despite these
differences, the overall similarity between the HC63 and 1F1
Interactions is intriguing, and is suggestive perhaps of a limited
number of preferred antibody binding modes, even across
subtypes.
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Figure 1. Crystal structure of 1F1-SC1918 complex. Three Fabs
bind to an HA trimer. The 1F1 Fab (heavy chain in orange, light chain in
yellow) binds to the HA1 “head” subunit (cyan) close to and
overlapping the receptor binding site. The HA2 fusion subunit is
colored pink. As oriented, the viral membrane would be at bottom and
the receptor binding site and target cell would be at the top.
doi:10.1371/journal.ppat.1003067.g001

Binding affinity of TF1 and 1120 with 1918 wt or avianized
variant HAs

Given that the 1F1 epitope is comprised of several residues that
typically contact the sialoglycan receptor, 1F1, the related 1120,
and three antibodies, mAbs 2B12, 2D1, and 4D20, that recognize
other epitopes, were tested for binding using a label-free biosensor
(Table 1) to recombinant, soluble HA proteins possessing SC1918
HA (02,65A specificity), NY1918 HA (dual o2,6SA and o2,3SA
specificity), or Av1918 HA (22,3SA specificity). These HAs differ
only at positions 190 and 225 [24]. Binding of mAbs 2B12, 2D1,
and 4D20, was unaffected by a D190E change, a D225G change
converting the South Carolina to the New York sequence, or a
double mutant that is Av1918 HA (Table 1). The D190E mutation
has reduced affinity for mAb 1F1 by about 250-fold and for 1120
by about 1,900-fold (Table 1). The D225G mutation led to a
reduction of affinity of ~360-fold for 1F1 and eight-fold for 1120.
Binding of mAb 1120 to Av1918 was not detected, and a
substantially reduced affinity of only 1.0x10~® M was found for
mAb 1F1 (Table 1). These data are consistent with the structural
data implicating sialoglycan receptor-contacting residues within
the 1F1 epitope. 1120 mAb bound to a similar epitope consistent
with the fact that it shares common genetic elements with 1F1
[30], although both antibodies are derived from different clonal
ancestors because of different junctions, different light chains, and
a different pedigree of somatic mutations.
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Figure 2. 1F1 epitope overlaps the receptor binding site. 1F1
recognizes several residues involved in binding sialic acid receptors (red
spheres). Additional residues that contact receptor (but not antibody)
are in pink spheres, and additional antibody contact residues are in
yellow spheres. A sialic acid receptor is shown to indicate its location,
but was not included in the 1F1-HA structure.
doi:10.1371/journal.ppat.1003067.g002

HA escape mutations selected by mAb 1F1

Although influenza A/South Carolina/1/18, A/Weiss/43, A/
Fort Monmouth/1/47, and A/USSR/92/77 (referred to below
as the 1918, 1943, 1947 FM, and 1977 viruses, respectively)
possess divergent HAs, including divergent Sb sites (Figure 4),
mAb 1F1 inhibits hemagglutination by each of these viruses
(Figure 5A) [18]. To map HA residues critical for HAI activity
against the 1943 and 1977 viruses, 1F1 escape mutants for 1943
and 1977 viruses were selected. Sequencing of escape mutant HA
genes of 1943 virus escape mutants reproducibly identified an
A227T mutation in HA1. Sequences derived from 1977 escape
mutant viruses possessed a D190N change in HAI, although
some escape mutant strains appeared to be mixed populations
that also contained an S186F change. To confirm that individual
changes at positions 190 and 227 are sufficient to confer escape
from inhibition, we introduced the changes into cDNAs encoding
the HAs of 1943 or 1977 HIN1 viruses and produced virus-like
particles (VLPs). As expected, 1F1 lost HAI activity towards the
A227T 1943 HA (Figure 5B) and the D190N mutant 1977 HA
(Figure 5C).

Prior studies to select for 1F1 and 1120 escape mutants in a virus
closely related to the 1918 virus, influenza A/swine/Iowa/30
(HINT1), repeatedly resulted in changes at residue 186 [18]. To
determine whether the residues identified by escape mutant
selection for the 1943 and 1977 viruses could also be implicated in
1F1 HAI activity towards the 1918 HA, residues 190 and 227 were
mutated in the context of the 1918 HA. When an A227T mutation
was introduced into a 1918 virus HA, it did not affect 1F1 HAI
activity. However, alignment of the HAs of 20" century human
HINT isolates identified several other amino acids that have
appeared at position 227 (Figures 4, 6A). When these were
introduced into the 1918 HA, two mutations, A227H and A227P,
substantially impacted 1F1 HAI activity, demonstrating a role for
residue 227 in inhibition of 1918 HA by both 1F1 and 1120
(Figure 6A). When a D190N mutation was introduced into a 1918
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Figure 3. 1F1 and HC63 exhibit similar HA binding modes. (A) Comparison of footprints on HA of some representative structurally
characterized mAbs. Note that some pairs of antibodies recognize similar epitopes in several different antigenic sites, suggestive of some preferred
binding orientations. (B) A rotation about V results in completely different V| interactions for each 1F1 and HC63 antibody. (C) 1F1 (pink and red) and
HC63 (light blue and red) footprints mapped onto HA surface. Overlapping regions are shown in red.

doi:10.1371/journal.ppat.1003067.9003

HA, 1F1 HAI activity was partially abrogated (Figure 6B). These
data support a role for residues 190 and 227 in 1F1 inhibition of
the 1918 virus as well as in the 1943 and 1977 viruses.

Structural interpretation of escape mutant data

The three HA residues involved in the four escape mutations
selected by 1F1 (P186H, S186F, D190N, and A227T) all map to
the HA-1F1 interface in the crystal structure. The P186H and
S186F mutations introduce larger side chains at a position buried
in the interface and likely lead to a steric clash between the HA

and CDR-H3. It is less clear how the DI9ON and A227T
mutations led to virus escape, as they did not completely abolish
1F1 HAI activity when introduced in the 1918 HA as compared to
1977 HA. Given the somewhat conservative nature of these
substitutions, they may be expected to have a small effect on the
binding of 1F1 for HA, which is insufficient to reduce antibody
binding below the threshold necessary for escape. However, in the
context of HAs bound by 1F1 with lower affinity, such as 1943 and
1977, these more subtle mutations may reduce 1F1 binding
beyond what is required for effective neutralization.

Table 1. Binding affinities of five human mAbs for 1918wt HA or its avianized variants.

Virus source of HA (Wild-type or A/SC/1/18

variant) Kp of binding [M] of 1918 antibody Fab with 1918 and variant HAs

1F1 1120 2B12 2D1
1918wt 6.2x107° 33x107° 9.8x107° 25%107°
D190E mutant 24x1077 1.7x10°° 1.2x10°8 5.8x10°°
D225G mutant (NY1918) 1.7x1077 39x1078 13x1078 6.2x107°
D190E/D225G mutant (Av1918) 1.0x10°° < 2.1x1078 3.1x10°°

doi:10.1371/journal.ppat.1003067.t001
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“<" Denotes no detectable binding, with an estimated minimal detectable binding of ~1x107° M.
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Figure 4. 1F1 and HC63 contacts on HA. HA residues contacted by both 1F1 and HC63 (green), 1F1 only (blue), or HC63 only (yellow) mapped
onto a structure-based sequence alignment of H1 HAs bound by 1F1 (1918, 1943, 1947 L3, 1947 FM, 1977, and 1999). “.” indicates identity with the
1918 wt sequence.

doi:10.1371/journal.ppat.1003067.9g004

Discussion

Relatively few mAbs that bind the influenza virus HA head have
been demonstrated to neutralize significantly divergent strains
[7,8,9,10,11]. A greater understanding of the basis for such
broadly cross-reactive antibodies may suggest novel vaccine or
therapeutic approaches to influenza virus infection. This study
provides a detailed characterization of one such antibody, 1F1,

MW 1918 wt
[ 1943 wt
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1999 wt
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o
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and highlights common, emerging properties of cross-reactive
anti-head antibodies. Notably, such antibodies appear to react
with the relatively conserved receptor binding domain, reach into
the receptor binding pocket and/or are sensitive to changes in HA
receptor binding specificity [7,8,9,10,11,12,13,14]. The availabil-
ity of 1120, a mAb that shares a heavy chain closely related to that
of 1F1, but did not neutralize the 1943, 1947 or 1977 viruses
tested, provides additional insight. Because 1120 maps to the same

M 1918 wt 1918 wt
1943 wt 1977 wt
11943 A227T (11977 D190N

] oy
1F1 1120 2B12 1F1 1120 2B12

Anti-1918 mAbs

Figure 5. Role of HA residues 190 and 227 in neutralization of 1943 and 1977 H1N1 viruses, respectively. (A) HAl assays performed with
mAbs 1F1, 1120, 2B12, 2D1, or 4D20 against VLPs based on wt viruses indicated in Figure 1. The maximum concentration of antibody tested in each
assay was 20 ug/ml. (B) HAI assays performed with mAbs 1120, 1F1 and 2B12 against VLPs possessing the following HAs: 1918 wt; 1943 wt; 43A227T
(1943 HA with mutation A227T). (C) HAI assays performed with mAbs 1120, 1F1 and 2B12 against VLPs possessing the following HAs: 1918 wt; 1977
wt; 77DT190N (1977 HA with residue D190 mutated to N).

doi:10.1371/journal.ppat.1003067.g005
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Figure 6. Role of HA residues 186, 190 and 227 for 1F1 and 1120 interaction with the 1918 HA. (A) HAIl assays performed with mAbs 1120,
1F1 and 2B12 against VLPs possessing 1918 HAs corresponding to the wild-type sequence (1918 wt) or with HAs containing the indicated point
mutations at residue 227. (B) HAI assays performed with mAbs 1120, 1F1 and 2B12 against VLPs possessing 1918 HAs corresponding to the wild-type
sequence (1918 wt) or HAs with the indicated point mutations at residue 190.

doi:10.1371/journal.ppat.1003067.g006

epitope as 1F1, it is very likely that 1120 will also reach into the
receptor binding pocket. This finding suggests that not all mAbs
that make contact with the RBS will be broadly cross-reactive and
that additional determinants of cross-reactivity exist as the
antibody footprint typically includes surrounding hypervariable
loops as well.

We previously characterized 1F1 and 1120 as Sb site antibodies
based on the P186H escape mutation for a residue that is
immediately adjacent to the Sb site (residues 187-197 [16]).
However, this antigenic site definition is based on BALB/c mouse
hybridoma antibodies against influenza A/Puerto Rico/8/1934
(HINT) [15,16,17]. Those mapping studies, while extensive,
cannot necessarily be considered complete especially as applied to
the human antibody response [15,17]. Also, co-crystal structures
of H1 HA antibodies binding the globular head that would
validate the conventional definition for HI HA are limited. We
have shown previously that the epitope of the HI HA Sa site
antibody 2D1 extends to residues beyond the conventionally
defined antigenic site to sites Sb and Ca; [31]. Here, the crystal
structure demonstrates that 1F1 interacts with residues within Sa,
Sb and Ca, and also reaches into the HA receptor binding
pocket. This epitope is strikingly similar to that described for
HC63 [29], an H3-specific mouse mAb that also exhibited HAI
activity against multiple divergent H3N2 viruses [28]. Only a
limited number of HINI antibodies have been crystallized in
complex with their respective HAs. Their epitopes seem to be
comprised of multiple antigenic sites, rather than just a single
distinct antigenic site. It might now be time to get away from the
original classification of epitope sites. Still, this conventional
definition remains useful for ease of topographic orientation on
the HA head. HC63 appears to neutralize virus through two
distinct mechanisms: The direct occlusion of the receptor binding
site by Vi interferes with receptor binding and virus attachment

PLOS Pathogens | www.plospathogens.org

[29]. Interestingly, HC63 inhibits the pH-induced conformation-
al changes associated with membrane fusion [29], presumably by
cross-linking or otherwise interfering with the separation of the
heads, which has been suggested to be required to allow efficient
reorganization of HA2 to its fusion-active conformation [32]. In
contrast, while 1F1 potently inhibits receptor binding, it was
unable to block the pH-induced conformational changes in HA
that drive membrane fusion (data not shown). While the overall
binding modes of 1F1 and HC63 are similar, the HC63 footprint
extends across the interface between two adjacent HA1 subunits
[29], while that of 1F1 is wholly contained within a single HA1
domain and cannot cross-link the subunits of the trimer as a
monovalent Fab.

The extension of the 1F1/1120 epitope towards the RBS and
the modest conservation of the residues in this pocket may explain
in part why 1F1 shows cross-reactivity towards later 1943, 1947,
and 1977 viruses. The related mAb 1120 does not inhibit these
viruses, likely as a result of numerous substitutions in contact
positions in CDR-H1 and -H3 (Table S1). In contrast, mAbs
2B12, 2D1, and 4D20 are not affected by changes in human
versus avian receptor specificity since their epitopes do not involve
those residues.

The HA receptor specificity of influenza A virus strains is a
determinant of virus transmissibility and virulence. Therefore,
methods to rapidly and easily determine HA receptor specificity
would be of interest for influenza virus surveillance and research
purposes. 1F1 and other antibodies with broad reactivity and
which are sensitive to changes in receptor specificity could serve as
such reagents. The conserved receptor-binding pocket may also be
an attractive target for universal or improved influenza vaccine
design as a complement to targeting the hemagglutinin stem.
Structures like those of the 1F1-HA complex may serve as
templates for such vaccine constructs.
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Materials and Methods

Nomenclature

For the experiments described below, HIN1 HA influenza
sequences are used based on the following strains (abbreviation in
brackets): A/South Carolina/1/18 (1918 w{), A/Weiss/43 (1943
wl), A/Fort Monmouth/1/47 (1947 FM), A/USA/L3/47 (1947
L3) [33] (GenBank accession number GI: 343409202), A/USSR/
92/77 (1977 wi), and A/New Caledonia/20/99 (1999 wi) virus.
The stated positions of all HA residues designated in this
manuscript are based on the amino-acid numbering conventions
used for H3 [34].

Antibody protein expression and purification

The antibody proteins were expressed recombinantly in
mammalian cells as described [31]. Briefly, we cloned the matched
heavy or light chain gene by RT-PCR (mAb 1F1 heavy/A, mAb
2B12 heavy/A, mAb 2D1 A, mAb 4D20 A) using In-Fusion
enzyme (Clontech/Takara Bio) into opened pEE6.4 or pEE12.4
vectors (Lonza Group Ltd), respectively. These vectors were
modified to contain mouse ¥ leader sequences. cDNA of the
remaining antibody chains was synthesized (GeneArt) based on the
published nucleotide sequences and cloned into the expression
vectors. 1F1 Fab was produced by limited proteolysis of 1F1 IgG
by endoprotease Lys-C. Digests containing ~0.25 pg Lys-C per
I mg IFI IgG in 25 mM Tris, 1 mM EDTA, pH 8.5 were
incubated at 37°C for 4 hours, then stopped by the addition of
TLCK and leupeptin to a final concentration of ~1 mM and
0.4 mM, respectively. Alternatively, Fabs were expressed recom-
binantly by introducing a stop codon into the heavy chain gene
immediately after the codon for the cysteine of the hinge disulfide.
DHba cells were transformed with plasmids for EndoFree Maxi
preparation (Qiagen). Purified DNA was co-transfected transiently
into HEK 293F cells (Invitrogen) using PolyFect reagent (Qiagen)
in disposable shaker flasks. The supernatant was harvested on day
seven and purified through a gravity column with CaptureSelect
Fab A resin (BAC B.V., GP Naarden, The Netherlands) in D-PBS
for Fabs 1F1, 2B12, 2D1, and 4D20 or purified on an AKTA
FPLC instrument (GE Healthcare Life Sciences) using HiTrap
Protein G columns (GE; all other proteins) and concentrated with
15 mL centrifugal filter units with 30 kD molecular weight cut-off
(Millipore, Billerica, MA). The purity of all expressed proteins was
assessed using reducing, denaturing SDS-PAGE gel electrophore-
sis (Invitrogen).

Expression, purification and crystallization of 1F1 Fab,
Av1918 HA, and the 1F1-SC1918 complex

The SC1918 and Av1918 HAs were expressed using the
baculovirus system and purified essentially as previously described
[1]. Following initial capture of 1F1 Fab from Lys-C digest of IgG
(Protein G affinity chromatography) or from cell culture superna-
tant from recombinant expression (a-lambda), Fab was further
purified by cation exchange chromatography (MonoS, GE
Healthcare) in sodium acetate buffer, pH 5.0 and a linear NaCl
gradient from 0-1 M. Fractions containing Fab were buffer
exchanged into 10 mM Tris, pH 8.0, 150 mM NaCl and
subjected to gel filtration (Superdex 200, GE Healthcare). Purified
SC1918 HA was mixed with a stoichiometric excess of recombi-
nant 1F1 Fab and the complex was isolated from free Fab by gel
filtration.

Initial crystallization screening for 1F1 Fab (14 mg/mL),
Av1918 HA (28 mg/mL), and the 1F1-SC1918 complex
(9.6 mg/mL) was conducted using the robotic CrystalMation
system (Rigaku) at the Joint Center for Structural Genomics
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(JCSG; www.jcsg.org). Diffraction quality crystals were subse-
quently grown in sitting drops by vapor diffusion (0.5 uL. protein
solution +0.5 pul. well solution with 1 mL reservoir for 1F1 Fab
and 1F1-SC1918 complex; 100 nL protein solution +100 nL well
solution with 200 pL reservoir for Av1918 HA). Crystals used for
data collection were grown at 20°C. from 20% PEG 4000,
200 mM dibasic sodium phosphate (1F1 Fab); 4°C from 100 mM
Tris pH 8.0, 40% MPD (2-methyl-2,4-pentanediol (Av1918); or
20°C from 8.5% PEG 6000, 100 mM Tris pH 7.9 (1F1-SC1918
complex). Crystals were cryprotected in the mother liquor
(Av1918), with well solution supplemented with 15% glycerol
(1F1 Fab), or with 25% ethylene glycol (1F1-SC1918 complex) and
flash cooled in liquid nitrogen.

Diffraction data were collected on the General Medicine/
Cancer Institutes Collaborative Access Team (GM/CA-CAT)
beamline 23ID-D at the Advanced Photon Source at Argonne
National Laboratory (Av1918) and on beamline 11-1 (1F1 Fab and
1F1-SC1918 Complex) at the Stanford Synchrotron Radiation
Lightsource (SSRL). The data were indexed integrated and scaled
using HKL.2000 (HKL Research), and merged using Xprep
(Bruker). The structures were solved by molecular replacement
using Phaser [35]. Structures from PDB codes 2FB4 and 1RZF
(1F1 Fab, variable domains and constant domains, respectively);
1RUZ (Av1918), or the 1F1 Fab and Av1918 coordinates reported
here (1F1-SC1918 complex), were used as search models and total
of 2 Fabs (1F1 Fab), 1 HA trimer (3 protomers) (Av1918), or two
HA trimers (six protomers), 2 Fabs, and 4 sets of Vi1/V, domains
(1F1-SC1918 complex) were ordered in the asymmetric unit. In
the 1F1-SC1918 complex, attempts to place the remaining 4 sets
of Cyy1/C,, domains were unsuccessful, and very little density was
observed for the missing protein components after refinement,
suggesting that these domains are disordered in the crystal. As Vg
and V,_are joined to Cyl and Cj by flexible linkers, the relative
orientations of the variable and constant domains are not rigidly
defined and, in the absence of stabilizing crystal contacts, the
constant domains can likely adopt an ensemble of conformations
in the relatively open crystal lattice. Rigid body refinement,
simulated annealing and restrained refinement (including TLS
refinement) were carried out in Phenix [36]. Riding hydrogens
were used during refinement. Between rounds of refinement, the
model was built and adjusted using Coot [37]. Waters were built
automatically into the 1F1 Fab and Av1918 HA models using the
“ordered_solvent” modeling function in Phenix [36]. Refinement
statistics can be found in Table S2. A depiction of the
representative electron density at the 1F1-HA interface can be
found in Figure S3.

The coordinates and structure factors for 1F1 Fab, Av1918 HA,
and the 1F1-SC1918 complex have been deposited in the Protein
Data Bank (PDB) with accession numbers 4GXV, 4GXX, and
4GXU, respectively.

VLP expression and HAI assays

Expression plasmids encoding the parental or mutated 1918,
1943 or 1977 HA proteins were co-expressed with an NI
neuraminidase to produce VLPs in 293T cells, as described
previously [18,38]. Briefly, VLLP were generated by co-transfection
of 293T cells with 1 pg each of expression plasmids for HA and
NA. Two days post-transfection, supernatants were collected. HAI
assays were performed as described [39]. Briefly, serially diluted
antibodies were pre-incubated with 8 hemagglutinating units of
virus or VLP per well. Chicken red blood cells were added to a
final concentration of 0.5% and the plate was incubated on ice for

30-60 min.
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Isolation and characterization of antibody escape mutant
viruses

Antibody escape mutant influenza A/Weiss/43 and A/USSR/
92/77 viruses were selected [15,40]. Briefly, escape mutant viruses
were selected by treatment of virus with excess antibody, followed
by recovery of inhibition resistant viruses in 10-day-old embryo-
nated chicken eggs. RNA was extracted from virus-infected
allantoic fluid, then cDNA was generated by RT-PCR, directly
cloned, sequenced, and aligned to previously determined wt virus
HA gene sequences.

Biosensor studies to determine affinity

Binding affinity of recombinant 1918 Fabs to recombinant
trimerized His-tagged HA protein containing the sequence of 1918
wt or its avianized variant strains was measured using anti-Penta-
HIS tips on the Octet QK platform (FortéBio, Menlo Park, CA).
The soluble HA protein was expressed and purified as described
[41]. Data were calculated using Origin 7.5 SR6 software
(OriginLab Corp., Northampton, MA) based on automated curve
fittings prompted by the Octet 4 software (ForteBio) using a 1:1
binding model. All measurements are listed as the average of two
duplicate measurements. The Fabs were diluted to a concentration
of 60 pg/mL (1F1, 1120, 2B12) or 30 ug/mL (2D1, 4D20). Curve
fittings and experimental errors can be found in the supporting
information (Figure S2, Table S3).

Supporting Information

Figure S1 HAI assays performed with mAbs 1F1 and 1120
against VLPs containing 1918 HAs with wild-type sequence (wt) or
the indicated point mutations.

(PDT)

Figure 82 Automated curve fittings prompted by the Octet 4
software (ForteBio) of Fab 1F1, 1120, 2B12, 2DI1, or 4D20
affinities in association with the wild type SC1918 HA, a D190E
variant, the D225G variant (NY1918), or the DI190E/D225G
double mutant (AV1918).

(PDF)
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