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Abstract

Identification of Influenza Hemagglutinin Residues Critical for Membrane Fusion Activity

By Jessica Trost

Influenza is a major public health risk causing annual seasonal epidemics and sporadic
pandemics when a subtype transmits to naive human population and circulates. Current
vaccine strategies are limited, requiring annual immunization and evaluation of included
strains. The hemagglutinin (HA), one of the major surface glycoproteins of influenza A
virus, is the principle target for vaccination. HA functions in the viral life cycle both in the
binding of the virus to host cells and in mediating fusion of the viral and endosomal
membranes, via a low pH-induced conformational change. The structural
rearrangements of the HA during this conformational change are critical to viral entry, and
mutations in the protein can impact the pH at which fusion occurs and the overall stability
of the HA structure. HA stability can play a role in viral pathogenesis, host range, and
adaptation to new hosts. The HA is expressed as a homotrimeric spike on viral surfaces,
with a membrane-distal globular head domain situated on a fibrous stalk, or stem domain.
Current vaccines focus immunity on the HA head, which undergoes frequent mutations
during “antigenic drift”. The HA stalk is more conserved and therefore an attractive target
for universal vaccine strategies and antiviral drug design. The 16 antigenic HA subtypes
of naturally circulating influenza A viruses are segregated into two groups, group-1 and
group-2. For the group-2 HAs, previous studies identified specific residues within the HA
stalk as potential “trigger” residues for membrane fusion-associated conformational
changes. However, for group-1 HAs no such residues have been conclusively implicated.
Based on comparative sequence analyses and structural considerations, a series of
experiments were designed to gain insights into the initiation of conformational changes
for group-1 HAs. Functional studies on mutant HAs of several subtypes revealed that a
histidine at residue 111 within the HA2 subunit of group-1 HA types was required for acid-
induced conformational changes and membrane fusion activity. As this histidine is
completely conserved in natural isolates of group-1 HAs, it might serve as an “Achilles’
heel” residue to target in future vaccine and antiviral strategies.
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Introduction
Background and History

Influenza viruses are a member of the Orthomyxoviridae family which includes
negative-sense, single-stranded RNA viruses with segmented genomes. There are
seven genera within the family of Orthomyxoviridae; four of these genera encompass
the influenza A, B, C and D viruses (IAV, IBV, ICV, and IDV) based on the antigenic
properties of their nucleoprotein (NP) and matrix (M) proteins [1, 2]. 1AV, IBV, and ICV
can all cause human disease, whereas IDV is primarily found in porcine and bovine
species. In most years, IAV are the major cause of human influenza disease and are
the viruses responsible for all human influenza pandemics of the past century.

IAV are classified using nomenclature based on the antigenic properties of the
two major surface glycoproteins, Hemagglutinin (HA) and Neuraminidase (NA) [3, 4].
The HAs can be segregated into 16 different subtypes, all found in the natural reservoir
of aquatic birds, H1-H16; while the NA has nine different subtypes, N1-N9. Evidence of
H17 and H18 as well as N10 and N11 in bats has been shown through isolation of RNA
[5]. Based on sequence and structural criteria, the HA subtypes are further divided into
group-1, which includes H1, H2, H5, H6, H7, H8, H9, H11, H13, and H16 subtypes, and
group-2, which includes H3, H4, H7, H10, H14, and H15 subtypes [6, 7]. Amino acid
variation within each of the subtypes can range anywhere from 0-9%, while inter-
subtype variation of amino acids can range from 20-74%. Notable residues, such as
cysteines that participate in disulfide bonds, are conserved, suggesting evolution from a
progenitor hemagglutinin gene [7]. Although amino acid sequence identity among

subtypes and within the two groups can be as little as 30%, the overall structure and



functions of the hemagglutinin are similar among all the HA subtypes, as shown in

Figure 1.

1918 H1

1957 H2 1968 H3

H1 H11

The disease pathology of IAV, IBV, and ICV in humans ranges from mild to

Figure 1. Phylogenetic comparisons of
group-1 HA subtypes H1 and H2 and
group-2 HA subtype H3. The top shows
the crystal structure of the trimeric form
of the HA proteins in ribbon format. The
blue color corresponds to the receptor
binding site of the HA, the yellow
represents the esterase, and the red and
magenta colors highlight fusion
subdomains. The middle panel shows a
top-down view of the HA trimer structure.
The bottom panel shows the
phylogenetic differences between the 16
different HA subtypes divided into group-
1 and group-2. Figure from

Influenza hemagglutinin and

nid I | e
J Biol Chem. 2010 Sep
10;285(37):28403-9. Gamblin and
Skehel.

severe morbidity and mortality, with ICV inducing largely asymptomatic or mild infection

and IBV and IAV leading to moderate and severe disease. Influenza is a major public

health disease which causes 9.2-35.6 million ilinesses; 140,000-710,000

hospitalizations; and 12,000-56,000 deaths annually in the United States [8]. In

humans, both IAV and IBV contribute to annual seasonal epidemics, and co-circulation

of two different subtypes of IAV, HIN1 and H3N2, and the two distinct lineages of IBV
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occurs [9, 10]. Influenza strains typically circulate seasonally within the temperate
areas of each hemisphere, while tropical and subtropical areas experience a less
defined seasonality of annual epidemics [11, 12]. For seasonal viruses, human
immunity from previous infections selects for mutations in the major surface proteins of
the virus, HA and NA, leading to “antigenic drift’ [13]. The HA serves as a major
antigenic determinant due to a high prevalence on the surface of the virus and the
ability for the adaptive immune system to generate antibodies against the HA. Notably
IAV has the potential to cause pandemics which have occurred four times , beginning
with the 1918 (H1N1) influenza pandemic which is estimated to have resulted at least
50 million deaths globally and infection of one third of the world’s population [14, 15].
Additional pandemics have occurred in 1957 (H2N2), 1968 (H3N2), and most recently in

2009 (H1N1) [16-18].

Evolution via Antigenic Drift and Shift

The influenza virus can undergo evolutionary changes through two processes:
antigenic shift and antigenic drift. Antigenic shift, described in detail below, occurs via
the exchange of gene segments as two different strains infect the same cell, resulting in
progeny virus that is distinct from parental virus. Antigenic drift occurs via the
accumulation of changes in the antigenic surface proteins through the error prone
polymerase and selection in the human population due to pre-existing immunity.
Antigenic drift and genetic drift of the non-surface protein segments are the result of
incorporation of mutations through error-prone replication with an average of about 1.3 x

10-3to 5.7 x10-3 nucleotide changes at each site per year with variation of rates between



segments [19-23]. The HA protein shows the highest level of nucleotide and amino acid
substitutions in comparison to the other segments; as immune selection pressure
against the HA in hosts leads to a higher rate of ongoing genetic evolution [21]. Many
studies show that the HA1 region of the HA evolves at a greater rate than HA2, which is
historically more well-conserved. The overall annual nucleotide substitution rate in H3
was found to be 2.3% in HA1 and 1.5% in HA2 without the presence of immune
pressure in a plasmid-based expression system. Non-neutral nucleotide substitutions
leading to amino acid changes were more frequently seen in the HA1, unlike the HA2
where there was a stronger r to substitutions [24]. One such study compared the areas
of high rates of evolution and found that many of the amino acid changes in HA can be
attributed to regions which interact with antibodies, for example within the H3 viruses, in
the A and B antigenic sites of the HA [13, 25]. Thus, escaping antibody neutralization of
the virus can be positively selected for in the immunodominant locations of the HA
structure, while lesser rates of change are seen in the areas of the HA important in
binding to sialic acid or HA stem regions important for membrane fusion function.
Notably, of human influenza subtypes, the H3 lineage of the seasonally circulating
strains often undergoes a higher rate of antigenic drift than that of the H1 subtypes
which also co-circulate seasonally [26]. In the case of seasonal epidemic subtypes, the
HA will continue to undergo antigenic drift at a slower rate which often still results in
enough antigenic variation within 1-5 years to result in a need to replace the current
vaccine strain targeting that subtype [21]. Ongoing antigenic drift of HA specifically

points to the necessity of vaccine updates of the components of the vaccine from



season to season as older vaccine strains becomes less protective with further
antigenic variation.

Due to the segmented nature of the genome, the virus is able to reassort by
incorporating different segments from two parental viruses and forming a novel virus, a
process known as antigenic shift when involving the HA or NA. Incorporation of other
segments from different lineages of viruses can lead to enhanced transmissibility or viral
fitness in specific hosts and can be seen in some of the events that occurred in the
establishment of pandemic viruses in humans [27, 28]. Three of the four pandemics
which have been documented in humans have occurred through the introduction of a
novel subtype in humans: HIN1, H2N2, and H3N2 [14, 16, 17]. The fourth human
pandemic occurred in 2009 and unlike the other pandemics, the H1 and N1 subtypes
had previously been seen in humans, emerging as an H1NL1 of triple-reassortment from
three viral lineages [29]. As each pandemic strain emerged over time the strain would
establish as a seasonal IAV strain in humans until the emergence of the next pandemic
strain replaced the previous strain. Thus only one IAV strain circulated seasonally in
humans, up until 1977 when an accidental release of the previous H1N1 strain allowed
the establishment of co-circulation of HIN1 and H3N2 from the 1968 H3N2 pandemic
strain. Though the 2009 H1N1 pandemic had the same antigenic subtypes as the
circulating seasonal H1N1 virus, due to the distinct nature of the viral antigens from the
contemporary HIN1, the pandemic strain was antigenically different enough to result in
loss of adaptive immune protection. The triple reassortment classification of
H1N1pdm2009 relates to the three distinct lineages from which the various genes

originated to emerge as this novel virus. Phylogenetic analysis showed that the triple



reassortant occurred from classical swine, North American avian and human H3N2
lineages. The PA and PB2 genes originating from North American avian strains; PB1
from the H3N2 human strain; and the HA, NP and NS genes of classical swine lineages.
After this virus established within swine populations in North America, a second
reassortment event occurred with the transfer of the NA and M genes of Eurasian swine
viruses, which contributed to the emergence of the A(H1N1)pdmO09 [30]. In this case,
the HA (H1) from classical swine viruses was more closely related to the 1918 H1,
which resulted in some cross-reactivity of antibodies in elderly populations who had
previously been exposed to lineages of the 1918 H1N1 virus which circulated until the
1950s [31, 32].

Regardless of the method of genetic change, either through a gradual drift or a
quick shift of antigens, the challenges associated with immune evasion of natural or
vaccine associated immunity remains. Thus, novel vaccine strategies and antiviral
approaches remain a priority for effectively controlling seasonal and pandemic influenza

viruses.

Reservoirs and Host

The origin of human influenza A viruses are strains that circulate in wild aquatic
avian species [33, 34]. Influenza viruses persist in these natural avian reservoirs which
includes avian species from the orders Anseriforms and Charadriiformes in which the 16
HA and 10 NA subtypes are found within species of these two orders. Transmission in
these natural aquatic avian species occurs by a fecal to oral route and typically do not

cause a significant disease burden on the animal [35]. In aquatic avian species the



preferred host cell receptor for IAV is the a2,3-linked sialic acid which is found
throughout the gastrointestinal tract of these avian species [36]. Although aquatic avian
species are the natural reservoir, infections and transmission in other avian species
experience infection and play a role in transmission events to both other animals and
humans in the domestic poultry populations. The distinction of low pathogenicity avian
influenza (LPAI) and highly pathogenic avian influenza (HPAI) occurs through the
pathogenic effects on galliform fowl species such as chickens. If infection of an
influenza strain in young chickens results in a significant level of morbidity and mortality
the IAV is classirifed as HPAI. HPAI strains typically include the presence of a
polybasic cleavage site that allows for intracellular cleavage of the HA protein so
budded virus is already proteolytically activated for fusion. HPAI strains will often result
in higher pathogenicity in other species including humans as well as domestic poultry.
Infections of LPAI occur largely in the epithelial cells of the gastrointestinal tract of avian
species; however, some limited infection occurs in the respiratory tract of avian species
as well. Conversely, HPAI strains show a greater level of replication of virus in the
respiratory tract in avian species [37]. Though many different IAV transmit within avian
species the potential for zoonotic events which infect other species including mammals
and more specifically humans, results in an ongoing potential for pandemics.

While transmission of 1AV in avian species largely occurs through a fecal-oral
route, transmission in mammals such as pigs, humans, and horses occurs via the
respiratory route and presents with varying disease severity from mild to severe [38].
Cross species transmission of avian viruses to mammalian hosts such as swine or

humans can be determined by several viral and host genetic factors, but receptor



binding is a key determinant. The route of transmission and host range of influenza is
often impacted by the preferred receptors for the viruses, which in the case of aquatic
avian species are glycans containing a2,3-linked sialic acid found in the gastrointestinal
tract, and in mammals, glycans containing a2,6-linked sialic acid found in the respiratory
tract [39, 40]. While in humans the respiratory tract is more predominantly lined with the
a2,6-linked sialic acids, swine typically have a mixture of both the a2,3- and a2,6-linked
sialic acids in the trachea and respiratory tract [41]. Though past speculation often
pointed to swine as “mixing vessels” of avian IAV prior to emerging in humans, the 1AV
strains found in swine populations consist of those that are enzoonotically found in
swine and occasional infections of avian and human influenza viruses which either
cause a limited outbreak or establish within swine populations which transmit
enzonootically. Influenza infection in swine typically results in morbidity but not lor
mortality and symptoms include weight loss, nasal discharge, conjunctivitis, fever, and
lethargy and viral replication is largely relegated to the respiratory tract. Unlike in
human populations, circulation of the viruses in swine populations does not lead to
notable antigenic drift. This may be due to a lack of pre-existing immunity in swine
populations, which as short-lived agricultural animals are not likely to be re-infected
during their lifetimes [42]. The close contact between humans and agricultural swine
can result in the transmission of human influenza into swine populations and further
reassortment in swine before re-emergence into the human population as a more
antigenically distinct virus, as evidenced by the triple reassortant 2009 HIN1 pandemic
strain which emerged from swine populations though the subtypes were already

established in humans [29].



In addition to agricultural swine and poultry populations which experience
influenza infections and sustained transmission within populations, horses are also a
animal reservoir which experiences infection by IAV. Influenza infection in horses has
been seen with two different subtypes, H7N7 and H3N8, both of which present as
respiratory infections which include symptoms such as cough, nasal discharge, loss of
appetite and bronchitis [43, 44]. Within horse respiratory tract the sialic acid species
include a predominance of a2,3-linked sialic acids, however, H7N7 viruses show a
preference of binding to an N-glycoyl sialic acid species as opposed to the more
commonly N-acetyl sialic acid species preference seen in avian and mammalian
species; yet the linkage preference of binding to the a2,3-linkage is consistent. In
contrast, the H3N8 equine influenza has a higher preference for the N-acetyl sialic acid
species over N-glycoyl sialic acid; yet still with a preference to a2,3-linkages showing
optimizations of the binding of the viruses within the enzoonotic host species [45, 46].

Human respiratory tract contains both «2,3 and a2,6-linked sialic acids with a2,6-
linked sialic acids being the predominant sialic acid present throughout, while some
a2,3-linked sialic acids can be found in the lower respiratory tract [47]. During
introduction of avian influenza viruses into humans, as seen in past pandemics, the
preference for sialic acid linkage strengthens towards the a.2,6-linkage sialic acids as
the virus transmits and sustains within humans [48]. As with other mammalian influenza
infection the symptoms of human infection include typical tracheobronchitis and cough
seen in other mammalian respiratory infections along with other systemic symptoms
which include fever, muscle soreness, chills, and loss of appetite. Replication of the

virus occurs in the respiratory tract and reflects the localization of the viral infection



10

indicated by the preferred sialic acid recpetors throughout the respiratory tract and in

the case of the a2,3-linked sialic acids found lower in the respiratory tract.

Viral Life Cycle

As mentioned previously, the virus has a negative-sense segmented genome
consisting of 8 segments in both IAV and IBV. These 8 segments can encode up to 13
proteins depending on the strain of the virus. The 8 genes include the trimeric
polymerase complex: PB2, PB1, and PA; hemagglutinin (HA), nucleoprotein (NP),
neuraminidase (NA), M (matrix segment), and NS (non-structural segment). The M
gene codes for both the M1 and M2 proteins and the NS gene encodes NS1 and NEP
proteins through alternative splicing of the gene [49, 50]. Additional accessory proteins
are encoded in some IAV including the PB1-F2 which occurs through an alternative
open reading frame in the PB1 gene and encodes for a proapoptotic virulence factor
[51]. Another example of an additional protein encoded through a frameshift includes
the PA-X protein encoded from the PA gene segement yielding a protein which affects
the host innate immune response as well as repression of cellular gene expression [52].
An infectious virus particle contains each of these segments which are encapsidated by
the NP protein and enveloped by a lipid membrane derived from the host cell
membrane through interactions with the M1 scaffolding protein. The lipid membrane
contains the surface proteins of the virus: HA, NA, and M2. The HA is important in the
initial receptor binding of the virion to the host cell and in fusion between viral and
endosomal membranes; while the NA is important in the viral release and dissemination

from lipid membrane of the infected cell [53-57]. The M2 protein allows for the influx of
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protons from endosomes into the virion interior during viral entry, which initiates the
uncoating of the virus gene segments and facilitates their migration to the nucleus
where RNA transcription and replication take place [58-60]. HA and NA spikes project
from the surface of virus particles, and for most strains HA outnumbers NA on the
surface of virion [61-63].

Viral replication requires entry into a host cell which occurs when the HA binds to
its receptors, which are glycans terminating in N-acetylneuraminic (sialic) acids found
ubiquitously on the surface of host cells. After the virus has attached to host cells, the
virus is internalized via clathrin-mediated endocytosis or other mechanisms [64, 65].
Regardless of the entry pathway into the host cell, once in the endosome cellular proton
pumps acidify the environment and, at a pH of between 5.0 and 6.0 depending on virus
strain, the HA undergoes conformational changes that drive fusion between the host
and viral membranes allowing a pore to develop between the viral and endosomal
membranes [54, 66, 67]. Following fusion of the viral and endosomal membranes, the
viral ribonucleoproteins (VRNPSs) are released into the cellular cytoplasm. Also, in the
endosome, the M2 protein allows the hydrogen ions to enter the viral complex breaking
up the complex of viral envelope with RNPs, and allowing for the free RNPs to be
released into the cytoplasm [59]. Uncoating of approximately 30% of the RNP
complexes occurs at the point of fusion and blocking of the M2 through ammonium
chloride results in a decrease in uncoating efficiency [68].

Nuclear import signals found on a panhandle like structure of the vVRNP complex
allow for active transport from cytoplasm into the nucleus where mRNA transcription

and viral genome replication take place [69]. Influenza transcribes polyadenylated
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mRNAs that are primed using 5’-methylated cap structures derived by viral
endonuclease cleavage of cellular mMRNAs, termed “cap-snatching” [70-74]. Alternative
splicing events occur in some of the gene segments resulting in the synthesis and
translation of more than one mRNA from some segments as mentioned previously, so
that the eight segments of influenza can yield additional proteins [75]. Such splicing of
gene segments occurs in segments 7 and 8 of the influenza A genome yielding M1/M2
and NS1/NEP respectively, and for some strains PB1-F2 can be generated in addition
to PB1 using an alternative reading frame of segment 2 during translation of this mRNA
[76].

The negative-sense VRNA genomes from the virion serve as the template for
synthesizing positive-sense mRNA for protein synthesis, or positive-sense cRNA for
genome replication. In contrast to the synthesis of mMRNA, the production of cRNA
results in full-length complementary transcripts of the vVRNA without the additions of 5’-
cap or polyA tails. Typically, mMRNA synthesis is higher than cRNA synthesis in the
early stages of infection; however, increasing levels of the proteins important in the
replication of the virus, such as NP, may trigger a switch towards increasing cRNA
production for further genome replication [77-79]. NP encapsidated cRNAs serve as
templates for replication of negative-sense VRNA, which are also encapsidated and
associate with the viral RNA polymerase subunits creating new vVRNP complexes for
nascent virus. The VRNPs associate with matrix M1 protein and nuclear export protein
(NEP) for export from nucleus to cytoplasm [80-82]. Following this export from the
nucleus, the RNP complexes travel to the apical membrane of polarized epithelial cells

where viral surface proteins HA, NA, and M2 have been targeted [83-87].
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During the viral replication process, the surface glycoproteins are synthesized by
membrane-bound ribosomes and processed within the endoplasmic reticulum and Golgi
network where HA and NA are glycosylated and assembled into trimers and tetramers,
respectively [88]. The M2 protein is also incorporated into the membrane as a tetramer
but is only glycosylated in some virus strains. During transport through the Golgi
network, the HA and M2 cysteine residues are palmitoylated [89-91]. During processing
through the Golgi network from cis-Golgi to trans-Golgi, HA proteins which have a
polybasic cleavage site, as seen in highly pathogenic influenza subtypes, can be
proteolytically cleaved by furin-like proteases intracellularly [92]. The presence of this
polybasic cleavage site and intracellular cleavage allows the influenza virus to be
activated for potential fusion before new virions have even been exposed to the
extracellular environment; and such strains often have enhanced pathogenicity within
hosts. Subtypes which do not contain a polybasic cleavage site, accounting for the
majority of HA subtypes, will be proteolytically cleaved extracellularly by trypsin-like
proteases [93].

The transmembrane domains of the surface proteins direct the proteins to the
apical surface of the cell and target them to lipid raft microdomains in the membrane,
thus providing an area from which budding of new virions will originate [94-97]. The
VRNP complexes, in association with the M1 protein, associate near the HA, NA, and
M2 proteins at the surface of the cell [98]. The eight unique viral RNPs of influenza
must be incorporated to create another infectious virus particle. The genome segments
contain specific packaging signals on each of the vVRNPs which yield a full complement

of the genome in each virion by ensuring the packaging of the eight segments. This is
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thought to occur through noncoding and coding regions of the RNA which select for the
eight segments necessary for infectious viral particles to associate near the point of
budding of the membrane [99-102]. In some cases, productive infection can also occur
if two virions carrying less than the full eight segment genome infect the same cell and
can produce a complementation of a full infectious particle within the context of co-
infection or in local infection of one virus yielding a formation of a full virion following
complementation [103]. The ability for co-infection of either incomplete or complete
genomes of influenza can allow for reassortant viruses which incorporate different
genome segments from parental viruses yielding a progeny comprised of segments
from both viruses [104]. These packaging signals may play a role in the level of
reassortment which occurs during co-infection with some segments showing preference
of packaging signal incorporation between parental viruses and limitations that some
segments may have on packaging of other segments [105, 106]. This capacity for the
virus to allow for co-infection and further complementation is especially important when
understanding the context of interspecies transmission and emergence of novel
subtypes during pandemics.

The viral life cycle comes to completion once the segments of the viral genome
are incorporated near the plasma membrane where the surface proteins are located,
and the curvature of the plasma membrane begins to allow for extrusion, creating an
enveloped budding virion. The morphology of the nascent budding virus, either
spherical or filamentous, is largely attributed to the interactions and structure of M1
protein [107-110]. To complete viral release, the NA must enzymatically cleave sialic

acids located at the viral and cellular surfaces [111, 112]. Since the HA and NA both
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interact with sialic acid for opposing functions, binding and release, the activity and
specificity of the respective interactions between HA and NA must be balanced to a

degree that allows for both sufficient binding and virion release [113].

Hemagglutinin Structure and Functions

The HA trimers extend about 135 angstroms from the surface of the virus and
contain a membrane distal globular head domain where the receptor binding site and
major antigenic sites are located. A long helical stalk containing a central coiled coll
connects the distal head to the membrane anchor [114]. Within the HA stalk domain
resides the N-terminus of the HA2 which is a highly conserved, relatively hydrophobic
domain known as the fusion peptide because it interacts with the target membrane
during the structural rearrangements that lead to fusion. The HA protein is thought to
have diverged from the ‘common ancestor’ HA approximately 3,000 years ago, with
further subtype diversification occurring at a higher rate in the last 110 years [20]. The
protein continues to mutate and diversify via sequence changes, with sometimes as
little as 30% amino acid sequence identity between HA subtypes, however, the proteins
themselves still appear structurally similar to one another, shown in Figure 2, and all

maintain the ability to function as a class 1 fusion protein [6, 115].

Figure 2. Ribbon structures of multiple HA subtypes that include representatives
from both group-1 and group-2.
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The HA protein plays two major roles in the viral life cycle: binding of the virus to host
cell receptors and the fusion of the viral and endosomal membranes, and these

functions are detailed below.

Receptor Binding

HA binds to the host cell receptor, N-acetyl-neuraminic acid, commonly referred
to as sialic acid, with preferential binding dependent on the adaptation of the virus to the
host species [116]. Typically, human adapted influenza virus HA will bind to a-2,6-
linked sialic acid; while avian influenza viruses typically prefer an a-2,3-linked sialic
acid[48, 117-119]. The preferences in the HA receptor specificity relate to the
difference in glycan receptors present in the host species. There is more a-2,6-linked
sialic acid found in the upper respiratory tract of mammals including humans, while
avian species; where the virus is enteric in nature, have more a-2,3-linked sialic acid in
the gastrointestinal tract.[40, 119-121] Examples of infection with highly pathogenic
avian influenza viruses with a2,3-sialic acid recognition show localization to the lower
respiratory tract of humans, where there is presumed to be prevalence of the a2,3-
linked sialic acid, often leading to severe pneumonia. [47,122, 123]. As a virus adapts
to humans and acquires the ability to successfully transmit from human to human, there
are specific mutations near the RBS which are important in the change of sialic acid

linkage preference.
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The sequence variation noted in the HA subtypes shows that many regions of
the HA structure are tolerant to changes whereas other areas of the protein are
conserved to varying degrees, including the receptor-binding site (RBS). Structurally the
RBS is composed of the 130-loop, 150-loop, 190-helix, and a 220-loop and the most
conserved amino acid residues in the site make direct contact with sialic acid or the
other sugars in glycan receptors [124-126]. Many surface residues located structurally
proximal to the RBS are sites where mutations arise during antigenic drift [55].
Additionally, as influenza strains circulate in humans and are subjected to immune
pressure, N-glycosylation sites are added to the trimeric structure and can mask the HA
from antibodies [127-129]. Mutations in the RBS can lead to changes in the preference
for receptors which is important in changes in host species and transmission. Areas of
mutation affecting the RBS include changes in the 190-helix and the 220-loop within the
RBS [48, 130-132]. In recent years, antigenic drift of H3 subtype viruses has resulted in
a change in the binding preference of the sialyated glycans due to mutations found in
the 150-loop, 190-helix, and 220-loop. As a result, more recent viruses are restricted in
binding and only recognize longer, branched sialylated and non-sialylated glycans, as
well as newly-recognized phosphorylated substrates [133, 134]. The adaptation of
avian influenza strains with a2,3-linked sialic acid specificity to human o2,6 specificity
also relate to mutations which occur in the receptor binding site. Certain residues are
found to be highly important for host specificity and include E190D and G225D in H1
subtypes and G226L and G228S in H2 and H3 subtypes [53, 135-138]. These residues
have been shown to be critical to the ability for novel strains to cause pandemics in

humans as mutations here are hallmarks of host adaptation altering the specificity of



18

receptor recognition to ensure successful human to human transmission [48]. The
HPAI subtypes such as H5N1, H7N9 and HON2 have some residues which have been
identified in host adaptation and transmission from avian species to humans, which
include Q226L in H5N1 when combined with N224K and N158D amino acid
substitutions, and G228S in H7N9 which already contains a 226 Leucine residue seen
in H5N1 [139-143]. In some cases, these residue substitutions result in increased
affinity for the human o2,6-linked receptor binding such as with 226 and 228 residues,
while others may play a role in specificity by reducing binding affinity for the avian a2,3-
linked sialic acids as found in the E190D substitution. As shown in Figure 3, the
interactions between analogs of the human and avian receptors show dynamic
interactions within the 130 and 220 loops of the HA RBS.

Other substitutions affecting the RBS include those amino acid mutations which
disrupt the glycosylation sites on the HA1 which allow increased binding to the a2,6-
linked sialic acids when in conjunction with the Q226L and N224K mutations. Mutation
of the N158 and T160 residues of the globular head HA1 cause the loss of glycosylation
sites and enable increased binding to a2,6-linked sialic acid receptors. These
mutations show increased occurrence in highly pathogenic avian influenza strains [138,

144].
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Figure 3. Top panel shows the analogs of human (left) and avian (right) cell receptors
recognized by the HA. Middle panel shows interaction of the human HA RBS with the
human (left) and avian (right) analogs. Bottom panel overalys the avian HA interaction
with human (left) and avian (right) receptor analogs. Image from Gamblin and Skehel.
J Biol Chem. 2010 Sep 10;285(37):28403-9. doi: 10.1074/jbc.R110.129809. Epub
2010 Jun 10.

Membrane fusion

Proteolytic activation of fusion potential
The HA is translated, oligomerized, and glycosylated, as an uncleaved protein
referred to as HAO. For most viral strains, each monomer of the uncleaved HAO is

cleaved by extracellular proteases resulting in the disulfide-linked subunits, HA1 and



20

HA2[114, 145]. This cleavage event activates fusion potential for two reasons. First, the
cleavage liberates the HA2 N-terminal fusion peptide domain. Second, the positively-
charged N-terminus of the newly-formed fusion peptide is buried within a negatively-
charged fusion peptide pocket, which transitions the HA into a metastable structure that
can subsequently be triggered into structural rearrangements by acidification of
endosomes [145, 146]. In human and low pathogenic avian influenza (LPAI), the
cleavage of HAO occurs at a single arginine residue between HA1 and HA2 by trypsin-
like proteases, while in HPAI viruses the presence of a polybasic cleavage recognition
sequence, R-X-R/K-R allows for intracellular cleavage of the nascent HA in the trans-
Golgi by furin-like proteases, resulting in the presence of a fusion-activated HA on the
surface of nascent virus particles, as found in pathogenic strains of H5 and H7 subtype

viruses [147-150].

Acid-induced conformational changes and membrane fusion

The binding of the HA to the cell allows for internalization either by clathrin-
mediated or independent endocytosis [64, 65]. As endosomal trafficking progresses,
the environment becomes increasingly acidic starting from pH 6.0-6.5 in the early
endosome to closer to pH 5.0-5.5 in the later endosomes and finally as low as pH 4.6 to
5.0 in lysosomes. Each virus strain has an optimal pH at which fusion initiates in the
endosome [65, 151, 152]. Conformational changes have also been shown to be
triggered by increasing temperature at neutral pH in vitro, and the temperature at which
this occurs is directly proportional to the pH of conformational change, ie. more stable

strains that fuse membranes at lower pH require higher temperature to trigger structural
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changes [153]. This, and the fact that the low pH structure is stable to temperatures
significantly higher than the neutral pH structure provides further evidence that the

Fusion
Peptide

Linker
Region

—>
Proteolytic-
4" activation

Relocation of the
Cleavage HA, N.-termimfs
loop (i.e. fusion peptide)

Figure 4. (A) Trimeric structure of the HA protein prior to proteolytic activation via
cleavage. (B). Postiviely-charged N-terminus of the fusion peptide relocates to a
negatively charged fusion peptide pocket. (C) Extrusion of the fusion peptide and loop
to helix change extends the fusion peptide towards the endosomal membrane. From
Galloway PL0oS Pathog. 2013 Feb;9(2):e1003151

neutral pH conformation of HA is a metastable structure [154, 155]. Residues
throughout the HA have been shown to affect pH of fusion, and these reside at
structural interfaces between domains that relocate as a result of acid-induced
conformational changes [55, 66, 156-161]. The irreversible structural transitions that
convert the metastable neutral pH conformation of HA to the more stable structure of
the low pH conformation involve several HA domains. The membrane distal head
domains detrimerize and separate from the stalk domains. The fusion peptide located at
the N-terminus of the HA2 subunit is extruded from its buried location in the trimer
interior as shown in Figure 4. The short HA2 helix and extended polypeptide chain that

connect it to the central coiled coil, all become helical, and as a result, the coiled coil is
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extended and relocates the fusion peptide into the endosomal membrane. In addition,
residues of the long coiled coil helices proximal to the fusion peptide in the neutral pH
structure undergo a helix-to-loop transition and reorient all residues C-terminal to this by
180 degrees. This effectively “jackknifes” the structure and allows the viral and
endosomal membrane to meet at a “contact zone”, consisting of 15-20 HA proteins and
the target endosomal membrane [162].

A number of studies indicate that residues located near the hydrophobic N-
terminal fusion peptide are particularly important for HA stability [163]. Highly
conserved residues 112 of HA2 and 17 of HA1 of the H3 group-2 HA subtype are both
buried by the HA2 N-terminal fusion peptide residues in neutral pH conformation and
have been identified as being important in stabilizing the fusion peptide region. In the
well-studied X-31 (H3N2) influenza strain, mutations of the wild-type aspartic acid (Asp)
of HA2 112 and the histidine (His) of HA1 17 result in destabilizing effects through the
disruption of hydrogen bonding to other amino acids within the first six residues of the
N-terminal region of the HA2 [159]. The first ten residues of the fusion peptide as well
as several residues located within the fusion peptide pocket are found to be highly
conserved between subtypes, and these are some of the most structurally rearranged
parts of the HA stem region [164]. Numerous studies on amino acid substitution
mutants, as well as deletion and insertion mutations in the fusion peptide, provide
evidence that this region is critical for the overall stability of neutral pH HA [159, 161,
165-170]. Some residues are conserved within all of the HA subtypes, excluding the
bat H17 and H18, and others are conserved within the two groups of HA, group-1 and

group-2. Residues in the fusion peptide region that are conserved in all subtypes
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include K51, D109 and D112 all of the HA2 subunit. Residues conserved by groups
include the HA1 17 residue and residues 106 and 111 of HA2. Within the group-1
subtypes, the 17 residue is conserved as a tyrosine, while the 106 residue is either an
arginine or lysine and the 111 residue a histidine [161, 171]. Many of these residues
appear to be critical to the conformational change due to the ability for these amino
acids, such as histidine, to be protonated during the low pH conditions of the late
endosomes. lonizable residues found within the HA fusion peptide pocket include the
His 17, Arg 220 and Arg 229 of HA1 along with the His 111, Asp109, and Asp112 of
HAZ2 residues of HA2 [172] [145]. As such, experimental mutations at these residues
can yield altered pH of fusion or disruption of fusion.

A number of mutational studies of the HA of multiple subtypes have shown that
conserved HA2 residue K58l mutations resulted in decreased pH of fusion in stabilized
HAs while the D112G mutations at this conserved HA2 residue resulted in an elevated
pH of fusion across multiple subtypes [169]. Studies using double mutants that contain
destabilizing mutations such as D112G and stabilizing mutations like K58I from different
regions of the HA, show that mutations proximal to the fusion peptide have the
dominant effect on overall stability phenotype [173]. Furthermore, studies on the kinetics
of structural changes using conformation-specific monoclonal antibodies that target
different regions of the HA indicate that structural rearrangements in the stem region
precede the unfolding of membrane distal head domains [174]. Studies on the fusion
kinetics of single virions determined that withdraw! of the fusion peptide from the pocket
is the rate-limiting step for conformational changes [175]. Similarly, studies using

hydrogen-deuterium exchange and mass spectrometry to analyze the dynamics of acid-
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induced changes concluded that extrusion of the fusion peptide precedes other aspects
of the overall structural rearrangements [67]. Based upon these studies, we embarked
on mutagenesis studies on various subtypes and strains of group-1 HAs in order to
identify residues that might play a significant role in the initiation of the membrane fusion

process, and the results of these are detailed in Chapter 2 of this thesis.

Antibodies and Fusion

Monoclonal antibodies have been employed to understand the structure of the
HA, with antibodies generated which can detect either neutral pH pre-conformational
change HA or a post-conformational change HA, dependent on exposure of epitopes in
the low pH conformation [176]. The antigenic sites targeted by many of these
antibodies have been mapped by selection of antibody-resistant mutants or X-ray
crystallography of HA:Aby complexes (Knossow and Skehel, 2006) Antibodies against
H3 X-31, such as HC31, HC67, and HC263 are unable to react with low pH HA as they
recognize the trimeric interface of head domains that dissociate upon acidification; while
antibodies capable of reacting with areas located on site A, a loop structure on the HA
head which is not altered at low pH, would maintain recognition at both neutral and low
pH conditions of the HA [177-179]. Similarly in H2, additional antibodies have been
generated that are HA conformation-specific, including the monoclonal antibody 2/9
which recognizes the low pH structure of the H2 subtype and other subtypes within
group-1 [180]. These conformation specific antibodies are critical to being able to
interrogate the status of HA structural rearrangement. These reagents are frequently

used in assays to verify that a post fusion epitope is exposed appropriately following
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cleavage and exposure to low pH conditions ensuring that the influenza HA is capable
of undergoing the necessary conformational changes required for fusion.

The process of fusion can be inhibited by the binding of antibodies which prevent
the low pH induced structural rearrangement of HA [181]. Some antibodies have been
shown to bind to the HA1 head domains of two monomers, thus locking the globular
head domains like a clamp over the HA stalk [182]. However many of the antibodies
which are broadly neutralizing, target the more conserved stem region of the HA which
is largely comprised of the HA2 domain [183, 184]. In recent years, more interest has
focused on understanding how to generate and elicit broader immune responses to
influenza infections by broader recognition of multiple subtypes and also through efforts

focusing on inhibiting the fusion mechanism.

Biological Impacts of the pH of Fusion

Regardless of host or subtype, the HA protein sequence and structure can vary
to an extent without disrupting receptor binding function and the ability to be activated
and undergo the large conformational rearrangements for fusion. As mentioned above,
the conformational change of HA is irreversible, and as such, must occur at an
appropriate time: once the virus is internalized by the host cell endosome and is
exposed to a sufficiently low pH. The HA protein must exhibit an optimal pH to allow the
HA to be stable enough within the environment during transmission, but labile enough
that when in the endosome, it is able to undergo the conformational change necessary
for fusion at an optimal time. The pH of HA activation can range from pH 4.8-6.2

depending on the viral strain [152, 185]. Typically the influenza strains infecting avian
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and swine species have a higher pH of fusion activation (a less stable HA) [186-188],
whereas, strains that have circulated and transmitted in humans typically have lower pH
of activation [152, 189]. This work suggests that as adaptation occurs in humans the
average pH of fusion decreases, as seen in the early to late isolates of the 2009
pandemic where initially pH of fusion was 5.5-5.6 and, as transmission continued, the
average pH of fusion ranged from 5.2-5.4. Swine viral isolates have been shown to
have a broader range of pH of fusion (5.5-5.9) which consequently allows for sufficient
overlap with both avian and human-adapted influenza viruses[188, 189]. The increased
stability of HA allows the human-adapted strains to be stable in the slightly acidic
environment (pH 5.5-6.5) of the human nasal cavity and prevents conformational
changes of the HA from occurring before the more acidic late endosome environment
facilitating the viral release in host cells[190]. Since the conformational change that the
HA undergoes at low pH is irreversible, if the HA is exposed to environment conditions
outside of the host cell sufficient to cause the HA to undergo the irreversible change
prematurely, the virion will be inactivated. In humans the infection of influenza occurs
and transmits through the respiratory tract, in avian species and especially in the natural
reservoir of aquatic avian species, the transmission and infection is through the fecal
oral route typically through indirect exposure to contaminated water habitats, thus
influenza circulating in avian species has been shown to persist longer in more basic pH
conditions (7.2-7.5), cooler temperatures, and less salinity [191].

Additional studies have shown that residues stabilizing the HA can increase the
stability of the virus to allow for efficient airborne transmission or gain the ability to

transmit in mammalian hosts, as demonstrated by H5N1 HPAI gain of function studies
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[143]. Similarly, swine infection of the 2009 pandemic influenza strain allowed for
appropriate receptor binding and HA stabilizing mutation adaptations to increase human
transmission, allowing the classical swine virus to mutate and increase transmission
potential [192, 193]. The changes in HA that affect the pH of fusion are clearly seen to
be important in the establishment of viruses within new hosts and the emergence of
pandemic viruses as they adapt to successfully transmit between hosts. Understanding
HA and the mechanism by which specific domains of the protein influence its major
functions, will lead to opportunities for better vaccine development and strategies to

target the HA and control the virus.
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ABSTRACT

Influenza A viruses enter host cells through the endocytic pathway, where
acidification triggers conformational changes of the viral hemagglutinin (HA) to drive
membrane fusion. The HA structural rearrangements are well documented, but the
molecular basis for initiating the fusion process are not explicitly defined. Extrusion of
the fusion peptide from its buried position in the neutral pH structure is critical, and
several lines of evidence suggest a role for conserved ionizable residues that are buried
by the fusion peptide following proteolytic activation. Here we report mutagenesis
studies on expressed HAs representing several Group-1 HA subtypes containing
substitutions for a highly-conserved histidine at HA2 position 111. Analysis of cell
surface expression, antigenic characterization, and membrane fusion activity reveal that
His 111 is essential for HA functional activity of these subtypes and support continued
efforts to target this region of the HA structure for vaccination strategies and the design

of antiviral compounds.
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1. Introduction

Influenza A viruses impose significant healthcare and economic burdens through
seasonally recurring epidemics, and the threat of antigenically novel pandemic strains
emerging in the human population is an ongoing concern. Vaccination remains the best
option for preventing seasonal iliness, but coverage rates are not ideal and on occasion,
vaccine candidate mismatch or suboptimal efficacy cause problems with particular
strains. Influenza antivirals currently licensed in the United States include the oc-
adamantane M2 inhibitors, NA inhibitors, and the recently approved inhibitor of the cap-
dependent endonuclease activity of the PA polymerase subunit. These generally need
to be administered shortly after onset of symptoms to alleviate illness, and the selection
of drug resistant strains is a concern for all three classes of inhibitor [194-196]. With
such limitations, there continues to be a need for the design of both new vaccine
candidates and novel antiviral compounds against seasonal human influenza viruses
and other strains that continue to circulate in avian and animal reservoirs.

Though no anti-HA drugs for influenza have been FDA approved to date,
inhibitors of membrane fusion have been utilized with varying degrees of success for
viruses including members of the Retroviridae and Paramyxoviridae families. Since the
early 1990s, several strategies designed to block HA fusion function include the use of
compounds that inhibit the acid-induced conformational changes required for fusion or
trigger these structural rearrangements prematurely [197-199]. The capacity to block
HA conformational changes has been proposed as a potential mechanism of action for

anti-HA stem antibodies, which have been touted as “universal vaccine” candidates
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[183, 184, 198, 200-203]. Recently, a compound based on structural data of
antibody:HA complexes was shown to bind to the HA stem of Group-1 HA subtypes of
influenza A viruses to inhibit acid-induced conformational changes, and antiviral activity
was observed in mice following oral administration [204]. However, the experience
gained from the use of other antivirals for influenza suggests that the propensity for
selection of resistant mutants creates potential roadblocks for broadly effective vaccines
or antivirals acting on HA. With this in mind, we sought to identify regions of the HA that
are involved in the initial triggering of conformational changes as endosomes are
acidified and define particular residues that are conserved or immutable without
debilitating function.

The HA, a type | membrane glycoprotein, is synthesized as precursor
polypeptides (HAOQ) of approximately 550 amino acids that associate non-covalently to
form a homotrimer. Each monomer of the HAO trimer requires proteolytic cleavage into
the disulfide-linked subunits HA1 and HA2 in order to activate virus infectivity [93, 205].
Following attachment of virions to host cells and internalization, the acidification of
endosomes triggers irreversible conformational changes in the HA that drive the fusion
of viral and endosomal membranes, releasing the viral genome into the cytoplasm. For
the HA of the A/Aichi/2/68 (H3N2), high resolution structural information is available for
HAO, neutral pH cleaved HA, and the low pH conformation adopted following
acidification [114, 145, 206, 207]. The structure of the HAO trimer reveals that the stem
region contains a surface loop domain in each monomer that is oriented to expose the
conserved arginine residue that is cleaved by activating proteases. Upon cleavage, the

membrane proximal portion of the loop becomes the N-terminus of the HA2 subunit,
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and this conserved hydrophobic domain is commonly referred to as the fusion peptide.
The fusion peptide then relocates into a cavity lined by ionizable residues, to orient into
the interior of the cleaved neutral pH HA structure. The post-cleavage structure is
metastable and is now “primed” for fusion activity. Subsequent conformational changes
induced by acidification of endosomes convert the HA into highly stable helical rod
structures that bring viral and endosomal membranes together in the fusion process.
Although the structure of the HAO cleavage site for H1 subtypes appear to differ
from other subtypes [145, 208, 209], all subtypes relocate their fusion peptides into the
trimer interior upon cleavage, burying ionizable residues [114, 126, 146, 210, 211].
These include HA2 residues Asp109 and Asp112, which are completely conserved
across all HA subtypes of influenza A viruses and form a network of hydrogen bonds
with the newly relocated fusion peptide. HA2 Lys 51 is also conserved across all
subtypes, whereas residues at positions HA1 17, HA2 106, and HA2 111 are
reasonably well conserved in group-specific fashion. In Group-1 HA subtypes, the
amino acids residing at these positions are Tyr, Arg/Lys, and His, respectively, and in
Group-2 HAs they are His, His, Thr/Ala. Numerous studies show that mutation of
residues in and around the fusion peptide can influence HA stability, and the HA of Aichi
has been particularly well characterized [159, 161, 170, 212-214]. For this Group-2 HA,
most of the mutations in this region destabilize the HA structure and cause it to mediate
membrane fusion at elevated pH. However, mutation of HA1 residue 17 from His to
Tyr, which is present in Group-1 HAs, leads to a significant decrease in the pH at which
conformational changes and membrane fusion take place. The His residue at HA1

position 17 makes hydrogen bonds to carbonyl oxygens of fusion peptide residues 6
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and 10 via a water molecule, and the results suggest that protonation of this residue
may contribute to the initiation of conformational changes required for fusion activity. In
Group-1 HAs, the larger side chain of the conserved Tyr at HA1 position 17 allows for
formation of hydrogen bonds directly to fusion peptide residues 10 and 12, and
presumably, analogous hydrogen bonds stabilize the structure of the HA1 H17Y mutant
of Aichi HA. If the Tyr at HA1 position 17 has a stabilizing effect on the neutral pH
structure of Group-1 HAs, we postulated that other residues in this region might be
involved in destabilizing such HAs during acidification of endosomes. Therefore, we
targeted HA2 residue 111 as a potential residue of interest, as it is invariant in all
naturally occuring isolates of Group-1 HA subtypes. Here we report studies on
expressed HAs of several Group-1 subtype viruses, as well as a selection of Group-2
HAs, to examine the phenotypes displayed by mutants with changes at HA2 position
111, as well as HA1 17, with respect to membrane fusion activity and the pH at which it
is mediated. We show that, for all HAs examined here, substitutions at this position

resulted in a loss of fusion activity, suggesting a critical role for this residue.

2. Materials and methods

2.1 Cells and antibodies

Vero cells (CCL-81) were obtained from ATCC and were used for transfections

for the following assays: a luciferase-based reporter assay to assay fusion and western
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blots and radioactive labeling and immunoprecipitation to assay cleavage and surface
expression. BSR-T7/5 cells (originally obtained from Karl-Klauss Conzelmann) served
as the target cells in the luciferase-reporter based assay. For the syncytia formation
assay, BHK-21 cells (ATCC CCL-10) were transfected with HA-plasmids to analyze
fusion, described below.

The HA specific antibodies utilized in this study were described previously [152,
169]. BEI Resources provided the following: goat anti-H1, goat anti-H2 singapore, goat
anti-H3, goat anti-H10, goat anti-H11, goat anti-H1prrs, goat anti-H1cal, goat anti-H5vn.

Aichi HA was detected using rabbit anti-X31 serum.

2.2 Plasmids

The wild-type HA expression plasmids have been described previously [152,
169]. To introduce the Y17H, H17Y, H111A, and T111H mutations, the wild-type HAs
were PCR amplified from the expression plasmids and cloned into pCR-BLUNT,
according to the manufacturer’s instructions. The pCR-BLUNT plasmids containing the
HA gene of interest were modified using QuikChange site-directed mutagenesis to
incorporate each mutation. Ligation independent cloning (LIC) procedures were used
for the generation of the final plasmids. For LIC, the mutant HA genes in the sequence-
verified pCR-BLUNT clones were amplified using LIC specific primers: a + sense with
the 5’ flanking sequence 5TACTTCCAATCCATTTGCCACCATG, and a (-) sense

primer with the 5’ flanking sequence of 5 TTATCCACTTCCATTTCTCA. Standard LIC
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procedures described previously [152, 169] were used for the generation of each of the

WT and mutant plasmids.

2.3 Western blot assay

For gel analysis, 40 ul of each sample was resolved by SDS-10% PAGE and
transferred to nitrocellulose membrane. After being blocked in Tris-buffered saline
(TBS) containing 0.1% Tween 20 (v/v) and 5% non-fat milk (w/v) at 4 °C overnight, the
membranes were rinsed and incubated at room temperature for 2 h with different anti-
HA antibodies. The membranes were washed and incubated with AP-labeled protein
A/G (Thermo Fisher Scientific, MA, USA) at RT for 2 h. The protein bands were then
visualized by incubating with the developing solution (p-nitro blue tetrazolium chloride
(NBT) and 5-bromo-4-chloro-3-indolyl phosphate toluidine (BCIP)) at RT for 15 min. The
relative intensity of the bands corresponding to HAO, HA1, or HA2 was determined
using ImageJ (NIH) v.1.33u (USA). The percent cleavage was determined by using the
equation [HA1/(HA1+HAo0)] X100, and the percent cleavage relative to the wild type was

calculated using the equation [(% cleavage mutant HA/% cleavage of WT) x 100].

2.4 Radioactive labeling and Immunoprecipitation

Plasmids (1 pg) containing the WT or mutant HA was complexed with Plus

reagent and transfected using Lipofectamine (Invitrogen) into Vero cells. After an

incubation of 16-18 hours, the cells, now expressing HA, were washed 2x with PBS and
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incubated at 37°C in starvation media, MEM (-Met —Cys), for 30 min. A 15 min pulse
with 25 uCi of [s5S]-methionine (Perkin Elmer) followed, after which the cells were
washed with PBS and incubated at 37°C in complete media with excess (20x) cold
methionine for a 3 hour chase period. To assay for cleavage, the cells were washed
once with PBS and incubated in DMEM or DMEM plus 5ug/ml TPCK trypsin (Sigma) at
37°C for 30 minutes. For the examination of surface expression, surface proteins were
biotinylated using 2 mg EZ-link Sulfo-NHS-SS-Biotin (Thermo Scientific) in PBS pH 8.0
for an incubation time of 30 minutes at ambient temperature. After incubation,
biotinylated samples were washed with 50mM glycine in PBS, pH 8.0 to quench the
excess biotin. Cells were washed a final time with PBS and were lysed by the addition
of 0.5ml RIPA buffer (50mM Tris-HCI, pH 7.4; 150mM NaCl; 1mM EDTA; 0.5%
deoxycholate; 1% triton X-100; 0.1% SDS). A 10 minute centrifugation at 16,000x g
pelleted the cell debris to leave cleared lysates remaining.

For the antibody pull-down, HA specific antibodies were conjugated to Protein G
dynabeads (Invitrogen) in PBS + 0.02% Tween-20 for an hour at room temperature.
Unbound antibody was removed following a wash step with PBS+ 0.02% Tween-20.
The lysates were also pre-cleared using the Protein G dynabeads for an hour at room
temperature. The Protein G/ antibody complexed beads were incubated with the pre-
cleared lysates for an hour at room temperature. Following incubation, the beads
complexed now with the specific HAs were washed three times with PBS and
resuspended in 30ul 1x SDS buffer. A 5 min boil and brief centrifugation step removes

the proteins from the beads.
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For the precipitation of biotinylated proteins, the beads complexed with Protein-
G/antibody/antigen were washed 3 times with PBS and resuspended in 50ul 50mM Tris-
HCI+0.5% SDS. The beads were boiled for 5 minutes and centrifuged to dissociate the
proteins, so that they may be collected. 25ul of the eluate is used for a subsequent pull
down of the biotinylated proteins using Streptavidin M-280 Dynabeads (Invitrogen) to
isolate and precipitate cell-surface expressed HA. 100ul of beads per sample were
washed three times with PBS + 0.2% BSA and then resuspended in 975l streptavidin
binding buffer (20mM Tris-HCI, pH8.0; 150mM NaCl; 5mM EDTA; 1% Triton X-100;
0.2% BSA). The eluate (25ul) was added to the beads in the streptavidin binding buffer
and incubated for 1 hour at room temperature. The beads were then washed with PBS+
0.2% BSA to remove unbound substrates and resuspended in 35ul 1x SDS sample
buffer. The beads were boiled for 5 min and centrifuged to collect the dissociated
proteins. The remaining 25ul of the immunoprecipitation elution was used to determine
the total amount of HA protein in the sample. 10ul of 3x SDS sample buffer was added
to the total HA sample for a final volume of 35pul.

For gel analysis, 18ul of samples were loaded and run on 12% pre-cast SDS- PAGE
gels. The gels were fixed with 50% methanol/10% acetic acid solution at room
temperature for 30 minutes and dried under a vacuum for 1 hour at 80°C. Once dried,
the gels were stored in a cassette for exposure to a phosphorimaging screen. The
Phosphor screens were scanned on a Typhoon Trio variable mode imager (GE
Healthcare Life Sciences). ImageQuant software was used to determine the intensity of
the HAO, HA1 and HA2 bands. The values were normalized to methionine content of the

appropriate subunit. Percent cleavage was determined using the equation
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(Ha2/(Ha2+Ha0))x100% and the percent cleavage relative to wild-type calculated as
((% cleavage mutant HA/% cleavage of WT)x100). To examine surface expressed HA
and for the comparison of wild-type and mutant levels, the total level of HA in each lane
was quantified and the amount of surface expressed HA was determined by the
following equation, (cell surface HA/ total HA)x100 and then the percent relative to wild-
type surface expression was calculated as ((% surface expression mutant HA/% surface

expression WT HA)x100).

2.5 Fusion Assays

Membrane fusion mediated by the HA proteins was measured in 2 assays: a
gualitative syncytia assay and a quantitative luciferase reporter based assay. For the
syncytia assay, BHK-21 cells were transfected with 1ug of HA containing plasmids
complexed with Plus reagent and Lipofectamine (Invitrogen) per manufacturer’'s
instructions. 24 hours post-transfection, the cells were washed with PBS and were
treated with serum-free DMEM plus 5ug/ul TPCK-trypsin (Sigma) for 15 min at 37°C.
The trypsin containing media was removed and the cells were washed with PBS and
then exposed to low pH PBS, adjusted with 200mM citric acid, for 5 min. The low pH
was neutralized by the removal of the PBS and the immediate addition of complete
growth media (CGM). The cells were incubated in CGM for 2 hours at 37°C and then
were fixed and stained using a Hema3Stat Pak (Fisher Scientific) for visualization.
Syncytia formation was imaged and recorded using a Zeiss Axio Observer inverted

microscope with attached digital camera.
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For the quantitative luciferase-based reporter assay, 1ug HA-plasmid and 1ug of
plasmid containing the gene for firefly luciferase under a T7 bacteriophage promoter
were complexed with Plus reagent and transfected into Vero cells using Lipofectamine
(Invitrogen). 16-18 hours after transfection, the cells were washed with PBS and treated
with 5ug/ul TPCK trypsin in serum-free DMEM for 30 minutes. The trypsin treatment
was followed by a wash and a 30 minute incubation in serum-free DMEM plus 20ug/pl
trypsin inhibitor to neutralize any remaining trypsin activity. BSR-T7/5 cells, which
constitutively express bacteriophage T7 RNA polymerase, were overlaid on to the Vero
cells expressing HA at the cell surface. The combined cell populations were incubated
for 1 hour at 37°C to allow for the BSR-T7/5 cells to adhere to the existing monolayer of
Vero cells. Non-associated cells were removed via a gentle PBS wash. The combined
monolayer was exposed to low pH PBS, adjusted with 100mM citric acid, and incubated
for 5 minutes at 37°C. The acidified PBS was removed, and the low pH environment
was neutralized by a wash and then the addition of complete growth media. The
combined cell populations were incubated at 37°C in the CGM for 6 hours to allow for
fusion and the transfer of the T7 polymerase and expression of the T7-luciferase
plasmid. The cells were then washed with PBS and lysed with 0.5ml of Reporter Lysis

Buffer (Promega). The lysates were frozen for 16-18 hours and then collected. Cell
debris were removed following centrifugation at 15,000 x g at 4°C and 150yl of the
clarified lysate was transferred to a white, flat bottom, polystyrene 96-well plate
(Corning). 50ul of luciferase assay substrate (Promega) was injected into each well and

luciferase activity, indicating a successful fusion event between the two cell populations,

was quantified using a BioTek Synergy 2 Luminometer.
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2.6 Enzyme-linked Immunosorbent Assay

Surface expression of the HA, as either the pre- or post- conformational change
structure, was determined by Enzyme-linked Immunosorbent Assay (ELISA). 0.1ug/well
of plasmid containing the WT or mutant HA was complexed with Plus reagent and
transfected using Lipofectamine (Invitrogen) into Vero cells in a 96-well plate. After an
incubation of 16-18 hours, the cells, now expressing HA, were washed with PBS,
treated with 5ug/ul TPCK trypsin diluted in serum free DMEM for 10 min at 37C.
Following trypsin treatment, cells were washed with PBS and incubated with pH-
adjusted PBS, using 100 mM citric acid, either at a neutral pH 7.0 or a low pH for 5 min
at 37 C. Following pH treatment, wells were incubated with a panel of antibodies,
including a polyclonal A/Singapore/57 from BEI Resources as well as 2/9, an H2
monoclonal antibody specific to a low pH conformation. Antibodies were diluted in 2%
percent BSA and incubated in the wells for 1 hour at 37C. Following the primary
antibody incubation, the wells were washed 3x with PBS-Tween (0.05%). An
appropriate HRP-conjugated antibody, donkey anti-goat HRP conjugated antibody or
goat anti-mouse HRP-conjugated antibody were used for the H2 polyclonal and
conformation specific 2/9 antibody, respectively, which was diluted in 2% BSA and
added to the wells for 1 hour at RT, while rocking. Following, wells were washed again
3x with PBS-Tween (0.05%) before the addition of 50ul TMB Substrate where the

reaction proceeded for 5 min before being stopped by the addition of 150ul of TMB Stop
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solution. The optical density (O.D.) of each well was measured at 450 nm using a

spectrophotometer.

3. Results

3.1 Rationale and structural locations of critical residues

Phylogenetic and structural analyses of the hemagglutinins of the 16 HA
subtypes found in avian reservoirs show that they can be divided into five clades that
segregate into two groups, Group-1 and Group-2 [6, 7, 146]. A number of structural
differences distinguish the two groups, including the following: 1) compared to Group-2
HAs, the short helix of the HA2 hairpin loop of Group-1 HAs is extended by a half turn
and the peptide chain that links the two helices has a “higher” turn near the top of the
long helix. 2) The membrane-distal heads of Group-1 HAs, therefore, ride “higher” on
the stem domains, and are rotated relative to group-2 HAs stem domains along the
three-fold axes. 3) Several residues in the region of the fusion peptide segregate in
group-specific fashion, and notably, HA1 position 17 and HA2 positions 106 and 111
are conserved as Tyr, Arg, His in Group-1 and His, His, Thr in Group-2 HAs,
respectively. This region in the vicinity of the fusion peptide forms the focus of our
current studies, and the structural locations of the residues of interest are shown in
Figure 1. Previous work by our lab and others suggests that residues in the stem region

in general, and in the fusion peptide region in particular, may be critical for providing



initial triggers for the acid-induced structural rearrangements required for membrane

fusion activity [67, 145, 146, 161, 173-175, 215].
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Figure 1. (A) The H3 subtype monomer is shown with the HA1 displayed in blue,
and HA2 shown in red. The gray circles highlight the receptor binding domain (top)
and fusion peptide pocket (bottom). The structural locations of the HA1 17 and HA2
111 residues are indicated by arrows. The lower right of the panel shows the
residues specific to group-1 and group-2 clades which are highly conserved within
each group. The HA1 17 is conserved as Tyr in group-1 and His in group-2, while

The HA2 N-terminal fusion peptide is noted as FP. (B) The phylogenetic tree of the
panel of 16 HA subtypes found in avian reservoirs which are separated into five

HA2 111 is conserved by group as His and Thr in group-1 and group-2 respectively.

clades (color-coded) and can be segregated into two groups, Group-1 and Group-2.
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We identified a conserved histidine at HA1 position 17 as a potential trigger residue for
conformational change of Group-2 HAs. Histidine residues are of particular interest in
this respect, as the imidazole side chains have a pKa of approximately 6.0 and
therefore can become protonated in acidified endosomes. In Group-1 subtype HAs,
HAL position 17 is generally Tyr, so we attempted to identify an additional residue in
these HAs that might play a similar role for triggering conformational changes during the
entry process and focused our attention on HA2 residue 111. As seen in Figure 1, this
highly conserved residue is similarly located in a region that becomes occupied by the
fusion peptide following proteolytic activation of HAO, and it forms contacts with other
highly conserved residues that are critical for fusion function such as HA2 Tyr 21. For
the purpose of our studies, we cloned WT and mutant HAs representing a selection of
Group-1 and Group-2 HAs for which we had suitable antisera for examining antigenic
and biochemical properties of expressed HAs, as well as their functional phenotypes
with respect to membrane fusion activity. The WT and mutant HAs utilized in the study

are shown in Table 1, and include both human and avian representatives.

Table 1. Origin of HA subtype proteins

Origin Subtypes  Strain name 17 mutation 111mutation
Avian H1N1 Alduck/Alberta/35/1976 Y17H H111A
Avian H11N6 Alduck/England/1/1956 Y17H H111A
Human H1N1prs A/Puerto Rico/8/1934 Y17H H111A
Human H1N1ca AlCalifornia/04/2009 Y17H H111A
Human H2N2,ap AlJapan/305/1957 Y17H H111A
Human H5N1vn AlVietnam/1204/2004 Y17H H111A
Avian H3N8 Alduck/Ukraine/1/1963 H17Y T111H
Avian H10N7 Alchicken/Germany/N/1949 H17Y T111H

Human H3N2aichi A/Aichil2/1968 H17Y T111H
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3.2 Cell surface expression of HAs

Expression plasmids encoding the HAs shown in Table 1 were transfected into
Vero cells and HA transport to the plasma membrane was examined using a cell
surface biotinylation assay as shown in the gels in Figure 2 panel A. The bands
representing surface-expressed HA were compared to total HA in the cell lysates of
parallel assays, and the values of these are plotted as ratios with respect to
corresponding WT HAs in panel B of Figure 2. It was determined that the HA1 17
mutants were expressed at levels ranging from 82% to 147% of wild-type indicating that
the incorporation of histidine or tyrosine respectively did not significantly alter the
expression profile of the HA. Similarly, for the HA2 111 mutants, surface expression
relative to WT ranged from 44% to 192%, indicating that the HA2 position 111 HAs were

also expressed at cell surfaces.

3.3 Cleavage activation of mutant HAs

In order to be primed for the acid-induced conformational changes that mediate
membrane fusion, each monomer of the HAO precursor structure must undergo
proteolytic cleavage into the disulfide-linked subunits, HA1 and HA2. The HA of the H5
subtype A/Vietnam/1204/2004 contains a polybasic cleavage site that is recognized by
cellular proteases and is expressed on the plasma membrane as cleaved HA; however,
intracellular cleavage of the human H5vn HA H111A mutant was quite low,
approximately 2-5 percent relative to WT, in agreement with a previous report [167].

The other HAs used in this study require addition of exogenous protease to activate
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Figure 2. Surface expression of WT and mutant HAs by metabolic labelling and
biotinylation of HA expressing cells. SDS-Page analysis, where lanes “T” represent total
HA protein and “SE” represent surface expressed HA protein. (A) Gel images for human
and avian subtypes corresponding to Group-1 are shown. (B) Gel images for human and
avian subtypes corresponding to Group-2 are shown. (C) Quantitative representation of
surface expressed mutants relative to the WT surface expression level. Error bars
represent the standard deviation following three independent experiments.
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fusion potential. To confirm that the mutant HAs can be proteolytically activated, HA
proteins were expressed in the presence of [35S]-methionine, cell monolayers were
treated with exogenous trypsin or left untreated, and HA was precipitated with
appropriate HA subtype-specific antibodies. Digestion products were then separated by
SDS-PAGE under reducing conditions as shown in Figure 3, and bands corresponding
to uncleaved HAO, and cleaved HA1 and HA2 subunits, were quantified by
phosphoimager analysis. A comparison of mutant HA cleavage efficiency relative to the
corresponding WT HA is shown in Figure 3 panel A, and reveals that for the HA1 17
mutations, percent cleavage compared to wild-type ranged from 70% to 143%,
indicating that mutations at this residue did not significantly impact the capacity of
mutant HAs to become proteolytically activated. For the HA2 111 mutations, most HAs
were also cleaved with reasonable efficiency, ranging from 43% to 132% The results
demonstrate that the mutant HAs can be activated for membrane fusion potential, and
the cleavage into HA1 and HA2 by exogenous trypsin shows that they are transported
to the plasma membrane, confirming the results of the surface biotinylation experiments

described above.

3.4 Fusion activity and pH of fusion activation for mutant HAs

To examine the significance of the conserved residues at HA1 17 and HA2 111

for fusion activity, and the pH at which such activity is triggered, two assays were
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Figure 3. Proteolytic cleavage potential of WT and mutant HAs. Radiolabeled HA-
expressing cells were treated with or without trypsin as indicated by + and — and
lysates were immunoprecipitated with an HA-specific antibody and resolved using
SDS-PAGE. (A) Gel images for both human and avian Group-1 HA subtypes. (B)
Gel images for both human and avian Group-2 HA subtypes. (C) Quantitation of the
trypsin cleavage of mutant HA subtypes relative to the WT HA.
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employed. The first, a qualitative syncytia assay, allows for the visualization of fusion
events resulting in the formation of multi-nucleated syncytia by HA-expressing cell
monolayers following incubation at reduced pH. For this assay, HA-expressing cells are
treated with trypsin to activate fusion potential, then incubated in acidic buffer over a
range of pH values differing by increments of 0.1 units. The results of this assay are
represented in Figure 4 where images of the monolayer at the pH of fusion, visualized
by the highest pH value with observable syncytia, are shown next to images of the
monolayers under buffered conditions at 0.1 pH units higher. If little or no syncytia were
observed within the pH range predicted based on the pH of fusion for the WT HA, the
monolayers were incubated at pH 4.4, the most acidic pH examined. For the three
Group-2 HAs that were tested, the HA1 H17Y mutants displayed an acid-stable
phenotype with fusion activity triggered at reduced pH relative to WT, and the HA2
H111A mutant HAs induced fusion at elevated pH relative to WT HA. These results are
in agreement with previous reports on Group-2 HAs with substitutions at these positions
[161]. For the Group-1 HAs, the HA1 Y17H mutations had destabilizing effects and an
elevated fusion phenotype, but no fusion was detected at any pH for all HA2 H111A
mutant proteins.

To corroborate these results, a quantitative luciferase-based reporter assay was
carried out, which involves the transfection of the HA containing plasmid along with a
plasmid containing the gene for luciferase under the control of a T7 promoter. Vero
cells are transfected with these plasmids and treated with trypsin to activate surface
expressed HAs. BSR-T7 cells that express the T7 polymerase are overlaid on the

transfected Vero monolayer. The mixed cell populations are exposed to a low pH pulse,
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Figure 4. The pH of fusion as detected by the formation of syncytia.
Photomicrographs of syncytia formation by avian and human Group-1 (A)
and Group-2 (B) HA subtypes. BHK cells expressing HA were treated with
trypsin and pH adjusted in 0.1 pH unit increments. The pH of fusion is
shown as the highest pH at which syncytia were observed adjacent to cell
monolayers the next increment lower, where fusion was significantly
reduced by comparison.
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Figure 5. The pH of fusion as determined by the quantitative luciferase-based
reporter assay. (A) Group-1 HA human and avian subtypes. Notably in this group, no
fusion was detected of the H111A mutants. (B) Group-2 HA human and avian

subtypes.

and functional HAs expressed on the Vero cells mediate fusion to the BSR-T7 cells,
allowing for the transfer of the T7 polymerase and the expression of the luciferase
reporter. The results of this assay for WT and mutant HAs are shown in Figure 5 and
reflect those obtained with the syncytia assays both with respect to capacity of mutant

HAs to mediate fusion, and the pH of fusion activity relative to corresponding WT HA.
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Notably, no fusion was detected for any of the Group-1 HA2 H111A mutant HAs using

either assay.

3.5 Conformational change of A/Japan/305/57 HAs

For the WT and HA2 H111A mutant HAs, it was possible to address the capacity
to undergo acid-induced conformational changes with the conformation-specific
monoclonal antibody 2/9, which reacts preferentially with the low pH structure [178,
180]. We used this monoclonal antibody, as well as a rabbit polyclonal antibody, to
examine reactivity of HA-expressing cells by ELISA following treatment at pH 7.0 or 4.4.
As shown in Figure 6, reactivity with the polyclonal serum showed that the WT HA
expressed at higher levels relative to mutant, consistent with our surface biotinylation
results, and also showed that antibody reactivity remained relatively unchanged
following reduction in pH. The results with monoclonal antibody 2/9 show that reactivity
to WT Japan HA is significantly greater following incubation at pH 4.4 compared to
neutral pH, as expected for a fusion-active HA that had changed conformation as a
result of acidification. However, no differences in reactivity with 2/9 were detected
following acidification for the HA2 H111A mutant HA suggesting that it did not undergo

the structural transitions required for membrane fusion activity.
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Table 2. Fusion pH of wild-type and mutant HAs

pH and ApH values for wild-type and mutant HAs

Wild type 17 mutation 111 mutation

Luciferase Syncytia Luciferase Syncytia Luciferase Syncytia
Subtype pH ApH  pH ApH pH ApH  pH ApH
H1N1 54 54 5.8 0.4 6.0 0.6 n.o.* - n.o. -
H11N6 5.6 5.6 6.0 0.4 6.0 04 n.o. - n.o. —
H1N1prs 5.0 5.0 5.6 0.6 5.6 0.6 n.o. - n.o. -
H1N1ca 5.2 54 5.4 0.2 5.8 0.4 n.o. - n.o. -
H2N2,ap 5.0 52 5.4 0.4 54 0.2 n.o. - n.o. -
H5N1wn 5.6 5.6 6.0 0.4 6.0 0.4 n.o. - n.o. -
H3N8 54 52 5.0 -0.4 4.8 -0.4 5.6 0.2 54 0.2
H10N7 5.0 5.0 4.6 -04 4.4 -0.6 54 0.4 5.4 0.4
H3N2aichi 5.0 5.0 4.6 -04 4.6 -0.4 5.6 0.6 56 0.6

n.o.: no HA fusion was observed at or above pH 4.4

4. Discussion

Several lines of evidence suggest that the initial triggers for the acid-induced
structural rearrangements of HA that drive the membrane fusion process originate in the
region of the fusion peptide. A comparison of the HAO precursor structure [145] and
that of the cleaved neutral pH HA [114] shows that only the residues of the HAO
cleavage loop relocate as a result of proteolytic activation (residues 323-328 of HA1 and
1-12 of HA2). However, uncleaved HAO is relatively unresponsive to acidification,
whereas the metastable cleaved HA can be triggered to undergo the well documented
irreversible conformational changes that lead to fusion [206]. The major consequence
of cleavage activation is that HA2 residues 1-12, the N-terminal domain of the fusion
peptide, relocate into the trimer interior and bury a number of ionizable residues that line
a cavity in the HAO structure (Figure 7, panel A). The insertion of the HA2 N-terminus
into the trimer interior primes the HA for fusion activity, and mutation of any residue
within the first 10 positions of HA2, as well as several of the residues in the cavity that

are buried, are known to destabilize the cleaved neutral pH HA [159, 170, 212-214]. In
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studies using double mutants, the pH phenotype conferred by mutations in the fusion

peptide region display dominance over changes more distal in the HA structure [173].
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Figure 7. Structural depiction of HA2 position 111 region comparing Group-1 and
Group-2 HAs, represented by H2 and H3 subtypes respectively. A full trimer
viewed from the side is shown in the middle to indicate the region represented in
the panels (area between hatched lines). Panels A and B represent views down the
3-fold axis of symmetry (top view) for H2 and H3 subtype HAs, and panels C and D
show magnified views of these structures from the same orientation represented in
the HA trimer at the center of the figure. Fusion peptide residues are shown in navy
and group-specific residues HA1 17 and HA2 111, as well as highly conserved HA2
residues Trp21 and Tyr22, are shown in red.

Mutations in the fusion peptide region that elevate the pH of fusion have also been
observed to confer resistance to a neutralizing monoclonal antibody that binds at
monomer interfaces of the membrane distal head domains [216], and studies on the

kinetics of acid-induced refolding using a panel of conformation-specific anti-peptide
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monoclonal antibodies demonstrated that reactivity in the stem region preceded
reactivity in the membrane-distal domains following acidification [174]. Also, analysis of
the fusion kinetics of single virions using mutant viruses with changes in the fusion
peptide, and/or HA2 residue 112 that lines the cavity, determined that withdrawal of the
fusion peptide constitutes the rate-limiting step in the fusion process [175]. Studies
using hydrogen-deuterium exchange and mass spectrometry to analyze the dynamics
of acid-induced structural rearrangements lead to a similar conclusion, that extrusion of
the fusion peptide precedes other events in the refolding process [67].

The results reported here confirm and extend a number of previous studies
demonstrating that the HA region where fusion peptide residues insert into the trimer
interior upon cleavage activation of the HAO precursor, can play a critical role in HA
stability and the priming of membrane fusion activity. The results with Group-2 mutant
HAs for avian H3 and H10 strains support our previous results and conclusions based
on the human H3 HA from A/Aichi/2/68 [161]. Specifically, these results confirm that
changes at HA2 position 111 destabilize the Group-2 HAs resulting in a higher pH of
fusion, whereas the introduction of Tyr for the conserved His at HA1 17 significantly
stabilizes the structure, decreasing the pH of fusion by 0.4 or more in each case. These
results support a role for HA1 His 17 as a potential trigger residue in the initiation of
acid-induced conformational changes. When precursor HAO is activated for fusion
potential by proteolysis, the relocation of the newly-formed fusion peptide buries HA2
His 17, which forms hydrogen bonds to fusion peptide residues 6 and 10 via a water
molecule [114, 145, 146], and the stabilizing phenotype conferred by a tyrosine

substitution may be due in part to the longer side chain allowing formation of direct
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hydrogen bonds with residues 10 and 12 of the fusion peptide. Of the conserved
residues that are buried in Group-2 HAs, HA1 His 17 is a strong candidate to change
protonation state during the pH transitions that would be encountered in the endosome.
For the Group-1 HAs, the substitutions for Tyr at HA1 position 17 were all destabilizing,
resulting in a higher pH of membrane fusion activity. Again, these may be due to the
loss of hydrogen bonds formed between the Tyr and fusion peptide residues in the WT
HA neutral pH structure. For the His to Ala substitution mutants at HA2 position 111, no
fusion was detected at any pH examined. This suggests that the removal of the
ionizable side chain of the His 111 residue in WT Group-1 HAs may render the structure
unresponsive to acidification and suggests a potential role for the His 111 residues in
initiating the conformational changes that mediate fusion activity. For the HA of
A/Japan/305/57 virus, the conformation-specific monoclonal antibody 2/9 preferentially
recognizes the low pH structure, and we demonstrated that WT Japan HA becomes
significantly more reactive for MAb 2/9 upon acidification, whereas binding to mutant HA
with Ala at HA2 position 111 showed no changes in reactivity following reduction in pH.
The results indicate that the mutants were not undergo conformational changes and
explain the loss of functional activity observed in the two membrane fusion assays.

For Group-1 HAs, the residue HA2 His 111 is buried following relocation of the
fusion peptide upon activating cleavage. In the cleaved neutral pH structure, it resides
in close proximity to completely conserved HA2 residues Trp21 and Tyr 22 and forms
hydrogen bonds with the hydroxyl group on the side chain of the latter. A comparison of
Group-1 HA structures and those of Group-2 HAs, which contain Thr at position 111,

show that the residue at this position dictates the orientation of the indole side chain of
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Trp 21, and structural features in this area might have critical implications for initiation of
fusion. Both Trp 21 and Tyr 22 are conserved in all subtypes, and the structures of
several HA-antibody complexes reveal that Trp 21 resides in the footprint of several
broadly-reactive antibodies that can inhibit acid-induced conformational changes [183,
184, 201-203, 217-219]. Even though His 111 is not directly contacted by such
antibodies, a His to Thr recombinant protein lost reactivity to one such antibody, C179
[184], and laboratory passage of an H5 subtype virus multiple times in the presence of
another, CR6261, selected for a His to Leu substitution at position 111 [201]. In each
case, the functional efficiency of the HA was not assessed, but we have observed that
viruses with very poor fusion activity can be rescued by reverse genetics [198, 212,
213], including examples of mutants that were well documented for a hemifusion
phenotype [220]. In these examples the virus titers in cell culture were orders of
magnitude lower than WT, and following passage in the absence of any selective
pressure, they reverted to either WT sequence or alternative amino acids. The
threshold level of fusion activity required for virus fithess in natural environments is not
known, but HA2 His 111 is conserved in all Group-1 HA subtypes.

Protonation of the His 111 side chain during endosomal acidification could
potentially destabilize the structure in this region and help initiate the cascade of
conformational changes that lead to membrane fusion. As discussed above, HA2
residues 106 and 111 are conserved in group-specific fashion, and the residues 106
through 112 are critical for function in that they undergo the helix-to-loop transition that
results in formation of the helical bundles that draw viral and endosomal membranes

into proximity to one another during fusion. Therefore, it is notable that mutagenesis



58

and X-ray crystallography studies on an H2 subtype HA with an Arg-to-His substitution
at HA2 position 106 also reveal an acid-stable fusion phenotype [171]. Their structural
data show that the side chain of the His 106 mutant HA rotates as acidification proceeds
and structural changes translate to other regions of the HA in an intermediate “relaxed
state”. They suggest that “a precise balance of charged residues” may help ensure that
the HA structural transitions occur at optimal pH for endosomal fusion, and this would
be consistent with our results with HA2 His 111 mutants. It could also be the case that
HAZ2 His 111 is critical for ensuring that the structure in this region of the metastable
pre-fusion HA is optimal for responding to acidification. A notable difference between
Group-1 and Group-2 HAs is that the residue at HA2 111 influences H-bonds to Tyr22
and His 38 (in Group-1), and the orientation of the indole ring of Trp21 [146]; Figure 7,
panels C and D). As noted above, mutation of position 111 can result in a loss of
reactivity with fusion inhibiting antibodies that have Trp21 in the footprint. Recently, van
Dongen et al., reported that an orally active antiviral compound based on one such
antibody was effective against challenge by group-1 viruses of the H1 and H5 subtypes,
and like the antibodies, the footprint of the drug includes residues Trp21 and His 38
[204]. A major challenge for the continued development of antiviral compounds such as
this, or broadly effective “universal” vaccines will be the issues of drug resistance and
escape from immune recognition, and the ongoing identification of residues, such as
HA2 His 111, that are required for optimal function and fitness for a range of influenza
subtypes will be critical.

Taken together with our current results, it would appear that the triggering of

structural changes initiates at residues proximal to the fusion peptide such as HA2 106
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and 111, and that these initiating events are then transmitted to the more distal domains
prior to the “unclamping” of the membrane-distal head domains during the fusion
process. Overall, if specific highly conserved residues such as HA2 His 111 in the
fusion peptide region prove to be immutable for functionality, they may represent an

“Achilles heel” target for fusion inhibitors that are resilient to drug resistance.
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For enveloped viruses, fusion is required between the viral membrane and
cellular target membranes to release the viral genome within host cells and initiate viral
replication. Enveloped viruses using fusion proteins include HIV, Ebola, SARS CoV,
and influenza viruses, all of which cause infectious diseases of public health concern.
Not all viral fusion proteins operate in the same way and can be classified into different
classes of fusion proteins. The influenza hemagglutinin is a prototype Class |
membrane fusion protein. Class | fusion proteins are defined by the presence of a
fusion peptide that becomes the N-terminus of the fusogenic subunit itself following
cleavage by an activating protease. These proteins undergo structural rearrangement
to transition into a stable helical hairpin structure to mediate fusion. As well
characterized and studied as the HA protein is, questions still remain regarding the
process of fusion. A more thorough and detailed understanding of how this dynamic
process occurs can lead to increased understanding of fusion proteins as well as
strategies for the development of therapeutics to prevent disease.

Variations within the HA subtypes and strains lead to a different optimal pH of
fusion for each virus, though the mechanism of structural rearrangement is well
conserved within all the HA subtypes. Analysis of the residues that are conserved
throughout the subtypes and groups can help focus our understanding of the function of
these amino acid interactions and the overall mechanism of fusion. Previous work had
identified, within group-2 subtypes, that His 17 in the HA1 subunit creates interactions
within the fusion peptide and other residues and was shown to be an important trigger

residue in the process of fusion. The pKa of histidine is approximately 6.0 which allows
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the histidine residues to be protonated and charged within the context of the low pH
environment of an endosome. Histidine residues are often found within Class | and
Class Il viral fusion proteins and frequently are residues that are implicated in the
structural changes which allow fusion to occur. Taking into context highly conserved
residues found in the fusion peptide pocket as well as the importance of histidine
residues found in viral fusion proteins and the ability for protonation in acidic
environments, we narrowed our mutational interest within group-1 HA subtypes to a
highly conserved histidine residue found in the HA2 subunit at position 111.

Initial experiments regarding the 111 residue of HA2 in the Group-1 subtypes
used an alanine substitution at this site. Although this mutation allows us to explore the
effect of removing a specific amino acid, in this case histidine, substitution with alanine
may not allow us to understand if the His itself is required for function or if other amino
acids could be incorporated at this site and maintain a fusogenic phenotype. Our work
included additional site-directed mutagenesis of the 111 residue in the H2 subtype with
other amino acids in place of the wild-type histidine and we showed that these mutant
HAs are unable to mediate fusion. Use of pH conformation-specific antibodies directed
against the H2 Japan subtype allows us to determine if a conformational change occurs
following low pH exposure. Interestingly, we saw a clear indication that the leucine
substitution at 111 may be resulting in a misfolded protein, evidenced by a smaller
molecular weight protein band than the wild-type and other mutants (unpublished data).
Additionally, conformation specific antibodies showed that the other mutants, Thr, Gln,
and Ala, were not undergoing a structural change between neutral and low pH. We

hypothesize that the structure of these HAs may be “locked” into a specific
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conformation. In light of these results, the question remains if any amino acid could be
substituted in place of the His residue of HA2 at position 111 within Group-1 subtypes
which could result in a phenotype showing fusion.

The impact of this research becomes important when we evaluate the challenges
influenza poses with respect to our current antiviral and vaccination strategies. Current
antiviral strategies against influenza infection fall into two categories: M2 inhibitors and
NA inhibitors. The two M2 ion channel inhibitors, amantadine and rimantadine, were
originally used to effectively treat infection, however as ongoing use of these antiviral
compounds occurred, resistance to these inhibitors spread [221-224]. These antivirals
may be accessible for use against a novel influenza strain that has not commonly
circulated in human populations, but resistance to these inhibitors may occur quickly.
The other current antiviral strategy is to use neuraminidase inhibitors which prevent viral
release from host cells, limiting infection. Neuraminidase inhibitors include zanamivir
and oseltamivir which can broadly treat influenza A and B infections. Although
resistance to these inhibitors can arise, the rates of resistance are lower for oseltamivir
and even more rare for zanamivir than for resistance to M2 inhibitors. As a result, these
inhibitors still being used for treatment against seasonal and pandemic viruses when
necessary [225-228]. The logistics of effective treatment include the administration of
these inhibitors within a timely fashion following infection, and as such, the use of
inhibitors is not always an effective strategy for controlling the overall spread of
influenza infection during seasonal epidemics or during pandemics, however, they can

be utilized to help mitigate the severity of infection in certain situations.
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A more appropriate measure for curtailing influenza infection and transmission is
through the use of seasonal influenza vaccines. Current vaccination strategy largely
relies on either trivalent (containing H1 and H3 IAV and either the Yamagata-like or
Victoria-like IBV) or quadrivalent (containing H1 and H3 IAV and both lineages of IBV)
vaccines directed at the HA [229-231]. Due to the high mutational rate and ongoing
antigenic drift of the HA protein, the annual influenza vaccine must be continually
evaluated and updated to attempt to elicit the best protection from the circulating and
predominant HA strains which will occur in an upcoming season[232]. Regardless of
natural infection or vaccination, the majority of the antibodies generated against
influenza are antibodies which recognize the highly variable globular head domain of
HAL, which serves as the most antigenically accessible region of the HA [233].
Constant antibody pressure on the immunodominant HA globular head leads to ongoing
antigenic drift allowing the influenza virus to escape immune pressure. Due to the need
for updating vaccines against seasonal strains, and the potential for pandemic viruses
to emerge with novel subtypes, recent efforts have focused on development of universal
flu vaccines to target more conserved epitopes, such as the HA stalk [234, 235] with the
intention of generating more broadly neutralizing antibodies against the HA.

Broadly neutralizing antibodies (bnAbs) are antibodies capable of neutralizing
more than one strain of the influenza virus, including some subtypes within a group, all
subtypes within a group, or even subtypes in different groups [183, 217, 236, 237]. In
the case of influenza HA bnAbs, this can occur through blocking the binding to the host
cell by obscuring the RBS on HA or by binding to the conserved stem region often

cross-linking the trimers, which might function to block the low pH conformational
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change required for fusion. The CR2621 antibody is able to neutralize multiple subtypes
within group-1, including the H1, H2, and H5 subtypes, and does so through binding
near a helical domain which blocks conformational change of HA[183]. Notably one of
the first isolated broadly neutralizing antibodies, C179, was determined to bind to
specific residues in HA1 (318-322) and HA2 (47-58), conserved among the H1 and H2
subtypes, leading to the neutralization of these viruses by inhibition of fusion[238].
Another antibody, F10, which can neutralize all group-1 subtypes was found to do so by
inserting into the fusion peptide pocket of the subtypes, which due to the high
conservation of the residues, allowed for broad reactivity [203]. Many of the bnAbs
which target the stem region do so by binding hydrophobic or aromatic residues inside
the hydrophobic groove of the stem region[203]. Escape mutants from bnAbs such as
C179[238], CR8020[239], CR6261[201], and CR8043[240] have been observed, though
with some impacts to the viral fithess such as reduced replication. Understanding the
broadly neutralizing antibody binding and neutralization has also led to development of
small molecule inhibitors that can prevent fusion by targeting epitopes of the bnAbs, as
shown through the development of the small molecule inhibitor INJ4796 which
stabilizes the HA, blocking fusion, by targeting epitopes important in CR6261 binding
[204]. Thus, as bnAb eliciting strategies are being explored for treatment and prevention
of Influenza and for pandemic preparedness, it is important to understand the
compensatory mutations that might arise should the conserved residues come under
intense immune selection.

In our studies presented here, we may have identified a residue that is critical to

triggering the structural rearrangements of HA leading to fusion. Since this residue is
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conserved among group-1 subtypes, it becomes an attractive target for the generation
of broadly neutralizing antibodies. However, such immune pressure has not been
specifically applied and the “immutable” nature of His 111 has not truly been tested.
Future work will examine the functionality of HA with mutations of every amino acid
incorporated at 111 and possibly the additional mutations in surrounding areas that
must also occur to ensure that HA is able to mediate fusion.

To address this line of work, we initiated reverse genetics studies using a set of
plasmids containing the 8 gene segments of A/PR8/34 (H1IN1) on a pDP backbone
obtained from the Lowen Laboratory at Emory University. The plasmid containing the
HA segment of PR8 was utilized to make a mutant library substituting 19 amino acids at
HA2 111 in place of the wild-type His residue at that site. The mutant library was
constructed with codon optimization of the mutants to be best suited for propagation in
mammalian expression system, utilizing codons more frequently seen in mammalian
cell lines, and generated by GenScript (Piscataway, NJ). Virus rescue experiments
were carried out using standard procedures by transfection of plasmids in 293T cells
and virus amplification in MDCK cells. Supernatants displayed positive cytopathic
effects (CPE) and fusion of cells during rescue, similar to the wild-type positive control
and not seen in negative controls, indicating that viruses were rescued.

Determination of the rescued virus sequences are in progress at this time. Sequence
analysis will reveal if observations of CPE and fusion were due to an immediate
reversion to wild-type or if the rescued virus contains a sequence with a mutation at the
111 residue which is at least temporarily able to support a rescued virus without further

passaging. With the rescue of these viruses, the flow of additional work is outlined
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below and includes the experiments and potential future directions, see Figure 1.

Reve rse Genetics Create full clonal

library with and
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System using PR8 inRG
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Rescue Of RG PR8 at 111 from WT at 111 residue

H Continued Passages,
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. compared to WT Time to revertant to . experiments
Experiments wr Mitations

If an established mutation at 111 is present, it will be interesting to determine whether
optimal fusion function and virus replication are maintained, or whether compensatory
mutations at other residues are contributing to function.

Future experiments on any rescued viruses will initially use serial passage to
determine if reversion to wild-type occurs. If the wild-type residue of His is so critical to
the fusion function that even mutants with compensatory mutations are less fit, a
reversion to wild-type would be expected. Since the residue is so highly conserved
within the Group-1 subtypes, the hypothesis is that the virus would not benefit from
deviation from this highly conserved residue. Thus, defects in viral growth and kinetics
between the wild-type and any rescued mutant virus may show a defect in the mutated
residues even if compensatory mutations within the HA arise.

Should mutant viruses with changes at HA2 111 be confirmed, additional

experiments will be conducted to understand the impact of the mutation on viral fitness.
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Mutant virus stocks will be prepared, titered, and sequenced to confirm that the
mutation is maintained. Replication kinetics of wild-type and mutant viruses will then be
compared for single cycle growth conditions at a multiplicity of infection (MOI) of 5, and
multicycle growth conditions at MOI of .001. Any rescued viruses with or without
compensatory mutations can be evaluated for changes to the pH of fusion.

To understand the capacity for different amino acids to occupy position 111,
deep sequencing of the supernatant of virus rescues will be used determine the makeup
of quasispecies, if any are present. This would also allow us to determine the amino
acid which are more prevalent substitutions than others, and which mutations may be
more likely to emerge.

Finally, | hypothesize that 111 mutant HAs may not be able to tolerate
compensatory mutations with equal fithess to wild-type. The surrounding residues and
the 111 residue itself is highly conserved, and the residue itself is hypothesized to
trigger fusion. A mutation from the His 111 may require compensatory mutations to
occur within the fusion peptide pocket to replace any loss of stabilizing and triggering
effects if the His residue were to be substituted with a less ionizable residue. Additional
mutations may require several amino acid changes outside of the 111 residue to still
allow for a fit virus, and even so fitness may be abrogated with so many mutations from
conserved residues. These results would allow for understanding of not only the trigger
residue as it pertains to fitness but also of the role of other residues which may directly
or indirectly interact with the 111 residue as it relates to fusion and the optimal pH of
fusion. This information would allow for multiple targets in antiviral and vaccination

strategies, as we can focus not only on the residue of most interest, the “trigger”
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residue, but also the residues within the environment which may be directly related to
the ability for successful substitutions.

The identification of a highly conserved residue within a relatively conserved
region of the HA stalk domain main have implications for future strategies for universal
vaccines and development of antiviral compounds. This is even more significant since
we have clearly demonstrated the functional significance which is likely to form the

basis for conservation of HA2 His 111.

Future ldeas and Strategies

Broad implications of understanding the Class | fusion protein have the potential
not only to better strategize for treatment and preparedness for IAV subtypes but can
also be used to illuminate the fusion process for other fusion proteins for viruses such
as Ebola, HIV, SARS CoV as well as other influenza types including the IBV and ICV.
IBV may have similar conservation of residues and targets since IBV includes the HA
protein much like IAV. Unlike IAV and IBV, ICV has a hemagglutinin-esterase-fusion
(HEF) protein which has approximately 12% sequence identity to the HA of IAV and
IBV. Due to the HEF protein serving the same function as the HA of IAV and IBV, it
must undergo similar fusion changes in the endosome but this process is not as well
characterized. Understanding the process of fusion in ICV HEF may lead to important
clues in understanding other distinct fusion proteins, as well as the level of changes
which the HA protein may be able to tolerate and perform similar function.

Understanding how markedly changes in the HA from IAV to IBV and ICV occur can be
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used in understanding other viral fusion proteins by further extrapolating the comparison
between IAV and IBV or ICV in conjunction with other distinct fusion processes in
viruses with similar concern to public health. Understanding changes within influenza
types may be especially important when evaluating the breadth of response to selective
pressures of IAV HA which can tolerate changes but maintain the same functions
necessary for the viral life cycle. The pathology of ICV is considerably more mild in
humans than that of IAV and IBV and understanding if the HA to HEF differences relate
to the overall pathology of the virus can help understand the fitness defects that may
occur with great change to the HA protein when mutated.

While the HA is one of the most well-studied and characterized Class | fusion
proteins, there are other similar fusion proteins in a multitude of pathogens which utilize
a similar low pH fusion trigger and structural rearrangements. A detailed understanding
of the influenza HA fusion process can point to interrogating other diseases operating
under similar fusion mechanisms. Understanding some of the important residues,
microenvironments of fusion peptides, and the cellular biology of host cells which play a
role in infection can lead to a broader understanding of other fusion proteins. Fusion
proteins of other viruses have conserved residues, specifically histidine residues
interacting with other amino acids, creating “fusion trigger” hotspots that may useful to
study further for similar dynamics of mutation and pressure via antiviral and vaccination
strategies [241-243].

Lastly, the environment of the host, within the context of the host cells but also
the external environment and route of transmission, is clearly important in influenza

infection. Co-infections within the respiratory tract have the potential to change the
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environment of the respiratory tract. Infection with another respiratory pathogen can
increase the chance for secondary influenza infection and may play a role in the
infection and pathogenesis of both the initial infection and subsequent influenza
infection. Co-infection of viral or bacterial pathogens with influenzas occurs and can
lead to more severe pathology in patients. Pseudomonas aeruginosa is a common
bacterial pathogen which is often problematic for patients with cystic fibrosis (CF).
Interestingly the pH of the respiratory tract within CF patients is disrupted from the pH
found within the normal respiratory tract. The nasal cavity of CF patients is more acidic,
with an average pH of 5.2 compared to 6.3 in healthy adults. This lower pH environment
may be more resistant to influenza infection, if the pH is at or below that of HA fusion in
the nasal passages [244, 245]. Similar changes in pH of the mucosa during bacterial
infections may impact successful viral infection or co-infection with bacterial respiratory
pathogens. Does bacterial infection and biofilm formation alter the pH of the respiratory
tract and enhance the capacity for viral infection or persistence and disease pathology
of either infection? A “whole system” approach examining HA stability and functionality
in various pH environments, amongst co-infection or other disease states, and in the
context of mucosal viscosity or the inflammatory response within the lung may help us
better understand the overall stability and transmissibility of influenza. By identifying
environments which decrease or challenge influenza infection, as well as understanding
what may enhance the viral fithess of influenza, we will be better equipped for

developing successful treatment and prevention strategies.
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