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ABSTRACT The pH-induced conformational change of influenza virus hemagglutinin (HA) has been investigated by calculat-
ing the change of electrostatic energy of the fragment of HA2 upon pH change. The average charge and electrostatic free
energy are calculated as a function of pH for the fusion peptide (residues 1–20 of HA2) and the polypeptide of residues 54–77 of
HA2 by using the finite difference Poisson-Boltzmann method. It is found that as pH decreases from 8 to 5, the electrostatic free
energy of the fusogenic state is lowered by ;2 kcal/mol and the fusogenic state is less ionized compared to that of the native
state for both polypeptides. For the fusion peptide at the fusogenic state, most of ionizable residues are neutral at acidic pH
except Glu-11. For the polypeptide of residues 54–77 at the fusogenic state, most of residues except Glu-74 and His-64 are fully
charged between pH 5 and pH 8.

INTRODUCTION

Infection of cell by influenza viruses is initiated by the fusion

between viral and cellular membranes. It has been reported

that the hemagglutinin (HA) protein mediates both binding

of the virus to the cell surface and the subsequent fusion

between viral and cellular membranes in the fusion process

(1,2). HA is a homotrimeric type I transmembrane protein

(3). Each 70-kDa subunit of the trimer structure is composed

of two disulfide-linked polypeptide chains, a receptor-

binding chain (HA1) and a fusogenic chain (HA2). The na-

tive HA1/HA2 complex found on the surface of the native

virus does not have a fusion activity. Once the virus binds to

its receptor on the cell surface, it is endocytosed by the cell.

The endosome produced by the process provides the acidic

environment (pH 5–6) for the virus, which can initiate the

fusion activity of the virus. After the condition within the

endosome reaches pH 5, a large conformational change

occurs in HA and then the viral membrane fuses with the

cellular membrane. Therefore, it is generally accepted that

acidic pH is the trigger of the HA fusion activity (2).

The pH-induced conformational change of HA has been

studied in detail by solving the crystal structure of HA in the

native state and the low-pH state (4–7). In the native state, as

shown in Fig. 1 A, the HA2 N-terminal fusion peptide

(residues 1–20) is buried in the hydrophobic core of the pro-

tein and fastens two helices together in a helical-hairpin

structure, which contains a short helix (residues 38–55) con-

nected to a long helix (residues 77–125) by the loop region

(residues 56–75). The pH-induced and irreversible change of

conformation in HA2 exposes the fusion peptide to the target

membrane, while directing the receptor binding domain HA1

away from the fusion site. In the low-pH conformation of the

so-called fusogenic state, as shown in Fig. 1 B, the residues

56–75 corresponding to the loop region in the native state

form an a-helix and the N-terminal residues are placed to-

ward the target membrane. The structure of the fusogenic

state was first anticipated in the spring-loaded mechanism for

activation of membrane fusion (8), in which a region folded

as a long loop in the native HA converts to a three-stranded

coiled-coil in the low-pH state. The helical residues 105–113

form a reverse turn and then the helical residues 114–129 are

jackknifed back. These two helices and the b-sheet (residues
130–133 and 137–140) generate a new hydrophobic core at

one end of the coiled-coil in the HA (6). It has been sug-

gested that the reversal in direction may displace the HA1

from the site of membrane fusion (1).

There have been many studies on the origin of the pH-

induced and large conformational change of HA. It has been

proposed that the native HA is a metastable state (2,8), which

means that the fusogenic state of HA is thermodynamically

more stable than the native state of HA. According to this

suggestion, the kinetic barrier for changing the conformation

of HA from the native state to the fusogenic state (lower

energy state) should be lowered to induce the conformational

change from the native state to the fusogenic state. It has

been also suggested that the interaction between HA1

and HA2 can act as the kinetic barrier (1–3,9). Since HA is

synthesized as a precursor HA0 in the cell and then un-

dergoes proteolytic cleavage to generate the two disulfide-

linked subunits HA1 and HA2 (1,2), the kinetic barrier

is naturally imposed during the folding of HA. Therefore, it

is believed that the drop in pH within the endosome can

weaken the interaction between HA1-HA2 and hence induce

the large conformational change of HA. Recently, it has

been reported that the full-length HA2 chain expressed in

Escherichia coli can be refolded to the fusogenic conforma-

tion at neutral pH in the absence of HA1, which provides
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metastable and that the drop in pH lowers the kinetic barrier

for rearrangement to the fusogenic conformation (3).

Although the proposition about the origin of the pH-

induced conformational change seems reasonable, there are

still unresolved questions related to the mechanism of the

conformational change, i.e., how the change of pH can lower

the kinetic barrier and what the exact nature of the kinetic

barrier is. Here, we attempt to elucidate the origin of the

conformational change upon pH change by investigating the

change of protonation state of amino acid residues of HA2

as well as the electrostatic free energy. The difference of

electrostatic free energy between the native state and the

fusogenic state are calculated as a function of pH using the

finite difference Poisson-Boltzmann method. The average

charges of ionizable residues are also calculated as a function

of pH. To reduce an enormous computational cost of the

electrostatic calculation for the whole protein, we select the

fusion peptide of residues 1–20 and the peptide of residues

54–77 of HA2 as model polypeptides, since they undergo the

largest conformational change upon pH change and then

form the central part of the coiled-coil structure of HA before

the membrane fusion.

METHODS

The generation of model polypeptides

The polypeptides of residues 1–20 and 54–77 of HA2 at the native and the

low-pH states are generated using the coordinates in the crystal structures of

HA at the native (1hgd.pdb) and low-pH (1htm.pdb) states, respectively

(5,6), and then hydrogen atoms are added to the model polypeptides using

the CHARMM program (10). The values of atom radii and charges are taken

from the all-hydrogen PARAM 22 force filed (11). The trimer structures of

model polypeptides are also generated based on the crystal structures except

the trimer of residues 1–20 at the low-pH state. Since the crystal structure of

the trimer of residues 1–20 is not determined at low pH, it is generated using

the CHARMM program (10) in such a way that the packing between helices

is maximally stabilized, where the hydrophilic residues are positioned to

form the inner face of the trimer. Although it is assumed in this study that the

peptide of residues 1–20, the fusion peptide, is perfectly helical at pH 5, the

helical model of the fusion peptide has been reported for several studies

(12–14). Han et al. showed that the fusion peptide is almost helical at pH 5

except a kink near Asp-12 (12). Efremov et al. showed that the lowest energy

state of the fusion peptide was a-helical and was absorbed on the bilayer in

oblique orientation with its N-terminus immersed in the hydrocarbon region

of the membrane (13). Bechor and Ben-Tal used the helical model of the

fusion peptide for calculating the interactions of the fusion peptide with lipid

bilayers (14). Up to date, there have been no structural data for the trimer

structure of the fusion peptide at pH 5 before insertion into lipid bilayer.

However, it should be noted here that the fusion peptide forms the helical

structure at pH 5 and that it is the part of the coiled-coil of the fusogenic HA2

at pH 5. Therefore, it is likely that the trimer of the fusion peptide also forms

a coiled-coil structure, as suggested by this study.

Hence, the peptide trimer generated by a perfect helical model of fusion

peptide is used for calculation of electrostatic energy in this study. The

model peptides used in this study are shown in Fig. 2.

The calculation of electrostatic free energy and
average charge

The change of electrostatic free energy as a function of pH is calculated

according to the method developed by Yang et al. (15,16). If a protein has N

ionizable residues, a given ionization state n, where n ¼ 1 to 2N, can be

defined in terms of the vector dn(i) with i ¼ 1 to N, where dn(i) is 0 when the

group i is neutral and 1 when it is charged. A reference state of zero free

energy is defined as the state corresponding to all ionizable groups in their

neutral form. The pH-dependent free energy of the nth state in the protein

DGn is given as

DG
n ¼ 2:3 kT+

N

i¼1

dnðiÞgðiÞðpH� pKa
0

i Þ1 +
N

i¼1

dnðiÞDGi

1 +
N�1

i¼1

+
N

j¼i11

dnðiÞdnðjÞDGij ; (1)

where pKa0i is pKa of an isolated amino acid in solution,DGi is the change in

electrostatic energy of charging an amino acid in the protein when all other

ionizable residues are in their neutral state relative to the same charging

process of the isolated amino acid in water, DGij is the electrostatic

interaction between residues i and j in their charged state, and g(i) ¼ �1 or

1 for an acidic and basic residue, respectively. The total free energy of

ionizable residues of a folded protein can be obtained from the statistical

mechanical expression

FIGURE 1 (A) Crystal structure of the native state of HA (1hgd.pdb). (B)

Crystal structure of the fusogenic state of HA (1htm.pdb). The structures of a

HA2 segment at both states are also shown, where the numbers indicate the

residues of HA2 segment.
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DGion ¼ �kT lnðZÞ; (2)

where Z is the partition function for 2N ionization states of the folded protein

Z ¼ +
2
N

n¼1

exp½�DG
n
=kT�: (3)

Therefore, the difference of free energy between the native state and the

fugogenic state can be written as

DGnative/fusogenic ¼DGneutral 1DGionðfusogenicÞ
� DGionðnativeÞ

¼ DGneutral 1DDGion; (4)

where DGneutral is the free energy difference between the native state and

the fusogenic state when all residues are in neutral form. Only DDGion is

pH-dependent. The more details are well described in the references by

Yang et al. (15,16). The electrostatic energies in the above equations are cal-

culated using the finite difference Poisson-Boltzmann method implemented

in the PBEQ of CHARMM (10).

RESULTS

First, the difference of electrostatic free energy between the

native state and the fusogenic state as well as the average

charge of ionizable residue are calculated as a function of pH

for the fusion peptide trimer of residues 1–20. As shown in

Fig. 3, the polypeptide trimer of residues 1–20 shows a sharp

transition of DDGion between pH 5 and pH 8. DDGion

decreases sharply as pH changes from 8 to 5, which dem-

onstrates that the fusogenic state favors a low pH condition,

whereas the fusogenic state is less ionized between pH 5 and

pH 8, as shown in the profile of total charge of Fig. 3 A.

When the average charges of each residue of the fusogenic

state and the native state are plotted against pH in Fig. 3 B
and C, respectively, it is realized that ionizable residues show
different ionization behavior depending upon their environ-

ment. In the helical structure of the fusogenic state, most of

ionizable residues are neutral at acidic pH except Glu-11.

Glu-11 is ionized in entire pH range examined because the

ionized form of Glu-11 is stabilized by the attractive inter-

action with N-terminal. Since Glu-11, Glu-15, and Asp-19

are located in the same face of helix, as shown in Fig. 2 A, the
electrostatic repulsion between them becomes larger when

they are all ionized. Therefore, it seems that Glu-15 and Asp-

19 are not ionized to avoid the repulsive interaction. In the

native state where the fusion peptide has looser structure than

the helical structure of the fusogenic state, Glu-11 and Glu-

15 become partially ionized at neutral pH, whereas Asp-19 is

not ionized in all pH range examined.

For the polypeptide trimer of residues 54–77, the differ-

ence of electrostatic free energy between the native state and

the fusogenic state as well as the average charge of ionizable

residue are also calculated as a function of pH, as shown in

Fig. 4. DDGion decreases sharply as pH decreases from 8 to

5, whereas the fusogenic state is less ionized between pH 5

and pH 8, as can be seen in the profile of total charge of Fig.

4 A. In the fusion peptide, there are only three acidic residues
and they are positioned repeatedly every fourth residue,

which makes a hydrophilic face in the helical structure.

However, in the polypeptide of residues 54–77, there are six

acidic residues and six basic residues, and, moreover,

hydrophobic and hydrophilic residues are positioned in a

repeating heptad pattern (8). Because the different types of

FIGURE 2 Monomer and trimer

structures of the model peptides. The

side chain of acidic residue is colored as

red, and the side chain of basic residue

is colored as blue. (A) The structure

of fusion peptide (residues 1–20). The

structures of monomer and trimer of the

native state are based on the crystal

structure (1hgd.pdb). The structure of

monomer of the fusogenic state is first

generated as a perfect helix and then the

trimer structure is generated by maxi-

mizing the interaction between three

helices with three ionizable residues

(Glu-11, Glu-15, and Asp-19) directing

inward. (B) The structures of the poly-

peptide of residues 54–77: The struc-

tures of monomer and trimer of the

native and fusogenic states are based on

the crystal structure (1htm.pdb).
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negatively or positively charged residues are positioned less

periodically in the polypeptide of residues 54–77 than in the

fusion peptide, it is difficult to predict the ionization behavior

of ionizable residues in the polypeptide of residues 54–77

compared to the fusion peptide. As shown in Fig. 2 B, both

acidic and basic residues make an outer hydrophilic surface

in the fusogenic state of the polypeptide of residues 54–77,

and besides, the acidic and basic residues make extensive

contact with each other, which seems to stabilize the ionized

form of the residues due to the attractive electrostatic inter-

action. In the fusogenic structure of the polypeptide of res-

idues 54–77, Glu-74 is not ionized in the entire pH range

examined in this study, whereas His-64 becomes neutral at

pH 9 as pH increases, as can been in Fig. 4 B. This is because
there is no positively charged basic residue near Glu-74, as

shown in Fig. 2 B, which may stabilize the charged form of

Glu-74, and because Glu-74 may have repulsive interaction

with Glu-69 of the nearest helix in the trimer structure, as

shown in Fig. 4 B, if Glu-74 is charged. In the native

structure of the polypeptide of residues 54–77, only Glu-72

shows a change of ionization state with pH, as can been in

Fig. 4 C. Interestingly, when the above calculation is per-

formed for the polypeptide monomer of residues 54–77 (data

not shown), the polypeptide monomer of the fusogenic

state shows an ionization behavior totally different from the

polypeptide trimer, i.e., the polypeptide monomer of the

fusogenic state does not favor a low pH condition, whereas

there is no significant difference of ionization behavior be-

tween the polypeptide monomer and the trimer at the native

state. Therefore, it is inferred that the electrostatic interaction

between different helices in the polypeptide trimer may also

play an important role to induce the low-pH-induced tran-

sition of HA2 conformation. It should be noted here that

electrostatic free energies in Figs. 3 and 4 are positive.

However, considering that DGneutral is negative, an unfavor-

able electrostatic contribution to the total free energy can be

compensated. Although an exact calculation of DGneutral is

not easy, one can estimate the value of DGneutral approx-

imately by calculating nonpolar potential energies of bond

stretching, angle bending, dihedral, and van der Waals en-

ergies. When nonpolar potential energies are calculated by

using the CHARMM22 force field, it is found that DGneutral

for the trimers of residues 1–20 and residues 54–77 are

�117.72 kcal/mol and �213.44 kcal/mol, respectively.

Here, it is interesting to compare the results of the current

calculation with the experimental results of Carr and Kim

(8). We calculated the difference of stability between the

native state and the fusogenic state of HA2 fragment based

on the known three-dimensional structure of HA2, whereas

Carr and Kim synthesized peptides of LOOP-36 (residues

54–89 of HA2) and LOOP-52 (residues 38–89) and analyzed

thermodynamic properties of peptides at various pHs and

temperatures. According to their results, LOOP-36 is highly

helical and trimeric at pH 4.8, whereas it is random coiled

and monomeric at pH 7.2. Furthermore, a longer peptide,

LOOP-52, forms a trimer more readily than does LOOP-36

and is more stable at pH 4.8 than at pH 7.0 (a transition

midpoint, Tm ¼ 52� at pH 7.0 and Tm ¼ 72� at pH 4.8). Our

calculation also shows that the helical state of monomer of

residues 54–77 is not favored at lower pH. For the trimer

FIGURE 3 Electrostatic free energy and charge of the fusion peptide

trimer of residues 1–20 as a function of pH. (A) The difference of electro-

static free energy between the fusogenic and native state (DDGion ¼
DGion

fusogenic � DGion
native) and the total charges of the fusogenic and native state

as a function of pH. (B) The charges of ionizable residues at the fusogenic
state as a function of pH. (C) The charges of ionizable residues at the native

state as a function of pH.
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structure, however, the fusogenic state of residues 54–77

becomes more stable as pH decreases.

DISCUSSION

Recently, it has been suggested that HA2 has the fusogenic

conformation at neutral pH in the absence of HA1 and that a

low pH is only required to remove the kinetic constraint pre-

venting the HA2 from forming the fusogenic structure (3,9).

When the crystal structure of native HA is compared with

that of the fusogenic HA, it seems that an extensive contact

between HA1 and HA2 acts as the kinetic constraint.

Especially, in the structure of the native state, extensive

interactions are apparent between the loop region of HA2

and its corresponding HA1 subunit, and, moreover, the

native HA may be stabilized by the fusion peptide, which

makes significant hydrophobic interactions in the core of the

native structure (8). Then, one may have a question: How

does a low-pH affect the kinetic constraint? Chen et al. (17)

answered this question by analyzing the crystal structure of

uncleaved precursor HA0 and by comparing it with the

cleaved HA (HA1/HA2). According to their explanation,

FIGURE 4 Electrostatic free energy and charge of the

polypeptide trimer of residues 54–77 as a function of pH.

(A) The difference of electrostatic free energy

between the fusogenic and native state (DDGion ¼
DGion

fusogenic � DGion
native) and the total charges of the fusogenic

and native state as a function of pH. (B) The charges of

His-64, Glu-69, and Glu-74 at the fusogenic state as a

function of pH. Other ionizable residues are fully charged

in the pH range examined in this study. The image shows

that Glu-74 in one helix is very close to Glu-69 of the

nearest helix, where carbond, hydrogen, nitrogen, and

oxygen are colored as gray, white, blue, and red, respec-

tively. (C) The charges of ionizable residues at the native

state as a function of pH. All the residues except Glu-72 are

not represented in this figure since the residues are

negatively or positively charged in the whole pH range

examined in this study.
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there is a cavity in HA0 consisting of ionizable residues (His-

17 of HA1; Asp-109, Asp-112, and Lys-117 of HA2), and

after the cleavage of HA0 into HA (HA1/HA2), the fusion

peptide moves into the cavity due to attractive interactions

between newly formed N-terminal of the fusion peptide and

negatively charged residues in the cavity. Consequently, they

proposed that the movement of the fusion peptide into the

cavity containing ionizable residuesmay set a low-pH trigger,

since pH can change the ionization state of ionizable residues

in the cavity and thereby the fusion peptide is destabilized in

the cavity at low pH due to both the charge-charge repulsion

between positively charged residues and N-terminal of the

fusion peptide and the loss of hydrogen bond between ioniz-

able residues and backbone of the fusion peptide.

It shouldbenotedhere that thedisplacement ofHA1fromthe

fusion site is accompanied with the conformational change

from native HA2 to fusogenic HA2, which means that these

two changes are coupled (1). When pH in endosome drops

abruptly from 7 to 5, it is likely that the native HA2 is

destabilized significantly due to unfavorable electrostatic

interaction, whereas the interaction between HA1 and HA2 is

also largely weakened. Our results show that the electrostatic

free energy of the fusogenic state of HA2 fragments is lower

than that of the native state of HA2 fragments at low pH.

Although the effect of pH on the stability of HA2 is considered

only for the fragment of HA2 in this study, the free energy

difference between the native state and the fusogenic state may

becomemore important if the entire structure of hemagglutinin

is considered. When potential energies of native and fusogenic

hemagglutinin are calculated using the CHARMM 22 force

field by setting dielectric constant at unity and by assuming that

all ionizable residues are charged at high pH and that only Glu

and Asp residues are neutral at low pH, it reveals that the

potential energy of the native HA2 is higher at low pH than at

high pH by 6000 kcal/mol and the interaction energy between

HA1 and HA2 is weaker at low pH than at high pH by 2000

kcal/mol. This provides a qualitative estimation of the effect of

pH on the free energy of the entire hemagglutinin. If full

electrostatic calculation for the entire hemagglutinin is per-

formed, the exact charge distributions at high and low pH can

be obtained and therefore the effect of pH on the conforma-

tional change of hemagglutinin can be explained more clearly.
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