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Abstract Membrane fusion is not spontaneous. Therefore, enveloped viruses
have evolved membrane-fusion mediating glycoproteins that, once activated,
refold, and release energy that fuses viral and cellular membranes. The influenza A
virus hemagglutinin (HA) protein is a prototypic structural class I viral fusion
glycoprotein that, once primed by proteolytic cleavage, is activated by endosomal
low pH to form a fusogenic ‘‘leash-in-grooves’’ hairpin structure. Low-pH induced
HA protein refolding is an irreversible process, so acid exposure in the absence of
a target membrane leads to virus inactivation. The HA proteins of diverse influ-
enza virus subtypes isolated from a variety of species differ in their acid stabilities,
or pH values at which irreversible HA protein conformational changes are trig-
gered. Recently, efficient replication of highly pathogenic avian influenza (HPAI)
viruses such as H5N1 in avian species has been associated with a relatively high
HA activation pH. In contrast, a decrease in H5N1 HA activation pH has been
shown to enhance replication and airborne transmission in mammals. Mutations
that alter the acid stabilities of H1 and H3 HA proteins have also been discovered
that influence the amantadine susceptibilities, replication rates, and pathogenicities
of human influenza viruses. An understanding of the role of HA acid stability in
influenza virus biology is expected to aid in identifying emerging viruses with
increased pandemic potential and assist in developing live attenuated virus vac-
cines. Acid-induced HA protein activation, which has provided a paradigm for
protein-mediated membrane fusion, is now identified as a novel determinant of
influenza virus biology.
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1 Introduction

The influenza A viruses are negative-strand RNA viruses of the Orthomyxoviridae
family. They encode a variety of proteins from eight gene segments (Shaw and
Palese 2013): PB2, PB1, PA, HA, NP, NA, M, and NS. The HA and neuraminidase
(NA) envelope glycoproteins and the M2 ion channel are embedded in the host
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cell-derived viral membrane. Internal proteins include the M1 matrix protein, the
polymerase proteins (PB1, PB2, and PA), the nucleoprotein (NP), and the NEP/
NS2 protein. Nonstructural accessory proteins include NS1 and the more recently
discovered proteins PB1-N40 (Wise et al. 2009), PA-X (Jagger et al. 2012), PB1-
F2 (Chen et al. 2001), M42 (Wise et al. 2012), NS3 (Mohammed Selman et al.
2012), and PA-N155 and PA-N182 (Muramoto et al. 2013).

Diverse influenza A viruses circulate in a reservoir of wild aquatic birds
including 16 HA and 9 NA subtypes (Krauss and Webster 2010). Two additional
HA (H17 and H18) and NA (N10 and N11) subtypes have recently been dis-
covered in influenza viruses isolated from bats (Tong et al. 2012, 2013). Avian
influenza viruses occasionally infect non-avian species including humans, causing
limited outbreaks or global pandemics (Russell and Webster 2005). The replica-
tion efficiency, transmissibility, and pathogenicity of a given influenza virus in a
particular host depend on multiple viral and host factors (Salomon and Webster
2009; Belser et al. 2010; Fukuyama and Kawaoka 2011; Sorrell et al. 2011). The
focus of this review is on the role of the HA protein in viral entry and influenza
virus biology with a focus on the acid stability of the HA protein. The HA protein
is a prototypic structural class I viral fusion glycoprotein that is triggered by low
pH in the endosome to undergo irreversible conformational changes that cause
membrane fusion. The HA proteins from circulating viruses differ in the pH
required for fusion activation, and recent studies identify HA acid stability as one
of several important factors in the interspecies adaptation and evolution of influ-
enza A viruses.

2 Molecular and Cell Biology of the HA Protein

2.1 Hemagglutinin (HA) Protein Synthesis and Maturation

As with the other influenza viral genes, HA mRNA is transcribed in the nucleus
and exported to the cytoplasm (Shaw and Palese 2013). The HA0 precursor protein
is a type I integral membrane protein. HA0 contains an N-terminal signal sequence
(which targets protein synthesis to the ER before being cleaved and released), an
*513-residue ectodomain, an *27-residue transmembrane (TM) domain, and an
*11-residue cytoplasmic tail (CT) (Fig. 1). In the presence of chaperones in the
ER, HA0 monomers are extensively folded and form intramolecular disulfide
bonds before forming a noncovalently linked homotrimeric complex (Copeland
et al. 1988). N-linked glycosylation contributes to protein folding in the ER
(Hebert et al. 1995). As the HA protein trafficks intracellularly to the cell surface,
N-linked glycosylation sites undergo maturation and free cysteine residues in the
TM domain and CT are acylated with fatty acids (Naeve and Williams 1990; Veit
et al. 1991; Steinhauer et al. 1991b).
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The HA0 precursor protein is incapable of causing membrane fusion, and
proteolytic cleavage into an HA1/HA2 complex is required to prime the protein
into a fusion-competent form (Steinhauer 1999). The HA0 proteins from HPAI
viruses contain a polybasic (arginine and lysine) cleavage site with an R-X-R/K-R
sequence that is recognized intracellularly in the trans-Golgi network by ubiqui-
tously expressed subtilisin-like enzymes such as furin and PC6 (Garten et al. 1981;
Webster and Rott 1987; Vey et al. 1992; Stieneke-Gröber et al. 1992). For human
and low pathogenic avian influenza (LPAI) viruses, HA0 is cleaved extracellularly
by soluble trypsin-like proteases including tryptase Clara (Kido et al. 1992), mini-
plasmin (Murakami et al. 2001), and ectopic anionic trypsin I (Towatari et al.
2002). More recently, cell-associated serine proteases have also been discovered to
cleave monobasic HA0 proteins including TMPRSS2, human airway trypsin-like
(HAT) protease (Böttcher et al. 2006), and TMPRSS4 (Chaipan et al. 2009).
MSPL and TMPRSS13 serine proteases have been found to cleave HA proteins
from HPAI isolates (Okumura et al. 2010).

2.2 Virus Assembly and Budding

At the plasma membrane, the HA and NA glycoproteins associate with lipid rafts
while the M2 ion channel is largely excluded (Takeda et al. 2003; Leser and Lamb
2005). Lipid rafts are variable-sized regions of the plasma membrane enriched
with cholesterol and sphingolipid (Lingwood and Simons 2010) that serve as a
platform for virus assembly and budding (Suomalainen 2002; Rossman and Lamb
2011) before M2-mediated scission (Rossman et al. 2010). The NA protein desi-
alyates cellular and viral glycoconjugates, enabling efficient release of progeny
virions from the host cell and preventing HA-mediated virion–virion aggregation
(Compans et al. 1969; Palese et al. 1974). Efficient influenza virus replication
appears to require an optimal balance between HA receptor-binding and NA
receptor-destroying activities, which can be disturbed by reassortment, interspe-
cies transmission, or NA-inhibitor treatment [reviewed in (Wagner et al. 2002)]. A
role for NA enzymatic activity in HA-mediated membrane fusion has also been
described (Huang et al. 1980). Inhibition of NA activity decreases the pH required
to activate the HA proteins of some H5N1 isolates (Reed et al. 2010), and the

Fig. 1 Alignment of HA protein sequences with key features identified. Residues are identified
by H3 numbering above the alignment and real numbering (starting with methionine 1) to the
right of the sequences. Alpha helical—(cylinders) and beta strand—(arrows) secondary structures
are included above the alignments. Both prefusion and postfusion secondary structures are shown
in HA2 (they are equivalent in HA1). Fusion (red), esterase (yellow), and receptor-binding (blue)
subdomains are color-coded in the secondary structures. Signal peptide, fusion peptide,
transmembrane (TM), and cytoplasmic tail (CT) regions are also identified. Residues governing
HA acid stability (Table 1) are identified in the primary sequence by yellow boxes. Sequences are
from A/Aichi/2/68/X-31 (H3N2), A/Shanghai/02/2013 (H7N9), A/California/04/2009 (H1N1),
and A/Vietnam/1203/04 (H5N1)

b
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absence of the NA protein results in decreased membrane fusion by an H1N1 HA
protein (Su et al. 2009). The influence of NA activity on membrane fusion activity
may be limited to specific isolates and its mechanism is unknown, although it may
include destabilizing the HA protein via modification of HA glycosylation sites.

2.3 HA Protein Prefusion Structures

X-ray crystallographic structures of bromelain-released HA ectodomain from A/
Aichi/68 (H3N2) in its HA0 uncleaved form (Chen et al. 1998) and its fusion-
primed HA1/HA2 form (Wilson et al. 1981) reveal at atomic resolution the pre-
fusion conformation of this prototypic structural class I viral fusion protein
(Fig. 2a). Tethered to the viral envelope is the more highly conserved fusion (F)
domain (also known as stalk or stem). The F domain is trapped in a high-energy
conformation in part by the presence of the membrane-distal globular receptor-
binding domain (RBD) head domains. The RBD consists of receptor-binding and
vestigial esterase subdomains (identified in Fig. 1) that were most likely inserted
into a primordial F protein during the virus’ evolution (Rosenthal et al. 1998). The
immunodominant, poorly conserved RBD head is directed toward target cells and
contains the receptor-binding pocket (R.B.P.) and most of the major antigenic sites
(Wiley et al. 1981). The long, fibrous F domain has at its core a 54-residue triple-
stranded coiled coil (helices C and D) that is flanked by spring-loaded B loops, A
helices, and membrane-proximal regions (Fig. 2b). The prefusion HA0 and HA1/
HA2 structures are superimposable with the exception of five residues upstream of
the cleavage site and the first 12 residues of the fusion peptide located near the
base of the molecule. In uncleaved HA0, these 17 residues form a prominent loop
that is protease-accessible (Chen et al. 1998); whereas, in cleaved HA1/HA2 the
fusion peptide tucks into a pocket formed by residues from HA1 and the HA2 D
and A helices (Wilson et al. 1981).

X-ray crystal structures have been determined for bromelain-released and bac-
ulovirus-expressed HA1/HA2 and HA0 prefusion structures from numerous influ-
enza A viruses including those isolated from humans (H1N1, pH1N1, H2N2, H3N2,
H5N1, H7N7, H7N9), avians (H1, H2, H3, H5, H7, H13, H16), swine (H1, H9), and
bat (H17). Despite amino-acid sequence identity of less than 50 %, the structures
across subtypes are highly conserved (RMSD values of * 1 Å within domains) and
can be classified into two structural/antigenic groups (Air 1981; Nobusawa et al.
1991; Gamblin and Skehel 2010): group 1 (H1, H2, H5, H6, H8, H9, H11, H12, H13,
H16, and H17) and group 2 (H3, H4, H7, H10, H14, and H15). The main differences
between group 1 and 2 HA structures are (a) an *20� axial rotation and *4 Å
displacement of the globular RBD head atop the central coiled coil in the stalk and
(b) the sharpness of the turn of the B loop back toward the base of the C helix (Ha
et al. 2002). These differences have been ascribed to differences in HA1 residue 107
(in the 110 helix of the vestigial esterase domain), residues 63 and 75 in the HA2 B
loop, and residue 88 in the HA2 C helix (Ha et al. 2002).
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2.4 H3 Numbering Convention

HA protein structure and function are highly conserved across subtypes despite
substantial differences in primary amino-acid sequence and numbering. To facil-
itate the description of significant residues (e.g., residues in the R.B.P. or those
altering HA acid stability), HA residues are conventionally identified using ‘‘H3
numbering.’’ H3 numbering derived from the first HA structure of A/Aichi/68
(H3N2) (Wilson et al. 1981) is described in Fig. 1 and will be used throughout this
review.

Fig. 2 Structural changes in the HA protein after low-pH induced activation. a Prefusion HA1/
HA2 trimer with HA1 shown in magenta and HA2 secondary structural elements shown in
multiple colors. The receptor-binding pocket (R.B.P.) is located in the membrane-distal head
domain and the metastable fusion domain is located in the membrane-proximal stalk. b Prefusion
HA2 trimer shown without HA1 residues. c Postfusion HA2 trimer showing changes in secondary
and tertiary structure after acid-induced irreversible protein refolding. In each panel, two
protomers are colored gray. Figure adapted from (Bullough et al. 1994) using A/Aichi/2/68/X-31
(H3N2) protein data bank structures 1HGF and 1QUI
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2.5 Influenza Virus Internalization into a New Host Cell

After virus egress and HA priming by cleavage, an infectious progeny virion is
poised to invade a new host cell. During influenza A virus entry, the HA protein
binds host cell receptors containing sialic acid, or N-acetyl-neuraminic acid (Weis
et al. 1988; Chu and Whittaker 2004). It should be noted that A/WSN/33 (H1N1) has
been shown to enter cells in the absence of sialyated N-glycans by a dynamin-
dependent mechanism (de Vries et al. 2012) and the HA protein from a recently
discovered H17N10 bat virus does not bind sialic acid-containing receptors (Tong
et al. 2012; Sun et al. 2013). In general, the HA proteins from human-adapted viruses
preferentially bind to a(2,6)-linked sialosides while those from avian viruses tend to
prefer those with an a(2,3) linkage (Matrosovich et al. 2009). As few as one amino-
acid mutation in the R.B.P. can switch receptor-binding specificity (Rogers et al.
1983; Matrosovich et al. 2000) and, in turn, can alter the tropism, host range, and
pathogenicity of an influenza virus (Belser et al. 2010; Fukuyama and Kawaoka
2011; Sorrell et al. 2011). Receptor binding triggers internalization of the virion into
the host cell (Rust et al. 2004), which can occur via clathrin-mediated or clathrin-
independent endocytosis (Sieczkarski and Whittaker 2002; Lakadamyali et al. 2006)
or by macropinocytosis (de Vries et al. 2011; De Conto et al. 2011).

2.6 Acid-induced Activation of the HA Protein

Once internalized, an influenza virus trafficks through the endosomal network
(Lakadamyali et al. 2004; Sun and Whittaker 2013). Within 5 min, endocytosed
material is exposed to pH 6.5–6.0 in early endosomes and then is slowly acidified
(over 30–40 min) to pH 5.5–5.0 in late endosomes and pH 5.0–4.6 in lysosomes
(Mellman et al. 1986; Cain et al. 1989; Grove and Marsh 2011). Exposure to low pH
triggers fusion-primed HA1/HA2 to undergo irreversible conformational changes
that cause membrane fusion in the presence of target membranes or virion inacti-
vation in the absence of target membranes (Skehel and Wiley 2000). While the
biological trigger for HA activation is low pH, the native protein is trapped in a
metastable (high-energy) conformation and its activation energy barrier can also be
overcome in vitro by other mild destabilizing agents such as heat and the denaturant
urea (Scholtissek 1985; Ruigrok et al. 1986; Carr et al. 1997). Human H1, H2, and
H3 HA proteins from twentieth century pandemics were found to be activated and
cause membrane fusion at pH values of 5.0–5.2 (Hoekstra and Klappe 1993;
Galloway et al. 2013), leading to the classical view that HA-mediated membrane
fusion takes place in late endosomes (Grove and Marsh 2011; Sun and Whittaker
2013). However, broader surveys that include avian and swine isolates have shown
that HA activation pH values range from pH 4.6 to 6.0 (Scholtissek 1985; Galloway
et al. 2013). This raises the possibility that isolates with relatively high activation
pH values may cause membrane fusion in early endosomes, as has been proposed
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for HPAI H5N1 viruses (Reed et al. 2010; DuBois et al. 2011b). The pH values of
endocytic compartments may also vary between host species, tissues, and
individuals.

2.7 Low-pH-induced Structural Changes

Several large-scale structural changes occur during HA protein refolding (Fig. 2).
Upon reaching a threshold pH, protonation appears to induce deformations in the
RBD and relax the B loops at the top of the stalk (Xu and Wilson 2011). Next, the
RBD protomers dissociate from each other and the stalk (Bottcher et al. 1999;
Huang et al. 2002) with the overall fold within the RBD domains remaining intact
(Bizebard et al. 1995; DuBois et al. 2011a). Solvent penetration into the stalk
induces conformational changes within the central helices (Xu and Wilson 2011).
Meanwhile, dissociation of the RBDs from the stalk enables the B loops to spring
out and extend the central coiled coil from helix C through helix A, an energet-
ically favorable process (Carr and Kim 1993) that propels the fusion peptide
harpoon toward the target membrane (Bullough et al. 1994; Huang et al. 2003).
This prehairpin intermediate is topologically reminiscent of those formed by fel-
low structural class I viral fusion glycoproteins from HIV gp41 (Chan and Kim
1998) and the paramyxovirus F protein (Russell et al. 2001). Subsequently, HA2
residues 106–112 switch from a coiled coil to a reverse turn (Wilson et al. 1981;
Bullough et al. 1994). This allows the membrane-proximal ‘‘leash’’ region to
zipper up in the grooves of the central coiled coil in an antiparallel orientation,
juxtaposing the TM domains and fusion peptides (Fig. 2c).

2.8 Membrane Fusion

Membrane fusion is not spontaneous and requires energy. Energy barriers that must
be overcome for membrane fusion include (a) bringing together two membranes
containing repulsive charges; (b) inducing lipid curvatures and deformations to
form a hemifusion stalk; (c) in some cases, forming a hemifusion diaphragm; and
(d) forming and expanding a fusion pore to allow mixing of contents (Cherno-
mordik and Kozlov 2008; Martens and McMahon 2008). The two fusing mem-
branes are brought into proximity first by high-avidity binding of multiple trimeric
HA proteins to the host cell. Additionally, HA protein refolding juxtaposes target-
membrane interacting fusion peptides with viral-envelope spanning TM domains
(Durrer et al. 1996; Chen et al. 1999). Formation of the leash-in-grooves hairpin by
the HA protein helps drive lipid mixing and hemifusion (Borrego-Diaz et al. 2003;
Park et al. 2003). Similarly, the energy released by six-helix bundle formation in
HIV gp41 and paramyxovirus F is coupled to the work of membrane fusion
for those other class I fusion proteins (Melikyan et al. 2000; Russell et al. 2001).
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Lipid packing is also disturbed by penetration into the host cell membrane by the
fusion peptide, which adopts a bent ‘‘boomerang’’ structure (Han et al. 2001). The
presence of the TM domains helps to break the hemifusion stalk or diaphragm
(Melikyan et al. 1995; Armstrong et al. 2000). Finally, continued HA protein
refolding outside the initial contact zone is necessary for fusion pore expansion that
is sufficient for delivery of the viral RNA and internal structural proteins into the
cytosol of the host cell (Leikina et al. 2004).

2.9 Amino-acid Residues Influencing HA Acid Stability

Over 70 mutations in H1, H2, H3, H5, and H7 HA proteins have been discovered
that alter the pH at which the HA protein is triggered to undergo its irreversible
conformational changes and cause membrane fusion (Table 1). Residues deter-
mining HA acid stability are located throughout the sequence (Fig. 1) and structure
(Fig. 3). In general, the mutations are located in regions of the HA molecule that
undergo dramatic changes in secondary and tertiary structure during the prefusion
to postfusion transition (Wilson et al. 1981; Daniels et al. 1985; Bullough et al.
1994; Thoennes et al. 2008). As activation pH-altering mutations have not altered
substantially the backbone structures of human H3N2 (Weis et al. 1990), avian
H5N1 (DuBois et al. 2011b; Xiong et al. 2013; Zhang et al. 2013; de Vries et al.
2014), and human H2N2 (Xu and Wilson 2011) HA proteins in the prefusion
conformation, acid stability mutations may in general exact their greatest influence
on protein folding intermediates.

Pioneering work to identify HA acid stability mutants involved the selection of
amantadine-resistant viruses that had elevated activation pH values (Daniels et al.
1985). These mutations were later mapped to four structural regions (Bullough et al.
1994): (1) the fusion peptide and its pocket; (2) helix A and loop B packing against
the spring-loaded long CD helix; (3) the HA2-HA1 interface between the RBD
esterase subdomain, helix C, and loop B; and (4) the HA1-HA1 interface between
RBD protomers. Mapping the locations of the expanded list of acid stability
mutations adds three more structural regions (Fig. 3): (5) near and in the R.B.P.; (6)
at the interface of RBD and esterase subdomains; and (7) in the membrane-proximal
region. Furthermore, it is likely that mutations in the TM domain (Zhou et al. 2013)
and cytoplasmic tails may also influence the energy required for HA protein acti-
vation, just as has been reported for other structural class I viral fusion proteins from
retroviruses and paramyxoviruses (Li et al. 2001; Tong et al. 2002; Waning et al.
2004). Some combinations of acid stability mutations are additive while others or
not (Steinhauer et al. 1996), consistent with multiple structural transitions occurring
during HA protein refolding. A great variety of acid stability mutations have been
shown to be functionally equivalent with respect to amantadine resistance (Daniels
et al. 1985). It has been hypothesized, but has not yet been demonstrated, that acid
stability mutations are also functionally equivalent with respect to other biological
properties (Zaraket et al. 2013a, b).
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Table 1 Mutations altering the activation pH of the influenza A virus HA protein

H3
#a

Sub-
type

Mutation and change in
activation pH

Regionb Reference

171 H3N2 H17R (+0.6), H17A (0.4),
H17Q (+0.25), H17Y
(-0.3)

1 Daniels et al. (1985), Steinhauer
et al. (1996), Lin et al. (1997),
Thoennes (2008)

171 H5N1 Y17H (+0.4) 1 Reed et al. (2009), Zaraket et al.
(2013a)

181 H5N1 H18Q (-0.3) 1 Reed et al. (2009), Zaraket et al.
(2013a)

321 H7N1 R32G (+0.2) 2 Daniels et al. (1985)

451 H5N1 K45D (-0.1) 1 Reed et al. (2009)

701/
252

H1N1 L701P/Q252H (-0.2) 6/7 Koerner et al. (2012)

911 H7N1 R91L (+0.3), R91Q
(+0.1)

3 Daniels et al. (1985)

1041/
1151

H5N1 D104N/I115T (-0.3) 3 Hulse et al. (2004), DuBois et al.
(2011b)

1101 H5N1 H110Y (-0.4) 3 Herfst et al. (2012), Zhang et al.
(2013)

1351/
42

H3N2 G1351E/G42E (+0.4) 5/1 Lin et al. (1997)

1371/
822

H3N2 N137D/K82T (+0.4) 5/2 Lin et al. (1997)

1621 H3N2 P162S (+0.2) 5 Keleta et al. (2008)

1791 H3N2 L179P (+0.5) 5 Nakowitsch et al. (2011)

2101 H3N2 Q210R (+0.15) 4 Keleta et al. (2008)

2161 H5N1 E216K (-0.4), K216E
(+0.4)

4 Hulse et al. (2004), DuBois et al.
(2011b)

2181 H3N2 G218E,W(+0.4) 4 Steinhauer et al. (1996), Lin et al.
(1997), Narasaraju et al. (2009),
Keleta et al. (2008)

2211 H5N1 S221P (-0.15) 4 Hulse et al. (2004), DuBois et al.
(2011b)

2241/
2261

H5N1 N224K/Q226L (+0.2) 5 Imai et al. (2012)

3001 H7N1 R300S (+0.3) 2 Daniels et al. (1985)

3181 H5N1 T318I (-0.2) 2 Imai et al. (2012)

12 H3N2 G1F,H,I,L (+0.3) 1 Steinhauer et al. (1995)

32 H7N1 F3L (+0.4) 1 Daniels et al. (1985)

42 H3N2 G4A (+0.4) 1 Steinhauer et al. (1995)

62 H3N2 I6M (+0.3) 1 Daniels et al. (1985)

82 H3N2 G8A (+0.5) 1 Steinhauer et al. (1995)

92 H3N2 F9L (+0.6) 1 Daniels et al. (1985)

(continued)
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Table 1 (continued)

H3
#a

Sub-
type

Mutation and change in
activation pH

Regionb Reference

232 H7N7 G23C (-1.0) 1 Ilyushina et al. (2007)

412/
852

H3N2 T41A/E85D (+0.4) 1/2 Lin et al. (1997)

472 H7N1 Q47L (+0.45) 2 Daniels et al. (1985)

472 H3N2 Q47R (+0.35) 2 Daniels et al. (1985)

472 H1N1 E47K (-0.4) 2 Cotter et al. (2014)

512 H3N2 K51A,E (+0.2) 2 Thoennes et al. (2008)

542 H3N2 R54E (+0.2) 2 Steinhauer et al. (1996)

542 H7N1 R54K (+0.3), R54G,S
(+0.1)

2 Daniels et al. (1985)

582 H3N2 K58I (-0.7) 2 Steinhauer et al. (1991a, 1996)

582 H5N1 K58I (-0.5) 2 Reed et al. (2009, 2010), Zaraket
et al. (2013a, b)

752 H3N2 G75R (+0.4) 2 Nakowitsch et al. (2011)

812 H3N2 E81G (+0.3) 2 Daniels et al. (1985)

812 H7N1 I81S (+0.1) 2 Daniels et al. (1985)

1052 H3N2 Q105K (+0.3), Q105A
(-0.2)

2 Daniels et al. (1985), Thoennes
(2008)

1052 H5N1 E105K (-0.2) 2 Reed et al. (2009)

1062 H3N2 H106A (+0.1), H106F
(-0.1)

2 Thoennes et al. (2008)

1062 H2N2 R106H (-1.0) 2 Xu and Wilson (2011)

1122 H3N2 D112A (+0.5), D112G
(+0.4), D112N (+0.35)
D112E (+0.25)

1 Daniels et al. (1985), Steinhauer
et al. (1996), Thoennes et al. (2008)

1122 H7N1 D112G (+0.4) 1 Daniels et al. (1985)

1122 H5N1 D112G (+0.3) 1 Reed et al. (2009)

1142 H7N1 E114K (+0.5) 1 Daniels et al. (1985)

1142 H5N1 N114K (+0.5) 1 Reed et al. (2009, 2010)

1142 H3N2 E114K (+0.6) 1 Daniels et al. (1985)

1162 H3N2 N116D (+0.4) 1 Lin et al. (1997)

1172 H3N2 K117R (+0.4) 1 Lin et al. (1997)

1172 H1N1 N117D (+0.4) 1 Murakami et al. (2012)

1322 H3N2 D132N (+0.2) 7 Doms et al. (1986)

1562 H3N2 T156N (-0.1) 7 Keleta et al. (2008)
a H3 numbering is described in Fig. 1 and subscripts refer to HA1 and HA2 subunits
b Structural regions are defined as: (1) Fusion peptide and its surrounding pocket, (2) Spring-
loaded coiled coil, (3) Esterase-stalk interface, (4) HA1-HA1 protomer interface, (5) Near or in
receptor-binding pocket, (6) Esterase-RBD interface, and (7) Membrane proximal region
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Fig. 3 Locations of HA acid stability mutations in the prefusion conformation. a RBD residues
near or in the receptor-binding pocket (R.B.P.) or at the interface of HA1-HA1 protomers.
b Esterase sub-domain residues at the interface of the receptor-binding subdomain and the stalk
region. c HA1 and HA2 residues in the spring-loaded coiled coil region, in and around the fusion
peptide pocket, and in the membrane-proximal region. In panels A and B, the receptor-binding
subdomain is colored blue and the esterase subdomain is colored yellow. In panel C, HA1
residues in the stalk are colored magenta and HA2 secondary structural elements are colored as in
Fig. 2. Residues governing HA acid stability are identified using H3 numbering on the A/Aichi/2/
68/X-31 (H3N2) protein data bank structure 1HGF. Acid stability mutations are described in
detail in Table 1
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3 Impact of HA Acid Stability on Influenza Virus Biology

3.1 Adaptation of HA Acid Stability In Vitro

The acid stability of the HA protein has been shown to play a role in amantadine
susceptibility and interspecies adaptation in vitro. Mutations that increase the pH
of activation of HA proteins from H3N2 and H7N1 viruses have been shown to
enhance viral fitness in the presence of ammonium chloride and high concentra-
tions of amantadine, compounds that raise endosomal pH (Daniels et al. 1985;
Doms et al. 1986; Steinhauer et al. 1995, 1996). Alternatively, HPAI H7N1 and
H7N7 viruses containing mutations that decrease the HA activation pH are
resistant to lower concentrations of amantadine that prevent M2-mediated neu-
tralization of the secretory pathway (Steinhauer et al. 1991a; Ilyushina et al. 2007).
The adaptation of egg-adapted A/Aichi/2/68 (H3N2) to mammalian MDCK and
MDBK cells (Lin et al. 1997) and A/PR/8/34 (H1N1) to Vero cells (Murakami
et al. 2012) resulted in increases in HA activation pH from pH 5.2 to 5.6 for the
H3N2 virus and from pH 5.2 to 5.4 for the H1N1 virus.

3.2 Decrease in HA Activation pH Promotes HPAI Virus
Adaptation to Mammals

Mutations that alter HA acid stability have also been implicated in the adaptation
of avian influenza viruses from wild aquatic birds, the reservoir of influenza A
viruses (Kim et al. 2009), to land-based poultry and mammals. A comparison of
LPAI H7N3 viruses found that a virus isolated from a turkey had a lower HA
activation pH than a related virus previously isolated from a duck, suggesting the
adaptation of avian H7 viruses from wild aquatic birds to terrestrial poultry may be
associated with enhanced HA acid stability (Giannecchini et al. 2006). The HPAI
virus A/chicken/Vietnam/C58/2004 (H5N1), with an HA activation pH of 5.9
(Reed et al. 2009), was rendered unfit for growth and transmission in mallards by
mutations that substantially raised (HA1-Y17H, activation pH 6.3) or lowered
(HA2-K58I, activation pH 5.4) the HA activation pH. While the acid-stabilizing
K58I mutation attenuated H5N1 replication in ducks, this same mutation increased
replication and pathogenesis in mice (Zaraket et al. 2013b) and enhanced early
growth of A/Vietnam/1203/04 (H5N1) in the upper respiratory tracts of ferrets
(Zaraket et al. 2013a). Thus, a decrease in the HA activation pH has been shown to
assist in the adaptation of H5N1 to mammals. On the other hand, an increase in
HA activation pH (in the range of pH 5.2–6.0) has been associated with increased
H5N1 virus growth and virulence in chickens (Hulse et al. 2004; DuBois et al.
2011b). This agrees with observations that the HA proteins from HPAI influenza
viruses tend to have relatively high (pH 5.6–6.0) activation pH values while those
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from human-adapted seasonal influenza viruses are lower (pH 5.0–5.2) (Schol-
tissek 1985; Reed et al. 2010; DuBois et al. 2011b; Galloway et al. 2013).

Two recent studies provide compelling evidence for a role of HA acid stability
in the adaptation of avian H5-containing viruses to mammals (Imai et al. 2012;
Herfst et al. 2012). Two H5 viruses were adapted to transmit in ferrets, either A/
Indonesia/5/2005 (H5N1) (Herfst et al. 2012) or a reassortant virus containing the
HA gene from A/Vietnam/1203/04 (H5N1) and the internal genes of A/California/
04/09 (H1N1) (Imai et al. 2012). In both studies, three analogous rounds of
mutations occurred. First, two mutations were introduced into the R.B.P. that
switched receptor-binding specificity from a preference of a(2,3) to a(2,6). Second,
a mutation atop the RBD head removed a glycosylation site, increasing the
accessibility of the R.B.P. The final mutation necessary for airborne transmissibility
in ferrets in both cases was an HA1 mutation adjacent to (H110Y) or in (T318I) the
fusion-mediating stalk domain that decreased the HA activation pH to *5.6. While
an acid-stabilizing mutation was required for airborne transmissibility in ferrets,
such a mutation was not sufficient in the absence of a(2,6) receptor-binding spec-
ificity and/or glycosylation site deletion (Shelton et al. 2013; Zaraket et al. 2013a).

3.3 Adaptation of Human Influenza Viruses to Murine
Lungs

The adaptation of human influenza viruses for replication in the murine lung has
been associated with increases in HA activation pH (Narasaraju et al. 2009). An
increase in HA activation pH from 5.2 to 5.6 resulted in increased growth and
virulence of A/Hong Kong/1/68 (H3N2) in mice (Keleta et al. 2008). Similarly, an
increase in HA activation pH from 5.3 to 5.8 enhanced A/PR/8/34 (H1N1) growth
and virulence in mice (Koerner et al. 2012). Mouse-adapted A/Philippines/82
(H3N2) was also found to have increases in HA activation pH and virulence in
mice (Hartley et al. 1997). The effects of activation-pH altering mutations on
influenza A virus growth in the murine lung may not extend to growth in ferrets, as
the acid-stabilized HA2-K58I mutant of A/Vietnam/1203/04 (H5N1) had
increased growth in the lungs of mice but reduced growth in the lungs of ferrets
(Zaraket et al. 2013a).

3.4 HA Acid Stability in Live Attenuated Vaccine
Development

Just as knowledge of optimal HA activation pH values in various species may
enhance risk assessment of emerging influenza viruses with increased pandemic
potential, such an understanding may also enhance the development of live
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attenuated vaccines. Acid-destabilizing mutations that increase the HA activation
pH from 5.8 to 6.2–6.3 have been shown to impair the immunogenicity of live
attenuated, NS1-deleted H3N2 vaccine candidates in ferrets (Nakowitsch et al.
2011). In contrast, the acid-stabilizing HA2-K58I mutation that enhances upper
respiratory tract growth of A/Vietnam/1203/04 in ferrets (Zaraket et al. 2013a) has
been shown also to increase the infectivity and immunogenicity of a live attenu-
ated, NS1-deleted H5N1 vaccine candidate in mice (Krenn et al. 2011). Similarly,
a decrease in the pH of activation of the HA protein from 5.4 to 5.0 has been
shown to enhance the stability and infectivity of p2009 H1N1 vaccine candidates
(Cotter et al. 2014). Overall, HA acid-stabilizing mutations may enhance live
attenuated influenza virus vaccines.

3.5 Hypothesis for Role of HA Acid Stability in Influenza
Virus Biology

While further studies are needed to define the mechanism by which the pH of
activation of the HA protein influences the interspecies adaptation of influenza A
viruses, a working hypothesis is emerging. Intracellular pH is determined by the
presence and activity of cellular vacuolar H+-ATPases (V-ATPases) (Mellman
et al. 1986; Jefferies et al. 2008), which may differ between different cell types,
tissues, hosts, and metabolic states. For example, increased glucose exposure in
MDCK cells leads to increased vATPase activity and decreased endosomal pH,
thereby enhancing the replication of A/PR/8/34 (H1N1) (Kohio and Adamson
2013), which has a relatively low HA activation pH of 5.0–5.1 (Galloway et al.
2013). For avian H5N1 viruses, a relatively high HA activation pH enhances
replication in the enteric and respiratory tracts of ducks and chickens (Reed et al.
2010; DuBois et al. 2011b), presumably because a destabilized HA protein is more
readily triggered for membrane fusion during viral entry. In contrast, a high HA
activation pH appears to be a liability for growth in the mammalian upper respi-
ratory tract (Imai et al. 2012; Herfst et al. 2012; Shelton et al. 2013; Zaraket et al.
2013a), most likely because it enhances the susceptibility of pre-cleaved H5 HA
trimers to irreversible inactivation in airway tissues. Mammalian airway tissue is
acidic (pH 5.5–6.9) (Washington et al. 2000; Fischer and Widdicombe 2006) and
acid secretion into the airway is enhanced upon infection by influenza viruses,
lowering the nasal pH to 5.2 (Jacoby et al. 1988; Fischer et al. 2002). Human-
adapted influenza viruses with monobasic cleavage sites may also benefit by
having a relatively low HA activation pH value, which may help prevent pre-
mature inactivation in the mammalian respiratory tract. Human-adapted H1N1,
H2N2, and H3N2 viruses from the twentieth century pandemics have HA acti-
vation pH values of pH 5.0–5.2 (Scholtissek 1985; Galloway et al. 2013), and a
naturally occurring mutation in circulating p2009 H1N1 viruses has been shown to
decrease the HA activation pH from 5.4 to 5.0 (Cotter et al. 2014).
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4 Conclusions and Future Perspectives

Membrane fusion is not a spontaneous process but instead is driven by the for-
mation of hairpin structures that bring together the viral TM domain (embedded in
the viral envelope) and the viral fusion peptide (inserted into the host cell mem-
brane) so as to juxtapose the viral and cellular membranes. HA-mediated mem-
brane fusion has been a paradigm for understanding viral membrane fusion and is
topographically similar to intracellular membrane fusion driven by SNARE pro-
teins (Söllner 2004; Wickner and Schekman 2008). Recent studies add HA protein
acid stability, or the pH at which the HA is triggered to undergo irreversible
structural changes to cause membrane, to the list of molecular properties that
contribute to the interspecies adaptation, pathogenesis, and transmissibility of
influenza A viruses. Influenza viruses are internalized by endocytosis, and the HA
protein is activated for membrane fusion by low pH. Many other enveloped viruses
invade host cells similarly including hepatitis C virus, Epstein-Barr virus, vesicular
stomatitis virus, avian leukemia virus, human rhinovirus, dengue virus, and severe
acute respiratory syndrome (SARS) coronavirus (Grove and Marsh 2011). These
other viruses may also regulate their host range and tropism by adaptive mutations
that alter the acid stabilities of their fusion glycoproteins.

HA acid stability is just one of multiple simultaneous factors that dictate
influenza virus biology, and many questions remain with respect to its mechanism
and breadth of impact. It is not yet clear the extent to which this one molecular
property interacts with others long known for influencing the replication, inter-
species adaptation, pathogenicity, and transmissibility of influenza viruses (Salo-
mon and Webster 2009; Belser et al. 2010; Fukuyama and Kawaoka 2011; Sorrell
et al. 2011). For example, the mechanism by which NA activity influences HA
acid stability is unknown (Huang et al. 1980; Su et al. 2009; Reed et al. 2010). It is
also unknown whether mutations that alter the acid stabilities of monobasic HA
proteins exert as strong of effects as those altering intracellularly cleaved (and
more acid-neutralization sensitive) polybasic HA proteins. Compared to HPAI
viruses, LPAI viruses are reported to have a broader and lower range of HA
activation pH values (5.3–6.0 in ducks and 5.1–5.5 in chickens and turkeys)
(Galloway et al. 2013). Avian influenza viruses disseminate throughout the enteric
tracts of birds, including environments of extreme low pH, yet it is not clear how
these viruses avoid inactivation. The pH values in endocytic vesicles have been
measured in vitro in cell monolayers, but it is unknown how the pH values of early
and late endosomes vary in vivo in the tissues of various living species and
individuals with altered metabolic states. Perhaps a knowledge of species-specific
and tissue-specific endosomal pH values and extracellular pH may better explain
why a relatively low HA activation pH is disfavored by HPAI viruses in avian
species yet favored in mammals. The preferred range of HA activation pH in swine
and whether swine may serve as a mixing vessel during the acquisition of human-
preferred HA acid stability is not yet known. Finally, the long-term viability of HA
stalk-binding antiviral drugs and antibodies, in addition to the development of
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stalk-based universal vaccines, will also depend on the extent to which such
treatments and prophylactics are prone to altering HA acid stability and the con-
comitant effects of such changes on influenza virus replication and the host
response.
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