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I. Introduction: What is a virus ?
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What is a virus ?
Viruses are entities whose genomes are elements of nucleic acid that
replicate inside living cells using the cellular synthetic machinery and cause
the synthesis of specialised elements [virions] that can transfer the genome
to other cells…(Rybicki, October 1995)

NB: in 1995, the ICTV (International Committee on Taxonomy of Viruses)
had classified more than 4000 animal and plant viruses into 71 families, 11
subfamilies and 164 genera, with hundreds of viruses still unassigned.
Currently, 24 families contain viruses that infect humans and animals.

HIV virus particles on
CD4+ helper T-cells
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II. Types, Sizes and Shapes of Virus
Infecting Vertebrates
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Common Viruses and Their Disease

Virus Type of gene Disease Route of Infection

Polio RNA Poliomyelitis Ingestion
Rhinovirus RNA Common cold Respiratory
Rubella RNA German measles Respiratory
Influenza RNA Flu Respiratory
Measles RNA Measles (rougeole) Respiratory
Herpes Simplex DNA Cold sores Skin abrasions
Varicella zoster DNA Chicken pox Respiratory
HCMV DNA Various Respiratory
Hepatitis A RNA Liver inflammation Ingestion
Hepatitis B DNA Liver disease/cancer Body fluids
Papilloma RNA Warts/cervical cancer Skin abrasions
HIV RNA AIDS Body fluids
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A Few More Figures…

 Humans and our closest primate relatives have only a 2% 
difference in genome sequence. It took 8 million years or more for
this divergence from the common ancestor…

 Poliovirus experiences a 2% change in its genome in 5 days! This
is the time the virus takes to pass from the mouth to the gut.

Imagine what a virus can do in 8 million years ?
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Terms and Definitions

Assembly unit – A set of structural units or subunits, usually symmetric, that
constitute an important intermediate in the assembly of a larger viral structure.
Capsid - The protein shell, or coat, that encloses the nucleic acid genome. It is
built from structural units. Empty capsids may be by-products of the replicative
cycle of viruses with icosahedral symmetry.
Capsomers – Morphological units seen by electron microscopy on the surface of
icosahedral virus particles. Capsomeres represent clusters of structural units, but
the morphologic unit do not necessarily correspond to the chemically defined
structural unit.
Defective virus – A virus particle that is functionally deficient in some aspect of
replication.
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Envelope (membrane) – A lipid-based membrane that surrounds some virus
particles. It is acquired during viral maturation by a budding process through a
cellular membrane. Virus-encoded glycoproteins (Peplomers) are exposed on the
surface of the envelope. Envelopes are made of material from the host cell, as well
as of viral origin.
Nucleocapsid – Capsid together with its enclosed nucleic acid. The protein-nucleic
acid complex represents the packed form of the viral genome.
Structural units – The basic protein building blocks of the capsid, usually a
collection of more than one non-identical protein subunit. Also referred to as a
protomer.
Subunit – A single folded viral polypeptide chain.
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Virion – The complete virus particle. In some instances, (e.g., papovaviruses,
picornaviruses), the virion is identical with the nucleocapsid. In more complex
virions (e.g., herpesviruses, orthomyxoviruses), this includes the nucleocapsid
plus the surrounding envelope. The virion serves to transfer the viral nucleic acid
from one cell to another.
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The Role and Engineering of Viral Capsids
At the simplest level, the function of the outer shell capsid of a virus particle is to
protect the fragile nucleic acid genome from:

Physical damage - Shearing by mechanical
forces.

Chemical damage - UV irradiation (from
sunlight) leading to chemical modification.

Enzymatic damage - Nucleases derived from dead or leaky cells or deliberately
secreted by vertebrates as defence against infection.

An Herpes capsid
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 The protein subunits in a virus capsid are multiply redundant, i.e. present
in many copies per particle. Damage to one or more subunits may render
that particular subunit non-functional, but does not destroy the infectivity of
the whole particle.

 Furthermore, the outer surface of the virus is responsible for recognition of
the host cell. Initially, this takes the form of binding of a specific virus-
attachment protein to a cellular receptor molecule. However, the capsid
also has a role to play in initiating infection by delivering the genome from
its protective shell in a form in which it can interact with the host cell.
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To form an infectious particle, a virus must overcome two fundamental
problems:

1.   To assemble the particle utilizing only the information available from the
      components which make up the particle itself (capsid + genome).

How do these simple organisms solve these difficulties? 

2.  Virus particles form regular geometric shapes, even though the proteins
      from which they are made are irregularly shaped.

The information to answer these problem lie in the 
rules of symmetry!

NB: In 1957, Fraenkel-Conrat & Williams showed that when mixtures of
purified tobacco mosaic virus (TMV) RNA and coat proteins were incubated
together, virus particles formed. The discovery that virus particles could form
spontaneously from purified subunits without any extraneous information indicated
that the particle was in the free energy minimum state and was therefore the
favored structure of the components. This stability is an important feature of the
virus particle.
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Helical Capsids

Tobacco mosaic virus (TMV) is representative of one of the two major
structural classes seen in viruses of all types, those with helical symmetry.

The simplest way to arrange multiple, identical protein subunits is to use
rotational symmetry and to arrange the irregularly shaped proteins around the
circumference of a circle to form a disc.

Multiple discs can then be stacked on top of one another to form a cylinder, with
the virus genome coated by the protein shell or contained in the hollow centre of
the cylinder.
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Icosahedral (Isometric) Capsids
An alternative way of building a virus capsid is to arrange protein subunits in the
form of a hollow quasi-spherical structure, enclosing the genome within. The criteria
for arranging subunits on the surface of a solid are more complex than those for
building a helix.

NB: Francis Crick & James Watson (1956), were the first to suggest that virus
capsids are composed of numerous identical protein subunits arranged either in
helical or cubic (= icosahedral) symmetry.

In order to construct a capsid from repeated subunits, a virus must « know the rules »
which dictate how these are arranged. For an icosahedron, the rules are based on the
rotational symmetry of the solid, which is known as 2-3-5 symmetry.

 An axis of two-fold rotational symmetry through
the centre of each edge

 An axis of three-fold rotational symmetry through
the centre of each face

 An axis of five-fold rotational symmetry through
the centre of each corner (vertex)
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Herpes Virus of Type 1
An Example of Icosahedral Capsid

NB: During herpes capsid assembly, although penton and hexon are both made up of VP5,
VP26, shown as a hexamer in purple, attaches exclusively to hexon VP5 to form B capsid. It is
postulated that VP26 serves as an interface between the capsid shell and tegument proteins in
the mature virion, and that it may also be involved in the interaction with cellular proteins to
facilitate capsid transport along the cytoskeletal network at the early stage of herpes infection.
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Hexon + Triplex

Penton + Hexon

Icosahedral HSV Capsid
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26 Å map of HSV-1 A capsid
reconstructed from 140 particles
selected from 400-kV spot-scan
electron micrographs of the A-
capsids of HSV-1 embedded in
vitreous ice.

A-capsid has a triangulation
number of 16. Each of the 60
asymmetric units consists of one
penton subunit, one P-hexon, one
C-hexon, half an E-hexon, and
six types of connecting triplexes
(Ta, Tb. Tc, Td, Te, and 1/3 Tf).

The top inserts show a
computationally isolated hexon
(blue), penton (yellow) and
triplex (pink).
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III. Envelopped Viruses

« Naked » virus particles, i.e. those in which the capsid
proteins are exposed to the external environment are produced
from infected cells at the end of the replicative cycle when the
cell dies, breaks down & lyses, releasing the virions which
have been built up internally. This simple strategy has
drawbacks. In some circumstances it is wasteful, resulting in
the premature death of the cell.

Many viruses, like HSV and HIV, have devised strategies to exit the infected
cell without its total destruction. This presents a difficulty in that all living cells
are covered by a membrane composed of a lipid bilayer. The viability of the
cell depends on the integrity of this membrane. Viruses leaving the cell must
therefore allow this membrane to remain intact and this is achieved by
extrusion (budding) of the particle through the membrane, during which
process the particle becomes coated in a lipid envelope derived from the host
cell membrane with with a similar composition:

Poliovirus
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Envelope proteins
Viruses modify their lipid envelopes by the synthesis
of several classes of proteins which are associated in
one of three ways with the envelope:

Matrix Proteins. These are internal virion proteins
whose function is effectively to link the internal
nucleocapsid assembly

Glycoproteins. These are transmembrane proteins,
anchored to the membrane by a hydrophobic domain and can be subdivided into
two types, by their function:

External Glycoproteins - Anchored in the envelope by a single
transmembrane domain. Most of the structure of the protein is on the outside of the
membrane, with a relatively short internal tail. Such proteins are the major
antigens of enveloped viruses.

Transport Channels - This class of proteins contains multiple
hydrophobic transmembrane domains, forming a protein-lined channel through the
envelope, which enables the virus to alter the permeability of the membrane, e.g.
ion-channels.
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HIV, An Enveloped Virus
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IV. Virus Replication
Example of the

replication cycle of
a retrovirus, HIV !
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V. Antiviral Strategies
Vaccines
1796 - Eduard Jenner developped the first vaccine against Human

smallpox using cowpox virus
1885 - Pasteur, rabies vaccine
1942 - Influenza vaccine
1954 - Salk, inactivated poliovaccine
1961 - Sabin, live, but attenuated poliovaccine
1977 - The last case of natural smallpox recorded in the world. The

vaccine is directly derived from Jenner’s vaccine, first used
in 1796.

1986 - Genetically engineered human yeast-grown hepatitis B
vaccine…

Antiviral Chemotherapy
That’s what we are going to talk about…
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Antiviral Agents
A. Introduction

The thing that makes viruses quite different from bacteria is that they are obligate
intracellular parasites which use the host cell for the purpose of synthesizing
viral proteins and for replication. As such, the difficulty encountered in finding
an agent which specifically inhibits the virus is to find one which is much less
toxic to the host cell than to the virus. This is frequently difficult…

The key to success in drug development is specificity. Any stage of virus
replication can be a target for a drug, but the key to success in the drug
development is specificity.

CHEMOTHERAPUTIC INDEX
Dose of drug which inhibits virus replication / Dose of drug

which is toxic to host

NB: the smaller the value of this index, the better the activity profile of the drug,
i.e. several orders of magnitude difference is required for a really safe drug.
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Drug Viruses Chemical Type Target

Vidarabine Herpesviruses, HBV Nucleoside analogue      DNA polymerase
Acyclovir Herpes simplex (HSV) Nucleoside analogue DNA polymerase
Gancyclovir1 Cytomegalovirus (CMV) Nucleoside analogue DNA polymerase2

NRTIs3

AZT (Zidovudine)
ddI (Didanosine)
ddC (Zalcitabine)   Retroviruses (HIV, HBV) Nucleoside analogue Reverse transcriptase
d4T (Stavudine)
3TC (Lamivudine)

NNRTIs4

Nevirapine Retroviruses (HIV) Azapolycycles Reverse transcriptase
Delavirdine Retroviruses (HIV) Azapolycycles Reverse transcriptase

Protease Inhibitors
Saquinavir
Ritonavir
Indinavir HIV Peptide analogue  HIV protease
Nelfinavir
Amprenavir 
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Drug Viruses Chemical Type Target

Ribavirin Broad spectrum: HCV,
HSV, measles, mumps, Triazole carboxamide viral mRNA
Lassa fever, influenza A  (nucleoside analogue)
and B

Amantadine Influenza A strains  Tricyclic amine Matrix protein
Rimantadine (haemagglutinin ?)

Relenza, Tamiflu Influenza A and B Neuraminic acid mimes Neuraminidase Inhib.

Pleconaril Picorna viruses Small cycle Blocks attachment
and uncoating

Interferons Hepatitis B and C Protein (cytokine) Cell defense proteins
papilloma viruses activated 

NB: historically, the discovery of antiviral drugs has been largely fortuitous. Spurred on by
success with antibiotics, drug companies launched huge blind-screening programs - with
relatively little success. Lead compounds were modified by chemists in an attempt to
improve bioactivity. Solubility, stability, bioavailability and activity are all important.
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Scientists would like to think rationale drug design is the one and only path to drug
discovery and development, i.e., (1) determine the structure of your target in a
complex with a known inhibitor, (2) use this and other biochemical knowledge to
"theoretically design" a better inhibitor, (3) make it and test it.

Further progress in molecular biology will allow better understanding of viral
replication and production of specific targets for inhibition that will in turn benefit
deliberate computer-aided design of drugs…

However, in recent years, combinatorial chemistry has become fashionable. This
uses robotic techniques to make enormous numbers of different compounds from a
limited number of subunits. The nature of the subunits can vary « widely ».

Consider a library of 10 compounds. One reaction will give 100 different
compounds (1-1....1-10; 2-1...2-10; .....; 10-1....10-10). Two reactions will give 1000
compounds. Ten reactions will give one hundred thousand million compounds !

The individual compounds, or pools of compounds, are then assayed for bioactivity.
Any active compounds identified can be used as a lead compound.
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B. Nucleic Acid Replication Inhibitors
1. Nucleoside Inhibitors

Acyclovir (Zovirax) has been available for the last decade. It was originally
released as a topical ointment, but is now available in both capsule and iv forms.

It is most active against HSV, but also has activity against Varicella-zoster virus.
It has little activity against Epstein-Barr virus and virtually no activity against
human cytomegalovirus (HCMV).
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Acyclovir is an analogue of the natural
purine nucleoside guanosine !

OH
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Mode of Action of Acyclovir
Acyclovir in infected cells
Normal DNA synthesis

Chain elongation is blocked
because the 3’-OH essential to

polymerisation is missing !
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Selective Activity
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NB: herpes simplex virus has a thymidine kinase, which is less selective than the corresponding
host cell enzymes and can, unlike host kinases, phosphorylate acyclovir. Then, cellular enzymes
convert the monophosphate to acyclovir triphosphate, which is present in 40-to 100-fold higher
concentrations in HSV-infected than in uninfected cells. Acyclovir triphosphate competitively
inhibits viral DNA polymerases, and to a much smaller extent cellular DNA polymerases, with
respect to dGTP. The triphosphate is incorporated into viral DNA, where it acts as a chain
terminator. Formation of a complex between the terminated DNA template containing acyclovir
and the enzyme may lead to irreversible inactivation of the DNA polymerase.
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Other Antiherpetic Acyclovir Analogues
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Ganciclovir: active against all herpes
viruses, however it is also activated by host
kinases, but it is active against HCMV, a
member of the herpes group that does not
have its own TK, thus rendering acyclovir
ineffective. Currently approved in the US for
treatment of AIDS-related CMV retinitis and
prevention of CMV disease in transplant
patients. Because of its toxicity, ganciclovir
use has been limited to patients at risk for or
with life- or sight-threatening CMV
infections.
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Valacyclovir: active against all
herpes viruses, and better
adsorbed from the gut when
given orally than acyclovir and
penciclovir; once in the blood
plasma, host esterases covert it
to the parent drug
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And More Nucleoside Analogues…

Didanosine, ddI, Videx (HIV)
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Ribavirin (active inter alia
against mumps, i.e., les oreillons)
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Lamivudine, 3TC (HIV, HBV)

NB: two of these NRTIs are frequently used in anti-HIV tritherapies…
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2. Non-Nucleoside Reverse
Transcriptase Inhibitors (NNRTIs)

Several structurally unrelated compounds have recently been demonstrated to be potent and
selective inhibitors of HIV-1 replication. These drugs noncompetitively inhibit viral RT,
presumably by binding to a site other than the nucleoside sites, that is an allosteric site. This
interaction between the NNRTI and the HIV-1 RT produces a conformational change that
results in the inactivation of the viral RT. These drugs have great selectivity for the HIV-1 RT.
However, the rapid emergence of resistant isolates of HIV-1 has been demonstrated for most of
these compounds.

HN

NN N

O
Nevirapine specifically inhibits HIV-1 RT in nanomolar
concentrations and also has an inhibitory effect in the HIV
RNase activity. In vitro synergy has been reported between
nevirapine, zidovudine (AZT) and ddI. Clinical trials of this
triple combination therapy are currently in progress in patients
with HIV infections at various stages of disease. Early trials of
nevirapine at doses less than 400 mg/day showed a rapid
emergence of resistance associated with development of
mutations at specific amino acid sites of the RT.



35/55

Nevirapin / HIV Reverse Transcriptase
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Nevirapin / HIV Reverse Transcriptase
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C. HIV Protease Inhibitors
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Saquinavir
(Hoffmann-La Roche, 1995, first
HIV protease inhibitor approved by
FDA)

Amprenavir
(Vertex, 1999)

Indinavir
(Dupont-Merck, 1996)

Ki= 0,12 nM

Ki= 0,56 nM

Ki= 0,6 nM
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The HIV protease
acts here !

Three virally-encoded HIV proteins:
Reverse transcriptase
Integrase
Protease
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1. Reversible Enzyme Inhibitors

E     +      I
+S

-S
ES EP

E     +      P

konkoff

EI

Ki = koff / kon NB: the smaller the  value of Ki, the more efficient a
reversible and competitive inhibitor. A continuous inflow of
the inhibitor is necessary to maitain the competition, i.e., the
formation of the complex EI !



40/55

2. Structure of the HIV Protease

99 amino acides !

NB: It is a homodimer featuring a single C2-symetric active site
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3. Rational Design from Protease Structure
and Mechanism
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NB: the function of the HIV aspartic protease is to cleave polyproteins encoded by the gag
and gag-pol genes to release functional viral proteins when virions are just about to bud out.
This cleavage is done at Tyr-Pro and Phe-Pro amide bonds, rarely recognized by mamalian
aspartic proteases.
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Brik, A.; Wong, C.-H. Org. Biomol. Chem. 2003, 1, 5-14
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Design of Isosteres of the Corresponding
Transition State
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4.  The Example of the Design of  Saquinavir

hydroxyethylamine isotere

Phe-Pro cleavage TS to mimic from the pol gene product -165Leu-Asn-Phe-Pro-Ile169-
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IC50 = 140 nM (HIV-1)

R

Lead peptidomimetic
inhibitor

Binding sites ⇒  P3      P2       P1      P’1    P’2
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Optimization from the Lead

Saquinavir
(Hoffmann-La Roche, 1995)

IC50 = < 0.4 nM (HIV-1) 
Ki= 0,12 nM
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The structural requirements for optimal binding at each subsite were systematically
explored. More than 100 compounds were synthesized in which the steric and
electronic properties of each side-chain and terminal substituent were individually
modified…

 No need to extend termini
 Preference for R stereochemistry at hydroxyl-bearing carbon
 Need a large hydrophobic motif at the P3 binding site
 Best when prolyl is replaced by (S,S,S)-decahydroisoquinoline-3-carbonyl

R
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D. Miscellaneous Antiviral Agents
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Unlike nucleosides, Foscarnet or PFA (tri-sodium phosphonoformate) does not undergo
significant intracellular metabolism and directly inhibits herpesvirus DNA polymerases or
HIV reverse transcriptase. Foscarnet reversibly blocks the pyrophosphate binding site of
the viral polymerase in a noncompetitive manner with respect to deoxynucleotide
triphosphates (dNTP) and inhibits cleavage of pyrosphosphate from dNTP.

Viral spectrum ⇒ herpesviruses, HIV-1, HBV
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Amantadine (1-adamantanamine hydrochloride) specifically inhibits
the replication of influenza A viruses at low concentrations (<1.0
mg/ml). It has a dual mechanism of antiviral action. One effect
involves inhibition of an early step in viral replication, probably viral
uncoating. Genetic studies indicate that the susceptibility of human
isolates to low drug concentrations is a property conferred by the M2
protein, an acid pH-activated ion channel with 15–60 copies per
virion. A critical transmembrane region of the M2 protein is the site
of action of these drugs, which appear to interfere with the ion
channel function of M2.

Viral spectrum ⇒ influenza A (M2 is not present in influenza B)

NH2.HCl

NO
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OH

O P
O OH
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FDA has approved cidofovir (trade name Vistide) as an intravenous
treatment for AIDS-related CMV retinitis, a potentially severe eye
infection that can lead to blindness.

                  Viral spectrum ⇒ cytomegalovirus (CMV) and herpesviruses

NH2Me

Rimantadine
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Influenza A Virus
Les virions possèdent une
enveloppe. Celle-ci est
formée, de l'intérieur à
 l'extérieur, d'une couche
de protéine de matrice M,
d'une enveloppe bi-lipidique, et des
glycoprotéines trans-membranaires (M2, HA et
NA). La protéine M est l'organisatrice de
l'assemblage des particules virales, elle fait le
lien entre les nucléocapsides et les glyco-
protéines de l'enveloppe. La protéine M2 forme
un canal protonique qui régule le pH i) à l'inté-
rieur des vésicules d'exocitose contenant les
protéines HA (haemagglutinines) et NA lors de
leur transport à la membrane, et ii) à l'intérieur
des particules virales lors du processus
d'infection. Les protéines HA et NA sont les
deux autres glycoprotéines virales. HA est
responsable de l'attachement des virus à la
cellule hôte et de la fusion de l'enveloppe virale
avec la membrane cellulaire. NA contient une
activité de neuraminidase.
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Antiviral chemotherapy is still in its infancy. Some of the challenges
have been met, particularly in relation to the herpes viruses with the
nucleoside analogues as inhibitors of viral DNA polymerases. AIDS
research during the last twenty years has enabled the rationally-
designed discovery of novel antiviral agents, peptidomimetics acting
as protease inhibitors. But then, that is about it! There is still the
need for more structural diversities in order to combat both existing
and emerging viruses at different stages of their
replication…Vaccines are not always possible!

What is the most important source of structural diversity ?
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E. Natural Products as Antiviral Agents
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Hypericin, a polycyclic phenolic anthrone isolated from Hypericum sp. (i.e., St. John’s
wort, « herbe de la St. Jean », millepertuis) inhibits HIV-1 replication and purified HIV-1
RT as well as integrase.

After a single one-hour incubation with 1 µg per ml, duck HBV-infected cells stop
producing infectious virus for 5 days! (NB: HBV belongs to the hepadnaviridae family,
having a DNA genome)

Active against enveloped but not non-enveloped viruses !?

Hypericum perforatum
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Isochaetochromin D1, a bisnaphthopyrone
isolated from a Fusarium sp. Fungus, which
express an IC50 of 1 µM against the HIV-1
integrase.

This viral enzyme catalyses the strand transfer
of the proviral DNA into the host cell DNA.
None of its inhibitors has been clinically tested
as yet, and new classes of inhibitors are
urgently needed to define whether HIV-1
integrase is a clinically effective target.
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(-)-Chicoric acid, isolated

from Echinacea sp.

Singh et al. BMCL 2003, 13, 713-717

Echinacea purpurea Quideau et al. Helv. Chim. Acta. 2002, 85, 2328-2334 (patent filed)
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A New Anti-HIV Target !
(-)-Chicoric acid does inhibit the HIV-1 integrase in vitro enzymatic assay, but in
cell cultures, it inhibits viral replication by blocking virus adsorption onto the cells via
its interaction with gp120…

Kwong et al. Nature 1998, 393, 648-659

CD4

gp120

17b Fab
This co-crystallized
antibody fragment
blocks chemokine-
receptor (CCR5 and
CXCR4) binding that
triggesr the fusion
event mediated by
gp120.
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That’s All, Folks !
Stay Away from Viruses !


