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ABSTRACT: Influenza A hemagglutinin (HA) is one of the
crucial virulence factors that mediate host tropism and viral
infectivity. Presently, the mechanism of the fusogenic transition of
HA remains elusive. Here, we used high-speed atomic force
microscopy (HS-AFM) to decipher the molecular dynamics of HA
and its interaction with exosomes. Our data reveal that the native
conformation of HA in the neutral buffer is ellipsoidal, and HA
undergoes a conformational change in an acidic buffer. Real-time
visualization of the fusogenic transition by HS-AFM suggests that
the mechanism is possibly fit to the “uncaging” model, and HA
intermediate appears as Y-shaped. A firm interaction between the
HA and exosome in an acidic buffer indicates the insertion of a
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fusion peptide into the exosomal layer and subsequently destabilizes the layer, resulting in the deformation or rupture of exosomes,
releasing exosomal contents. In contrast, the HA—exosome interaction is weak in a neutral buffer because the interaction is mediated
by weak bonds between the HA receptor-binding site and receptors on the exosome.
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lu is a major public health problem that has imposed a

great socioeconomic burden on many countries. Flu
viruses are the members of the family Orthomyxoviridae. The
genus Influenzavirus A (IAV) is the most devastating flu virus
to human beings. According to the WHO, the estimated
annual influenza infection is approximately 1 billion cases' and
300 000—500 000 deaths.” Influenza A hemagglutinin (HA) is
one of the most crucial virulence factors of IAV. The properties
of HA determine host tropism, infectivity, transmissibility, and
the risk of a human pandemic. HA plays a pivotal role in
orchestrating the entry of IAV into host cells to release a viral
ribonucleoprotein. HA is synthesized as a trimeric precursor
known as HAO, and later, it will be cleaved by host proteases to
become fusion compatible. There are a total of 18 different
subtypes of HA (H1—H18), and their protein structures are
relatively similar." HA consists of two main subunits: HA1 and
HA2. The globular head domain in HAIl has a receptor-
binding site (RBS) that allows HA binding to its receptor, the
sialic acid-linked galactose, expressed on the host cell
membrane.” The HA2 subunit contains a coiled-coil stalk
domain and transmembrane subdomain for stabilization of the
HA trimer and for anchoring HA in a viral membrane.” The
fusion peptide at the N terminus of the HA2 subunit is
required for membrane fusion.* After HA binds to its receptor,
the virus enters into the host cell via endocytosis. In a neutral
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environment, HA is metastable, and it is easily triggered by the
acidic endosomal environment to undergo a conformational
change to release a fusion peptide. This process is known as
fusogenic transition. Insertion of a fusion peptide into the
endosomal membrane is needed to mediate the fusion of a viral
membrane and endosomal membrane.”””

The nanostructural properties of HA have been extensively
studied for decades. Molecular dynamics of HA at a fusogenic
pH is the major concern for developing neutralizing antibodies,
as most of these antibodies target the epitopes in the RBS (for
blocking viral attachment and membrane fusion) or the
epitopes in the stalk domain (for blocking membrane fusion).®
X-ray crystallography is a powerful tool for structural analysis
of proteins because this technique yields high atomic
resolution data that allows scientists to identify important
functional sites in target proteins. Although a prefusion HA
structure has been characterized by this technique,” owing to
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Figure 1. Direct real-time visualization of the native conformation of HA using HS-AFM. (A) Schematic diagram illustrating the setup of HS-AFM
for scanning HA in physiological buffers. (B) Generation of simulated HS-AFM images of HA using publicly available PDB data (PDB code for H3
HA (H3N2), 4FNK; PDB code for HI HA (HIN1), 4LXV). (C) HS-AFM scanning of HA proteins in S0 mM Tris HCI at pH 7.6. Briefly, HA
proteins were loaded on a bare mica surface, and then the proteins were scanned using HS-AFM. Results are depicted either in a group of
molecules or in a single molecule (scale bar: groupy;, 40 nm; groupy;, 30 nm; single, 15 nm). (D) Spatial analysis of HA proteins in a neutral
condition. The results are presented in histograms with normal distribution curves (ny;, 94; ny;, 101; H, height).

its intrinsic technical limitations (for example, issues of protein
crystallization and static images) and the transient nature of
HA intermediates, X-ray crystallography is not an ideal
approach for characterizing the intermediate and postfusion
structures of HA.'® Characterization of the postfusion
conformation of HA using X-ray crystallography is insufficient
as the findings so far, only covering fragmentary information
on the HA2 subunit™"' and details of the monomeric HAl
subunit— ant1body complex."” leferent approaches such as
spectrosco ® limited proteolysis,’’~*" epitope exposure
mapping,'* g cryo-EM,”"** and smFRET”® have been used by
researchers to reinforce the existence of intermediate forms of
HA in acidic environments. The fusogenic transition of HA
involves dissociation of the trimeric globular head domain of
HA1 and a loop-to-helix conformational change of HA2 to
translocate the fusion peptide to the target membrane. The
transition was initially thought as an irreversible one-way
process or more profoundly known as a “spring-loaded”
conformational change, yet, the existence of HA intermediates
indicates that the fusogenic transition, rather than a cascading
process. The initial conformational change of HA triggered by
acidification remains unknown. According to Godley et al.,”
dissociation of the trimeric globular head domain of HAI was a
prerequisite for the reorganization of HA2 to the release fusion
peptide. On the contrary, Kemble et al. reported that partial
dissociation of the trimeric globular head domain of HAI
exposed HA2 in an acidic environment, in which the fusion
peptide may release to contact the target membrane before
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complete dissociation of the globular head domain of HA1.*
Due to a lack of direct visualization of this process, the exact
mechanism of the fusogenic transition of HA is still
inconclusive. Currently, two different models, the “fusion
peptide release” (FP release) model”'®***"**” and the
“uncaging” model,”**” are available to explain this biological
phenomenon. The “uncaging” model proposes that the
trimeric globular head domain of HAI1 works as a clamp or
lock to keep the fusion peptide sequestered within HA2.
Protonation of HAI dissociates the globular head domain, and
this unlocks the fusion peptide by reorganizing HA2 to acquire
the trimeric coiled-coil conformation (also known as the
extended intermediate or prehairpin intermediate).'’ In
contrast, the “fusion peptide release” model suggests that
acidification of HA releases the fusion peptide, and the fusion
peptide then contacts the target membrane, followed by
complete dissociation of the trimeric globular head domaln of
HALI and the formation of the prehairpin intermediate.'” Once
the prehairpin intermediate forms, membrane fusion can be
executed, and the conformation of HA eventually changes to
postfusion conformation. The order of events in the fusogenic
transition of HA is the crucial knowledge gap that needs to be
solved in order to fully understand the molecular dynamics of
HA during membrane fusion. Furthermore, conformational
dynamics of HA during its interaction with the endosomal
membrane remains elusive.

The advent of high-speed atomic force mlcroscogy (HS-
AFM) has changed the field of biology considerably.” Unlike
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Figure 2. Acid-induced conformational change of H3 HA captured by HS-AFM. (A) H3 HA incubated either in neutral buffer or in an acidic buffer
for 30 min at room temperature before HS-AFM scanning. Acidification induced structural change of H3 HA from an ellipsoid to Y-shaped (scale
bar = 15 nm). (B) Real-time measurement of height and circularity of a single H3 HA after incubation either in the neutral or acidic buffer. (C)
Acidification of H3 HA significantly reduced the height and circularity of H3 HA. Differences in these parameters between the two groups were
calculated using the Mann—Whitney U test. Data are presented as mean # sem (***p < 0.001). (D) Schematic model shows the uncaging model
together with HS-AFM images of H3 HA. Protonation of the HA1l subunit of H3 HA causes dissociation of the HA1 trimer, resulting in

conformational change.

conventional AFM, which has a slow scanning rate, HS-AFM
can scan a biological molecule in 100 ms or less. *! The
teedback bandwidth and short cantilever in HS-AFM allow
high spatiotemporal resolution scanning without affecting the
integrity of biomolecules.”’ The greatest advantage of HS-
AFM is the real-time imaging of biomolecules. In addition,
sample preparation, for example, crystallization or fixation, is
unnecessary for HS-AFM scanning to observe native or
transformed conformations of target biomolecules. Therefore,
this advantage overcomes the technical limitations that exist in
the aforementioned techniques. By using HS-AFM, we have
achieved several remarkable breakthroughs in biomolecular
imaging, including structural characterization, visualization of
conformational dynamics,”> and revealing the dynamic
interactions of biomolecules™ and organelles.”**> Recently,
we have successfully conducted a pilot study regarding real-
time visualization of the native structure and conformational
dynamics of the hemag§lutlnln precursor (HAO) of HSN1 in
the physiological buffer.

On the basis of these reports, we suggest that HS-AFM is a
teasible tool for further investigating the native structure and
molecular behavior of human IAV HA. To directly visualize
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the native conformation of HA, proteins were loaded on bare
mica and then scanned by HS-AFM under physiological buffer
(50 mM Tris HCl, pH 7.6), as shown in the schematic
diagram, Figure 1A. Before we scanned the HA proteins, we
first computed simulated HS-AFM images of HA (both H1
HA (HIN1) and H3 HA (H3N2)) using the PDB data
downloaded from the RCSB PDB website (Figure 1B). HS-
AFM images show that the native structures of HA (Figure 1C,
Figures S1 and S2, Movies 1 and 2) are comparable to their
corresponding crystal structures (PDB images) and simulated
HS-AFM images. In a neutral buffer, multiple HA proteins did
not form rosette patterns (assembly of HA proteins to a rose-
like pattern) because these proteins are only HA ectodomains.
The hydrophobic transmembrane domain is required for HA
to form the rosette pattern in buffer.”” The orientation of
adsorption on mica depends on the surface area of HA. Our
data show that most of the HA molecules appeared to be
ellipsoids (side view), in which this orientation has the largest
surface area. The weak tapping force in the cantilever is
minimally invasive to HA, and thus, we can scan our sample for
a long time without deforming HA. To overcome the tip
convolution issue, we performed nanofabrication, known as

https://dx.doi.org/10.1021/acs.nanolett.0c01755
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electron-beam deposition (EBD), on the cantilever tig to
produce a long and sharp tip with a small apical surface.” We
used ImageJ to remove noises in HS-AFM images and then
analyzed the images for measuring the height and circularity
(Figure 1D). The circularity of HA elaborates the roundness of
HA, in which a circularity value of 1.0 represents a perfect
circle, and the value approaching zero indicates an increasingly
elongated polygon. We compared our results with the values
measured from PDB files using the JSmol, the application
available on the RCSB PDB website (Table S1). Our results
are close to the values measured using JSmol and values
reported in previous studies either by X-ray crystallography®
or by cryo-EM.”” Other factors that can cause such variations
are adsorption force, cantilever tapping force, protein rigidity/
flexibility, and surface roughness of the substrate. The typical
spatial resolution of HS-AFM is 2—3 nm in the lateral direction
and approximately 0.15 nm in the vertical direction.”
Although the spatial resolution of HS-AFM is not as high as
X-ray crystallography, this technique is capable of producing
reliable results for the structural analysis of proteins.

To determine the low pH-induced conformational change of
HA, we first incubated H3 HA either in acidic (pH: S) or in
neutral (pH: 7.6) buffers (50 mM sodium acetate) for 30 min
at room temperature follow by HS-AFM scanning. We found
noticeable conformational differences in the acidic group
compared with its control (Figure 2A, Figure S3A, and Movie
3). After H3 HA was exposed to acidic conditions, both height
and circularity of H3 HA were significantly reduced (Figure
2B,C, and Figure S3B). These results indicate that the
flexibility of H3 was increased during its conformational
changes. In addition, western blot result also indicated that H3
HA underwent conformational change in acidic buffer as this
change made H3 HAI became susceptible to trypsin digestion
(Figure S3C). To directly visualize the real-time fusogenic
transition of H3 HA, we first loaded H3 HA on mica and
scanned under neutral buffer (50 mM sodium acetate, pH 7.6).
During scanning, we added acetic acid into the chamber to
trigger the low pH-induced conformation change. The real-
time fusogenic transition of a single H3 HA, from an ellipsoid
to Y-shaped, was successfully captured (Figure S4A and Movie
4). Throughout the transition, both height and circularity of
H3 HA were declining over time (Figure S4B), in which the
trends are consistent with the trends in preincubation
experiments. These results suggest that the process started
with gradual protonation of HA1l subunits, then repulsion
between HA1 subunits, and eventually dissociation of the HA1
trimeric structure. Unlike fluorescence techniques, HS-AFM
reveals the inherent molecular dynamic of HA but no other
molecules (for example, fluorescent tags). On the basis of this
observation, we suggest that the fusogenic transition of H3 HA
is likely to fit the “uncaging” model. We depict the model
together with our HS-AFM images in Figure 2D. The crystal
structure of bromelain-cleaved HA (BHA)™*® and the crystal
structure of thermolysin-treated BHA (TBHA,)’ are the
classical structures to represent prefusion and postfusion stages
of HA. Intriguingly, we were unable to find the trimeric a-
helical coiled-coil conformation (TBHA,) during HS-AFM
scanning. As mentioned earlier, sample preparation could be a
crucial technical limitation for X-ray crystallography. BHA
proteins aggregated in acidic conditions because conforma-
tional changes of BHA exposed the hydrophobic moiety of the
fusion peptide. To overcome this issue, trypsin/thermolysin
digestion was needed to solubilize the HA for crystallization.
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Under acidic conditions, the HAI subunit was susceptible to
trypsin/thermolysin digestion."”*" As a result, TBHA, only
represented the fragment of HA. The data were unable to
ensure whether the HA1 subunit is completely detached from
HA after triggered by acidic conditions. Other assays including
NMR spectroscopy, FRET, trypsin susceptibility assay, and
epitope exposing mapping can only detect conformational
changes but not visualization. Cryo-EM showed no obvious
detachment of the HA1 subunit from HA.>"** Taken together,
we suggest that the HA1 trimeric subunit undergoes complete
dissociation but remains intact with HA during the fusogenic
transition.

Dissociation of the HA1 subunit releases the fusion peptide,
and then, the fusion peptide was inserted into the host
endosomal membrane to orchestrate fusion between viral and
endosomal membranes.”® We did not observe any long
conformation (coiled-coil structure) in H3 after incubation
in an acidic buffer. The fusion peptide could remain
sequestered in the hydrophobic pocket because the outside
environment is hydrophilic. This property is beneficial for HA
to release its fusion peptide only in the presence of the target
lipid layer to avoid early inactivation of HA. In addition, we
also did not capture any rosette forms (aggregation of H3 HA)
in the acidic environment, and most of H3 HA were dispersed
individually on the mica surface. As mentioned earlier,
aggregation of BHA in the acidic buffer is the key limiting
factor for X-ray crystallography to characterize the postfusion
conformation of HA. The absence of a rosette form can be
explained by two reasons. First, the concentration of HA used
for HS-AFM is much lower compared with other techniques.
For instance, the ng/mL range concentration of HA is
sufficient for us to obtain good quality HS-AFM images.
High concentrations of HA tend to cause aggregation
regardless of the pH of scanning buffer, and aggregation
severely affects the quality of the HS-AFM image. The
concentration of HA used for electron microscope imaging was
much higher than HS-AFM, usually in the mg/mL range.42
Second, we could miss the rosette forms of HA during
scanning as our HS-AFM scanning area is usually less than 1
pum X 1 pm. The Y-shape that we found is less likely to be a
rosette form of HA because the size of the Y-shape is less than
20 nm, whereas the diameter of the rosette is about 37 nm.**
Furthermore, rosettes shown in electron micrographs had
more than three spikes.”” In fact, our real-time observation of
the H3 HA fusogenic transition (Figure S4) was a single-
molecule observation. Therefore, the Y-shape is the trans-
formed conformation of H3 HA after triggering by acidic
conditions rather than an aggregation of H3.

Das and his colleagues proposed that HA in an acidic
environment appeared in several intermediates. However,
these intermediate conformations are unknown as smFRET
only shows fluorescent signals.”® Furthermore, the team also
found that HA in acidic conditions underwent an irreversible
conformational change in the presence of liposomes. We
postulated that the Y-shape is the intermediate conformation
of H3, and this led us to investigate the interaction between
H3 HA and lipid layers in an acidic environment using HS-
AFM. Previously, membrane fusion of IAV was demonstrated
by mixing either IAV and liposomes™® or HA—liposome and
HA receptor—liposome.44 These experiment settings are
difficult to illustrate clearly regarding the conformational
dynamics of HA, while interacting with the lipid layer. Instead
of liposomes, we used a native extracellular organelle, the
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Figure 3. Real-time observation of exosomes in neutral buffer captured by HS-AFM. (A—C) The size of the exosomes isolated from the PC-9 cell
line was heterogeneous. (A) HS-AFM images of single exosomes (SEXO) in their native structure (scale bar: 25 nm). (B) 3D structure of SEXO
generated using Gwyddion software. (C) Cross-sectional analysis of exosomes, indicating that the height and apical area of exosomes were
heterogeneous. (D) Image sequence of real-time imaging of SEXO1. Contact between the cantilever and exosome did not significantly damage the
structure of the exosome (scale bar: 25 nm). (E) Spatial dimension analysis of exosomes. Quantitative data were computed from HS-AFM images
using Image]J. Results are presented in histograms with normal distribution curves (D = diameter, H = height, A = area, V = volume).

exosomes, as the source of the target lipid membrane.
Exosomes are derived from the intraluminal vesicles (ILVs)
of multivesicular bodies (MVBs) or late endosomes.*” The
origin of exosomes suggests that it could be a better option
than liposomes for mimicking the endosomal membrane. We
managed to isolate high-purity and clean exosomes secreted by
PC-9 lung adenocarcinoma cells using Tim-4 affinity
purification as reported previously.* Before we proceeded,
we first studied the nanotopographical features of exosomes
using HS-AFM because the information on real-time imaging
of exosomes is currently lacking. The exosomes were easily
adsorbed onto the bare mica, or the immobilization effect
could be enhanced by coating poly-L-lysine (PLL) on mica. We
found that the sizes of exosomes were heterogeneous
(diameter = 24—133 nm; height = 4—70 nm) as shown in
Figure 3A—C (see also, Figure SSA,B,E—G and Movie SA—D).
Real-time scanning demonstrated that exosomes were elastic
spherical fluid-filled lipid sacs (Figure 3D and Figure SSE—G).
The medium of scanning is important to ensure the native
exosome structure can be preserved. In liquid, exosomes exist
in their native spherical structure.”” Spatial dimension analysis
of the exosomes was performed, and the results are presented
in Figure 3E. Fast Fourier transform (FFT) was conducted to
improve the clarity of the images (Figure SSC,D and Movies
SE—H). The lipid texture of the exosomal membrane was
smooth, and the center of the exosomes was bulged out as
exosomal contents accumulated here. Several studies have
reported that the exosomes contain the cytosol of the parental
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cells, proteins (chemokines/cytokines), nucleic acids, micro-
RNA, RNA, and DNA.*¥* To further investigate these
exosomal materials, we resuspended exosomes in Mili-Q
water and then sonicated for 20 min. HS-AFM scanning
revealed that some exosomes were deformed. The spherical
structure of exosomes remained intact, but the center bulges
were shrunken (Figure S6A—C and Movie 6A—C). These
results could imply that the deformation of exosome caused
leakage of exosomal contents. To rupture exosomes
completely, exosomes in Mili-Q water underwent three cycles
of freeze—thaw (between room temperature and —80 °C) and
then were sonicated for 20 min. We found that exosomes were
completely ruptured into remnants (Figure S6D—F and Movie
6D—F). Remarkably, we noticed that there was a filament
attached together with the deformed exosome (Figure S7A and
Movie 7A). In addition, we also found similar findings after
exosomes were ruptured (Figure S7B—E and Movie 7B—E).
These filaments can be peptide fragments or nucleic acid
filaments.

To record the interaction between HA and exosomes in
acidic conditions, we first loaded exosomes on PLL-coated
mica and then scanned one particular exosome. After we
located the exosome, we paused the scanning and then added
H3 HA into the chamber. Scanning was then resumed to
record the interaction. We captured the trajectory of a H3 HA
that approached and attached to the exosome (Figure 4A and
Movie 8). This finding demonstrates that HS-AFM is capable
of scanning two objects (H3 HA and exosome) with huge
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Figure 4. Real-time interaction between the H3 HA and exosome in an acidic buffer recorded using HS-AFM. (A) Interaction between the H3 HA
and exosome. Exosomes were immobilized on PLL-coated mica and scanned in an acidic buffer. H3 HA was subsequently added into the chamber.
HS-AFM captured a single H3 HA (marked with a yellow arrow) approaching and interacting with an exosome (scale bar: 25 nm). The graphs
beneath each frame represent the distance between the H3 HA and the exosome (d = distance; h = height; red arrow = H3 HA; blue arrow =
exosome). (B) Image sequence shows the conformational change of the H3 HA when it was interacting with the exosome (scale bar: 10 nm). (C)
Real-time measurement of the height of the exosome after it had interacted with the H3 HA. The real-time measurement of the height of an
exosome only was used as a control. The lines represent the height of the exosome at t = 0 (for control, it refers to the starting time of HS-AFM
scanning; for H3 HA-exosome, it refers to the time when H3 HA had contacted to exosome). (D) Schematic diagram illustrating the
conformational changes of an H3 HA, while interacting with an exosome in an acidic environment. The exosomal membrane served as a target

membrane for the H3 HA to attach to it.

differences in size. While the H3 HA was approaching the
exosome, it underwent conformational changes, and the Y-
conformation was reproducibly observed again (Figure 4B,
Movie 8). Likewise, we also observed that H1 HA attached to
an exosome (Figure S8A and Movie 9) in an acidic buffer, and
subsequently, it underwent conformational change (Figure S8B
and Movie 9). On the basis of these findings, we believe that
the Y-shape is the intermediate conformation of HA triggered
by the acidic environment. The exosomal lipid bilayer served as
a hydrophobic platform for the hydrophobic moiety of the
fusion peptide. With this hydrophobic platform, the fusion
peptide could be released from its hydrophobic pocket and
then inserted into the lipid layer. Previously, Boulay et al
reported that the hydrophobic moiety of the fusion peptide
was necessary for HA to bind with the nonionic detergent and
liposome.50 Here, we propose the schematic model of the H3
HA—exosome interaction in Figure 4D.

6325

Insertion of the fusion peptide into the endosomal
mernbrane destabilized the lipid layer and induced membrane
fusion.”" Interestingly, the destabilization of the liposomal lipid
bilayer by fusion peptides alone induced rapid expansion of the
membrane and subsequent to membrane deformation. These
defects could lead to leakage, shrinkage, or membrane rupture
of exosomes.”' ~>* In our experiment, a declining trend in the
height of an exosome after an interaction with H3 HA was
found (Figure 4C). In addition, HS-AFM images revealed that
the exosomal layer was deformed (Figure S9). We used 1%
Triton X-100 to lyse the exosomes and used it as a positive
control (Figure S9). We also found that the exosome shrunk
after H1 HA had bound to it (Figure S9). The shrunken
exosome lost its spherical shape, the center bulge became
smaller, and the edge was blebbing. To investigate the
outcomes of HA-mediated lipolysis in a low-pH environment,
we incubated H3 HA and exosomes in an acidic buffer at room
temperature for 30 min prior to HS-AFM scanning. Notably,
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we found membrane remnants (Figure S10 and Movie 10) and
peptide fragments or nucleic acid-like filaments (Figure S11
and Movie 11) in these samples. These materials are similar to
those found after rupturing exosomes by harsh maneuvers as
mentioned earlier (Figures S6 and S7). Therefore, we believe
that the fusogenic transformed HA ruptured exosomes, thus
releasing exosomal contents.

Previous studies have mentioned that microparticles and
exosome-like vesicles in bronchoalveolar lgvafge fluid neutral-
ized TAV and prevented IAV infection.””*° These micro-
particles and exosome-like vesicles contain a2—6 sialic acid,
the receptor of human IAV HA. To observe this phenomenon,
we used HS-AFM to visualize the interaction between HA and
exosomes in a neutral buffer. The neutral environment was
used to mimic the respiratory tract environment. We were able
to observe the real-time interaction between HA and exosomes
(Figures S12 and 13 and Movies 12 and 13). HA did not
undergo conformational changes, and exosomes did not shrink
throughout the scanning. We compared the characteristic of
the HA—exosome interaction in low-pH and neutral environ-
ments and found that the difference was significant (Figure
S14 and Movies 14 and 15). The interaction between HA and
exosome in an neutral environment was relatively frail as the
attachment was weak and reversible. However, the interaction
between the HA and exosome in the acidic environment was
firm. This observation is reasonable as the HA—exosome
interaction in a neutral environment is mediated by RBS and
the receptor, which requires weak bonding such as van der
Waals bonding and hydrogen bonding.”” In contrast, the HA—
exosome interaction in the acidic environment involves the
insertion of the fusion peptide into the exosomal lipid layer.

In summary, by using HS-AFM, we have successfully and
directly visualized the native conformation of HA, the
fusogenic transition of HA, the native structure of exosomes,
and the interaction between the HA and exosome in a real-
time fashion. More importantly, these results reflect the
molecular behavior of HA during IAV entry, starting from
endocytosis to membrane fusion. Our study illustrates the
topology of the quaternary structure of HA ectodomains in
response to an acidic environment. Since labeling is
unnecessary for HS-AFM scanning, we can now observe the
inherent molecular dynamic of HA. Furthermore, the nano-
scopic spatial resolution and subsecond temporal resolution of
HS-AFM are useful for capturing the rapid changing transient
conformation of HA during the fusogenic transition. Our data
indicate that dissociation of the trimeric globular head domain
of HA1 could be the initial step of the fusogenic transition.
Interestingly, we did not find any protrusion of the extended
coiled-coil structure throughout the HS-AFM recording. This
finding suggests that the Y-shape could be a stable HA
intermediate and that a fusion peptide may still sequester in
the hydrophobic pocket until the target membrane is available.
Such interpretation can be explained by two distinct patterns
of the HA—exosome interaction, and they are pH-dependent: a
firm interaction in an acidic condition but a weak interaction in
a neutral condition. In neutral conditions, the trimeric globular
head domain of HAIl is conserved, and hence, the HA—
exosome interaction could only be mediated by weak bonds
such as van der Waals and hydrogen bonds between RBS of
HA and receptors in exosomes. In contrast, at a fusogenic pH,
protonation of the trimeric globular head domain of HAI
causes its dissociation. In the presence of the exosomal
membrane, which serves as a hydrophobic platform, the fusion

peptide could release and insert into the exosomal membrane
to form a strong interaction, which is reflected as a significantly
long interaction time between the HA and exosome in an
acidic buffer compared with that in a neutral buffer and
destabilization of an exosomal membrane layer, resulting in the
deformation or rupture of exosome and leakage of exosomal
contents (peptide fragments or nucleic acid-like filaments).
Altogether, we propose that the fusogenic transition of HA is
likely fit to the “uncaging” model. HS-AFM has opened a new
imaging paradigm, in which only a small amount of samples is
needed for meaningful scientific observation. Such thought is
similar to the difference between nanomedicine and conven-
tional medicine. With a small amount of HA, we can overcome
the aggregation issue and focus on single HA molecules to
study its conformational dynamic, especially to observe the
fusogenic transition.

This study strongly suggests that HS-AFM is a feasible tool,
not only for investigating the molecular dynamic of viral fusion
proteins but also for visualizing the interaction between viral
fusion proteins and their target membranes. In addition,
interactions between other viral factors and host factors, for
example, an interaction between IAV NS1 and host
nucleocytoplasmic trafficking proteins that is needed for
passing through a nuclear pore complex (NPC), also can be
visualized using HS-AFM in the near future.’®"’
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