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Melaleuca Alternifolia Concentrate inhibits entry of influenza

virus HiN1 into host cell

Key Laboratory of Tropical Disease Control of Ministry of Education, Department of
Microbiology, Zhongshan School of Medicine, Sun Yat-sen University, Guangzhou510080, China

ABSTRACT

Influenza virus causes high morbidity of population infection annually and pandemic
spread occasionally as well. Melaleuca alternifolia Concentrate (MAC) is an essential
oil derived from a native Australian tea tree which has been found to have
anti-inflammatory, antiviral and antibacterial effect, etc. The aim of this study was to
investigate whether MAC has any effect on inhibiting influenza virus infection in
vitro and the possible mechanism of it. The antiviral activity of MAC was examined
by its inhibition of cytopathic effect of the virus. The immunofluorescence, direct
enzyme linked immunosorbent assay. electron microscopy and in silico prediction
were performed to evaluate the interaction between MAC and the viral
haemagglutinin. The results showed that MAC at concentration lower than 0.25% did
not have any cytotoxic effect on MDCK cells. Applied MAC in cell monolayer before
or after virus infection in MDCK cells could not confer the protection of cellular
viability and induce the reduction of virus HA titer. While the influenza virus was
incubated with MAC for one hour, no cytopathic effect of MDCK cell was found afier
the virus infection and there was no immunofluorescence signal was detected in the
host cell. Electron microscopy showed that the virus treated with MAC remained
structural integrity. The computatial simulations predicted that MAC inhibits entry of
influenza virus into host cell by destroying the structural the viral HA protein in vitro.
In conclusion, we have preliminary proved that MAC has the effect on anti-influenza
virus by interfere with viral entry into the target cells.

Keywords: Melaleuca aliernifolia Concentrate (MAC), influenza virus, haemagglutinin,
uncoating.



Introduction

Influenza is an infectious disease cansed by influenza virus which is a RNA virus
ofthefamﬂyOﬁhomyxovhidae.Inﬂnenmspeadsmmdmewoﬂdinsmsoml
epidanies,whhmwﬁmdﬁneemﬁveminionmofscvaeﬂln&Smdﬁo,ooo
toSO0,000peopledeathpuyw[l].WhilefommajotinﬂuemMcslnd
occurred in the 20th century and caused more than 20-50 million of deaths, influenza
virus infection remains one of the leading causes for the modality and mortality[2,3].
A new HIN1 influenza A virus, which is also called the 2009 pandemic A/HINI
pandmﬁcinzoo9[4,5].Whikoval7,000deathsemedby2009pandemicAﬂilNl
influenza virus infection has been reported since its identification in Mexico in April
2009[6].However,2009pmdanicA/HlNlhﬂumvh18,likcoﬂuinﬂnenza
virus A strains, developed resistant to adamantanes. too. Though, right now, the
mammdme(NA)nﬂnhmmm,wmchmmrfaewnhthemymmc
aaivityofﬂnmmhﬁdaseCNA)ofﬁ:ehﬂnmvims,hasbemmainlynsedfor
the treatment of influenza patients, the 2009 pandemic A/HIN1 influenza virus has
beentq)atedmbetesisuntmitU,S].hlnsbemreoaﬂyrepmtedMOmlw
spaadicvhdisolatesonO@pmdanicAﬂilNlinﬂ\mvinBshowmw
oseltamivir due to the NA H275Y genotype mutation [8,9]. On the other hand, though
the vaccines against 2009 pandemic A/HIN1 influenza virus infection have been
devdopedmdmedindinicalpmeﬁces,ﬂ:esafayofdmesvmmmimomof
themajorpublicoonoansinmostofoounnicﬁlo,ll,lznl.‘n:edemmm
side effects of vaccines against 2009 pandemic A/HINI1 influenza virus have been
repamed[u].Sinoeﬂnhxﬂmpandaniesmhmofthemoasaimpnbﬁc
health threats, a new, safe and effective drug against its infection is in urgent needing.

Herbal extracts have been reported to have an important role in controlling virus
inﬁecﬁmbysetvingashnmmo-modnmsdminghﬂmvirminfwﬁm[lﬂtx
bhchngﬂnmuamonofmwnhmgacens,mhavmgvmdalwuvuyw
mmmummm.mw,mmmm
mgmdmmofhabdmmginbeabhtomdweﬂnﬁskof
Wmmlsl.mdmmcmmqm
is an essential oil derived from the leaves or terminal branches of a native Australian
mmMeIdamakcmWia,isaheuogmeommbm“ofappmdmme!yloo



chemically defined components that mainly contain terpinen-4-ol (56%-58%), gamma
terpinene (20.65%), and alpha terpinene (9.8%)[19]. The ability of MAC to induce
anti-inflammatory effect[20,21] and inhibit infection of various microbial species,
such as bacteria[22,23], viruses[24,25] and fungi[26,27] makes it a promising
candidate for the therapeutic development for HIN1 influenza virus infection.

The haemagglutinin (HA) on the surface of influenza virus particles is a major
viral membrane glycoprotein molecule, which is synthesized in the infected cell as a
single polypeptide chain precursor (HA0) with a length of approximately 560 amino
acid residues and subsequently cleaved into two subunits of HA1 and HA2 by an
endoprotease[28.29]. The crystallographic structure of the HA has a long tightly
intertwined fibrous stem domain at its membrane-proximal base, a globular head
which is containing the sialic acid receptor binding site (RBS)and five antigenic sites
surround the receptor-binding site[30]. The mature HA on the viral surface is a
membrane and the hydrophilic end forming the spike of the viral surface [31,32,33].
Although the amino acid sequence of different virus strain identity can be less than
50%, the structure and functions of these HAs are highly conserved[29].

The major function of the HA is as the receptor-binding ligand, leading to
endocytosis of the virus into the host cell and subsequent membrane-fusion events in
the infected cell [29,34]. Influenza virus initiates infection by binding to sialic acids
on the surface of target cells. After endocytosis, the endosomes become lower pH
value mainly because of the activity of the Vacuolar-type H+-ATPase (V-ATPase)[35].
In the acid environment of the endosome, the HA molecule is cleaved into HA1 and
HA2 subunits and then undergoes a conformational change which resulting in the
exposure of the fusion peptide at the N-terminus of the HA2 subunit [36,37]. The
domains remain anchored in the viral membrane. Finally, the fusion peptide brings the
Subsequently, a pore is opened up by this structural change of more than one
hemagglutinin molecule and then the contents of the virion are released into the



cytoplasm of the cell. This completes the uncoating process[38].

The purpose of this study was to determine the antiviral effect against 2009
pandemic A/HIN1 influenza virus using in vitro test of cytopathic effect (CPE)
inhibition of MAC. As previously described, terpinen-4-ol was the main component of
MAC; here we also assess the feasibility and sensitivity of interaction of terpinen-4-ol
with the viral haemagglutinin protein through in silico prediction for confirming the
drug target and the characterization of the protein changing after treatment with MAC.

Materials and methods

Bio-safety

All experiments involving pathogenic influenza A viruses were performed in a
bio-safety level 2 (BSL2) laboratory of Zhongshan School of Medicine of Sun
Yat-sen University, Guangzhou, China.

Cells and virus

Madin-Darby canine kidney (MDCK) cells maintained by our laboratory were
grown in Dulbecco’s modified Eagle's medium (DMEM , Invitrogen Corporation, NY,
USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Thermo
Scientific HyClone product line, Logan, Utah, USA) at 37°C, 5% CO, (Heracell 150i,
Thermo Scientific, Langenselbold, Germany). No antibiotics or anti-mycotic agents
were used in cell or virus culture. 2009 HIN1 pandemic influenza virus strain
provided as a gift from Guangdong Centers for Disease Control and Prevention was
was propagated in MDCK cells that were cultured in 0.02% TPCK- trypsin (Amresco
Inc., Solon, Ohio, USA) at 37°C, 5% CO,. The supemnatant containing virus particles
in MDCK cell culture was collected when 75%-100% CPE was observed. The virus
was stored at -80°C in aliquots until use.

Melaleuca Alternifolia Concentrate (MAC)

Hundred percent MAC (batch 270409) was provided by NeuMedix
Biotechnology Pty Ltd, Australia. Preliminary experiments established the optimal
solubility into dimethyl sulfoxide (DMSO) (Beijing Dingguo Changsheng



Biotechnology Co. Ltd., Beijing, China) and the concentration of stock solution was
10% (v/v). For testing, the MAC stock solution was diluted by serum free DMEM
media for working solutions with various concentrations.

Virus titrations

The virus strain was titrated by standard Tissue Culture Infectious Doseso
(TCIDs) assay in MDCK cells. Briefly, MDCK cells were seeded in 96-well culture
plates (about 5x10° cell/well) in DMEM with 10% fetal bovine serum (FBS) for
12-24 hours at 37°C with 5%CO;,. After cell propagation, growth medium was
removed and 10 fold serial dilutions of the GZ01/09 virus suspension in DMEM
media with 1pug/ml TPCK-trypsin were added to the wells. The plate was incubated at
37°C with 5%CO,, and morphological changes on the MDCK cells were observed
microscopically every 12 hours. The final CPE was recorded after 72 hours. TCID50
was calculated by counting all the wells with +-4+ CPE as being positive. TCID50
was calculated by the Reed-Muench method[39].

MTT assay to determine the cellular viability of MDCK cells

The cellular viability of MDCK cells was measured quantitatively by the
reduction of formazan dye using MTT (34, S-dimethylthiazol-2-yl)-2, 5-diphenyl
tetrazolium bromide) (Beijing Dingguo Changsheng Biotechnology Co. Ltd., Beijing,
China) assay. Briefly, confluent MDCK cell monolayer in 96-well culture plates was
washed with sterile PBS and incubated for 3 hours at 37°C after 40pl/well of MTT
solution (5 mg/ml) was added into each well. When a purple precipitate was clearly
DMSO at 100pl /well was added to dissolve the purple formazan, and the absorbance
at A490 was read with an Absorbance Microplate Reader (Gene Co. Ltd., Hong Kong,
China).

Bioimaging in 96 well plates

The influence to entering host cell of the influenza virus by MAC treatment was
determined by an immunofluorescence assay on MDCK cells in a 96 well plate.
Briefly, MDCK cells were plated in a sterile 96-well plate about 10 000 cells/well.



The influenza virus suspension treated with MAC of final concentration of 0.010% for
0.5 and 1 h at room temperature, virus suspension and maintain media for cell control
were inoculated to the cell monolayer respectively, for 5 hours in order for sufficient
viral protein synthesis in the host cell. The cells were incubated at room temperature
in the 3.7 % formaldehyde 10 minutes for fixation; 0.1% Triton X-100 5 minutes for
permeabilization and 3% fetal bovine serum 30 minutes for blocking. The influenza
virus was stained with influenza A ml (matrix protein 1) antibody (Santa Cruz
Biotechnology, Inc. Santa Cruz, California, U.S.A.) followed by Alexa Fluor® 488
Goat Anti-Mouse IgG (H+L) (Molecular Probes, Invitrogen, Carlsbad, CA). Finally,
50 pl per well of Fluoroshield™ with DAPI (4', 6-Diamidino-2-phenylindole)
(Sigma-Aldrich, Inc., St. Louis, MO, USA) was added and analyzed using an imaging
instrument (Leica DMI4000B, Meyer Instruments, Inc., Houston, TX, USA).

Electron Microscopy observation of the influenza virus morphology

MDCK cells with or without treatment with MAC were observed under an
inverted microscope. The concentration and the treatment time of MAC were
indicated in figure legends. Each 10 pl of MAC-treated and umtreated virus
suspension was placed on a clean slide. Two copper grids were applied to float on the
drops of virus suspensions using fine, clean forceps for 2 min. The bulk of the fluid
was removed with the edge of the copper grid vertically on a strip of filter paper. Air
dry the copper grid for 1 min. The copper grids were applied to float on a drop of 2%
potassium phosphotungstate, using fine clean forceps, for 1 min. The bulk of the fluid
was removed with the edge of the copper grid vertically on a strip of filter paper. Air
dried the grid and examined in the Electron Microscope.

Molecular dynamics simulations

The structure of HA (PDB: 3AL4)(40) were used in the docking calculations.
Program Autodock 4(50) with Lamarckian genetic algorithm is used to carry out the
molecular docking. To evaluate the binding energies between the ligand and receptor,
AutoGrid program was used to generate the grid map with 80X80X80 points spaced
equil at 0.375 A is using. The AMBER11 simulation suite(51) was used in molecular
dynamics(MD) simulations and data analysis.



Binding free energy calculation

The binding free energies (AGbind) were calculated using the MM-GBSA
approach(52) inside the AMBER program. The first step of MM-GBSA method is the
generationof multiple snapshots from an MD trajectory of the protein-ligand complex
and a total 0f 50 snapshots were taken from the last 5 ns trajectory with an interval of
100 ps. For each snapshot, the free energy is calculated for each molecular species
(complex, receptor, and ligand) using the following equation(53).

AGrind=Goom—Girec—Ciig (46)
AGping=AEmm+AGson~TAS C)
AGu=AEtec+AE g +AEig @8)
AGuw=AGgs*AGe @9)
AGa=yASASA+b (50)

where Geomp, Grec, and Gy;g were the free energies for the complex, receptor, and ligand,
respectively. AEqny, was the molecular mechanics energy of the molecule expressed as
the sum of the internal energy of the molecule plus the electrostatics and van der Waals
interactions; AGsy Was the solvation free energy of the molecule; T was the absolute
temperature; and AS is entropy of the molecule. AE,. was the Coulomb interaction,
AE, gy was the van der Waals interaction, and AE;,; was the sum of the bond, angle, and
dihedral energies; in this case, AE;;= 0. AGgg is polar solvation contribution calculated
by solving the GB equation(54) for MM_GBSA method. AG,, was the nonpolar
sovation term y was the surface tension that was set to 0.0072 kal/(mol A?) and bwasa
constant that was set to 0. SASA is the solvent accessible surface area (A?) that was
estimated using the MOLSUREF algorithm. The solvent probe radius was set to 1.4 A to

The vibrational entropy contributions were estimated by NMODE analysis(55)
and 50 snapshots were used in the NMODE analysis. To obtain the contribution of each
the binding energy, MM_GBSA was used to decompose the interaction energies to each
residue involved in the interaction by only considering molecular mechanics and
sovation energies without the contribution of entropies.

Statistical analysis
The cell survival and the ELISA results in each group was expressed as the mean
+ S.D. and the data was statistically compared with the relative control group using



one-way analysis of variance (ANOVA), SPSS 17.0 for Windows software. P < 0.05
was considered to be statistically significant.

Results and discussion

As an initial step to determine the ant-virus effect of MAC, MAC has any effect
on the cellular viability was determined by a MTT assay, which is a colorimetric
assay for assessing the viability of cells. Although MAC at concentration higher than
0.050% could induce significant cellular death, it did not have any cytotoxic effect on
MDCK cells when lower than 0.025%. In addition, 10% DMSO/DMEM control was
set up because there was DMSO in the MAC solution. Interestingly, the absorbance
value of the cell incubated in 10% DMSO/DMEM was similar to the cell control
(Fig.1). This observation also indicated that the cell death was produced by MAC ata
high concentrations but not DMSO, because of the concentration of DMSO in the
MAC working solution is far lower than 10%. These pieces of data suggested that
MAC at proper concentrations does not have any cytotoxicity. So we choose
concentration of 0.020% as a maximum study concentration for further experiments to
determine the anti-viral effect of MAC.

LA &

LA 2 ]

0100 0859 0825 0813 2 — —  MAC (% W)

Fig 1. Effects of MAC on the MDCK celi viability. MACs of different concentration were applied
to the MDCK cell monolayer, the 10% DMSO/DMEM control and the cell control were set up.

After 72hours incubation at 37°C, 5% CO,, the viability of MDCK cells were determined by a

standard MTT assay protocol, as described in details in section of Materials and Methods. The
data were presented as means+s.d. ***: p<0.001.



To determine whether MAC could confer the protection capability of influenza
virus to the cell, MDCK cells were first treated with 0.020% MAC for 1hour, 2Zhours,
and 4hours, respectively. MAC was then removed by careful sterile PBS wash. The
MDCK cell monolayer was then inoculated with 2009 pandemic A/HINI influenza
virus in 100 TCID50 per well for 1 h. The viability of MDCK cells were then
determined by MTT method and the virus production was tested by HA assay, when
++-+++ CPE was observed on the virus control and the cell control was shown no
CPE (about 48h-72h). As shown in Fig.2, no significant increase of cellular viability
of MDCK cells was observed when MDCK cells were pretreated with MAC for one
hour, two hours, and four hours (Al, A2 and A3) respectively, compared with the
virus control and significant lower than the cell control and the ribovirin (ribo) control.
It was worth noticing that, the cell survival under Al, A2 and A3 condition remained
same. In other words, there was no tendency that the cell survival was increased
according to prolonging the time treated with MAC. These data, therefore, indicated
that pretreatment of MDCK cells with MAC could not confer any protection of

Because of pretreatment with MAC could not make MDCK cell produce any
change for protecting influenza virus infection, we then examined whether treatment
of virus but not MDCK cells with MAC could confer any protection of cellular
viability. 2009 pandemic A/HIN1 influenza virus were first treated with MAC at a
concentration of 0.010% for 0.5 hour and 1 hour, respectively. The mixtures were
added to MDCK cells monolayer. The cellular viability and HA titer were tested as
mentioned above. As shown in Fig. 2 (B1 and B2), although infectivity of the
influenza virus treated with MAC for 0.5h was still remained, the virus treated with
MAC for 1h presented poor infection to the host cell. Therefore, these data indicated
that the influenza virus treated with MAC would dramatically lose its infective ability
to the host cell.

Subsequently, the effect of MAC to the influenza virus has entered into MDCK
cells was investigated. The influenza virus was inoculated to MDCK cells monolayer
with 100 TCID50 per well for 1 hour to make the virus enter the host cells. The
supernatant was then removed by sterile PBS wash and instead of 0.020%
were tested as mentioned above. The results shown as part C of Fig.2, MAC could not



induce appreciable increase of the cellular viability of MDCK cells compared with the
virus control. This indicated that MAC could not prevent influenza virus replication
and biosynthesis in the host cell. The new generation of virus produced in the host cell
could complete the life cycle and export from the host cell.
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Fig 2. Protection efficacy of MAC against 2009 pandemic A/HIN1 influenza virus infection to
MDCK cells. A: 0.020% MAC was applied to the MDCK cell monolayer for 1hour (A1), 2hours
(A2) and 4 hours (A3), respectively. MAC in each MDCK cell culture was then removed by
extensive sterile PBS wash and then 2009 pandemic A/HIN1 influenza virus in 100 TCID50 were
infected for 1 hour and then instead of the maintain media. B: MAC was diluted into 0.010% with
10° TCID 50/ml 2009 pandemic A/HINI influenza virus suspension for incubation of 0.5 hour
and 1 hour (B1 and B2), respectively. The mixtures were added to MDCK cells monolayer for 1
hour and then instead of the maintain media. C: 100 TCIDS50 influenza viruses were inoculated to
MDCK cell monolayer for 1 hour. The supernatant was then instead of 0.020% MAC/DMEM.
Virus, MAC, ribo and cell represented 2009 HIN1 influenza virus control, 0.020% MAC control,
0.010% ribovirin control and the MDCK cell control, respectively. The viability of MDCK cells
were then determined by MTT method when over ++ CPE was observed in the virus control and
the cell control was shown no CPE (about 48h). The data were presented mean 3s.d. ***: p<0.001.

Given the results that MAC could inhibit 2009 pandemic A/HIN1 influenza
virus infection when the MAC was applied before the virus enter MDCK cell, but
could not prevent replication and biosynthesis of the virus in the host cell, MAC
appear to inhibit entry of influenza virus into the host cell. To assess the efficacy of
MAC anti influenza virus further, an immunofluorescence assay was performed. The
influenza viruses were treated with MAC of final concentration 0.010% for 0.5 hour
and lhour, respectively, and the virus control and the cell control were set up. The




primary antibody and the fluorochrome labeled secondary antibody produced
cytoplmnsﬁiﬂngpatteminMDCKoensinfectedbytheMﬂmnzavimsueated
with MAC for 0.5 hour and the virus without treated. whereas only robust nuclear
staining was detected by DAPIinMDCKoellsinfectedbytheinﬂuenmﬁmstIeated
with MAC for 1 hour and the cell control (Fig. 3). In addition. integrity of the virus
particie after incubation with MAC was tested by Electron Microscopy. No matter the
inﬂuenmviIusUeatethhMACormnthenmnemusenﬁmvimsparﬁclmcould
eesilybeﬁmalizedinﬂneinmgw.ﬂrechangeofthegencmlstmcnn'eofthevirion
couldnotbeobserved(Fig4).ThjsmﬂtdemonstmtedthatMACcouldnotlysisﬂ)e
virion.

0.5k 1k virus cell

Fig 3. Treatment with MAC prevents the influenza virus entering the host ceil. 0.010% MAC in
the virus suspension incubation for 0.Sh (0.5h) and 1 h(lh).ﬂchtﬂwmvhsmmumd(vhs)
wmimwlmdlspecﬁvelytoMDCKoe!lmomlayerina%wellpiamforShows,atdnesame
timeacelloomol(cell)wassetup.ﬂ\evimswasstained intracellularly with influenza A M1
antibody and Alexa Fluor® 488 Goat Anti-Mouse IgG. Double immunofluorescence staining
gmphsirﬂicmwmebeaﬁmofﬂ:evhuswmhuncytophamNotedﬂmdnkﬁswondlm
whidashomdmevhusuwedwhhMACfmlh.ﬂmwasmgremhnmumﬂwmsuved
asneyﬁwcomolmdhommmﬂnvirmcmuolsluwmgmhnmmoﬂum.
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Flg&ThemleofMACmdwtmyingthesmxctualimegrityoftheviﬁon.‘meinﬂwmvims
wastremdwiﬂnMACof0.0lmﬁnalcorwmaﬁonfmlhom(leﬂ)andthevinsoormol(right)
wassetup.Ntmerousimctviﬁomemddessilybevismlimdwiﬂ\chsedemityofviﬁmhboth
gmups.Theimgsshownhaeismeofﬂ\emmﬁveviewsoﬂOrepﬁm
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Given the results that MAC could inhibit 2009 pandemic A/HINI influenza
virus infection when the MAC was applied before the virus enter MDCK cell, but
couldnotpmventmpﬁcaﬁonm\dbiosymhesisofﬂtevimsinﬂ)ehostchMAC

tbeviralmwlopeandendosomalmembrmn,mediatedbythcconfmmaﬁmmlchange
ind:eHApmtemuiggeﬁngmooaﬁng.Vhalnmleocapsidsmtbenmleasedinmﬂw
cellular cytoplasm for Transcription and Translation. Since the two steps are all
mediatedbyHA.thedemonsuaﬁmhaemightbeexplainedﬂmMACcouldpnvm
inﬂwnmvimsormcvimlgenomeemerthehostceusbyhmemcﬁmwiﬂnthevhal
haemaggluﬁninpmtcinToasoeminwhethertheexplanaﬁonwasmliable,the

MAChasbeenoompleteclmnieellydeﬁnedanddanonsumdthatitsami
nﬁcmbeacﬁvitywaspﬁncipauyauﬁbmedwtupimnﬂlﬂﬂ,memainacﬁve
component[24.25,26.40,41,42]. Actually, Terpinen-4-ol is the main anti microbe
bioactive component of essential oil derived from several aromatic plants [43.44.45].
Onaeoomnofmis,ﬁ\cintemcﬁonofTerpirmMandtheinﬂuemvims
hmaggluﬁnmmdnwaspredicwdmsﬂieomwnﬁxmdlemmrgetandacﬁve
characteristics of it.

Therootmean-sqmredeviaﬁon(RMSD)valuawereusedtomeaamﬂxe
conformational stability of the T4-HA complex during the MD simulations. From the



occurs that involves extrusion of the “fusion peptide” from the interior of the
numal-pHsmmm.Mitspodﬁonintbcﬁmion-pHsuuame(ﬁ),meﬁsionpepﬁde
isat the N terminus of a new 100-A-long triple-helical coiled-coil, while the C-terminal
membmneanchorismposiﬁomdatthemmeendofﬂxemfddedmoleaﬂe.%wmﬁm
ofthemanbrmeﬁlsionsitecansmbﬂimﬂwneuualpﬂmmthmughinmbmit
and intrasubunit interactions  that presumably inhibit the conformational
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ﬁg.S(AﬂhWofoomplexobﬁimdﬁundockhgcakuhﬁons(B)RMSDsof
T%mmumpuedmﬂnhorgim!eonfaunﬁomasaﬁlnﬁmofﬁm(@ﬂydmpn
bondsfmuwdbﬂwemT4aﬂl=idushbindimpxm(Dmnﬁmdependaweofdeeof
T4_1-56(red) and T4_N-60(black).

Aninnaacﬁonofhydrogenbondwasconsidaedtofonnifﬂledistancebetween
thehydmgendonorandmmmsl&ﬂmnBjA.Wefoundtbatthehydmgm
bondsbetwwnT4mdreﬁdusI-56zandN—602mkcsigniﬁcamconnibmimsmtbe
binding affinity. Therefore,webelievetlnttheH-bondintemctionbetweenﬂ;e
hydxoxideradicalofT4andI-562andN~6023tabilizestth4—HAcomplexinthesmge
of MD simulation.

ToexplommeinmbiﬁonmechanimofT4“dﬂ:mmitsinwmcﬁon“ﬁthHA
attheatomicleveLthebindingﬁ'eeenergieswetecompmedbymeansofﬂ\e
MM_GBSA. In particular, MM_GBSA combine molecular mechanics and continuum
solvent models to estimate ligand binding affinities. The MM_GBSA calculation was
consu11ctedbasedatotalof2505mpsbotsthattakenﬁomthe15nsto20m
lmmzmuly,ﬂwealculmdbindmgﬁeeenagyof:hecompkxwas-nsa7kealmor',



ﬂxathldicatedthattheT4bmdeApmminmmgly.Themhsmﬁstethable 1.
Thehﬂ)simuhﬁonbasedonthesamehﬁﬁahgmhdbeenmpmdforﬂme
times.

hblel.ComnechdthreeEnugisforn-HAComplm(kuVmol)

trajectory trajectory2 trajectory3
AEg, -8.6841 97112 -7.8287
AE, -27.7061 -27.6956 -28.3145
AEy; 0 0 0
AGg -36.3902 -37.4068 -36.1432
AG,, -3.7628 -3.7310 -3.7499
AGy 10.4921 115757 10.9981
AGgs 14.2548 15.3067 14.7499
AGy -25.8981 -25.8310 -25.1450
-TAS 14.5903 14.2991 13.8906
AGiins -11.3078 -11.5319 -11.2544

ForthecomplagﬂleclecuostaﬁcmgyandthevmduWaaIsenagyfnvonbly
emm'butedmthebindingﬁeeenugies.iheﬁeemgyofT4bindinngAcakulﬁed
byW_GBSAmethodshawedﬂmﬂ:ebindingmisﬂlmnodymicany
ﬁvuable.lbaefote,wecondudeﬂ:atT4bindingwmenhmeﬁlsionsiteofHAmd
stablizeﬂ:eoonfonnaﬁonofd:efusimpepﬁdeﬂnmghth‘nmwﬁon.

Inoonclnsion,mduwuuﬁnghowT4mbﬂizedHAcouldpmvideadmﬁxthe
development of new influenza fusion inhibitors. The structural and mechanistic
hﬁghmﬁomthemmﬂymvideavdmblefomdaﬁmformembased
design of more potent influenza fusion inhibitors, espcially those for HIN1 influenza
vins.Wehavepdhnhm-ypmvedthnMAChstheeﬁ'eammﬁinﬂnmvimsby
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