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 Structure of viruses

 Vi b i d i k i i f i Viruses can be viewed as protein packages transmitting foreign
nucleic acid between host cells.

 Type of nucleic acid present depends on the virus types. All viruses
contain one or more molecules of either RNA or DNA but not both.

 So they can be defined as RNA or DNA viruses.

Most RNA viruses contain single stranded RNA “ssRNA”, but some
viruses contain double-stranded RNA If the base sequence of the RNAviruses contain double-stranded RNA. If the base sequence of the RNA
strand is identical to viral messenger RNA “mRNA” it is called the
positive “+”; and thus can be immediately translated by the host cell.

 if it is complementary it is called the negative “-” strand. and thus
t b t d t iti RNA b RNA lmust be converted to positive-sense RNA by an RNA polymerase

before translation. 2



 the viral nucleic acid is contained and protected within a protein
coat called the capsid. Capsids are made up of protein subunits calledp p p p
protomers which are generated in the host cell and can interact
spontaneously to form the capsid in a process called self-assembly.

 capsids + nucleic acid known as nucleocapsid. The complete
structure is known as a virion In some viruses the nucleocapsid maystructure is known as a virion. In some viruses, the nucleocapsid may
contain viral enzymes which are important to its replication in the host
cells. E.g. flu virus contain an enzyme called RNA-dependent RNAg y p
polymerase.
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3



• Adsorption: a virion has to first bind to the outer surface of a host

 Life cycle of viruses

• Adsorption: a virion has to first bind to the outer surface of a host
cell. By binding of specific receptor in the host cell that have an
important cellular functions such as the binding of hormones.important cellular functions such as the binding of hormones.

• Penetration & uncoating: different viruses introduce their nucleic
acid into the host cell by different methods by injecting their nucleic
acid through the cell membrane or enter the cell and then uncoated.

• Replication & transcription: viral genes can be defined as early or
late. Early genes with viruses contain (+) strand, and late virusesy g ( ) ,
contain negative strand.

• Synthesis & assembly of nucleocapsids: then the genes direct the
synthesis of capsid proteins and these self-assemble to form capsid.
Then viral nucleic acid is taken into the capsid to form nucleocapsidThen viral nucleic acid is taken into the capsid to form nucleocapsid.
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• Virion release: naked virions “those with no outer layers round the
nucleocapsid” are released by cell lysis where the cell is destroyednucleocapsid are released by cell lysis where the cell is destroyed.

Viruses with envelops are released by a process called budding.p y p g
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Antiviral drugs used against DNA viruses

Most of the drugs which are active against DNA viruses have beenMost of the drugs which are active against DNA viruses have been
developed against herpesviruses to combat diseases such as cold sores,
genital herpes, chicken pox, shingle, Burkitt´s lymphoma & kaposi
sarcoma.

 Inhibitors of viral DNA polymerasep y

 Aciclovir was introduced in the market in 1981. it has a nucleoside
like structure and contains the same nucleic acid base as
deoxyguanosine but lacks the complete sugar ring.

 In virally infected cells, it is phosphorylated in three stages to form a
triphosphate which is the active agent so aciclovir iteself is a prodrug.

 Nucleotide triphosphates are the building blocks for DNA replication
where a new DNA strand is constructed using a DNA template-g p
catalysed by DNA polymerase.
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Aciclovir triphosphate prevents DNA replication in two ways:

• it is sufficiently similar to the normal deoxyguanosine triphosphate
building block that it can bind to DNA polymerase and inhibit it.

• DNA polymerase can catalyse the attachment of the aciclovir
nucleotide to the growing DNA chain Since the sugar unit isnucleotide to the growing DNA chain. Since the sugar unit is
incomplete and lacks the required hydroxyl group normally present at
position 3´ of the sugar ring. The nucleic acid chain cannot be extendedp g g
any further. So Drug acts as a chain terminator.
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What is to stop aciclovir triphosphate inhibiting DNA polymerase in
normal uninfected cells?

 the explication lies in two points that it is only converted to the
active triphosphate in infected cells:active triphosphate in infected cells:

• Viral thymidine kinase is 100 times more effective at convertingViral thymidine kinase is 100 times more effective at converting
aciclovir to its monophosphate than host cell thymidine kinase. So in
normal uninfected cells, aciclovir is a poor substrate for cellular
thymidine kinase and remains as the prodrug.

• the selective action of aciclovir by a 50 fold against viral DNA• the selective action of aciclovir by a 50-fold against viral DNA
polymerase relative to cellular polymerases.

 The oral bioavailability of aciclovir is quite low (15-30%) and to
overcome this, various prodrugs were developed to increase water
solubility.
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 Ganciclovir is an analogue of aciclovir which bears an extra
hydroxymethylene group It is effective against both α- & β-hydroxymethylene group. It is effective against both α & β
subfamilies of herpesvirus. Aciclovir is effective only against the α-
subfamily of herpesvirus.

 Penciclovir is an analogue of ganciclovir which lack the oxygen
atom It has the same spectrum of aciclovir but has a better potency, aatom. It has the same spectrum of aciclovir but has a better potency, a
faster onset and a longer duration of action. But it is still has poor oral
bioavailability.
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 Famciclovir is a prodrug of penciclovir where the two alcohol groups
are masked as esters making the structure less polar, and leading to
better absorption.

 O b b d th t l h d l d b t d th Once absorbed, the acetyl groups are hydrolysed by esterases and the
purine ring is oxidized by aldehyde oxidase in the liver to generate
penciclovir Phosphrylation reactions then take place in virally infectedpenciclovir. Phosphrylation reactions then take place in virally infected
cells.
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 Some viruses are immune from the action of the above antiviral
agents because they lack the enzyme thymidine kinase. As a result,g y y y
phosphorylation fails to take place.

 Cid f i d i d b hi bl I i l f Cidofovir was designed to combat this problem. It is an analogue of
deoxycytidine 5-monophosphate, where the sugar and phosphate groups
have been replaced by an acyclic group & a phosphonomethylene grouphave been replaced by an acyclic group & a phosphonomethylene group,
respectively.
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 The phosphonomethylene gp acts as a bioisostere for the phosphate
gp and is used coz the phosphate gp itself would be more susceptible togp p p gp p
enzymatic hydrolysis.

 Si h h i l i Th d d i Since a phosphate equivalent is present. The drug does not require
thymidine kinase to become activated.

 two more phosphorylation can now take place catalysed by cellular
kinases to convert cidofovir to the active (triphosphate).
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 Inhibitors of tubulin polymerization
 The plant product podophyllotoxin has been used clinically to treat The plant product podophyllotoxin has been used clinically to treat
genital warts.

 Antisense therapy Antisense therapy

 Fomivirsen is the first and so far the only, DNA antisense molecule
h h b d i i lthat has been approved as an antiviral agent.

 it consists of 21 nucleotides and a phosphonothioate backbone rather it consists of 21 nucleotides and a phosphonothioate backbone rather
than a phosphate backbone to increase the metabolic stability of the
molecule.

 the drug blocks the translation of viral RNA and is used against
i l i fl i i AIDS i B f i hi h l i i iretinal inflammation in AIDS patients. Because of its high polarity it is

administered as an ocular injection.
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Antiviral drugs acting against RNA viruses: HIV

 Structure & life cycle of HIV “Human immuno deficiency virus” Structure & life cycle of HIV “Human immuno deficiency virus”

 HIV is an example of a group of viruses known as the retroviruses.
There are two variants of HIV. HIV-1 is responsible for AIDS in
america, europe and asia, whereas HIV-2 occurs mainly in western
africaafrica.

At present, most clinically useful antiviral drugs act against twop , y g g
targets- the viral enzymes reverse transcriptase & protease.

 i i hi h i id i l d f ( ) HIV is an RNA virus which contains two identical strands of (+)
ssRNA within its capsid. Also present are the viral enzymes reverse
transcriptase & integrase and other proteins called p7/p9transcriptase & integrase and other proteins called p7/p9.

 the capsid is made up of protein units known as p24 surrounded by ap p p p y
layer of matrix protein (p17). Then the membrane envelope.
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 in the outer surface there are the viral glycoproteins gp120 & gp41.
Both are essential for the process of adsorption & penetration. Gp120p p p p
interacts & binds with a transmembrane protein called CD4 which is
present on host T-cells & gp41 anchor the virus to the surface of the host

ll
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 Once fusion has taken place, the HIV nucleocapsid enters the cell.
Deintegration of the protein capsid then takes place, aided by the action
of a viral enzyme called protease.
Viral RNA & viral enzymes are then released into the cell
cytoplasm. The released viral RNA is not capable of coding directly
for viral proteins or of self-replication.

Instead it is converted into DNA & incorporated into the host cell
DNA. This conversion carried by HIV enzyme called reverse
transcriptase (is a member of DNA polymerase family).

Proviral DNA is now spliced into the host cell’s DNA a processProviral DNA is now spliced into the host cell s DNA, a process
catalysed by integrase-an enzyme also carried by the virion.

 once the proviral DNA has been incorporated into host DNA, it is
called the provirus & can remain dormant in host cell DNA until
activated by cellular processes.
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When activated, transcription of viral genes takes place to produce
viral RNA some incorporate into new virions and the rest is used inviral RNA, some incorporate into new virions and the rest is used in
translation to produce three large polyproteins
Then the viral glycoprotein (gp120 & gp41) are incorporated into theThen the viral glycoprotein (gp120 & gp41) are incorporated into the
cell membrane. Budding then takes place to produce an immature
membrane-bound virus particle & a new nucleocapsids containing
viral RNA, reverse transcriptase & integrase.
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Antiviral therapy against HIV
Most drugs that have been developed act against the viral enzymesg p g y
reverse transcriptase and protease.

 h i bl i h l f id i i i l d the main problem is the result of rapid resistance to antiviral drugs,
but with experience, several studies showed that the combination of
different drugs acting on both reverse transcriptase & protease havedifferent drugs acting on both reverse transcriptase & protease have
been successfully delayed the progress of AIDS “acquired immuno
deficiency syndrome”.y y
 Inhibitors of viral reverse transcriptase

 Nucleoside reverse transcriptase inhibitors “NRTIs” Nucleoside reverse transcriptase inhibitors NRTIs

 Since the enzyme reverse transcriptase is unique to HIV, it serves as
an ideal drug targetan ideal drug target.

 Various nucleoside-like structures have proved useful as antiviral Various nucleoside like structures have proved useful as antiviral
agents.
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 The vast majority of these are not active themselves but are
phosphorylated by three cellular enzymes to form active nucleotidephosphorylated by three cellular enzymes to form active nucleotide
triphosphate.

 the important difference between these agents and the previous ones
is the requirement for all three phosphorylations to be carried out by
cellular enzymes as HIV does not produce a viral kinasecellular enzymes as HIV does not produce a viral kinase.

 Zidovudine was originally developed as an anticancer agent but
was the 1st drug to be approved for use in the treatment of AIDS.

 it i l f d th idi h th 3´ h d l it is analogue of deoxythymidine where the sugar 3 -hydroxyl
group has been replaced by an azido group.

 Studies of the enzyme active site led to the development of
lamivudine & emtricitabine “analogues of deoxycytidine where the
3´carbon has been replaced by sulfur”.
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 Adefovir dipivoxil & Tenofovir disoproxil prodrugs of modified
nucleosides. Both structures contain a monophosphate group protectednucleosides. Both structures contain a monophosphate group protected
by two extended esters.

 Hydrolysis in vivo reveals the phosphate group which can then be
phosphorylated to the triphosphate as we saw earlier.
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 Non-nucleoside reverse transcriptase inhibitors “NNRTIs”
 they are generally hydrophobic molecules that bind to an allostericy g y y p
binding site which is hydrophobic in nature results in an induced fit
which locks the neighbouring substrate-binding site into an inactive
conformation.

 The NNRTIs are non competitive reversible inhibitors since the The NNRTIs are non-competitive reversible inhibitors since the
allosteric binding site is separate from the substrate binding site.

 they include 1st generation NNTRIs such as nevirapine &
delaviridine, as well as 2nd generation drugs such as efavirenz.
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 Protease inhibitors

 The HIV protease enzyme

 the HIV protease enzyme is an example of an enzyme family called

 The HIV protease enzyme

 the HIV protease enzyme is an example of an enzyme family called
the aspartyl proteases- enzymes which catalyse the cleavage of peptide
bonds and which contain an aspartic acid in the active site that is
important to the catalytic mechanism.

 Th HIV t i di d f t id ti l The HIV protease enzyme is a dimer made up of two identical
protein units so it is symmetrical.

 the amino acids Asp-25, Thr-26 & Gly-27 from each monomer are
located on the floor of the active site, & each monomer provides a flap
to act as the ceiling.

25



 the enzyme cleaves bonds
between a proline residue & an
aromatic residue “phenylalanine
or tyrosine”.

 the cleavage of a peptide bond
next to proline is unusual ande t to p o e s u usua a d
does not occur with mammalian
proteases so the chances are good
of achieving selectivity against
HIV protease over mammalian
proteasesproteases.

Moreover, the symmetrical nature of the viral enzyme & its active
it i t t i li t i ti thsite is not present in mammalian proteases, again suggesting the

possibility of drug selectivity.
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Substrate binding and cleavage

 There are eight binding subsites in the enzyme four on each protein

Notes

 There are eight binding subsites in the enzyme, four on each protein
unit, located on either side of the catalytic region.

 these subsites accept amino acid residues of the substrate and are
numbered S1-S4 on one side & S1´-S4´ on the other side
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Binding interactionsBinding interactions
 The relevant residues on the substrate are numbered P1-P4 & P1´-P4´. The
N & O of each peptide bond in the substrate´s peptide backbone is involved
in H bonding interactions with the enzyme.

A water molecule is present in the active site acts as a H bonding bridge to
2 isoleucine NH gps on the enzyme flaps. This H bonding network has the

Flap region
I le 50'I le 50

effect of closing the flaps over the active site once the substrate is bound.
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 The aspartic acids Asp-25 & Asp-25´ are involved in the catalytic
mechanism & are on the floor of the active site, each contributed from,
one of the protein subunits.

 the carboxylate residues of these asparates & a bridging water
molecule are involved in the mechanism by which the substrate´s
peptide bond is hydrolysedpeptide bond is hydrolysed.
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 Design of HIV protease inhibitors

A similar hydrolytic mechanism to that takes place for a mammalian
aspartyl protease called renin.

 the renin inhibitors were designed as antihypertensive agents. These
agents act as transition-state inhibitors Many of the strategiesagents act as transition state inhibitors. Many of the strategies
resulting from the development of renin inhibitors were adapted to the
design of HIV protease inhibitors.

 In the HIV protease catalysed reaction, the transition state resembles
th t t h d l i t di t d it i t blthe tetrahedral intermediate and it is unstable.

 so it is necessary to design an inhibitor which contains a transition- so it is necessary to design an inhibitor which contains a transition
state isostere that mimic tetrahedral centre but stable to hydrolysis.
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 HydroxyethylamineHydroxyethylamine isostereisostere provenproven toto bebe effectiveeffective.. SinceSince hashas aa
hydroxylhydroxyl gpgp whichwhich mimicsmimics oneone ofof thethe hydroxylhydroxyl gpsgps ofof thethe tetrahedraltetrahedraly yy y gpgp y yy y gpgp
intermediateintermediate andand bindsbinds toto thethe aspartateaspartate residuesresidues inin thethe activeactive sitesite

 RR--configurationconfiguration isis preferredpreferred inin thisthis groupgroup..

N

O
OH

NN

HO OH
H

Hydroxyethylamine
transition-state isostere

Amide Tetrahedral intermediate
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1. Saquinavir

 ItIt d l dd l d bb R hR h dd thth 11stst PIPI tt hh thth k tk t itit ItIt waswas developeddeveloped byby RocheRoche andand asas thethe 11stst PIPI toto reachreach thethe marketmarket itit
servesserves asas thethe benchmarkbenchmark forfor allall otherother PIsPIs..
• Pol is a viral polypeptide necessary for the budding and it is a good• Pol is a viral polypeptide necessary for the budding and it is a good
substrate for HIV protease.
• Includes a pentapeptide sequence containing the susceptiblep p p q g p
Phenylalanine-Proline linkage.
• the peptide link normally hydrolysed in this sequence is between Phe
& d hi li k l d b h d h l i i i& Pro and so this link was replaced by a hydroxyethylamine transition-
state isostere to give a successfully inhibitor.
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L d d
11. . SaquinavirSaquinavir
Lead compound
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11. . SaquinavirSaquinavir
L d dL d dLead compoundLead compound
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IleIleBenzyloxycarbonyl (Z)Benzyloxycarbonyl (Z)
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Notes
•Weak inhibitor “IC50 = 750 nM” 
S bl l d i

Disadvantages
•High molecular weight

•Stable to enzyme-catalysed reaction
•5 side chains fit subsites S3-S2’
•‘Phe’ = equivalent side chain to Phe

g g
•High peptide character
•Poor oral bioavailability
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 RocheRoche teamteam setset outout toto identifyidentify aa smallersmaller inhibitor,inhibitor, startingstarting fromfrom thethe
simplestsimplest possiblepossible substratesubstrate forfor thethe enzymeenzyme--phephe--propro..pp pp yy pp pp

 thethe peptidepeptide linklink waswas replacedreplaced byby thethe hydoxylaminehydoxylamine transitiontransition--statestate
ii && hh l il i NN && CC ddisostereisostere && thethe resultingresulting NN-- && CC-- protectedprotected strucutrestrucutre..

 itit hashas showedshowed weakweak inhibitoryinhibitory activityactivity “IC“IC 00 65006500 nMnM”” itit hashas showedshowed weakweak inhibitoryinhibitory activityactivity ICIC5050 65006500 nMnM ..

 SideSide chainschains (P(P11 andand PP11’)’) occupyoccupy enzymeenzyme subsitessubsites (S(S11 andand SS11’)’)yy yy

Benzyl side chain (PBenzyl side chain (P11))
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••Extension strategy Extension strategy -- add an extra amino acid add an extra amino acid 
••Aim: to increase binding interactionsAim: to increase binding interactionsgg
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•Side chain of Asn (P2) occupies subsite (S2)
•Results in increased binding
•40 fold increase in inhibition (IC 140 nM)•40 fold increase in inhibition (IC50 140 nM)

•• ThisThis structurestructure waswas adoptedadopted asas thethe newnew leadlead compoundcompound andand thethe
residuesresidues PP11 && PP22 werewere variedvaried toto findfind thethe optimumoptimum gpsgps forfor thethe SS11 && SS22..

•• TheThe benzylbenzyl gpgp && thethe aspragineaspragine sideside chainchain werewere thethe optimumoptimum groupsgroups..yy gpgp p gp g pp g pg p
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AnAn XX--rayray crystallographiccrystallographic studystudy ofof thethe enzymeenzyme--inhibitorinhibitor complexcomplex
waswas carriedcarried outout && revealedrevealed thatthat thethe protectingprotecting gpgp “Z”“Z” thethe SS33 subsitesubsitep gp g gpgp
whichwhich provedproved toto bebe aa largelarge hydrophobichydrophobic pocketpocket..

 SS hh ii l dl d i hi h ll i lii li ii So,So, thethe protectingprotecting gpgp waswas repalcedrepalced withwith largerlarger quinolinequinoline ringring systemsystem
whichwhich couldcould occupyoccupy thethe subsitesubsite moremore fullyfully && thisthis ledled toto aa sixfoldsixfold
increaseincrease inin activityactivity “IC“IC 00 == 2323 nMnM””increaseincrease inin activityactivity ICIC5050 2323 nMnM ..
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 VariationVariation alsoalso carriedcarried outout onon thethe carboxylcarboxyl halfhalf ofof thethe moleculemolecule..

 ProlineProline fitsfits intointo thethe SS11´́ pocketpocket butbut itit waswas foundfound thatthat itit couldcould bebe
replacedreplaced byby aa bulkierbulkier decahydroisoquinolonedecahydroisoquinolone ringring systemsystem..

 thethe tt--butylbutyl esterester protectingprotecting gpgp waswas foundfound toto occupyoccupy thethe SS22´́ subsitesubsite &&
couldcould bebe replacedreplaced byby aa tt--butylamidebutylamide gpgp whichwhich provedproved moremore stablestable inincouldcould bebe replacedreplaced byby aa tt--butylamidebutylamide gpgp whichwhich provedproved moremore stablestable inin
animalanimal studiesstudies..
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•60 fold increase in activity (IC50 0.4 nM)
•R Stereochemistry is essential for the transition state isostere

DecahydroisoquinolineDecahydroisoquinoline

•R-Stereochemistry is essential for the transition-state isostere
•Saquinavir was the first protease inhibitor to reach the clinic
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NotesNotes
••StudiedStudied byby XX--rayray crystallographycrystallography
FiveFive subsitessubsites areare occupiedoccupied (S(S33 SS22’)’)••FiveFive subsitessubsites areare occupiedoccupied (S(S33--SS22’)’)

••TheThe SS33’’ subsitesubsite isis inaccessibleinaccessible
••TheThe transitiontransition statestate isostereisostere interactsinteracts withwith thethe catalyticcatalytic aspartatesaspartates byby
h dh d b dib di i ii ihydrogenhydrogen bondingbonding interactioninteraction
••CarbonylsCarbonyls actact asas HBAsHBAs toto thethe bridgingbridging waterwater moleculemolecule inin thethe flapflap
regionregion
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DisadvantagesDisadvantages

••Poor oral bioavailabilityPoor oral bioavailability

S tibl t d i tS tibl t d i t••Susceptible to drug resistanceSusceptible to drug resistance

••Subsequent research on more modern protease inhibitors aims to Subsequent research on more modern protease inhibitors aims to 
reduce molecular weight and peptide characterreduce molecular weight and peptide character
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22. . RitonavirRitonavir and and LopinavirLopinavir

••Developed by Abbott PharmaceuticalsDeveloped by Abbott Pharmaceuticals

NotesNotes

••Designed to take advantage of the symmetrical nature of the active Designed to take advantage of the symmetrical nature of the active 
sitesite

••Symmetrical inhibitors should be capable of binding left to right or Symmetrical inhibitors should be capable of binding left to right or 
right to leftright to leftgg

••Symmetrical inhibitors likely to show greater selectivity over Symmetrical inhibitors likely to show greater selectivity over 
mammalian proteasesmammalian proteasesmammalian proteasesmammalian proteases

••Symmetrical inhibitors likely to be more resistant to hydrolytic Symmetrical inhibitors likely to be more resistant to hydrolytic 
breakdown by peptidasesbreakdown by peptidasesbreakdown by peptidasesbreakdown by peptidases

••Lead compound designed to have CLead compound designed to have C2 2 symmetrysymmetry
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De novoDe novo design of a symmetrical lead compounddesign of a symmetrical lead compoundDe novoDe novo design of a symmetrical lead compounddesign of a symmetrical lead compound

C2 symmetry
of active site C2 C2

N

Ph
P1'P1

Ph Ph Ph Ph Ph

RHN
N

HO OH CONHR'

Reaction intermediate

RHN
HO OH

Retain left hand segment 

RHN
HO OH

NHR

Symmetrical reaction 

RHN NHR

OH

Target alcohol

NotesNotes
DD d i i b d thd i i b d th t l d tit l d ti

g y
intermediate

g

••De novoDe novo design is based on the enzymedesign is based on the enzyme--catalysed reaction catalysed reaction 
intermediateintermediate
••Benzyl group is retained Benzyl group is retained -- strong binding group to Sstrong binding group to S11
••Symmetrical reaction intermediate contains two benzyl groupsSymmetrical reaction intermediate contains two benzyl groups
••Remove one alcohol group to stabilise the moleculeRemove one alcohol group to stabilise the molecule
••Molecular modelling confirms that molecule should bind to the Molecular modelling confirms that molecule should bind to the gg
active siteactive site
••The target alcohol is synthesised and testedThe target alcohol is synthesised and tested 42



22. . RitonavirRitonavir and and LopinavirLopinavir
Drug DesignDrug Design

•Target alcohol (I) acts as a weak enzyme 
Ph Ph

g gg g

inhibitor
•Inactive in vitro
•But still represents the successful de novo

H2N NH2

OH

T t l h l (I)T t l h l (I)
p

design of a lead compoundTarget alcohol (I) Target alcohol (I) 
ICIC5050 > > 1010,,000 000 nMnM

Ph Ph Ph Ph

Activity increases 
with the addition of 
valines

H2N

Ph

NH2

Ph

OH

N
H

Ph

N
H

Ph

OH

Val Val

valinesOH

Target alcohol (I) Target alcohol (I) 
ICIC5050 > > 1010,,000 000 nMnM

OH

(II) (II) 
ICIC5050 590 590 nMnM
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22. . RitonavirRitonavir and and LopinavirLopinavir
D D iD D iDrug DesignDrug Design

N

Ph

N

Ph
O O

ZHN NHZ

PP11 PP11’’

N

Ph

N

Ph
O O

ZHN NHZ

Ph Ph

Val Val

Ph Ph

N
H

N
H

OH
MeMe Me Me

AA7470474704
PP22’’PP22

N
H

N
H

OH
MeMe Me Me

N
H

N
H

OH

Val Val

(II)(II)

H2N NH2

OH

Target alcohol (I)Target alcohol (I)
ICIC5050 3 3 nMnM

(II) (II) 
ICIC5050 590 590 nMnM

Target alcohol (I) Target alcohol (I) 
ICIC5050 > > 1010,,000 000 nMnM

•Activity increases with 
the addition of protectingthe addition of protecting 
groups
•Resistant to proteolytic
breakdownbreakdown
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Binding interactions forBinding interactions for AA7470474704Binding interactions forBinding interactions for AA7470474704
22. . RitonavirRitonavir and and LopinavirLopinavir

Binding interactions for Binding interactions for AA7470474704
XX--ray crystallographyray crystallography
Binding interactions for Binding interactions for AA7470474704
XX--ray crystallographyray crystallography

O

Ile-50'I le-50

Wat-301

Ph Ph
O O

HH

PP11 PP11’’

N
H

N
H

OH

ZHN NHZ

MeMe Me Me
PP22’’PP22

Asp-25Asp-25'Gly-27 Gly-27'

PP22’’PP22

NotesNotes
••Symmetrical binding patternSymmetrical binding patterny g py g p
••Binding interactions to GlyBinding interactions to Gly--27 27 and Glyand Gly--2727’ are not optimum’ are not optimum
••Increasing the distance between relevant NH groups may be Increasing the distance between relevant NH groups may be 
beneficialbeneficialbeneficialbeneficial

45



De novoDe novo design of symmetrical lead compound IIdesign of symmetrical lead compound IIDe novoDe novo design of symmetrical lead compound IIdesign of symmetrical lead compound II
22. . RitonavirRitonavir and and LopinavirLopinavir
De novoDe novo design of symmetrical lead compound IIdesign of symmetrical lead compound IIDe novoDe novo design of symmetrical lead compound IIdesign of symmetrical lead compound II

C2 C2

C2

RHN
N

Ph P1'P1

RHN

Ph

RHN

Ph

NHR

OH

RHN

Ph

NHR
HO OH

HO OH CONHR'

Reaction intermediate

HO OH
Ph

OH

Target diol

HO OH
Ph

NotesNotes
••De novoDe novo design is based on the enzymedesign is based on the enzyme--catalysed reaction catalysed reaction 
intermediateintermediate
••Axis of symmetry is designed to go through the centre of a bond Axis of symmetry is designed to go through the centre of a bond 
rather than the reaction centrerather than the reaction centre
••Allows the introduction of an extra atom Allows the introduction of an extra atom 
••Increases the separation of the NH groupsIncreases the separation of the NH groups 46



Comparison of AComparison of A74704 74704 and its and its dioldiol equivalentequivalentComparison of AComparison of A74704 74704 and its and its dioldiol equivalentequivalent

AA7470474704N
H

Ph

N
H

Ph
O O

H
N

H
NO O

PP11 PP11’’

PP33’’PP33
ICIC5050 3 3 nMnM

H H
OH

MeMe Me Me
O O

PP22’’PP22

PP33

H
O

Ph

H
OH O

Di lDi l

PP11 PP22’’

N
H

H
N

OH
Ph

H
NO

O O

N
H

O
Diol Diol 
equivalentequivalent

ICIC5050 00..22 22 nMnMPP11’’PP22 PP33’’

PP33

PP33

NotesNotes
Di lDi l i l t f Ai l t f A7470474704 hh 1010 f ld t ti itf ld t ti it••DiolDiol equivalent of Aequivalent of A74704 74704 shows shows 1010--fold greater activityfold greater activity

••Poor water solubilityPoor water solubility
••Terminal portions are exposed to solvent (crystal structure)Terminal portions are exposed to solvent (crystal structure)
••Possible to add more polar groups to increase solubilityPossible to add more polar groups to increase solubility
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Drug designDrug designDrug designDrug design

22. . RitonavirRitonavir and and LopinavirLopinavir
Drug designDrug designDrug designDrug design

AA7700377003

Urea

RR
N

H
N

O
Ph

H
NN

N Me OH

N N

O

N

Pyridine

Urea

SSN
H

OH
Ph

O O

N
H

N

Me

NotesNotes
••Pyridines and Pyridines and ureasureas increase polarity and water solubilityincrease polarity and water solubility
••Poor oral bioavailabilityPoor oral bioavailabilityPoor oral bioavailability Poor oral bioavailability 
••Entered clinical trials as an intravenous agentEntered clinical trials as an intravenous agent
••Does not bind as predicted by molecular modelling Does not bind as predicted by molecular modelling 
••Asymmetric binding is observed in the crystal structureAsymmetric binding is observed in the crystal structure••Asymmetric binding is observed in the crystal structureAsymmetric binding is observed in the crystal structure
••RR--OH forms two hydrogen bonds to both catalytic OH forms two hydrogen bonds to both catalytic aspartatesaspartates
••SS--OH forms only one hydrogen bondOH forms only one hydrogen bond
RR SS OH t id lt i l d iOH t id lt i l d i d l tid l ti••Remove Remove SS--OH to avoid energy penalty involved in OH to avoid energy penalty involved in desolvationdesolvation
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22. . RitonavirRitonavir and and LopinavirLopinavir
Drug designDrug designDrug designDrug design

AA7879178791

Drug designDrug designDrug designDrug design

H
N

O
Ph

H
NN

N Me O

N

PP11 PP22’’

N
H

OH
Ph

O O

N
H

N

Me
PP11’’PP22 PP33’’

PP33

•Improved activity (Ki 17 pM)Improved activity (Ki 17 pM)
•Similar binding mode to A 77003
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22. . RitonavirRitonavir and and LopinavirLopinavir
AA8098780987Drug designDrug designDrug designDrug design

PP11
UrethaneUrethane UrethaneUrethane

PyridinePyridine

AA8098780987g gg gg gg g

O
Ph

N
N

PP22’’

PP33
N
H

H
N O

O

OH
Ph

O

H
NO

O

N

NotesNotes
••Modifications aimed at varying molecular weight, aqueous solubility Modifications aimed at varying molecular weight, aqueous solubility 

PP11’’PP22 Ph

y g g q yy g g q y
and hydrogen bonding and hydrogen bonding 
••NN--MethylureasMethylureas found to be good for water solubility and oral found to be good for water solubility and oral 
bioavailabilitybioavailabilitybioavailabilitybioavailability
••Urethanes good for plasma half life and potencyUrethanes good for plasma half life and potency
••Allows for fine tuningAllows for fine tuning
••Urea replaced by urethaneUrea replaced by urethane valinevaline removed from right hand segmentremoved from right hand segment••Urea replaced by urethane, Urea replaced by urethane, valinevaline removed from right hand segmentremoved from right hand segment
••Molecule no longer symmetrical, but smallerMolecule no longer symmetrical, but smaller
••Retained activity and improved oral bioavailabilityRetained activity and improved oral bioavailability
Relatively short plasma lifetimeRelatively short plasma lifetime••Relatively short plasma lifetimeRelatively short plasma lifetime

••Binds strongly to plasma proteinsBinds strongly to plasma proteins
50



22. . RitonavirRitonavir and and LopinavirLopinavir
Drug designDrug designDrug designDrug design

AA8098780987
NN--OxidationOxidation

Drug designDrug designDrug designDrug design

UrethaneUrethane UrethaneUrethane
PyridinePyridine

NN OxidationOxidation
NN--OxidationOxidationPP11

PP22’’H
N O

O
Ph

H
NO

N
N

PP11’’PP22

PP33
N
H

OH
Ph

OO

NotesNotes
••Pyridine rings susceptible to metabolism (Pyridine rings susceptible to metabolism (NN--oxidation)oxidation)
••StericSteric shields and electronshields and electron--withdrawingwithdrawing substituentssubstituents fail to blockfail to blockStericSteric shields and electronshields and electron withdrawing withdrawing substituentssubstituents fail to block fail to block 
metabolismmetabolism
••Replace pyridine rings with alternative Replace pyridine rings with alternative heterocyclesheterocycles (bio(bio--isosteresisosteres))
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22. . RitonavirRitonavir and and LopinavirLopinavir
Drug designDrug designDrug designDrug design

AA8396283962

Drug designDrug designDrug designDrug design

N
H
N

H
N O

N

S Me O
Ph

OH
NPP11

PP22’’

UreaUrea44--ThiazolylThiazolyl Shifted OHShifted OH

N
H

N

O
Ph

O
PP11’’PP22

PP33

NotesNotes
••Thiazolyl ring used as a bioThiazolyl ring used as a bio--isostere for the pyridine ring (Pisostere for the pyridine ring (P33))
••Thiazolyl ring is bad for water solubilityThiazolyl ring is bad for water solubility
••Replacing a urethane group with Replacing a urethane group with NN--methyl urea restores water methyl urea restores water 
solubilitysolubilityyy
••Activity improved by having an alkyl substituent on the thiazolyl ring Activity improved by having an alkyl substituent on the thiazolyl ring 
and by shifting the OH groupand by shifting the OH group
••AA8396283962 showsshows 88--fold increase in activity relative to Afold increase in activity relative to A8098780987AA83962 83962 shows shows 88 fold increase in activity relative to Afold increase in activity relative to A8098780987
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22. . RitonavirRitonavir and and LopinavirLopinavir
Drug designDrug designDrug designDrug design

RitonavirRitonavir

Drug designDrug designDrug designDrug design

N
H
N

H
N O

N

S Me O
Ph

OH N

S

55--Thiazolyl (PThiazolyl (P22’)’)
AspAsp--3030PP11

PP22’’

N
H

N

O
Ph

O

S

PP11’’PP22

PP33

NotesNotes
••ThiazolylThiazolyl ring is used as a bioring is used as a bio--isostereisostere for the pyridine ring (Pfor the pyridine ring (P22’)’)
••Improved activity and better oral bioavailabilityImproved activity and better oral bioavailability
••ThiazolylThiazolyl nitrogen forms a hydrogen bond to Aspnitrogen forms a hydrogen bond to Asp--3030
••20 20 x more stable to metabolism than Ax more stable to metabolism than A8098780987
••Therapeutic levels last Therapeutic levels last 24 24 hours following oral administrationhours following oral administration
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22. . RitonavirRitonavir and and LopinavirLopinavir
Drug designDrug designDrug designDrug design

RitonavirRitonavir

Drug designDrug designDrug designDrug design

ValVal--8282

PP11

PP22’’
N

H
N

H
N O

N

S Me O
Ph

OH N

S

55--Thiazolyl (PThiazolyl (P22’)’)
AspAsp--3030

PP11’’PP22

PP33
N
H

N

O
Ph

O

S

NotesNotes
••Drug resistance arises when ritonavir is used aloneDrug resistance arises when ritonavir is used alonegg
••Due to mutation of ValDue to mutation of Val--82 82 to Ala, Thr or Pheto Ala, Thr or Phe
••Disrupts an important hydrophobic interaction between ValDisrupts an important hydrophobic interaction between Val--82 82 and and 
the isopropyl groupthe isopropyl groupthe isopropyl groupthe isopropyl group
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22. . RitonavirRitonavir and and LopinavirLopinavir
Drug designDrug designDrug designDrug design

LopinavirLopinavir

Drug designDrug designDrug designDrug design

HN N
H
N

O
Ph

OH
Me

ConformationalConformational
restraintrestraint PP11

PP22’’

AromaticAromatic

N
H

O
Ph

O

O

Me
PP11’’PP22

Cyclic ureaCyclic urea

NotesNotes
••PP3 3 thiazolyl group removed and replaced with a cyclic ureathiazolyl group removed and replaced with a cyclic urea
••Permits enhanced hydrogen bonding interactions with the SPermits enhanced hydrogen bonding interactions with the S2 2 
subsitesubsite
••Compensates for the loss of bonding interactions due to the Compensates for the loss of bonding interactions due to the gg
thiazolyl groupthiazolyl group
••No interaction with ValNo interaction with Val--8282
••Active against ritonavirActive against ritonavir--resistant strainsresistant strainsActive against ritonavirActive against ritonavir resistant strainsresistant strains
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33. . IndinavirIndinavir
Drug designDrug design

Designed by Merck using a hybridisation strategyDesigned by Merck using a hybridisation strategy
••Link one half of one inhibitor with one half of anotherLink one half of one inhibitor with one half of another

Drug designDrug design

Link one half of one inhibitor with one half of anotherLink one half of one inhibitor with one half of another
••Takes advantage of the symmetrical nature of the active siteTakes advantage of the symmetrical nature of the active site
••Hybrid formed from P’ halves of Hybrid formed from P’ halves of saquinavirsaquinavir and L and L 685434685434

O
Ph

O

TransitionTransition--
statestate

isostereisostere •Contains hydroxyethylene
transition-state isostere

N
H

OHOH

N
H

O
transition state isostere
•Potent inhibitor (IC50 0.3 nM)
•Poor bioavailability 
•Liver toxicity

L L 685434685434
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33. . IndinavirIndinavir
Drug designDrug designDrug designDrug design

Ph O

N
H

OH

O

OH

N
H

Ph

O

O
H
N

N
H

N

N
H

O

H

H

H

H N
H

O

OHOH

L L 685434685434
ICIC5050 00..3 3 nMnM

SaquinavirSaquinavir
ICIC5050 00..4 4 nMnM

O
CONH2

H
OH

H

H

5050

LL 704486704486
O NH

O L L 704486704486
ICIC5050 77..6 6 nMnM

N

HO

O

N
H

OH
H

H
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33. . IndinavirIndinavir
Drug designDrug design

LL 704486704486
O NH

Drug designDrug design

L L 704486704486
ICIC5050 77..6 6 nMnM

N

HO

O

N
H

OH
H

HO

H

P’ fromP’ from P’ fromP’ from
saquinavirsaquinavir LL685434685434

•P’ half of saquinavir is good for water 
solubility
•P’ half of L685434 lacks peptide character
•L 704486 is less active but still potent
•Oral bioavailability 15%y
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33. . IndinavirIndinavir
Drug designDrug design

O NH
O

IndinavirIndinavir

Drug designDrug design

N N

N

HO

N
H

OH

IndinavirIndinavir
ICIC5050 00..56 56 nMnM
KKii 00..34 34 nMnM
ECEC9595 00..10 10 MM

NotesNotes
••P half of LP half of L704486704486 is modifiedis modified

PyridinePyridine

••P half of LP half of L704486 704486 is modifiedis modified
••DecahydroisoquinolineDecahydroisoquinoline ring is replaced with a ring is replaced with a piperazinepiperazine ringring
••Better water solubility and oral bioavailabilityBetter water solubility and oral bioavailability
All f th b tit ti P idi i i t d dAll f th b tit ti P idi i i t d d••Allows further substitution. Pyridine ring was introducedAllows further substitution. Pyridine ring was introduced

••Pyridine ring is Pyridine ring is lipophiliclipophilic and interacts with the and interacts with the lipophiliclipophilic subsitesubsite SS33
••Pyridine ring contains nitrogen Pyridine ring contains nitrogen 
••Improves water solubility and oral bioavailabilityImproves water solubility and oral bioavailability
••Potent inhibitor with negligible activity against mammalian Potent inhibitor with negligible activity against mammalian 
proteasesproteasespp
••Less highly bound to plasma proteins compared to Less highly bound to plasma proteins compared to saquinavirsaquinavir
••Reached market in Reached market in 19961996 59



Binding interactionsBinding interactions
33. . IndinavirIndinavir

S2'

Binding interactionsBinding interactions

O NH
OS3

S2
S2'

N N

N

HO

O

N
H

OH

S3

S1 S1'
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NotesNotes
44. . AmprenavirAmprenavir and and darunavirdarunavir44. . AmprenavirAmprenavir and and darunavirdarunavir

••Designed by Vertex PharmaceuticalsDesigned by Vertex Pharmaceuticals
••Designed as a nonDesigned as a non--peptidepeptide--like protease inhibitorlike protease inhibitor
••Lead compound used wasLead compound used was saquinavirsaquinavirLead compound used was Lead compound used was saquinavirsaquinavir

O

SaquinavirSaquinavir
*

H
N

N
H

N

N
H

O

H

H

Ph

H

H N
H

O

**O
CONH2

H
OH

H

H

• Squinavir suffers from high MWt. and high peptide 
charactercharacter 
•Bad for oral bioavailability
•Six asymmetric centres present 
Three as mmetric centres in the decah droisoq inoline•Three asymmetric centres in the decahydroisoquinoline

ring)
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44. . AmprenavirAmprenavir and and darunavirdarunavir44. . AmprenavirAmprenavir and and darunavirdarunavir

IsobutylIsobutyl
sulfonamide sulfonamide 
groupgroup

Drug designDrug design

groupgroup

*
H
N

N
H

N

N
H

O

H

H

Ph

H

H N
H

O

H
N

N
H

N

N
H

O

H

H

Ph

SaquinavirSaquinavir

**
H

O
CONH2

H
OH

H

H

H
O

CONH2

H
OH O2S

II

•P’ half of saquinavir is replaced 
with an isobutyl sulfonamide groupy g p
•Three asymmetric centres are 
removed
•Permits easier synthesis of y
analogues
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Drug designDrug design
44. . AmprenavirAmprenavir and and darunavirdarunavir44. . AmprenavirAmprenavir and and darunavirdarunavir

O
Ph

IsobutylIsobutyl
sulfonamide sulfonamide 
groupgroup

O
Ph O

Drug designDrug design

H
N

N
H

N

N

O

H
O

H

H

OH O2S

*

**

H
N

N
H

N

N

O

H
O

H

H

OH
H

H N
H

CONH2
2

IISaquinavirSaquinavir

*CONH2
H

O
H

PhO
•P half is replaced with a 
tetrahydrofuran carbamate group
•Good binding group for the S2

TetrahydrofuranTetrahydrofuran
carbamate groupcarbamate group

N
H

N
H

OR O2S

O
•Good binding group for the S2 
subsite
•Aniline group added for water 
solubility

Aniline groupAniline group
NH2

Amprenavir (R=H) (ICAmprenavir (R=H) (IC 1212 8080 nM)nM)

solubility
•Good oral bioavailability (40-70%)
• 90% plasma protein bound
•Fosamprenavir is the phosphateAmprenavir (R=H) (ICAmprenavir (R=H) (IC5050 1212--80 80 nM)nM)

Fosamprenavir (R=Phosphate)Fosamprenavir (R=Phosphate)
Fosamprenavir is the phosphate 

prodrug
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44. . AmprenavirAmprenavir and and darunavirdarunavir44. . AmprenavirAmprenavir and and darunavirdarunavir

O
H

PhOH

BisBis--tetrahydrofuryltetrahydrofuryl
groupgroup

N
H

N
H

OH O2S

O
O

H
DarunavirDarunavir

NotesNotes

NH2

••BisBis--tetrahydrofuryltetrahydrofuryl ring is a better binding group for the ring is a better binding group for the 
hydrophobic Shydrophobic S2 2 subsitesubsite
••Fills the SFills the S2 2 subsitesubsite more fullymore fullyyy
••Ring Ring oxygensoxygens form hydrogen bonds to the protein backbone rather form hydrogen bonds to the protein backbone rather 
than amino acid side chainsthan amino acid side chains
••Mutations are less likely to lead to resistanceMutations are less likely to lead to resistanceMutations are less likely to lead to resistanceMutations are less likely to lead to resistance

64



ANTIVIRAL DRUGSANTIVIRAL DRUGS
Agents for the treatment of influenzaAgents for the treatment of influenza
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11. Influenza. Influenza11. Influenza. Influenza

NotesNotes
R i t di d b th fl iR i t di d b th fl i•• Respiratory disease caused by the flu virusRespiratory disease caused by the flu virus

•• Airborne transmissionAirborne transmission
•• Infects epithelial cells of airwaysInfects epithelial cells of airways
•• 20 20 million deaths in million deaths in 19181918--19 19 Spanish flu pandemicSpanish flu pandemic
•• Asian flu (Asian flu (19571957); Hong Kong flu (); Hong Kong flu (19681968); Russian flu (); Russian flu (19771977))
•• 1997 1997 outbreak in Hong Kong (outbreak in Hong Kong (6 6 deaths from deaths from 18 18 infected)infected)
•• Humans, poultry and pigs living in close Humans, poultry and pigs living in close proximityproximity

encourage encourage species crossover of infectionsspecies crossover of infections
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22. The Flu Virus. The Flu Virus22. The Flu Virus. The Flu Virus
StructureStructure

CapsidCapsid
NucleocapsidNucleocapsid

Nucleic acid ( (Nucleic acid ( (--) ss RNA)) ss RNA)

Membranous layerMembranous layer

Hemagglutinin (HA)Hemagglutinin (HA)Hemagglutinin (HA)Hemagglutinin (HA)

Neuraminidase (NA)Neuraminidase (NA)

RNA polymeraseRNA polymerase

Viral Viral glycoproteinsglycoproteins

NotesNotes
RNARNA i (i ( )) i l t d d RNA tii l t d d RNA ti t i l d i lt i l d i l•• RNA RNA virus, (virus, (--) ) single stranded RNA as genetic single stranded RNA as genetic material and a viral material and a viral 
enzyme RNA polymeraseenzyme RNA polymerase

•• Surrounding the Surrounding the nucleocapsidnucleocapsid there is a membrane envelope derived there is a membrane envelope derived gg pp pp
from host cells contains from host cells contains 2 2 viral viral glycoproteinsglycoproteins called called nueraminidasenueraminidase
“NA” & “NA” & haemagglutininhaemagglutinin “HA”“HA” 67



22. . HaemagglutininHaemagglutinin & Neuraminidase& Neuraminidase22. . HaemagglutininHaemagglutinin & Neuraminidase& Neuraminidase

Notes
• Viral glycoprotein

• Spike-like objects projecting 10 nm from surfacep j p j g

• Crucial to adsorptionp

• Binds to cellular glycoconjugates containing sialicg y j g g
acid

• Allows flu virus to recognise and enter host cells
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 In order to reach the epithelial host cells of the upper respiratory
tract, the virus has to negotiate a layer of protective mucus.

 The mucosal secretions are rich in glycoproteins & glycolipids which
b t i l b tit t ll d i li id “ l ll d Nbear a terminal sugar substituent called sialic acid “also called N-
acetylneuraminic acid”.

 Neuraminidase “also called sialidase” is an enzyme which is capable
of cleaving the sialic acid sugar moiety from these glycoproteins and
glycolipids thus degrading the mucus layer & allowing the virus to
reach the surface of epithelial cells.

 Enzyme inhibitors block release and prevent infection of new host
cells .cells .
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33. . The Flu VirusThe Flu Virus33. . The Flu VirusThe Flu Virus
Life cycleLife cycle

UncoatingUncoating

RNA polymeraseRNA polymeraseAdsorptionAdsorption
EndosomeEndosome

((--) ssRNA) ssRNA

((--))

TranslationTranslation
Viral proteinsViral proteins

Viral proteinsViral proteins
incorporated intoincorporated intoEndocytosisEndocytosis

NucleusNucleus
BuddingBudding

(+)(+)
mRNAmRNA

((--)) CapsidCapsid
cell membranecell membrane

EndocytosisEndocytosis

NucleocapsidNucleocapsid

ReleaseRelease
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4. Antigens and vaccination4. Antigens and vaccination

 Since HA & NA act as antigens it is possible to prepare accines Since HA & NA act as antigens it is possible to prepare vaccines
which allow the body to gain immunity from the flu virus.

 Vaccines lose protection with time due to the flu virus is adapt at
varying the amino acids present in HA & NA thus making these
antigens unrecognizable to the antibodies-process called antigenic
variation.

 there are nine antigenic variants of NA.

 There are three groups of flu virus, classified as A, B & C. Antigenic
variation does not appear to take place with influenza C, & occurs
slowly with influenza B.

With influenza A variation occurs almost yearlyWith influenza A variation occurs almost yearly.
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 if the variation is small, it is called antigenic drift. If it is large, it is
called antigenic shift and it is this that can lead to the more seriouscalled antigenic shift and it is this that can lead to the more serious
epidemic and pandemics.

 there are two influenza A virus subtypes which are epidemic in
humans-those with H1N1, H3N2, H5N1 antigens “H & N stand for HA
& NA i l ”& NA respectively”.

 Vaccination is the preferred method for preventing flu Vaccination is the preferred method for preventing flu.

Antiviral drugs are important if vaccination fails.g p
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5. Ion channel disrupters5. Ion channel disrupters

NH3 Cl ClH3C NH3 NH3 Cl

H3C

CH3

AmantadineAmantadine RimantadineRimantadine MemantineMemantine

AdamantanesAdamantanes
•• Earliest effective drugs Earliest effective drugs versus versus fluflu
•• Block a viral ion channel protein at low Block a viral ion channel protein at low concentrationconcentration
•• Buffer the pH of the Buffer the pH of the endosomeendosome at high concentrationat high concentration
•• Prevent the acidic conditions required for the viral Prevent the acidic conditions required for the viral 

membrane to fuse with the membrane to fuse with the endosomeendosome membranemembrane
•• Resistance problems and side effectsResistance problems and side effects
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6. Neuraminidase inhibitors6. Neuraminidase inhibitors

 Neuraminidase is a mushroom shaped tetrameric glycoprotein
anchored to the viral membrane by a single hydrophobic sequenceanchored to the viral membrane by a single hydrophobic sequence.

 X-ray crystallographic studies have shown that the active site is ay y g p
deep pocket located centrally on each protein subunits.

 There are two main types of the enzyme “corresponding to the
influenza A & B” & various subtypes.

 Due to the ease with which mutations occur, there is a wide diversity
of amino acids making up the various types & subtypes of the enzyme.g p yp yp y
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 However, the 18 amino acids making up the active site itself are
constant, this will make the possibility to design inhibitor that inhibit, p y g
all strains of the flu virus.

 it has been observed that the active site is quite different in structure
from the active sites of comparable bacterial or mammalian enzymes,
so there is a strong possibility to design selective antiviral drugsso there is a strong possibility to design selective antiviral drugs.

 the enzyme has been crystallized with sialic acid bound to the active
site and the structure determined by X-ray crystallography.

 Binding interactions identified (ionic and H bonding) Binding interactions identified (ionic and H-bonding).
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66. . NeuraminidaseNeuraminidase66. . NeuraminidaseNeuraminidase

Binding interactions in the active siteBinding interactions in the active site
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Binding interactions in the active siteBinding interactions in the active site

66. . NeuraminidaseNeuraminidase66. . NeuraminidaseNeuraminidase

Binding interactions in the active siteBinding interactions in the active site

•• IonicIonic interactionsinteractions areare veryvery importantimportant
•• CarboxylateCarboxylate groupgroup ofof thethe sialicsialic acidacid interactsinteracts withwith 33 ArgArg residuesresidues
•• SialicSialic acidacid isis distorteddistorted toto allowallow interactionsinteractions
•• CarboxylateCarboxylate ionion isis inin equatorialequatorial positionposition ((pseudoboatpseudoboat conformation)conformation)

Sialic acidSialic acid

HO OH O H2NAcHN

equatorialequatorial

O OH

O O

AcHN
N
H

H2N

H2N

Arg-371

R
O O

N
H

H2N Arg-371

HO

R

axialaxial

Chair  conformationChair  conformation Pseudoboat conformationPseudoboat conformation
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66. . NeuraminidaseNeuraminidase66. . NeuraminidaseNeuraminidase

Binding interactions in the active siteBinding interactions in the active site
•• Three other important binding groupsThree other important binding groups

-- glycerol side chainglycerol side chain
-- hydroxyl group at Chydroxyl group at C--44y y g py y g p
-- acetamidoacetamido substituentsubstituent

•• PyranosePyranose ring binds to floor of active site (ring binds to floor of active site (vdwvdw interactions)interactions)

•• Hydroxyl group at CHydroxyl group at C--2 2 is axial in the is axial in the pseudoboatpseudoboat and forms and forms 
hydrogen bonding hydrogen bonding interactions to Aspinteractions to Asp--151 151 as well as an as well as an 
intramolecularintramolecular hydrogen bond to the hydroxyl hydrogen bond to the hydroxyl gpgp at Cat C--77..
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66. . NeuraminidaseNeuraminidase66. . NeuraminidaseNeuraminidase

Enzymatic mechanism of Enzymatic mechanism of hydrolysis “hydrolysis “4 4 steps”steps”

O
R

O H2NHO

O

O

O
N
H

H2N

H2N

Arg-371
O OR

O O

R'AcHN
HO

N
H

H2N

H2N

Arg-371
O O

SialosideSialoside

Stage Stage 1 1 -- BindingBinding
•• Binding of a Binding of a sialosidesialoside substrate (substrate (glycolipidglycolipid or glycoprotein)or glycoprotein)
•• SialicSialic acid moiety adopts a acid moiety adopts a pseudoboatpseudoboat conformationconformation
•• Less stable conformation allows greater binding interactionsLess stable conformation allows greater binding interactions
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Enzymatic mechanism of hydrolysisEnzymatic mechanism of hydrolysis
66. . NeuraminidaseNeuraminidase66. . NeuraminidaseNeuraminidase

y y yy y y

O ONH2

Asp-151

O ONH2
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O O
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NH2

NH2
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O H2N O H2N
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2

O O

Arg-371+

2

O O

Glu-277

O O

Glu-277

Stage Stage 2 2 -- Proton donation from activated waterProton donation from activated water
•• Formation of Formation of endocyclicendocyclic sialosylsialosyl cationcation transitiontransition--state state 

intermediateintermediate
•• AspAsp--151 151 and Argand Arg--152 152 activate water and aid the activate water and aid the protonationprotonation

h ih imechanismmechanism
•• GluGlu--277 277 stablisesstablises the partial charge on the the partial charge on the glycosidicglycosidic oxygenoxygen 80



66. . NeuraminidaseNeuraminidase66. . NeuraminidaseNeuraminidase

Enzymatic mechanism of hydrolysisEnzymatic mechanism of hydrolysis

Asp-151Asp-151

O O
HN

NH2
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O O
HN

NH2
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Asp 151
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O
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NH2 HO
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H
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O
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H
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O O

Arg-371+O
O

H
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O O

Arg-371

Glu-277Glu-277

••HOR is a better leaving group thanHOR is a better leaving group than --OROR
Stage Stage 2 2 -- Proton donation from activated waterProton donation from activated water
HOR is a better leaving group than HOR is a better leaving group than OROR

••GluGlu--277 277 stablisesstablises charge on charge on glycosidicglycosidic oxygenoxygen
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66. . NeuraminidaseNeuraminidase66. . NeuraminidaseNeuraminidase

Enzymatic mechanism of hydrolysisEnzymatic mechanism of hydrolysis
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Arg-152

O
N

H2N

OH

HN

NH2Arg-152
-

O
O

H
H2N

O O

Arg-371
O

O

N
H

H2N

O O

Arg-371+

Glu-277 Glu-277

Stage Stage 3 3 -- Formation of Formation of sialicsialic acidacid
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E ti h i f h d l iE ti h i f h d l i

66. . NeuraminidaseNeuraminidase66. . NeuraminidaseNeuraminidase

Enzymatic mechanism of hydrolysisEnzymatic mechanism of hydrolysis

A 151

O O
HN

NH2

Asp-151

O
N

H2N

OH

HN

NH2Arg-152
-

O OHR'AcHN
HO

O CO2R'AcHN
HO

O
O

N
H

H2N

O O

Arg-371+
-anomer

CO2
-anomer

OH

Glu-277

Stage Stage 4 4 -- Formation and release of Formation and release of sialicsialic acidacid
αα--AnomerAnomer of of sialicsialic acid is releasedacid is released
Equilibrates to the more stable Equilibrates to the more stable ββ--anomeranomer
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Lead compoundLead compound -- NeuNeu55AcAc22enen

77. . Neuraminidase inhibitors Neuraminidase inhibitors -- zanamivirzanamivir77. . Neuraminidase inhibitors Neuraminidase inhibitors -- zanamivirzanamivir

Lead compound Lead compound -- NeuNeu55AcAc22enen
OH

OH

OH

OH

O CO2H

N

O

OH

H
2

5 3

O CO2H

N

O

OH

H OH
2

5

OH

N
H

OH

N
H

NeuNeu55AcAc22enenSialic acidSialic acid
NotesNotes
•• 22--DeoxyDeoxy--22,,33--dehydrodehydro--NN--acetylneuraminic acetylneuraminic acid acid “Neu“Neu55AcAc22en”en” to to 

hi th t iti t t fhi th t iti t t f i lii li id Plid Pl t i lt i l t Ct C22

KKii(M) (M) 44xx1010‐‐66; IC; IC5050 55‐‐10 10 MM

achieve the same transition state of achieve the same transition state of sialicsialic acid…. Planar acid…. Planar trigonaltrigonal at Cat C22
•• TransitionTransition--state inhibitorstate inhibitor

LL f Hf H b d i t ti (N OH t Cb d i t ti (N OH t C 22))•• Loss Loss of one Hof one H--bond interaction (No OH at Cbond interaction (No OH at C--22))
•• No energy penalty involved in distorting from chair conformationNo energy penalty involved in distorting from chair conformation

NN l ti it i hibit l b t i l & lil ti it i hibit l b t i l & li i lidi lid•• No No selectivity, inhibits also bacterial & mammalian selectivity, inhibits also bacterial & mammalian sialidasessialidases..
•• Inactive Inactive in vivoin vivo 84



77. . Neuraminidase inhibitors Neuraminidase inhibitors -- zanamivirzanamivir77. . Neuraminidase inhibitors Neuraminidase inhibitors -- zanamivirzanamivir

Molecular Molecular modellingmodelling
•• Lattice of grid points set up within model active siteLattice of grid points set up within model active site
•• Probe atoms placed at each grid pointProbe atoms placed at each grid point
•• Interactions with active site calculated and tabulatedInteractions with active site calculated and tabulated
•• CarboxylateCarboxylate oxygen and ammonium nitrogen used to probe for oxygen and ammonium nitrogen used to probe for 

ionic interactionsionic interactions
•• Hydroxyl oxygen used to probe for hydrogen bondsHydroxyl oxygen used to probe for hydrogen bonds
•• Methyl carbon used to probe for Methyl carbon used to probe for vdwvdw interactionsinteractions
•• MultiMulti--atom probes also usedatom probes also used
•• Potential ionic interaction found for region round Potential ionic interaction found for region round 44--OH of OH of sialicsialic

acidacid
•• Modeling studies on possible analogues carried outModeling studies on possible analogues carried out
•• Synthesis and testingSynthesis and testing
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77. . Neuraminidase inhibitors Neuraminidase inhibitors -- zanamivirzanamivir77. . Neuraminidase inhibitors Neuraminidase inhibitors -- zanamivirzanamivir

AnaloguesAnalogues
OH
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OH

O CO2H
O

OH

OH

H
O CO2H

O

OH

OH

H

OH

N
H

NH2

N
H

NeuNeu55AcAc22enen
KKii(M) (M) 44xx1010‐‐66; IC; IC5050 55‐‐10 10 MM

44‐‐AminoAmino‐‐NeuNeu55AcAc22enen
KKii(M) (M) 44xx1010‐‐88

NotesNotes
•• 44 OH is replaced with a basic amine substituentOH is replaced with a basic amine substituent•• 44--OH is replaced with a basic amine substituentOH is replaced with a basic amine substituent
•• Substituent can Substituent can protonateprotonate and form ionic interactions with the and form ionic interactions with the 

active siteactive siteactive siteactive site
•• 44--AminoAmino--NeuNeu55AcAc22en is selective and active en is selective and active in vivoin vivo 86



Bi di i t ti fBi di i t ti f 44 i li l

77. . Neuraminidase inhibitors Neuraminidase inhibitors ‐‐ zanamivirzanamivir77. . Neuraminidase inhibitors Neuraminidase inhibitors ‐‐ zanamivirzanamivir

Binding interactions for Binding interactions for 44--amino analogueamino analogue

O CO2

A HN
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OH

H3N
AcHN

O O O

OH2O

O O

Glu-119

O
Asp-151

Identified by crystal structureIdentified by crystal structure
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77. . Neuraminidase inhibitors Neuraminidase inhibitors -- zanamivirzanamivir77. . Neuraminidase inhibitors Neuraminidase inhibitors -- zanamivirzanamivir

AnaloguesAnalogues
OH

OH
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O CO2H
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H
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OH

OH

H
O CO2H

O

OH

OH

H

OH

N
H

NH2

N
H

HN

N
H

NH

NeuNeu55AcAc22enen
KKii(M) (M) 44xx1010‐‐66; IC; IC5050 55‐‐10 10 MM

44‐‐AminoAmino‐‐NeuNeu55AcAc22enen
KKii(M) (M) 44xx1010‐‐88 Zanamivir (Relenza)Zanamivir (Relenza)

KKii(M) (M) 33xx1010‐‐1111

NH2

NNNotesNotes
•• GuanidiniumGuanidinium group forms more Hgroup forms more H--bonds and bonds and vdwvdw interactionsinteractions
•• 100100--fold increase in activityfold increase in activity
•• Approved in Approved in 1999 1999 & marketed by & marketed by GlaxoGlaxo WellcomeWellcome & Biota. & Biota. 
•• Poor bioavailability  Poor bioavailability  -- high polarityhigh polarity
•• Administered by inhalationAdministered by inhalation 88



Binding interactions forBinding interactions for zanamivirzanamivir
77. . Neuraminidase inhibitors Neuraminidase inhibitors -- zanamivirzanamivir77. . Neuraminidase inhibitors Neuraminidase inhibitors -- zanamivirzanamivir
Binding interactions for Binding interactions for zanamivirzanamivir
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88. . Neuraminidase inhibitors: Neuraminidase inhibitors: 66--carboxamides carboxamides 88. . Neuraminidase inhibitors: Neuraminidase inhibitors: 66--carboxamides carboxamides 

O CO H
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OH O CO2H
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44--AminoAmino--NeuNeu55AcAc22enen
KKii(M) (M) 44xx1010--88

44--EpiEpi--aminoamino--NeuNeu55AcAc22enen
KKii(M) (M) 33xx1010--77

NH2
NH2

66--CarboxamidesCarboxamides

NotesNotes
•• Change of stereochemistry at CChange of stereochemistry at C--4 4 places amino group in small places amino group in small 

bi di ibi di ibinding regionbinding region
•• ZanamivirZanamivir is so polar due to the glycerol side chain, so removal is so polar due to the glycerol side chain, so removal of of 

glycerol chain lowers polarity but loses binding interactionsglycerol chain lowers polarity but loses binding interactionsglycerol chain lowers polarity but loses binding interactionsglycerol chain lowers polarity but loses binding interactions
•• CarboxamideCarboxamide side chain retains activityside chain retains activity
•• Tertiary amides show selectivity for A form of the enzyme over BTertiary amides show selectivity for A form of the enzyme over B•• Tertiary amides show selectivity for A form of the enzyme over BTertiary amides show selectivity for A form of the enzyme over B
•• RRtranstrans is variable, is variable, RRciscis should be ethyl or should be ethyl or nn--propylpropyl
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Binding interactionsBinding interactions

88. . Neuraminidase inhibitors: Neuraminidase inhibitors: 66--carboxamides carboxamides 88. . Neuraminidase inhibitors: Neuraminidase inhibitors: 66--carboxamides carboxamides 

•• DihydropyranDihydropyran moiety binds like moiety binds like zanamivirzanamivir

Binding interactionsBinding interactions

y pyy py yy
•• CarboxylateCarboxylate ion, ion, 44--amino group and amino group and 55--acetamido group are acetamido group are 

important binding groupsimportant binding groups
•• No interaction with GluNo interaction with Glu--276 276 (unlike (unlike zanamivirzanamivir))
•• GluGlu--276 276 forms a salt bridge with Argforms a salt bridge with Arg--224224
•• Reveals a small Reveals a small lipophiliclipophilic pocket for pocket for RRciscis

•• RRtranstrans fits an extended fits an extended lipophiliclipophilic cleft on the enzyme surfacecleft on the enzyme surfacetranstrans p pp p yy
•• Formation of a salt bridge in the A form requires little distortion Formation of a salt bridge in the A form requires little distortion 

of the protein backboneof the protein backbone
•• Not so for the B form Not so for the B form -- implies an energy penaltyimplies an energy penalty
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88. . Neuraminidase inhibitors: Neuraminidase inhibitors: 66--carboxamides carboxamides 88. . Neuraminidase inhibitors: Neuraminidase inhibitors: 66--carboxamides carboxamides 

Binding interactionsBinding interactions Arg 371
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99. . Neuraminidase inhibitors Neuraminidase inhibitors -- carbocyclicscarbocyclics99. . Neuraminidase inhibitors Neuraminidase inhibitors -- carbocyclicscarbocyclics

OH

Dihydropyran
oxygen OH

Methylene
isostere OH

Methylene
isostere

O CO2H
AcHN OH

HO OH oxygen
CO2H

AcHN OH

HO OH isostere

CO2H
AcHN OH

HO OH isostere

HO

NeuNeu55AcAc22enen

HO

Structure IStructure I

HO

Structure IIStructure II

NotesNotes

ICIC5050 850 850 μμMM ICIC5050 20 20 μμMM

•• DihydropyranDihydropyran oxygen has no important binding roleoxygen has no important binding role
•• Replace with aReplace with a methylenemethylene isostereisostere -- carbocycliccarbocyclic analoguesanaloguesReplace with a Replace with a methylenemethylene isostereisostere carbocycliccarbocyclic analoguesanalogues
•• Removes a polar oxygenRemoves a polar oxygen
•• Decreases polarityDecreases polarityDecreases polarity Decreases polarity 
•• Aim is to increase oral bioavailabilityAim is to increase oral bioavailability

93



99. . Neuraminidase inhibitors Neuraminidase inhibitors -- carbocyclicscarbocyclics99. . Neuraminidase inhibitors Neuraminidase inhibitors -- carbocyclicscarbocyclics

OH OH

Methylene
isostere

OH

Methylene
isostere

O CO2H
AcHN OH

HO OH

CO2H
AcHN OH

HO OH

CO2H
AcHN OH

HO OH

HO

Reaction intermediateReaction intermediate

HO

Structure IStructure I
ICIC5050 850 850 μμMM

HO

Structure IIStructure II
ICIC5050 20 20 μμMM

NotesNotes
•• Structure II isStructure II is 4040x more potent than structure Ix more potent than structure I

5050 μμ 5050 μμ

Structure II is Structure II is 4040x more potent than structure Ix more potent than structure I
•• Conformation of the ring is important to potencyConformation of the ring is important to potency
•• Structure II is closer to the conformation of the reactionStructure II is closer to the conformation of the reactionStructure II is closer to the conformation of the reaction Structure II is closer to the conformation of the reaction 

intermediateintermediate
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Drug design to Drug design to oseltamiviroseltamivir
HO OH

CO2H

HO
AcHN OH

CO2H

H2N
AcHN

HO

Structure IIStructure II
ICIC5050 20 20 μμMM

Structure IIIStructure III
ICIC5050 66..3 3 μμMM

NotesNotes
•• Hydroxyl group is replaced with Hydroxyl group is replaced with 44--amino (better binding interactions)amino (better binding interactions)
•• Glycerol side chain is removed Glycerol side chain is removed -- reduces polarityreduces polarity
•• Hydroxyl group is introduced in place of the side chain Hydroxyl group is introduced in place of the side chain 

-- electronelectron--withdrawing groupwithdrawing group
-- reduces the electron density of the double bond reduces the electron density of the double bond 
-- oxoniumoxonium double bond in the transition state is electron double bond in the transition state is electron deficient deficient 

but the double bond in the but the double bond in the carbocycliccarbocyclic structures is electron rich.structures is electron rich.
t ti l t t th lt ti l t t th l-- potential to generate ether analoguespotential to generate ether analogues
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Drug design to oseltamivir

CO2H
AcHN OH

HO OH

CO2H
AcHN

HO CO2H
H

O
Me

HO
AcHN

Structure IIStructure II

H2N
AcHN

Structure IIIStructure III
NH2

AcHN

ICIC5050 20 20 nMnM ICIC5050 66..3 3 MM Methyl etherMethyl ether
ICIC5050 33..7 7 MM

H
Me

H
Me

CO2H

AcHN

H

O
Et CO2H

AcHN

H

O
CO2H

AcHN

H

O

NH2

AcHN

Ethyl etherEthyl ether
ICIC5050 22..0 0 MM

NH2

Propyl etherPropyl ether
ICIC5050 00..18 18 MM

NH2

Butyl etherButyl ether
ICIC5050 00..30 30 MM

NotesNotes
•• Alkyl ether occupies a hydrophobic region Alkyl ether occupies a hydrophobic region 
•• Increased Increased vdwvdw and hydrophobic interactions result in increased activityand hydrophobic interactions result in increased activity
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Drug design to Drug design to oseltamiviroseltamivir

Me

Asymmetric 
centre

CO2H
H

O

Me

CO2H

A HN

H

O
CO2H

AcHN

H

O

NH2

AcHN

Propyl etherPropyl ether

NH2

AcHN

Branched etherBranched ether

H2N

AcHN

GS GS 40714071

NotesNotes

ICIC5050 00..18 18 MM ICIC5050 00..01 01 MM ICIC5050 00..001 001 MM

•• Branching increases binding interactions and activityBranching increases binding interactions and activity
•• Optimum side chain = Optimum side chain = pentyloxypentyloxy groupgrouppp p y yp y y g pg p
•• AlkoxyAlkoxy side chain interacts with the region normally occupied side chain interacts with the region normally occupied 

by the glycerol side chainby the glycerol side chain
•• GluGlu--276 276 is is reorientatedreorientated (compare with (compare with carboxamidescarboxamides))
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Drug design to Drug design to oseltamiviroseltamivir ““TamifluTamiflu””

H H
CO2H

AcHN

H

O
CO2CH2CH3

AcHN

H

O

H2N

GS GS 40714071
ICIC5050 00..001 001 MM

H2N

Oseltamivir (Tamiflu)Oseltamivir (Tamiflu)

NotesNotes

5050

NotesNotes
•• OseltamivirOseltamivir is the ethyl ester is the ethyl ester prodrugprodrug for GSfor GS40714071
•• Approved inApproved in 19991999 for influenza A andfor influenza A and B, the drug is marketedB, the drug is marketedApproved in Approved in 1999 1999 for influenza A and for influenza A and B, the drug is marketed B, the drug is marketed 

by La Rocheby La Roche
•• Oral administrationOral administration
•• Converted to GSConverted to GS4071 4071 by by esterasesesterases in gastrointestinal tractin gastrointestinal tract
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