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HIV-1 Regulatory/Accessory 
Genes: Keys to Unraveling Viral 

and Host Cell Biology 
Michael Emerman* and Michael H. Malim* 

Human immunodeficiency virus type-I (HIV-I) manipulates fundamental host cell pro- 
cesses in sophisticated ways to achieve optimum replicative efficiency. Recent studies 
have provided new details on the molecular interactions of HIV-I with its host cell. For 
example, HIV-1 encodes a protein that regulates transcriptional elongation by interacting 
with a cellular cyclin-dependent kinase, another that activates the specific nuclear export 
of viral RNA, and several others that affect the intracellular trafficking of viral and host 
cell proteins. Detailed analysis of the interplay between these viral proteins and normal 
cellular activities has provided new insights into central questions of virology and host 
cell biology. 

H I V - 1  is a mernber of one of the flve maiol 
primate lineages of the lentivirus family of 
retroviruses (1) .  Although the basic steps of 
the HIV-1 life cycle are the same as for 
other retroviruses, six virallv encoded reeu- 

u 

latory/accessory proteins (Tat,  Rev, Vif, 
Vpr, Vpu, and Nef) that are not f o ~ ~ n d  in 
other classes of retroviruses impart novel 
levels of co~nplexity to lentiviral replication 
12). Here we review some of the most re- , , 

cent progress in our understanding of the 
interactions between these gene nroducts 

L> L 

and host cell factors and discuss ~ossible  
selective uressures that have i~nnosed the 
need for these specialized viral proteins. 

Transcriptional Control by 
Manipulation of Host Cell Factors 

High-level HIV-1 transcription from the 
~ntegrated DNA form of the virus (the pro- 
v~rus)  is regulated by an -14-kD viral pro- 
tein called Tat.  The domain structure of 
Tat is typical of many transcriptional acti- 
vators and includes an activation do~nain 
and a nucleic acid (in this case, RNA) 
binding domain. Tat  f ~ ~ n c t i o n  is dependent 
on a bulged RNA stem-loop structure, TAR 
(Tat activation region), that is present at 
the 5'-terminus of all viral lnRNAs (Fig. 1) .  
A l t l ~ o l ~ g h  HIV-1 transcription is mediated 
bv cellular R N A  uolv~nerase 11. Tat acts 

L 2 

mostly at the level of transcriptional elon- 
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about Tat trans activation: First, binding of 
recombinant Tat to TAR in vitro does not 
require the loop sequences known to be 
necessary in vivo for function; second, pre- 
incubation of nuclear extracts 1171th the ac- 
tivation domain of recomb~nant Tat  de- 
pletes a factor necessary for Tat-mediated 
transcription in vitro; and finally, Tat filnc- 
tions poorly in rodent cells unless comple- 
mented by a factor or factors that can be 
supplied 111 trans by human cl~rotnosome 12. 
A cellular proteln complex whose attributes 
explain these diverse phenomena has now 
heen found. 

A cellular protein kinase cotnplex called 
TAK (Tat-associated kinase) was identified 
that st,ecificallv binds to the activation do- 
mainLof Tat and can phosphorylate the 
COOH-terminal domain ICTD) of RNA 
polymerase I1 (4)-a step that had already 
been implicated in regulation of transcrip- 
tional elongation (5). The kinase compo- 
nent of TAK was then shown to be the 
same as a previously identified kinase 
named PITALRE that was also irn~licated 
in transcriptional elongation. The kinase 
activity of the PITALRE complex is dis- 
rupted by compounds that were identified 
during an in vitro drug screen as inhibitors 
of Tat  activity (6). PITALRE has since 
heen renamed Cdk9 because it is related to 
the family of cyclin-dependent kinases 
(Cdks). 

By analogy w ~ t h  other Cdks, it was as- 
sutned that Cdk9 would have a cyclin-relat- 
ed partner that would confer substrate spec- 
ificity on the kinase. This protein has been 
identified and is called cyclin T (CycT) (7). 
CycT binds the activation domain of Tat 
both on its own and in the context of a 
Cdk9-CycT complex (Cdk9 does not bind 
Tat on its own) (Fig. 1).  CycT increases the 
affinity of Tat for TAR, increases the spec- 
ificity of Tat for residues of TAR known to 
be important for activity (the loop and bulge 
residues), and is necessary for transcriptional 
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Fig. 1. Slmpl~f~ed model of Tat act~on. (Left) Transcrlptlon lnltlates on the HIV-1 LTR 
polymerase I I  holoenzyme complex (RNAP I I ,  red), In the absence of Tat, transcr~pt~on elongat~on IS 

lnefflclent because of hypophosphorylat~on of the CTD of RNAP I I  Early elongat~on synthes~zes the 
5' end of the HIV-1 mRNA (green), this forms a bulged stem-loop structure called TAR (Right) The 
vlral Tat proteln In a complex w~th CycT and Cdk9 blnds to TAR near the stalled RNAP I I  Cdk9 then 

vlral mRNA 
hyperphosphorylates the CTD, whlch stimulates efflc~ent transcr~pt~onal elongat~on of the nascent 

elongation in vitro. Finally, as predicted for 
the bona fide human host cell factor for Tat 
function that is missing in murine cells, the 
human CycT gene maps to human chromo- 
some 12 and potentiates Tat trans activa- 
tion by 50- to 100-fold when introduced 
into murine cells (7). Thus, although other 
Tat and TAR interacting factors are also 
thought to contribute to HIV-1 transcrip- 
tion (8), the interaction of Tat and TAR 
with Cdk9-CycT on stalled RNA polymer- 
ase I1 holoenzyme complexes and the ensu- 
ing phosphorylation of the CTD (Fig. 1) 
appear to be the critical determinants of 
HIV-1 transcriptional processivity. 

Why does HIV-1 require this complicat- 
ed mechanism of transcriptional regulation? 
There are at least two plausible explana- 
tions. First, Tat cofactors may be sensitive 
to the Dresence or absence of cellular acti- 
vation signals, and therefore in certain cel- 
lular conditions Tat mav fail to function. 
leading to the repression of viral transcrip- 
tion and subsequent entrance into viral la- 
tency. Although latency is rare (9), its dy- 
namics may be important for viral escape 
from immune recognition. Second, it may 
simply be that the potent action of Tat in 
activated T cells is the only means by which 
viral transcription can be vigorous enough 
(10) to sustain persistent infections in vivo. 
In particular, because the half-life of infect- 
ed cells is very short [less than 2 days ( I  1 )], 
the virus must be under tremendous 
selective pressure to replicate rapidly. Tat 
may therefore provide the virus with the 
means to overcome a rate-limiting step in 
transcription. 

The need to maximize virus production 
during the short survival time of infected 
cells in vivo might also explain the enig- 
matic effect of the HIV-1 accessory/regula- 
tory protein Vpr. This -14-kD viral protein 
prevents infected cells from proliferating by 

causing them to delay for extended periods 
of time in the G, phase of the cell cycle 
(12) (an independent function of Vpr in 
facilitating nuclear import will be discussed 
later). As the viral long terminal repeat 
(LTR) is more active in the G, phase of the 
cell cycle than during other phases of the 
cell cycle, virus production is actually in- 
creased in cells that are delayed in G2 by 
Vpr. Hence, given the short half life of 
infected cells, the ability of HIV-1 to max- 
imize its own transcription at the expense of 
cell division may confer an important selec- 
tive advantage ( 13). 

Rev Activates Export of 
Unspliced RNA 

HIV-1 uses alternative splicing of its full- 
length transcript to generate the array of 
mRNAs required for efficient expression of 
all viral genes. In addition, the full-length 
transcript also serves both as a source of 
new viral eenomes and as a translational " 
template. An inevitable corollary of this 
expression strategy is that HIV-1 RNAs 
that contain functional introns must be se- 
lectively exported from the nucleus. In con- 
trast, the majority of unspliced cellular 
RNAs are ordinarily retained in the nucleus 
and either spliced to completion or degrad- 
ed. To circumvent this problem, HIV en- 
codes a protein called Rev that binds to a 
cis-acting RNA target [the Rev response 
element (RRE)] present in all unspliced 
viral transcripts and targets them for nucle- 
ar export (14). 

The -18-kD Rev protein consists of an 
NH,-terminal domain that mediates RRE- 
binding, Rev-Rev multimerization as well as 
nuclear localization, and a COOH-terminal 
leucine-rich domain that contains a nuclear 
export signal (NES). There has been much 
interest in identifying cellular NES-binding 

Fig. 2. Model of the Rev nuclear transport cycle. 
Upon entry into the nucleus (I), Rev binds and 
multimerizes on the RRE of nascent unspliced 
mRNAs (green) (2). Exportin-1 (XPO) and Ran 
GTP (black diamond) bind cooperatively to Rev- 
RRE complexes (in an LMB-sensitive reaction) (3) 
and target them for nuclear export (4). In the cy- 
toplasm, Ran GTPase-activating protein (Ran- 
GAP) stimulates GTP hydrolysis and triggers the 
dissociation of exportin-1 and Ran GDP (black 
circle) from Rev (5). Finally, Rev shuttles back to 
the nucleus (I), and the exported RNA is either 
translated or packaged into virions (6). 

partners, because it was proposed that such 
proteins might represent hitherto elusive 
nuclear export receptors. Recent analyses of 
a protein, now called exportin 1, appear to 
have borne out this prediction (Fig. 2). 

Exportin 1 was originally identified in 
schizosaccharomyces pombe as a protein in- 
volved in chromosome structure (hence its 
earlier name of CRM 1, chromosome region 
maintenance gene 1). However, the con- 
vergence of several lines of evidence sug- 
gested that exportin 1 might participate in 
Rev function (or more broadly in leucine- 
rich NES-mediated nuclear export). The 
first link between Rev and exportin l/Crml 
was made when the antibiotic leptomycin B 
(LMB) was shown to inhibit Rev-depen- 
dent mRNA export in cultured cells (15). 
This observation was revealing because one 
class of LMB-resistant S. pombe mutants 
had previously been mapped to the Crml 
gene (16). Finally, the primary sequence of 
ex~or t in  1ICrml showed that it is a mem- 
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ber of the importin-@ (karyopherin-P) su- 
perfamily of shuttling nuclear transport re- 
ceptors (1 7). 

Several groups then demonstrated that 
leucine-rich NES activity could be disrupt- 
ed by mutant forms of exportin 1 and that 
the inhibition of Rev (or NES) export by 



LMB is suppressed by overexpression of ex- 
portin 1 (1 8). Furthermore, the NES of Rev 
was shown to interact cooperatively in vitro 
with exportin 1 and the Ran guanosine 
triphosphatase (GTPase) (an essential nu- 
clear transport factor) in a manner that 
requires Ran to be in its GTP-bound form 
(Fig. 2). Formation of this complex is abro- 
gated by LMB, thus explaining the inhibi- 
tory effect of LMB on Rev activity. Because 
the directionality of nuclear transport (ex- 
port and import) is imposed by the asym- 
metric distribution of the Ran GDP (cyto- 
plasm)-Ran GTP (nucleus) gradient that 
exists across the nuclear envelope, the de- 
pendence of the Rev-exportin 1 interac- 
tion on Ran GTP presumably ensures that 
it occurs in the nucleus and is reversed in 
the cytoplasm after export and RanGAP- 
induced GTP hydrolysis (Fig. 2). Although 
issues such as the mechanisms of exportin 
1-mediated transit to and through nuclear 
pore complexes, the roles of other Rev co- 
factors (19), and the essential contribution 
made bv Rev multimerization still await 
detailed elucidation, the continued analysis 
of how hIV-1 Rev coopts a cellular mech- 
anism for nuclear export has been instru- 

mental in providing insight into this funda- 
mental cell biological process. 

Modulation of Cellular Membrane 
Proteins: The Complementary 

Roles of Vpu and Nef 

HIV-1 appears to go to extraordinary 
lengths to down-regulate the surface expres- 
sion of its primary receptor, CD4. The viral 
envelope glycoprotein Env binds to CD4 
not only on the cell surface but also in the 
endoplasmic reticulum (ER) before translo- 
cation to the plasma membrane. In addi- 
tion, HIV-1 encodes two regulatory/acces- 
sory proteins, Vpu and Nef, that further 
affect the intracellular trafficking of CD4. 

Vpu is an -16-kD viral membrane- 
spanning protein that binds CD4 in the ER 
and targets it for proteolysis by recruitment 
into the cytosolic ubiquitin-proteasome 
pathway (20). Degradation of CD4 in the 
presence of Vpu is disrupted by specific 
inhibitors of proteasome-mediated proteol- 
ysis and also by dominant negative mutants 
in the ubiquitin pathway. Moreover, degra- 
dation of CD4 in the Dresence of VDU is 
inhibited by the removil of lysine residues 
(the target of ubiquitination) from the cy- 
toplasmic tail of CD4. A direct connection 
b;tween Vpu and the proteasome was es- I tablished by the demonstration that Vpu 
binds to a protein termed P-TrCP, which in 
turn binds to the proteasome targeting fac- 
tor Skplp (Fig. 3). The importance of these 
interactions was confirmed by the isolation 
of CD4-Vpu-P-TrCP ternary complexes 
in vivo and by the demonstration that Vpu- 
induced degradation of CD4 was inhibited 
by a mutant form of P-TrCP that had lost 
the ability to bind Skplp (21 ). During viral 
infection, it is presumed that the binding of 
Env to CD4 in the ER (22) will retard its 
transit to the plasma membrane and conse- 
quently enhance Vpu-CD4 interactions 
and subsequent CD4 degradation (Fig. 3). 

In contrast to the effects of Env and Vpu 
on CD4 en route to the plasma membrane, 
Nef acts to remove CD4 that is already on 
the cell surface by accelerating endocytosis 
through clathrin-coated pits. Nef-mediated 
targeting of CD4 to the endocytic pathway 
is critically dependent on a dileucine motif 
within the cytoplasmic tail of CD4 and is 

Fig. 3. Vpu and Nef prevent cell surface expres- thought to be initiated by the interaction of 
sion of CD4 by dierent mechanisms. The viral Nef with CD4 at the plasma membrane. 
glycoprotein Env (gray) binds to the cellular receP- New evidence suggests that endocytosis oc- 
tor (green) during transport in the ER. V P ~  CUB through interactions between Nef and 
also binds to CD4 in the ER and targets it for a protein complex, the AP-2 adapter corn- 
degradation (green fragments) by recnh-t-m to plex, that recruits transmembrane proteins the ubiquitin-proteasome pathway through inter- 
actions wffh B-TrCP and Skplp. Nef removes to clathrin-coated pits (Fig. 3). Specifically, 

preexisting CM from the cell surface by recruiting Nef was found to colocalize with the AP-2 
CD4 into clathrin-coated pits, and ultimately into complex at the plasma munbrane and to 
degradative lysosomes, through interactions with bind one of its subunits directly (23). This 
the AP-2 adaptor complex. serves not only to increase the association 

of CD4 with clathrin-coated pits but also to 
promote formation of the pits themselves 
(24). Thus, HIV-1 has evolved ways both to 
remove its receptor from the cell surface 
(Nef) and to prevent newly synthesized re- 
ceptor from reaching the cell surface (Vpu). 

The selective advantage for the virus in - 
down-regulating CD4 in vivo remains un- 
clear. One possibility is that Vpu-mediated 
degradation of CD4 in the ER increases the 
abilitv of Env to transit to the cell surface 
(25). Likewise, receptor-envelope interac- 
tions on the cell surface could either reduce 
virion release or inhibit the incorporation 
of Env into virions, and therefore it would 
be a selective advantage for HIV-1 to en- 
code a protein such as Nef that removes 
CD4 from the cell surface. Both VDU and 
~ e f  have also been reported to do--re@- 
late expression of the major histocompati- 
bility complex I (albeit to lesser extents) 
(26). Thus, HIV-1 appears to have evolved 
diverse mechanisms to perturb the intracel- 
lular trafficking of host proteins for the 
purposes of enhancing particle infectivity 
and avoiding immune surveillance. 

Events Early After Virus Entry: 
The Next Frontier 

Perhaps the least understood aspects of the 
HIV-1 life cycle are the events that occur 
immediately after entry of the virus into the 
cell by membrane fusion. Because the pro- 
cess of viral assembly is intimately linked to 
its subsequent reversal (disassembly), it is 
not unexpected that interactions that occur 
between viral proteins and cellular factors 
in the cells that produce virus frequently 
influence early post-entry events at the 
next round of infection. For example, stud- 
ies of HIV-1 structural   rote in interactions 
with cellular proteins have revealed that 
productive infection depends on a cellular 
protein, cyclophilin A (CyPA). Inhibition 
of CyPA incorporation into virions results 
in a profound post-entry block when that 
virus is used to infect new cells (27). Mu- 
tational and structural studies have mapped 
the binding site of CyPA to an exposed 
proline loop within the viral capsid (CA) 
protein (28). Because CA is a major struc- 
tural   rote in of the virion core but is re- 
moved from the particle soon after entry, it 
has been suggested that CyPA promotes 
core disassembly by destabilizing CA-CA 
interactions (29). Another cellular protein 
that is incorporated into HIV-1 virions is a 
mitogen-activated protein kinase (MAPK). 
Inhibition of the kinase reduces infectivity, 
and it is thought that specific phosphoryl- 
ation of viral (and perhaps cellular) targets 
contributes to virus disassembly (30). 

Similarly, at least three of the HIV-1 
regulatory/accessory proteins appear to act 
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in earl\- post-entry events. For example, the  
HIV-1 Vif protein, like CyPA and MAPK, 
must be present in the  cells that produce 
virus, and the  absence of this protein results 
in a block of infection soon after viral entry 
into subsequent target cells. A substantial 
fraction of Vif is nresent at the slte of vlrus 
assembly near the plasma membrane, and it 
lias been suggesteil that this enables Vlf to 

~ > ~ >  

modulate virion assernbll- In a manner that 
facilitates disassembly or other earl\- events 
(31) .  Likelvlse, earl\- post-entry events in 
the  virus llfe cycle are also affected b\- the  
HIV-1 Nef gene product (32) .  Virus pro- 
duced in the  absence of Nef is less infec- 
tious than virus produced 111 the  presence of 
Nef. Ho~vever,  if the  virus is artificially 
made to enter the  cytosol via late endo- 
solnes rather than at the  plasma mernbra~le,  
the  need for Nef is obviateii (33) .  This 
suggests either that the  endosomes can fa- 
cilitate uncoating of the virus particle or, 
alternatively, that Nef may modify the viri- 
on so that it can avoid an  interaction \\it11 
a cellular factor that n-oulil ordinarily limit 
~nfection. 

Indeed, there are precedents for host 
cell praters blocking retroviral infection 
a t  a n  earl\- post-entr\- stage. For example, 
the  FLI-1 locus of mice can  dominantly 
inhibit productive infection by s a n e  mu- 
rine retroviruses 134)- and the  cellular 
proteasolne can partially protect cells from 
HIV-1 infection by degrading incoming 
virions (35) .  hjloreover, post-entrl- blocks 
to  productive infection bv HIV-1 or SIV 
(simian ~ m m u n o d e f i c i e ~ ~ c y  virus) can help 
deterlnine viral tropism ( 3 6 ) .  Tlius, per- 
haps the early stages of vlral infection are 
rvhen the  virus is most vulnerable and,  
therefore, cells may have targeted this 
stage of the  llfe c\-cle to  develop systems of 
resistance. T h e  primate lentiviruses ma\- 
have responiied h\- ileveloping a number of 
strategies to  counter these natural antivi- 
ral effects. 

O n e  aspect of post-entrl- HIV-1 biology 
that  is beconling better understood is how 
the  uncoated nucleoprotein complexes 
[often termed preintegration colnplexes 
(PICs)] enter  the  nucleus of the  infected 
cell. I11 contrast to  some other retroviruses 
that  require mitotic nuclear envelope dis- 
solution to  gall1 access to the  nuclear in- 
terior, t he  HIV-1 PIC is imr)orteil into the  
nucleus during interphase ( 3 7 ) .  Consis- 
tent \\it11 the  general ~ r i n c i ~ l e s  of nuclear 
transport, PIC import occurs b\- an  energy- 
depenilent process that  requires cis-acting 
nuclear localization signals (NLSs) pro- 
vided by components of the  PIC.  Al-  
though the  NLSs tha t  are critlcal for P IC  
import await complete deflnition, recruit- 
ment  of the  cellular import factor impor- 
tln-ol to  these complexes has been demon- 

strated (38). In  aildition to  the  inferred 
engagement of the  classical nuclear import 
pathway (n-hich utilizes importin-a: and 
importin-P),  it appears that  Vpr acts 111 a 
complementary (but  mechanisticall\- dls- 
t inct )  fashlon to  augment P IC  ~ m p o r t .  In  
particular, Vpr does no t  contain  a classical 
NLS but is able to  interact \ u t h  Impor- 
tin-a: as rvell as with nucleoporins ( 3 9 ) ,  
and may therefore serve to directly con- 
nect the  PICs to  the  nuclear pore. 

Selection for efficient signal-meiliateil 
mechanisms for PIC nuclear import may be 
driven by the  fact that terminally differen- 
tiated tissue macrophages (whicli pass 
through mitosis infrequently) are critical in 
vivo targets for HIV-1 infection. Although 
few macrophages may actually be infected 
ni t l i  HIV-1, cell-cell contact between ill- 
fected macrophages and activated T cells 
may spread infectious vlrus Inore efficlentl\- 
than does the very labile cell-free virus. In 
aildition, PIC unport would also maximize 
virus production in short-lived T cells by 
reilucing the time interval henyeen the ini- 
tial infection anii the  active production of 

Conclusion: The Virus 
and Its Host 

Unlike some other classes of retroviruses. 
the  primate lentivlruses are not  tra~lslnltted 
t h r ~ l ~ g h  the  germ line, anii n o  enilogenous 
copies exist in the  genome of susceptible 
snecies. Nonetheless, these viruses have 
evolved over long perioils of tiine with their 
natural hosts. For e x a ~ n ~ ~ l e ,  the SIV stralns 
isolateii from African green monkeys 
(SIV,,;h,) are unique for each geograplil- 
call\- distinct species of monke\- in this su- 
perspecies (40) .  On the other hand, phylo- 
genetic analysls of the primate lentiviruses 
has revealed that multi~lle cross-specles 
trans~nissions must have led to the  intro- 
iluction of these viruses into new host spe- 
cies, incluiling humans (1 ). Because these 
viruses depend on critical interactiolls nit11 
host cell factors, one might expect vi- 
ral proteins to evolve and adapt to ne\\ 
hosts. I~lileeil, the Vpr and Vif protens  of 
SIV,,,,, although active in African green 
inonkev cells, are nonf~~nc t iona l  in liuman 
cells (41) .  ~ n c o n t r a s t ,  the equivalent gene 
products from SIV,,,,, ( the  primate lenti- 
viruses isolated from sooty mangabel- inon- 
ke\-s) do fllnction in human cells. As 
SIVs,,,,, but not the more widely distribut- 
ed SIV,,;,,, appears to have successfl~ll\- 
entered human populations ( 1  ), the abilit\- 
of a viral gene product to interact appropri- 
ately wit11 a human host cell protein ma\- 
determine cross-species translnission and 
possibly the generation of new viral patho- 
gens. Ultimately, the  elucldatlon of the 111- 

teractions het~veen HIV-1 proteins and host 
cells will lead to improveil understanding of 
viral replication and host cell biolog\-, as 
well as suggesting additional targets for an- 
tiviral strategies. 
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V-1 Enve 
Glycoproteins: Fusogens, 

Antigens, and mmunogens 
Richard Wyatt and Joseph Sodroski* 

The human immunodeficiency virus-type 1 (HIV-1) envelope glycoproteins interact with 
receptors on the target cell and mediate virus entry by fusing the viral and cell mem- 
branes. The structure of the envelope glycoproteins has evolved to fulfill these functions 
while evading the neutralizing antibody response. An understanding of the viral strategies 
for immune evasion should guide attempts to improve the immunogenicity of the HIV-1 
envelope glycoproteins and. ultimately, aid in HIV-1 vaccine development. 

T h e  11urna11 ~mrnunodef~c ie lw  vlruses 
(HIV-1 and HI\'-2) and simian immunode- 
ficiency viruses ISI\'s) are the etiolou~c 
agents of acq~lired ~ m m u n o d e f i c i e l ~  hyn- 
ilrollle (AIDS) in their respective human 
and snnian hosts (1) .  Typically, infection 
with rmmate imm~~noi lef~ciencv viruses 1s 
characterireii by an  ~ l l ~ t i a l  phase of h~gl l -  
level vlremia, fc>lloived hy a long ~ e r ~ o d  , L 

of perslstellt I.lrus replicatioll at a lolver ler-el 
(2). \lira1 persistence occurs despite specif~c 
anti1-iral immune responses, \\-hlch incluile 
the generation of neutrali:ino antibodies. 

 he prmate  lmmunoilef;ciency vlruses, 
like all retroviruses, are s~~rrounded by an  
envelope consisting of a host ce l l -der i~e~l  
lipid bilayer and virus-encoLdeLl envelope gly- 
coproteins (3) .  For the virus to enter target 
cells, the 1-iral membrane must be fuseil wit11 
tlle plasma ~llelllhrane of the cell, a process 
~lledlated by the envelope glycoprotems. T h e  
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expohed location of thehe proteins on the 
1-irua alloivs them to carry out their function 
but also renders them unic1uely access~hle to 
neutraliz~ng antihod~es. Thus, ilunl belective 
forces-virus repl~cation and ~ m m u n e  pres- 
sure-have shnpeil the evolut~on of the en- 
 elope glycoprote~ns and continue to do so 
\ v i t h i ~ ~  each infecteLl llcxt. Here, n.e summa- 
rize cur current understandmg of the f~lnc-  
tional features of these proteins. 

Synthesis and Assembly 

In the infecteLl cell, the envelope glyco- 
proteins are s\-ntheslreii ;is an  approsilllately 
8 4 5  to 870-amino ,~cid precursor in the 
rough eniloplasmic reticulum. .Asparag~ne- 
linkeil, high-mannose sugar chains are aildecl 
to form the gp160 glycoprotein, \yhich as- 
sembles into ollgomers (4-6). T h e  prepc>n- 
derallce of ev~ilence suqgests that these uli- 
gollleric co~llpleses are trilllers (4 ,  5). T h e  
gpl60 trlmers are transported to the Golgi 
apparatt~s where cleavage 1~y a cellular pro- 
tease generate\ the mature ellvelore glyco- 
proteins: gp170, the exterior enr~elope glyco- 
pmtein, and qp41, the transmemhrnne ~ l y -  
coprotein (3). T h e  gp41 glycoprotein has an 
ectodolnaln that is largely responsible for 
tr~meri:atlon (7). a membrane-spann~ng an- 
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chor, nnd a long cytoplasmic tail. Most of the 
surhice-exposed elements of the mature, oli- 
gomeric envelope gll-coprotein conlplex are 
col~tailled o n  the gp170 glycoprote~n. Se- 
lected, presumal?ly well-exposed, carhohy- 
h a t e s  on the g p 1 X  glycopr~tein are modi- 
fied in the  Golgi apparatus by the  ad i i~ t ion  
of colllplex sugars (6 ) .  T h e  gp170 and 
gp41 glycoproteins are maintaineil 111 t he  
a e m b l e d  trllner by noncovalent,  some- 
what labile, interactions hetn-een the  gp41 
ectodcx~lain and discontinuous structures 
composed of N H I -  and C O O H - t e r m ~ n a l  
gpl2G sequences (8). W h e ~ l  they reach 
the  infected cell surface, a fraction of 
these enr~elope glycoprotein complexes 
are incorporated inti) h u d d ~ n g  vlrus partl- 
cles. A larpe numher of tlle cc~mnlexes 
d~sassemhle, releasing gp170 and exposing 

the  previously buried gp41 ectodomain. 
These el-ents contribute to  the  for~natioll  
of defective virions, \vhlch predominnte in 
any retroviral preparat io~l  (9) .  

Binding to the CD4 Receptor 

hIany cell surface prote~ns,  includ~ng adhe- 
sicxl molecules, are ~ncorporated into 
HI\'-1 virions along with the envelope gly- 
coproteill colllpleses ( I  0) .  These host cell- 
derived ~nolecl~les  can assist the  attachment 
of viruses to ~Totential tareet cells. \'lrus - 
attachment also ~nvolves the interaction of 
the  gp17G envelope glycoprote~ns with spe- 
ciflc receptors-the C D 4  glycoprotein ( 1  1 ) 
anLl members of the chemolti~le receptor 
family (12 ,  13)  (Fig. I ) .  T h e  C D 4  glyco- 
protein is expresseil on the  s ~ ~ r i a c e  of T 
lympl~ocytes, monocytes, de~ldrlt ic cells, 
a ~ l d  h r a ~ n  microgl~a, the lnaln target cells 
for primate immunodef ic~enc  viruses In 
vi1.o. T h e  rec~u~rement  for C D 4  binding 
esh~hi te i i  Fy mc>\t pr i~nate  ~ m m u n o d e f i c i e ~ ~ -  
cy ~ i r u s e s  for efficient entry is consistent 
\yith this olxerved in vivo tropism. 

.A rnxlc,r function of C D 4  bini l~ng i\ to 
induce conformatic>nal chal~ees  in the - 
gyl lG glycoprotel~l that contrlhute to the 
formarlon or exposure of the bincllng slte for 
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