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GENERAL CHARACTERISTICS OF INFLUENZA VIRUS A
MOLECULAR STRUCTURE

Abstract. The influenza virus is one of the most abundant viruses in the world. It causes both mild seasonal
infections and severe pandemics killing thousands of people and mammals. Two main extracellular receptors —
neuraminidase (NA) and hemagglutinin (HA) are responsible for infection symptoms development and spread.
Error-prone RNA-polymerase incorporates mutations into both neuraminidase and hemagglutinin per replication
cycle, which complicates the development of highly effective drugs against animal influenza. Incorporated mutations
are also involved in the transition of influenza from animal to human species and vice versa. Transited influenza
subtypes are the most dangerous, because it is unpredictable now, where the mutation might arise. However, it starts
to become clear, which molecular regions are the most common for the mutation to occur.

This article revises the molecular structure of influenza extracellular receptors, including critical regions of
receptors binding sites and susceptible mutation sites. The clear understanding of molecular structures and critical
regions of HA and NA might facilitate the development of an effective vaccine and/or drug development.

Key words: influenza, neuraminidase, hemagglutinin, mutation, sialidase, virus.

INTRODUCTION. General description of influenza viruses. Influenza A viruses belong to a viral
family of Orthomyxoviridae, what can be interpreted from Greek language as viruses which bind to
mucoproteins. Influenza A viruses cause flu in many representatives of animal species, the most common
hosts are: salmon, pigeon, poultry, fowl, especially chicken, swine, camel, bats and human. It should be
considered that an avian virus does not cause such a wide range of symptoms in birds but as it is trans-
mitted to humans, disease conditions might be very severe [1].

There are several types of influenza viruses: A, B and C types. Influenza A is the most studied and
common type: has a wide range of hosts including mammals, fish and birds and is responsible for most flu
epi- and pandemics. Influenza B virus infects only humans, and influenza C infects both human and swine
[1,2].

Influenza A virus causes a wide range of non-specific symptoms: high fever, sore throat, mild
headache, chills, malaise, cough and muscular pain. These symptoms do not necessarily indicate that a
person has flu. Otherwise, additional analyses should be certainly made to ensure a final diagnosis. Most
harm done by influenza is towards infants and elders due to their suppressed or non-developed immune
system. Sometimes it could be even fatal due to chronic illness or lack of special medical care and me-
dicine. However, as vaccines and drugs are being improved, those fatal cases are getting much lower than
in previous century [1].

There were several pandemics caused by initially swine or avian flu through the development of their
transmittance to humans. It is uncommon that once in the future another pandemic virus would arise
leading to enormous problems including lack of effective vaccine, inefficiency of available drugs, and
may be financial losses. It is very hard to predict next pandemics and subtype of virus involved in
particular, so detailed studies of viral subtypes might be a solution to overcome next potential pandemics.
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Molecules mostly involved in the development of influenza infections are envelope proteins: hemag-
glutinin (HA) and neuraminidase (NA). Most of the drugs against flu use HA or NA as their main targets
through reducing their affinity to sialic acid, destroying covalent inter- and intramolecular bonding or by
using antagonistic features. For example, zanamivir and oseltamivir are NA-inhibiting drugs [1].

So, in this review we would consider molecular structure, functions and subtypes of envelope
glycoproteins HA and NA, discuss interactions between viral and host molecules and briefly mention how
the transition from avian to human flu is established, which is the main cause of unexpected pandemics
[1].

Hosts of influenza A virus. Influenza A virus has a variety of hosts. Well known examples are chic-
ken, domesticated birds, swine, camels, horses, bats and humans.

There is a great variety of bird species susceptible to influenza A virus: ducks, wigeons, teals, mer-
gansers, geese, swans, redshanks, gulls, grebes and etc. Most of the avian hosts are waterfowl and only
several are terrestrial such as pigeons and chicken. The most known birds infecting influenza A subtypes
are highly pathogenic H5N1 initially identified in Hong Kong, H7N3 outbreak in England and Australia
in 1963 and 1992-1994 respectively, H7N7 several outbreaks in Germany, England, Australia and
Netherlands and H5SN2 with outbreaks in USA, Mexico, Italy and China.

Swine influenza is another major source of virus reservoir in wild environment. Outbreaks of swine
influenza were firstly identified in Spanish influenza pandemic in 1918 year and had occurred several
times after that. Major swine influenza subtypes: HIN1, HIN2 and H3N2 [3].

Equine influenza was described as a disease having similar symptoms as human influenza since
Romanian times. It has potentially evolved together with human influenza virus due to their living in close
proximity with horses, mules and donkeys. Influenza virus is still considered as the most important
respiratory pathogen in horse and related species. The first isolate of equine influenza was obtained in
Eastern Europe in 1956 year and identified as H7N7 subtype. Another example of horse influenza is
H3N8, which was isolated in 1963 and since those times is considered as enzootic in Europe and Ame-
rica [3].

Recently two novel influenza viral subtypes from bat species were identified and studied— H17N10
and H18N11. However, they are considered as influenza-like viruses, because their characteristics are
rather distinct: a different binding site to sialic acid receptors and neuraminidase not being a sialidase [4].

However, human infecting influenza subtypes have emerged from animal infecting subtypes through
the adaptation to the surroundings and incorporation of mutations per replication cycle. So, wild subtypes
of influenza virus should be thoroughly studied to prepare and possibly prevent next pandemics.

General description of influenza A virus. Influenza virions have roughly spherical or filamentous
shape. Newly synthesized ones have more filamentousvirions, and as they become mature, shape becomes
roughly spherical. Gene segments are wrapped into helical nucleocapsid, which is then packaged into
lipid envelope mostly derived from a host’s plasma membrane.

Influenza A viruses are encoded by six-eight strains of negative-sense RNA. RNAs are error-prone
due to RNA-dependent RNA-polymerase, which drives rapid adaption and evolution of influenza [5].
Each of the genome segments encodes one or two proteins, functions of proteins encoded together on one
gene segmentare rather similar. Envelope glycoproteins, which are located on the outermost layer, HA
and NA are encoded by genome segments 4 and 6, respectively [1]. Three RNA polymerase proteins (PA,
PBI1 and PB2) are encoded by distinct genome segments from 1% to 3™. 7"gene segment codes for an
integral membrane protein (M1) with ion channel activity and an envelope protein by subsequent splicing
of mRNA. Influenza A virus expresses 11 proteins in total, and 9 of them are packaged into new virions.
Two proteins, which are not packaged, facilitate assembly of viral particles.

Only in case all RNA gene segments are packaged into a viral particle, the virus is capable of survi-
val and infection [5].

Influenza A virus replicates in the host nucleus, unlike most other RNA viruses such as bynuaviruses,
paramyxoviruses and rhabdoviruses replicating in the cytoplasm. Viral mRNA of influenza stealscapped
5’ends of cellular mRNA in the nucleus, which facilitates rapid synthesis of new virion particles. Rapid
evolution of these viruses is due to the presence of both error-prone RNA-polymerase and frequentreas-
sortment (antigenic shift) of whole genome segments or some parts between related strains. This
reassortment is the one most responsible of pandemics due to mutated surface antigens NA and HA [1].

—— |4 ——
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Influenza A viruses are classified according to NA and HA subtypes, which together show different
antigenic reactivity to poly- and monoclonal antibodies and show different nucleotide sequences [6].

The main difference between avian and human adapted viruses is their preferential binding to
sialylated glycan receptors, hemagglutinin in particular. Human viral hemagglutinin exemplified by
HIN1, H2N2, H3N2 subtypes preferentially binds to long a2-6 sialylated glycan receptors, which are
mostly expressed in human upper respiratory epithelium. HA of avian influenza exemplified by HINS,
H2N9, H3N2, H3NS8, H5N8 binds to short a2-3 sialylatedglycans. Due to this feature, there are only
several avian influenza viruses capable tocause diseases in humansuch as HSN1, H7N7, H7N3, HIN2 se-
rotypes. Differences in receptor specificity of human and avian influenza A viruses are also considered as
features responsible for tissue tropism, host species barrier and interspecies transmission blocking. So,
there is a need to constantly monitor these avian viruses to be able to detect changes in external glycan
structure as they play the most important role in influenza evolution [6].

Swine influenza viruses are able to bind sialic acid in both 02-3 and 02-6 linkages, so they combine
features of both human and avian viruses.

HA and NA both recognize sialylated receptors on the outside of a host cell membrane. Influenza
infection is promoted by multiple HA binding to sialic acids found on the carbohydrate side chains
outside regions: on surface glycoproteins and glycolipids. NA’s primary function is to release accidentally
bound newly synthesized HA from sialylated glycoproteins and glycolipids, however it performs other
functions as well.

Neuraminidase. NA is a viral cell surface receptor of a tetramericglycoprotein nature. It is encoded
by 6"gene segment of influenza A genome. Its length is approximately 1413 base pairs in length with
slight variations, mature protein size is 454 Daltons.

It consists of four identical polypeptides of approximately 470 amino acids with slight variations in
sequence. Four domains of this protein are a membrane-anchoring hydrophobic domain, a thin variable
stalk, a globular head domain which is a carrier of enzyme active site and a calcium-binding site [7].

The stalk domain’s length varies significantly, and its shortening is associated with adaptation of
waterfowl to poultry [8]. Subunits consist of six bladed propeller-like structures, and blades are made up
of four antiparallel f-strands [9]. An enzyme active site with conserved charged amino acid residues can
be found in the central region of each subunit.

The function of NA is to cleave sialic acid residues from cellular and viral glycoproteins expressed
outside the host cell membrane. It is crucial to prevent HA mediated aggregation of newly synthesized
viral particles at the surface right after their leakage from damaged host cell, because this would prevent
further dissipation. NA fulfills that function by removing newly synthesized HA, which were accidentally
bound to sialylatedreceptors of dead cell [10].

Besides the release of budding virion particles through HA release, NA plays a role in promoting
cellular infection by promoting glycosylation of the HA and cleaving potential inhibitory Sia-s from
mucins. It was shown, that NA recognizes sialic acid residues on host glycoproteins and glycolipids in a
different manner in comparison with HA [11].

Different structural features of NA and HA form influenza subtypes.

Neuraminidase subtypes. 10 structurally different NA circulate in birds, which are classified into
two main groups [12]. The group 1 includes N1, N4, N5 and N8, and group 2 includes N2, N3, N6, N7
and N9. The classification is based on similar features within the following regions: in the 150-loop
(residues 147-152), the 270-loop (residues 267-276), and the 430-loop (residues 429-433), which are
regions adjacent to the enzyme’s active site.

The only conserved site for all influenza A and B types NA is Asnl46 glycosylation region, which is
located on the membrane-distal surface close to the active site [13]. Besides that highly conserved region,
neuraminidase shows a great diversity in nucleotide sequence, which results in various structural con-
formations. Mutations incorporated per replication cycle add changes into already present pool of neura-
minidase structural diversity.

Hemagglutinin. Name of this protein comes from its ability to form aggregates of red blood cells,
the carriers of hem — hem agglutinating protein. Widely spread, rapid and moderately sensitive technique
of most viruses’ identification — is the hemagglutination assay, in which hemagglutinin glycoproteins
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clump cells by binding to their surface receptors. There are 18 subtypes of hemagglutinin, and two recent
ones H17 and H18 were found in bats [14].

HA is expressed as a trimeric surface receptor on the outside of the viral membrane. It facilitates
entry through the receptor binding to the target cell and recognizes sialylated cell receptors for conse-
cutive chemical binding. It is encoded by 4™ gene segment of influenza A viral genome with approxi-
mately 566 nucleotides in length, although some nucleotide variations are possible.

Sialylated receptor-bound viruses fuse with the cell membrane, and then are engulfed into endosomes
once entering cytoplasm. HA becomes acidified by endosomal enzymes, which is followed by confor-
mational changes in its molecular structure and subsequent activation. Different kinds of conformational
changes constitute HA subtypes classification system.

The linkage between glycan structures and galactose is crucial in host determination. Avian viruses
are characterized by binding to 02-3Sia and are so-called avian-type receptors, while mammalian viruses
bind to a2-6Sia and are so-called human-type receptors. However, it should be noted, that cells in human
upper epithelium mostly possess a2-6Sia receptors, whereas cells in lower epithelium possess a2-3Sia cell
surface receptors. This means that influenza bearing only avian-type receptors is able to cause a
moderately mild infection without any serious consequences.

-
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™ Fusion peptide

Viral Membrane
The schematic representation of hemagglutinin structure [15]

However, influenza viruses typically reproduce in cells of human upper respiratory tract through the
recognition of sialic acid, or N-acetylneuraminic acid, by HA. N-acetylneuraminicacid is terminated by
glycan structures, which are linked to galactose in a B1-4 linkage to glucosamine, and thislinkage in
particular is associated with HA recognition and binding to the target cell [10, 16].

The HA is a homotrimer consisting of a globular head with sialic acid binding domain and a fibrous
stalk region. Three identical subunits have resulted from proteolytic cleavage of a single precursor, and
the process occurs by cleaving single arginine residue extracellularly by serine proteases before entering
the host cell. However, some members of HS5 and H7 subtypes have acquired several cleaving residues
(arginine and lysine), which is partly responsible for HS and H7 high infectivity and pathogenicity [9].

The coiled-coil structure of the stalk domain stabilizes HA trimers and anchors the protein in the
membrane through its transmembrane subdomain [12]. The only conserved amino acid throughout all
subtypes of the stalk domain is Lys51.

As it was mentioned before, HA recognizes sialylated cell surface receptors of a target cell, so let’s
consider these interactions more closely. The interaction occurs through hydrophobic and hydrogen
bonding between HA residues from the 130-, 220-loops, 190-helix and sialylated receptors [17].

— 16 ——
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Sialic acid binding site contains four main structural regions made up from antiparallel B-sheets [12]:
a base with highly conserved Tyr98, Trp153 and His183, a 190-a helix (residues 184-190), a 130-loop
(residues 126-135) and a 220-loop (residues 215-224) [19].

Amino acids Tyr98, Trp153, His183, GIu190 and Tyr195 directly interact through hydrogen bonding
with the side chains of sialic acid, which was shown on H3 subtype in particular.

The 130-loop with crucial residues at 135-137 forms chain interactions with receptor’s sialic acid
moiety. Mutations within 220-loop constitute differences in host specificity due to slight changes in loop
conformation associated with glycosidic linkage type [20]. The 190-helix plays a role in species speci-
ficity determination. Double mutations in the HA receptor binding domains of HIN1 at Glu190Asp and
Gly225Asp and H2N2/H3N2 at GIn226Leu and Gly228Ser influenza A subtypes are associated with the
adaptation of avian viruses into human pandemic viruses.

In addition, four amino acid substitutions of HA in H5N1 at Ser123Pro, Ser133Ala, Thr156Ala, and
GIn192Lys are associated with increased binding of the virus to mammalian receptors [20]. Mutation of
Asnl58 and Thr160 were shown to increase virus affinity to human-type receptors due to the loss of the
same glycosylation site on the top of the HA globular head.

In HA2, HA3 and HA9 subtypes Leu226 enables influenza A virus replication in the human airway
epithelium.

HA binds to sialic acid through hydrophobic interactions and hydrogen bonding to the conserved
amino acids within 130- and 220-loops, although responsible amino acid residues differ from one subtype
to another [9]. For example, in HA1, glutamic acid and glycine residues at positions 190 and 225, respec-
tively, are responsible for binding to avian SIA-receptors, whereas HA1 proteins that carry aspartic acid
residues at these two positions interact with human SIA receptors. For HA2 and HA3, mutations of
GIn226Leu and Gly228Ser correlate with a shift from avian to human receptor specificity [21]. So, slight
mutations in amino acid sequenceconstitute the basis of HA subtypes classification.

Hemagglutinin subtypes. Two main groups of 18 HA circulatingin many different hosts are classi-
fied according to sequence comparisons and structural characteristics. Group 1: H1, H2, H5, H6, H8, H9,
HI11, H12, H13 and H16. Group 2: H3, H4, H7, H14, H15 and H10 [22]. The classification also considers
conformational changes within HA molecular structure triggered by acidification due to endosomal
enzymes functioning.

Ha subtypes could be also relatively classified according to their main host species. For instance,
HAT1, HA2 and HA3 subtypes circulate mostly in human populations.

A computer analysis by using free access applications has shown close evolutionary relationships
between HA subtypes[14]. Very close relationship was shown between HA7, HA15 and HA10 constitu-
ting one clade and HA4, HA14 and HA3 constituting another. The common origin was shown for HAS,
HA12 and HA9 as well as for HA13, HA16 and HA11[14]. Recently described HA17 and HA18 subtypes
show closest evolutionary relations towards another clade including HA1, HA2, HAS and HAG6. This
evolutionary relationship formed during last century indicates rapid evolution of influenza viruses due to
reassortment between different viral subtypes.

Transition between avian and human influenza types. The transition between avian and human
influenza types had occurred several times and had caused several pandemics during human history.

The transition between avian and human influenza types is not so uncommon because of several
reasons underlying this process. They include high degree of genetic recombination between different
subtypes, error-prone RNA polymerase, which enables a multitude of mutations to occur per replication
cycle, rapid generation time of virions and fast replication of virion particles inside of a host nucleus.

The major receptor binding site substitution between avian and human HA10 is Lys137Arg, although
some others might also emerge due to incorporation of mutations per replication cycle. Such transitions
between avian/swine/human influenza should be studied in details for the trafficking influenza evolution
[22].

Conclusion. So far we have discussed some important structural features of HA and NA — envelope
proteins responsible for influenza A virus infection occurrence and spread. HA plays a significant role in
binding to receptors in host’s upper epithelium cells. This is the most common way for a virus to enter a
cell. NA’s primary function is to release newly synthesized virions from sialylated receptors of host cell.
However, NA is also responsible for facilitating HA’s glycosylation for viral infection spread. These two
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proteins obtain a variety of mutations per replication cycle due to error-prone RNA polymerase. This
constitutes a feature of influenza A virus to quickly evolve into new subtypes, which is a great obstacle
for modern vaccines. Vaccines are designed mostly against widely spread influenza A pathogens, and if a
novel pandemics occurs, the use of vaccines would not be effective.

So, it is very important to understand structural and functional features of influenza A virus proteins
to be able to synthesize modern vaccines against it.
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TY¥YMAY A BUPYCBIHBIH MOJIEKYJIAJIBIK K¥YPbIJIBIMBIHBIH
BA3AJIBIK KACUETTEPIHIH CUTIATTAMACHBI

Annotanusi. TymMay BUPYCBI — KeH TapajiFaH BUpycTapAbiH 0ipi. Ol )KeHIUJT MayCBIMABIK XKOHE aybIp IMaHAeMHs-
HBI TYFBI3BIN, MIJUTHOHHAH acTaM aJaMaap.blH KalThIC OoyFaHbHA cebeOmni OoiraH. Exi Heri3ri xacymiagaH ThIC
peuenrtops! — HelipamuHuaza (NA) mMeH remarrmiotiinH (HA) TymaynsiH OenriiepiH JaMbITybIHA JKOHE aypyIblH
TapajyblHa JKayamnThl.

Karenikke Oetiimgi PHK-monmmmepasa opTypii MyTtamusumapasl HelipaMHHHIa3a MEH TeMAarTIIIOTHHUHTE op
OexiHreH caiflbiH eHrize amaasl. OCBl KacHeTi TyMayFa Kapchl Kol dQQPEeKTHBTI JopiHi KYpacTHIPyIbl KHBIHIATAIEL.
[Malima OonraH MyTamusyIap BHpPYCTBDKaHyapiapAaH agaMaapra KYKTeIpambl. OCHl BUPYCTAapIbIH THITEPi oTe
KayinTi, OWTKeHI MyTalMsUIalTBIH JKepiiepi ajaplH ana Oomkay KubiH. Kasipri Tanma Bupycrapaa KaHai
MOJIEKYJIAJIBIK aiiMarbIH/a MyTalUsIIap KU1 Ke3eCETIH T aHbIKTaIbI.

Ochl Makanaja jkacyliafiaH ThIC PELENTOPIapAblH MOJEKYyIablK KYPBUIBIMBIL, KHBIH aiiMaKTapra peLenTop-
Jap/bIH JKaJiFacy MeXaHM3MJAEpl MEH TapaliFaH MyTauusuiap aiiMakrapbl KapacTbIpbUIFaH. [ 'eMarrjroTHHHH MeH
HelpaMUHKA3a MOJIEKYJIaJbIK CTPYKTYpPAachlH jKOHE KUbIH aiiMakTapblH 3epTTey (G (GEeKTUBTI BaKIMHA MEH J9pijie-
piH TaMBITYFa BIKMAI €TE anajbl.

Tyiiin ce3nep: Tymay BUpYyCHI, HeHpaMHHN/1a3a, TEMarTJIIOTHHUH, MyTallysl, CHallia3a, BUPYC.
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BA3OBBIE XAPAKTEPUCTHUKHN MOJIEKYJISIPHOI'O CTPOEHUS BUPYCA T'PHIIIIA A

AnHoTanus. Bupyc rpunmna sBiisieTcst OAHUM U3 CaMbIX PacIpOCTPaHEHHBIX BUPYCOB B Mupe. Bupyc cnocoben
BBI3BIBATh KaK YMEPEHHbIE CE30HHBIC MH(EKINH, TaK ¥ MaHAEMHUH, KOTOPbIE IIPUBOASAT K THOGIN COTEH THICSY JIFO-
Jie 1 KMBOTHBIX. HelipamMuHua3a ¥ reMarritoTHHUH SBJISIOTCS OCHOBHBIMU BHELIHUMH PELENITOPaMu BHPYCHOM
YaCTHLBl M y4YacTBYIOT B TaKHMX Ipoleccax, Kak MPOHUKHOBEHHE B KJIIETKM XO3SMHA M PACHPOCTPAHEHHE MEXKIY
knetkamu. PHK — 3aBucumas PHK — monmnmepasacmocoOHa B mporiecce peruimKaiy J0MyCKaTh OMUOKH, YTO MPH-
BOJUT K OBICTPOI SBONIONMH BUPYCA W COOTBETCTBEHHO CHIDKEHHIO 3(PPEKTHBHOCTH Pa3pabOTaHHBIX JIEKAPCTB.
Kpome Toro, BeICOKasi MyTaOeJIIbHOCTh BHpYcCa TPHIAa IPUBOAUT K BO3MOKHOCTH ONPEENICHHOTO CyOTHIIa BUpyca
pacHUIMPUTh KPYT X03s€B. TPaH3UTHBIE BUPYCHI SBIAIOTCA HanOOJIeE OMACHBIMU U, KaK MPaBHJIO, CIIOCOOHBI BBI3bI-
BaTh naHaeMuu. OZHAKO BO3MOXKHO MpEACKa3aTh Kakhe O0JAcTH I'eéHOoMa BUpyca OOJIafaroT BBICOKOH MyTaOeib-
HOCTBIO.

JlaHHas cTaThs OMHUCHIBACT MOJIEKYJIAPHYIO CTPYKTYpPY BHEIIHHMX DELENTOpOB BUpyca Tpumma A, BKIHOYas
peLenTop — CBSI3BIBAIOLIME CANThI M BapHaOebHbIE yYacTKU. YTIYOJEHHOE M3yYeHHUE MOJIEKYJSIPHOM CTPYKTYpBI
reMarryIloTHHUHA W HeWpaMHHUAA3bl 10 CIIOCOOCTBYET pa3paboTKu Oojee 3(PQEKTUBHBIX JIEKAPCTB M BAKLUH
NPOTHUB TPUIIIA.

Ki1roueBble c10Ba: rpunil, HepaMUHU1a3a, TEMarrIlOTHHUH, MyTalys, CHallka3a, BUPYC.
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