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ABSTRACT During the fusion of the influenza virus to the host cell, bending of the HA2 chain of hemagglutinin into a hairpin-
shaped structure in a pH-dependent manner facilitates the fusion of the viral envelope and the endosomal membrane. To char-
acterize the structural and dynamical responses of the hinge region of HA2 to pH changes and examine the role of a conserved
histidine in this region (the hinge histidine), we have performed an extensive set of molecular dynamics (MD) simulations of
26-residue peptides encompassing the hinge regions of several hemagglutinin subtypes under both neutral and low pH condi-
tions, modeled by the change of the protonation state of the hinge histidine. More than 70 sets of MD simulations (collectively
amounting to 25.1 us) were performed in both implicit and explicit solvents to study the effect of histidine protonation on struc-
tural dynamics of the hinge region. In both explicit and implicit solvent simulations, hinge bending was consistently observed
upon the protonation of the histidine in all the simulations starting with an initial straight helical conformation, whereas the
systems with a neutral histidine retained their primarily straight conformation throughout the simulations. Conversely, the MD
simulations starting from an initially bent conformation resulted in the formation of a straight helical structure upon the neutral-
ization of the hinge histidine, whereas the bent structure was maintained when the hinge histidine remained protonated. Finally,
mutation of the hinge histidine to alanine abolishes the bending response of the peptide altogether. A molecular mechanism
based on the interaction of the hinge histidine with neighboring acidic residues is proposed to be responsible for its role in con-
trolling the conformation of the hinge. We propose that this might present a common mechanism for pH-controlled structural
changes in helical structures when histidines act as the pH sensor.

INTRODUCTION

Influenza viruses, as well as several other enveloped viruses,
require low pH conditions to transfer their genome to the
host cell, because the fusion of the viral envelope with the
host cell membrane is largely catalyzed by acidic conditions
(1). The virion will be endocytosed after docking to the host
cell, and the low pH of the endosome initiates the process
of membrane fusion (1), which is induced by structural
changes in hemagglutinin (HA), a major glycoprotein on
the surface of the viral envelope (2,3).

The x-ray crystal structures of the ectodomain of HA
(bromelain-digested HA, BHA) characterized native HA
as a homotrimer extending 135 A in length (4-6). It is
thought that every monomer must first be cleaved into two
subunits, HA1 and HA2 with 328 and 221 residues, respec-
tively, to transform into a functional unit (7,8). HA1 forms
the globular head and includes the receptor-binding site
(9). HA2 includes the fusion peptide, a 20-30 residue
segment that makes the fusion-promoting subunits of fusion
proteins, and is responsible for direct binding to the host cell
membrane (10,11). HA has two important tasks:

1. Recognizing and docking to the proper host cell, a task
mediated by HA1; and
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2. Membrane fusion that is facilitated primarily by struc-
tural changes in HA2 (12,13).

Several crystal structures of HA obtained under different
conditions have provided hints on some of the conforma-
tional changes involved in the fusogenic activity of the
protein (Fig. 1). The trimeric HA structure at neutral pH
consists of a central helical stem formed by the HA2 chains
from the three monomers that are bent at position 63-72,
and are covered by the three HA1 chains (14). HA1 chains
detach from each other during the early response to acidic
conditions. The subsequent low pH conformational changes
of HA2 consist of two stages:

1. Formation of a needle-shaped structure and exposure of
the N-terminal fusion peptide for insertion into the endo-
somal membrane whereas HA2 remains connected to the
viral envelope from the C-terminus (1,15,16) (B2 in
Fig. 1); and

2. Rebending of HA2 at a different hinge region (17,18)
that consists of residues 106-111 (the focus of this
study), which turns HA2 into a hairpin-shaped structure
that brings the viral envelope close to the endosomal
membrane (19-21) (B3 in Fig. 1).

The HA1 subunit, and the transmembrane and cytosolic
domains of HA2, are not required for membrane fusion
(22). A bent conformation for HA, also referred to as
the “fusogenic structure” (15), was crystallized from
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FIGURE 1 HA overall structure and functionally relevant conformational
transitions. (A) Complete homotrimeric structure of HA including HA1
(blue) and HA2 (red; one HA2 chain highlighted in magenta). (B1-B3) A
model for key structural changes in HA2 during the fusion process. (Cyan)
Hinge region. (B1) HA2 monomer at neutral pH, with the fusion peptide
locked in the HA2 core. (B2) Early low pH response including the release
of the fusion peptide and its linking to the host cell membrane. (B3) Late
low pH response, the bending of HA2 at the hinge (cyan), thereby placing
the viral envelope very close to the host cell membrane.

thermolysin-digested BHA under low pH conditions.
Several other structural studies have also reported a bent
conformation for the region between residues 106 and 111
for the fusogenic state of the protein (21,23-25). Whereas
these structures have established the nature of major con-
formational changes involved in the activation of HA, the
mechanism by which acidification of the environment
results in such structural changes remains elusive.
Different subtypes of HA show variations in their primary
sequences. The newest HA antigen subtype from fruit bats
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in 2012 (26) brings the total number of influenza virus HA
subtypes to 17. These subtypes can be divided into two
distinct groups based on the location of a conserved histi-
dine in the HA2 hinge region (27,28), which is the focus
of our study. Based on our results, we refer to this as the
“hinge histidine” throughout the article. In the first group
(H1, H2, HS5, H6, H8, H9, H11, H12, H13, H16, and H17
subtypes), the conserved histidine is at position 111,
whereas in the second group (H3, H4, H7, H10, H14, and
H15 subtypes), this conserved histidine is at position 106
(25) (Table 1).

According to the crystal structures, two major conforma-
tions exist for the HA2 hinge region: straight and bent. The
straight conformation is primarily an «-helical structure
(A and BI1 and B2 in Fig. 1), whereas, under low pH con-
ditions, the hinge region is found to form a bent structure
(B3 in Fig. 1). The trigger pH for the conformational
changes has been reported to be between 4.8 (29) and
6 (30). Some studies have determined that even higher
pH ranges (5.8-6.4) might be sufficient to initiate the struc-
tural changes (31,32). It has been shown experimentally that
the pH required for half-maximal activity of lipid mixing
with erythrocyte ghosts, a process mediated by hemaggluti-
nin on the surface of the red blood cells, was 5.5 (33). The
pH required for half-maximal activity of the HA protein
from the influenza virus X-31 was determined to be 5.2 (34).

Histidine is the only amino acid with a pK, value close to
the pH of acid-mediated membrane fusion of HA. The imid-
azole ring of histidine has a pK, of ~6.0, and overall, the
amino acid has a pK, of 6.5 in water (35). Therefore, low-
pH-mediated conformational changes of proteins within
physiologically relevant conditions can be effectively

TABLE 1 Sequences of the hinge peptide shown for representatives from each subtype (H1-H17), highlighting the conserved

position of the histidine in the His''" and His'°® groups of HA subtypes

Residue 95 96 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120

Hs'" HI N A ELL V L L E N E R T L D F H D S N V R N L Y E
H2 NA ELL V L M E N E R T L D F H D S N V K N L Y D
H N V E L L VvV L M E N E R T L D F H D S N V N N L Y D
H6 N A E L L V L L E N E R T L D L H D A N V K N L Y E
H N A E L L V L L E N E R T L D L H D A N V K N L Y E
H N A ELUL V L L E N Q K T L D E H D A N V N N L Y N
HIl N A Q L L VvV L L E N E K T L D L H D S N V R N L H E
HI2 NA ELL V L L E N Q K T L D E H D A N V R N L H D
HI3 N A KL L V L L E N D K T L D M H D A N V K N L H E
Hi6 N A K L L V L L E N D R T L D L H D A N V R N L H E
H17 NT E L L V L L E N E R T L D F H D A N V K N L F E

His H® N A ELL V A L E N Q H T I DL A D S E M N K L F E
H N A E L L V A L E N Q H T I D VvV T D S E M N K L F E
H N A E L L V A M E N Q H T 1 D L A D S E M N R L Y E
HON A E L L V A M E N Q H T 1 D M A D S E M L N L Y E
Hi4 N A E L L V A L E N Q H T I D V T D S E M N K L F E
H5 NA ELL VvV A M E N Q H T 1 D L A D S E M N K L Y E

The hinge region is highlighted. The subtypes simulated in this study and the hinge histidines are indicated in boldface.
“For H3 subtype, both human and avian variants, denoted, respectively, as H3a and H3b in the text, have been simulated. The sequence shown in the table is
for H3a, with the sequence of H3b being different only at position 111, where Thr replaces Ala.
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triggered by the protonation of one or more histidine
residues in their structures (36-38). The involvement of
histidines in HA activation was hypothesized in 2006 by
Kampmann et al. (37), who proposed a central role for
histidines in initiating the structural transition of proteins
mediating the viral membrane fusion (the histidine-switch
hypothesis). Evidence in support of the histidine-switch hy-
pothesis has been provided for several groups of viruses that
enter the host cell in a pH-dependent manner (35,36,38-48).

Despite accumulating evidence pointing at potential
involvement of histidine side chains in functionally relevant
conformational changes of HA, such a structural role has not
been studied directly. Furthermore, and more importantly,
no mechanism at a molecular level has been offered as to
how modulation of the protonation state of histidines might
be coupled to conformational changes in the influenza virus
HA. To address these questions, this study was designed to
investigate the role of a conserved histidine in the hinge
region of HA2.

Molecular dynamics (MD) simulations have been previ-
ously used to study the HA molecule, both for the full-
length form (6,21,37) and the individual segments (e.g.,
for the fusion peptide (49)). In this study, we focus on the
pH-dependent conformational changes that might be medi-
ated specifically by the HA2 hinge region. MD simulations
were performed on the hinge region of HA2 (represented by
a short peptide consisting of the hinge region and 10 flank-
ing residues on each side). The simulations cover several
different subtypes of HA, whose structural dynamics have
been studied using different starting conformations (straight
or bent) and at different protonation states of the hinge his-
tidine. The results clearly demonstrate the effective role of
histidine protonation in triggering the low-pH-mediated
conformational changes of HA2. We provide further support
for the role of the hinge histidine as a pH sensor by repeating

TABLE 2 The summary of the simulations reported in this study
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the simulations in a designed mutant where the hinge histi-
dine is mutated to alanine. A detailed mechanistic picture
emerges from the simulations characterizing how histidine
protonation can be effectively coupled to structural changes
of HA, which we propose to be also at work in general for
helical elements in proteins.

MATERIALS AND METHODS

Simulations systems

There are 17 known subtypes of HA from influenza virus A, differing in
their amino-acid sequences. The sequences of the hinge region of all HA
subtypes are compared in Table 1. HA subtypes can be divided into two
main groups according to the position of a conserved histidine in the
HAZ2 hinge region (25), which we refer to as the hinge histidine: the first
group with the hinge histidine at position 106 and the second with the
histidine at position 111 (37,39) (Table 1), hereby referred to as the
His'% and His'"" groups, respectively. Two subtypes from each group
have been selected and simulated in this study, H1 and H5 from the
His''! group, and human and avian H3 from the His'%® group (denoted as
H3a and H3b, respectively, in Table 2). For each subtype a 26-aa peptide
encompassing the hinge region (six residues) flanked by an arm of 10 res-
idues on each side (collectively referred to as the “hinge peptide” in this
study) was used for the simulations.

Several crystallographic structures have been solved for influenza HA
and deposited in the Protein Data Bank (50). These can be structurally
divided into two distinct groups: those capturing the hinge region in a
straight helical conformation, and those in which the hinge region is
bent. The initial straight structures used here are: 1RUZ for H1 (Model 1,
M1) (51,52); 2FKO for H5 (Model 2, M2) (53); IMQM for H3b (Model
3, M3) (54); and 1HGF for H3a (Model 4, M4) (9). There are two crystal-
lographic bent structures for HA solved under acidic conditions, both for
the H3 subtype from the His'®® group, namely, IHTM (15) for H3a and
1QU1 (20) for H3b. The 26-residue hinge peptides for both bent structures
were included in the simulations here as Models 5 (M5) and 6 (M6),
respectively.

The first phase of the study consists of simulations of models with an
initially straight helical conformation (M1-M4 in Table 2). The second
phase includes simulations of the models with an initially bent

Hemagglutinin PDB Simulation Collective length Histidine Starting Final Solvation

Models subtype code repeats of simulations position Acidity conformation conformation system
Ml H1 1RUZ 10 4.5 us 111 Neutral Straight Straight Implicit
Acidic Straight Bent Implicit

M2 H5 2FKO 10 3.4 us 111 Neutral Straight Straight Implicit
Acidic Straight Bent Implicit

M3 H3b 1IMQM 10 3.2 us 106 Neutral Straight Straight Implicit
Acidic Straight Bent Implicit

M4 H3a IHGF 10 3.1 us 106 Neutral Straight Straight Implicit
Acidic Straight Bent Implicit

M5 H3a IHTM 10 3.1 us 106 Neutral Bent Straight Implicit
Acidic Bent Bent Implicit

M6 H3b 1QU1 10 3.2 us 106 Neutral Bent Straight Implicit
Acidic Bent Bent Implicit

M7 H3a IHGF 4 1.2 us 106 Neutral Straight Straight Explicit
Acidic Straight Bent Explicit

M8 H1 1RUZ 4 1.3 us 111 Neutral Straight Straight Explicit
Acidic Straight Bent Explicit

M9 H1 1IRUZ 5 1.2 us HI11A N/A Straight Straight Implicit
M10 H3a IHTM 3 0.9 us H106A N/A Bent Straight Implicit
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conformation (M5 and M6 in Table 2). The above-described systems were
first simulated using an implicit solvent model, as discussed below. To test
the sensitivity of the results to the choice of the solvent model, one subtype
from each of the His'% and His''" groups was also simulated using explicit
solvent simulations (M7 and M8, using the same initial structures as in M4
and M1, respectively). In addition, to confirm the role of the hinge histidine
in controlling of the hinge region, the hinge histidine was mutated to an
alanine and additional simulations performed. The M9 model is a mutant
hinge peptide with an initially straight structure of the H1 subtype (same
structure as in the M1 model), and the M10 model is the mutant hinge
peptide with an initially bent structure of the H3a subtype (same structure
as in the M5 model). The summary of all the simulation systems, along
with the conditions and major outcome of each simulation, is provided in
Table 2.

To mimic the effect of low pH, the hinge histidine was doubly protonated
and positively charged (38). This model is based on the predicted pK,
value of the hinge histidine (in the full-length molecule) to be ~5.7 for
HI subtype (from the His''' group) and 5.2 for H3a subtype (from the
His'* group). KARLSBERG+ (55,56) and H++ (57,58) web servers
were used for the pK, prediction and gave similar results (with a difference
of only 0.2-0.4 in pK,). In our model, the imidazole ring in the histidine
side chain carries a proton only on Ne (HSE) at neutral pH, whereas an
excess proton is added to N6 (HSP) in low pH simulations. Each of the
peptide models was constructed with either neutral (HSE) or protonated
(HSP) histidines, emulating the neutral and acidic environments, respec-
tively. The residue identifier in the HA2 chain of the HI1 subtype
(PDB:1RUZ) starts from 501. To simplify the comparison to the other
models, the residue numbering for the hinge peptide of H1 was shifted
from 595-620 to 95-120.

Simulation protocols

MD simulations were performed using NAMD 2.8 (59) with the
CHARMM27 force field (60,61). The time step was set to 1 fs. For each
system, the protocol included energy minimization, thermalization, equili-
bration, and production steps. The systems were energy-minimized for
2000 steps using the conjugate gradient algorithm (62). The number of
energy minimization steps was verified to be sufficient based on the calcu-
lation of mean velocity and total energy converging during the first 2 ns of
the following MD simulations (63). The systems were thermalized over a
period of 310 ps by means of temperature reassignment (increasing the
temperature by 1 K every 1 ps), followed by a I-ns equilibration at
310 K (64). During the equilibration and production phases of the simula-
tions, temperature was maintained at 310 K using a Langevin thermostat
with a damping coefficient of 1/ps (65). Atomic coordinates were stored
for analysis every 1 ps. Simulations were performed using two solvent
models, implicit and explicit, as described below.

HIS106

ASP112
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For the implicit solvent simulations, we used the generalized Born
implicit solvent model (66,67) with a cutoff of 30 A for nonbonded inter-
actions. Five sets of simulations for each neutral/protonated (histidine) sys-
tem were performed, each lasting for at least 300 ns. Some of the
simulations were extended to up to 1 us to ensure that the behavior captured
within the first 300 ns did not change over longer timescales (see Table 2 for
details).

For the explicit solvent simulations one model from each of the His
and His'"' groups (M7 and MBS, respectively) was tested. Four sets of
independent MD simulations were performed for each model. These
simulations were performed each for 300 ns during which the structural
change (or stability) was monitored. In the case of the simulations in which
a conformational change took place too close to the 300-ns time point, we
further extended the simulation time to ensure the stability of the final
conformation. The TIP3 model (68,69) was used for water. Long-range
electrostatic interactions were computed with the particle-mesh Ewald
method (70). A Langevin piston was used to maintain the pressure at 1
atm. The peptide models were initially positioned at the center of a water
box with at least 10 A padding on each side. The systems were neutralized
with the proper number of Na* ions. The system size was ~11,000 atoms.

106

Analysis

The software VMD (71) was used to visualize and analyze the simulation
trajectories. Root-mean-square deviation (RMSD) of the backbone heavy
atoms, radius of gyration (R,) of the peptide, and secondary structure prob-
ability of individual residues in all models were calculated and compared.
The STRIDE package (72) was used to determine the secondary structure of
individual residues. The angle between the two arms of the hinge peptide
was used to characterize the hinge bending (named as the bending angle,
0, in this study; see Fig. 2). The Ca atoms of the second last residue
from each end of the peptide (positions 96 and 119, respectively) was
used as the beginnings of the arm vectors, and the backbone nitrogen (N)
atoms of the sixth residue from each end were selected as the end point
of the vectors (positions 100 and 115, respectively).

To better establish the molecular mechanism underlying the observed
bending upon the protonation of the hinge histidine, the interactions be-
tween the residues within the peptide sequence were calculated and
compared, in terms of interaction energies and hydrogen-bond probabili-
ties, for backbone and side-chain atoms. Interresidual hydrogen-bond prob-
abilities and interaction energies were calculated for representative
trajectories. For each residue pair, probabilities for two classes of hydrogen
bonds were calculated:

1. Hydrogen bonds between the side-chain atoms (side-chain to side-
chain), and
2. Hydrogen bonds between the backbone atoms (backbone-to-backbone).

FIGURE 2 Hinge peptide model used for the
simulations reported in this study in straight (leff)
and bent (right) conformations. The example is
taken from the His'% group. The bending angle
(0) is defined between two helical arms of the hinge
peptide. The hinge histidine is shown explicitly.
(Magenta) Helical and (cyan) turn regions.
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A maximum distance of 3.5 A between the donor (D) to acceptor (A) heavy
atoms, and a D-H-A angle that deviates <30° from linearity, were used to
define hydrogen bonds. The probabilities were calculated for select systems
representing the His'? and His''" groups and in both neutral and proton-
ated hinge histidine cases. These included Model M1 from the His''! group
and Model M4 from the His'* group (first and fourth columns in Fig. 3),
and using one trajectory from the protonated set and one from the neutral
set for each model. Interresidual interaction energies were calculated for
each pair of residues (summing over the interaction energies between any
atom from one residue and any atom from the other residue) without consid-
ering the solvent/ion and entropic effects. The last 10 ns of the trajectories
described above (for the hydrogen-bond probabilities) were used for the
interaction energy estimations.

RESULTS AND DISCUSSION

The results presented below demonstrate the key role of the
hinge histidine protonation in pH-dependent conformational

His111
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changes of HA2 based on a set of MD simulations collec-
tively amounting to 25.1 us. The results will be presented
in the following four sections:

1. The bending of initially straight peptides in response to
the protonation of the hinge histidine;

2. Straightening of initially bent peptides when the hinge
histidine was neutralized;

3. The effect of substitution of the hinge histidine with a
neutral residue; and

4. A mechanistic analysis of the effect of histidine proton-
ation on the hinge region.

Bending of helical peptides at low pH

All implicit solvent MD simulations starting with an
initially straight helical structure show consistent hinge

His106
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bending in models with a protonated hinge histidine,
whereas the straight conformation is largely retained in
models with a neutral hinge histidine. In the following, we
will describe the behavior of the models from the His'"!
and His'* groups separately:

His™"" group

In the His'"' group simulations (M1 and M2 models), the
hinge region starts to bend within the first 10 ns of the simu-
lation after the protonation of the hinge histidine. These two
models reach maximal bending after ~25 and 20 ns, respec-
tively. M1 models are found to be more bent (6 < 60°) in
comparison to the M2 models (§ < 100°), but the latter
models exhibited fewer fluctuations in the bending angle
(between 40 and 90° in the M1 models, and between 60
and 110° in the M2 models; see Fig. 3). The degree of
conformational changes of the peptides at low pH is also
evident from RMSD and R, analyses. The RMSD calcula-
tion shows major changes from the initial conformation,
increasing to ~10.0 and 7.0 A in M1 and M2 models, respec-
tively, after 10 ns (see Fig. S1 in the Supporting Material).
The drop in R, indicates a decrease in the molecular dimen-
sions; R, dropped from 13.0 A in the beginning of the
simulation (after the initial 1 ns of equilibration) to ~10.0
(see Fig. S2) in both M1 and M2 models.

In contrast to low pH simulations, no significant bending
was observed in the simulations of the initially straight
peptides with a neutral hinge histidine (HSE''"), and the
structure remained linear during the simulations (average
6 = 150°, Fig. 3). The RMSD and R, values stayed rela-
tively constant throughout the simulations at ~3.5 and
13.1 A, respectively (see Fig. S1 and Fig. S2).

Explicit solvent MD simulations were performed for one
of the His''" subtypes, namely the M8 model with either
a neutral or protonated hinge histidine (each simulation
was repeated four times). The M8 model peptide uses
the same initial straight structure as in the M1 model. The
results are consistent with the larger data set obtained
from the implicit solvent simulations described above. The
MS8 models with a protonated hinge histidine reach a bent
structure in ~190-225 ns and remain bent throughout the
rest of the simulations, which were extended to 400 ns
(M8 in Fig. 4), thereby confirming the stability of the
bent structure in the presence of a protonated histidine
(6 < 90°). In contrast, no significant bending was observed
for the peptide with a neutral hinge histidine after 570 ns of
explicit solvent simulations (M8 in Fig. 4).

His™% group

Despite the different position of the hinge histidine in this
group, the implicit solvent simulations of the peptides
were from the His'® group (M3 and M4). All models
starting from a straight conformation showed bending
after 25-30 ns when the hinge histidine was modeled as a
protonated, charged species (low pH). The hinge, however,

Biophysical Journal 105(4) 993-1003
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FIGURE 4 Time series of the bending angle (¢) from the explicit solvent
simulations with a protonated/neutral (red/blue) hinge histidine. A running-
average window of 3 ns has been used.

was found to be more flexible in these models, compared to
the His''" group, with the bending angle 6 exhibiting a range
of fluctuation between 40 and 170°. The RMSD reaches a
value of ~11.0 A in M3 models and ~7.3 A in M4 models
with a dramatic increase coinciding the bending of the pep-
tide. R, was also decreased in all models from an initial
value of ~13.0 A (after the initial 1 ns of equilibration) to
9-10 A in 50-60 ns and remained constant until the end
of the simulations.

In contrast to the low pH simulations, there was no signif-
icant change in the bending angle during the simulations of
the initially straight hinge peptides with a neutral hinge his-
tidine. The peptide retains its near straight helical confor-
mation with an average 6 of 150° (M3 and M4 in Fig. 3).
The RMSD remained relatively low (3.75 A) and the Rg
was stable at ~13 A throughout the simulations, indicating
the stability of the straight conformation at neutral pH.

Explicit solvent simulations were performed for at least
300 ns for the M7 model that uses the same initial straight
helical structure as in the M4 model under either neutral
or low pH conditions with each simulation repeated 4 times.
Peptide bending started after 85-115 ns upon the proton-
ation of the hinge histidine, whereas no significant bending
was observed with a neutral hinge histidine in at least
300 ns.

The conformational response of the hinge peptide in
implicit and explicit solvent simulations is very similar;
the peptide adopts a bent conformation when the hinge
histidine is protonated, as characterized by the bending
angle 6, and the secondary structure of the hinge residues
indicating a turn conformation. The bending in explicit
water simulations is naturally associated with a larger lag
(~10x larger than that of the implicit solvent simulations),
due to the slower relaxation in the presence of explicit water
molecules.

Straightening of the bent peptide at neutral pH

In this phase of the study, the reversibility of the bending
induced by the protonation of the hinge histidine was tested.
The simulations described in this section were initiated from
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an initially bent conformation of the hinge peptide and the
conformational response to the protonation state of the
hinge histidine examined. The simulations consistently
either resulted in straightening of the peptide upon neutral-
ization of the hinge histidine, or preserved its bent con-
formation when the hinge histidine was protonated. As
mentioned in Materials and Methods, two crystal structures
of bent HA2 models obtained under acidic conditions
(M5 and M6 models) were used for this part of the study.

The starting conformation in both models was bent with
a turn secondary structure assigned to residues 106-111
(the residue 106 is the hinge histidine). A large fluctuation
in the bending angle, §, was observed during the first 150—
200 ns of both M5 and M6 simulations with a protonated
hinge histidine that eventually converged to § = 62 + 9°
in both models after 200 ns (Fig. 3). The observed stability
of the bent conformation was confirmed by the RMSD and
R, calculations, which resulted in values close to those
obtained from low pH simulations in other models, namely,
at ~7 and 11 A, respectively (see Fig. S1 and Fig. S2).
Secondary structure analysis also indicates a mostly turn
state for the hinge residues.

Conversely, in the models with a neutral hinge histidine,
the hinge peptide adopted a straight helical conformation
after 150-170 ns (Fig. 3). In M5 models, the bending angle
was increased to a stable value (average § = 150°) after
120-150 ns. Retuning to the straight conformation resulted
in RMSD increase to ~10-11 A and R, increase to ~13 Ain
both M5 and M6 models, with the latter comparable to other
models with straight helical conformations.

The results show that the process of hinge bending is
reversible upon neutralization of the hinge histidine. Kamp-
mann et al. (37) also proposed that conformational changes
in fusion proteins induced by histidine protonation might be
reversible. The changes of the bending angle during all
10 sets of the simulations for models M1-M6 (five indepen-
dent simulations for each protonation state of each model)
are compared in Fig. 3, in which the M1-M4 simulations
were initiated from a straight conformation, whereas M5
and M6 were initiated from a bent conformation.

Mutation of the hinge histidine

To further verify that the above described pH-controlled
conformational changes are related to the histidine proton-
ation, the hinge histidine in the M1 and M5 models was
mutated to an alanine, and several independent simulations
were performed on the mutants. Specifically, the two
mutated cases studied here included the M9 model with
an initially straight conformation, and the M10 model
with an initially bent conformation. In contrast to the pro-
tonated wild-type simulations, no bending was observed
for the M9 mutant in 300-ns production runs. The peptide
largely maintained its straight helical conformation, with
the bending angle indicating a close to linear conformation

999

(@ > 155°). The RMSD was ~2.9 10\, which is even lower
than the wild-type peptide with a neutral hinge histidine
(M9 in Fig. 5). In the M10 simulations, the peptide changed
from an initially bent structure to a straight helix in 28—40 ns
and remained stable for the remainder of the simulations
(M10 in Fig. 5). The phenotype observed experimentally
for the HI06A/T111A double mutant of HA2 is consistent
with our observations (43); other than a delay in structural
changes, no fusion activity was observed for this mutant.

Mechanistic analysis

Several experimental and computational studies have pro-
posed a role for histidine residues in controlling the confor-
mational changes of the proteins involved in pH-dependent
membrane fusion of viruses (73,74) as well as in nonviral
proteins (45,75-77). Using NMR measurements, Sancho
et al. (35) reported the role of histidine protonation in sec-
ondary structural changes by replacing a single histidine
in bacterial ribonuclease A (Barnase). Mueller et al. (39)
performed 80 ns of MD simulations and observed conforma-
tional changes in a flaviviral (dengue virus type 2) fusion
protein (E protein) in response to systematic protonation
of all 22 histidine residues present in the protein, whereas
no changes were observed in the model with neutral histi-
dines after 60 ns of simulation. Prakash et al. (78) reported
a switching role for histidine protonation at positions 144
and 317 in E protein of the dengue virus by a series of short
MD simulations (20 ns). Chen et al. (36) experimentally
mutated His'” in the HAI cleavage site and suggested a
role for histidine protonation in acid-induced structural
transitions of HA. Later, the histidines at positions 18 and

M9) (M10)
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FIGURE 5 The bending angle (6), R,, and RMSD of the mutant models
with the hinge histidine substituted with an alanine, starting from straight
(M9) and bent (M10) conformations.
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37 in HA1 and at positions 106, 111, and 147 in HA2 have
been suggested to cooperatively regulate the structural tran-
sitions of HA (37).

The main goal of this study was to determine whether a
conserved histidine in the hinge region of HA2 could act
as the pH sensor to detect the acidic environment of the
endosome and initiate the proper conformational response
at HA. We demonstrated this potential by neutralizing the
hinge histidine in the models with an initially bent confor-
mation and observing the relaxation of the hinge region
into a straight helical conformation. The observed phenom-
enon is indicative of the role of a neutral histidine in
conserving the helical structure of the hinge at physiological
pH, possibly by making standard » — n + 4 helical
hydrogen bonds. The behavior of the simulated mutant
peptide with the hinge histidine substituted by an alanine
also confirms that, in the absence of a charged side chain
at this position, the standard helical backbone hydrogen
bonds are dominant and stabilize the helical structure.

Although there are two major different HA groups
according to the position of the hinge histidine, in both
groups this residue is proximal to several negatively charged
residues within the sequence, e.g., E103, E105, D109, and
D112 in M1 (His''"), and E103, D109, and D112 in M4
(His'%). The protonation of the hinge histidine promotes
its attractive interaction with these residues, as reflected
by considerably stronger interresidual interaction energies
presented in Fig. 6), which result in similar bending behav-
jors in both His'®® and His''" groups.

Analysis of hydrogen-bond patterns better explains this
behavior. Upon the protonation of the hinge histidine, in
both His'% and His''' groups, the standard helical (back-
bone) hydrogen bonds were found to be broken between
most residues around the hinge histidine (fop panels in
Fig. 7), whereas new contacts form between the side chains
of the peptide, particularly between the side chains of the
charged residues with opposite charges (botrom panels in
Fig. 7). In the M4 (His106) model, the protonated histidine

M1, His111 M4, His106 Kcal/Mol

120 60
515 = 40
S " = 2
z 0
9
5105 20
& 100 0

95

95 100 105 110 115 120 95 100 105 110 115 120

Residue Number

FIGURE 6 The change in the interresidual interaction energies
(in kcal/mol) accompanying the bending of the peptide induced by the
protonation of the hinge histidine for M1 (left) and M4 (right) models.
The change is calculated by subtracting the interaction energies for the
protonated hinge histidine model from those for the neutral hinge histidine
model (see Materials and Methods). (Red/blue) Stronger/weaker interac-
tions between a residue pair.
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FIGURE 7 The change in the interresidual hydrogen-bond probabilities
(in percentage) accompanying the bending of the peptide induced by the
protonation of the hinge histidine for M1 (left) and M4 (right) models.
(Top and bottom panels) Backbone and side-chain hydrogen bonding prob-
abilities, respectively. The change is calculated by subtracting the hydrogen
bond probabilities for the protonated hinge histidine model from those for
the neutral hinge histidine model (see Materials and Methods). (Red/blue)
Decrease/increase in the chance for H-bond formation between a residue
pair.

itself forms contacts with the neighboring acidic residues,
including E103, D109, D112, and El114. In the Ml
(His''") model, several contacts form between the positively
charged residues H111, R106, and R116 and the negatively
charged residues such as E103, D109, and D112. Whereas
the protonation of the hinge histidine is the key event
controlling the overall structure of the peptide, upon the
formation of a bent structure the reduced distance between
the two helical arms allows for the formation of additional
salt bridges that further stabilize a bent configuration. For
instance, E103 and R116, which form a relatively strong
contact, can do so only in a bent peptide.

Secondary structure analysis of individual residues
(averaged over 300 ns of the simulations) in models with
a protonated hinge histidine shows a decrease in the helical
probability and an increase of turn and coil probabilities of
the peptide at positions 107-112. In contrast, an almost
completely helical structure is obtained for all the residues
in a peptide with a neutral hinge histidine (Fig. 8). Kamp-
mann et al. (37) suspected that hydrogen bonds involving
the hinge histidine as an acceptor might be perturbed upon
the protonation of this residue and that this event might
disrupt the helical structure.

Residues 106—111 of HA2 are located at a key position
for the conformational changes required for the formation
of the fusion needle, and at a critical location in the post-
fusion structure where they form the trimer of hairpins at
acidic pH (21). The results of this study, however, clearly
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FIGURE 8 Secondary structure probabilities of individual residues in the
hinge peptide: helical (pink), turn (green), and coil (blue), for peptides with
a protonated/neutral (left/right) hinge histidine, averaged over the first
300 ns of the simulations of M1 and M4 models.

show that the protonation of the hinge histidine (His'®® or
His''") in HA2 can effectively change the conformation
of the hinge peptide from a straight state to a bent one,
whereas a neutral hinge histidine is needed for inducing or
maintaining the straight structure of the hinge. Whereas
previous experimental and computational studies suspected
the involvement of histidine residues in conformational
changes of HA2, our results strongly show the role of a
specific histidine in switching the conformational changes
of HA2.

The mechanism proposed in this study can be further veri-
fied experimentally by mutagenesis studies focusing on the
effect of the removal of the hinge histidine, and possibly
recovering the effect by reintroducing this side chain at a
slightly different position. As described before, we believe
that salt-bridge interactions responsible for the formation
of the bent structure are not too sensitive to the exact
position of the hinge histidine, and we speculate that any
position within the hinge region should be able, in principle,
to accommodate the hinge histidine. Furthermore, such
mutagenesis studies can also investigate the role of acidic
residues partnering with the hinge histidine in producing
the bent structure, although in this case multiple mutations
might be needed because more than one acidic residue
seem to contribute to the effect.

CONCLUSION

The conformational response of HA to low pH conditions
is key to its proper function and to efficient viral entry
into the host cell. Nevertheless, given the complexity
of this multistep process, the molecular details of the
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process are largely unknown. Whereas the involvement
of histidine side chains have been suspected, no single
histidine has been identified to act as the main pH sensor,
and more importantly, the dynamics and the mecha-
nism of such histidine-mediated effect were completely
uncharacterized.

In this study, we try to address one of the steps involved in
the HA-mediated fusion of the influenza virus to the host
cell membrane, namely bending of the HA2 chain at a
hinge region characterized crystallographically. To test the
involvement of a conserved histidine within the hinge
region, which we dubbed the hinge histidine due to its key
role in acid-mediated bending, 73 sets of simulations were
performed on six classes of crystallographic structures
(straight or bent) of the HA2 hinge regions from various
HA subtypes amounting to a total of 25.1 us. The proton-
ation state of the hinge histidine was changed in different
simulations and the conformational response of the hinge
peptide analyzed. In all the simulations starting from an
initial straight helical conformation, the hinge adopts a
bent conformation when the hinge histidine is protonated,
whereas no significant deviation from a linear structure is
observed with a neutral hinge histidine.

Conversely, neutralization of the hinge histidine results in
straightening of initially bent structures, whereas the proton-
ation of this conserved side chain retains the bent structure
of the hinge. These results indicate a significant triggering
effect for the protonation of the hinge histidine on bending
of HA2 during the fusion process, suggesting that the
conserved hinge histidine (His'*® or His''") might play
the role of a pH sensor, at least in one of the major acid-
induced structural changes in HA.

In this study, we have focused on the hinge peptide, iso-
lated from the rest of the protein, to focus on the problem
and allow for better sampling. Whereas we expect that the
pH-dependent switching mechanism suggested by these
simulations may very likely be relevant to the full-length
structure, the conformational landscape of the hinge peptide
can be clearly influenced by its environment. The next nat-
ural step is to investigate whether and/or how the bending/
straightening conformational changes of the hinge peptide
might be influenced by the presence of the rest of the pro-
tein. As of this writing, we are expanding the scope of this
research project to study the phenomenon within the context
of the full-length protein.

Based on the results of the simulations, we offer a mech-
anistic picture in which interaction between a protonated
histidine in a helix (in response to pH drop) and neighboring
acidic side chains that remain negatively charged at mild
acidic environments can result in bending of the helix.
Given its mechanistic robustness, such a phenomenon can
be efficiently exploited in other helical proteins where a
major conformational change is induced by acidification
through a change in the protonation state of histidine side
chains.

Biophysical Journal 105(4) 993-1003
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