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Abstract

The precise mechanism of cell entry by influenza remains poorly understood,
despite many years of research. Entry into the cytoplasm is preceded by a membrane
fusion event between the virion and host endosomal membrane, mediated by the fusion
protein hemagglutinin. Hemagglutinin resides in the viral membrane with one
transmembrane helix. Its ectodomain is trimeric, and this enforces close proximity
between the three helices in the viral membrane. Previous research has demonstrated
that the transmembrane domain of hemagglutinin is crucial to its pathogenicity, and that
while some mutations are allowed, productive viral fusion to the target membrane is
blocked by drastic deletions or replacement with a GPIl anchor. We have conducted
molecular dynamics simulations of the hemagglutinin transmembrane domain to
understand any interactions that may occur between the domains and postulate how
they can impact hemagglutinin function.

Our simulations indicate that the helices can associate in a membrane without
the ectodomain present. We have used a multi-scale simulation approach to examine
the stability of encounter complexes in order to identify key interactions and predict
changes that would disrupt them. First, coarse-grained simulations were used to
generate a large population of encounter complexes between helices, which were then
clustered to create a diverse sample set. The resulting complexes were simulated at
atomic resolution to test their stability and identify specific interactions in the membrane.

At atomic resolution, simulations show that transmembrane domain complexes
remain stable in the membrane environment and exhibit key hydrophobic interactions

between residues in the membrane-inserted region of the peptide. In order to test their



importance, we created two additional sets of all-atom simulations. The F205A mutant
simulations were designed to ablate the most probable single contact between
monomers, while the L198A V201A F205A W208A mutant simulations aimed to more
broadly disrupt common inter-peptide interaction modes. Surprisingly, our simulations
show that both sets of mutants exhibit similar stability in the membrane environment
despite severely diminished interaction at the mutation sites. In contrast, simulations of
a previously studied deletion mutant show a substantial disruption in trimer stability and
membrane disruption. In order to further quantify trimeric stability in the membrane, a
series of pulling simulations aims to determine the relative free energy of dissociation

for the wild type and quadruple mutant trimeric complexes.
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List of Figures

Figure 1. Influenza enters the host cell via endocytosis. (a) The virion enters the cell in
an endosome after its spike protein hemagglutinin HA binds a sialic acid-terminated
receptor, and upon the pH drop during endosomal maturation the virion fuses with the
endosomal membrane to release its contents into the cytoplasm for infection.
Hemagglutinin catalyzes the membrane fusion event. (b) Trimeric HA is anchored to the
membrane via a transmembrane domain (TMD). The ectodomain crystal structure (pdb
code 1HGE [67]) is colored by monomer and attached to our model alpha helical TMD
embedded in a POPC membrane. (c) A cryo-EM image of a single X-31 influenza virion
(image courtesy PMK).

Figure 2. Coarse grain stimulations are created from an equilibrated all-atom system of
3 TMD peptides embedded in a POPC bilayer in order to sample possible peptide
encounter complexes. (a) A side view of an all-atom POPC bilayer (colored by atom
type) with embedded TMD peptides in red and surrounding water in silver. (b) A side
view of the corresponding coarse grained bilayer with TMD peptides in red, POPC in
cyan, blue, and gold, and water in silver. (c) 24 simulations are created where each
individual monomer is rotated in the membrane plane at 90 degree intervals to sample a
diverse set of encounter complexes. Looking down on the membrane (not shown), each
gray monomer can be rotated to 0 (blue), 90 (red), 180 (yellow) or 270 (green) degrees.
A table of all 24 unique arrangements is shown to the right.

Figure 3. TMD monomers assemble into trimers on the microsecond timescale. (a)
Center of mass distance between monomers is averaged over peptides and simulations
and plotted as a function of time. Mean values are plotted in red and a 95% confidence
interval in blue. (b) A frequent pathway of discrete events leading to trimerization starts
with 2 of the 3 monomers (left) joining to form a dimer (middle), which then combines
with the final monomer in a trimer (right). (c) Sample time traces of individual simulation
center of mass distances display heterogeneity in timescale and pathway. Red, yellow
and blue lines are individual monomer pairs while the purple shows the average of the
three. The left panel details a quick dimerization and slow trimer formation, the middle
has a lag between each phase, and the right shows an immediate trimerization.

Figure 4. Simulation snapshots are quantified and clustered using contact maps. (a)
Between each pair of peptides (left), contacts are defined as residues with nearest
atom-atom distances of <0.7nm (middle, light and royal blue). This information is stored
in an array of binary variables, a contact map (right). (b) The 3 pairs of peptides in each
snapshot produce 3 separate maps, and for clustering the three are combined into a
single 120x40 binary variable map (c).

Figure 5. K-means medoids and final target snapshots sample the snapshot population.
Plotted on a 2D projection onto the first two principal component axes, the K-means
medoids (black triangles) spread over the whole population. A random sample of 50
medoids chosen out of the 200 medoids vyields a representative sample of the
population space (yellow triangles).
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Figure 6. Coarse grained (CG) beads are transformed into groups of atoms during the
resolution switch to all-atom. (a) Individual coarse grain peptides (left) are made of 96
beads. There are 671 atoms in each peptide, whose placement is determined by the
“backward” tool described in Methods. An all-atom TMD peptide retains the structure
from its CG structure (middle), shown in bonds representation (middle) and as a cartoon
(right). (b) Each POPC molecule in the CG bilayer (left) is transformed from 13 beads
into 134 atoms in place, yielding the bilayer on the right.

Figure 7. The number of contacts between peptides is stable after an initial decrease.
The number of contacts in each snapshot is plotted over time for each simulation set.
After an initial decrease, all simulations ((a) wild type, (b) F205A mutant, and (c)
Quadruple mutant) relax at a new number of contacts. Averages are shown in red, with
surrounding blue 95% confidence intervals. Each trace is plotted over the entire length
of simulations.

Figure 8. Trimeric complexes remain tightly associated over the course of all wild type
and alanine mutant simulations. The center of mass distance between each peptide is
averaged over both peptides and simulations for the (a) wild type simulations, (b) single
mutant F205A simulations, and (c¢) quadruple mutant L198A V201A F205A W208A
simulations. Averages in red are surrounded by a blue 95% confidence interval. The
original CG starting distance before complexation is shown in the dotted green line for
comparison. All simulations display stability for their duration.

Figure 9. The probability of an inter-peptide contact highlights several frequent modes
of contact. The probability of each contact is mapped over residues for wild type
simulations after removing data accrued in the first 25 ns of each simulation. Areas in
dark blue have no contacts in simulations, while areas in yellow have a high likelihood
of contact. The probability follows a diagonal pattern due to the peptides residing in the
membrane with similar depths. Several single contacts display probabilities of over 0.5,
shown in bright yellow.

Figure 10. A discrete set of prevalent contacts defines the most favorable specific
interaction modes between peptides. The most likely contact pairs are listed for each
simulation set, along with their corresponding probabilities. Probabilities are
accompanied by bounds defining a 95% confidence interval. Below, each top contact is
displayed in a trimer, colored by its ranking as indicated in column 1 of the table.

Figure 11. A large decrease in probability results at the mutation site. The difference in
probability for all residue pairs between the single mutant F205A simulations and the
wild type simulations is shown, with data collected during the first 25 ns of each
simulation removed. Areas of similar probability are colored tan. Slight increases in
probability are in yellow and slight decreases in green, while a large decrease is in blue.

Figure 12. Mutation sites constitute areas of extended decreases in probability. The
difference in probability for all residue pairs between the quadruple mutant L198A
V201A F205A W208A simulations and the wild type simulations is shown, with data



collected during the first 25 ns of each simulation removed. Areas of similar probability
are colored tan. Slight increases in probability are in yellow and slight decreases in
green, while a large decrease is in blue.

Figure 13. Stable behavior is exhibited in protonated del12 mutants, but not
unprotonated del12 mutant simulations. (a) The inter-peptide center of mass distance is
shown with mean values in red surrounded by a 95% confidence interval in blue. (b)
The number of contacts over time is shown in red surrounded by a 95% confidence
interval in blue. (c) The difference in contact probability of residues 177-199 from their
probability in the wild type simulations. Areas of similar probability are colored tan. Slight
increases in probability are in yellow and slight decreases in green, while a large
decrease is in blue.

Figure 14. Areas of statistically significant changes in contact probability follow mutation
sites most directly but show scattered additional differences. The results of a paired t-
test on each residue-residue contact dataset were mapped, where a blue box indicates
a statistically significant increase in the mutant probability and a red a decrease in the
mutant probability. (a) displays results from changes between the wild type and single
mutant F205A simulations and (b) for the wild type and quadruple mutant.
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1. Introduction

Hemagglutinin (HA) is a viral spike glycoprotein crucial to influenza virus entry
into the host cell. Hemagglutinin exists as a homotrimer on the viral surface and is
comprised of the two linked polypeptides HA1 and HA2. While HA1 plays a role in the
viral binding to a host cell receptor, the HA2 polypeptide both anchors the protein in the
viral membrane and mediates a later membrane fusion event. Before entering a host
cell, the HA1 polypeptides are organized to interact with the environment outside of the
virion while HA2 polypeptides are less accessible [1]. A single helical [2] transmembrane
domain near the C terminal end of HA2 acts as the viral anchor in each monomer, but is
not included in the prefusion structure. The N terminal region of HA2, termed the fusion
peptide, remains sequestered as the virus enters the cell. After HA1 binds a receptor on
the host cell surface containing a specific sialic acid, it becomes enveloped into an
endosome within the cell. The pH in the endosome drops during maturation, triggering a
conformational change in the viral hemagglutinin [3-8]. This effectively repurposes the
hemagglutinin in order to allow the virus to release its genetic mutation into the host cell
cytosol.

Hemagglutinin undergoes a major conformational change, releasing its fusion
peptide in order to catalyze membrane fusion. The pH drop during endosomal
maturation induces a reorganization that reveals the previously sequestered fusion
peptide [3,6-8]. The fusion peptide inserts into the target membrane stably [3,9]. The
conformations and effects of fusion peptide insertion in a membrane environment have
been studied extensively but a precise structural role remains elusive [10-17]. The

fusion peptide includes several highly conserved positions, and many single mutations



will abolish or arrest fusion at the hemifusion intermediate [18-20]. Hemifusion is a
metastable intermediate of the membrane fusion pathway [21,22] characterized by a
continuity in only the proximal leaflets of two opposed membranes. The fusion peptide
has been shown necessary for both achieving hemifusion and continuing to full fusion
[18-20]. A productive fusion pore will exhibit lipid mixing between both leaflets and
contents mixing.

The HA2 transmembrane domain (TMD) is necessary for productive membrane
fusion, but only at the later step leading out of hemifusion. The ten-residue cytoplasmic
tail region of HA2 that is located inside the viral compartment and connects to the TMD
has been shown unnecessary for fusion [24]. Chimeric constructs of HA that have
anchored the protein to the viral membrane with different transmembrane domains have
proven the necessity of the TMD [23-28,56]. A lipid linked construct, achieved with a
GPI anchor, will arrest fusion at the hemifusion intermediate [25,56]. Additional work
revealed that transient non-productive fusion pores could be formed in this construct
[26]. A chimera replacing the TMD with the corresponding domain of another viral fusion
protein from Sendai virus did not inhibit fusion [28]. The TMD remains largely robust to
sequence mutation, but more perturbative effects were discovered through deletion
mutants. Successively larger deletions from the TMD show that the receiving 12
residues from the TMD will arrest fusion at the hemifusion intermediate, while larger
deletions will not allow the protein to express in the model at all [23]. The inhibitory 12
residue deletion mutant may lose its transmembrane orientation, and instead reside in

only a single leaflet. In agreement with the GPI-HA construct, these studies reveal a



possible length requirement for the TMD, defined by the number of residues needed to
span both leaflets.

Related viral fusion proteins from Hendra, parainfluenza virus (PIV5), and human
metapneumovirus have been shown to have trimeric transmembrane domains in the
absence of their ectodomains [29]. While this interaction may be important to fusion
protein stability [30], a trimeric ectodomain would almost certainly have importance
during the formation and expansion of a fusion pore. Instead of a length requirement
[23], the TMD may require some specific interaction or functional structural mode in the
bilayer, one that is disturbed by severe deletions and does not occur between GPI
anchors. Viral fusion proteins often share similar characteristics and are thought to take
advantage of a similar pathway in order to merge opposed bilayers [38]. Recent
evidence suggests that the TMD and fusion peptide of PIV5 may interact in the
postfusion state and it has been suggested that this could potentially help drive fusion
pore formation [31]. Additionally, a PIV5 transmembrane domain mutant scanning study
identified two residues crucial to fusion [32]. Together, these results provide a motivation
for further study of the influenza TMD structure and interactions in the membrane.

While much effort has been put into characterizing transmembrane domain
association with liquid-ordered domains [33,34], some recent work involving the
influenza hemagglutinin transmembrane domain has provided evidence of a possible
transmembrane interaction. When digested with bromelain and other related enzymes,
the cleavage site has been shown to be near the TMD [68]. The different cleavage sites
of certain strains of influenza A HA may result from a tight assembly of the

transmembrane domains in the membrane environment that promote cleavage in the



TMD [35]. More directly, a fluorescence and gel electrophoresis study by Chang et al.
has suggested evidence of a tight transmembrane domain association and a weak
interaction between transmembrane and fusion peptides in a model membrane
environment [36]. A molecular dynamics simulation study confirmed a perpendicular
helical arrangement of TMD in the membrane but failed to suggest inter-peptide
interactions in the transmembrane region [37].

Despite previous knowledge dating back over 20 years that the TMD is required
for a productive membrane fusion event, its mechanistic role remains unresolved.
Structures of HA monomers and trimers lack information on the TMD, but other
experimental efforts have characterized it as a predominately alpha-helical domain that
may oligomerize in the membrane environment. While the role of the fusion peptide is
easily disturbed with mutation, the TMD does not display strict sequence requirements
but seems to follow a general length constraint. The present work attempts to
characterize TMD interactions in the bilayer environment in order to connect its structure
in the bilayer to a mechanistic role during fusion. We utilized a multi-scale molecular
dynamics approach to first sample the diffusion process and generate possible
encounter complexes and then characterize inter-peptide interactions at the residue
level. Coarse grain molecular dynamics simulations of TMD monomers in a bilayer
without the HA ectodomain provided a set of trimeric encounter complexes formed from
unique initial arrangements of monomers. All-atom simulations on a representative
selection of complexes were used to determine interaction tendencies between TMD
peptides that contribute to their trimeric state. Our simulations show that the TMD forms

stable hydrophobic interactions along a discrete set of residues. Although individual



interactions can be abrogated via mutation, the overall stability of trimeric complexes

remains unaffected.

Endosome

Cytosol

Figure 1. Influenza enters the host cell via endocytosis. (a) The virion enters the cell in an
endosome after its spike protein hemagglutinin HA binds a sialic acid-terminated receptor, and
upon the pH drop during endosomal maturation the virion fuses with the endosomal membrane to
release its contents into the cytoplasm for infection. Hemagglutinin catalyzes the membrane fusion
event. (b) Trimeric HA is anchored to the membrane via a transmembrane domain (TMD). The
ectodomain crystal structure (pdb code 1HGE [67]) is colored by monomer and attached to our
model alpha helical TMD embedded in a POPC membrane. (c) A cryo-EM image of a single X-31
influenza virion (image courtesy PMK).



2. Methods

2.1 Coarse Grain Simulations

A structure of the (H3) X-31 strain was constructed from residue 177 to 216 to
initially model an ideal helix. A 256-POPC bilayer was equilibrated from a starting
structure made with the CHARMM-GUI online application [39]. TMD peptides were
inserted into the equilibrated bilayer in a triangular arrangement, with spacing between
each peptide. The insertion procedure, adapted from a previous fusion peptide
simulation study [57], first removed lipids with phosphorous atoms located within 5 A of
the intended peptide, and then water molecules within 2.5 A of the protein. The bilayer
and protein system was equilibrated for more than 100 nanoseconds. A post-
equilibration snapshot was then used to create a coarse grained system.

Coarse grain simulations have been used to study protein assemblies in the
membrane environment [59]. Previous approaches have sampled longer timescale
phenomena while sampling conformational relaxation at higher resolution by
interconverting between coarse grain and all-atom states [60-61]. Lipids were
transformed from CHARMMS36 forcefield [40] parameters to MARTINI forcefield [41]
parameters and beads with the use of the backward.py script [42], but in the ‘forward’
direction. The protein coordinates were transformed with the martinize.py method [43],
enforcing helical structure with the application of backbone constraints designed to hold
the helix together. Rotational systems were created at 90 degree increments for every
unique assembly of TMD (Figure 2C). The systems were solvated with MARTINI water

beads [44], and a NaCl concentration of ~150 mM was applied by replacing water



beads with ion/water MARTINI beads. Each simulation box measured 9.25 by 9.25 by

11.5 nanometers.

Figure 2. Coarse grain stimulations are created from an equilibrated all-atom system of 3 TMD
peptides embedded in a POPC bilayer in order to sample possible peptide encounter complexes.
(a) A side view of an all-atom POPC bilayer (colored by atom type) with embedded TMD peptides
in red and surrounding water in silver. (b) A side view of the corresponding coarse grained bilayer
with TMD peptides in red, POPC in cyan, blue, and gold, and water in silver. (c) 24 simulations are
created where each individual monomer is rotated in the membrane plane at 90 degree intervals to
sample a diverse set of encounter complexes. Looking down on the membrane (not shown), each
gray monomer can be rotated to 0 (blue), 90 (red), 180 (yellow) or 270 (green) degrees. A table of
all 24 unique arrangements is shown to the right.



Coarse grain simulations were run for more than 10 microseconds each in
Gromacs 4.6.6 [47], totaling over 240 ys aggregate production simulation data. As is
standard for the MARTINI coarse grain forcefield, a large time step of 30 femtoseconds
was used. Coordinates and velocities were output every 250,000 steps. Production
simulations were held at constant temperature and pressure with the use of the velocity
rescaling thermostat [45] at 320 K and Parrinello-Rahman pressure coupling [46] at 1
bar, respectively. Electrostatics and vdW potentials were applied over the range of 0 to

0.9 nm and decayed smoothly to zero at 1.2 nm.

2.2 All-Atom Simulations

Coarse grain snapshots selected via clustering (Methods 2.3) were transformed
to all-atom structures via the backward.py method [42], with the CHARMMS36 forcefield.
The bilayer and each peptide had to be transformed separately to properly account for
peptide termini settings, and once in all-atom representation the coordinate files were
merged. The box size was set to 9.25 by 9.25 by 11.5 nanometers, and the system was
solvated with TIP3P [48]. A 150mM NaCl concentration was achieved through water
replacement, with additional Cl beads added to neutralize the system.

Production wild type simulations were run for over 190 nanoseconds each, for an
aggregate of over 9.5 ys of all-atom production simulation. To confirm results, a second
group of simulations was started with the same initial coordinates but randomized
velocities. A time step of 3 femtoseconds was used, with all covalent bonds constrained
by the LINCS algorithm [49]. Coordinates and velocities were output every .75

nanoseconds (250,000 steps). Simulations were held at constant temperature [45] and



pressure [46] at 300 K. Long range electrostatics were calculated using the Particle
Mesh Ewald method [50]. A Lennard-dJones potential was applied between 0 and 1.1
nm and decayed smoothly to zero at 1.2 nm. These settings were repeated for all other
all-atom simulation sets.

Mutation snapshots were created from starting configurations used in the wild
type simulations by removing and renaming atoms on the specified residues. New
topologies were constructed with the Gromacs tool pdb2gmx. Single mutant F205A
simulations were run for over 130 nanoseconds each, after initial equilibrations of 50
picoseconds each. The quadruple mutants were run for more than 140 nanoseconds
each, totaling over 7 us of simulation, after the same equilibration steps. Deletion
mutants were created from ten random starting trimer complex configurations by cutting
17 residues from the C terminus, and updating the protein topology with pdb2gmx.
Three arbitrarily selected starting conformations were left unprotonated at the C
terminus, while the rest were protonated to test the effect of each protonation state.
Each trimeric complex was inserted into the top leaflet of a previously equilibrated
bilayer. After an initial equilibration of 150 picoseconds, production simulations were run

for 80 nanoseconds each, totaling 0.8 us of simulation data.

2.3 Analysis

The gromacs utility g_dist was used in all simulations to measure the center of
mass distance between each pair of peptides. Contact maps were made with the tool
g_mdmat, set to a cutoff of 0.7 nanometers. Output contact map data was transformed

into numerical arrays via a script written by T Wassenaar [58]. All data was analyzed
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and plotted in MATLAB [53]. Confidence intervals were calculated from the mean and
standard deviation of N parallel simulations on different starting conditions. Paired t-
tests were carried out for each contact for both F205A mutant and quadruple mutant
simulations in order to determine which changes in probability from the wild type case
displayed statistical significance, using a rejection p-value of 0.05.

We used contact maps and K-means clustering to describe and sample our TMD
trimeric states. Using a distance metric defined as the sum-squared difference between
two contact maps, we implemented a transparent K-means algorithm that allowed us to
monitor center locations and groupings each iteration. In MATLAB, over 31,081 unique
snapshots were clustered to 200 centers with our K-means implementation. We expect
the 200 centers to overpopulate any natural groupings in the data, removing sensitivity
due to initial random center assignments. The snapshots closest to the centers, the
medoid snapshots, were sampled randomly to form a set of 50 final snapshot targets for
an increase in resolution. To visualize our clustering, we plotted the projection of these
targets, the medoids, and all snapshots on the first two principal components of the
contact map data.

Visualization and rendering were performed using VMD [52].

2.4 Pulling Simulations

Free energy perturbation methods have been used to calculate protein binding
free energies from simulation [66]. A snapshot from all-atom simulations in the wild type
and quadruple mutant set was taken after 100 nanoseconds to perform a non-

equilibrium pulling simulation. Each monomer was assigned a force vector pointing from
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the center of the mass of all protein atoms to its own center of mass. Only x and y
coordinates were used, as the pulling was designed to be parallel to the membrane
surface. The alpha carbons of residues 185 to 210 were defined as pulling groups for
each monomer. A harmonic potential was applied at each time step between each of the
78 pulling groups and a moving reference point. The reference moved along the defined
pulling vector at a constant velocity of 5 cm/sec, starting from the peptide’s center of
mass. Forces on each atom were calculated separately using a force constant of 1000
kJ mol-' nm-2. Simulations were continued until either the distance between centers of
mass of all protein and individual monomer or the distance between the reference point
in space and monomer exceeded half the box size in the x direction. Simulations were
run between 20 and 45 nanoseconds, and all contacts between residues inserted in the
membrane were separated. Data is currently being analyzed to obtain a work
measurement from each simulation, which will provide sufficient information to calculate
the free energy of dissociation for both the wild type and quadruple mutant peptides

[64,65].

3. Results

We have performed a multi-scale molecular dynamics study showing that
influenza hemagglutinin transmembrane domain (TMD) peptides can form stable trimers
in the membrane environment in the absence of their ectodomains. By placing sets of 3
TMD monomers in small bilayers in a diverse array of starting orientations, we have
studied the tendency of monomers to form higher-ordered, stable assemblies in a

POPC membrane on the microsecond timescale. Sampling of this process in coarse
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grain representation created an ensemble of trimeric TMD complexes which we
explored at all-atom resolution. Trimeric complexes of TMD remained stable for 190
nanoseconds of all-atom simulation, and we described their interactions via contact
maps. We mutated a set of common hydrophobic contacts in the membrane-inserted
section of the TMD with two mutant simulation sets: F205A and quadruple mutant
L198A/V201A/F205A/W208A. Though interactions made by mutated residues
decreased, the overall stability of the trimeric complex remained unaffected during
simulations. This result is consistent with previous experimental evidence that the

transmembrane domain of influenza hemagglutinin is robust to mutation.

3.1 Coarse Grain Molecular Dynamics Simulations

We performed coarse grain molecular dynamics simulations on 24 systems
comprising of three influenza hemagglutinin transmembrane domain monomers
embedded in a POPC bilayer. Each system was compromised of a unique triplet of
TMD starting orientations, sampled at 90 degree intervals (Figure 2C). Sampling
multiple starting orientations removed any bias conferred by the initial arrangement of
monomers by allowing a diverse array of encounter scenarios in the membrane
environment. Peptides were initially placed so that their centers of mass were roughly 5
nanometers apart, far enough that none were initially contacting but close enough that
minimal diffusion would be necessary for an encounter. Each system was simulated for

over 10 us, totaling 240 us of aggregate simulation.
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Figure 3. TMD monomers assemble into trimers on the microsecond timescale. (a) Center of
mass distance between monomers is averaged over peptides and simulations and plotted as a
function of time. Mean values are plotted in red and a 95% confidence interval in blue. (b) A
frequent pathway of discrete events leading to trimerization starts with 2 of the 3 monomers
(left) joining to form a dimer (middle), which then combines with the final monomer in a trimer
(right). (c) Sample time traces of individual simulation center of mass distances display
heterogeneity in timescale and pathway. Red, yellow and blue lines are individual monomer
pairs while the purple shows the average of the three. The left panel details a quick dimerization
and slow trimer formation, the middle has a lag between each phase, and the right shows an

immediate trimerization.
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All coarse grain simulations resulted in the formation of stable transmembrane
domain trimeric complexes. We measured the average center of mass distance
between monomers in each simulation snapshot (Figure 3). Sample traces of individual
systems displayed heterogenous behavior during the first several microseconds (Figure
3C), but each trace leveled off at a close peptide to peptide distance of around 1
nanometer. At this distance, the monomers had joined into a trimeric complex. While
some simulations trimerized in less than half a ys (Figure 3C, far right), after 4 ys all
simulations resulted in a compact trimer. In many simulations, a dimer formed prior to
the trimer as two monomers diffused together and stuck. This can be seen most clearly
in the left panel of Figure 3C, where the dimer formed near the beginning of simulation
time but the trimer after 2 microseconds. Snapshots from this pathway are shown in
Figure 3B. Some systems will undergo additional trimeric reassembly in a compact
state, as can be seen when the individual traces of Figure 3C (far right) cross; one set
of peptides moved closer together. Despite reassemblies, all trimer complexes

remained together throughout the simulation after formation.

3.2 All-Atom Molecular Dynamics Simulations

In order to further study key interactions and features of transmembrane domain
trimers, we returned to all-atom resolution. All coarse grain snapshots were measured
by the contacts made between each pair of peptides. A residue-residue contact is
defined as having a bead in one residue within 0.7 nanometers of another residue. Each
pair of peptides formed one binary array describing the contacts between them (Figure

4). The three arrays in each snapshot of simulation were combined into a single array
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Figure 4. Simulation snapshots are quantified and clustered using contact maps. (a) Between
each pair of peptides (left), contacts are defined as residues with nearest atom-atom distances
of <0.7nm (middle, light and royal blue). This information is stored in an array of binary
variables, a contact map (right). (b) The 3 pairs of peptides in each snapshot produce 3
separate maps, and for clustering the three are combined into a single 120x40 binary variable

map (c).

for all snapshots. Snapshots that displayed trimerization, defined in coarse grained

simulations as the presence of 5 or more contacts between 2 or more pairs, were

considered for clustering. 31,081 resulting snapshots were clustered via K-means. We
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used a large number of centers (200) to avoid issues that can arise from under-fitting
high dimensional data with too few centers. The medoid snapshot of each cluster is
plotted in Figure 5, and the population is spread across the PCA space. We chose 50 of
the 200 K-means medoids randomly to simulate at all-atom resolution. The final 50

targets are also plotted in Figure 5 and form a diverse set of trimer assemblies.
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Figure 5. K-means medoids and final target snapshots sample the snhapshot population.
Plotted on a 2D projection onto the first two principal component axes, the K-means medoids
(black triangles) spread over the whole population. A random sample of 50 medoids chosen
out of the 200 medoids yields a representative sample of the population space (yellow
triangles).

The final selection of 50 snapshots, taken from 20 of the 24 coarse grain
simulations, were simulated at all-atom resolution. Once the lipid and protein coarse

grain beads were converted into atomic coordinates (Figure 6), the membrane and
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protein environment was re-solvated and ions added back in full atomic representation.
After several relaxation and equilibration steps, the trimers were simulated for more

than 190 nanoseconds.

Figure 6. Coarse grained (CG) beads are transformed into groups of atoms during the resolution
switch to all-atom. (a) Individual coarse grain peptides (left) are made of 96 beads. There are 671
atoms in each peptide, whose placement is determined by the “backward” tool described in
Methods. An all-atom TMD peptide retains the structure from its CG structure (middle), shown in
bonds representation (middle) and as a cartoon (right). (b) Each POPC molecule in the CG bilayer
(left) is transformed from 13 beads into 134 atoms in place, yielding the bilayer on the right.

We first probed if the trimers remained stable throughout our simulations. No
trajectories exhibited gross separation of peptides. The center of mass distance
between peptide pairs is plotted for the length of simulations in Figure 8A. With the
relaxation of helical restraints and the increased degrees of freedom allowed in our all-
atom simulations, we expected that the specific modes of interaction explored in the

coarse grained simulations would change upon the resolution increase.
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Contact maps were used to gain residue-level interaction information, as with the
coarse grained simulations. The number of contacts was averaged over the 50
simulations and plotted in Figure 7A. While the trimers remain stably compact, the
number of contacts in simulation snapshots fell as the simulation begins, possibly due to
the immediate relaxation of the atomic resolution monomers. The number of contacts
evened out at around 380 contacts per frame. Due to our diverse starting population, we
hypothesized that contacts appearing most in these simulations would be crucial to
trimer stability. We measured the probability of finding each contact over all snapshots.
A complete mapping of contact probability is shown in Figure 9. Contact probability
greater than zero is mostly exhibited along the diagonal line of equality due to the
monomers residing in register in the membrane. Sharp peaks in probability are located
in the probability pattern between membrane-inserted residues 185 to 210. Broader
probability is seen for contacts outside of the membrane environment, possibly due to a
decrease in alpha-helical structure. The peaks in probability along residues 190-210 are
spaced along one face of the helical peptide, at every 3 or 4 residues. The data show
that inter-peptide contacts in the membrane acted along one face of the helical
monomer.

The probabilities of contacts in our simulations are a measure of their relative
contributions in the stability of trimeric complexes. A ranking of the top 5 contacts is
shown in Figure 10. All are hydrophobic residues in the membrane embedded region,
and all are closer to the C terminal end of the TMD. The C terminal end is closest to the
interior of the virus, and thus farthest from the hemagglutinin ectodomain. The most

common contact was between neighboring phenylalanine residues at residue 205,
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Figure 7. The number of contacts between peptides is stable after an initial decrease. The
number of contacts in each snhapshot is plotted over time for each simulation set. After an
initial decrease, all simulations ((a) wild type, (b) F205A mutant, and (c) Quadruple mutant)
relax at a new number of contacts. Averages are shown in red, with surrounding blue 95%
confidence intervals. Each trace is plotted over the entire length of simulations.
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Figure 8. Trimeric complexes remain tightly associated over the course of all wild type and
alanine mutant simulations. The center of mass distance between each peptide is averaged
over both peptides and simulations for the (a) wild type simulations, (b) single mutant F205A
simulations, and (c) quadruple mutant L198A V201A F205A W208A simulations. Averages in
red are surrounded by a blue 95% confidence interval. The original CG starting distance
before complexation is shown in the dotted green line for comparison. All simulations display
stability for their duration.
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occurring in 70% of all snapshots. L198, W208, V201, and L202 are the next most
common. These hydrophobic residues interacted with others on the neighboring
peptide, despite the relatively hydrophobic environment of the membrane interior. No
single interaction involving a polar residue, which are at positions 190, 194, 195, and
199, appeared in more than 50% of snapshots. Nonetheless, a serine at position 194
contributes a smaller peak in the probability map. It lies on the same face of the helix as

the top contacts.

Residue-Residue Contact Probability: Wild Type
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Figure 9. The probability of an inter-peptide contact highlights several frequent modes of
contact. The probability of each contact is mapped over residues for wild type simulations after
removing data accrued in the first 25 ns of each simulation. Areas in dark blue have no
contacts in simulations, while areas in yellow have a high likelihood of contact. The probability
follows a diagonal pattern due to the peptides residing in the membrane with similar depths.
Several single contacts display probabilities of over 0.5, shown in bright yellow.
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Wild Tvoe Quadruple Mutant

i P(contact) i j P(contact) i i P(contact)

205 Phe 205Phe 0.70+06 | 198Leu 198Leu 0.61+.08 ] 194Ser 194 Ser 0.52+.08
2 198 Leu 198 Leu 0.60+.07 | 201 Val 201 Val  0.58+07 | 197 Leu 197 Leu 0.52+.08
- 208 Trp 208 Trp  0.56+.07 | 208 Trp 208 Trp  0.57+.07 | 202 Leu 201 Ala 0.51+.06
4 201 Val 201 Val  0.55+.08 | 202Leu 201 Val 0.53+06 | 202Leu 202Lleu 0.51+.08

5 202 Leu 201 Val 0.54+.05 | 198Leu 197 Leu 0.53+.05 | 198 Ala 198 Ala  0.50+.07

Figure 10. A discrete set of prevalent contacts defines the most favorable specific interaction
modes between peptides. The most likely contact pairs are listed for each simulation set,
along with their corresponding probabilities. Probabilities are accompanied by bounds
defining a 95% confidence interval. Below, each top contact is displayed in a trimer, colored
by its ranking as indicated in column 1 of the table.

3.3 All-Atom Molecular Dynamics Simulations: Mutant TMD

In order to test the influence of the most probable contact on trimer stability, we
created a second set of all-atom simulations from the same starting snapshots, but
mutated each phenylalanine at position 205 to an alanine. While alanine is still
hydrophobic, this mutation effectively removed an aromatic ring from the
transmembrane domain. The effect of this mutation on the average center of mass
distance between peptides is plotted in Figure 8B. This remained stable in both the wild
type and F205A mutant simulations. The number of contacts during the F205A
simulations underwent the same initial decrease seen in the wild type simulations

(Figure 7B). After leveling off at a similar value of around 380 contacts per snapshot, the
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F205A trace appears to decrease again during the second half of the simulations, but

well within error.
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Figure 11. A large decrease in probability results at the mutation site. The difference in
probability for all residue pairs between the single mutant F205A simulations and the wild type
simulations is shown, with data collected during the first 25 ns of each simulation removed.
Areas of similar probability are colored tan. Slight increases in probability are in yellow and
slight decreases in green, while a large decrease is in blue.

While the mutation ablated contacts at residue 205, the effects were local to the
mutation site. The change in probability of each contact in the F205A simulations from
the wild type is mapped in Figure 11. Minor changes in probability span across the map,
but a large decrease occurred at residue 205. However, this did not result in an overall
decrease in trimer stability. Individual contacts that underwent a significant increase or

decrease in probability are shown in Figure 14A. Significant decreases at the mutation
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site are larger in magnitude than the compensatory increases surrounding it. All
statistically significant increases and decreases are located within 15 residues of the
mutation site. The most probable contacts in the F205A simulations are listed in Figure
10. Other top contacts from the wild type simulations do not change significantly.

Since a single mutation seemed only to affect contacts at the mutation site, a
more perturbative mutation set of simulations was created. The top four contacting
residues from the wild type simulations were all mutated to alanine to determine if the
additive effect of multiple single mutations would remain local to mutation sites or
perturb trimeric structure more generally. Residues Phe205, Trp208, Val201, and
Leu198 were all mutated to alanine in the 50 start states shared by the other all-atom
simulations. The peptide-peptide center of mass distance again shows no
destabilization during the 140 nanoseconds of simulation each (Figure 8C). The number
of contacts per frame also did not show a large change from the wild type (Figure 7C).
The probability map for the quadruple mutant system (Figure 12) exhibits large
decreases in interactions contributed by Phe205 and Trp208, visible as plus patterns. A
smaller decrease appears for Leu198, and the smallest decrease for Val201. Since
leucine and valine are smaller hydrophobic residues, without the large interacting rings
that phenylalanine and tryptophan have, the mutation to alanine was not as effective at
abrogating the contacts they formed. Nonetheless, mutating each residue to alanine
had a large local effect on individual contacts, but not overall trimer stability.

While all decreases in probability at mutation sites were significant (Figure 14),
many nearby residues display an increase in contact probability. Increases are smaller

in magnitude than the mutation decreases (Figure 12), but many nearby residues
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Figure 12. Mutation sites constitute areas of extended decreases in probability. The difference
in probability for all residue pairs between the quadruple mutant L198A V201A F205A W208A
simulations and the wild type simulations is shown, with data collected during the first 25 ns of
each simulation removed. Areas of similar probability are colored tan. Slight increases in
probability are in yellow and slight decreases in green, while a large decrease is in blue.

compensated for the loss of contact at mutation sites. This characteristic appears to be
the reason behind trimeric stability in the case of TMD mutants. The top contacts formed
in the quadruple mutant simulations still included residues 198 and 201, but at
significantly reduced probability (Figure 14). A serine-serine interaction became the
most prevalent contact after the previous top contacts were ablated. Located 4 residues
toward the N terminal end of the peptide from the nearest mutation, this serine

continued to follow the pattern of prevalent contacts being spaced by roughly one
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helical turn. This interaction appeared in all cases, and did not significantly increase in
the quadruple mutant simulations (Figure 14).

An additional set of ten simulations were created to investigate the effect of our
all-atom simulations on a mutation known to block productive fusion. The trimers from
ten all-atom starting snapshots were cut at residue 199, leaving only the N terminal 23
residues of the original construct, 15 of which were membrane-inserted in one leaflet.
Three of the ten systems had charged carboxylates at their unprotonated C termini
located in the membrane. Each was simulated for more than 80 nanoseconds.

Trimeric complexes made up of the unprotonated C termini TMD peptides
became destabilized, while complexes in the protonated state were able to retain their
structure (Figure 13). Unprotonated TMD peptides rapidly adjusted their orientation in
the membrane in order for the charged C termini to lie in the membrane head groups,
either rotating to become parallel with the membrane surface or penetrating the
membrane more deeply. This reorientation caused a rise in inter-peptide distance and a
large reduction in the number of contacts in each snapshot, especially at the charged
terminus (Figure 13C). The membrane thinned significantly as the monomers
restructured and a water-accessible pore was formed. The trimeric complexes of 6 out
of the 7 protonated state simulations remained stable in structure, but also thinned the
membrane. Interestingly, the shorter TMD monomers were able to span both membrane
leaflets. While it seems that trimeric complexes of protonated TMD peptides can retain
their structure, it is unclear if our complexes can form in the first place. A shortened TMD
monomer may not lie perpendicular to the membrane surface, blocking the formation of

our trimeric assemblies that lie perpendicular to the membrane surface. This rotation
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may occur during or immediately following the insertion of the newly created HA into a
membrane, preceding trimerization. Further reductions in TMD length may lead to
expression or structural problems in the protein by further membrane destabilization or

enhanced insertion errors.
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Figure 13. Stable behavior is exhibited in protonated del12 mutants, but not
unprotonated del12 mutant simulations. (a) The inter-peptide center of mass distance is
shown with mean values in red surrounded by a 95% confidence interval in blue. (b) The
number of contacts over time is shown in red surrounded by a 95% confidence interval
in blue. (c) The difference in contact probability of residues 177-199 from their probability
in the wild type simulations. Areas of similar probability are colored tan. Slight increases
in probability are in yellow and slight decreases in green, while a large decrease is in
blue.
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Statistically Significant Difference in Contact Map - F205 from WT
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Figure 14. Areas of statistically significant changes in contact probability follow mutation
sites most directly but show scattered additional differences. The results of a paired t-test
on each residue-residue contact dataset were mapped, where a blue box indicates a
statistically significant increase in the mutant probability and a red a decrease in the
mutant probability. (a) displays results from changes between the wild type and single
mutant F205A simulations and (b) for the wild type and quadruple mutant.
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4. Discussion

Many studies on influenza hemagglutinin-mediated membrane fusion focus on
the fusion peptide’s effects, without taking into account the important role of the
transmembrane domain. Here, we used a multi-scale simulation approach to investigate
the interactions between neighboring transmembrane domains in a POPC bilayer.
Trimeric complexes generated in high-throughput coarse grain simulations were
examined for their stability and key features with all-atom simulations. Prevalent
hydrophobic contacts provided a discrete set of key interaction features of the trimeric
complex. Though the individual contacts formed by these discrete residues were
removed via mutation, the overall trimeric structure remained stable, in agreement with
the previously documented mutational plasticity of the region.

The apparent stability of TMD trimers is an important determinant in our
understanding of viral fusion protein-mediated fusion. Breaking the hemifusion
diaphragm requires both the fusion peptide and the transmembrane domain, but it
remains unclear if their effect is concerted or additive. Since the TMD must anchor HA in
the viral membrane, it is unlikely to be playing a membrane destabilization role as fusion
peptides are thought to. Previous work has shed some light on possible oligomeric
activity of the TMD, but here we demonstrate stable trimeric complexes that are
resistant to mutations, even at common inter-monomer contacts. Recent work has
suggested three to four neighboring HA trimers are required for fusion [54,62], in
agreement with older kinetic studies [55]. Therefore, we can expect multiple copies of
the HA trimer surrounding a fusion site. Having each copy structured in a trimeric

complex would prevent random interaction between single monomers of neighboring HA
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proteins, but would allow for trimer to trimer interactions at the hemifusion site. Future
work stemming from this study will include probing possible interactions between
multiple TMD trimers in the membrane.

While Chang et al. showed a loose propensity for fusion peptides to interact with
TMD peptides, this needs to be investigated further. Multi-scale simulations could
provide computational predictions of any functional interactions between fusion peptides
and TMD trimers. Studies of related viruses have predicted these interactions to be
important in the fusion pathway. The fusion peptides, which are not thought to form
trimeric bundles, may interact with a TMD trimer during hemifusion or in an expanding
fusion pore. An interaction between loose fusion peptides and structured TMDs may
localize the fusion peptides leading into fusion. This could concentrate any perturbative
effect the fusion peptide has on the membrane, possibly creating a fusion pore.
Common contacts were made along what appears to be a single face of the TMD in our
simulations. The proposed specific interaction between hydrophobic contacts at this site
may present interaction sites on the other side of the TMD for fusion peptides as fusion
proceeds. Without a structured TMD trimer the fusion peptide may not be able to
interact, or any interaction between loose fusion peptides and loose TMD peptides may
not lead to a productive fusion pore. Future work adding fusion peptides into
membranes with multiple copies of TMD trimers has been started.

We have also began further investigations into measuring the relative change in
stability between the wild type and quadruple mutant simulations, after our simulations
did not show gross destabilization. By comparing the work needed to pull trimers apart,

we hope to quantify the difference in free energy of dissociation between the two
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constructs. If we have not destabilized the TMD trimer with the quadruple mutant, this
metric will be useful in measuring further mutations to the domain to find a TMD that will
not trimerize as favorably. This mutant can then be used to confirm the functional
importance of a TMD trimer experimentally in membrane fusion assays. If a less
favorably-interacting TMD inhibits fusion kinetics then we can expect the trimeric
structure to play a mechanistic role during fusion. Such an effect has been shown for
the other major influenza spike protein, Neuraminidase, where a less stably interacting
transmembrane mutant can interfere with the function of the entire protein assembly
[69].

Interestingly, a 12-residue deletion mutant known to inhibit fusion at the
hemifusion intermediate still showed the ability to stabilize trimers in our simulations
when in the protonated state. However, the immediate membrane environment was
severely thinned and allowed for nearly continuous water penetration at the complex
site. These destabilizing effects may interfere with proper protein expression and
structure in further deletions as is seen in previous work. Additional simulations can be
run to determine if the shortened TMD can form trimers before destabilization, since our
study allowed the mutants to start as trimeric complexes. In our simulations, having a
terminal end of a TMD peptide is not favorable in the hydrophobic core of the
membrane, as they quickly rotated to become parallel to the membrane surface at the
hydrophilic head groups or penetrated more deeply to interact with the bottom leaflet
head groups. Monomers creating encounter complexes in these states may not form

stable trimeric complexes like the full-length TMD.
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In conclusion, our simulations have demonstrated that TMD trimers can form
stable trimeric complexes in the absence of the HA ectodomain. Mutations, even to
residues participating in the most common contacts, did not grossly perturb this property
in our simulations. As a necessary part of the influenza membrane fusion machinery,
this result provides one piece of clarity in the unresolved mechanism of protein
mediated membrane fusion, and also provides a basis for future work simulating

multiple copies of TMD trimers and fusion peptides in membrane environments.
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