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Abstract

Infection by enveloped viruses involves fusion of their lipid envelopes with cellular membranes to
release the viral genome into cells. For HIV, Ebola, influenza and numerous other viruses,
envelope glycoproteins bind the infecting virion to cell-surface receptors and mediate membrane
fusion. In the case of influenza, the receptor-binding glycoprotein is the haemagglutinin (HA), and
following receptor-mediated uptake of the bound virus by endocytosis?, it is the HA that mediates
fusion of the virus envelope with the membrane of the endosome?. Each subunit of the trimeric
HA consists of two disulfide-linked polypeptides, HA1 and HA2. The larger, virus-membrane-
distal, HA1 mediates receptor binding; the smaller, membrane-proximal, HA2 anchors HA in the
envelope and contains the fusion peptide, a region that is directly involved in membrane
interaction3. The low pH of endosomes activates fusion by facilitating irreversible conformational
changes in the glycoprotein. The structures of the initial HA at neutral pH and the final HA at
fusion pH have been investigated by electron microscopy*° and X-ray crystallography®-2. Here, to
further study the process of fusion, we incubate HA for different times at pH 5.0 and directly
image structural changes using single-particle cryo-electron microscopy. We describe three
distinct, previously undescribed forms of HA, most notably a 150 A-long triple-helical coil of
HAZ2, which may bridge between the viral and endosomal membranes. Comparison of these
structures reveals concerted conformational rearrangements through which the HA mediates
membrane fusion.

We have used single-particle cryo-electron microscopy (cryo-EM) of the HA ectodomain to
obtain structural information on the transitions between HAs at neutral pH and fusion pH.
Specifically, we have examined the structures formed on incubation of HA at pH 5.0 and 4
°C as a function of time, using incubation times of 10 s, 20 s, 60 s and 30 min. We have
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characterized three structural intermediates that have been trapped through rapid freezing
(by plunging grids into liquid ethane).

For each incubation time we image and classify a number of different conformations of HA
(Fig. 1). The ratio of these species changes during the time course (Fig. 1b). We are able to
describe three distinct, previously undescribed forms of HA (states I1, I1l and 1V) in addition
to the neutral-pH (state 1) and fusion-pH (state V) structures® 7 (Fig. 1). We interpret the
new forms as sequential intermediate states between the two previously known
conformations. At the earliest sampling time of 10 s, we observe dilated HA structures in
which the envelope-distal domains tilt away from the axis of the HA trimer and the
membrane-proximal domain is disordered (state 11). At 20 s another population is more
evident, in which the membrane-distal domain is more dilated and the membrane-proximal
region shows disorder and rearrangement (state 111). At 20 s and 60 s we observe,
increasingly, the most notable of the structural changes: a 150 A-long a-helical coil
projecting between the dilated membrane-distal domains (state 1V).

Dilation of the membrane-distal domains

In state 11, the globular HA1 domain rotates and alters the interactions between the subunits
of the trimer (Fig. 2a). The rotation is small, increasing the distance between centroids of the
domains to 38 A, from 35 A in the neutral-pH form (Extended Data Fig. 1a).

The requirement for these domains to separate for membrane fusion was previously
concluded from experiments in which the low-pH-dependent conformational change was
blocked by crosslinking the domains, either by introducing disulfide bonds® or by antibody
binding0. There are also reports of similar subunit dissociation in antigenic analyses of HAs
at neutral pH, as judged by accessibility of the intersubunit interface to specific
antibodies12. In our experiments, which were done at 4 °C, domain dilation was seen only
at pH 5.0 and not in a parallel experiment at pH 8.0.

In state Il and the other states, the membrane-distal parts of the dilated domains (HA1
residues 45-310) as monomers are indistinguishable from the equivalent regions of the
neutral-pH form. The stability of this domain in isolation is consistent with X-ray
crystallographic observations of the membrane-distal domain isolated from HA in the
fusion-pH conformation!3. As well as the rearrangements in the HA1 membrane-distal
domain, there is also an indication of disorder in the membrane-proximal regions of HA, as
shown by local-resolution estimates (Fig. 2b and Extended Data Fig. 2). There is, however,
little evidence of large structural rearrangements.

State 111 shows further dilation of the membrane-distal domain (Fig. 2a) and a substantial
rearrangement in the membrane-proximal region of HA2. The further dilation increases the
average distance between centroids of the domain to 40 A from 38 A in state |1 (Extended
Data Fig. 1a). Both states Il and 111 appear to retain an interaction between the H3 subtype-
specific N-linked glycan at Asn165 and Trp222 (Extended Data Fig. 1b).

The membrane-proximal regions of this state are disordered, as indicated by the low local
resolution (Fig. 2b), which involves a loss of density for the fusion peptide (residues 1-23)
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and for the two attached membrane-proximal B-strands (residues 24—38). The shorter a.-
helix of HA2 (residues 38-59) remains intact, but is displaced towards a neighbouring
longer a-helix. The loss of density for the fusion peptide is accompanied by a rearrangement
of the carboxy (C) terminus of the long a-helix of HA2, in which residues 100-125
straighten into the space previously occupied by the fusion peptide (similar to state 1V, Fig.
3a). States Il and 111 both have an extension of density at the C terminus of the shorter a-
helix of HA2, indicating elongation of the a.-helix by inclusion of residues from the
interhelical loop (Extended Data Fig. 1c).

Extended coil conformation

State IV contains a 150 A trimeric coil formed from a single continuous helix of residues
38-125 of HA2, which includes the short a-helix, the interhelical loop and the long a-helix
of HA2 present in the neutral-pH structure (Fig. 1c). States I-1V share the common section
of HA2 (residues 76-98), which forms a coiled-coil, extended in state 1V from its amino (N)
terminus by the interhelical loop (residues 59-75) and the shorter a.-helix (residues 38-58)
of HA2. The C-terminal region of the coil is formed by the remainder of the long central a-
helix (residues 99-125). The coil projects between the membrane-distal domains (Figs. 1,
2), which are dilated further, creating additional space around the trimer axis and increasing
the displacement between the membrane-distal domains to 48 A, from 40 A in state 111
(Extended Data Fig. 1a).

The membrane-distal domains in state IV exhibit lower local resolution (Fig. 2b), indicating
structural heterogeneity, which we examined using asymmetric classifications (Extended
Data Fig. 3). We obtained the state IV structure by applying threefold symmetry. The
heterogeneity in the positions of these domains limits the global resolution to 4.0 A and this
can be improved to 3.6 A, with some anisotropy, by subtracting membrane-distal regions
from the particles.

HAZ2 residues 1-37-which include the fusion peptide and two strands of the five-stranded
membrane-proximal p-sheet—are not detected in state IV, presumably indicating disorder
with respect to the symmetric coiled-coil. The structure of the coiled-coil component of the
150 A helix (residues 38-106) is very similar to those of the coiled-coils reported for the
110 A structure of the HA-derived fusion-pH fragment’ and the fusion-pH conformation of
Escherichia coli-expressed HA2 (ref. 8) determined by X-ray crystallography. They all
extend to residue 38, which is a component of the helical cap structure in the £. colF-
expressed molecule.

The formation of the extended structure described here is a reflection of the propensity of
the residues involved to adopt a helical conformation. A similar proposal was made for a 150
A a-helical coil in neutral-pH HA on the basis of the amino-acid sequence of HA2 (ref. 14),
and for fusion-pH HA from studies of synthetic peptides®. Both predictions were made
before the crystal structures revealed that the relevant forms adopt hairpin structures. The
extended intermediate described here indicates the stability of such a helical structure before
hairpin formation occurs. It is also consistent with cryotomography showing influenza virus
HA interacting with target liposomes at low pH16.
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The rearrangement of the remaining C-terminal regions of HA2 (residues 126-169) opens
the structure by an outward rigid body rotation that accompanies the straightening of the coil
(Fig. 3b). However, the density for this region is poorly defined (Fig. 2b), indicating a higher
degree of mobility of the domains, as they lose the trimeric contacts observed at neutral pH.

The 30-loop

Insights into the concerted nature of HA1 and HA2 rearrangements are revealed by the
structure and function of the 30-loop (HA1 residues 22-37). States I, 11, Il and IV all retain
density for this loop, which is inserted in the region of residues 104-107 of HAZ2, in the long
central a-helices, about 50 A from the virus membrane (Fig. 1c).

The location of the interaction of the 30-loop with the long helix of HAZ2 is similar in states |
and IV. There are, however, several changes in the side chains contacted in state IV that are
associated with the relocation of the short helix of HA2. In this state, the 30-loop makes
interactions with His106 and GIn105 at the site of the 180° turn in the fusion-pH structure
(Extended Data Fig. 4).

There are probably two roles for the 30-loop in the refolding process. First, it may couple
changes in the orientation of the membrane-distal domains with helical rearrangements in
the membrane-proximal domain. The interactions of this loop with HA2 occur at the
approximate pivot point of HA1, and connect the dilation of the membrane-distal domains
with the straightening of the HA2 helix that accompanies fusion-peptide release in states I11
and IV. Second, the 30-loop is positioned to stabilize the extended coil in state V. The high
conservation and importance of these interactions for membrane fusion has been noted in
studies of mutant HAs that differ in their stability}”=20, but, until now, without any obvious
mechanism (Extended Data Fig. 4).

Concerted structural changes for fusion

This cryo-EM study and earlier X-ray crystallographic analyses’:8 indicate that the N-
terminal part of HA2, up to residue 38, is flexible. Structure has been assigned to an
analogue of the fusion peptide (residues 1-23) by nuclear magnetic resonance (NMR)
spectroscopy?L. Taken together, these results imply a flexibility of the region linking the a.-
helical coil to the fusion peptide (residues 24-37) that may be a requirement for the
formation of the fusion-pH structure. We came to a similar conclusion from our previous
cryo-EM analysis?2 of a flexible region that links the membrane-anchor a.-helices of neutral-
pH, full-length HA to its ectodomain. The flexibility in these N- and C-terminal regions of
HA2 would seem to be a requirement for accommodating the large-scale structural
rearrangements and the close approach of the two membranes before fusion (Fig. 3c).

Our analysis of different states in the refolding of HA2 at fusion pH suggests staged,
concerted changes of HA in its membrane-proximal and membrane-distal regions. The
coincidence of these domain rearrangements also suggests that they are relayed throughout
the length of the molecule to result in extrusion of the fusion peptide at the terminus of the
a-helical coil through the dilated membrane-distal domain, locating the N and C termini of
HAZ in opposing membranes. Residues 38-106 in the extended coil are identical to the
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fusion-pH structures previously obtained, suggesting that the coiled-coil serves as a scaffold
for the subsequent refolding of the C-terminal regions to colocate the fusion-peptide and
membrane-anchor domains in the same membrane (Fig. 3c).

In describing the three previously unknown structures involved in HA refolding, we have
also identified potential functions in membrane fusion for the conserved loop formed by
residues 22—-37 of HA1, the 30-loop. This loop acts to stabilize the extended coil and delay
reversal of the coil through the 180° turn, for which displacement of the 30-loop is
necessary. This could enable effective interaction of the fusion peptide with the endosomal
membrane, before the membrane-anchor region and the fusion peptide become positioned
together at one end of the fusion-pH structure and in fused membranes (Fig. 3c). As a
consequence, the interactions made by the 30-loop may be required for the controlled
delivery of the membrane anchor and the virus membrane to the site of fusion.

Online content

Methods

Any methods, additional references, Nature Research reporting summaries, source data,
extended data, supplementary information, acknowledgements, peer review information;
details of author contributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-020-2333-6.

No statistical methods were used to predetermine sample size. The experiments were not
randomized and the investigators were not blinded to allocation during experiments and
outcome assessment.

Protein preparation

The HA ectodomain was isolated from purified X-31(H3N2) virus, which contains the HA
from A/Aichi/1/68. Virus was propagated in 11- to 12-day-old hens’ eggs and incubated for
48 h. Virus was purified from allantoic fluid by sucrose gradient centrifugation. HA
ectodomain was released from the virus by detergent extraction with 2% (w/v) octyl-$-
glucoside, followed by overnight digestion at room temperature with 5% (w/w) trypsin,
which produces a fragment with the membrane anchor removed (HA1, and HA2 residues 1—
174). Protein was further purified by anion-exchange chromatography and size-exclusion
chromatography (SDS-PAGE shown in Extended Data Fig. 5). The final protein buffer was
25 mM Tris pH 8.0, 150 mM NacCl.

Cryo-EM sample preparation and data collection

Low-pH-induced conformations of HA were obtained by mixing with low-pH buffer
followed by an incubation at 4 °C and plunge freezing. We mixed 2.5 mg mI-1 HA 1:1 with
0.1 M citrate pH 4.9 plus 0.1% octyl-B-glucoside, which gave a final pH of 5.0. Octyl--
glucoside was added to reduce orientational bias, as used previously2?2. The mixture was
rapidly applied to a grid equilibrated to 4 °C in 100% humidity for a set time period to
obtain pH incubation times of 10 s, 20 s and 60 s. The 30-min time point was prepared by
mixing HA with the low-pH buffer as above, supplemented with 10 mM 2-mercaptoethanol,
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followed by a 30-min incubation on ice. Specimens of HA at pH 8.0 were prepared by
plunge freezing HA at 2.5 mg ml-! concentration supplemented with 0.1% octyl-B-
glucoside. All samples were prepared by applying 4 pl of sample to an R2/2 300 mesh
Quantifoil grid, followed by a 4-4.5 s blot using a Vitrobot MKIII, plunge freezing into
liquid ethane.

Data were collected using a Titan Krios microscope operating at 300 kV. Micrographs were
collected using a Falcon 3 detector in electron-counting mode. Exposures were 60 s with a
total dose of 33.9 e A2, fractionated into 30 frames, with a calibrated pixel size of 1.09 A.
Images were collected using a defocus of 1.5-3 um.

Data processing

Movie frames were aligned using MotionCor2 (ref. 23) and contrast transfer function was
fitted using CTFFIND4 (ref. 24). All data processing was carried out using both RELION2>
and cryoSPARC?8. Particles were picked using crYOLO?’ by training models on manually
picked micrographs. Data-processing workflows for each time point are shown in Extended
Data Figs. 6-9.

For 10 s, 20 s and 60 s time points, particles were subjected to two rounds of Relion two-
dimensional (2D) classification, retaining classes that exhibited clear secondary-structure
features (representative classes are shown in Extended Data Fig. 5). Initial models were
generated using a cryoSPARC ab initio reconstruction initiated with two classes for the 20 s
data. This generated models for the neutral-pH-like and extended-intermediate-like
conformations. These two maps were used as initial models for a two-class Relion three-
dimensional (3D) classification to sort particles into neutral-pH-like and extended-
intermediate-like classes for each of the time points.

For the 20 s data set, the neutral pH-like conformation particles were further separated using
RELION 3D classification, which generated a single class of neutral-pH HA and another of
the dilated form 2. The 124,000 particles that made up the dilated form 2 were refined using
cryoSPARC, yielding a map at 5.6 A resolution (state I11). There were 157,000 particles that
made up the neutral-pH conformation. For these particles, we carried out CTF refinement
and Bayesian polishing282° using RELION. These particles were then refined using
cryoSPARC to obtain a map at 3.0 A resolution (state I).

The intermediate-like particles were first classified using a two-class heterogeneous
refinement in cryoSPARC to separate out a class with a stronger membrane-proximal region
of 546,000 particles. These particles were then refined in RELION and Bayesian polishing
was carried out. Particles were then refined using cryoSPARC imposing C3 symmetry,
generating a map at 4.0 A resolution. Particle subtraction was carried out using RELION to
remove the membrane-distal parts of HAL. Subtracted particles were refined using
cryoSPARC, imposing C3 symmetry. This generated a map with a global resolution of 3.6 A
(subtracted state 1V). In order to further improve the membrane-proximal density of the
extended-intermediate particles, particle subtraction was carried out to leave only the density
of this region. A three-class 3D classification without alignments was carried out, which
generated a class of 189,000 particles with a stronger membrane-proximal density. The

Nature. Author manuscript; available in PMC 2021 February 11.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Benton et al.

Page 7

unsubtracted particles were then refined using cryoSPARC homogeneous refinement
imposing C3 symmetry to generate a map with a global resolution of 4.2 A (state 1V).

To examine the flexibility of the HAL regions of extended-intermediate particles, which had
been refined imposing C3 symmetry, signal subtraction was carried out to remove
membrane-proximal regions. These particles were then classified into ten classes with a 3D
classification using RELION-relax30, allowing asymmetric classification with C3 symmetry
priors with a limited angular search range. The original unsubtracted particles from each
class were then refined asymmetrically using cryoSPARC homogeneous refinement.

For the 10 s data, the neutral-pH-like particles were further separated using RELION 3D
classification, yielding a single class, which resembled the neutral-pH form of HA (105,000
particles) and another which made up the dilated form 1 (72,000 particles). These dilated
form 1 particles were refined using cryoSPARC to obtain a map at 5.5 A resolution (state 11).

Particles from the 30-min plus 2-mercaptoethanol time point were picked, using crYOLO,
generating 2.24 million particles. 2D classification was carried out using RELION. Classes
with particles that resembled the post-fusion form of HA were selected (359,000) and
subjected to a two-class cryoSPARC heterogeneous refinement using an initial model
generated using the cryoSPARC ab inito reconstruction. The best class of 184,000 particles
was refined using RELION, imposing C3 symmetry. The refined particles were classified
using a 3D classification without particle alignments. The best class (of 62,000 particles)
was chosen and refined using RELION, imposing C3 symmetry, generating a map at 9.9 A
resolution. We do not characterize other structural intermediates, other than the states listed
above, possibly because of their low population or heterogeneity.

For the neutral-pH HA condition, data were collected at pH 8.0; 2,819 micrographs yielded
643,000 particles. After two rounds of 2D classification, 320,000 particles remained. These
were 3D classified with RELION. The most-populated class of 237,000 particles had CTF
refinement and Bayesian polishing carried out using RELION. The particles were further 3D
classified without alignment, following refinement, which gave the most-populated class of
200,000 particles. These particles were refined using cryoSPARC to give a final map with a
global resolution of 3.0 A, which was indistinguishable from the neutral-pH-like structure
obtained at pH 5.0 (state I).

Model building

Before model building, we determined the local resolution of maps using blocres3!
implemented in cryoSPARC. Maps were automatically sharpened32 and locally filtered
using cryoSPARC. Models were built using parts of previously determined structures of
X-31 HA (PDB identification code 2YPG)33 and the post-fusion conformation from £, coli-
expressed HA2 (1QU1)8. Models were manually adjusted using COOT34, with real-space
refinement and validation carried out using PHENIX35. Measurements of domain
displacement and figures were made using Chimera36.
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Reporting summary

Further information on research design is available in the Nature Research Reporting
Summary linked to this paper.

Extended Data
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Extended Data Fig. 1. Features of intermediate states.
a, Displacement measurements between dilated HA1 domains. Measurements are the

position of the centroid of HA1 residues 45-310, with structures aligned on the invariant
parts of HA2 (residues 76-98). b, An interaction can be seen between the glycan attached to
Asn165 (orange) and Trp222 (green) on the neighbouring HA1 monomer (blue),
crosslinking the HA1 domains. This is present in states I, 11 and I1l. ¢, Cryo-EM density
(grey) and model, with HA1 in blue and HA2 in red, for the short helix of HA2 (residues
38-55) and the 30-loop (HAL residues 22-37). Density extends beyond the top of the helix,
indicating elongation of this helix by residues from the interhelical loop. d, Example of
typical density (grey) for the same section of an HA2 helix from states | and IV (green).
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Extended Data Fig. 2. Resolution estimates of obtained cryo-EM maps.
Local-resolution estimates, global-resolution FSC curves and orientation-distribution plots

for different conformations of HA. FSC curves have values for FSC of 0.143, shown as the
resolution criterion. Reconstruction of state V has a resolution of 9.9 A and has little
variability in local resolution. See Extended Data Fig. 9 for the FSC curve for state V.
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Extended Data Fig. 3. Flexibility of the membrane-distal domains.
The membrane-distal regions of HA1 (roughly residues 45-310) can adopt a range of

different orientations compared with the C3 symmetrized structure (state V). The remainder
of HA1 and HA?2 adopt a structure with less evidence of flexibility. We examined the
flexibility in ten maps generated by asymmetric classification. a, The generated models are
shown aligned to the symmetrized version of the protein (yellow). b, Examples of the most-
populated classes are shown on a molecular surface, with HA1 in blue and HA2 in red to
emphasize the different locations of these domains when compared with the symmetrized

Nature. Author manuscript; available in PMC 2021 February 11.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Benton et al. Page 11

version. ¢, The displacements of the locations of the centroids of each of these mobile
domains were measured to the nearest symmetrized monomer, giving 30 data points. These
adopt a range of locations, with the main flexibility being in a rotation angle around the
threefold axis, with little lateral movement towards and away from the threefold axis. The
angles of displacement vary from -15° to +25°,

Extended HA2 (IV)
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Extended Data Fig. 4. The 30-loop.
a, Potential interactions in the 30-loop are similar in both the neutral-pH (state I) and the

extended HA2 (state IVV) conformations. There are, however, several changes in the side
chains involved in this interaction, owing to the relocation of the short helix of HA2 in the
neutral-pH structure. This helix relocation removes an HA2 salt bridge between Arg54 of

Nature. Author manuscript; available in PMC 2021 February 11.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Benton et al.

Page 12

the short helix and GIlu97 of the long helix, as well as the interaction of Lys51 with His106.
These rearrangements permit new potential interactions between Thr30 of HAL with GIn105
of HA2 and His106 of the adjacent HA2 chain. A salt bridge also forms between Lys27 of
HA1 and Glu97 of HA2. b, Density of the 30-loop and interacting regions of the long
helices of HA2 in the extended subtracted structure. ¢, The location and architecture of the
30-loop is conserved in all HAs, including influenza C HEF37. In HA, a cluster of conserved
hydrophobic-loop residues at positions 26, 34 and 36 packs against the strictly conserved
11e108 in the long a-helix; the strictly conserved Asn104 forms hydrogen bonds with loop
residue Lys27 and Lys315 of HAL; and HA2 residue 105, conserved as Gln or Glu, interacts
with Thr30. Amino-acid substitutions in the loop (Thr30 to Ser), the short a-helix (Arg54 to
Lys) and the long a-helix (GIn105 to Lys and His106 to Ala) that interact with loop residues
28, 29 and 30, respectively, destabilize the mutant HAs, as shown by their elevated fusion
pH17:20, These observations indicate the functional importance of the loop and suggest its
involvement in membrane fusion. Formation of the 180° turn in the extended helix requires
removal of the 30-loop from its interactions with GIn105 and His106. The observed
unfolding of the loop and its acquisition of susceptibility to protease digestion in stage V are
consistent with this requirement and with the suggested role of the loop in supporting the
extended helix in states I1, 11l and IV.
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A Neutral pH-like Extended Intermediate-like
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Extended Data Fig. 5. 2D class averages and representative micrographs for the 10 s, 20 s and 60
s time points.

a, 2D classes fall into two broad groups: neutral-pH-like and extended-intermediate-like.
Representative classes are shown for each group for each time point, with the percentages
indicating the overall numbers of particles that fall into these two broad groups. There is a
general trend towards increasing numbers of extended-intermediate-like classes as the time
point increases, with a decrease in numbers of neutral-pH-like classes. There is limited
diversity in the orientations seen for the 10 s extended-intermediate-like and the 60 s neutral-
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pH-like classes. b, Representative micrographs (scale bars, 50 nm). Numbers of micrographs
collected: 10 s, n=4,004; 20 s, n=8,728; 60 s, n=2,925. ¢, SDS-PAGE of the HA sample
used for experiments.
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Extended Data Fig. 6. Classification scheme for the 10 s time point.
The figure shows the workflow for image processing to determine structures at 10 s.
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Extended Data Fig. 7. Classification scheme for the 20 s time point.

The figure shows the workflow for image processing to determine structures at 20 s.
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Extended Data Fig. 8. Classification scheme for the 60 s time point.
The figure shows the workflow for image processing to determine structures at 60 s.
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Extended HA2-like Post-fusion-like
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Extended Data Fig. 9. Data processing for 30 min time points.

a, 2D classes from the 30 min time point show the presence of the extended HAZ2 (state 1V)
and the post-fusion conformations, as well as a minor population of neutral-pH
conformations. The post-fusion averages are interpretable only for the end-on view down the
threefold axis, where this conformation forms a characteristic dense ring-like shape. This
limited range of interpretable views is probably due to the, now flexibly linked, HA1
domains increasing the structural heterogeneity. The interpretability of this species could be
improved by the addition of 10 mM of 2-mercaptoethanol to detach the disulfide-linked
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HAL domains. b, Classification scheme for the 30-min time point supplemented with 2-
mercaptoethanol. ¢, FSC curve for the final refined structure, with resolution criterion FSC =

0.143 shown.
Extended Data Table 1
Cryo-EM statistics for map and model refinement
Pre-Fusion Pre-Fusion Full Extended Subtracted
pH8 pH5 Dilated Form 1  Dilated Form 2 HA2 Extended HA2 Post Fusion
(EMDB-10696) (EMDB-10697) (EMDB-10698) (EMDB-10699) (EMDB-10700) (EMDB-10701) (EMDB-10702)
(PDB 6Y5G) (PDB 6Y5H) (PDB 6Y5I) (PDB 6Y5J) (PDB 6Y5K) (PDB 6Y5L)

State
Number - | 1 1] \Y v \Y
Timepoint - 20s 10s 20s 20s 20s 30 min + 2-ME
Data collection and processing
Magnification 75 000 75 000 75 000 75 000 75 000 75 000 75 000
\oltage (kV) 300 300 300 300 300 300 300
Electron
exposure
(e-1A?) 339 339 339 339 339 339 339
Defocus
range (pm) 1.5-3 1.5-3 15-3 1.5-3 1.5-3 1.5-3 15-3
Pixel size (A)  1.09 1.09 1.09 1.09 1.09 1.09 1.09
Symmetry
imposed C3 C3 Cl Cl C3 C3 C3
Initial particle
images (no.) 643 k 1.39M 153 M 1.39M 1.39M 1.39M 2.24M
Final particle
images (no.) 200 k 157 k 72k 124 k 189 k 546 k 62 k
Map
resolution () 3.0 3.0 55 5.6 4.2 3.6 9.9

FSC threshold 0.143
Refinement
Software CryoSPARC CryoSPARC CryoSPARC CryoSPARC CryoSPARC CryoSPARC RELION
Map
resolution
range (A) 2.6-3.4 2.6-3.4 5-9 5-9 35 3-7 -
Refinement
Initial model
used (PDB
code) 2YPG 2YPG 2YPG 2YPG 2YPG&1QU1 2YPG&1QU1 -
Map
sharpening B
factor (A%) -172 -170 -283 -322 -170 -225 -
Model composition

Non-
hydrogen
atoms 12036 11994 11928 9609 10617 3855 -

Protein
residues 1470 1470 1470 1185 1335 477
R.m.s. deviations

Bond
lengths (A) 0.005 0.004 0.004 0.005 0.005 0.004 -
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Pre-Fusion Pre-Fusion Full Extended Subtracted
pH8 pH5 Dilated Form 1  Dilated Form 2 HA2 Extended HA2 Post Fusion
(EMDB-10696) (EMDB-10697) (EMDB-10698) (EMDB-10699) (EMDB-10700) (EMDB-10701) (EMDB-10702)
(PDB 6Y5G) (PDB 6Y5H) (PDB 6Y5I) (PDB 6Y5J) (PDB 6Y5K) (PDB 6Y5L)

Bond
angles (°) 0.553 0.959 0.987 1.000 1.049 0.999
Validation

MolProbity
score 1.48 1.35 1.54 1.82 1.65 1.78 -

Clashscore  3.69 281 431 10.88 10.23 5.46 -

Poor
rotamers (%)  0.94 0.70 0.47 0.94 0 0 -
Ramachandran plot

Favored
(%) 95.4 95.9 95.3 96.2 97.35 92.16 -

Allowed
(%) 4.6 4.1 4.7 3.8 2.65 7.84 -

Disallowed
(%) 0 0 0 0 0 0 -

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. HA fusion intermediates.
a, Cryo-EM reconstructions of HA at fusion pH from various time points after acidification.

Cryo-EM maps are shown (grey) with models of HA1 (blue) and HA2 (red). Structures for
states | (indistinguishable from the neutral-pH state), I1l and IV are from 20 s, and for state
Il from 10 s. State VV was obtained with a 30-min incubation, supplemented with 2-
mercaptoethanol, dissociating the disulfide-linked HAL. The state V model shown is the
previously determined crystal structure of fusion-pH HA2 (Protein Data Bank (PDB, https://
www.ebi.ac.uk/pdbe/) code 1HTM; ref. 7). b, Distribution of different species at chosen time
points. ¢, Rearrangements in HA2 residues 38-125 associated with conformational states I,
11, IV and V. The 30-loop (HAL residues 22—-37) is in pink; HA2 is coloured by residue
number; purple, 38-55; orange, 56-75; blue, 76-105; green, 106-125.
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Neutral pH Dilated form 1 Dilated form 2
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Fusion peptide
plus 2 3-strands
b

Fig. 2. Surface representations of HA fusion intermediates.
a, Molecular surfaces for states I-1V. HA1 is coloured in dark blue and the 30-loop (residues

22-37) in light blue. HA2 is in red, with residues 1-37 (containing the fusion peptide,
residues 1-23) in yellow and the short helix (residues 38-55) in pink. Top views of surfaces
show the increasing dilation of the membrane-distal domains. Side views show several
features. Between states Il and 111, the fusion peptide and attached two p-strands are absent
while the base of the protein becomes disordered. Between states 111 and IV, the 150 A
coiled-coil forms between the dilated HA1 domains. The base of HA2 has also opened up in
state IV compared with state 1. b, Cryo-EM maps, coloured by local-resolution estimations
(contour bars are state-specific).
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Fig. 3. Structural rearrangements of HA fusion intermediates.
a, Concerted rearrangements of HA1 and HA?2 between states | and IV. HA1 is shown as a

molecular surface in light blue, with the 30-loop in dark blue. HA2 is shown as a red ribbon
with the invariant helix in green. The fusion peptide in state I is coloured yellow, but not
ordered in state V. Dotted lines show the trajectory of the membrane-proximal region of the
extended helix in one case and the approximate long axis of HAL in the other. HAL rotates
as a rigid body as the long helix of HAZ2 straightens relative to state I. This concerted motion
is transmitted by the attachment of HA1 to HA2 via the 30-loop, which is the approximate
pivot point of the HAL rotation. The HA2 helix straightens into the space previously
occupied by the now-displaced fusion peptide. b, Orthogonal view to a; membrane-proximal
regions of HA2 open upon this concerted motion, transitioning from a closely packed
neutral-pH conformation (state I) to the opened extended HA2 form (state 1V). Images are
molecular surfaces, with the monomers coloured as in a. ¢, Diagram showing HA
membrane-fusion intermediates. HA1 is shown as a molecular surface with HA2 as a ribbon.
One HA2 monomer is coloured by sequence: yellow, residues 1-37; purple, 38-55; orange,
56-75; blue, 76-105; green, 106-125; grey, 125-175. The location of the fusion peptide, not
resolved in states 111-V, is shown schematically (yellow). Membrane anchors (cyan), not
present in the protein used here, are represented as blocks in the virus and endosome
membranes in states 111 and IV. For states | and 1l the membrane anchor is that of another
HA subtype, H1 (ref. 22). State IV is depicted as interacting with the virus membrane (via
membrane anchors) and the endosomal membrane (via the fusion peptide) before refolding
to state V, where the fusion peptide and membrane anchors are shown as colocated.
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