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SUMMARY

Enveloped virus entry requires the fusion of cellular and viral membranes, a process directed by their viral
fusion glycoproteins. Our current knowledge of this process has been shaped by structural studies of the
pre- and post-fusion conformations of these viral fusogens. These structural snapshots have revealed the
start and end states necessary for fusion, but the dynamics of the intermediate conformations have remained
unclear. Using the influenza C virus hemagglutinin-esterase-fusion glycoprotein as a model, we report the
structural and biophysical characterization of a trapped intermediate. Crystallographic studies revealed a
structural reorganization of the C terminus to create a second chain reversal region, resulting in the N and
C termini being positioned in opposing directions. Intrinsic tryptophan fluorescence and bimane-induced
quenching measurements suggest intermediate formation is mediated by conserved hydrophobic residues.
Our study reveals a late-stage extended intermediate structural event. This work adds to our understanding

of virus cell fusion.

INTRODUCTION

The dynamic fusion of lipid membranes is essential for produc-
tive infection of mammalian cells by enveloped viruses. The mix-
ing of lipid bilayers is kinetically disfavored, presumably due to
the large repulsive force of hydration that maintains physical
separation between the outer leaflets of cell and virus mem-
branes (Cohen and Melikyan, 2004). To overcome the kinetic
barrier, viruses encode a surface glycoprotein (GP) to catalyze
entry into the host cell. For human viral pathogens such as influ-
enza, HIV-1, Ebola, coronaviruses, and many others, the enve-
lope GP mediates binding to host cell receptor(s) and fusion of
the host cell and virus membrane bilayers (Podbilewicz, 2014;
White et al., 2008).

The prototypical viral GP, and one of the most thoroughly
characterized, is the influenza A (IAV) hemagglutinin (HA) (Skehel
and Wiley, 2000; Wilson et al., 1981). HA is synthesized as a
single polypeptide (HAo) that is then proteolyzed to form disul-
fide-linked heterodimers (HA; and HA,). The HA; mediates
attachment of the virus to the host receptor, whereas the HA,
subunit catalyzes membrane fusion. The HA, subunit contains
an N-terminal hydrophobic fusion peptide and C-terminal trans-
membrane helix that anchors the HA to the virus membrane.
Each HA decorates the surface of the virus particle as a trimer
in a metastable, fusion-competent state (Carr and Kim, 1993).
Influenza infection starts when the HA binds sialic acids on
host cell receptors leading to receptor-mediated endocytosis.
The low pH environment of the endosome triggers a concerted
series of irreversible conformational rearrangements. The first
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crucial transition is into the extended pre-hairpin intermediate.
In this intermediate, the HA, fusion subunit embeds a hydropho-
bic fusion peptide into the cell membrane to form a physical
tether between the viral and host lipid bilayers. This intermediate
is hypothesized to be short lived as HA, then folds back onto it-
self. The bilayer fusion proceeds through a hemifusion stalk in-
termediate, which allows mixing of the outer membrane leaflets.
The final formation of the post-fusion, six-helix bundle (6HB)
leads to the expansion of the fusion pore and transfer of the viral
genetic material into the cell cytoplasm. It is thought that the re-
folding of HA into the 6HB conformation provides the energetics
necessary to overcome the activation barrier (Baquero et al.,
2013; Podbilewicz, 2014; White et al., 2008).

Structural characterization of IAV HA at neutral and low pH
states have provided intimate snapshots of the start and end
states of fusion and have been instrumental in defining the steps
in the reaction coordinate (Bullough et al., 1994; Carr and Kim,
1993; Wilson et al., 1981). The conformational changes of IAV
HA, like other class | viral GPs, have historically been thought
to occur through a “spring-loaded jackknife” mechanism, where
low pH triggers an irreversible conformational change to facili-
tate membrane merger (Carr and Kim, 1993). Recently, the
spring-loaded jackknife mechanism has been reassessed using
single-molecule Fdrster resonance energy transfer (smFRET),
cryo-electron microscopy (cryo-EM), and hydrogen-deuterium
exchange mass spectrometry (HDX-MS) techniques (Calder
and Rosenthal, 2016; Chlanda et al., 2016; Gui et al., 2016;
Lee, 2010). These studies have revealed that the mechanism of
HA activation is much more than a two-state mechanism; rather,
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HA forms dynamic transient ensembles of intermediate states
during fusion. The structural identities of transition intermediates
between the pre- and post-fusion states have been poorly char-
acterized due to their short-lived transient nature. Recently, Ben-
ton et al. discovered three early intermediate states of IAV virus
HA by single-particle cryo-EM (Benton et al., 2020). The cryo-EM
intermediate structures reveal the early HA transitions involved in
low pH activation. Moreover, they describe the formation of the
extended pre-hairpin intermediate. However, what happens
after the formation of the early-stage ensemble of extended in-
termediates leading up to the formation of the post-fusion 6HB
remains unknown.

The influenza C virus (ICV) presented us with an opportunity to
capture a viral GP intermediate. ICV contains only one virally en-
coded GP on the surface of the virus, a hemagglutinin-esterase
fusion (HEF) that has receptor binding, receptor destroying, and
membrane fusion activities (Wang and Veit, 2016). The ICV HEF
combines the functions of the HA and neuraminidase proteins
encoded by IAV and influenza B viruses (IBVs). Like IAV and
IBV HAs, ICV HEF is post-translationally cleaved by host prote-
ases to form the attachment (HEF4) and fusion (HEF,) subunits.
The structure of the pre-fusion ICV HEF is structurally similar to
IAV and IBV HAs (Rosenthal et al., 1998; Taylor, 1949). Although,
ICV is related to IAV and IBV, major differences exist in the fusion
kinetics between these orthomyxoviruses (Formanowski et al.,
1990). There is a lag before the onset of fusion by ICV that is
not observed in fusion by IAV or IBV. Specifically, fusion activity
was reported between a pH value of 5.6-6.1 with hemolysis
occurring at slightly lower pH values of 5.1-5.7. Based on virus
morphological changes and endogenous tryptophan fluores-
cence experiments, Formanowski et al. (1990) suggested that
a conformational change in ICV HEF is the rate-limiting step in
fusion. The precise mechanism of the ICV kinetic lag is poorly
defined. It is possible that the close packing of HEF in a hexag-
onal array on the virus surface hinders conformational changes
or that the fusion event requires the cooperation of multiple
HEF molecules (Formanowski et al., 1990). Alternatively, the ki-
netic lag may be due to a slow buildup of a stable ICV HEF
intermediate.

We set out to understand whether it is possible to trap a
longer-lived ICV HEF, intermediate by carefully controlling the
pH in ICV HEF,. Using biophysical techniques, we detected a
distinct stable conformational state in ICV HEF, at pH 6.0 or
higher that was not observed in analyses of IAV or IBV HAs.
This led to rationally designed crystallization experiments that re-
sulted in the determination of a 2.4 A resolution crystal structure
of a late-stage extended ICV HEF, intermediate. This HEF inter-
mediate is different from the previously described early fusion
intermediates and the post-fusion 6HB. The intermediate is char-
acterized by a structurally flexible C-terminal region and a sec-
ond chain reversal region. We hypothesize that this structure
represent a late-stage extended intermediate conformation
before the foldback to form the 6HB. Our data present a detailed
atomic-level dissection of the intermediate states of viral fusion,
specifically addressing the ensemble of extended intermediate
conformations present leading into the final post-fusion state.
This contributes now to a more complete understanding of the
conformational gymnastics required for fusion.
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RESULTS

Distinct conformational states of ICV HEF, detected as a
function of pH

In order to determine whether ICV fusion intermediates can be
trapped, we focused on the HEF; fusion subunit. ICV HEF (res-
idues 481-621) was designed based on the construct bound-
aries of HA, post-fusion ectodomain subunits from 1AV and
IBV. ICV HEF, and IAV and IBV HA, fusion subunits were heter-
ologously expressed and purified from E. coli to homogeneity
(Figure S1A). Although these three proteins have similar biolog-
ical functions, their sequences are not conserved (Figure S1B).
Initially, we performed circular dichroism (CD) analysis on ICV
HEF, as a function of pH. The CD spectra of ICV HEF, clearly
show the presence of two distinct, stable conformational states
between pH 4.5 and 7.5 (Figure 1A; Figure S2A). At pH values
higher than 5.5, ICV HEF, adopts a major a-helical conformation,
whereas at pH values below 5.5, both a-helical and 3 sheet con-
tent are present (Table S1). Previous crystallographic analyses
indicate that IAV and IBV HA post-fusion 6HB states have a cen-
tral coiled-coil HA, core with a small antiparallel § sheet outer
layer (Figure S3) (Bullough et al., 1994; Ni et al., 2014). Analysis
of thermal denaturation curves of ICV HEF, revealed a reversible
and two-state equilibrium between pH 5.5 and 7.5 (Figure 2). At
37°C and pH 6.0, the Gibbs free energy profile of ICV HEF, was
clearly indicative of an energetically stable intermediate
(Figure 1B).

IAV and IBV HA were not observed to undergo a lag before the
onset of fusion (Formanowski et al., 1990). The secondary struc-
tural composition of IAV and IBV HA, are invariant as a function
of pH, suggesting that the maintenance of the canonical post-
fusion 6HB structure is maintained over the pH range tested (Ta-
ble S1). The lack of any detectable stable fusion intermediates of
IAV or IBV HA; is consistent with previous studies that showed
IAV HA undergoes spontaneous and reversible transitions be-
tween multiple conformations (Das et al., 2018; lvanovic and
Harrison, 2015). The ICV HEF, conformation observed at pH
6.0 (Figure S2A) is consistent with functional studies that demon-
strated ICV fusion activity at pH values between 5.6 and 6.1;
therefore, the conformation at pH 6.0 may represent a fusion in-
termediate state (Formanowski et al., 1990).

Trapping an ICV HEF; intermediate structure
Understanding the free energy profile of ICV HEF, allowed us to
rationally design structural studies to trap the ICV intermediate. A
slightly shorter ICV HEF, construct (residues 495-586) was
required to obtain well-diffracting crystals at pH ~6.0 (Figures
S1C-S1E; Table S2). This shorter ICV HEF495_58¢ Variant had
similar CD spectral characteristics and structural pH depen-
dency as the longer ICV HEF451_521 construct used for biophys-
ical studies (Figure S2A). The pH of the crystallization drop was
measured at 6.1, thus consistent with a pH that can capture the
primarily a-helical conformation observed in our CD studies and
with functional experiments that showed ICV fusion activity in the
pH range from 5.6 to 6.1 (Formanowski et al., 1990).

The ICV HEF; structure is trimeric with each of its protomers
consisting of a 15-turn N-terminal helix (residues 496-550; seg-
ments A-B-C) and a second, smaller 5-turn C-terminal o helix
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Figure 1. ICV HEF; structural and biophysi-
cal analysis

| (A) CD spectra of ICV HEF, as a function of pH.

(B) Gibbs free energy landscape as a function of
pH for ICV HEF, (black triangles), IAV HA, (gray
circles), and IBV HA, (dark-gray squares).
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(C) Structure of the trimeric ICV HEF, intermediate.
Three protomers of the trimer are shown as multi-
color, white, and gray chains. Inset shows the hy-
drophobic interactions made between CR2 and
the central helical core. A predicted N-linked
glycan site (N552) is found in CR1.

(D) Wavelength at the center of spectral mass
calculated from the intrinsic tryptophan fluores-
cence emission spectra of ICV HEF, and IAV HA,
as a function of pH. Spectroscopic and thermo-
dynamic analysis are represented as the mean +

SEM from biological triplicates.
See also Figures S1, S2, S4, and S5 and Tables S1
and S2.
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(residues 555-570; segment D), separated by a 4-residue chain
reversal region (CR1) (Figures 1C and 3). The N- and C-terminal
a-helical coils are generated by heptad-repeat motifs. Each
central helical core is lined primarily with leucine and isoleucine
residues, with the exceptions of two layers of aspartic and gluta-
mic acid residues (Asp519 and Glu541), which form hydrophobic
interactions between protomers. The outer helix packs against
the central helical core in an anti-parallel orientation to form the
trimeric helical bundle. The coil accommodates stabilizing salt-
bridge interactions between adjacent protomers without inter-
rupting the heptad-repeat motif. At the base of ICV HEF,, the
heptad-repeat stutters at Gly543, and two turns later the helix
breaks to form the short CR1 region that contains Asn552, which
is glycosylated in the pre-fusion structure of ICV HEF (Rosenthal
et al., 1998). This positions three N-linked glycans at the base of
the trimer pointing outward toward the bulk solvent.

A second chain reversal region (CR2; residues 571-585; seg-
ments E-F) is observed on the C-terminal side of the second outer
helix in the ICV HEF, intermediate structure. In the post-fusion
6HB conformation, the N and C termini point in the same direction
toward the host cell membrane (Figure 3). In contrast, in the ICV
HEF, intermediate CR2 causes the C terminus to point toward
the viral membrane, allowing a connection between the viral

and a tryptophan pair

CR2 forms an unstructured coil that

packs toward a hydrophobic interface

formed between its central and outer heli-

ces (segments C-D). Leu538, Leu539,
and Leu542 in the central helix (segment C) form a hydrophobic
pocket that interacts with Ala572, Leu575, Val577, and Val579
from the CR2 region (segment E). In addition, Trp584 located
at the C terminus of CR2 (segment F) forms an edge-to-edge ar-
omatic interaction with Trp562 (~3.5 A apart) located on the outer
helix (segment D) and hydrophobic residues Leu549 and Val550
on the central helix (segment C) (Figure 1C, inset). All residues in
the hydrophobic pocket and the CR2 region, including the tryp-
tophan residues, are strictly conserved in all ICV isolates
(Figure S4).

CR2 (segment D) does not form any crystal contacts in our
structure. However, the last five residues of the C terminus of
ICV HEF, form 3 H-bond contacts to a crystallographic symme-
try-related molecule (Figure S5). In contrast, there are 7 hydro-
phobic interactions formed by the CR2 region packing into the
central helical core. Thus, we predict the formation of the CR2 re-
gion likely outweighs the C-terminal crystal contact interactions.
Regardless, it was important to ensure that the formation of CR2
and the Trp562-Trp584 interaction are not artifacts of crystalliza-
tion. The Trp562-Trp584 interaction is the only tryptophan pair in
ICV HEF; thus, the motions and interaction can be specifically
monitored in solution by fluorescence. Intrinsic tryptophan fluo-
rescence analysis revealed a shift in the peak center of mass
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Figure 2. Thermal melts for IAV HA,, IBV
HA,, and ICV HEF,

Non-linear biphasic sigmoidal curve to determine
[ the apparent melting temperature(s) (T, values) as
a function of pH for (A and B) ICV HEF,, (C and D)
IAV HA,, and (E and F) IBV HA,. The asterisks
L indicate that T,,, values could not be experimentally
determined. All CD spectra and thermal denatur-
F ation assays were performed in biological tripli-

cates. See also Figure S2 and Table S1.
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from the emission maximum at pH values lower than 6.0 (Fig-
ure 1D). A pH-dependent change in tryptophan fluorescence
was also observed in the native infectious ICV particle (Forma-
nowski et al., 1990). In contrast, for IAV HA,, which contains
one tryptophan, there was no appreciable shift in intrinsic trypto-
phan fluorescence as a function of pH (Figure 1D).

To specifically probe the Trp562-Trp584 interaction, we site-
specifically labeled ICV HEF, with the fluorescent probe bimane
and used tryptophan-induced quenching (TrlQ) to determine the
specific orientation of the ICV HEF, C-terminal region as a func-
tion of pH in solution. The TrlQ approach exploits the strong
quenching effect of tryptophan on the bimane fluorescence
emission intensity. Only a single fluorescent probe was incorpo-
rated into the protein at specific locations to provide direct
measurements of protein conformation. Further, this quenching
occurs only over short distances when the C,-C,, distance be-
tween the bimane-cysteine attachment point and tryptophan
quencher is between 5 and 15 A. Single cysteine point mutations
were introduced into strategic positions in both short ICV
HEF 495_586 and long ICV HEF4g1_621 constructs to allow for spe-

4 Cell Reports 35, 109152, May 18, 2021

6.0 6.5 7.0 75

tryptophan-induced quenching of the bi-
G mane at Q558C in ICV HEF,05 586 and
ICV HEF4g1_621 at pH values ranging
from 5.5 to 6.0 but not at pH values above
6.0 or below 5.5 (Figure 4; Figure S7; Table S3). As expected, the
H518C bimane-labeled mutants showed strong quenching only
at pH values lower than 5.5, suggesting a foldback of the ICV
HEF, C-terminal region and Trp584 against the central HR1 he-
lix. The TrlQ profiles of both the short ICV HEF495_586 and longer
ICV HEF 451_621 constructs were similar (Figure 4). Taken together
with the intrinsic tryptophan fluorescence data, the TrlQ studies
support a conformational change that positions Trp584 in the vi-
cinity of Trp562 when the pH is in the range of 5.5-6.0. Impor-
tantly, the short ICV HEF,g5_586 construct behaves similarly to
the longer but more complete ICV HEF 451621 fusion ectodomain,
which is similar in length to the post-fusion IAV and IBV HA, pre-
viously used for crystallization. Finally, this analysis confirmed
that CR2, observed in the ICV HEF, crystal structure, exists in
solution.

DISCUSSION

Obtaining high-resolution structural information on viral fusion
intermediates are rare. Initially, evidence for viral fusion GP
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Figure 3. Comparison of pre-fusion, extended intermediate, and
post-fusion states of ICV HEF,

(A) The pre-fusion metastable state crystal structure presents parallel N and C
termini pointed in the direction of the viral membrane.

(B) The ICV HEF, intermediate crystal structure reveals that segments A-B-C-
D forms a core that is structurally invariant and maintained to the final post-
fusion 6HB. Segments E-F form a second chain reversal region that positions
the N and C termini in an antiparallel orientation, bridging viral and host
membranes.

(C) Homology model of the post-fusion ICV HEF structure reveals that at low
pH foldback in segments E-F results in formation of the stable 6HB. All
structures are shown as cartoons with the eight segments of HEF, that un-
dergo conformational changes highlighted in different colors from A to H. The
structures used to generate this figure were as follows: prefusion, PDB: 1FLC;
intermediate, structure presented in this manuscript, PDB: 6WKO; and post-
fusion, homology model generated using the ITASSER server (Roy et al., 2010)
and the IBV HA, post-fusion structure as a template (PDB: 4NKJ).

See also Figure S3.

intermediates was obtained through indirect experimental ob-
servations. For example, the transiently extended intermediate
in human parainfluenza virus 5 F was detected using electron mi-
croscopy based on the inter-bilayer spacing of the virion trapped
in the process of fusing to the target membrane (Kim et al., 2011).
The bilayer spacing is consistent with the expected distance of a
computationally determined extended intermediate model,
where the N-terminal region has sprung into a trimeric coiled
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coil toward the host membrane and the C terminus is anchored
in the viral membrane. Further indirect evidence of viral fusion in-
termediates come from studies of HIV-1 gp41. Studies of pep-
tides such as T-20/enfuvirtide (Wild et al., 1994) or C34 (Chan
et al., 1998), which mimic the binding of the outer heptad
repeat-2 (HR2) helix, indicate that the trimeric central helical
core must be formed prior to the foldback of the HR2 helix to
form the final post-fusion 6HB. A number of cryo-electron tomo-
graphic studies have imaged conformational changes in HA on
the virus surface and captured its interaction with the membrane
(Calder and Rosenthal, 2016; Chlanda et al., 2016; Fontana et al.,
2012; Gui et al., 2016; Lee, 2010). Analyses of the low-resolution
tomograms led to the hypothesis that the fusion peptide is
released prior to the dissociation of the HA; attachment sub-
units. More definitive studies came recently where smFRET
measurements showed that low pH activation of IAV HA pseudo-
typed onto lentivirus particle resulted in reversible sampling of
multiple intermediate HA conformations prior to the formation
of the extended intermediate (Das et al., 2018). The interaction
of HA, with the host membrane then promotes the irreversible
conformational change to the post-fusion state.

A major breakthrough was made when cryo-EM reconstruc-
tions captured conformational intermediates of 1AV HA after
low pH treatment (Benton et al., 2020). Three structural transi-
tions were observed directly after pH triggering. After 10 s of
low pH exposure, the envelope-distal domain of HA; dilates
and tilts away from the central helical axis followed by subunit
opening and the disordering of the membrane-proximal region
(Figure 5). At 60 s, the HA, propels a 150 A triple helix (corre-
sponding to segments A-B-C-D) at the center of HA to form an
extended pre-hairpin intermediate. This rearrangement inserts
the fusion peptide into the host membrane, analogous to the ac-
tion of a spear. Pulse-labeled hydrogen-deuterium exchange
mass spectrometry (HDX-MS) studies further showed that intact
virions upon low pH activation produced an intermediate
ensemble that displayed concurrent reorganization of the HA,
subunit (Benhaim et al., 2020). While these results clearly show
the presence of early transient viral fusion intermediate states,
there are still major questions that remain unresolved: What
are the transitions that follow the early extended intermediate
states to result in the final post-fusion conformation? What are
the rearrangements that need to occur at the membrane-prox-
imal region of the glycoprotein? What are the residues that
mediate the formation of other fusion intermediates?

From smFRET, cryo-EM, and HDX-MS studies, the extended
intermediate was shown to be an ensemble of conformations
(Calder and Rosenthal, 2016; Chlanda et al., 2016; Gui et al.,
2016; Lee, 2010). The ICV HEF, crystal structure presented
here likely belongs to one of the extended intermediate states,
as it is capable of forming a physical protein bridge between
the viral and host membranes (Figure 3). This conformation
captured in the current structure is likely further along the path-
ways toward the post-fusion state than the previously described
IAV early-stage extended intermediates, which clearly displayed
a central long helix composed of segments A-B-C-D (Benton
et al., 2020). This is in contrast to the post-fusion state where
segments D-E-F-G-H fold back onto a central trimeric helix
composed of segments A-B-C to juxtapose the N and C termini
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Figure 4. Tryptophan-induced quenching
(A and B) Site-directed bimane labeling at posi-
/;l tions (A) Q558C and (B) H518C for ICV HEF 495 586
—E and ICV HEF,g1_621 allowed the measurement of
A ICV HEF, motions as a function of pH. Tryptophan
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| mane excited state will quench its fluorescence
7 B signal. The Q558C bimane-labeled mutants were
L generated to probe the interaction of W562-\W584.
At pH values >6.0, no quenching was observed,
thus suggesting the lack of any interactions be-
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tween W562 and W584. At pH 5.5-6.0, fluores-
cence quenching was detected, indicating the
formation of the W562-W584 interaction and CR2,
as observed in the crystal structure of the trapped
fusion intermediate state. The H518C bimane-
labeled mutants were generated to probe in-
teractions with the HR1 helix. Fluorescence
quenching was only observed at pH values lower
than 5.5, consistent with the packing of W584 into
the HR1 central helix, as observed in many low pH
influenza structures. The inset schematic cartoons
of ICV HEF, show the location of the probe (red
star) and tryptophan residues (orange rectangles).
While there are no structures of ICV HEF, at low
pH, we hypothesize that the ICV HEF, C terminus
refolds toward the central HR1 trimeric helix based
on the structural changes observed at low pH in
IAV HA. The Ca-Ca distances, shown in A, are

ICV HEF,

481621

estimated from the measured ICF HEF, quenching fractions (F/Fo) and quenching-based distance measurements reported by Jones Brunette and Farrens, 2014.
(C and D) Statistical analysis of the change in TrlQ F/F values as a function of pH for (C) Q558C and (D) H518C ICV HEF 495586 and ICV HEF 4g1_¢21. Data are
presented as the (mean + SEM) from biological quadruplets. One-way ANOVA followed by a Tukey post hoc comparison test was calculated. n.s. is not significant

(p > 0.05); *p < 0.0001; **p < 0.001.
See also Figures S6 and S7 and Table S3.

and form the 6HB (Figure S3). In our ICV HEF, structure, we
observed a structure that is in transition between the early
extended intermediate and final post-fusion conformation. There
is a foldback of segment D onto the central helix (segments A-B-
C), but segments E-F have not folded back into a conformation
as observed in the post-fusion 6HB structure. Instead, segments
E-F form the second chain reversal region that points the HEF, C
terminus back toward the viral membrane (Figure 3). Regardless
of the different folds in the helical segments, both the cryo-EM
IAV HA and our ICV HEF; structures likely belong to an ensemble
of extended intermediate conformations.

Our data suggest the order in which conformational changes
of the HA occur (Figure 5). After the formation of the extended in-
termediate and the long central trimeric helix (segments A-B-C-
D), segment D breaks from the central trimeric helix and folds
back to form a small outer helix. This creates the base of the
6HB. Therefore, our structure clearly shows that the small outer
helix forms before the C-terminal segments G-H are packed anti-
parallel against it. Segments A-B-C-D form a structurally
invariant core that is maintained in the final post-fusion confor-
mation (Figures 3 and 5). Concomitant with the foldback of
segment D to form the outer helix, segments E-F form a second
chain reversal region immediately after the outer helix (segment
D). The random coiled nature of the CR2 region combined with
the predicted unstructured membrane-proximal region provides
flexibility. After the formation of the extended intermediate, the
fusion subunit needs to tilt and may break its 3-fold symmetry
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as it transitions to the final post-fusion 6HB conformation. The
flexibility of the CR2 region provides the slack to allow the tilting
of the fusion subunit. The tilting of the fusion subunit was indi-
rectly shown to be important for orthomyxovirus membrane
fusion as the antibody FISW84 binds the C-terminal mem-
brane-proximal region of HA and appears to neutralize the virus
by sterically restricting the range of HA orientations required for
fusion (Benton et al., 2018).

The formation of the intermediate in ICV HEF is likely driven by
hydrophobic forces from conserved residues located on both
the CR2 region (segments E-F) and the segment C-D helices.
The use of hydrophobic interactions to form the late-stage inter-
mediate is consistent with the biology of orthomyxoviruses. For
example, influenza viruses are endocytosed and enter early en-
dosomes (pH ~6), followed by subsequent trafficking to late en-
dosomes (pH ~5) where fusion occurs (Lakadamyali et al., 2004;
Matlin et al., 1981). The use of non-ionizable residues to form the
intermediate would make biochemical sense, as the strength of
hydrophobic and aromatic interactions will not be affected as the
virus migrates through the various endosomal stages and pH
changes. In other viruses that undergo fusion at low pH, such
as avian sarcoma leukosis virus, hydrophobic residues rather
than electrostatics are proposed to stabilize viral fusogen con-
formations (Aydin et al., 2013, 2014).

In summary, our results provide experimental evidence for the
existence of a distinct viral fusion intermediate. The atomic-res-
olution model of this intermediate state has potential utility in
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Figure 5. Membrane fusion reaction coordinate of ICV HEF

(i) Prefusion conformation: ICV HEF sits on the surface of the virus in a pre-fusion metastable conformation. Initial attachment of the virus to the host cell is
mediated through the attachment of the pre-fusion HEF to N-acetyl-9-O-acetylneuraminic acid (9-OAS; shown as green branches) located on the host mem-
brane. More than one ICV HEF protein is likely required at the site of fusion. The transmembrane domain (TM) is represented in purple. The HEF cytoplasmic tail
interacts with the matrix protein (shown as blue circles) located inside the viral membrane. (i) Early intermediate: after endocytosis and trafficking to the en-
dosome, the low pH triggers large concerted conformational changes at the HEF-HEF, interface. The three membrane-distal HEF, domains rotate as a rigid
body away from the central HEF helix. Moreover, the membrane-proximal domain becomes disordered and rearranges, with the fusion peptide being released
from its pre-fusion state. (i) Extended intermediate: the constraints of HEF (gray) on HEF are released to allow the hydrophobic fusion peptide (FP) from HEF, to
insert into the host cell lipid bilayer. The HEF, helix straightens into a single helical intermediate to form a physical anchor between the viral and host cell
membranes. This is the extended pre-hairpin intermediate. (iv) Late extended intermediate: the segment D (green) helix rearranges and folds back to form an outer
helix forming the intermediate conformation. The second chain reversal region is flexible thus providing slack so that ICV HEF, can tilt during the subsequent
foldback of the C-terminal region. The trimeric central and outer segment D helix in HEF, remains intact till the final post-fusion conformation. (v) Collapse of
intermediate: the fold back of the extended intermediate induces contact and mixing of the outer viral and host cell membranes to form the membrane hemifusion
intermediate. (vi) Post-fusion conformation: final formation of the post-fusion HEF, 6HB leads to the expansion of the fusion pore. The matrix layer is disrupted at
the location of the fusion pore. The structures used in this illustration are as follows: panel (i) pre-fusion ICV HEF, PDB: 1FLC; panel (i) IAV HA dilated early
intermediate, PDB: 6Y5I and 6Y5J; panel (jii) IAV HA extended intermediate, PDB: 6Y5K; ICV HEF; late extended intermediate, PDB: 6WKO; and post-fusion ICV
HEF, based on a homology model using IBV HA, (PDB: 4NKJ) as a template. Structures are shown as ribbons with the eight segments of HEF, that undergo
conformational changes highlighted in different colors. The figure was generated with BioRender.com

numerous applications. For example, this model can be used to
identify sites for the incorporation of molecular probes to detect
or trap other orthomyxoviral fusion GP intermediates. Given that
influenza HA/HEF is the prototypical class | viral GP, the model
principles developed here can also be applied toward other viral
fusogens. Moreover, understanding the complete repertoire of
structural intermediates will guide the design of inhibitors that
block fusion and development of stabilized fusion intermediates
that can be used as immunogens in vaccines. The use of trapped
fusion intermediates as immunogens has the advantage of
exposing transiently available or normally inaccessible epitopes
to the humoralimmune system. Our results demonstrate that ICV
HEF is an ideal system to evaluate intermediate states along the
viral fusion reaction coordinate, thus helping to identify the
missing pieces in our understanding of the dynamics of virus
membrane fusion.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jeffrey E.
Lee (jeff.lee@utoronto.ca).

Materials availability
Reagents generated in this study are available from the Lead Contact upon request.

Data and code availability
The atomic coordinates and structure factors for the ICV HEF 495556 pH 6.1 structure described in this manuscript have been depos-
ited in the Protein Data Bank - PDB under accession code: 6WKO.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains
Escherichia coli BL21 (DE3) competent cells were obtained from Novagen/Millipore Sigma (Cat#69450).

METHOD DETAILS

Influenza viral fusion glycoprotein expression and purification

DNA sequences corresponding to the IAV HA; (residues 378-515; A/Brevig Mission/1/1918 H1N1; Uniprot Q9WFX3), IBV HA; (res-
idues 390-532; B/HK/8/1973; Uniprot P03462), and ICV HEF; (residues 495-586 and 481-621; C/Johannesburg/1/1966; Uniprot
ABEO060) core fusion domain were codon-optimized, commercially synthesized, and subcloned into pET46 Ek/LIC. A thrombin
protease site was inserted downstream of the vector encoding the N-terminal 6-histidine tag. In order to avoid non-specific intermo-
lecular disulfide-mediated aggregation, cysteine to serine mutations (IAV HA,: C481S, IBV HA,: C489S; ICV HEF,: C583S) were
generated. The constructs are denoted as IAV HA,, IBV HA,, ICV HEF 495.586, and HEF 431621 (Robert and Gouet, 2014).

All influenza viral fusion subunits were expressed in E. coli BL21 (DE3) (Novagen). Cultures were grown to an ODggg of 0.6 at 37°C
and recombinant protein expression was induced with a final concentration of 0.5 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG;
Bioshop) for 20 hours at 18°C. Pelleted cells were resuspended in 50 mM Tris-HCI pH 8.0, 300 mM NaCl, and 20 mM imidazole. Bac-
terial cells were lysed using a hydraulic cell disruption system (Constant Systems), and protein was purified by standard Ni-NTA af-
finity chromatography (QIAGEN). Proteins were then dialyzed against 10 mM Tris-HCI pH 7.5, and 150 mM NaCl and digested with
restriction-grade thrombin (Millipore Sigma) at 4°C for 16 hours. Prior to biophysical assays or crystallization trials, ICV HEF, was
further purified by size exclusion chromatography (SEC) using a custom Superdex 75 prep grade XK 16/40 column (GE) equilibrated
in 10 mM Tris-HCI pH 7.5, and 150 mM NaCl. Protein concentration was determined by absorbance at A»gonm, and purity was moni-
tored by 16% SDS-polyacrylamide gel.

Secondary structural and melting temperature determination by circular dichroism

Minor modifications were made for the purification of the influenza virus fusion subunits for CD spectroscopy. Cell pellets were re-
suspended in lysis buffer (10 mM potassium phosphate pH 8.0, 150 mM sodium fluoride, and 20 mM imidazole), and cells were lysed
as described above. All fusion subunits were bound onto Ni-NTA resin, washed with 10 column volumes (CV) lysis buffer, and eluted
in 5 CV elution buffer (10 mM potassium phosphate pH 8.0, 150 mM NaF, and 500 mM imidazole). The purified proteins were dialyzed
overnight at 4°C against 10 mM potassium phosphate pH 7.5, 150 mM NaF prior to SEC on a Superdex 75 prep grade XK 16/40
column.
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All CD spectral scans and thermal melting curves of ICV HEF495.586, ICV HEF451.621, IAV HA,, and IBV HA, were acquired on a
Jasco J-1500 spectropolarimeter in a 1-mm pathlength quartz cuvette (Helma) at a protein concentration of 0.2 mg.ml™'. Spectra
were recorded over a pH range from 4.5 to 7.5 (0.5 pH unit intervals) using 100 mM potassium phosphate buffer adjusted to the
desired pH. CD wavelength scans were collected at 20°C between 183-260 nm at a rate of 50 nm-min'. Raw CD ellipticity values
were baseline subtracted, averaged over eight accumulations, and converted to mean residue ellipticity (fre) in units of degree cm?
dmol™ as presented in Equation (1):

Ompe = % X (m;odc) (Equation 1)
where MW is the molecular weight for each sample in Daltons; N is the number of amino acids; 6 is the ellipticity in millidegree; d cor-
responds to the optical pathlength in cm; ¢ is the protein concentration in mg.mL™'. Secondary structural compositions (unstructured
coils, turns, B strands, and helices) of all influenza viral fusion subunits were calculated using the CDSSTR method and the Set7 (190-
240 nm) library with the Dichroweb server (Whitmore and Wallace, 2004).

All thermal denaturation assays were carried out at a wavelength (222 nm) selected to maximize the CD signal by increasing the
temperature from 20°C to 95°C in 5°C intervals with 120 s equilibration between temperature points. The resultant change in ellipticity
was buffer baseline subtracted, normalized between 0 (folded) and 1 (unfolded), and fit using the program Origin2017 to a non-linear
biphasic sigmoidal curve to determine the apparent melting temperatures (T,,,). All CD spectra and thermal denaturation assays were
performed in biological triplicates.

Free energy profile determination

The analyses of thermal denaturation curves of IAV HA,, IBV HA, and ICV HEF, revealed a reversible and two-state equilibriums be-
tween pH 5.5 and 7.5. The apparent change in Gibbs free energy was calculated for all protein samples using Equations (2) and (3)
(Greenfield, 2006):

AG = — RTINKug, Kog= = burtottea (Equation 2)
Oroicea — 0
A(AGO) = AGY ey — DG ey (Equation 3)

where AG? is the Gibbs free energy for each i apparent state, R is the gas constant, T temperature in Kelvin, 8 is the ellipticity in de-
grees measured at each wavelength. The A(AGY) is the difference in AG® between the unfolded and folded microstates. The free en-
ergy landscape profiles were determined at 37°C, a temperature below the melting temperature, from biological triplicate
experiments.

ICV HEF, crystallization and structure determination

Extensive sparse-matrix crystallization screenings of ICV HEF 495586 and HEF 481621 Were performed by sitting drop vapor diffusion in
96-well 2-drop Art Robbins Intelliplates using the Douglas Instrument Oryx 8 liquid handling system. Crystallization of the ICV HEF 495.
ss6 PH 6.1 intermediate was obtained by concentrating the protein to 60 mg.mL™ and fast diluting to a final concentration of
10 mg.mL"" using 50 mM MES pH 6.0 directly in the sitting drop prior to sparse-matrix screening. ICV HEF 4g5.556 Crystals were ob-
tained in 85 mM tri-sodium citrate pH 5.6, 29.75% (v/v) tert-butanol, and 15% (v/v) glycerol. The measured pH of the actual crystal-
lization condition (protein buffer plus crystallization reagent) was pH 6.1. Prior to diffraction experiments, crystals were transferred to
a drop of cryo-protectant consisting of the mother liquor supplemented with 20% (v/v) glycerol and immediately plunged into liquid
nitrogen. Diffraction data for ICV HEF 495.556 Crystals were remotely collected on beamline 17ID-1 (AMX) at the National Synchrotron
Light Source-Il (NSLS-II; Upton, NY). Diffraction data were reduced using DIALS (Winter et al., 2018), and scaling was performed us-
ing Aimless (Evans and Murshudov, 2013). The structure of ICV HEF 495.586 Was determined by molecular replacement, using the pro-
gram PHENIX.phaser (McCoy et al., 2007) and a polyalanine model of the trimeric IBV HA, inner HR1 helices (residues 18-77; PDB
code: 4NKJ:A) as an initial search model. Iterative rounds of model rebuilding and refinement were performed using the program Coot
and PHENIX.refine (Afonine et al., 2012), respectively. Clear electron density was observed for the main chain and side chain residues
that allowed for manual model building (Figure S1E). Model validation was performed using MolProbity (Williams et al., 2018), Coot
(Emsley and Cowtan, 2004), and PHENIX.polygon (Liebschner et al., 2019). Data collection and refinement statistics are presented in
Table S2. The ICV HEF495.586 structural model was deposited under PDB accession code 6WKO.

Intrinsic tryptophan fluorescence assays

The relative tryptophan environment was analyzed by monitoring intrinsic fluorescence on a Synergy Neo2 multimode plate reader
(BioTek Instruments) with monochromatic excitation at (295 + 3) nm. ICV HEF 495.586, ICV HEF 451621, and IAV HA, were prepared at
1 mg.mL™" in the same buffers as used for CD analysis. A fluorescence emission spectral scan was acquired between 303-500 nm.
Center of mass for each analyzed spectrum was determined in Origin2017 as shown in Equation (4):
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1= 2 F (Equation 4)

> Fi
where < 1 > is the center of spectral mass, and F; is the fluorescence intensity for each discrete wavelength 4. Mean values and stan-
dard deviations were calculated from biological duplicate and technical triplicate experiments.

Tryptophan-induced fluorescence quenching

The conformational changes of ICV HEF; as a function of pH were evaluated by tryptophan-induced quenching (TrlQ). Cysteine res-
idues were introduced into ICV HEF4g1.621 and HEF 495.5g6 at positions Q558 and H518 to allow for bimane labeling. To ensure that
there was a specific, single label on each construct, native cysteine residues at C583, C591, and C595 in ICV HEF 41621 and C583 in
ICV HEF 495586 Were substituted with serine. Four constructs were codon-optimized, gene synthesized, and cloned into a pET46 Ek/
LIC vector: ICV HEF,95.586 Q558C, C583S; ICV HEF 495586 H518C, C583S; ICV HEF51.621 Q558C, C583S, C591S, C595S; ICV
HEF 481621 H518C, C583S, C591S, C595S. All cysteine mutants were expressed and purified using the protocol for the wild-type
ICV HEF, constructs. SEC-purified samples in 10 mM potassium phosphate pH 7.5, and 150 mM NaCl were concentrated to
1.8 mg.mL™". To assess whether the cysteine substitutions affected the folding of ICV HEF,, a CD spectrum at pH 7.5 was recorded
under the same conditions as previously described for wild-type ICV HEF,. All ICV HEF, cysteine mutants were treated with a final
concentration of 5 mM monobromobimane (mBBr, Sigma-Aldrich) for 2 hours at 22°C (Jones Brunette and Farrens, 2014; Taraska
et al., 2009). Excess mBBr label was removed using a desalting HiTrap column (GE). Success of protein labeling was assessed by
analyses of UV absorbance and fluorescence excitation at 295 nm and 390 nm, respectively.

TrlQ fluorescence signal from the bimane was recorded at 22°C using a Synergy Neo2 multimode plate reader (BioTek Instru-
ments) with monochromatic excitation at (395 + 5) nm (Taraska et al., 2009). All bimane-labeled ICV HEF, mutants were prepared
at 0.5 mg.mL™" in 100 mM potassium phosphate buffer adjusted to the desired pH (between 4.5 to 7.5 in 0.5 pH unit intervals). Fluo-
rescence emission spectral scans were acquired between 425-600 nm and averaged from technical triplicates, buffer subtracted,
and then normalized from 0 to 1. Normalized data from four independently expressed and purified batches of protein were averaged
and used to calculate the standard error of the mean (SEM). Free mBBr at a final concentration of 850 uM was used to measure the
fluorescence emission reference (Fp). The quenching factor (F/Fo) was calculated for each pH and mutant construct as described in

Equation (5):
F Imaxj .
("TO),' - ( lo, ), (Equation 5)

where Inay ; is the normalized maximum fluorescence emission value at a particular wavelength (1), while /o ; is the normalized
maximum fluorescence emission value of a reference free mBBr at the same wavelength. One-way ANOVA was used to determine
whether there are any statistically significant differences between F/F, values as a function of pH, and a Tukey’s post hoc test was
performed to determine the groups that were statistically different (GraphPad Prism 9.0). The average C,-C,, distance between the
probe and tryptophan residues was estimated using the calculated ICV HEF, quenching fraction (F/Fo) and comparing to quenching-
based distance estimates reported by Jones Brunette and Farrens (2014).

QUANTIFICATION AND STATISTICAL ANALYSIS

Biophysical analysis

The statistical analyses of biophysical experiments shown in Figures 1, 2, 4, S2, S6, and S7 were performed using Origin2017. One-
way ANOVA used in combination with a Tukey’s post hoc test for the TrlQ assays shown in Figure 4 were performed using GraphPad
Prism software v9.0. All quantitative experimental data are presented as mean + SEM. The number of biological or technical repli-
cates are stated in the figure legends.

Crystallographic data analysis

Crystallographic data were processed and analyzed using DIALS, Aimless, PHENIX and MolProbity. Data and refinement statistics
and analyses are described in Method details and Table S2.
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