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Viruses with membranes fuse them with cellular membranes, to
transfer their genomes into cells at the beginning of infection. For
Influenza virus, the membrane glycoprotein involved in fusion is
the hemagglutinin (HA), the 3D structure of which is known from
X-ray crystallographic studies. The soluble ectodomain fragments
used in these studies lacked the “membrane anchor” portion of
the molecule. Since this region has a role in membrane fusion, we
have determined its structure by analyzing the intact, full-length
molecule in a detergent micelle, using cryo-EM. We have also com-
pared the structures of full-length HA−detergent micelles with
full-length HA−Fab complex detergent micelles, to describe an
infectivity-neutralizing monoclonal Fab that binds near the
ectodomain membrane anchor junction. We determine a high-
resolution HA structure which compares favorably in detail with
the structure of the ectodomain seen by X-ray crystallography; we
detect, clearly, all five carbohydrate side chains of HA; and we find
that the ectodomain is joined to the membrane anchor by flexible,
eight-residue-long, linkers. The linkers extend into the detergent
micelle to join a central triple-helical structure that is a major com-
ponent of the membrane anchor.
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The hemagglutinin (HA) membrane glycoprotein of influenza
virus is a trimer of identical subunits that are formed of two

disulfide-linked polypeptides: membrane-distal HA1 and the
smaller, membrane-proximal, HA2.
HA has two functions in virus infection: receptor binding and

membrane fusion (1). Viruses are bound by HAs to cell-surface
sialic acid receptors and are taken into cells by endocytosis (2).
At low pH in endosomes, about pH 5.5, depending on the virus
strain, fusion of virus and endosomal membranes is activated in a
process that involves extensive changes in HA conformation (3,
4). Antibodies that block receptor binding and membrane fusion
neutralize virus infectivity and provide the immune pressure that
selects the antigenic variants responsible for recurrent outbreaks
of influenza (5–10). Many strain-specific antibodies bind in or
near the HA1, membrane-distal, receptor-binding site. By con-
trast, a number of cross-reactive anti-HA antibodies have been
described that bind to the membrane proximal regions of HA
and block membrane fusion (11). The human monoclonal anti-
body that we have studied here (FISW84) binds to H1 influenza
viruses. Our analysis indicates that it binds near the junction
between the ectodomain and the membrane anchor.
The 3D structures of the ectodomain of HA, the nature of its

receptor-binding site, and structural details of the changes in its
conformation required for membrane fusion have been de-
termined by analysis of soluble fragments of the glycoprotein
using X-ray crystallography (4, 12–20). Suitable fragments can be
obtained by proteolytic removal of the membrane-associated,
membrane anchor region of virus HA or by selective expres-
sion of the predicted ectodomain. A structural description of the
intact molecule has not been reported, but a number of studies,
including site-specific mutation and structural analyses (18, 21),

have indicated that the membrane anchor region is required for
HA-mediated membrane fusion, possibly in the final stages of
the fusion process.
The images obtained by EM of negative-stained full-length

HA indicate a longer but very similar structure to the soluble
ectodomain of HA determined by X-ray crystallography (12, 22).
To obtain information on its structure, we have examined full-
length HA in detergent micelles, by cryo-EM.
Studies, by X-ray crystallography, cryo-EM, and different spec-

troscopic procedures, of single-span, membrane-anchored proteins
from cellular membrane proteins and viruses, have indicated pre-
dominantly α-helical components of their membrane anchors. Ex-
amples of the small number of cellular membrane proteins that have
been examined include synaptobrevin, one of the components of
SNARE complexes involved in neurotransmitter exocytosis (23), and
Glycophorin A, the major surface glycoprotein of erythrocytes (24).
Most of the data on the helical components of membrane-associated

Significance

X-ray crystallography studies of soluble ectodomains of in-
fluenza hemagglutinins (HA) have previously revealed details
of their two functions in virus infection: receptor binding and
membrane fusion. We have now used cryo-EM to determine
the structures of full-length hemagglutinin solubilized in de-
tergent, alone, and in complex with the Fab of an infectivity
neutralizing antibody. We observe the structure of the region
that anchors HA in the virus membrane as a bundle of three
α-helices that are joined to the ectodomain by flexible linkages.
The Fab binds near the linkages and restricts their flexibility.
This may indicate that the flexibility is required for HA-
mediated membrane fusion and that interference with it rep-
resents a mechanism for neutralizing virus infectivity.

Author contributions: D.J.B., A.N., L.J.C., J.T., U.N., Y.P.L., E.K., N.L.K., D.C., A.L., S.J.G.,
P.B.R., and J.J.S. designed research, performed research, contributed new reagents/ana-
lytic tools, analyzed data, and wrote the paper.

Reviewers: R.A.L., HHMI and Northwestern University; and R.G.W., St. Jude Children’s
Research Hospital.

Conflict of interest statement: A.L. is the scientific founder of Humabs BioMed SA. A.L.
holds shares in Humabs BioMed. D.C. is an employee of Humabs Biomed. N.L.K. was
employed by MedImmune, LLC when work was executed and may currently hold Astra-
Zeneca stock or stock options.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

Data deposition: Maps and models have been deposited in the Electron Microscopy Data
Bank, http://www.ebi.ac.uk/pdbe/emdb/ (accession nos. EMD-0234, EMD-0235, EMD-0236,
and EMD-0237). Models have been deposited in the Protein Data Bank, https://www.ebi.
ac.uk/pdbe/ (PDB ID codes 6HJN, 6HJP, 6HJQ, 6HJR, and 6HKG).
1To whom correspondence may be addressed. Email: Donald.Benton@crick.ac.uk, Peter.
Rosenthal@crick.ac.uk, or John.Skehel@crick.ac.uk.

2Present address: Laboratory of Structural Biochemistry, Freie Universität Berlin, 14195
Berlin, Germany.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1810927115/-/DCSupplemental.

Published online September 17, 2018.

10112–10117 | PNAS | October 2, 2018 | vol. 115 | no. 40 www.pnas.org/cgi/doi/10.1073/pnas.1810927115

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1810927115&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.ebi.ac.uk/pdbe/emdb/
http://www.ebi.ac.uk/pdbe/entry/EMD-0234
http://www.ebi.ac.uk/pdbe/entry/EMD-0235
http://www.ebi.ac.uk/pdbe/entry/EMD-0236
http://www.ebi.ac.uk/pdbe/entry/EMD-0237
https://www.ebi.ac.uk/pdbe/
https://www.ebi.ac.uk/pdbe/
http://www.rcsb.org/pdb/explore/explore.do?structureId=6HJN
http://www.rcsb.org/pdb/explore/explore.do?structureId=6HJP
http://www.rcsb.org/pdb/explore/explore.do?structureId=6HJQ
http://www.rcsb.org/pdb/explore/explore.do?structureId=6HJR
http://www.rcsb.org/pdb/explore/explore.do?structureId=6HKG
mailto:Donald.Benton@crick.ac.uk
mailto:Peter.Rosenthal@crick.ac.uk
mailto:Peter.Rosenthal@crick.ac.uk
mailto:John.Skehel@crick.ac.uk
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810927115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810927115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1810927115


regions of virus proteins in the prefusion conformation come from
cryo-EM studies of virus particles. For example, the membrane-
associated regions of the glycoproteins of the alphaviruses VEEV,
Chikungunya, and Sindbis (25–27) have been observed as well as
those of the glycoproteins of the flaviviruses, Dengue and Zika (28,
29), and the paramyxovirus F glycoprotein (30–32)
Images of Foamy Virus, a retrovirus, indicate a membrane-

associated region that contains six helices (33). HIV glycoprotein
preparations containing the membrane-associated region have also
been reported by cryo-EM (34), and NMR analyses of peptide analogs
of the HIV gp41 transmembrane region indicate either a continuous
trimeric α-helical component or a continuous monomeric α-helix (35–
37). For the Ebola virus glycoprotein, also, NMR and EPR spec-
troscopy data suggest a membrane-associated monomeric helix (38).
Whether any of these structures is equivalent to the prefusion

or the postfusion forms of the transmembrane regions is unclear.
In our studies of full-length HA, we find that the trimeric ecto-

domain is linked to the membrane anchor by short, flexible chains
that extend into the detergent micelle to join a bundle of three
α-helices. We describe linker flexibility in relation to observed var-
iation in micelle orientation relative to the ectodomain. We consider
its potential significance in the process of membrane fusion, in B cell
recognition of membrane-proximal, cross-reactive antibody binding
sites, and in mechanisms of infectivity neutralization by the H1-
subtype-specific, human monoclonal antibody, FISW84, that binds
near the ectodomain−membrane anchor junction.

Results and Discussion
Overall Structure of the HA and HA−FISW84 Fab Complex. We used
cryo-EM to visualize HA from A/duck/Alberta/35/76(H1N1) vi-
rus, solubilized in detergent and purified by affinity and size

exclusion chromatography. The 2D class averages were gener-
ated for HA alone (Fig. 1A and SI Appendix, Fig. S1A) and also
in complex with the Fab of monoclonal antibody FISW84 (SI
Appendix, Fig. S1B). Both samples reveal a well-defined HA
ectodomain flexibly linked to a detergent micelle containing the
transmembrane domain of the HA (Fig. 1 B and C). Data
analysis, using about 300,000 particles, yielded high-resolution
structures of the ectodomain of the full-length HA which are
very similar to an H1 HA structure determined by X-ray crys-
tallography [Protein Data Bank (PDB) ID code: 1RUY;
RMSD: 1.2 Å]. This observation confirms the conclusion
from CD spectroscopy (39) that, once the HA trimer has as-
sembled, the membrane anchor does not influence the structure
of the ectodomain. The ectodomains have a global resolution of
3.3 Å, with better local resolution in core regions (SI Appendix,
Fig. S2). There is well-defined density for amino acid side chains
in most of the structure and also in the variable domain of the
Fab, as well as for the five predicted Asn-linked carbohydrate
side chains, extending up to 15 Å from the HA surface (Fig. 1 B
and C and SI Appendix, Fig. S3).
The HA ectodomain ends in the 160 helix (162 to 175) (Figs. 1B

and 2 A and B). Following a conserved glycine (175), there are five
residues of α-helix (176 to 180) and four residues of extended
chain (181 to 184), that, together, constitute the flexible linker
(Fig. 2). This connects the ectodomain to a trimeric helical bundle
(186 to 203) which represents the major component of the
membrane anchor. In different structures calculated for HA, the
membrane anchor detergent micelles are positioned at angles
from 0° up to 25° (n = 10) off the threefold axis of the ectodomain,
and, in one structure, the micelle is at 52° (Figs. 1B and 2A and SI
Appendix, Fig. S4). In the case of the HA−Fab complex, the range

Fig. 1. The structure of full-length hemagglutinin from A/duck/Alberta/35/76 H1N1 determined by cryo-EM. (A) Image classes of similarly oriented HAs il-
lustrating the flexibility of the detergent micelle containing the transmembrane domain. The threefold axis of symmetry of the ectodomain trimer is marked
in each frame by a dashed line. (B and C) Two structures of HA with density suitable for model building of the transmembrane domain: (B) the trans-
membrane domain in a detergent micelle exhibits a tilt of 52° from the threefold axis of the ectodomain, and (C) a complex of HA with the Fab of the human
monoclonal antibody FISW84 where classification led to identification of a subset of molecules in which the transmembrane region follows the threefold
symmetry axis of the ectodomain. In both B and C, examples of well-defined density for N-linked glycans are indicated. Both structures indicate a linker region
(purple) between the base of the ectodomain (HA1 shown in blue, HA2 shown in red), defined by the 160 helix, and the transmembrane region (cyan) formed
of a bundle of three α-helices. (D and E) Slices of map of HA−Fab complex shown in C. At the C termini of the transmembrane α-helices, they begin to splay
apart, and extend toward the surface of the micelle, indicated by arrow in D. Also, in E, the micelle is seen to adopt the trimeric shape of the α-helical bundle,
with Fab fragments visible in the periphery. (Scale bars: 5 nm.)
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is, in most cases (n = 12), restricted to less than 20°, with one
structure at 25° with respect to the ectodomain threefold axis.
These different orientations are accommodated by rearrange-
ments within and between the three flexible linkers and trans-
membrane domains, while the ectodomain remains unaltered.
In the full-length HA−Fab complex, the FISW84 Fab binds at

the junction of the ectodomain and the membrane-associated
region. This antibody neutralizes a range of H1N1 viruses but
not other subtypes (SI Appendix, Fig. S5 A and C). The inter-
actions of this antibody with HA mainly involve the HCDR2 and
LCDR3 loops interacting with the membrane-proximal five-
stranded β-sheet of the ectodomain (Fig. 1C). The Fab links
across three of the strands of the β-sheet and likely restricts the
conformational changes in HA at low pH that are required for
membrane fusion as indicated by virus-mediated hemolysis as-
says (SI Appendix, Fig. S5B).

The Transmembrane Domain. To visualize the transmembrane and
linker structures, we performed a 3D classification using images
from which most of the ectodomain was computationally sub-
tracted (SI Appendix, Fig. S6). This procedure enabled us to
resolve a structure of the membrane proximal parts of the HA at
sufficient resolution for de novo model building. In the case of
some particles of the full-length HA−Fab complex, the linker
and transmembrane domain obey the same threefold symmetry
as the ectodomain (Figs. 1C and 2B). We obtained a structure
with a similar orientation for the transmembrane domain, but at
somewhat lower resolution, from particles of HA alone.
Examination of the structure indicates that the 160 helix (162

to 175), at the base of the ectodomain, adopts an almost hori-
zontal position (as viewed in Fig. 2B), with its helical axis lying in
a plane orthogonal to the molecular threefold axis. In addition to
packing interactions, the position of this helix is stabilized by
potential hydrogen bonds between conserved Arg-170, at the C
terminus of the helix, and Asn-128, thus providing a stable at-
tachment point for the proceeding flexible linker (Fig. 3).
Two conserved glycine residues enable the polypeptide chain to

change direction; firstly at residue 175, immediately after the 160
helix, where the chain turns toward the micelle and, secondly, at
residue 182, where the chain turns again at the surface of the
micelle (Figs. 2 A and B and 3C) to form a four-residue extension.
Located at the C terminus of the linkage are conserved Tyr-184

and Gln-185, for both of which there is side chain density (Fig.
3D). At this point, the linker connects to the α-helices of a triple-
stranded α-helical bundle beginning with conserved Ile-186 and
Leu-187 and extending to Leu-203. There is a prominent linkage
between the chains of the trimeric helix, at Tyr-190, the hydroxyl of
which forms potential interactions with the main chain, or side
chains of Ser-191 or Thr-192 of the neighboring chain. From Gly-
204, the chains splay apart and become less ordered (Fig. 1D). The
dimensions of the remaining density could accommodate α-helices
extending to the first sites of palmitoylation, Cys-211, which we
assume is the C terminus of the transmembrane region. Additional
density on the surface of the micelle may be the location of the 11-
residue cytoplasmic region, but this is not interpretable further.
Also, viewed down the threefold axis of symmetry, it is evident that
the three helices of the membrane anchor impose a triangular
shape on the detergent micelle (Fig. 1E).

Membrane Anchor Orientation. In addition to the subclass of
membrane-associated regions from the HA−Fab complex where
the ectodomain threefold axis aligns with the transmembrane re-
gion, we observed a number of different subclasses where the
micelle axis was rotated by varying amounts from the ectodomain
axis (Fig. 1A and SI Appendix, Fig. S4). In contrast to the HA−Fab
complex, where the angle of tilt extends up to 20°, for HA alone,
the tilt angle extends, in several cases, to 25° and, in one case, up
to 52°. The ability to distinguish, and average, these subclasses
demonstrates that there are a number of discrete, preferred ori-
entations for the membrane anchor-bound micelles. The structure
at 52° may be stabilized by interactions between the linker and the
160 helix that are possible at this extreme angle.
The changes in structure required to achieve these different

orientations seem to be afforded by the unique properties of
glycine residues located just after the 160 helix (Gly-175) and after
the five-residue linker helix (Gly-182) (Fig. 2 A and B). Both of
these residues, and also Gly-204, are conserved and, as glycine,
can adopt dihedral angles not permitted for other residues.
In addition to variations in chain orientation in the linker region,

the helices of the helical bundle in the transmembrane region, while
retaining their individual secondary structures, rotate relative to
each other in the tilted HAs (Figs. 2 A and B and 3 A and B).
Nevertheless, density links between transmembrane helices consis-
tent with interactions involving Tyr-190 suggest that this conserved

Fig. 2. The structure of the membrane-associated region. Detailed views of (A) tilted and (B) straight micelles, as shown in Fig. 1 B and C respectively. The
flexible linker region (purple) runs between Gly-175, at the C terminus of the 160 helix, and Gly-182 and extends to the N termini of the α-helices of a trimeric
α-helical bundle, residues 186 to 203 (cyan). (C) The amino acid sequence of the transmembrane domain. The sequence shown begins at the 160 helix to the C
terminus of HA2. Color-coded block diagrams indicate the positions of these structural elements in the sequence.
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residue is involved in maintaining the integrity of the helical bundle
at different tilt angles. The observations of independent movement
of the α-helices of the HAmembrane anchor are similar to the sorts
of changes seen in other membrane proteins such as channels (40)
or in functions such as signal transduction across cellular mem-
branes (41). By contrast with these flexibilities, the ectodomain
retains the same well-defined structure irrespective of the orienta-
tion of the transmembrane domain.
The lipid composition of virus membranes is determined by

the composition of the cell membrane at which the viruses are
assembled and released by budding. For influenza viruses, the
membranes appear to be enriched in cholesterol and sphingoli-
pid (42). The LMNG/MNA-C12 detergent micelle used here,
although different from the native environment for the trans-
membrane region of HA, was selected for its ability to preserve
the structure of membrane proteins (43, 44). We have also shown
that HAs reconstituted in liposomes with cell membrane lipid
composition and bilayer thickness similar to the thickness of the
micelle are able to assume a range of orientations with respect to
the membrane similar to what we have seen in micelles (Fig. 4).

Flexibility for Membrane Fusion. The flexibility of the linkage be-
tween the membrane-associated region and the ectodomain may
facilitate the pH-dependent changes in HA conformation re-
quired for membrane fusion that reposition the activated HA
ectodomain in the narrowing space between virus and cellular
membranes as they are brought into contact for fusion (45).
Consistent with this notion we have observed by cryo-EM,
influenza viruses displaying an HA fusion intermediate with
ectodomain components oriented nearly parallel to the mem-
branes of fusing liposomes (46).
In this study, FISW84 antibody binding is seen to limit the

range of orientations of the ectodomain with respect to the
transmembrane domain and may neutralize virus infectivity by
sterically restricting changes in orientation required for fusion.
This would represent a previously unrecognized mechanism of
infectivity neutralization. The membrane-proximal binding site
of FISW84 on HA is topologically similar to those of cross-
reactive antibodies that recognize the Membrane Proximal
External Region of gp41 of the HIV membrane fusion glyco-
protein (47), and it may be that the ability of such antibodies to

neutralize virus infectivity involves similar principles. It is also
possible that flexibility at the junction of the ectodomain and the
transmembrane domain facilitates antibody recognition of HA
expressed at the surfaces of infected cells.
The crystal structure of HA2 in the fusion pH conformation

indicates that the N-terminal and C-terminal regions are exten-
sively refolded compared with the neutral pH structure reported
here (Fig. 5). The C-terminal chain, preceding the linker and
membrane anchor, adopts an extended polyproline type II helix
that is packed into the outward-facing grooves between the
α-helices of the central trimeric coiled coil (18) (Fig. 5). In this low-
pH conformation, residues near the N and C termini of HA2 in-
teract to form an N cap that would position the N-terminal fusion
peptide and C-terminal membrane anchor regions closely together,
although these regions are absent from the structure (Fig. 5). In
contrast to the parainfluenza virus fusion glycoprotein, for exam-
ple, the N-cap structure of low-pH HA indicates that it is unlikely
there are continuous α-helices at either the N or C terminus of
HA2, consistent with our observation of a flexible linkage to the
transmembrane anchor. The flexibility of the linkage region may
also be important to facilitate the substantial refolding event at low
pH in which the C-terminal polyproline region assumes its even-
tual position on the exterior of the coiled coil (Fig. 5). An un-
derstanding of this final part of the process will require determina-
tion of the structure of HA2, containing both the fusion peptide and
the membrane anchor, in the fusion pH conformation.

Materials and Methods
Protein Preparation. Full-length HA protein was isolated from purified virus.
The virus, A/duck/Alberta/35/76(H1N1), was inoculated in 11- to 12-d-old
embryonated hens’ eggs and incubated for 48 h. The virus was purified
from the allantoic fluid by sucrose gradient centrifugation. To isolate HA
alone, virus glycoproteins were extracted from the viral membrane with 1%
Lauryldimethylamine N-oxide (LDAO) (all detergents obtained from Ana-
trace) and purified by anion exchange, and exchanging the detergent to
0.01% Lauryl Maltose Neopentyl Glycol (LMNG). Neuraminidase was re-
moved by affinity chromatography using an oseltamivir−biotin conjugate
(48) immobilized on a streptavidin Sepharose column. The HA was further
purified by gel filtration using a Superose 6 Increase 10/300 column in the
buffer: 25 mM Tris pH 8, 150 mMNaCl, 1 mM TCEP, 0.01% LMNG. For the HA−
Fab complex, HA was purified by extraction with LDAO, transferring the
HA to 0.05% Dodecyl Maltoside (DDM) during the anion exchange step. The
HA was purified by the same steps as above, but, in DDM and as a final step,

Fig. 3. A comparison of the overall structures of tilted and straight transmembrane domains. Schematic diagrams of (A) 52° tilted and (B) straight trans-
membrane domains to indicate that the linker regions undergo extensive rearrangements in the tilted domain by comparison with the straight, and that each
linker adopts a different structure. The individual subunits of the trimer are colored differently as blue, yellow, and silver, while the 160 helices are in red. The
α-helices of the α-helical bundle in the tilted domain are also extensively rearranged. (C and D) Details of the map (gray) used to build the structure of the
linker region of the straight transmembrane domain. C shows the short α-helix of the linker region (purple) residues 176 to 180. (D) The N-terminal region of
the bundled α-helices (cyan) and its junction with the linker region (purple) and conserved residues Gln-185 and Tyr-184 at the linker−α-helix junction. (E) The
stabilizing interaction of the 160-helix between Asn-128 and Arg-170.
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the protein was incubated with a molar excess of the FISW84 Fab fragment
and 0.1% of the detergent MNA-C12. The complex was purified from excess
detergent and free Fab by Superose 6 gel filtration in the buffer: 25 mM Tris
pH 8, 150 mM NaCl, 0.002% MNA-C12.

Grid Preparation and Data Collection. Grids of full-length HA were plunge-
frozen using an Mk III Vitrobot (FEI) at a protein concentration of ∼2 mg/mL,
supplemented with 0.1% octyl-β-glucoside (OG) to reduce orientational
bias. Then 4 μL of sample was applied to glow-discharged 300-mesh copper
R2/4 quantifoil grids and blotted for 5 s before plunging into liquid ethane.
Grids of HA−Fab complex were frozen using an Mk IV Vitrobot with protein
at a concentration of ∼1.5 mg/mL also supplemented with 0.1% OG. Then
4 uL of sample was applied to glow-discharged 200-mesh copper R2/2 quan-
tifoil grids and blotted for 3 s before plunge-freezing. Both specimens were
imaged using a Titan Krios electron microscope operating at 300 kV. Mi-
crographs were recorded in counting mode using a Gatan K2 Summit de-
tector mounted at the end of a Gatan GIF Quantum energy filter operating
in zero-loss mode with a slit width of 20 eV. Exposures were 8 s, with a total
dose of 43.7 e/Å2 fractionated into 20 frames with a calibrated pixel size of
1.08 Å. Images were recorded with a defocus of 1 μm to 4 μm.

Image Processing. Movie frames were corrected for motion using MotionCor2
(49), and contrast transfer function was estimated using CTFfind4 (50). The
full-length HA dataset consisted of 10,861 movies, of which 10,348 were used.
The HA+FISW84 dataset consisted of 17,329 movies, of which 17,250 were
used. Particles were picked from the micrographs using RELION template-
based particle picking (51). This yielded 1,095,719 particles for the full HA

dataset and 1,385,993 particles for the +Fab dataset. Particles were initially
screened using two rounds of reference-free 2D classification followed by
particle sorting. This reduced the particle numbers to 744,665 and 853,524. An
initial model was generated from ∼20,000 randomly selected particles for
both samples using the ab initio reconstruction program in CryoSPARC (52).
This initial model was used for a first round of RELION 3D classification. This
left 531,849 and 473,081 particles in the well-defined classes.

High-resolution ectodomain structures of HA and HA+Fab were gener-
ated by 3D classification. The detergent micelle and transmembrane density
were removed by masking of the initial model; 365,887 and 291,146 particles
were used for the final refinements of the HA ectodomain and HA ecto-
domain+Fab structures. All final refinements were carried out using the
Homogeneous Refinement program of CryoSPARC using particles extracted
in a 512 × 512 pixel box.

Structures which include the transmembrane were generated from the
particle stacks from the initial round of 3D classification. The HA+Fab class with
the straight transmembrane was generated by RELION refinement of all par-
ticles, imposing C3 symmetry followed by signal subtraction (53). Subtraction
masks were designed to leave density for the detergent micelle, linker region,
and a small amount of the base of the HA ectodomain. These subtracted
particles were subjected to a number of rounds of 3D classification, imposing
C3 symmetry using the particle orientations determined in the refinement. In
the first two rounds of classification, classes were chosen which had well-
defined density in the transmembrane region. The unsubtracted 83,024 parti-
cles were refined, imposing C3 symmetry yielding a map of 3.7-Å resolution
and were used to build the linking regions (residues 175 to 184). Sub-
classification led to a smaller class with better-defined density in the trans-
membrane domain. This class consisted of 23,286 particles of which the
unsubtracted particles refined to 4.1-Å resolution when imposing C3 symmetry.

Maps with transmembrane domains not aligned with the ectodomain
were generated for both the HA and HA+Fab. Signal-subtracted particles
were classified using the alignments from C1 RELION refinements of each
dataset. Each dataset was classified into 20 classes. Particles from classes with
well-defined transmembrane regions were refined, leading to 10 maps of
HA and 12 maps of HA+FISW84. One class from the full-length HA dataset
had a transmembrane domain with defined secondary structure with an
angle of tilt of 52°. This class was made up of 41,043 particles and refined to
a map with a global resolution of 4.2 Å.

Refined half-maps were sharpened automatically (54) and global resolu-
tion was corrected by high-resolution noise substitution (55) using the
RELION postprocessing tool. Local resolution was estimated using blocres,
implemented in CryoSPARC (56).

Angle Measurement. Angles of transmembrane tilt were measured by
aligning C1 maps by the HA ectodomain using chimera, reducing the

Fig. 5. Structural snapshots toward membrane fusion. (A) The structure of
straight full-length HA from cryo-EM (this study). (B) Schematic representa-
tion of possible fusion pH intermediate (46). (C) The structure of fusion pH
HA2 (18), with modeled membrane anchor and fusion peptide colocalized in
a fused membrane. (D) A color-coded diagram showing the location of the
different regions of HA2 in its primary structure.

Fig. 4. HA reconstituted in liposomes. (A) Cryotomogram section showing
cross-section of a liposome with examples of HAs tilted with respect to the
lipid bilayer (white boxes). (Scale bar: 20 nm.) (B) Gallery of subtomograms of
tilted HA in liposomes. Images in the second row are identical to those above
but indicate HAs (blue) and liposome bilayer (red lines). (Scale bar: 10 nm.)
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location of the transmembrane to a 120° angular region about the
ectodomain trimer. Rotation and tilt were measured relative to the
vertical axis.

Model Building. High-resolution models of the ectodomain and ectodo-
main+Fab were constructed using a previously determined structure of the
closely related A/swine/Iowa/15/30(H1N1) (PDB ID code: 1RUY) (19) and a
crystal structure of the FISW84 (PDB ID code: 6HKG). The sequence was
mutated to that of A/duck/Alberta/35/76(H1N1). This model was manually
adjusted in Coot (57) and real-space−refined using PHENIX (58), followed by
refinement in REFMAC (59) with half-map validation. Ectodomain and
ectodomain+Fab structures were used as the basis for building trans-
membrane domains. All sequence numbers described are in H3 numbering.

Models of tilted transmembrane regions were generated by rigid-body
fitting the transmembrane domain of the straight transmembrane class and
manually adjusting the position of the linker helices before a single round of
real-space refinement in PHENIX to correct structure geometry.
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