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Abstract

Since the identification of Acquired Immunodeficiency Syndrome (AIDS) in developed asuintthe early 1980es, efforts to con-
trol the AIDS epidemic have focused heavily on studies of the biology, biochgmatstctural biology of human immunodeficien-
cy virus (HIV) and on interactions between viral components and new drug candidst&sstd very complex pathogen and enco-
des three structural proteins, two envelope proteins, three enzymes, and ssomgcpeoteins. Due to the great deal of emphasis
placed on drug therapy in the past decade a good review regarding the structural bithlegyro$ can only be advantageous. This
review is an attempt to integrate structural and biochemical informatioraiview of the HIV-1 particle as a whole, emphasizing
key interactions among viral and cellular components during the viral replicgtiten ¢

1.1 INTRODUCTION 1.3 The HIV-1 genome structure

In 1981 the Centres for Disease Control (CDC) received repomsiati- Nine open reading frames are contained wit_hin the HI_\_/—l genome, three of
mocystis carinii(later namedP jiroveci) and Karposiss sarcoma Some them encode the Gag, Pol and Env polyproteins. The virion core and the outer
patients were afflicted by both conditions and their immune systems seveimembrane envelope are made up of structural components including the four
compromised. In 1982, the disease was identified as Acquired ImmunodeGag proteins MA (matrix), CA (capsid), NC (nucleocapsid) and p6 as well as
ciency Syndrome (AIDS). Unlike any other infectious disease in modern mdWo Env proteins, SU (surface or gp120) and TM (transmembrane or gp41).
dical history, AIDS has galvanised the concern and efforts of physicians aiThe three Pol proteins, PR (protease), RT (reverse transcriptase) and IN (inte-
the lay public alike. Epidemiological studies and attempts to predicotire ~ 9rase) have essential enzymatic functions

se of the _epide_mic are difficult because of the interval - from 8 to_lO Y€ \.1 encodes six additional roteins, called the accessory proteins. Three of
between infection with HIV and the development of AIDS. The viruses rey,qqe (Vif, Vpr, and Nef) are ?ound within the viral particley. pThe other two,
;pon5|ble for AIDS are more complicated and more unp_req|c_table _than "at and Reyv, provide essential gene regulatory functions and the last protein,
tlally_ thought and demonstrates re_markable properties of insidious dlsease_ Vpu, indirectly assists in the assembly of the vi#igh
duction, persistence, latency, variation, recombination and escape from it
mune and drug pressures. There are two distinct types of HIV namely, HM..4 The Envelope Proteins
1 and HIV-2. They have entered the human population as a result of cros

species transmission from chimpanZemsd sooty mangabe¥y The initial ~ 1.4.1TM (gp41)

epicentre for HIV-2 was primarily West Africa and HIV-1, that later spread

globally 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 peptideZ 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 developéd

AIDS represents an international health crisis that threatens to overwhe
even the best health care delivery system. The rational design and devel
ment of drug therapies to control the virus and the preparation of an effecti'
vaccine to prevent infection represent public health goals of the highest pri
rity. Both drug development and vaccine design rely heavily on a sound u
derstanding of the structure and biology of the virus. This review is intendej 4.2 SU (gp120)
to provide a basic picture of the virus aimed at the non-specialist.
Viral entry is initiated by binding of the SU glycoprotein to specific aal s
1.2 The HIV-1 virion structure 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-
The HIV-1 virion is an icosahedral structure containing 72 external spiketein binds CD4 with high affinity (i~4 nM). The SU-CD4 interaction is not
formed by two viral-envelope proteins, gp120 and §p#le lipid bilayer is  sufficient for HIV-1 entry. Therefore, a group of chemokine receptors serve
studded with host proteins, Class | and Class Il, obtained during virion buas essential viral co-recept&tsHIV-1 is divided into two major classes:
ding. Four nucleocapsid proteins, p24, p17, p9, and p7 are contained in tthose that are macrophage (M)-trophic being non-syncytium inducing (NSI)
core of HIV-1, each proteolytically cleaved by the HIV-1 protease from a 53and those that are T-cell (T)-trophic and syncytium inducing (Sl). CXCR4/
kDa Gag precursor. The inner shelf of the nucleocapsid is formed by ttFusin permits entry of T-trophic but not M-trophic viruses. CCRS5 is a major
phosphorylated p24 polypeptide and the myristoylated p17 protein associico-receptor for M-tropic but not for T-trophic viruses. The physiological li-
ed with the inner surface of the lipid bilayer which probably stabilises thigands for CXCR4, CCR5, and CCR3 are each able to inhibit viral entry by
exterior and interior components of the virion. The p7 protein binds directlcompeting with the cognate co-recepfdiz-14 Binding of CD4 to SU ap-
to the genomic RNA and together with p9 forms the nucleoid core. The retripears to cause structural changes in Env facilitating co-receptor binding and
viral core contains two copies of single-stranded HIV-1 genomic RNA whictviral entryt4, The variable V3 loop of SU is an important determinant of viral
is associated with the various pre-formed viral enzymes including reverdropism. Determinants for virus specificity are located in each of the extra-
transcriptase, integrase and proté&se cellular regions of the co-receptors, and the signalling functions of these re-
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ceptors are apparently not important for viral infectfon 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
1.5 The Structural Proteins TAR hairpin, apparently helping to stabilise the Tat-TAR interagtideve-
1.5.1 Matrix (MA) ral candidates have been identified, but none have yet been definitely shown
to be essential for Tat activiy

The matrix is the terminal component of the Gag polyprotein and is imp0|1 6.4Vor
tant for targeting Gag and Gag-Pol precursor polyproteins to the plasn™"" p

membrane prior to viral assembly. In a mature viral particle, the 132-residuafter fusion and entry, the virus is suncoatedZ in the cytoplasm and the nucle-
MA protein lines the inner surface of the virion membPaifevo distinct fea-  oprotein complexes are rapidly transported to the host cell nucleus, mediated
tures play important roles in membrane targeting: an N-terminal myristoypy the 96-amino acid Vpr protein. The major importance of Vpr is nuclear lo-
group and basic residues located within the first 50 amino acids. MA alscalisation in non-dividing cells because it contains an NLS that directs-

helps to incorporate Env glycoproteins with long cytoplasmic tails into viraport even in the absence of mitotic nuclear envelope break8own
particled516 MA facilitates infection of non-dividing cell types, principally

macrophages. Vpr can also induce G2 cell (_:ycle arrest pr_ior to nuclea_r envelope breakdown
] and chromosome condensation and sustained expression can reportedly kill T
1.5.2Capsid (CA) cells by apoptos#. Vpr does not only function in nuclear localisation and

cell cycle arrest, but can also influence the mutation rate during virAl DN

The capsid (CA) forms the core of the virus particle, with approximatel)Synthesi§7 and has been proposed to form an ion chanel

2000 molecules per virion. The C-terminal domain (residues 152-231) funi

tions primarily in assembly and is important for CA dimerisation and Ga(1.6.5Vpu

oligomerisatioA’. Mutations in the N-terminal domain do not prevent assem- . ) . )

bly or budding, but it is important for infectivity, apparently by participating Newly synthesised Env glycoproteins (gp160), which are later cleaved into

in viral coating through its association with a putative cellular chaperoneSU (9p120) and TM (gp41), are sometimes held in the endoplasmic reticulum

cyclophilin A (CypAys. through interactions with newly synthesised CD4 molecules. The function of

Vpu is to promote the degradation of CD4 in these complexes, thus allowing

The C-terminal domain is composed of an extended strand followed by foEnv transport to the cell surface for assembly into the viral particles.svpu i
-helices, with an extensive dimer interfaeThe major homology region an 81-residue oligomeric integral membrane protein with an N-terminal 24-

(MHR), a 20-amino acid sequence, is essential for particle assembly and nrresidue hydrophobic membrane-spanning domain and a C-terminal cytoplas-

have a role in incorporation of Gag-Pol precursors through interactions wimic tails 38.39

Gag®.
¢ Vpu can also stimulate virion release, and has been proposed to be an ion
1.5.3Nucleocapsid (NC) channe®. In Vpu mutant viruses, significantly increased numbers of parti-
L . . . - cles either remain associated with the cell surface or are kedatisntracel-
The nucleocapsid is a basic protein that functions by means of binding si ;j5r membrane&.38 The mechanism appears to be relatively non-specific in

gle-stranded nucleic acids non-specifically, leading to coating of the genory, Vpu can also promote the release of heterologous retroviral pafticles
ic RNA, which presumably protects it from nucleases and compacts ihwithi

the cor@0. The non-specific binding also results in a chaperone-like functior1.6.6 Vif
that enhances other nucleic-acid-dependent steps in the life cycle, by pron
ting annealing of the tRNA primer; melting of RNA secondary structures
DNA strand exchange reactions during reverse transcriti§nor by stim-
ulating integratio#?.24

1.5.4p6

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-
tes$5:40 suggesting that Vif functions before or during DNA syntHésis

According to its structure Vif may play a role in viral assembly and/or matu-

p6 is important for the incorporation of Vpr during viral assembly and comration. Consistent with this role, the infectivity defect can be complenhente

prises the C-terminal 51 amino acids of Gag. Residues 32-39 and three hydby supplying Vif intransin virus-producing cells but not in target, non-per-

phobic residues within a conserved sequence motif are important for Vjmissive cell35. Incorporation of Vif is probably non-specific because there is

binding?5:26 p6 also mediate efficient particle release and a region of founo apparent requirement for any viral protein or RAN#&

amino acids has been implicated in this fun&®n )
1.7 Viral Enzymes

1.6 Accessory Proteins 1.7.1Protease (PR)

1.6.1Nef PR must cleave the polyproteins Gag and Gag-Pol, and conformational re-ar-
Nef is a 206-amino acid, N-terminally myristoylated protein that reduces thrangements must occur within the particle to produce a mature infectious
level of cellular CD4. The routing of CD4 from the cell surface and Golgivirus. Some of the smaturationZ events may occur simultaneously with as-
apparatus to the lysosomes is facilitated by Nef, resulting in receptor degisembly and buddirf§. PR cleaves at several polyprotein sites to produce the
dation and the prevention of inappropriate interactions with Env as well ¢final MA, CA, NC and p6 proteins from Gag and the PR, RT and IN proteins
Vpu. Nef has been proposed to serve as a direct bridge between CD4 andfrom Pol. PR mainly functions as a dimer and is part of Pol, therefore the
cellular endocytic machinery by interacting wittCOP and adaptins, which ~activity of PR is dependent on the concentration of Gag-Pol and the rate of
link proteins in the golgi apparatus and the plasma membrane to clathrin-ccauto-processing, which on the other hand may be influenced by adjacent p6
ted pits. Nef may enhance Env incorporation into virions, promote particlSequencesd. Over-expression of PR can lead to aberrant rates of processing
release, and possibly affect Cb#-cell signalling pathways by down-regu- and decreased infectivity

) s ) i
lating CD4S. Nef can also down-regulate the expression of the MHC ClassIn drug design PR has been a prime target and the crystal structures of many

mo!e(flfjlesll,émghlch may help in protecting infected cells from killing by Cyto'PR—inhibitor complexes have been solved. Resistant mutations are located

toxic T cells®. within the inhibitor binding pockets as well as at distant sites, and sum

1.6.2Rev tants even show an increase in the catalytic acti#ftiés alternative ap-
proach to inhibitor design involves the use of inactive subunits that act as do-

Rev is important because it acts to overcome the default pathway in whiminant negative inhibito#§:47.

mRNAs are spliced prior to nuclear export and functions in the binding to th .

RRE site located in thenvcoding region. Recent studies have revealed ¢1.7-2Reverse Transcriptase (RT)

sltrong tendency t;)v'\(laErgs ?1 role” in eXF"?”RﬁV (I:orl;tains a I(;ucine—rich NU- Before any integration of the viral genome into the host chromosome can take
clear export signal (NES) that allows it to shuttle between the nuetelthe 200 it must first be reverse transcribed into duplex DNA. RT contains an

cytoplasni®and |nte£§cts with a nucleoporin-like protein (hRip/Rab) locatedgage 1 domain that cleaves the RNA portion of RNA-DNA hybrids gener-
at the nuclear pof&32 Rev can aiso directly inhibit splicing by preventing a4 uring the reaction; furthermore RT also catalyses both the RNA-depen-
entry of additional sSnRNPs during the later stages of spliceosome asgémblydem and DNA-dependent DNA polymerisation reactions. The reverse tran-
1.6.3Tat scription initiates from the 3« end of a tRA# primer annealed to the pri-

mer-binding site near the 5¢ end of the genomic RNA. RT can make use of
Transcription complexes initiated at the HIV-1 promoter are rather inefficienother tRNAs if complementary binding sites are provided, but reverse tran-
at elongation and require the viral protein Tat to enhance the process of triscription is most efficient with RNAYs 48 During assembly the tRNgVS is
scription by RNA polymerase. Under certain conditions, Tat may also enhaincorporated into virions and is often extended by several nucleotides inside
ce the rate of the initiation of transcription. Tat is essential for k@@lica-  the particlé842 The remainder of the reaction probably occurs after uncoat-
tion for it increases the production of viral MRNAs 100-fold. ing in the cytoplasm.

Tat binds to an RNA hairpin known as TAR (trans-activating response el¢RT also served as a major target for drug design and the crystal structures of
ment), located at the 5¢ end of the nascent viral transcripts. Therdilethe the unliganded RT, an RT-DNA complex and RT-inhibitor complexes have
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been solve¥®-53 RT is a heterodimer and contains a 560-residue subun1.8 HIV-1 Replication Cycle
(p66) and a 440-residue subunit (p51) and both of them are derived from t
Pol polyprotein. Each subunit contains a polymerase domain composed
four sub-domains, referred to as the fingers, palm, thumb and connection, fi
thermore the p66 contains an additional RNase H domain.

Specific interactions between gp120 and the amino-terminal immunoglobu-
lin domain of CD4 on the cell surface initiate the viral replication cyEle
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-
such as AZT and ddl that are presumed to bind to the polymerase active gsion of the viral and cellular membranes. CCR5 and CXCR4 are co-receptors

and non-nucleoside inhibitors such as nevirapine. Mutations that confer res’®" HIV-1 entryin vive?11.56-58

tance to nucleoside or non-nucleoside inhibitors map to different parts of Ryembrane fusion occurs between the lipid bilayer of the virus particle and
including regions in and around the active site and DNA-binding cleft, sughe plasma membrane of the host cell and is induced by the viral glycoprotein
gesting that some mutations directly alter the drug-binding site while othe gp41. A process called uncoating follows, best described as a series of ill-de-

Two classes of RT inhibitors are clinically in use, namely nucleosidegma

have more indirect effec53.5¢ fined events. During this event, CA is lost, while at least some Mavetls
as NC, IN, RT and Vpr is thought to be retained as part of a high-molecular-
1.7.3Integrase (IN) weight complex. Reverse transcription of the genomic viral RNA into DNA

. . ) . is largely completed. The accessory protein Vpr appears to participhe in t
After reverse transcription, IN catalyses a series of reactions to irtegeat _reverse transcription process by facilitating the initiation and influencing the
viral genome into a host chromosome. IN functions in the removal of two %50y racy of reverse transcription. Vpr is thought to modulate the mutation
nucleotides f;om each strand of the linear viral DNA, leaving overhanginiaie of Hi\-1 by interacting with cellular enzyme involved in the DNA repair
CA-OH end$>. At the ends of many retrotransposons a CA dinucleotide iyayay, The process of reverse transcription is also dependent on NC. NC
situated and mutation of these n_ucleotld_es substantially reduces tieneffic ¢ nances the reverse transcription by promoting annealing of the tRNAlys
cy of 3--end processing. After this reaction, the processed 3« ends are coyyimer to the PBS, melting of RNA secondary structures and DNA strand
Ientl_y Jomeq to the 5 ends of the target DNA. This step is followed lazy int transfer through its non-specific RNA binding feat@res
gration, which probably involves additional cellular enzymes, wherein un
paired nucleotides at the viral 5+ ends are removed and the ends are joine(Viral DNA is transported to the nucleus as part of a high-molecular-weight
the target site 3+ends, generating an integrated provirus flanked by five bacomplex, now referred to as the pre-integration complex (PIC). Nuclear loca-
pair direct repeats of the target site DNA. 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 machine¥yé1 As part of the PIC, IN recognises the 5.
LTRs at the 5¢and 3+ ends of the viral DNA and removes the dinucleotide a
jacent to a highly conserved CA dinucleotide, from the 3« strand of the U3 ar6.
U5 viral DNA LTRs. It then covalently combines the 3¢ ends to the 5+ ends ¢
the target cellular DNA in the nucléugrinally, probably with involvement 7.
of additional cellular enzymes, unpaired nucleotides at the viral 5¢ ends a
removed and the ends are combined at the target site 3« ends, generating
integrated provirus flanked on both sides by five identical base pairs of tt8.
target cellular DNA. Once integrated, the proviral DNA remains permanent
ly associated with the cellular DNA. 9.

The proviral DNA serves as template for the synthesis of the unspliced ai1q.

spliced mRNAs, which are transported out of the nucleus and into the cyt
plasm. Multiple-spliced mRNAs that encode Tat, Rev and Nef are synthe

sised and exported to the cytoplasm initially. The Env precursor polyproteii1.

gpl120 is synthesised in the endoplasmic reticulum (ER) and is post-trans

tionally modified in the ER and Golgi apparduEhe polyprotein is cleaved 12

into gp120 and gp41l by cellular endoproteases and transported to the ¢
membrane. Vpu binds to neosynthesised CD4 in the ER and promotes 1
degradation of CD4 by the ubiquitin-proteasome patli#f In this way,

the premature binding of CD4 to gp160 in the ER can be overcome and w
result in the release of the gp160 for efficient processing and transport. N
provokes the retention of neosynthesised CD4 molecules in the Golgi apf
ratus and the acceleration of their internalisation from the cell surfaeseT

CD4 molecules are then degraded in lysosomes. Similarly, Nef provokes t14.

down-regulation of MHC-1 molecules on the surface of the infected cells b

not targeting them to lysosomes but to the Golgi apparatus. The down-recys

lation of CD4 may increase virion release from the cell surface and may il
crease the incorporation of envelope glycoproteins in virions, leading to tt

production of viruses with higher infectivity, the MHC-1 down-regulation 16

protects HIV-1 infected cells from both cytotoxic T lymphocytes and natura
killer cells®s.

The Gag and Gag-Pol polyprotein precursors are synthesised on free rit
somes. The N-terminally myristoylated MA domain of the polyproteins di-
rects binding to the cellular membréfé®. A basic domain near the amino
terminus of MA, in conjunction with other basic residues throughout the prc
tein, is also thought to promote membrane binding by interacting with acidi18
phospholipids on the inner face of the lipid bilayer. It is speculated that tk
MA domain of Gag interacts with the cytoplasmic tail of gp41, which shoulc
be necessary for the incorporation of the Env glycoprotein complex into tt
budding viriorté. During or after transport to the cellular membrane, the Gag
precursor recruits two copies of unspliced viral RNA and interacts with Gac
Pol precursor. Subsequently virus budding occurs in the form of an immatu
particle. During or immediately after budding, the Gag and Gag-Pol polyprc
teins are cleaved by PR to produce the viral enzymes and structural protei
The structural proteins rearrange via a process called maturation to form

infectious virion, which is now capable of initiating a new round of infec—21

tion9.
CONCLUSION

HIV-1 is an extremely complex pathogen packaged as a relatively simp22
virus. The fact that it targets the immune system contributes tothplex-

ity of the disease profile caused by the virus, leading to the early investig
tors adding the term esyndromeZ to the description of the disease. Combir
with the high mutation rate of the genome, the seeming simplicity of the viru
takes on a new dimension. Therefore, continued study of the structure-fur
tion relationships of the virus and especially the tempo and extent of vari
tion in structure is imperative for developing long term treatment strategies

Combating a pathogen of this nature is not easy, especially when it uses 24

as means of transmission. That means human behaviour is a major key
managing containment of the virus. Our only hope of sustained success
preventing transmission and effective treatment of those that are inféxsed, |

in a holistic approach where both viral biology and human behaviour a25.

equally well utilised.
REFERENCES

1. Muesing M.A., Smith D.H., Cabradilla C.D., Benton C.V., Lasky L.A.,
Capon D.J. Nucleic acid structure and expression of the human AID¢
lymphadenopathy retrovirudNature1985; 313: 450-258. 27

2. Gao F., Bailes E., Robertson D.L., Chen Y., Rodenburg C.M., Michae
S.F, Cummlns L. B Arthur L.O., Peeters M., Shaw G.M., Sharp P.M.
Hahn B.H. Origin of HIV-1 inPan troglodytes troglodytes\lature
1999; 397: 436-441.

3. Hirsch V.M., Olmsted R.A., Murphey-Corb M., Purcell R.H., Johnson
P.R. An African primate lentivirus (SLy) closely related to HIV-2.
Nature1989; 339: 389-392.

4. Gao F, Yue L., White A.T., Pappas P.G., Barchue J., Hanson A.F29.
Greene B.M., Sharp P.M., Shaw G.M., Hahn B.H. Human infection b)30.

genetically-diverse Slyj,-related HIV-2 in West AfricaNature 1992;
358: 495-499.

13

23.

26.

28.

Roux K.H., Taylor K.A. AIDS virus envelope spike structuCeurrent
opinion in Structural Biolog2007; 17:1-9.

Coffin J.M. HIV population dynamics in vivo: implications for genetic
variation, pathogenesis, and therapgiencel995; 267: 483-489.

Parren P.W.H.J., Moore J.P., Burton D.R., Sattentau Q.J. The neutraliz-
ing antibody response to HIV-1: viral evasion and escape from humoral
immunity. AIDS 1999; 13: S137-S162.

Turner B.G., Summers M.F. Structural Biology of HDéurnal of
Molecular Biology1999; 285: 1-32.

Bukrinskaya A. HIV-1 matrix protein: A mysterious regulator of the
viral life cycle. Virus researct?007;124:1-11.

Westby M., Nakayama G.R., Butler S.L., Blair W.S. Cell-based and bio-
chemical screening approaches for the discovery of novel HIV-1 inhi-
bitors. Antiviral research2005; 67:121-140.

Chapham P.R., Weiss R.A. Spoilt choice of co-recepitatire 1997;

388: 230-231.

Bleul C.C., Farzan M., Choe H., Parolin C., Clark-Lewis I., Sedroski J.,
Springer T.A. The lymphocyte chemoattractant SDF-1 is a ligand for
LESTR/fusin and blocks HIV-1 entrilature 1996; 382: 829-833.

Oberlin E., Amara A., Bachelerie F., Bessia C., Virelizier J.L., Aren-
zana-Seisdedos F., Schwartz O., Heard J.M., Clark-Lewis I., Legler
D.F., Loetscher M., Baggiolini M., Moser B. The CXC chemokine SDF-
1 is the ligand for LESTR/fusin and prevents infection by T-cell-line-
adapted HIV-1Nature1996; 382: 833-835.

Clapham P.R. HIV and chemokines ligands sharing cell-surface recep-
tors.Trends in Cell Biologyl997; 7: 264-268.

Freed E.O., Englund G., Martin M.A. Role of the basic domain of
human immunodeficiency virus type 1 matrix in macrophage infection.
Journal of Virology1995; 69: 3949-3954.

Mammano F., Kondo E., Sodroski J., Bukovsky A., Gottlinger H.G.
Rescue of human immunodeficiency virus type 1 matrix protein mutants
by envelope glycoproteins with short cytoplasmic domalosrnal of
Virology 1995; 69: 3824-3830.

Gamble T.R., Yoo S., Vajdos F.F. Von Schwedler U.K., Korthylake
D.K., Wang H., McCutcheon J.P., Sundquist W.1., Hill C.P. Structure of
the carboxyl-terminal dimerization domain of the HIV-1 capsid protein.
Sciencel997; 278: 849-853.

Auewarakul P., Wachraporin P., Srichatrapimuk S., Chutipongtanate S.,
Puthavathana P. Uncoating of HIV-1 requires cefluativation.
Virology 2005; 337:93-101.

Srinivasakumar N., Hammarskjold M.L., Rekosh D. Characterization of
deletion mutations in the capsid region of human immunodeficiency
virus type 1 that affect particle formation and Gag-Pol precursor incor-
poration.Journal of Virology1995; 69: 6106-6114.

Briggs J.A., Wilk T., Welker R., Krausslich H.G., Fuller S.D. Structural
organization of authentic, mature HIV-1 virions and cofeldlBO J
2003; 22:1707-1715.

Huang Y., Khorchid A., Wang J., Parniak M.A., Darlix J.L. Wainberg
M.A., Kleiman L. Effect of mutations in the nucleocapsid protein
(NCp7) upon Pr16@9-poland tRNAYs incorporation into human immu-
nodeficiency virus type llournal of Virologyl997a; 71: 4378-4384.

Guo J.H., Henderson L.E., Bess J., Kane B., Levin J.G. Human immun-
odeficiency virus type 1 nucleocapsid protein promotes efficient strand
transfer and specific viral DNA synthesis by inhibiting TAR-dependent
self-priming from minus-strand strong-stop DNJaurnal of Virology
1997; 71: 5178-5188.

Cameron C.E., Ghosh M., Le Grice S.F., Benkovic S.J. Mutations in HIV
reverse transcriptase which alter Rnase H activity and decrease sirend t
fer efficiency are suppressed by HIV nucleocapsid protBioceedings of

the National Academy of Sciences of the WS97; 94: 6700-6705.

Carteau S., Batson S.C., Poljak L., Mouscadet J.F., deRocquigny H.,
Darlix J.L., Roques B.P., Kas E., Auclair C. Human immunodeficiency
virus type 1 nucleocapsid protein specifically stimulate$Mtgpend-

ent DNA integration in vitroJournal of Virologyl997; 71: 6225-6229.
Kondo E., Géttlinger H.G. A conserved LXXLF sequence is the major
determinant in p&9required for the incorporation of human immunod-
eficiency virus type 1 Vpdournal of Virologyl1996; 70: 159-164.

Lu Y.L., Bennett R.P. Wills J.W., Gorelick R., Ratner L. A Leucine
Triplet Repeat Sequence (LXxXin p&adis important for Vpr incorpo-
ration into human immunodeficiency virus type 1 particlesirnal of
Virology 1995; 69: 6873-6879.

Huang M., Orenstein J.M., Martin M.A., Freed E.O%38s required

for particle production from full-length human immunodeficiency virus

type 1 molecular clones expressing protedsarnal of Virology1995;

69: 6810-6818.

Pham H.M., Arganaraz E.R., Groschel B., Trono D., Lama J. Lentiviral
vectors interfering with virus-induced CD4 down-modulation potently
block human immunodeficiency virus type 1 replication in primary lym-
phocytesJournal of Virology2004; 78: 13072-13081.

Hope T.J. Viral RNA exporChemistry & Biologyl997; 4: 335-344.
Meyer B.E., Malim M.H. The HIV-1 Rev trans-activator shuttles be-
tween the nucleus and the cytoplasdenes & Developmeri994; 8:
1538-1547.

VOL. 21 NO. 1

JUNE 2007 17



toets vol21 no 1 5:10:07 10:31am Page 18

MEDICAL TECHNOLOGY SA

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49,

50.

51.

Fritz C.C., Zapp M.L. Green M.R. A human nucleoporin-like protein52.
that specifically interacts with HIV ReWature1995; 376: 530-533.

Bogerd H.P., Fridell R.A., Madore S., Cullen B.R. Identification of a
novel cellular co-factor for the Rev/Rex class of retroviral regulatorys3.
proteins.Cell 1995; 82: 485-494.

Stutz F., Neville M., Rosbash M. Identification of a novel nuclear pore
associated protein as a functional target of the HIV-1 Rev protein il
yeast.Cell 1995; 82: 495-506. 54
Alonso A., Cujec T.P., Peterlin B.M. Effects of human chromosome 1
on interactions between Tat and TAR of human immunodeficiency viru
type 1.Journal of Virologyl1994; 68: 6505-6513.

Cohen E.A., Subbramanian R.A., Gottlinger H.G. Role of auxillary pro
teins in retroviral morphogenesiSurrent Topics in Microbiology and
Immunologyl996; 214: 219-235.

Emerman M. HIV-1, Vpr and the cell cycléurrent Biology1996; 6:
1096-1103. 56
Mansky LM. The mutation rate of human immunodeficiency virus type™ "
1 is influenced by thepr gene.Virology 1996; 222:391-400.

Lamb R.A and Pinto L.H. Do Vpu and Vpr of human immunodeficien-

cy virus type 1 and NB of influenza B virus have ion channel activities

in the viral life cycles¥irology 1997; 229: 1-11. 57
Sherman M.P., De Noronha C.M.C., Williams S.A., Greene W.C. In
sights into the biology of HIV-1 viral protein RNA Cell Biology2002;

21: 679-688.

Simon J.H., Malim M.H. The human immunodeficiency virus type 1 Vif
protein modulates the postpenetration stability of viral nucleoproteir 5.
complexes.Journal of Virology1996; 70: 5297-5305.

Sheehy A.M., Gaddis N.C., Choi J.D., Malim M.H. Isolation of a humar
gene that inhibits HIV-1 infection and is suppressed by the viral Vif pro-
tein. Nature2002; 418: 646-650.

Camaur D., Trono D. Characterization of human immunodeficienc:60.
virus type 1 Vif particle incorporatiorlournal of Virology1996; 70:
6106-6111.

Kaplan A.H., Manchester M., Swanstrom R. The activity of the proteas

of human immunodeficiency virus type 1 is initiated at the membrane c
infected cells before the release of viral proteins and is required for r¢61.
lease to occur with maximum efficiendpurnal of Virology1994; 68:
6782-6782.

Zybarth G., Carter C. Domains upstream of the protease (PR) in hum
immunodeficiency virus type 1 Gag-Pol influence PR autoprocessing
Journal of Virologyl1995; 69: 3878-3884.

Luukkonen B.G., Fenyd E.M., Schwartz S. Overexpression of huma
immunodeficiency virus type 1 protease increases intracellular cleavag
of Gag and reduces virus infectivityirology 1995; 206: 854-865.
Schock H.B., Garsky V.M., Kuo L.C. Mutational anatomy of an HIV-1
protease variant conferring cross-resistance to protease inhibitors in cgg.
nical trials. The Journal of Biological Chemistr§996; 271: 31957-
31963.

McPhee F., Good A.C., Kuntz I.D., Craik C.S. Engineering human im
munodeficiency virus 1 protease heterodimers as macromolecular int
bitors of viral maturationProceedings of the National Academy of 65
Sciences of the USK996; 93: 11466-11481. '
Oude Essink B.B., Das A.T., Berkhout B. HIV-1 Reverse transcriptas
discriminates against non-self tRNA primedurnal of Molecular
Biology 1996; 264: 243-254.

Huang Y., Wang J., Shalom A., Li Z., Khorchid A., Wainberg M.A,,
Kleiman L. Primer tRNAWs on the viral genome exists in unextended
and two-base extended forms within mature human immunodeficienc
virus type 1Journal of Virologyl997b; 71: 726-728.

Rodgers D.W., Gamblin S.J., Harris B.A., Ray S., Culp J.S., Hellmig B 68.
Woolf D.J., Debouck C., Harrison S.C. The structure of unliganded re
verse transcriptase from the human immunodeficiency virus type 1
Proceedings of the National Academy of Sciences of thel9S# 92:
1222-1226.

Jacobo-Molina A., Ding J.P., Nanni R.G., Clark A.D. Jr, Lu X., Tantillo
C., Williams R.L., Kamer G., Ferris A.L., Clark P., Hizi A., Hughes
S,H., Arnold E. Crystal structure of human immunodeficiency virus
type 1 reverse transcriptase complexed with double-stranded DNA i70.
3.0 _ resolution shows bent DNRroceedings of the National Academy

of Sciences of the US®93; 90: 6320-6324.

55.

58.

62.

63.

67.

69.

Kohlsteadt L.A., Wang J., Friedman J.M., Rice P.A., Steitz T.A. Crystal
structures at 3.5A resolution of HIV-1 reverse transcriptase complexed
with an inhibitor.Sciencel992; 256: 1783-1790.

Ren J.S., Esnouf R., Garman E., Somers D., Ross C., Kirby 1., Keeling
J., Darby G., Jones Y., Stuart D., Stammers D. High resolution struc-
tures of HIV-1 RT from four RT-inhibitor complexesature Structural
Biology 1995; 2: 293-302.

Tantillo C., Ding J., Jacobo-Molina A., Nanni R.G., Boyer P.L., Hughes

. S.H., Pauwels R., Andries K., Janssen P.A., Arnold E. Locations of

anti-AIDS drug binding sites and resistance mutations in the three-
dimensional structure of HIV-1 reverse transcriptse. Implications for
mechanisms of drug inhibition and resistandsurnal of Molecular
Biology 1994; 243: 369-387.

Katz R.A., Skalka A.M. The retroviral enzymésnual Review of
Biochemistryl994; 63: 133-173.

Doranz B.J., Rucker J., Yi Y., Smyth R.J., Samson M., Peiper S.C.,
Parmentier M., Collman R.G., Doms R.W. A dual-tropic primary HIV-

1 isolate that uses fusin and the b-chemokine receptors CKR-5, CKR-
3, and CKR-2b as fusion cofactoell 1996; 85: 1149-1158.

Feng F., Broder C.C., Kennedy P.E., Berger E.A. HIV-1 entry cofactor:
functional cDNA cloning of a seven-transmembrane, G protein-coupled
receptorSciencel996; 272: 872-877.

Moore J.P. Coreceptors: implications for HIV pathogenesis and thera-
py. Sciencel997; 276: 51-52.

Fouchier R.A., Meyer B.E., Simon J.H.M., Fischer U., Malim M.H.
HIV-1 infection of non-dividing cells: evidence that the amino-terminal
basic region of the viral matrix protein is important for Gag processing
but not for post-entry nuclear impoEMBO Journall997; 16: 4531-
4539.

Nie Z., Bergeron D., Subbramanian R.A., Yao X.J., Checroune F., Rou-
geau N., Cohen E.A. The putative alpha helix 2 of human immunode-
ficiency virus type-1 Vpr contains a determinant which is responsible
for the nuclear translocation of proviral DNA in growth-arrested cells.
Journal of Virology1998; 72: 4104-4115.

Yamashita M, Emerman M. Retroviral infection of non-dividing cells:
old and new perspectivegirology 2006; 344: 88-93.

Crise B., Buonocore L., Rose J.K. CD4 is retained in the endoplasmic
reticulum by the human immunodeficiency virus type 1 glycoprotein
precursorJournal of Virologyl1990; 64: 5585-5593.

Margottin F., Bour S.P., Durand H., Selig L., Benichou S., Richard V.,
Thomas D., Strebel K., Benarous R. Anovel human WD protein, h-beta
TrCp, that interacts with the HIV-1 Vpu connects CD4 to the ER degra-
dation pathway through an F-box motiflolecular Cell1998; 1: 565-

574.

Schubert U., Antén L.C., Bacik J., Cox J.H., Bour S., Bennick J.R.,
Orlowski M., Strebel K., Yewdell J.W. CD4 glycoprotein degradation
induced by human immuno-deficiency virus type 1 Vpu protein requi-
res the function of proteosomes and the ubiquitin-conjugating pathway.
Journal of Virologyl1998; 72: 2280-2288.

Mangasarian A., Trono D. The multifaceted role of HIV NRdsearch
Virology 1997; 148: 30-33.

Bennett R.P., Nelle T.D., Willis J.W. Functional chimeras of the Rous
sarcoma virus and human immunodeficiency virus gag protdmsr-

nal of Virology1993; 67: 6487-6498.

Bryant M., Ratner L. Myristoylation-dependent replication and assem-
bly of human immunodeficiency viru®roceedings of the National
Academy of Sciences of the UB®0; 87: 523-527.

Chazal N., Carriére C., Gay B., Boulanger P. Phenotypic characteriza-
tion of insertion mutants of the human immunodeficiency virus type 1
gag precursor expressed in recombinant baculovirus-infected cells.
Journal of Virology1994; 68: 111-122.

Zhou W., Parent L.J., Wills J.W., Resh M.D. Identification of a mem-
brane-binding domain within the amino-terminal region of human im-
munodeficiency virus type gag protein which interacts with acidic
phospholipidsJournal of Virologyl994; 68: 2556-2569.

Khorchid A., Halwani R., Wainberg M., Kleimal Role of RNA in
facilitating Gag interactionJournal of Virology2002; 76: 4131-
4137.

18

JUNE 2007

VOL. 21 NO. 1



