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INTRODUCTION

The danger of the highly pathogenic H5N1 influenza virus is not only its high fatality,
but also its resistance to commercially available drugs.

The influenza virus has two surface glycoproteins, haemagglutinin (HA) and
neuraminidase (NA)

NA activity is necessary in the elution of newly formed viruses from infected cells

NA plays essential rolan influenza virus replication.
It has highly conserved active sites.

Inhibiting NA can delay the release of progeny virus from the surface of infected cells,
thereby suppressing the viral population.

Therefore, NA has become the main target for drug design against influenza viruses
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Oseltamivir & Zanamivir (Most commonly used NA inhibitors currently in the market )

Oseltamivir, first orally active neuraminidasenhibitor commercially developedby Gilead
Sciencesand is currently marketedby Roche under the trade name Tamiflu, usedin the
treatmentandprophylaxisof bothinfluenzaA andinfluenzaB.

It is a prodrug (usually administeredas phosphate)it is hydrolysedhepaticallyto the active
metabolite,the free carboxylateof oseltamivir (G071 which haspoor oral bioavailability
comparedo the prodrugbeingmorehydrophobic
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The antiviral activity ensuegrom the interactionof the parentdrug (carboxyllate)with the NA
receptorandthis aspectanbeunderstoodby carryingoutits dockingwith thereceptor

Zanamivir, due to its high polarity, is administered by inhalation

Mutations in the active site of NA are responsiblefor the resistanceto oseltamivir.
However, sucha resistancehasnot beenobservedfor zanamivir.



Molecular Docking

docking is a methodwhich predictsthe preferredorientationof one moleculeto a second
whenbound to eachotherto form a stablecomplex

This Knowledge can be usedto predict the strengthof associationor binding affinity
betweerntwo molecules
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docking of digandto aproteinreceptor

Smallmoleculedocked to arotein

Small moleculadocked to grotein

we haveusedthe approachof moleculardockingof oseltamivirto the enzymeH5N1-NA to
explorethe activesite andto providecluesto favorablebindinginteractionghat canbe used
to modify the existingdrugs
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Docked pose of oseltamivir and the other ligands in H5N1-NA active site. H-bonds
between the drug and the enzyme are indicated in red and solid surface indicates site 2.



Results of docking studies with H5SN1-NA

. . . Ligands
Amino acid residues Oseltamivi 7 L. p L D AN A Sialic Acid
seltamivir anamivir eramivir ialic Aci
of HSN1-NA GS-4071 GG-167 RWJ-270201
ARG118 HO-C=0...HN HO-C=0..HN HO-C=0....HN
GLUI119 NH,....0=C C-OH....0=C
ASP151 NH,....0=C NH,....0=C NH,....0=C
ARG 152 HN-C=0....HN HN-C=0....HN HN-C=0....HN HN-C=0....HN HN-C=0....HN
TRP178 NH,....0=C
GLU?227 NH,....0=C NH,....0=C
GLU276 C-OH....0=C
C-OH....0=C
ARG?292 HO-C=0....HN HO-C=0....HN HO-C=0... HN HO-C=0....HN HO-C=0....HN
HO-C=0....HN HO-C=0....HN HO-C=0....HN
TYR347 HO-C=0....HO O=-C-OH ....HO HO....HO HO-C=0....HO
ARG371 O=C-OH....HN O=-C-OH....HN O=C-OH... HN O=-C-OH....HN O=-C-OH....HN
HO-C=0....HN HO-C=0....HN HO-C=0... HN HO-C=0....HN HO-C=0....HN

H bonds 8 11 g 6 7




| NTERACTI ONSE
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Oseltamivir carboxylate (GS-4071)

number of hydrogen bonds in the
case of oseltamivir is smaller
compared to the two contemporary
drugs zanamivir and peramivir.

HN

%N H,

Zanamivir HN
The additional interactions in caseof Zanamivir
are the binding of the guanidine amino group and
glycerol hydroxyl group.

Theseadditional interactions in caseof zanamivir
provided by the guanidine and glycerol moieties,
probably contribute to its lower resistanceto NA
seenamongthe currently available drugs.
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| NTERACTI ONSEé.

A Docking of sialic acid, the endogenoussubstrate showsa binding

pattern very similar to inhibitor oseltamivir exceptthat it does
not interact with Aspl151

A DANA, on the other hand, shows less hydrogen bonding
Interaction compared to other inhibitors. This iIs also supported
by the lack of binding at Aspl51in our docking studiesthereby
the observed less activity of DANA as compared to other NA
Inhibitors.

A The results correlate with the fact that lack of positive charge on
sialic acid and DANA (presenceof hydroxyl group instead of
amine/guanidine) doesnot facilitate the interaction with Aspl51
In thesetwo cases
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Conclusions from Docking Studi es:¢

A To accommodatethe hydrophobic side chain of oseltamivir in the active site, the NA
moleculeundergoesrearrangementto createan additional binding pocket.

A This involvesrotation of Glu276and binding with Arg224to form suchpocket

A This processis inhibited by the mutations R292K, N294S, and H274Y preventing
the Glu276-Arg 224 ionic interaction as a result the formation of additional binding
pocketis hindered resulting resistanceto oseltamivir.

A The mutations nonethelessallow the binding of the natural sialic acid substrate, so
that the mutated virus can survive and propagate.



Conclusions from Docking Studi es:¢

Based on the docking results it turns out that modifying the molecular volume of
oseltamivir by extending the length of the C5-amino group, at the sametime increasing
the lipophilicity may strengthen the binding interactions and overcomethe problem of

drug resistance
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Analogues of oseltamivir (OS)

Analogues of oseltamivir (OS) with varying charge and lipophilicity

_CH ;
O\ O\CHz o Compound/ code | Substituent R
OS H
12 OS-gly -COCH,NH,
/j/ o) - OS-ac -COCH 4
"Nl W% H
>4 OS-pro -CO7—N
CH; Q
OS-bz -COC ¢Hs

these moleculeswere docked into the H5N1-NA active site and the binding energies
were analyzedand compared
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Derivatives of oseltamivir (OS)
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Docked poses of oseltamivir analogues in the HS5N1-NA active site. H-bonds
between the analogues and the enzyme are indicated in red. 12



Amino acid Ligands
residues of H5SN1
NA Oseltamivir Zanamivir OSgly OS-ac OS-bz OS-pro
(GS-4071) (GG-167)
ARG118 HO-C=0...HN HO-C=0¢é .NH
GLU119 NH.é .0=C CH,-NH_é .0=C
ASP151 NH.é .0=C NH.é .0=C O=C-NHé .0=C O=C-NHé .0=C bz-CONHé .0=C
bz-CONHé .0=C
ARG152 HN-C=0é .HN HN-C=0é .HN HN-C=0é .HN O=C-NHé .NH
O=C-NHé .NH
ARG156 CH,-NH.é .HN
TRP178 NH.é .0=C CH,-NH.é .0=C
GLU227 NH.é .0=C
GLU276 C-OHé .0=C
C-OHé .0=C
ARG292 HO-C=0¢ .HN HO-C=0¢é .HN HO-C=0¢é .HN O=C-OH é HN HO-C=0¢é .HN
HO-C=0¢é .HN HO-C=0¢é .HN
TYR347 HO-C=0¢é .HO O=C-OH é HO HO-C=0¢é .HO O=C-OH é HO HO-C=0¢é .HO
ARG371 O=C-OH é HN O=C-OH é HN O=C-OH é HN O=C-OH é HN O=C-OH é HN
HO-C=0¢é .HN HO-C=0¢é .HN HO-C=0¢é .HN HO-C=0¢é .HN HO-C=0¢é .HN
TYR406 O=C-NHé .OH
13
H bonds 8 11 11 8 4 4




Analogues of oseltamivir

AS compared to oseltamivir, zanamivir forms additional H-bonds with Trp 178 and
Glu227in H5N1-NA, which arise from the guanidino group.

OSgly forms H-bonds similar to oseltamivir and interacts with Trp 178 and Arg 118
(similar to zanamivir). The gly group contributes additional H-bond interactions over the
parent drug. Theseinteractions are responsiblefor the tighter binding with the enzyme,
and might contribute to a lower susceptibility to resistance, in parallel with the
observationfor zanamivir.

Similar interactions are not observedin caseof the OS-ac analog instead the acetyl
group interacts with Aspl5land Arg152

The bulky benzyl and proline moietiesof OS-bz and OS-pro show closevan der Waals
contacts with Vall149 Thr148 Thr439 GIn136 and Glu227, Trp178 Arg156, Aspl5l
respectively Strong steric interactions of thesebulky groups with the receptor surface
changeshe overall 3D orientation of thesemoleculeswithin the receptor cavity.

Thus, the addition of bulky groups at the amino moiety in oseltamivir lowers the affinity
for the NA and this may lead to a decreasan the biological activity. 14



Interaction with Model Membrane

Interaction with Model Membrane ??

NA inhibitors are reported to inhibit the receptor binding of HA andthus its ability to
promote attachment and fusion of cell membrane to the virus. By this processit is
likely to interfere with cell-cell fusion thus interfering with the virus entry step.
Therefore a detailed investigation on interaction of these ligands with model
membranesis warranted.

Moreover, the prodrug which is phosphate salt is orally administered. The interaction of
the prodrug with model membranes will provide understanding of the absorption and the
transport of the drug through the gastrointestinal tract.

15



Binding with MLVs

0.20

0S
= OS- 8594 M
& oS gly OSgly- 4725 Mt
5 @, OSac- 623 M!
OSbz- 717 Mt

2 0S-bz
£ 005- : OSpro- 187 M1

= 0S-ac

0.00 . | . T - I - T

0.0 0.5 1.0 1.5 20
MLV's Conc. (mg/ml)

binding affinity increaseswith increasinghydrophilicity. This may be due to a preferential
bindingto the headgroup(polar,hydrophilicportion) of thelipid vesicles

For OS and Ogly nearly 60% and 50% respectively of the total drug is bound to the liposomes
at the relatively low lipid concentration of 0.5 mM. 16



Thermotropic behaviour

Issuesconcerning the nature of this binding with regard to
the thermotropic behaviour and dynamics of the lipid, and
also the various groups involved in the intermolecular
Interactions arefurther addressed
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Thermotropic aspect of druglipid interaction using DSC

Endothermic

from 0.5 mM- 50 mM
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20 30 40 50 60 20 30 40 50 60

Temperature °C

Changes in the melting point (Tm)
shape of the DSC trace.

TheT, andT,, transitionsmaybedueto the coexistencef drugrich anddrugpoor DPPC
domains (phases)within the bilayer The presenceof coexisting phasesindicatesphase
segregationwhich may arise from osmotic stresson the DPPC bilayer, due to thegtrong
Interactionof the phosphatgroupin OSwith the polarheadgroupof thelipid.



Thermotropic aspect of druglipid interaction using DSC
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Nature of the intermolecular interaction

oseltamivir
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Chemical Shift

resonances remain sharp
indicatingfast exchange
between bound and free for

Broadening arises due to an
exchange at intermediate tin
scalebetween the bound anc
the free form

The estimateof T2 from the
line widths which is about
100 ms indicates that the
moleculedosetheir mobility
and becomestrongly bound
to lipid bilayersresultingin a
loss of motional freedom
This also indicates an
increase in the motional
ordering of the IiJ%id acyl
chainandtheheadgroup



binding of these molecules to DPPC largely depends on the nature of
the analogue.

OS-gly and OSac show an average binding characteristic like OS

where the molecules are in a free motion/fast exchange, with most of
the signals continuing to remain sharp.

In case of OSbz and OSpro, the molecules are strongly bound to the
lipid bilayer and loose their motional freedom
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Nature of the intermolecular interaction
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Intermolecular NOEs

| nt er mol ecul ar NOEOs s e e nglybhGsStacv@ShnanaOs-pro |

DPPC Oseltamivir OSqly OS-ac OS-bz OS-pro
(GS-4104)
CH, CH,(11,13), CH,(11,13), CH,(11,13), CH,(11,13), CH,(11,13),
CH,(12,14) CH,(12,14) CH,(12,14) CH,(12,14) CH,(12,14)
(CH,), CH,(11,13), CH,(11,13), CH,(11,13), CH,(11,13), CH,(11,13),
CH,(12,14),CH(6) | CH,4(12,14),CH(6) | CH,(12,14),CH(6) | CH,(12,14),CH(6) CH;(12,14),CH(6)
CH(10) - CH,(18) CH(19-23)
CH(B) CH(8) CH(8), CH,(18) - - CH(8),CH(3),
CH,(18)
CH,( b)) CH(2) CH,(18)
N(CH,), CH(8) CH(8), CH,(18) - - CH, (8),CH,(18),
CH(10),CH,(21)

OS-gly and OSpro a number of additional intermolecular NOEs are seencompared to OS;
theseadditional interactions are with the headgroup of the lipid

In complete contrast, for the OS-bz and OS-ac derivatives, the interactions with the lipid head

group are absent ’3



Lipid polymorphism

Lipids can assemble into a variety of structures
Lipid organization changes from bilayer to hexagonal (Lipid Polymorphism)

type of lipids,
experimental condition
(pH, temperature, hydration, ions, salt etc)
lead to polymorphic phase behaviour

Hydicrtian
?

Micelle
lipids with small headgroup areas N aRRRARR
adopt "inverted" lipid phases such as ctonen R
the inverted hexagonal (fiphase or RERELEEL
cubic phases and are said to exhibit

- Bilayer
negative membrane curvature e s A
biological involvement of lipid BEBHOG Hetn / \ = 50
polymorphism is in membrane Inverted micelle/ e
fusion, exocytosis, transport etc. cubic Inverted hexagondal
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3P NMR (Lipid polymorphism)

AP NMR spectroscopys sensitiveto local motionsandthe orientationof the phosphateroupin the
membranemakingit well suitedfor monitoringstructuralchangesanddetectingoolymorphism

AThe 31P NMR resonancdine shapeis determinedby the chemicalshift anisotropy(CSA) of the
phosphatgroupcoupledwith the moleculamotionsnearthe headgroups
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31P NMR (Lipid polymorphism) in presence of drug molecules

OS OSgly OS-ac OSbz OS-pro
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