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1.1 INTRODUCTION

In 1981 the Centres for Disease Control (CDC) received reports of Pneu-
mocystis carinii(later named P jiroveci) and Karposi•s sarcoma1. Some
patients were afflicted by both conditions and their immune systems severly
compromised. In 1982, the disease was identified as Acquired Immunodefi-
ciency Syndrome (AIDS). Unlike any other infectious disease in modern me-
dical history, AIDS has galvanised the concern and efforts of physicians and
the lay public alike. Epidemiological studies and attempts to predict the cour-
se of the epidemic are difficult because of the interval - from 8 to 10 years -
between infection with HIV and the development of AIDS. The viruses re-
sponsible for AIDS are more complicated and more unpredictable than ini-
tially thought and demonstrates remarkable properties of insidious disease in-
duction, persistence, latency, variation, recombination and escape from im-
mune and drug pressures. There are two distinct types of HIV namely, HIV-
1 and HIV-2. They have entered the human population as a result of cross-
species transmission from chimpanzees2 and sooty mangabeys3,4. The initial
epicentre for HIV-2 was primarily West Africa and HIV-1, that later spread
globally.

AIDS represents an international health crisis that threatens to overwhelm
even the best health care delivery system. The rational design and develop-
ment of drug therapies to control the virus and the preparation of an effective
vaccine to prevent infection represent public health goals of the highest prio-
rity. Both drug development and vaccine design rely heavily on a sound un-
derstanding of the structure and biology of the virus. This review is intended
to provide a basic picture of the virus aimed at the non-specialist.

1.2 The HIV-1 virion structure

The HIV-1 virion is an icosahedral structure containing 72 external spikes
formed by two viral-envelope proteins, gp120 and gp415. The lipid bilayer is
studded with host proteins, Class I and Class II, obtained during virion bud-
ding. Four nucleocapsid proteins, p24, p17, p9, and p7 are contained in the
core of HIV-1, each proteolytically cleaved by the HIV-1 protease from a 53-
kDa Gag precursor. The inner shelf of the nucleocapsid is formed by the
phosphorylated p24 polypeptide and the myristoylated p17 protein associat-
ed with the inner surface of the lipid bilayer which probably stabilises the
exterior and interior components of the virion. The p7 protein binds directly
to the genomic RNA and together with p9 forms the nucleoid core. The retro-
viral core contains two copies of single-stranded HIV-1 genomic RNA which
is associated with the various pre-formed viral enzymes including reverse
transcriptase, integrase and protease6-8.

1.3 The HIV-1 genome structure

Nine open reading frames are contained within the HIV-1 genome, three of
them encode the Gag, Pol and Env polyproteins. The virion core and the outer
membrane envelope are made up of structural components including the four
Gag proteins MA (matrix), CA (capsid), NC (nucleocapsid) and p6 as well as
two Env proteins, SU (surface or gp120) and TM (transmembrane or gp41).
The three Pol proteins, PR (protease), RT (reverse transcriptase) and IN (inte-
grase) have essential enzymatic functions9.

HIV-1 encodes six additional proteins, called the accessory proteins. Three of
these (Vif, Vpr, and Nef) are found within the viral particle.  The other two,
Tat and Rev, provide essential gene regulatory functions and the last protein,
Vpu, indirectly assists in the assembly of the virion8,10.

1.4 The Envelope Proteins

1.4.1TM (gp41)

TM, a 345-amino acid protein located in the viral membrane, functions to
mediate fusion between the viral and cellular membranes following receptor
binding.  The fusion is initiated by an N-terminal hydrophobic glycine-rich
•fusion peptideŽ and the trans-membrane region is important for both fusion
and for anchoring of Env in the viral membrane.  This is currently an active
research field aimed at understanding the fusion reaction so that inhibitors
can be developed5.

1.4.2SU (gp120)

Viral entry is initiated by binding of the SU glycoprotein to specific cell sur-
face receptors. CD4, the major receptor for HIV-1, is expressed on the sur-
face of a subset of T cells and primary macrophages. The 515-residue SU pro-
tein binds CD4 with high affinity (Kd~4 nM).  The SU-CD4 interaction is not
sufficient for HIV-1 entry. Therefore, a group of chemokine receptors serve
as essential viral co-receptors11. HIV-1 is divided into two major classes:
those that are macrophage (M)-trophic being non-syncytium inducing (NSI)
and those that are T-cell (T)-trophic and syncytium inducing (SI). CXCR4/
Fusin permits entry of T-trophic but not M-trophic viruses. CCR5 is a major
co-receptor for M-tropic but not for T-trophic viruses. The physiological li-
gands for CXCR4, CCR5, and CCR3 are each able to inhibit viral entry by
competing with the cognate co-receptor10,12-14. Binding of CD4 to SU ap-
pears to cause structural changes in Env facilitating co-receptor binding and
viral entry14. The variable V3 loop of SU is an important determinant of viral
tropism. Determinants for virus specificity are located in each of the extra-
cellular regions of the co-receptors, and the signalling functions of these re-
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review is an attempt to integrate structural and biochemical information into a view of the HIV-1 particle as a whole, emphasizing
key interactions among viral and cellular components during the viral replication cycle.
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ceptors are apparently not important for viral infection14.

1.5   The Structural Proteins

1.5.1Matrix (MA)

The matrix is the terminal component of the Gag polyprotein and is impor-
tant for targeting Gag and Gag-Pol precursor polyproteins to the plasma
membrane prior to viral assembly. In a mature viral particle, the 132-residue
MA protein lines the inner surface of the virion membrane9. Two distinct fea-
tures play important roles in membrane targeting: an N-terminal myristoyl
group and basic residues located within the first 50 amino acids. MA also
helps to incorporate Env glycoproteins with long cytoplasmic tails into viral
particles15,16. MA facilitates infection of non-dividing cell types, principally
macrophages.

1.5.2Capsid (CA)

The capsid (CA) forms the core of the virus particle, with approximately
2000 molecules per virion. The C-terminal domain (residues 152-231) func-
tions primarily in assembly and is important for CA dimerisation and Gag
oligomerisation17. Mutations in the N-terminal domain do not prevent assem-
bly or budding, but it is important for infectivity, apparently by participating
in viral coating through its association with a putative cellular chaperone,
cyclophilin A (CypA)18.

The C-terminal domain is composed of an extended strand followed by four
� -helices, with an extensive dimer interface17. The major homology region
(MHR), a 20-amino acid sequence, is essential for particle assembly and may
have a role in incorporation of Gag-Pol precursors through interactions with
Gag19.

1.5.3Nucleocapsid (NC)

The nucleocapsid is a basic protein that functions by means of binding sin-
gle-stranded nucleic acids non-specifically, leading to coating of the genom-
ic RNA, which presumably protects it from nucleases and compacts it within
the core20. The non-specific binding also results in a chaperone-like function
that enhances other nucleic-acid-dependent steps in the life cycle, by promo-
ting annealing of the tRNA primer; melting of RNA secondary structures;
DNA strand exchange reactions during reverse transcription21-23, or by stim-
ulating integration10,24.

1.5.4p6

p6 is important for the incorporation of Vpr during viral assembly and com-
prises the C-terminal 51 amino acids of Gag. Residues 32-39 and three hydro-
phobic residues within a conserved sequence motif are important for Vpr
binding25,26. p6 also mediate efficient particle release and a region of four
amino acids has been implicated in this function9,27.

1.6 Accessory Proteins

1.6.1Nef

Nef is a 206-amino acid, N-terminally myristoylated protein that reduces the
level of cellular CD4. The routing of CD4 from the cell surface and Golgi
apparatus to the lysosomes is facilitated by Nef, resulting in receptor degra-
dation and the prevention of inappropriate interactions with Env as well as
Vpu. Nef has been proposed to serve as a direct bridge between CD4 and the
cellular endocytic machinery by interacting with � -COP and adaptins, which
link proteins in the golgi apparatus and the plasma membrane to clathrin-coa-
ted pits. Nef may enhance Env incorporation into virions, promote particle
release, and possibly affect CD4+ T-cell signalling pathways by down-regu-
lating CD428. Nef can also down-regulate the expression of the MHC class I
molecules, which may help in protecting infected cells from killing by cyto-
toxic T cells10. 

1.6.2Rev

Rev is important because it acts to overcome the default pathway in which
mRNAs are spliced prior to nuclear export and functions in the binding to the
RRE site located in the env coding region. Recent studies have revealed a
strong tendency towards a role in export29. Rev contains a leucine-rich nu-
clear export signal (NES) that allows it to shuttle between the nucleus and the
cytoplasm30 and interacts with a nucleoporin-like protein (hRip/Rab) located
at the nuclear pore31-33. Rev can also directly inhibit splicing by preventing
entry of additional snRNPs during the later stages of spliceosome assembly10.

1.6.3Tat

Transcription complexes initiated at the HIV-1 promoter are rather inefficient
at elongation and require the viral protein Tat to enhance the process of tran-
scription by RNA polymerase. Under certain conditions, Tat may also enhan-
ce the rate of the initiation of transcription. Tat is essential for viral replica-
tion for it increases the production of viral mRNAs 100-fold.  

Tat binds to an RNA hairpin known as TAR (trans-activating response ele-
ment), located at the 5• end of the nascent viral transcripts. There is the like-

lihood that Tat requires interaction with cellular proteins in addition to TAR
to adopt a stable structure. Another protein is needed to bind to the loop of the
TAR hairpin, apparently helping to stabilise the Tat-TAR interaction34. Seve-
ral candidates have been identified, but none have yet been definitely shown
to be essential for Tat activity10.

1.6.4Vpr

After fusion and entry, the virus is •uncoatedŽ in the cytoplasm and the nucle-
oprotein complexes are rapidly transported to the host cell nucleus, mediated
by the 96-amino acid Vpr protein. The major importance of Vpr is nuclear lo-
calisation in non-dividing cells because it contains an NLS that directs trans-
port even in the absence of mitotic nuclear envelope breakdown35.

Vpr can also induce G2 cell cycle arrest prior to nuclear envelope breakdown
and chromosome condensation and sustained expression can reportedly kill T
cells by apoptosis36. Vpr does not only function in nuclear localisation and
cell cycle arrest, but can also influence the mutation rate during viral DNA
synthesis37 and has been proposed to form an ion channel38.

1.6.5Vpu

Newly synthesised Env glycoproteins (gp160), which are later cleaved into
SU (gp120) and TM (gp41), are sometimes held in the endoplasmic reticulum
through interactions with newly synthesised CD4 molecules. The function of
Vpu is to promote the degradation of CD4 in these complexes, thus allowing
Env transport to the cell surface for assembly into the viral particles. Vpu is
an 81-residue oligomeric integral membrane protein with an N-terminal 24-
residue hydrophobic membrane-spanning domain and a C-terminal cytoplas-
mic tail35 38,39.

Vpu can also stimulate virion release, and has been proposed to be an ion
channel38. In Vpu mutant viruses, significantly increased numbers of parti-
cles either remain associated with the cell surface or are localised to intracel-
lular membranes35,38. The mechanism appears to be relatively non-specific in
that Vpu can also promote the release of heterologous retroviral particles10.

1.6.6Vif

Vif is a 192-residue protein that is important for the production of highly in-
fectious virions. All the Vif mutant viruses show a markedly reduced level of
viral DNA synthesis and produce highly unstable replication intermedia-
tes35,40, suggesting that Vif functions before or during DNA synthesis41.

According to its structure Vif may play a role in viral assembly and/or matu-
ration. Consistent with this role, the infectivity defect can be complemented
by supplying Vif in trans in virus-producing cells but not in target, non-per-
missive cells35. Incorporation of Vif is probably non-specific because there is
no apparent requirement for any viral protein or RNA10,42.

1.7 Viral Enzymes

1.7.1Protease (PR)

PR must cleave the polyproteins Gag and Gag-Pol, and conformational re-ar-
rangements must occur within the particle to produce a mature infectious
virus. Some of the •maturationŽ events may occur simultaneously with as-
sembly and budding43. PR cleaves at several polyprotein sites to produce the
final MA, CA, NC and p6 proteins from Gag and the PR, RT and IN proteins
from Pol. PR mainly functions as a dimer and is part of Pol, therefore the
activity of PR is dependent on the concentration of Gag-Pol and the rate of
auto-processing, which on the other hand may be influenced by adjacent p6
sequences44. Over-expression of PR can lead to aberrant rates of processing
and decreased infectivity45.

In drug design PR has been a prime target and the crystal structures of many
PR-inhibitor complexes have been solved. Resistant mutations are located
within the inhibitor binding pockets as well as at distant sites, and some mu-
tants even show an increase in the catalytic activities46. An alternative ap-
proach to inhibitor design involves the use of inactive subunits that act as do-
minant negative inhibitors10,47.

1.7.2Reverse Transcriptase (RT)

Before any integration of the viral genome into the host chromosome can take
place, it must first be reverse transcribed into duplex DNA. RT contains an
RNase H domain that cleaves the RNA portion of RNA-DNA hybrids gener-
ated during the reaction; furthermore RT also catalyses both the RNA-depen-
dent and DNA-dependent DNA polymerisation reactions. The reverse tran-
scription initiates from the 3• end of a tRNA3

Lys primer annealed to the pri-
mer-binding site near the 5• end of the genomic RNA. RT can make use of
other tRNAs if complementary binding sites are provided, but reverse tran-
scription is most efficient with RNA3Lys 48. During assembly the tRNA3Lys is
incorporated into virions and is often extended by several nucleotides inside
the particle48,49. The remainder of the reaction probably occurs after uncoat-
ing in the cytoplasm.

RT also served as a major target for drug design and the crystal structures of
the unliganded RT, an RT-DNA complex and RT-inhibitor complexes have
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been solved50-53. RT is a heterodimer and contains a 560-residue subunit
(p66) and a 440-residue subunit (p51) and both of them are derived from the
Pol polyprotein. Each subunit contains a polymerase domain composed of
four sub-domains, referred to as the fingers, palm, thumb and connection, fur-
thermore the p66 contains an additional RNase H domain.  

Two classes of RT inhibitors are clinically in use, namely nucleoside analogs
such as AZT and ddI that are presumed to bind to the polymerase active site,
and non-nucleoside inhibitors such as nevirapine. Mutations that confer resis-
tance to nucleoside or non-nucleoside inhibitors map to different parts of RT,
including regions in and around the active site and DNA-binding cleft, sug-
gesting that some mutations directly alter the drug-binding site while others
have more indirect effects10,53,54.

1.7.3 Integrase (IN)

After reverse transcription, IN catalyses a series of reactions to integrate the
viral genome into a host chromosome.  IN functions in the removal of two 3•
nucleotides from each strand of the linear viral DNA, leaving overhanging
CA-OH ends55. At the ends of many retrotransposons a CA dinucleotide is
situated and mutation of these nucleotides substantially reduces the efficien-
cy of 3•-end processing. After this reaction, the processed 3• ends are cova-
lently joined to the 5• ends of the target DNA. This step is followed by inte-
gration, which probably involves additional cellular enzymes, wherein un-
paired nucleotides at the viral 5• ends are removed and the ends are joined to
the target site 3•ends, generating an integrated provirus flanked by five base-
pair direct repeats of the target site DNA.

1.8 HIV-1 Replication Cycle

Specific interactions between gp120 and the amino-terminal immunoglobu-
lin domain of CD4 on the cell surface initiate the viral replication cycle. T-
lymphocytes, monocytes and macrophages of the immune system, which ex-
press CD4 receptor on the cell surface, can be infected with HIV-1 (Fig
1.8.1). Additional cell-surface proteins are needed for HIV-1 to promote fu-
sion of the viral and cellular membranes. CCR5 and CXCR4 are co-receptors
for HIV-1 entry in vivo9,11,56-58.

Membrane fusion occurs between the lipid bilayer of the virus particle and
the plasma membrane of the host cell and is induced by the viral glycoprotein
gp41. A process called uncoating follows, best described as a series of ill-de-
fined events. During this event, CA is lost, while at least some MA, as well
as NC, IN, RT and Vpr is thought to be retained as part of a high-molecular-
weight complex. Reverse transcription of the genomic viral RNA into DNA
is largely completed. The accessory protein Vpr appears to participate in the
reverse transcription process by facilitating the initiation and influencing the
accuracy of reverse transcription. Vpr is thought to modulate the mutation
rate of HIV-1 by interacting with cellular enzyme involved in the DNA repair
pathway. The process of reverse transcription is also dependent on NC. NC
enhances the reverse transcription by promoting annealing of the tRNAlys
primer to the PBS, melting of RNA secondary structures and DNA strand
transfer through its non-specific RNA binding features9.

Viral DNA is transported to the nucleus as part of a high-molecular-weight
complex, now referred to as the pre-integration complex (PIC). Nuclear loca-
lisation of PIC is directed by Vpr and appears to connect the PIC to the cel-

Figure 1.8.1
Replication of HIV (adapted form Turner
and Summers, 1999 with permission)
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lular nuclear import machinery59-61. As part of the PIC, IN recognises the
LTRs at the 5• and 3• ends of the viral DNA and removes the dinucleotide ad-
jacent to a highly conserved CA dinucleotide, from the 3• strand of the U3 and
U5 viral DNA LTRs. It then covalently combines the 3• ends to the 5• ends of
the target cellular DNA in the nucleus8. Finally, probably with involvement
of additional cellular enzymes, unpaired nucleotides at the viral 5• ends are
removed and the ends are combined at the target site 3• ends, generating an
integrated provirus flanked on both sides by five identical base pairs of the
target cellular DNA. Once integrated, the proviral DNA remains permanent-
ly associated with the cellular DNA.

The proviral DNA serves as template for the synthesis of the unspliced and
spliced mRNAs, which are transported out of the nucleus and into the cyto-
plasm. Multiple-spliced mRNAs that encode Tat, Rev and Nef are synthe-
sised and exported to the cytoplasm initially. The Env precursor polyprotein
gp120 is synthesised in the endoplasmic reticulum (ER) and is post-transla-
tionally modified in the ER and Golgi apparatus8. The polyprotein is cleaved
into gp120 and gp41 by cellular endoproteases and transported to the cell
membrane. Vpu binds to neosynthesised CD4 in the ER and promotes the
degradation of CD4 by the ubiquitin-proteasome pathway62-64. In this way,
the premature binding of CD4 to gp160 in the ER can be overcome and will
result in the release of the gp160 for efficient processing and transport. Nef
provokes the retention of neosynthesised CD4 molecules in the Golgi appa-
ratus and the acceleration of their internalisation from the cell surface. These
CD4 molecules are then degraded in lysosomes. Similarly, Nef provokes the
down-regulation of MHC-1 molecules on the surface of the infected cells by
not targeting them to lysosomes but to the Golgi apparatus. The down-regu-
lation of CD4 may increase virion release from the cell surface and may in-
crease the incorporation of envelope glycoproteins in virions, leading to the
production of viruses with higher infectivity, the MHC-1 down-regulation
protects HIV-1 infected cells from both cytotoxic T lymphocytes and natural
killer cells65.

The Gag and Gag-Pol polyprotein precursors are synthesised on free ribo-
somes. The N-terminally myristoylated MA domain of the polyproteins di-
rects binding to the cellular membrane66-70. A basic domain near the amino
terminus of MA, in conjunction with other basic residues throughout the pro-
tein, is also thought to promote membrane binding by interacting with acidic
phospholipids on the inner face of the lipid bilayer. It is speculated that the
MA domain of Gag interacts with the cytoplasmic tail of gp41, which should
be necessary for the incorporation of the Env glycoprotein complex into the
budding virion16. During or after transport to the cellular membrane, the Gag
precursor recruits two copies of unspliced viral RNA and interacts with Gag-
Pol precursor.  Subsequently virus budding occurs in the form of an immature
particle. During or immediately after budding, the Gag and Gag-Pol polypro-
teins are cleaved by PR to produce the viral enzymes and structural proteins.
The structural proteins rearrange via a process called maturation to form an
infectious virion, which is now capable of initiating a new round of infec-
tion9.

CONCLUSION

HIV-1 is an extremely complex pathogen packaged as a relatively simple
virus. The fact that it targets the immune system contributes to the complex-
ity of the disease profile caused by the virus, leading to the early investiga-
tors adding the term •syndromeŽ to the description of the disease. Combined
with the high mutation rate of the genome, the seeming simplicity of the virus
takes on a new dimension. Therefore, continued study of the structure-func-
tion relationships of the virus and especially the tempo and extent of varia-
tion in structure is imperative for developing long term treatment strategies.

Combating a pathogen of this nature is not easy, especially when it uses sex
as means of transmission. That means human behaviour is a major key to
managing containment of the virus. Our only hope of sustained success in
preventing transmission and effective treatment of those that are infected, lies
in a holistic approach where both viral biology and human behaviour are
equally well utilised.
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