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l. Abstract

Hemagglutinin is a protein on the surface of Human Influenza Viruses.* It is composed of
two glycopolypeptide domains, the HA1 and HA2 domains. Previous studies have found that
across different strains of Influenza viruses, HI1S435 residues remain conserved.* In studies
where mutations occurred in hinge-site histadine residues, the Influenza virus was inactive.*
These investigations indicated a significant role of HIS435 (hinge-site histadines) in virulence.
Four systems were created using Molecular dynamics (MD) simulations. Each system was
composed of an Isolated HA2 trimer solvated in a 150 mM NaCl rectangular water box at 310 K
under isobaric and isothermal conditions . Conditions after endosomal acidification were
simulated in two of the systems by protonating their HIS435 residues. Two systems remained
with neutral HIS435 residues to simulate conditions before endosomal acidification. This
experimental model was implemented to study the role of HIS435 on the mechanistic change in
HAZ2 after endosomal acidification. The simulations were run for one microsecond. During this
timeframe, all systems exhibited small-scale conformational changes, however a large-scale
conformational change was not observed. This investigation is a continuation of previous
research which had studied the microsecond-level conformational change of the full
Hemagglutinin protein as it relates to pH and hinge histidine protonation states using molecular

dynamics simulations.



1. Introduction
a. Supported mechanisms of HA2 Fusion

Hemagglutinin is a protein on the surface of Human Influenza Viruses.! It is composed of
two glycopolypeptide domains, the HA1 and HA2 domains?. The HA1 domain is responsible for
binding to sialic acid on the surface of host cells, allowing for viral entry into the host cell.? The
HA2 domain is homotrimeric, consisting of three segments, “B,” “D,” and “F.” Upon entering
the host cell, the virus is still contained within an endosome. Following endosomal acidification,
The HA2 domain has been found to undergo a series of large-scale conformational changes®?,
allowing for the extension of a hydrophobic fusion peptide from the interior of the protein
towards the host-cell membrane. This 20-30 residue peptide fuses the viral and endosomal
membranes together, allowing viral RNA to be accessible to the host cell.31012These
mechanistic details which have been observed in preliminary studies are facilitated by a
transition of B loops to alpha helices, allowing for the extension of the fusion peptide from the
HAZ2 N-terminus towards the host cell membrane. The host and viral membranes are then able to
fuse after a critical bending event at a hinge region of the HA2 peptides, supported by a helix to
loop secondary structural transformation at the hinge region. 3>6-" The hinge region is a 6-
residue locale of the HA2 which has been found to be critical to the host cell-virion fusion
event.

b. Highly Conserved Histidine Residues

In recent studies, histidine residues have been targeted for research for their role in fusion
activity for a multitude of reasons. Previous studies have found that across different strains of
Influenza viruses, Histidine residues in the hinge region of the HA2 glycoprotein have been
found to be highly conserved across Influenza hemagglutinin subtypes.®* Additionally, Histidine
contains an imidazole functional group which has a pKa that overlaps with the pH range of the
endosome. Histidine is the only HA residue with a pKa corresponding to acidified endosomal pH
values.? Both the highly conserved status of histidine residues and its pKa indicate a role in pH-
dependent conformational changes of HA. Another indicator of the significance of hinge
histidine residues is the fact that in studies where mutations were introduced to the highly
conserved hinge histidine sites of HA2, membrane fusion activity was not exhibited3# thereby

inhibiting viral RNA from being accessible to the host cell. In a study where the hinge histidine



was mutated to Alanine, hinge-site bending activity was not observed.® These investigations
indicated a significant role of HIS435 in virulence.
c. Past and Current Investigative Templates

This investigation is an extension of preliminary studies in the UARK Biomolecular
Simulations lab which simulated the effects of HIS106 protonation states on the global
transmembrane HA protein configuration dynamic in order to investigate the effects of hinge
histidine protonation on the HA protein and its fusion mechanism. These preliminary studies
indicated a distancing of the HA1 domains of the HA protein during a 2.4 us time frame, which
is a change that is expected in the active Endosomal HA protein under physiological conditions.®
This investigation aims to analyze the configuration of only the isolated HA2 segments. HIS106
will be referred to as HIS435 in correspondence with its position in the isolated HA2 models.

All atom equilibrium Molecular dynamics simulations were preformed to investigate the role
of HIS435 on the configuration dynamic and fusion mechanism of isolated HA2 trimers. Four
systems were created. Each system was composed of an Isolated HA2 trimer solvated in a
150.0mM NaCl water box at 310 K under isobaric and isothermal conditions to simulate
physiological conditions. At a pH between 6 and 9.3, HIS exists in its neutral form** (HSD), thus
two systems consisting of the HIS435 zwitterions were created to model the states of the HIS435
residues before endosomal acidification at physiological pH. At a pH level between 1.8 and 6,
HIS exists in a positively charged state with a charged imidazole and amide group.* Considering
this, The next two systems consisted of the positively charged HIS435 (HSP435) residues,
simulating conditions after endosomal acidification. We are expecting to observe some of the
major conformational changes discussed in part A which are hallmarks of HA fusion in the

protonated systems (3P) as opposed to the non-protonated systems (OP).
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Figure 1. Part A. displays each monomer of HA2, PROB, PROD, and PROF, HA1 and the
protonated hinge histidines. The monomers were visualized using the VMD ColorID
coloring method and the New Cartoon drawing method. The Histidines were visualized
usingt the ColorID coloring method and the VDW drawing method. Part B. is a
visualization of the HA glycoprotein using the New Cartoon drawing method and the

secondary structure coloring method to clearly depict alpha helices, beta sheets and loops.
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Figure 2. Part A. displays each monomer of HA2, PROB, PROD, and PROF, as well as the
protonated hinge histidines. The monomers were visualized using the VMD ColorID
coloring method and the New Cartoon drawing method. The Histidines were visualized
usingt the ColorID coloring method and the VDW drawing method. Part B. is a
visualization of the HA2 glycoprotein using the New Cartoon drawing method and the

secondary structure coloring method to clearly depict alpha helices, beta sheets and loops.

I11.  Methods
The X-ray crystal structure of the HA2 Influenza Hemagglutinin glycoprotein was obtained
using the Protein Data Bank (PDB file: 5KUY for type H3 type A Influenza Hemagglutinin,
H3N2).2 The CHARMM_GUII Input Generator 14181925 was then utilized to set the force fields
and create the models critical to this investigation. Four systems were created using All atom
(AA) microsecond-level Molecular Dynamics (MD) simulations. Two of these systems
consisted of a protonated triplet set of HIS435 (HSP 435) residues on each segment of the HA2
homotrimer, emulating the state of HIS435 under acidic endosomal conditions(pH ~6).2 The next
two systems consisted of a triplet set of the zwitterionic form of HIS435 (HSD 435), emulating
the state of HIS435 under physiological pH conditions. Each system was solvated in a 150 mM
NaCl water box and maintained under isothermal and isobaric conditions(NPT ensemble) at
310K and 1 atm. All models consisted of approximately 237700 atoms and simulations were run
through NAMD using a 2.0 fs time step. Systems were first equilibrated. The particle Mesh
Ewald method (PME) was the algorithm incorporated into the parameters set for this
investigation. A PME grid spacing of 1.0 and a PME interpolation order of 6 were applied.
Periodic boundary conditions were implemented.?’ Constant temperature was maintained through

Langevin dynamics with a damping coefficient of 1/ps.?



Figure 3. A vizualization of the water box constructed to encompass the HA2 structure.
Water moleculles are depicted in red and the HA2 glycoprotein is depicted in blue. The
VMD lines drawing method and names coloring method were utilized to create these
renderings. Figure 2A. is a front-facing view of the water box and Figure 2B. is a side-
facing view.

Preliminary simulations were each 1 us long, accounting for a cumulative 4 us
simulation length. The computing capacity of the University of Arkansas High Performance
Computing Center (AHPC) Pinnacle and Trestles Supercomputers was utilized to perform the
simulations investigated here. The computational capacity of the Texas Advanced Computing
Center (TACC) was also utilized. Each job submission produced a nanosecond-scale increase in
the simulation time. The individual dcd files for each model were subsequently concatenated,
resulting in four 26-27 GB dcd files, each containing the cumulative microsecond simulation
length for its respective system. The dcd files were loaded into the VMD Interface along with the
relevant psf file for each system. Due to limitations on storage capacity during the time of this
investigation, a stride of 20 was used in the loading process to condense the files to be more
manageable for analysis. The VMD interface was utilized for protein visualization and analysis.
An analysis of the Root Mean Square Deviation (RMSD) , Root Mean Square Fluctuation
(RMSF) , Salt Bridges, Hydrogen Bonds, and angles were all preformed to quantize the
configuration dynamic across all four systems. RMSD, RMSF, and Salt Bridge measurements,

obtained via the VMD software were then visualized using the graphing capabilities of gnuplot.



V. Results and Discussion

a. Trajectories

A. Repeat1-0P

10



C. Repeat1-3P

Figure 4. Parts A and B depict the trajectories of the non-protonated repeats. The leftmost
HAZ2 visualizations are the HA2 glycoproteins at 0 us. The rightmost visualizations are the
HAZ2 glycoproteins at 1 us. Parts C and D depict the protonated HA2 glycoproteins. Like
Parts A and D, the leftmost HA2 visualizations are the HA2 glycoproteins at 0 us. The
rightmost visualizations are the HA2 glycoproteins at 1 us. Parts A and D each capture the
middle segments after 300 ns and 600 ns, respectively. Parts B and C capture the middle
segments after 312 ns and 520 ns, respectively.

Based on the trajectory visualization, all models appeared to experience distancing of
their segments at the C-terminus, regardless of protonation state(Figure 4). Based on previous
studies, expansion has been found to allow for the HA2 glycoprotein to span the viral membrane,

a key step in the process of viral-host cell membrane fusion.?! Interestingly, the lack of
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protonation of the HIS435 in the hinge region does not visibly inhibit segment distancing at the
C-terminus. These trajectories do not indicate the full range of the large-scale conformational
changes expected based on previous investigations. Within the short 1 us simulation period, we
did not observe large-scale helix to loop conformational changes or loop to helix conformational
changes as is expected based on previous studies of HA2 fusion. Subsequently, an extended HA2
helical structure was not observed.???3 It is possible that more simulation time is necessary to
better encapsulate the full range of the HA2 configuration dynamic.

b. Root Mean Square Deviation (RMSD) Analysis
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Figure 5. Overall RMSD for the HA2 protein and each HA2 segment for protonated (3P)

and non-protonated repeats(OP), measured in reference to the alpha carbon(C,) backbone.

Root Mean Square Deviation(RMSD) Calculations were utilized to quantify the change in
position of the alpha Carbon backbone (C,) of the protein in reference to the original coordinates
at 0 us over the 1 us simulation time frame. In both non-protonated repeat models, the overall

protein RMSD increases to beyond ten angstroms at a point between 300 and 600 ns, then can be
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observed decreasing below 10 A by the end of the one microsecond time frame. Overall protein

RMSD plots for both OP models exhibit an overall negative slope at the end of the 1 us time

frame (800-1000 ns) ; conversely, the protonated repeat models exhibit an overall positive

protein RMSD after 700 ns that increases to a value beyond 10 A near the end of the 1 us time-

frame. The OP and 3P models diverge in the signs of their overall slopes for the overall protein

RMSD in the 800-1000 ns time-frame at the terminal of the simulation period. More simulation

time is necessary to fully evaluate the RMSD of the OP repeats, in comparison to the 3P repeats.

Along with overall protein RMSD, internal RMSD was calculated for the HA2 monomers. The

internal RMSD values do not indicate a large-scale conformation change within the 1 us time-

frame.
c. Root Mean Square Fluctuation (RMSF) Analysis
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Figure 6. RMSF for each residue on each monomer of HA2 over a 1 us simulation period is
depicted above for OP systems 1 and 2 (A and B, respectively) and 3P systems 1 and 2 (C

and D, respectively)
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Root Mean Square Fluctuation(RMSF) calculations were utilized to quantify the average change
in position of each residue over the course of the one microsecond simulation period. Each
monomer is comprised of an approximate range of 330-505 residues as depicted in Figure 6. The
RMSF plots do not suggest a consistent discernable pattern between the dynamic of the residues

in OP as opposed to 3P systems.

d. H-bond Occupancy Data

OP- OP- 3P-Repeat 3P-Repeat Average Average
Repeat1  Repeat 2 1 2 oP 3P
HIS435-  1.59% 3.72% 46.69% 61.16% 2.66% 53.93%
Side
ASP438-
Side
ASN382-  60.16% 59.30% 7.64% 7.37% 59.73 7.51%
Main
ASN378-
Main

LYS387- 16.14% 14.46% 26.65% 59.76% 15.3% 43.21%

Side

GLU426-

Side
Table 1. A comparison of H-bonds across OP and 3P systems. H-bonds involving main
atoms can involve amino or carboxyl groups. H-bonds between side chains involve R-
groups.

H-bonds have been found to add to the stability of a protein structure.'’ The first and
second OP systems exhibited a total of 1071 and 1110 hydrogen bonds, respectively. The first
and second 3P systems exhibited a total of 1148 and 1105 hydrogen bonds respectively. The OP
systems exhibited a mean of 1091 H-bonds. The 3P models exhibited a mean of 1127. The cutoff
distance for H-bond calculation was 3.0 A and the angle cutoff was 20 degrees. The OP systems
exhibited an average H-bond occupancy of 2.66% for the HIS435 side-ASP438 side bond, which

14



is twenty times less than the average H-bond occupancy of the HIS435 side-ASP438 side bond
for the 3P system. By evaluating discrepancies in H-bond occupancy levels between the models,
localized conformational differences can be discovered.

The OP systems exhibited an average H-bond occupancy of 59.73% for the ASN382
Main -ASN378 Main bond, which is eight times greater than the average H-bond occupancy of
the corresponding bond for the 3P system.

The OP systems exhibited an average H-bond occupancy of 15.3% for the LY S387-Side
GLU426-Side bond, which is three times less than the average H-bond occupancy of the

corresponding bond for the 3P system.

Figure 7. The rendering depicted above displays HIS435 residues (yellow) ASP438 (green)
after 1 us simulation time in the OP-repeat 1(A) and 3P-Repeat 1(B).

The interaction between the HIS435 Imidazole ring side chain and the ASP438
carboxylic acid side chain exhibited an average H-bond occupancy in the 3P repeats 20 times as
large as that of the OP repeats (Table 1), meaning the H-bonds between these side chains are
more resilient and ever-present throughout the length of the 3P simulation than in the OP
simulations. The implication of this finding is that in the 3P models, the segments are closer
together at the hinge region than in the OP models. In the trajectory models (Figure 4), the 3P

models sometimes appear “pinched” at the hinge region, in comparison to the OP models. This is

15



likely partially attributable to the higher H-bond occupancy between the hinge HIS435 and
ASP438.

A.

Figure 8. The rendering depicted above displays ASN382 residues(lime) and ASN378
(yellow) after 680 ns and 604 ns simulation time in the OP-repeat 1 (A) and 3P-Repeat 1 (B),

respectively.

Figure 9. The rendering depicted above displays ASN382 residues (lime) and ASN378
(yellow) after 0 ns (A) and 1000 ns (B) simulation time in 3P-repeat 2.

16



The H-bond occupancy difference seen here(Table 1 and Figure 9) can be attributed to
differences in secondary structure. The OP repeats exhibit high H-bond occupancy between the
main chains of ASN-382 and ASN378 because their locales remain coiled, so the distance
between the small distance between the residues is conducive to H-bond formation. In 3P-Repeat
1, however, the residues reside on loops in the secondary structure of the protein, resulting in a
larger distance separation for a large part of the simulation in comparison to the OP models. In 3P
repeat 2, the helices containing the residues begin to uncoil (Figure 9B), therefore increasing
distance between them and decreasing H-bond occupancy between the relevant residues during

the simulation.

s i & 8 A ' ‘
Figure 10. The rendering depicted above displays LYS 387 residues (yellow) and GLU426
(lime) after 1000 ns in OP-repeat 1 (A) and 3P-repeat 2 (B).

Glu426 is a residue that is proximal to the hinge Histidine of interest in this investigation. It lies
on helical segments of the HA2 structure, whereas the LYS 387 residues reside on looped
structures. Thus, interactions between side chains of these residues usually result in a shorter
loop to helix distance at the residue locales as shown in Figure 10B.

17
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Figure 11. Salt Bridge dynamic between residues Glu449 PROD LY S446 on segment

PROD over the 1.0 us time frame is depicted above for OP and 3P repeats.
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A. OP Repeat 1

¥l

Figure 12. Glu449 (green residue) on segment PROD and LY S446 (blue residue) on
segment PROD are depicted above for all repeats. The leftmost visualizations occur at 0
us. The rightmost visualizations are the HA2 glycoproteins occur at 1 us. Parts A and D
each capture the middle segments after 300 ns and 600 ns, respectively. Parts B and C
capture the middle segments after 312 ns and 520 ns, respectively.

3P Repeat 1

Salt Bridges are ionic interactions between acidic and basic residues which can have a stabilizing
effect on proteins!®>16. By identifying differences in the dynamics and formation of salt bridges
along the HA2 glycoprotein during the simulation timeframe, details of the HA2 configuration
dynamic can be uncovered. A Nitrogen-Oxygen distance of 3.2 A or less was used to indicate the
presence of salt-bridges. As depicted in Figure 11, a salt bridge was observed between Glu449
PROD and LYS446 PROD for a larger range the simulation time for the 3P repeats in contrast
to the OP repeats. The 3P repeats both exhibited a Glu449PROD and LY S446 PROD salt bridge
after 200 ns which broke and reformed variably during the remainder of the simulation period.
Visualization of the OP and 3P PROD segments (Figure 12) over the simulation period reveals

that the bending activity of the PROD segments influences salt bridge formation. This bending is
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likely what is conducive to the salt bridge formations observed as it decreases the distance
between the charged groups on the residues to a value below 3.2 A. It should be noted that the
residues participating in this salt bridge are proximal to the hinge histidine of interest in this
investigation. We know from previous studies that changes in the hinge histidine are likely to

influence behavior of proximal regions.*?*

GLU443PROF-LYS446PROF
OP Repeat 1 OP Repeat 2

30 T T T T 30

25+ 4 25 F
20 - 20 -
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Figure 13. Salt Bridge dynamic between Glu443 on segment PROF and LY S446 on
segment PROF over the 1000 nanosecond time frame is depicted above for 3P(blue) and

OP(red) systems.
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Figure 14. Glu443 (green residue) on segment PROF and LY S446(blue residue) on
segment PROF are depicted above for all repeats. The leftmost visualizations occur at 0 us.
The rightmost visualizations are the glycoproteins at 1 us. Parts A and D each capture the
middle segments after 300 ns and 600 ns, respectively. Parts B and C capture the middle

segments after 312 ns and 520 ns, respectively.

At the start of the simulations, both OP repeats exhibit a salt-bridge between
Glu443PROF and Lys446 PROF. The salt bridge is broken in both OP repeats before 200 ns. The
salt bridge is on average more stable in the 3P repeats, as it is present during the majority of the
1000 ns time frame. The variation between the dynamic of this salt bridge in the segment can be
attributed to the bending in the locale of the helical region containing the relevant residues. After
1000 ns, the salt bridge is broken in both in OP-repeat 1 and 3P-repeat 1 as depicted in Figure
13. After visualization(Figure 14), it appears the bending of the helical region containing the
residues facilitates salt bridge formation by decreasing the distance between the residues,

whereas the salt bridge breaks when the region straightens. The angular changes occurring in the
region with the residues, result in salt bridge formation when the distance between the residues is

decreased below 3.2 A or breakage when it is increased past the 3.2 A cutoff, increasing the
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distance between the residues. The proximity of this salt bridge to the hinge histidine should also
be noted

V. Conclusions and Future Work

The full scope of the expected HA2 mechanism was not captured within the one
microsecond simulation period for each system. Previous preliminary models on the full
Hemagglutinin structure spanned a 2.4 us period. Simulations are ongoing to encompass more of
the configuration dynamic on HA2. All HA2 models exhibited distancing of their monomers at
the C-terminus. All repeats exhibited localized dynamic conformational differences such as
bending of alpha helices that contributed to the presence of different salt bridges across OP and
3P repeats. A large-scale conformational change was not observed during the simulation period.
Neither the expected helix to loop (at the hinge region) or loop to helix configuration were
observed during the one microsecond simulation period.

Currently, there are no commercially available Influenza antivirals specific to the HA
glycoprotein, which is why research in this area is beneficial.>® An understanding of the pH-
dependent configuration dynamic of HA2 through highly conserved residues allows for future
research into standardized pharmaceuticals and drug therapies which are particularized to specific
stages of HA activity and potentially have an all-encompassing applicability when it comes to
targeting diverse influenza strains; Additionally, the structure and mechanism of the HA bears
similarity to many other significant viral glycoproteins such as coronavirus spike proteinst,
indicating that further understanding the mechanism of HA can also provide insight into the

workings of other notable proteins.
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