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Abstract  1 

Influenza virus has resurfaced recently from inactivity during the early stages of the COVID-19 2 
pandemic, raising serious concerns about the nature and magnitude of future epidemics. The main 3 
antigenic targets of influenza virus are two surface glycoproteins, hemagglutinin (HA) and 4 
neuraminidase (NA). Whereas the structural and dynamical properties of both glycoproteins have 5 
been studied previously, the understanding of their plasticity in the whole-virion context is 6 
fragmented. Here, we investigate the dynamics of influenza glycoproteins in a crowded protein 7 
environment through mesoscale all-atom molecular dynamics simulations of two evolutionary-8 
linked glycosylated influenza A whole-virion models. Our simulations reveal and kinetically 9 
characterize three main molecular motions of influenza glycoproteins: NA head tilting, HA 10 
ectodomain tilting, and HA head breathing. The flexibility of HA and NA highlights antigenically 11 
relevant conformational states, as well as facilitates the characterization of a novel monoclonal 12 
antibody, derived from human convalescent plasma, that binds to the underside of the NA head. 13 
Our work provides previously unappreciated views on the dynamics of HA and NA, advancing 14 
the understanding of their interplay and suggesting possible strategies for the design of future 15 
vaccines and antivirals against influenza. 16 

 17 

One-Sentence Summary 18 

In situ dynamics of influenza glycoproteins expose antigenically relevant states and a new site of 19 

vulnerability in neuraminidase. 20 

  21 
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Main Text 1 

Influenza is a single-stranded, negative-sense RNA virus that contains two membrane-embedded 2 

glycoproteins: hemagglutinin (HA) and neuraminidase (NA) (1–4). The viral envelope is also 3 

dotted with transmembrane proton channels named M2 (5, 6). HA and NA are involved in a 4 

complex interplay whose combined functions include viral entry, progeny release, and evading 5 

host immune pressure (7–9). These processes are, in part, modulated by glycans, whose number 6 

and position can vary from year to year owing to the relentless evolution of the influenza virus 7 

(10–13). As a part of influenza seasonal antigenic drift, the introduced missense mutations may 8 

directly alter the antigenicity of HA (10) and NA (13) epitopes or sometimes result in the gain or 9 

loss of a glycosylation site (10), thus leading to shielding or unmasking of nearby epitopes. 10 

Antigenic drift means that vaccines targeting influenza need to be regularly updated to match the 11 

currently predominant strains of the virus (14, 15). Despite HA being the immunodominant protein 12 

(16, 17), NA also represents a potential vaccine target (18); knowledge of accessible and currently 13 

utilized epitopes is crucial in retaining influenza vaccine efficacy and in designing new vaccines. 14 

This is particularly relevant as the scientific community marches toward a universal influenza 15 

vaccine that is not affected by antigenic drift (16, 17, 19). 16 

Antigenic drift also affects the HA/NA interplay, which in turn is relevant in the context of 17 

influenza endocytosis (20) and exocytosis (or viral budding) (21–23). The understanding of these 18 

processes is far from complete. As just one example, it was previously thought that NA played no 19 

role in endocytosis or exocytosis (24). Next, it was assumed that HA was involved in receptor 20 

binding and was not essential for viral budding (25), whereas NA was only involved in exocytosis 21 

by cleaving terminal host cell sialic acid moieties hydrogen bound to HA. More recently, it has 22 

been recognized that the role these two proteins play in cell entry and exit is more nuanced. NA 23 

can play a role in receptor binding (26–28) while HA can initiate viral budding (21). This egress 24 

process appears to be the rate-limiting step in viral replication, with only ~10% of budded viral 25 

particles being fully released (22) and is the major target of current antivirals. Considering the 26 

weak binding capabilities of both HA and NA, multivalent interactions are needed for both cell 27 

entry and exit (26, 29–32). Although the exact valency for influenza cell entry and exit is still not 28 

known (30), sialic acid has been determined to be the cell receptor recruitment group involved in 29 

these multivalent interactions (33–36). 30 
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One potential reason for our limited understanding of the specifics of HA and NA function may 1 

be their poorly understood native dynamics in vivo. Whole virion protein dynamics are extremely 2 

challenging to study experimentally; current techniques such as surface affixation or aggregated 3 

kinetics assays are difficult to interpret due to their non-native environment or virion pleiomorphy, 4 

respectively. Cryo-electron tomography (cryoET) images can capture native virions, but protein 5 

flexibility diminishes the resolution of the resulting images. Instead, cryo-electron microscopy 6 

(cryoEM) has been successful in characterizing the plastic behavior of the individual glycoprotein 7 

ectodomains, showing, for example, the existence of tilted HA conformations (37), or “breathing” 8 

HA heads (38–43) and open NA heads (44). Some of the above-mentioned difficulties can be 9 

allayed through computational studies, which can create specific, pre-defined mesoscale models 10 

and examine protein dynamics in the mesoscale (45–49). Whole-virion scale simulations, whether 11 

coarse-grained (50–52) or all-atom (45, 53–62) can provide a detailed look at protein dynamics in 12 

a more realistic, crowded protein environment than simulations of discrete proteins. Additionally, 13 

such large simulations naturally afford statistical sampling for proteins of interest, i.e., an influenza 14 

virion will contain a few hundred HA proteins and a few dozen NA proteins, enabling the 15 

application of statistical analysis techniques, such as Markov state models (MSM), to quantify 16 

conformational transitions (45, 63–65). 17 

Building on our previous work (45), we created two glycosylated whole-virion models accounting 18 

for two evolutionary-linked influenza A viruses, namely, A/swine/Shandong/N1/2009 (H1N1) 19 

(Fig. 1), hereafter referred to as H1N1-Shan2009, and A/45/Michigan/2015 (H1N1), hereafter 20 

referred to as H1N1-Mich2015 (fig. S1). We then performed all-atom MD simulations of these 21 

massive systems—tallying 161 million atoms including explicit water and ions—to examine the 22 

conformational plasticity of influenza glycoproteins in a crowded environment and its impact on 23 

their antigenic properties and dynamic interplay (Movie S1 and Movie S2).  24 
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1 
Fig. 1. All-atom glycosylated model of influenza A virion. The center panel shows the all-atom model of the 2 
influenza H1N1-Shan2009 virion, where the neuraminidase (NA) and hemagglutinin (HA) glycoproteins, and the M2 3 
ion channels, are depicted with red, blue, and white surfaces, respectively. N-linked glycans are shown in yellow. The 4 
spherical lipid envelope is represented with pink van der Waals (vdW) spheres. Magnified views of NA (top left) and 5 
HA (bottom left) are provided, where asparagine residues within each N-linked glycosylation sequon are shown with 6 
yellow vdW spheres. A cross-section, magnified view of an M2 ion channel is represented in the top-right corner. In 7 
the bottom right corner, a magnified view of a glycan is displayed, where the glycan is shown with yellow sticks, and 8 
the different monosaccharides are highlighted using 3D-SNFG representation (blue cube for GlcNAc, yellow sphere 9 
for galactose, red cone for fucose, and green spheres for mannose). Hydrogen atoms have been hidden for clarity. 10 

As a result, our simulations indicate three main molecular motions underlying the exceeding 11 

flexibility of the influenza glycoproteins: NA head tilting, HA ectodomain tilting, and HA 12 

breathing. Using a Markov state model analysis framework, we characterize the kinetics of these 13 

motions. Concomitant with these three motions, the vulnerabilities of the glycoproteins are 14 

uncovered, including a novel epitope seen by a human monoclonal antibody and located on the 15 

underside of the NA globular head, which becomes directly accessible when NA head tilting 16 

occurs. In addition, we show how cryptic or usually occluded epitopes become transiently 17 

accessible during HA breathing and HA ectodomain tilting, respectively. Finally, we characterize 18 

the interplay between glycoproteins, breaking down the number and type of inter-glycoprotein 19 

contacts, and measuring the extent of glycoprotein “clumping” occurring on the virion surface. 20 

Although not many differences are observed between H1N1-Shan2009 and H1N1-Mich2015, the 21 
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loss of glycan N386 within the NA head domain in the H1N1-Mich2015 remarkably reduces NA 1 

propensity to engage with neighboring glycoproteins.  2 

Overall, our findings advance the understanding of HA/NA functional balance as affected by the 3 

antigenic drift, shedding light on the viral egress process. We propose that the synergy of the three 4 

identified motions is critical for the exocytosis cycle. Moreover, our work provides previously 5 

unappreciated views into the antigenicity of the influenza glycoproteins by accounting for their 6 

dynamics in the crowded environment of the virion surface. This information suggests that locking 7 

HA and NA in transiently sampled vulnerable states can be pursued as a viable strategy for the 8 

development of the next flu vaccines and antiviral drugs. 9 

 10 

Results 11 

All-atom MD simulations of H1N1-Shan2009 and H1N1-Mich2015 glycosylated whole-virion 12 

models were conducted for ~442 and ~425 ns, respectively. Considering that our models comprise 13 

236 HA trimers and 30 NA tetramers, an aggregate monomeric sampling of ~313 and ~53 μs were 14 

attained for H1N1-Shan2009, respectively, whereas ~310 and ~51 μs for H1N1-Mich2015, 15 

respectively. A detailed description of system setup, mutation of H1N1-Shan2009 into H1N1-16 

Mich2015, glycosylation process, and MD simulations are provided in the Supplementary 17 

Information (SI) Material and Methods section and shown in Figs. S2-S8. Analysis of the average 18 

Root Mean Square Deviation (RMSD) values calculated for HA and NA evinces that the 19 

conformation of both glycoproteins keeps changing during the simulations with respect to the 20 

initial geometry (Fig. S9). More stability is attained only towards the end, where 4-7 Å and 4-11 21 

Å RMSD ranges are observed for HA and NA, respectively. This behavior underlies the presence 22 

of dynamic interplay among the glycoproteins during the simulations facilitated by the remarkable 23 

flexibility of the glycoprotein ectodomains.  24 

Extensive tilt exposes neuraminidase head underside to immune recognition 25 

The NA globular head sits on top of the stalk and is formed by six β-sheets arranged into a 26 

propeller-like structure (66). The first β-sheet is connected to the stalk helix by an unstructured, 27 

14-residue-long linkage (residues 82–95) that acts as a hinge point and shows to be highly flexible 28 

during the simulations, as evinced by the Root Mean Square Fluctuations (RMSF) analysis (Fig. 29 
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S10). In the tetrameric arrangement, the impact of this structural feature is two-fold: uncoupling 1 

the motions of the head and the stalk and augmenting the head’s conformational freedom. Our 2 

whole-virion simulations show that the NA head undergoes an extensive tilt motion, exhibiting 3 

extraordinary flexibility (Fig. 2A-B, Movie S3, Movie S4).  4 

 5 
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Fig. 2. NA head-tilt motion. A) A snapshot from the MD simulation of the influenza H1N1-Shan2009 virion 1 
capturing different NAs (red surface) with varying degrees of head tilt. HAs are represented with a gray surface, 2 
whereas N-glycans linked to NA or HA are shown with yellow or white vdW spheres, respectively. The lipid envelope 3 
is depicted using pink vdW spheres. B) Close-up view of a NA tetramer exhibiting a high degree of head tilt. C) 4 
Distribution of NA head-tilt angle obtained from the MD simulation of the H1N1-Shan2009 (black) and H1N1-5 
Mich2015 (gray) virions. The distribution is shown as a kernel density. D) Two-state MSM of NA head-tilt with 6 
representative structures from the MD simulation of the H1N1-Shan2009 virion. The mean first-passage times 7 
between the states are shown for H1N1-Shan2009 (black) and H1N1-Mich2015 (gray). NA head-tilt angle is 8 
highlighted with cyan cylinders, spheres, and lines drawn within the molecular representation of the NA. NA residues 9 
used for angle calculation are shown with opaque red cartoons. N-glycans are represented with yellow sticks, whereas 10 
glycosylation sequons are illustrated with yellow vdW spheres. E) NS-EM 2D class averages of recombinant 11 
A/Darwin/9/2021 N2 in complex with Fab NDS.1 (scale bar: 15 nm) F) The density of a single NDS.1 Fab bound to 12 
A/Darwin/9/2021 N2 is fitted onto a tilted NA head (red cartoons) as captured in a snapshot from the H1N1-Shan2009 13 
whole-virion simulation. The density is shown with a transparent yellow surface. The surrounding HA and NA are 14 
represented in gray and red surfaces, respectively, whereas N-glycans are depicted with yellow vdW spheres. 15 

Remarkably, the NA head can tilt >90° relative to the stalk axis, as shown in Fig. 2B. We calculated 16 

the tilt angle formed by the stalk’s principal axis and the vector joining the top of the stalk with 17 

the center of mass (COM) of the tetrameric head for all 30 NA tetramers of the two virion models, 18 

at each frame of their respective simulations. Next, we plotted the two sets of angle values as 19 

different distributions (Fig. 2C). The tilt angle is displayed in Fig. 2D. Interestingly, despite the 20 

differences in amino acid sequences, NA tetramers in H1N1-Shan2009 and H1N1-Mich2015 21 

exhibit a similar extent of head tilt, with median values at 38.6° and 37.2°, respectively. A one-to-22 

one correspondence between the two strains is also observed, with a few exceptions, for the 23 

maximum head tilt achieved by each NA tetramer during the simulations (Fig. S11). Values of 24 

head tilt slightly larger than 90° are allowed by the flexibility of the hinge region between the head 25 

and the stalk. As the NA tetramer head tilts, at least one of the four monomer heads will move 26 

closer to the stalk. Incorporating this geometric criterion into a set of two features (see Material 27 

and Methods in the SI, and Fig. S12-S13) and exploiting the large cumulative sampling generated 28 

by the many NA tetramers present on the virion surface, we built a two-state MSM to characterize 29 

the kinetics of the NA head-tilt motion (Fig. 2D). As a result, for H1N1-Shan2009, the stationary 30 

distributions for the untilted and tilted states, which provide an understanding of the weight of each 31 

state in the MSM, are 0.51 and 0.49, respectively. The average times required for the transitions 32 

between the two states to first occur, referred to as mean first-passage times (MFPTs), are 33 
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comparable: 398 ns for the untilted-to-tilted motion and 449 ns for the opposite, tilted-to-untilted 1 

transition. Instead, for H1N1-Mich2015, the stationary distributions are 0.44 (untilted) and 0.56 2 

(tilted), with MFPTs of 408 ns (untilted-to-tilted) and 945 ns (tilted-to-untilted). These findings 3 

evince a similar propensity to tilt for the NA heads of both strains, showing that they can tilt >60° 4 

within hundreds of nanoseconds, whereas it takes slightly longer for them to return to their upright 5 

state (see Table S1 for the tilt angles calculated for the macrostates extracted from the MSM).  6 

Aiming to investigate the immunogenic implications of the NA head-tilt motion, we studied an 7 

H3N2 influenza convalescent donor and discovered a human monoclonal antibody, termed NDS.1, 8 

which recognizes the underside of the NA head. NA-specific B cells were isolated from peripheral 9 

blood mononuclear cells from the donor using recombinant N2 NA head by flow cytometry (Fig. 10 

S14), while the recombinant antibody NDS.1 was synthesized by using immunoglobulin 11 

sequences recovered from the corresponding B cell. Biolayer interferometry (BLI) assays show 12 

that Fab of NDS.1 antibody possesses relatively high affinity (10-8 M) to two distinct N2 NA 13 

tetramers tested, namely A/Wisconsin/672005 and A/Darwin/9/2021 (Fig. S14). Negative-stain 14 

electron microscopy (NS-EM) analysis and its 3D reconstruction reveal that NDS.1 Fab recognizes 15 

an epitope residing on the underside of the NA head (Fig. 2E, Fig. S15). This was further confirmed 16 

by analyzing ternary complex of N2 NA of NDS.1 Fab and 1G01 Fab by NS-EM (Fig. S16), a 17 

recently discovered broadly cross-reactive antibody that binds the catalytic site of NA (67). We 18 

then fitted the conformation of one tilted NA tetramer head obtained from the H1N1-Shan2009 19 

whole-virion simulation into the density map of the A/Darwin/9/2021 N2 NA tetramer head bound 20 

to a single NDS.1 Fab. As shown in Fig. 2F, the NA head underside region targeted by NDS.1 21 

becomes directly available for immune recognition as the head tilts. Although the NA head 22 

underside is solvent accessible in the untilted state, it is not a facile target since the antibody and/or 23 

B cell receptors on B cells must reach this region from underneath with a slightly upward approach 24 

angle. Instead, the tilt exposes the head underside of at least one monomer and changes the 25 

antibody approach angle to downward, thus allowing NDS.1 Fab to gain direct access to the 26 

underside epitope. As evinced from the fitted density depicted in Fig. 2F, the binding of NDS.1 27 

appears sterically compatible with the N-glycans linked to the (N1) NA head, i.e., N88, N146, 28 

N235, and N386 (for H1N1-Shan2009). 29 

 30 
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Hemagglutinin ectodomain tilt facilitates the approach of anchor epitope-directed antibodies 1 

The HA ectodomain protrudes ~15 nm from the viral membrane, to which it is anchored via a 2 

coiled-coil transmembrane domain (TMD) (37). As also indicated by the average RMSF for HA 3 

(Fig. S10), a flexible hinge region encompassing residues 504–528 connects the HA ectodomain 4 

to the TMD, increasing the plasticity of the ectodomain itself (37). Our simulations show 5 

considerable flexibility of the HA ectodomain, which exhibits a profuse tilting motion relative to 6 

the TMD axis (Fig. 3A and Fig. 3B, Movie S5 and Movie S6). We measured the tilt angle formed 7 

by the TMD principal axis and the vector joining the residues at the top of the TMD and the center-8 

of-mass (COM) of the ectodomain’s long α-helices (LαHs) for all 236 HA trimers from the two 9 

virion models, at each frame of their respective simulations. The distributions for the ectodomain-10 

tilt angles are presented in Fig. 3C, whereas the calculated tilt angle is depicted in Fig. 3D. The 11 

distribution profiles obtained for H1N1-Shan2009 and H1N1-Mich2015 are very similar in shape, 12 

with median values of 22.6° and 22.3°, respectively. We note that the calculated tilt angle does not 13 

always coincide with the same extent of tilting relative to the membrane normal since the TMD 14 

also moves and tilts within the lipid bilayer. Remarkably, a few HA trimers display ectodomain 15 

tilt angle values larger than 50° over the course of the simulations (Fig. 3C). These values are in 16 

striking agreement with cryoEM experiments examining full-length HA in detergent micelles, 17 

where an ectodomain tilt of 52° was reported (37). 18 
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 1 

Fig. 3. HA ectodomain-tilt motion. A) A snapshot from the MD simulation of the influenza H1N1-Shan2009 virion 2 
capturing different HAs with varying degrees of ectodomain tilt (blue surface). NAs are represented with a dark gray 3 
surface, while other HAs are represented with a gray surface. N-glycans linked to HAs or NAs are shown with yellow 4 
or white vdW spheres, respectively. The lipid envelope is depicted using pink vdW spheres. B) Close-up view of an 5 
HA trimer exhibiting a high degree of ectodomain tilt. C) Distribution of HA ectodomain-tilt angle obtained from the 6 
MD simulation of the H1N1-Shan2009 (black) and H1N1-Mich2015 (gray) virions. The distribution is shown as a 7 
kernel density. D) Two-state MSM of HA ectodomain tilt with representative structures from the MD simulation of 8 
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the H1N1-Shan2009) virion. The mean first-passage times between the states are shown for H1N1-Shan2009 (black) 1 
and H1N1-Mich2015 (gray). HA ectodomain-tilt angle is highlighted with magenta cylinders, spheres, and lines drawn 2 
within the molecular representation of the HA. HA residues used for angle calculation are shown with opaque blue 3 
cartoons. N-glycans are represented with yellow sticks, whereas glycosylation sequons are illustrated with yellow 4 
vdW spheres. E) Molecular representation (side view) of a tilted HA trimer exposing one “anchor” epitope, 5 
highlighted with a shiny green surface, to FISW84 Fab (green cartoons) for direct binding (37). HA protomers are 6 
represented with surfaces colored with different shades of blue, whereas N-linked glycans are shown with yellow vdW 7 
spheres. The viral membrane is depicted with pink vdW spheres.  F) Molecular representation (frontal view) of 8 
FISW84 Fab (green transparent surface) bound to the same HA trimer shown in panel E but in the context of the 9 
crowded environment of the H1N1-Shan2009 virion, where other HAs are represented with a gray surface, NAs with 10 
a dark gray surface, and N-linked glycans with white vdW spheres. 11 

To gauge the transition time scales between the untilted and the tilted states, we built a two-state 12 

MSM of the HA ectodomain tilt using a combination of head–stalk distance criteria as features 13 

(Fig. 3D) (see Extended Material and Methods in the SI and Fig. S17-S18). The resulting stationary 14 

distributions are strongly shifted toward the untilted state, with values of 0.94 (untilted) and 0.06 15 

(tilted) for both H1N1-Shan2009 and H1N1-Mich2009 (see Table S2 for the tilt angles calculated 16 

for the macrostates extracted with MSM). The MFPTs are also comparable between the two 17 

strains: 1325 ns (H1N1-Shan2009) and 1185 ns (H1N1-Mich2015) for the untilted-to-tilted 18 

transition; 63 ns (H1N1-Shan2009) and 68 ns (H1N1-Mich2015) for the tilted-to-untilted 19 

transition. This analysis reveals that, on average, longer time scales are needed by the ectodomain 20 

to considerably tilt (> 50º) relative to the TMD, whereas the untilted position is restored much 21 

faster. 22 

The gradual tilting of the ectodomain has a profound impact on the accessibility of the so-called 23 

“anchor” epitope located on the lower portion of the HA stalk in the proximity of the viral 24 

membrane. As this epitope is known as a target for broadly neutralizing antibodies (37, 68), we 25 

docked the anchor-binding FISW84 Fab (37) onto both an untilted and a tilted conformation 26 

assumed by an HA trimer throughout the virion simulations, examining the respective poses. When 27 

the HA is untilted and upright, the antibody must approach the anchor epitope with an upward 28 

angle (Fig. S19). Due to the trimer symmetry, accessibility to all three epitopes is hampered by the 29 

presence of the lipid bilayer underneath (Fig. S18). On the contrary, when HA flexes onto the 30 

membrane, the angle of approach to at least one of the three anchor epitopes on the HA trimer 31 

gradually shifts from upward to lateral or slightly downward (Fig. 3E, Fig S19), facilitating 32 
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antibody binding. Next, we docked the FISW84 Fab fragment (37) onto a tilted HA in the context 1 

of the crowded virion environment. As shown in Fig. 3F, the antibody can directly target the anchor 2 

epitope, even in the presence of neighboring glycoproteins.  3 

Breathing of hemagglutinin head reveals a cryptic epitope 4 

The immunodominant domain of HA is the globular head (39, 69), spanning residues 66 to 286 5 

and comprising the receptor-binding site (RBS) and the vestigial esterase domain (70). In the 6 

trimer assembly, the HA1 subunits and the respective head domains are tightly packed in a 7 

“closed” state around and atop the HA2 LαHs. However, upon binding to sialylated receptors 8 

during the infection process, HA heads, followed by the HA1 subunits, swing away from HA2, 9 

making room for the necessary conformational changes leading to membrane fusion (71). We note 10 

that in this work HA was modeled in its uncleaved form (HA0). In our whole-virion constructs, 11 

all of the HA trimers are initially in the closed state, with the heads interacting with each other 12 

atop the LαHs. However, over the course of the virion simulations, some of the HA trimers start 13 

“breathing,” i.e., reversibly transitioning from the closed state to a partially “open” state where the 14 

heads transiently move away from each other (Fig. 4A–B, Movie S7 and Movie S8).  15 
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 1 

Fig. 4. Breathing motion of the HA head domain. A) A snapshot from the MD simulation of the H1N1-Shan2009 2 
virion capturing different HAs with varying degrees of head breathing motions (blue surface). NAs are represented 3 
with a dark gray surface, whereas other HAs are represented with a gray surface. N-glycans linked to HAs or NAs are 4 
shown with yellow or white vdW spheres, respectively. The lipid envelope is depicted using pink vdW spheres. B) 5 
Close-up, top view of an open HA trimer where the head domains undergo extensive breathing motion. C) Value 6 
distribution of the distance between the center-of-mass (COM) of the HA head and the COM of the long α-helices’ 7 
apical residues (LαHs) obtained from the MD simulation of the H1N1-Shan2009 (black) and H1N1-Mich2015 (gray) 8 
virions. The distribution is shown as a kernel density. Dashed lines indicate the median values of the respective 9 
distribution. D) Two-state MSM of HA head-breathing motion with representative structures from the MD simulation 10 
of the H1N1-Shan2009 virion. The mean first-passage times between the states are shown for H1N1-Shan2009 (black) 11 
and H1N1-Mich2015 (gray). Monitored HA head–LαHs distance is depicted with magenta cylinders drawn within the 12 
molecular representation of the HA. HA residues of the head domain and LαHs are shown with opaque blue cartoons. 13 
N-glycans are represented with yellow sticks, whereas glycosylation sequons are illustrated with yellow vdW spheres. 14 

We examined the extent of the HA head breathing motion for all the 236 HA trimers of the two 15 

virion models by measuring the distance between the COM of each monomeric HA head and the 16 

COM of the apical residues of the three LαHs. The distributions of the calculated values are 17 
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presented in Fig. 4C, whereas the monitored distance is illustrated in Fig. 4D. Analogously to the 1 

NA head-tilt and HA ectodomain-tilt motions, H1N1-Shan2009 and H1N1-Mich2015 display a 2 

similar extent of HA breathing, exhibiting almost overlapping right-skewed distributions with 3 

median values of 27.5 Å and 27.7 Å, respectively (Fig. 4C). These values coincide with a closed 4 

state. When the HA head starts breathing, its distance from the LαHs becomes larger than 30 Å, 5 

reaching maximum values of 41.0 Å and 42.2 Å for H1N1-Shan2009 and H1N1-Mich2015, 6 

respectively. 7 

The two-state MSM constructed for the HA head breathing motion allows us to quantify the 8 

kinetics of the closed-to-open and open-to-closed transitions. In this case, we used one feature, 9 

defined as the smallest mean distance of the HA heads to each other (see Material and Methods in 10 

the SI, and Fig. S20-S21). For H1N1-Shan2009, a stationary distribution of 0.75 was estimated for 11 

the closed state, whereas 0.25 for the open state. For H1N1-Mich205, a stationary distribution of 12 

0.73 was calculated for the closed state, while 0.27 for the open state. The MFPTs for the closed-13 

to-open transition are 338 ns (H1N1-Shan2009) and 273 ns (H1N1-Mich2015), whereas MFPTs 14 

of 110 ns (H1N1-Shan2009) and 101 ns (H1N1-Mich2015) were computed for the open-to-closed 15 

transition. The opening motion is slower on average than the return to a closed conformation, 16 

which is almost three times faster, pinpointing the open state as a short-lived state. The values of 17 

the distance between the HA head and the LαHs for the macrostates extracted with MSM are 18 

reported in Table S3.  19 

Recently, a novel, extremely conserved epitope within the HA head was discovered (39), providing 20 

further opportunities for the development of a universal vaccine against influenza (72). 21 

Promisingly, FluA-20, a broadly protective human antibody, was found to target this cryptic 22 

epitope in the head interface region with high breadth and potency against many influenza A virus 23 

subtypes (39). Similar to a previously discovered epitope buried in the HA head trimer interface 24 

(73), the FluA-20 epitope is completely occluded when the HA is in the closed state (Fig. S22), 25 

necessitating an opening, or breathing, of the HA head to become accessible (39). Our simulations 26 

show that the FluA-20 cryptic epitope becomes transiently accessible during HA head breathing 27 

(Fig. 5A–B). To characterize whether the HA head opening is compatible with FluA-20 binding 28 

to the cryptic epitope, we extracted the most open conformation of one HA trimer from the H1N1-29 

Shan2009 simulation, and we docked FluA-20 onto it. Strikingly, FluA-20 could be fitted onto the 30 
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cryptic epitope with no apparent clashes with neighboring monomers (Fig. 5A and Fig. S22). This 1 

pose is similar to the one disclosed in a recent structural study (43). Interestingly, the FluA-20 2 

binding to the open HA head is also compatible in the crowded virion environment (Fig. 5B). We 3 

next estimated the accessibility of the cryptic epitope to FluA-20. FluA-20 variable domains can 4 

be fitted into a sphere of radius 18.6 Å (Fig. 5C), which we used as a probe to calculate the antibody 5 

accessible surface area (AbASA) of the cryptic epitope during the simulation (Fig. 5D). As a test 6 

case, we considered an HA trimer that showed extensive breathing. Together with the AbASA 7 

profile, we also present the time evolution profile of the distance between the three HA head COMs 8 

and the LαHs COM (Fig. 5E).  9 

 10 

Fig. 5. HA breathing reveals the FluA-20 cryptic epitope. A) Molecular representation of an HA trimer in the open 11 
state extracted from the H1N1-Shan2009 simulations (side view). The three HA monomers are depicted with surfaces 12 
colored with different shades of blue. FluA-20 heavy and light chains are represented with pink and purple cartoons, 13 
respectively. The cryptic epitope targeted by FluA-20 is highlighted with a magenta surface. N-linked glycans are 14 
shown with yellow vdW spheres. B) Molecular representation of the same open HA trimer shown in panel A, in the 15 
context of the crowded virion environment. NAs are represented with a dark gray surface, whereas other HAs with a 16 
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gray surface. N-glycans linked to HAs or NAs are shown with yellow or white vdW spheres, respectively. The lipid 1 
envelope is depicted using pink vdW spheres. B) Close-up view of an open HA trimer where the head domains undergo 2 
extensive breathing motion. C) Molecular representation of the FluA-20 human antibody, where the heavy and light 3 
chains are depicted with pink and purple cartoons, respectively. The 18.6 Å radius probe sphere comprising FluA-20 4 
variable domains is overlaid as a transparent surface. D) The time evolution profile of the AbASA of the FluA-20 5 
epitope is shown for the three HA chains illustrated in panels A and B. A magenta dashed line indicates the frame 6 
shown in panel A and B. E) The time evolution profile of the distance between the COM of the HA head and the COM 7 
of the LαHs’ apical residues is shown for the three HA chains illustrated in panels A and B. 8 

The respective epitopes in chains A, B, and C in the trimeric HA head show different accessibility 9 

according to the extent of breathing. Chains A and B in the head display the most extensive 10 

breathing, and the maximum epitope accessibility occurs in correspondence to the full opening of 11 

chain B in the head (Fig. 5D–E). The snapshot corresponding to the maximum head opening of 12 

chain B was used to dock FluA-20 onto the respective epitope (Fig. 5A–B). Another interesting 13 

consideration is that the heads appear to breathe asymmetrically, opening or closing irrespective 14 

of each other (Fig. 5E). They can fleetingly open and suddenly rotate back to a close position. 15 

Interestingly, possibly due to the presence of nearby glycoproteins, the head of chain C does not 16 

appear to breathe, keeping the respective FluA-20 cryptic epitope fully occluded. 17 

The dynamic interplay between glycoproteins 18 

Throughout the simulation of both virus strains, HA and NA are characterized by exceptional 19 

flexibility of their extra-virion functional domains. Among others, we have highlighted the NA 20 

head-tilt motion, the HA ectodomain-tilt motion, and the breathing of HA heads. Although these 21 

motions relate to individual glycoproteins, they occur in a crowded subcellular environment that 22 

is realistically reproduced in our MD simulations with an atomic level of detail. This is one of the 23 

main advantages of performing simulations at the “whole-virion” regime rather than at the “single-24 

protein” regime. Embedded in the viral membrane are, in fact, 236 HA trimers and 30 NA 25 

tetramers that do more than wiggling and jiggling and whose interplay and balance are at the basis 26 

of viral fitness (74). We, therefore, examined the intricate yet fundamental interplay between HA 27 

and NA glycoproteins in our mesoscale simulations. The glycoproteins can move across the lipid 28 

bilayer and can twist, bend, tilt and interact with each other using their extra-virion functional 29 

domains. Even though transmembrane proteins in model membranes, such as ours, usually 30 

partition into unrealistic liquid disordered domains (75), we see protein clustering, which is also 31 
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seen biologically (76, 77). As proteins usually do not form these sorts of clusters, or quinary 1 

interactions, without a purpose (78, 79), these patches are then likely to have functional 2 

significance in viral entry and/or egress (76, 80, 81). To investigate the motion of the 3 

glycoproteins’ TMD within the viral membrane, we measured the RMSF of the TMD COM of 4 

every HA and NA over the course of the simulations with respect to the starting frame. Similarly, 5 

we also computed the RMSF of the ectodomain COM of every HA and NA. We then compared 6 

the resulting distributions of RMSF values (Fig. S22). For both strains, this analysis evinces that 7 

HA and NA do not vastly translate through the membrane in the microsecond timescales, whereas 8 

their ectodomains show higher mobility than the TMDs since they can tilt or breathe (Fig. S23). 9 

However, we cannot rule out the possibility that HA and NA could translate more over longer 10 

timescales. With this regard, we note that the interior of the virion models simulated here is filled 11 

with water molecules and that the matrix (M1) proteins lining the internal side of the POPC lipid 12 

bilayer were not modeled.  13 

Next, we analyzed the number of one-to-one connections established by each glycoprotein with 14 

the surrounding glycoproteins. A connection is formed when two glycoproteins move within 5 Å 15 

of each other considering only their protein/glycan heavy atoms (see Material and Methods in the 16 

SI for additional details). The schematic and the analysis are shown in Fig. 6A. We found that each 17 

glycoprotein can connect with up to five other glycoproteins at once. Interestingly, the fraction of 18 

isolated glycoproteins (i.e., glycoproteins without a connection to any other glycoprotein) 19 

decreased over the course of the simulations from 34.2% to 12.4% in H1N1-Shan2009 and from 20 

36.8% to 16.5% in H1N1-Mich2009. The glycoproteins tend to interact with each other forming 21 

new connections rapidly (Movie S9). The most considerable growth is in the fraction of 22 

glycoproteins forming two connections, 17.3% to 34.2 % (H1N1-Shan2009) and 16.2% to 34.2 23 

(H1N1-Mich2015), followed by the fraction of glycoproteins forming three connections, 5.6% to 24 

13.5% (H1N1-Shan2009) and 4.1% to 11.3% (H1N1-Mich2015). More rarely, HA and NA 25 

interconnect with four or five glycoproteins simultaneously. Considering that few quinary 26 

interactions last into the µs timescale (82) our results suggest dynamic fluctuations in the degree 27 

of protein clumping: within just one microsecond, large protein clumps can form and dissipate. 28 

Despite the point mutations and the glycan addition/deletion within HA/NA, the overall 29 

glycoprotein interplay has not dramatically changed from H1N1-Shan2009 to H1N1-Mich2015. 30 

However, appreciable differences are observed in the case of NA in H1N1-Mich2015, where the 31 
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loss of glycan N386 located at the edge of the head appears to have slowed down its propensity to 1 

form new connections (Fig. S24). The dynamic evolution of the pattern of glycoprotein inter-2 

connections is shown in Movie S9 for H1N1-Shan2009 and H1N1-Mich2015. 3 

A consequence of influenza glycoproteins clumping together is the formation of large macro-4 

clusters of mixed HA/NA when multiple small clusters come into close contact, i.e., less than 5 Å 5 

from each other (Fig. S25). Congregations of HAs and local clusters of NAs have been previously 6 

reported through cryoET experiments (83). Here, we observed the formation of macro-clusters 7 

comprising as many as 42 (H1N1-Shan2009) and 34 (H1N1-Mich2015) mixed HA/NA 8 

glycoproteins at the same time (Fig. S25). Larger macro-clusters are more frequent and more stable 9 

in H1N1-Shan2009 than in H1N1-Mich2015. This is again primarily due to the missing N386 10 

glycan in H1N1-Mich2015 NAs, which leads to disruption of the continuous pattern of 11 

connections between glycoproteins. The dynamic evolution of the glycoprotein macro-clusters is 12 

shown in Movie S10 for H1N1-Shan2009 and H1N1-Mich2015. 13 

Subsequently, we sought to dissect the interaction modes between glycoproteins, i.e., how inter-14 

connections are formed. There are three ways a glycoprotein can interact with another one: using 15 

i) protein residues only; ii) glycan residues only; iii) protein and glycan residues at the same time. 16 

The schematic and the analysis are shown in Fig. 6B. N-glycans play an important role in 17 

modulating the HA/NA interplay as they are largely involved in the glycoprotein interactions. The 18 

number of connections formed by HA involving glycans progressively increases during the 19 

simulations (Fig. 6B). At the end of the H1N1-Shan2009 simulation, 54.0% of connections made 20 

by HAs entail glycans, either alone (9.1%) or concomitant with protein residues (44.1%). 21 

Intriguingly, the introduction of glycan N179 within the HA head in H1N1-Mich2015 augments 22 

the participation of glycans in connections formed by HA to 66.7% (glycan only 11.2%, 23 

concomitant with protein 55.5%) (Fig. 6B). A similar trend is also observed for NA in H1N1-24 

Shan2009. Instead, the opposite scenario takes place in the case of NA in H1N1-Mich2015, owing 25 

to the loss of glycan N386 within the head. While at the end of the H1N1-Shan2009 simulation, 26 

glycans are involved in 63.4% of connections formed by NA (16.7% alone, 46.7% with protein), 27 

in H1N1-Mich2015, only 13.7% of NA connections include glycans (3.4% alone, 10.3% with 28 

protein) (Fig. 6B). This finding highlights the critical role of NA glycan N386 in H1N1-Shan2009 29 

as a molecular sensor to boost the glycoprotein-glycoprotein interplay. The relative frequency of 30 
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connections involving glycans alone progressively decreases during the simulations in favor of 1 

interactions involving glycans and protein simultaneously and occurring only after the 2 

glycoproteins are brought in proximity to each other (Fig. 6B). Finally, an in-depth analysis of 3 

which glycans are mostly used by HA and NA to form connections reveals that NA preferably 4 

uses head glycans while HA mostly utilizes stalk glycans (Fig. S26). The relative frequency of 5 

interacting NA head glycans considerably drops in H1N1-Mich205 due to the loss of N386. 6 

Instead, the relative frequency of interacting HA head glycans considerably increases in H1N1-7 

Mich205 due to the addition of N179 glycan (Fig. S26). 8 
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 1 

Figure 6. HA/NA interplay. A) The pattern of connections (0 to 5) made by either HA or NA (circles colored in 2 
viridis palette) with surrounding glycoproteins (gray circles) is represented in the schematic shown on top of the panel. 3 
Below are the stacked bar plots representing the fraction (%) of glycoproteins establishing a certain number of 4 
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connections with surrounding glycoproteins along the simulation of H1N1-Shan2009 (left) and H1N1-Mich2015 1 
(right).  Percentages rounded to the first decimal digit are reported. Molecular representations of the virions at the 2 
initial and last frame of the simulations are shown under the plots. The glycoproteins are depicted with a surface 3 
colored according to the number of connections made by the respective glycoprotein at that frame. Interacting glycans 4 
are highlighted with yellow vdW spheres, non-interacting glycans with white vdW spheres. B) The legend for the 5 
interaction mode between glycoproteins (either HA or NA) is schematically represented on top of the panel. Below 6 
are the stacked bar plots representing the relative frequency (%) of connections made by the glycoproteins and 7 
involving glycan only (lighter shade), protein only or protein and glycan (darker shade) simultaneously along the 8 
simulation of H1N1-Shan2009 (left) and H1N1-Mich2015 (right). A blue gradient for the three categories is adopted 9 
for HA, whereas a red gradient is used for NA. Percentages rounded to the first decimal digit are reported. 10 

 11 

Discussion 12 

A critical determinant of influenza A infection, replication, and transmissibility is the functional 13 

balance between HA and NA (8, 74, 84–86). One fascinating aspect of the influenza viral cycle is 14 

that the two glycoproteins compete, with opposite actions, for the same substrate, i.e., the terminal 15 

sialic acid (SA) residue presented by host cell-linked glycans. While HA mediates viral entry by 16 

binding to SA, NA modulates the release of the viral progeny by cleaving SA moieties from both 17 

the sialylated receptors and HA (74). In a scenario where the virus fitness depends on the delicate, 18 

antigenic drift-dependent equilibrium between HA binding avidity and NA enzymatic activity (8), 19 

substantial knowledge gaps persist in the understanding of the HA/NA dynamic interplay taking 20 

place at the level of the virus surface. To shed light on this crucial aspect and its antigenic 21 

implications, we performed massive, all-atom whole-virion MD simulations of two evolutionarily 22 

linked influenza A strains, H1N1-Shan2009 (Fig. 1) and H1N1-Mich2015 (Fig. S1). Maintaining 23 

the accuracy of the atomic detail, we implemented a multiscale computational protocol that 24 

exploits different modeling tools, analysis methods, and algorithms for crossing spatial scales 25 

(from molecular to subcellular) and exploring events occurring in different temporal scales. Our 26 

simulations provided previously unseen dynamic views of the plastic conformational landscape of 27 

HA and NA ectodomains, revealing three main extensive motions: NA head tilt (Fig. 2), HA 28 

ectodomain tilt (Fig. 3), and HA head breathing (Fig. 4). While the last two motions find evidence 29 

in previous experimental work (37, 43, 72), to the best of our knowledge, no work has yet detailed 30 

the flexibility of the NA head relative to the stalk. In a recent study by Ellis et al. (44), the authors 31 

investigated the plasticity of a recombinant NA tetramer, revealing an open tetrameric assembly 32 
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where the four heads move away from each other, giving the NA a clover-like appearance. As 1 

shown in Fig. S27, in our simulations, we did not observe the breathing of the monomeric head 2 

domains, most likely due to insufficient sampling and/or inconsistencies between our model and 3 

the experimental construct. Instead, the NA tetrameric head tilts as a single body as much as >90° 4 

relative to the stalk (Fig. 2C and Fig. S11). Although not discussed in Ellis et al. (44), cryoEM 5 

micrographs included therein hint at tilted head conformations potentially compatible with poses 6 

extracted from our simulations, thus indirectly supporting our findings. The tilting of prefusion 7 

HA trimer has been previously mentioned in a theoretical study (87) and more recently 8 

demonstrated by cryoEM experiments probing it in detergent micelles (37). Additionally, the 9 

predisposition to assume tilted orientations is a common property shared by class I fusion viral 10 

glycoproteins such as HIV Env (88) and SARS-CoV-2 spike (53, 89). The HA head breathing was 11 

initially supported by smFRET experiments (90) and then indirectly reported concomitant with the 12 

discovery of a cryptic epitope located at the interface between monomers in the head (38, 39, 41, 13 

43, 91). Breathing has been reported for other viral glycoproteins in flavivirus (92) and HIV (93). 14 

Not only are our simulations in agreement with the experiments (43), but they are the first of their 15 

kind to show the HA breathing or flexing on the viral membrane in the context of the whole virion. 16 

The probability densities of NA head-tilt angle, HA ectodomain-tilt angle, and HA head–LαHs 17 

distance (Figs. 2C, 3C, 4C, respectively) indicate that open HA head (HA head–LαHs distance > 18 

30 Å) or tilted HA (> 50°) and NA (>75°) conformations are rarely sampled during the simulations, 19 

whereas closed, untilted, or slightly tilted conformations are most likely. We also characterized 20 

the kinetics of all three motions, building a two-state MSM for each. MFPTs of HA head-breathing 21 

and HA ectodomain-tilt motions (Figs. 3D, 4D) indicate that transitioning to an open HA trimer 22 

or a tilted HA ectodomain is slower than recovering a closed or an upright conformation. Instead, 23 

MFPTs of the NA head-tilt motion pinpoint that the transition to a tilted state is faster than the 24 

reverse one.  25 

The high-dimensional mobility of the HA and NA ectodomains proffers wide-ranging 26 

implications. From an immunogenic point of view, the glycoproteins’ accentuated conformational 27 

plasticity observed in our simulations has unveiled their vulnerabilities, exposing epitopes that 28 

otherwise would not be accessible or would be sterically occluded. As discussed above, tilted, 29 

open or partially open conformations are transient, and, most importantly, reversible. Stabilizing 30 

these fleeting states can be used as a strategy to lock the glycoproteins in vulnerable orientations 31 
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that can be harnessed for vaccine development and the design of antiviral drugs. This could be 1 

achieved through amino acid substitutions imparting a specific tertiary/quaternary structure to the 2 

glycoprotein (94). The list of immunogenically relevant states revealed by our simulations includes 3 

a previously uncharacterized NA with a tilted head. We identified a novel epitope located on the 4 

underside of an N2-subtype NA (Fig. 2E, F and Figs. S15, S16) head that becomes directly 5 

accessible for immune recognition during head tilting. Importantly, the underside epitope is 6 

conserved in the NA of contemporary H3N2 viruses unlike the more accessible epitopes 7 

surrounding the catalytic site where the virus acquires an additional glycosylation site (95) 8 

resulting in resistance to a subset of antibodies targeting the catalytic site. This reaffirms the 9 

importance of NA, and potentially of its head underside, as a key target for vaccine and drug 10 

discovery. 11 

Next, the flexibility of the HA ectodomain affects the approachability of a conserved epitope 12 

located at the juxta-membrane region of the HA stalk (Fig. 3E-F), also referred to as the anchor 13 

epitope. We showed that as the HA bends towards the membrane, the angle of approach to at least 14 

one of the anchor epitopes drastically changes, adjusting to a favorable orientation for antibody 15 

binding. Our simulations complement previous structural experiments that reported several 16 

broadly neutralizing antibodies targeting the anchor epitope (37, 96), confirming that the epitope 17 

is occluded by the underneath membrane when the HA is untilted (Fig. S19). Trapping the HA 18 

ectodomain in a tilted state could bolster the immune response towards the anchor epitope. Finally, 19 

our simulation unveiled how the cryptic epitope located at the protomer interface between the HA 20 

heads (38, 39, 91) becomes transiently exposed when HA breathes. Most of the HA heads remain 21 

in the closed conformation during the dynamics, and rarely open. When breathing occurs, the 22 

monomers fleetingly open at different times and rapidly rotate back to a closed position. We could 23 

not create an MSM with all three monomers breathing symmetrically, meaning that all three 24 

monomers breathing symmetrically did not occur often enough to be appropriately sampled, and 25 

thus if it occurs at all, will be at a lower probability than a single monomer breathing. Nonetheless, 26 

we demonstrated that reversible breathing of at least one monomer is enough to accommodate a 27 

broadly protective antibody, such as FluA-20 (39), at the interface epitope.  28 

From a functional point of view, the conformational plasticity of influenza glycoproteins’ 29 

ectodomains would mediate the virus’ ability to traverse the cell surface (9, 97, 98). This plasticity 30 
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could also facilitate gaining access to SA moieties on the host cell surface, either during the viral 1 

entry or egress processes. Tilting and breathing may help HA engage the flexible sialylated 2 

receptors in a dynamic and crowded environment. Head tilting makes NA like a weedwhacker on 3 

a rotating axis, capable of trimming terminal SA moieties from the host cell with a 180° swing 4 

range. Improved substrate binding may also indirectly increase the catalytic efficiency of NA, 5 

which was shown to be enzymatically active only as a tetramer (99). In both cases, the plasticity 6 

of the ectodomains helps accommodate the hypermobility of the polysaccharide chains presenting 7 

the targeted SA residues. Consequently, the functional HA/NA balance also depends on the 8 

HA/NA dynamic interplay (8, 74), i.e., the interactive set of interactions, conformational changes, 9 

and collective motions by which the glycoproteins affect each other’s dynamics and orientation on 10 

the virion surface. Structural factors such as NA stalk length, HA:NA stoichiometry, or the spatial 11 

distribution of the glycoproteins within the viral membrane, also contribute to fine-tuning the 12 

HA/NA balance (84). Yet, influenza virus is not a static system. As portrayed in the results section, 13 

the HA/NA interplay is indeed dynamic because the glycoproteins fleetingly tilt, bend, “breathe”, 14 

and move in such a way that the pattern of their interactions continuously changes over time (Fig. 15 

6 and Figs. S24, S25, Movie S9 and Movie S10). Glycoproteins that were not contacting any other 16 

glycoproteins at the beginning of the simulations, ended up interacting with one, two, or more 17 

glycoproteins, forming clusters (Fig. 7A) and larger macro-clusters (Fig. 7B). Our simulations 18 

provided unprecedented views on the HA/NA interplay, where the SA binding sites on HA/NA 19 

move in proximity to each other upon concomitant tilting or breathing motions (Fig. 7A and Fig. 20 

7B). Hence, NA and HA can compete for the same substrate (Fig. 7C), as suggested by a recent 21 

single-molecule force spectroscopy study (26). Owing to its head flexibility, NA can reach 22 

multiple HA binding sites at the same time and contend for the same sialylated cell receptors (Fig. 23 

7C). When influenza virus is in the proximity of the host cell sialoglycan receptors, HA and NA 24 

establish multivalent interactions, i.e., multiple, non-covalent weak interactions, with the terminal 25 

sialic acid residues, leading to a firm attachment (30). This process allows virus internalization but 26 

can also modulate progeny release (30). Although the number of multivalent HA/NA-cell receptor 27 

interactions needed for a firm attachment is still unknown (29, 30), knowledge of the large degree 28 

of HA/NA ectodomain flexibility provided by our simulations may improve future predictions in 29 

this area. 30 
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 1 

Fig. 7. HA and NA interplay at the basis of the viral egress process. A-B) Molecular representation of snapshots 2 
retrieved from the simulation of H1N1-Shan2009 where HA and NA clump together, leading to the formation of 3 
clusters (A) and macro-clusters (B). The same representation scheme as panel A is adopted. The lipid envelope is 4 
depicted using pink vdW spheres. C) Close-up molecular representation of a snapshot from the simulation of H1N1-5 
Shan2009 where HA binding site (semi-transparent magenta surface) and NA active site (semi-transparent cyan 6 
surface) are in proximity to each other, possibly competing for the same substrate. A complex glycan terminating with 7 
sialic acid, mimicking a putative host-cell receptor and represented with colored sticks, was docked into the HA 8 
binding site based on the pose of an HA substrate crystalized in PDB ID: 3UBE (100). The glycan residues are 9 

colored according to the Symbol Nomenclature for Glycans (SNFG) (101), where N-Acetylglucosamine is colored 10 
in blue, mannose in green, fucose in red, galactose in yellow, and sialic acid in purple. HA is shown with a blue 11 
surface, whereas NA with a red surface. N-glycans linked to HA and NA are highlighted with yellow vdW spheres. 12 

Glycans are fundamental post-translational modifications of viral envelope proteins (102, 103), 13 

including HA and NA. As such, they exert a profound impact on enveloped virus biology and so 14 

on the overall fitness of the virus (10, 104). Among their many roles, glycans modulate evasion of 15 
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the immune system by shielding antigenic epitopes from antibody recognition (10, 105–109), tune 1 

the interaction and affinity with the host cell (110), affect to a certain extent the binding of HA 2 

(111) and NA (112) to sialylated receptors, or can even contribute to protein folding (113) and HA 3 

cleavage (114). Here, we show that N-linked glycans seem to play a role in enhancing HA/NA 4 

interplay. Indeed, glycans form interactions with neighboring glycoproteins, acting as antennas. 5 

We note that the impact of glycans could be even more extensive than described in this work since 6 

the glycoproteins are not fully glycosylated in our virion models (see Material and Methods for 7 

further details). Despite the inter-glycoprotein interaction patterns being similar in H1N1-8 

Shan2009 and H1N1-Mich2015 (Fig. 6A), substantial differences exist between the two strains in 9 

how the interactions are made (Fig. 6B, Fig. S26). Especially in the case of NA, the loss of glycan 10 

N386 in H1N1-Mich2015 within the head has reduced the ability of NA to form new connections, 11 

pinpointing possible impact on the structural/functional balance with HA during infection.  12 

Overall, our massive whole-virion MD simulations provide previously unappreciated views on the 13 

influenza virus dynamics, highlighting the remarkable flexibility of the glycoproteins’ 14 

ectodomains. We characterized reversible conformational transitions, such as NA head tilt, HA 15 

ectodomain tilt, and HA head breathing, which also revealed potential vulnerabilities of influenza 16 

glycoproteins to the immune system that are conserved across two evolutionarily related H1N1 17 

strains, specifically H1N1-Shan2009 and H1N1-Mich2015. We identified a novel epitope located 18 

on the underside face of the NA head, further attesting the NA as a key antigenic target. Finally, 19 

our work substantially advances the knowledge of the HA/NA dynamic interplay in the context of 20 

viral entry and egress processes, ushering in unprecedented views on glycoprotein cooperativity. 21 

Altogether, while expanding knowledge on the molecular determinants of infection, we envision 22 

that our work will contribute to a viable strategy for the development of a universal or more 23 

effective vaccine against influenza virus. 24 

 25 

Materials and methods summary 26 

Computational methods 27 

Initial coordinates for the all-atom whole-virion models of H1N1-Shan2009 and H1N1-Mich2015 28 

were derived from the last frame of all-atom MD simulations of the unglycosylated H1N1-29 
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Shan2009 whole-virion model previously performed by us and thoroughly described in Durrant et 1 

al. (45) This model includes 236 HA trimers, 30 NA tetramers, and 11 M2 proton channels 2 

embedded in a semi-spherical lipid bilayer (45). The M1 matrix proteins, coating the inner leaflet 3 

of the lipid bilayer, and the ribonucleoproteins contained inside of the virion were not included in 4 

the model. Instead, the virion interior was filled in with water molecules. The shape of the virion 5 

and the distribution of the glycoproteins in the viral membrane were adopted from a point model 6 

of the virion exterior provided by collaborators (45, 115), which was in turn derived from a cryoET 7 

map of the influenza virus pleiomorphy (83). H1N1-Mich2015 was generated from H1N1-8 

Shan2009 upon modeling the point mutations within HA (15 per monomer) and NA (14 per 9 

monomer) by means of NAMD’s PSFGEN (116) and the CHARMM36 amino acid topologies 10 

(117). From this initial point, the main challenge was the glycosylation of the HA trimers and NA 11 

tetramers. In H1N1-Shan2009, HA and NA present six and eight N-linked sequons on each 12 

monomer, respectively. H1N1-Mich2015 introduced an additional glycosylation site within the 13 

HA head at position N179, whereas glycan N386 within the NA head was deleted. Building upon 14 

the coordinates derived from Durrant et al. (118), glycosylation of HA and NA was carried out 15 

with the doGlycans tool (119). The glycoprofile was based on available glycomics data (11, 120–16 

124). Since glycans were added to an unglycosylated construct resulting from 69.74 ns of MD 17 

(45), many sequons ended up not being glycosylated either because sterically hindered by adjacent 18 

residues, occluded by neighboring glycoproteins, or not fully exposed to the solvent. The resulting, 19 

glycosylated H1N1-Shan2009 and H1N1-Mich2015 whole virion constructs, comprising 236 20 

glycosylated HA homo-trimers, 30 glycosylated NA homo-tetramers, and 11 M2 homo-tetramers 21 

embedded in the POPC lipid bilayer, were parameterized using NAMD’s PSFGEN (116) and 22 

CHARMM36 all-atom additive force fields for protein (117), lipids (125, 126), glycans (127), and 23 

ions (128). As mentioned above, explicit TIP3 water molecules (129) located inside and outside 24 

of the lipid bilayer as well as Ca2+ ions bound to the NA heads, were retained from the original 25 

unglycosylated system (45). The number of Na+ and Cl- ions was adjusted to neutralize the 26 

outstanding charge, with ionic strength set at 150 mM. The total number of atoms of the final 27 

systems is 160,919,594 for H1N1-Shan2009 and 160,981,954 for H1N1-Mich2015, with an 28 

orthorhombic periodic cell of ~114 nm × ~119 nm × ~115 nm. All-atom MD simulations were 29 

performed on the ORNL TITAN supercomputer and the NSF Blue Waters supercomputer, 30 

respectively, using the CUDA memory-optimized version of NAMD 2.13 (130) and CHARMM36 31 
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force fields (117, 125–127). Upon minimization, heating, and equilibration, the systems were 1 

submitted to productive MD simulations in NPT conditions using the Langevin thermostat (131) 2 

and the Nosé-Hoover Langevin piston (132, 133) to achieve pressure (1.01325 bar) and 3 

temperature (298 K) control. One continuous replica was performed for each system using a 4 

timestep of 2 fs. Non-bonded interactions (van der Waals (vdW) and short-range electrostatic) 5 

were calculated at each timestep using a cutoff of 12 Å and a switching distance of 10 Å. All 6 

simulations were performed using periodic boundary conditions, employing the particle-mesh 7 

Ewald method (134) with a grid spacing of 2.1 Å to evaluate long-range electrostatic interactions 8 

every three timesteps. SHAKE algorithm (135) was adopted to keep the atomic bonds involving 9 

hydrogens fixed. Frames were saved every 30,000 steps (60 ps). For H1N1-Shan2009, we 10 

collected a total of ~441.78 ns (7363 frames) continuous productive MD. For H1N1-Mich2015, 11 

we collected a total of 424.98 ns (7083 frames) continuous productive MD. All the analyses, 12 

including RMSD, RMSF, NA head tilt angle, HA ectodomain tilt angle, HA head breathing, 13 

AbASA, and glycoprotein interactions were all performed with Visual Molecular Dynamics 14 

(VMD) software (136) using in-house developed scripts. Figure panels and movies of the whole-15 

virion simulations were rendered using VMD (136). MSMs were created with the PyEmma2 16 

software program (137). We used one to two features, whose dimensionalities were then reduced 17 

and/or data reformatted through TICA (138–140). After discretization of the trajectories, we 18 

clustered them through k-means clustering (141). We then created Bayesian MSMs and validated 19 

them through Chapman-Kolmogorov tests (142). Next, we used Robust Perron Cluster Center 20 

Analysis (PCCA++) (143) to assign microstates to corresponding macrostates, and finally 21 

extracted 10 representative trajectory frames from the microstate with the highest probability 22 

assignment to its macrostate. Averaging the tilt angles from those 10 frames showed clear 23 

conformational transitions, allowing us to confidently use their associated MFPTs. 24 

Experimental methods 25 

Monoclonal antibody (mAb) NDS.1 was isolated from an H3N2 influenza convalescent human 26 

donor by flow cytometry-based single B cell sorting with the N2 NA probe 27 

(A/Wisconsin/67/2005). Recombinant mAb NDS.1 was produced by transient transfection of 28 

expression vectors encoding the antibody’s heavy and light chains and purified by affinity 29 

chromatography using the protein A resin. Fab NDS.1 was generated by proteolytic digested using 30 
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Lys-C endoproteinase. Binding kinetics of the Fab NDS.1 were measured by biolayer 1 

interferometry using the Octet HTX instrument. Negative-stain electron microscopy 2 

reconstruction model of N2 NA–Fab NDS.1 complex was generated with a final dataset of 2,304 3 

particles.  4 

 5 
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