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Structural Biology of HIV
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accessory proteins. Studies over the past ten years have provided high-
resolution three-dimensional structural information for all of the viral
enzymes, structural proteins and envelope proteins, as well as for three
of the accessory proteins. In some cases it has been possible to solve the
structures of the intact, native proteins, but in most cases structural data
were obtained for isolated protein domains, peptidic fragments, or
mutants. Peptide complexes with two regulatory RNA fragments and a
protein complex with an RNA recognition/encapsidation element have
also been structurally characterized. This article summarizes the high-res-
olution structural information that is currently available for HIV proteins
and reviews current structure-function and structure-biological relation-
ships.
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million people were infected with the human
Since the identi®cation of Acquired Immunode®-
ciency Syndrome (AIDS) in developed countries in
the early 1980s, the AIDS epidemic has resulted in
a total 11.7 million deaths, including the deaths of
4.0 million women and 2.7 million children.
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immunode®ciency virus (HIV) in 1997 alone, and
30.6 million people are currently living with HIV
infection. HIV was identi®ed as the causative
agent for AIDS in 1983 (BarreÂ-Sinoussi et al., 1983;
Gallo et al., 1984; Levy et al., 1984). The virus
infects CD4� lymphocytes and causes their
destruction with a half-life of less than two days
(Ho et al., 1995; Perelson et al., 1996; Wei et al.,
1995).

Efforts to control the AIDS epidemic have
focused heavily on studies of the biology, biochem-
istry, and structural biology of HIV and on inter-
actions between viral components and new drug
candidates. The reverse transcriptase inhibitor AZT
(zidovudine) was ®rst approved by the U.S. Food
and Drug Administration (FDA) for treating AIDS
in 1987, and seven FDA-approved reverse tran-
scriptase (RT) inhibitors (including ®ve nucleoside
and two non-nucleoside inhibitors) are now com-
mercially available. Although these drugs delay
the progression of the disease, they do not prevent
it, as infection readily leads to drug-resistant
mutants. More recently, a new class of drugs that
target the HIV protease (PR) was introduced, and
four different PR inhibitors are currently on the
market. These drugs were developed via structure-
based rational drug design strategies, in which
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drug candidates were designed, tested, and modi-
®ed on the basis of high-resolution three-dimen-

stabilized as a ribonucleoprotein complex with ca.
2000 copies of the nucleocapsid protein (NC, p7;
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sional structural information obtained for PR and
PR-inhibitor complexes. As for the RT inhibitors,
the virus is capable of developing resistance to the
PR inhibitors. This is likely due to the low ®delity
of RT, which does not have a proofreading func-
tion. Although a given cell is believed to be
infected only once by HIV, it has been estimated
that at least 109 new cells are infected per day in
latent HIV-infected patients, and that point
mutations occur along the entire length of the gen-
ome at the rate of 104 to 105 times per day (Cof®n,
1995).

Recently developed ``drug cocktails'' containing
combinations of PR and RT inhibitors can reduce
viral loads to undetectable levels, and these low
levels can be maintained for periods of two years
or more (Gulick et al., 1997). Although there are
grounds for optimism that current drug cocktails
may keep the virus at bay for extended periods, it
appears unlikely that the current repertoire will
lead to a cure. The most serious problem is that the
virus apparently can be maintained in reservoirs
that are not susceptible to the current drugs (Chun
et al., 1997; Finzi et al., 1997; Wong et al., 1997). In
addition, the current drug regimes are expensive
and compliance is dif®cult, and it is therefore pru-
dent to continue to pursue other viral components
as potential drug targets.

Morphology of the Mature Virion

HIV is a member of the lentivirus genus, which
includes retroviruses that possess complex gen-
omes and exhibit cone-shaped capsid core par-
ticles. Other examples of lentiviruses include the
simian immunode®ciency virus (SIV), visna virus,
and equine infectious anemia virus (EIAV). Like all
retroviruses, HIV's genome is encoded by RNA,
which is reverse-transcribed to viral DNA by the
viral reverse transcriptase (RT) upon entering a
new host cell.

The general features of the mature HIV virion
and ribbon drawings of the structurally character-
ized viral proteins are shown in Figure 1. All lenti-
viruses are enveloped by a lipid bilayer (yellow)
that is derived from the membrane of the host cell.
Exposed surface glycoproteins (SU, gp120; cyan)
are anchored to the virus via interactions with the
transmembrane protein (TM, gp41; violet). The
lipid bilayer also contains several cellular mem-
brane proteins derived from the host cell, including
major histocompatibility antigens, actin and
ubiquitin (Arthur et al., 1992). A matrix shell com-
prising approximately 2000 copies of the matrix
protein (MA, p17; green) lines the inner surface of
the viral membrane, and a conical capsid core
particle comprising ca. 2000 copies of the capsid
protein (CA, p24; red) is located in the center of
the virus. The capsid particle encapsidates two
copies of the unspliced viral genome, which is
blue), and also contains three essential virally
encoded enzymes: protease (PR; pink), reverse
transcriptase (RT; purple) and integrase (IN; olive).
Virus particles also package the accessory proteins,
Nef (orange), Vif and Vpr (not shown). Three
additional accessory proteins that function in the
host cell, Rev, Tat and Vpu, do not appear to be
packaged.

The HIV-1 Replication Cycle

General features of the HIV replication cycle are
shown in Figure 2. The early phase begins with the
recognition of the target cell by the mature virion
and involves all processes leading to and including
integration of the genomic DNA into the chromo-
some of the host cell. The late phase begins with
the regulated expression of the integrated proviral
genome, and involves all processes up to and
including virus budding and maturation.

Early phase

HIV-1 particles bind speci®cally to cells bearing
CD4, a protein that normally functions in immune
recognition. Binding occurs via speci®c interactions
between the viral envelope glycoprotein SU
(gp120) and the amino-terminal immunoglobulin
domain of CD4. These interactions are suf®cient
for binding but not for infection. Unlike other
retroviruses, the primate lentiviruses require
additional cell-surface proteins to promote fusion
of the viral and cellular membranes. For HIV-1,
membrane fusion can be triggered by one of
several chemokine receptors, including CXCR4 and
CCR5 (Chapham & Weiss, 1997; Doranz et al.,
1996; Feng et al., 1996; Moore, 1997).

Membrane fusion is followed by a poorly under-
stood uncoating event that affords an intracellular
reverse transcription complex. Reverse transcrip-
tion is catalyzed in the cytosol by reverse transcrip-
tase (RT). The accessory protein Vif appears to be
important during one or more of these early
events, perhaps by facilitating the initial stages of
reverse transcription. RT-dependent DNA syn-
thesis is also dependent on the viral NC proteins,
and is initiated by the binding of a cellular
tRNALys primer. Although the process of reverse
transcription is complex, the mechanism of RT-
dependent DNA synthesis has emerged from
extensive in vitro and in vivo studies and the reader
is referred to the literature for details (for example,
Goff, 1990; Katz & Skalka, 1994; Skalka & Goff,
1993; Telesnitsky & Goff, 1997; Whitcomb &
Hughes, 1992).

Once synthesized, the viral DNA is transported
to the nucleus as part of a preintegration complex
that appears to include the IN, MA, RT, and Vpr
proteins, as well as the cellular host protein
HMG-I(Y) (Miller et al., 1997). The HIV CA pro-
teins do not appear to be part of the preintegration



complex, although they contribute to the structure
of other retroviral preintegration complexes

Freed & Martin, 1994; Nie et al., 1998; Reil et al.,
1998). After active transport to the nucleus, the

Figure 1. Drawing of the mature HIV virion surrounded by ribbon representations of the structurally characterized
viral proteins and protein fragments. The protein structures have been drawn to the same scale. The TM ectodomain
shown is that determined for the closely related SIV (see the text for references to the HIV-1 TM fragment structures).
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(Bowerman et al., 1989). Nuclear localization of the
preintegration complex is directed by the accessory
protein Vpr (Fouchier et al., 1997; Freed et al., 1995;
Nie et al., 1998), which does not contain a nuclear
localization signal but appears to function by con-
necting the preintegration complex to the cellular
nuclear import machinery (including importin-a
and the nucleoporins; Fouchier et al., 1998; Popov
et al., 1998; Vodicka et al., 1998). Vpr also interferes
with normal cell cycle control by arresting the
growth of infected cells in the G2 phase (Jowett
et al., 1995; Re et al., 1995; Rogel et al., 1995).
Nuclear localization may be facilitated by the MA
proteins (Bukrinsky et al., 1993; von Schwedler
et al., 1994), although this proposal has been ques-
tioned (Fouchier et al., 1997; Freed et al., 1995;
viral DNA is covalently integrated into the host
genome by the catalytic activity of IN.

Late phase

The late phase of the virus life cycle begins with
the synthesis of unspliced and spliced mRNA tran-
scripts, which are transported out of the nucleus
for translation (Figure 2). Initially, short spliced
RNA species that encode the regulatory proteins
Tat, Rev and Nef are synthesized. Tat is an essen-
tial transcriptional activator that binds to a stem-
loop element of the nascent RNA transcript (TAR,
for trans-activating response element) and recruits
the cellular proteins cyclin T and cyclin-dependent
protein kinase-9 (Cdk9; previously called TAK or



PITALRE). Recent studies indicate that cyclin T
binds directly to Tat, enhancing its af®nity and

lyzed to GDP, the complex dissociates, and the
amino-terminal nuclear localization signal (NLS) of

Figure 2. General features of the HIV-1 replication cycle. The early phase (upper portion of the diagram) begins
with CD4 recognition and involves events up to and including integration of the proviral DNA, and the late phase
includes all events from transcription of the integrated DNA to virus budding and maturation.
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altering its speci®city for the TAR RNA (Wei et al.,
1998). Cdk9 then phosphorylates the RNA poly-
merase II transcription complex, stimulating tran-
scription elongation (Herrmann & Rice, 1995;
Reines et al., 1996; Wei et al., 1998).

Ordinarily, unspliced cellular mRNAs are
retained in the nucleus where they can be further
processed or degraded. However, full length and
singly spliced HIV mRNA transcripts that contain
functional introns are needed in the cytoplasm for
Gag and Gag-Pol synthesis and packaging, and
their export is mediated by the essential HIV acces-
sory protein Rev. Rev binds as an oligomer to the
rev response element (RRE) of nascent unspliced
mRNAs and recruits the cellular nuclear shuttling
protein exportin-1 (XPO; Ohno et al., 1998) and the
nuclear export factor Ran guanosine triphosphatase
(in its GTP-bound form; Pollard & Malim, 1998).
This complex is then transported through the
nuclear pore to the cytosol where GTP is hydro-
Rev directs its import back into the nucleus
(Emerman & Malim, 1998). In this manner, Rev
functions as a switch between the early synthesis
of highly spliced mRNAs (encoding Tat, Rev and
Nef) and the later synthesis of unspliced (encoding
the Gag and Gag-Pol proteins) and singly spliced
(encoding Env, Vpu, Vif and Vpr) mRNAs.

The Env precursor polyprotein (gp160) is syn-
thesized in the endoplasmic reticulum (ER) using
the spliced env mRNA gene as the message. The
protein appears to oligomerize to a trimeric struc-
ture in the ER, and is heavily glycosylated (Chan
et al., 1997; Earl et al., 1991; Leonard et al., 1990; Lu
et al., 1995; Wyatt & Sodroski, 1998). Env is post-
translationally modi®ed in the ER and Golgi
apparatus and is cleaved to produce the non-cova-
lently associated (TM-SU)3 trimeric glycoprotein
complex. The heterogeneously glycosylated TM-SU
trimer is then transported to the cell membrane for
virus assembly. Env and CD4 molecules are both



synthesized in the ER, and the premature binding
of CD4 to Env in the ER can inhibit translocation

cleaved by PR to produce the independent
enzymes, as well as the MA, CA and NC structural
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of Env to the cell membrane or the formation of a
fully functional TM-SU complex (Hoxie et al.,
1986). Thus, CD4 is targeted for removal from the
ER by the viral accessory protein Vpu, which binds
CD4 molecules and signals their degradation via
the ubiquitin-proteasome pathway (Crise et al.,
1990; Margottin et al., 1998; Schubert et al., 1998).
Similarly, cell-surface CD4 molecules are targeted
for endosomal degradation by the binding of the
accessory protein Nef, which also binds to the
AP-2 adapter complex and stimulates the for-
mation of clathrin-coated pits (Foti et al., 1997; Gall
et al., 1998; Greenberg et al., 1997; Piguet et al.,
1998). The down-regulation of CD4 molecules on
the surface of infected cells may also serve as a
means for avoiding an immune response.

The Gag polyprotein is synthesized in the ribo-
somes from the unspliced mRNA. A translational
frameshift results in the generation of smaller
amounts of Gag-Pol precursor proteins, which
associate with the Gag polyprotein at the cellular
membrane (Figure 2). The N-terminally myristoy-
lated MA domain of the polyproteins directs bind-
ing to the cellular membrane (Bennett et al., 1993;
Bryant & Ratner, 1990; Chazal et al., 1994; FaÈcke
et al., 1993; Freed et al., 1995, 1990, 1994; Freed &
Martin, 1995; Gheysen et al., 1989; GoÈ ttlinger et al.,
1989; Shoji et al., 1990; Spearman et al., 1994; Wang
& Barklis, 1993; Wang et al., 1993; Wills et al., 1991;
Yuan et al., 1993; Zhou et al., 1994) and interacts
with the cytoplasmic tail of TM (Dorfman et al.,
1994b; Freed & Martin, 1996; Freed et al., 1994;
Freed & Martin, 1995; Mammano et al., 1995; Wang
& Barklis, 1993; Wang et al., 1993; Yu et al., 1992,
1993) . Approximately 1200 to 2000 copies of Gag
bud to form an immature particle, which encapsi-
dates two copies of the unspliced viral genome.
Subsequent to budding, the polyproteins are
proteins. The structural proteins rearrange via a
process called maturation to form the infectious
virus particle. Cleavage of Gag appears to occur
via an ordered, sequential cleavage process that is
controlled by different intrinsic proteolysis rates at
the different cleavage sites (Wiegers et al., 1998).
Other factors may also be important for infectivity.
For example, HIV-1 requires the packaging of the
cellular protein cyclophilin A, whereas HIV-2 and
most other primate lentiviruses do not (Franke
et al., 1994b). In addition, Vif is required for the
production of infectious virions from some, but not
all, cell lines (Courcoul et al., 1995; Sova et al., 1995;
von Schwedler et al., 1993). Although virions pack-
age 7-100 copies of Vif (Camaur & Trono, 1996;
Fouchier et al., 1996; Liu et al., 1995), it is not
known if this packaging is essential (Camaur &
Trono, 1996). Recent studies suggest that Vif may
function by interacting with cellular factors rather
than with viral components (Simon et al., 1998;
Trono, 1995).

The Envelope Proteins

Infection of the host cell by HIV is initiated by
interactions between SU and cell-surface CD4 mol-
ecules. SU binds to CD4 and anchors the virus to
the cell surface, and additional interactions with
chemokine receptors trigger a conformational
change that leads to fusion of the viral and cellular
membranes. The mechanism of fusion is not well
understood, but may be similar to fusion processes
induced by conformational changes in the envel-
ope protein hemagglutinin (HA) of the in¯uenza
virus. In¯uenza particles are taken into cells by
endocytosis, and a drop in pH leads to a large con-
formational change in the Env protein that is
believed to trigger fusion of the viral and endoso-
Figure 3. Potential mechanisms
for CD4 and chemokine receptor-
induced fusion of the viral and cel-
lular membranes. (a) Spring-loaded
mechanism similar to that pro-
posed for hemagglutinin, where
conformational changes in the TM
ectodomain lead to a major displa-
cement of the N-terminal fusogenic
peptide toward the cellular mem-
brane. (b) Shedding mechanism,
where CD4 and chemokine binding
result in the loss of SU proteins,
enabling reorientation of the TM
and membrane fusion.



mal membranes (Figure 3(a)). This conformational
change, referred to as a ``spring-loaded mechan-

vides structural information for the SU-interacting
residues and unambiguous connectivity between

Figure 4. Helix packing of the trimeric coiled-coil
structure of the HIV-1 TM ectodomain. N- and C-term-
inal helices are colored blue and purple, respectively
(from Chan et al. (1997), with permission).
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ism'', involves the conversion of a helix-loop-helix
segment (native, ``spring-loaded'' state) to a single,
extended helix in a coiled-coil conformation
(``sprung'' state), exposing the fusion peptide (Carr
& Kim, 1993). Similarities within the amino acid
sequences of HIV-1 TM and in¯uenza HA, and
biochemical and structural studies, have led to the
suggestion that conformational changes in HIV-1
TM, perhaps triggered by CD4 and chemokine
receptor binding to SU, may parallel those
observed in HA (Chan et al., 1997; Lu et al., 1995;
Tan et al., 1997; Weissenhorn et al., 1997). However,
HIV differs from in¯uenza in that it fuses directly
with the cell membrane in a pH-independent man-
ner. As described below, an alternative hypothesis
that does not invoke such a spring-loaded mechan-
ism has recently been proposed (Caffrey et al.,
1998; Figure 3(b)).

TM (gp41)

The HIV-1 transmembrane protein consists of an
N-terminal ectodomain, a transmembrane domain,
and a C-terminal intraviral segment that interacts
with MA. Three-dimensional structures of peptides
corresponding to portions of the amino-terminal
ectodomain of TM from HIV-1 (Chan et al., 1997;
Tan et al., 1997; Weissenhorn et al., 1997) and Molo-
ney murine leukemia virus (MoMuLV; Fass et al.,
1996) have been solved by X-ray crystallography.
In addition, the structure of the essentially intact
ectodomain of simian immunode®ciency virus
(SIV; residues 27-149), which lacks the N-terminal
fusogenic peptide and contains C86A and C92A
mutations, has recently been determined by NMR
methods (Caffrey et al., 1998).

All of the constructs in the X-ray crystallographic
studies lacked residues 35-44, which appear to be
important for TM-SU interactions. Thus, the X-ray
structure determined by Kim and co-workers con-
sisted of two peptides, designated N36 (residues
546-581) and C34 (residues 628-661; Chan et al.,
1997). The X-ray structure of Harrison and co-
workers also consisted of two peptides, one
containing the amino-terminal portion of the TM
ectodomain, in which the fusogenic segment (resi-
dues 1-29) was replaced by a GCN4 segment that
forms a stable trimeric coiled coil, and the other
corresponding to the C-terminal portion of the TM
ectodomain (Weissenhorn et al., 1997). The X-ray
structure by Tan and co-workers was determined
for a single polypeptide chain in which the 45 resi-
dues that separate the N- and C-terminal segments
were substituted by a six-residue linker peptide.

All four structures exhibit essentially identical
core conformations, as expected given the high
sequence identity between the HIV and SIV pro-
teins. Views of the structure by Kim and colleagues
showing the packing arrangement of the trimeric
helical bundle are shown in Figure 4. The SIV
NMR structure, which is more complete and pro-
the N- and C-terminal segments, is given in
Figure 1.

The ectodomain is a symmetrical trimer, with
each monomer consisting of two antiparallel
a-helices connected by an extended loop (the X-ray
structures lack the loop, as well as portions of the
adjacent helices). The N-terminal helices form a
central parallel three-helix coiled coil, and the
C-terminal helices pack around the central coiled
coil in an antiparallel arrangement (Figures 1 and
4). The structure has the overall shape of a rod,
with the C and N termini (and thus the fusogenic
peptides) at one end and the extended loop at the
other. Although the extended loop of TM from SIV
is somewhat more ¯exible than the helical core
(Caffrey et al., 1997), it is well ordered, even
though the internal two cysteine residues that can
form inter- and intramolecular disul®de linkages
have been mutated to alanine residues.

The TM ectodomain structures are similar in
some respects to the ``sprung'', fusogenic form of
in¯uenza HA2. Both structures contain a central,
three-stranded parallel coiled coil, with each mono-
mer consisting of two helices packed in an antipar-
allel arrangement. However, unlike for HA2, the
N-terminal helices of the HIV and SIV TM ectodo-
mains are located within the interior of the trimeric
coiled coil, and this would presumably inhibit a
large reorientation of these helices. In addition, the
extended loops of SIV and HIV TM contain proline
residues and exhibit a low propensity to form
a-helices. These differences prompted Clore, Gro-
nenborn and co-workers to suggest that TM-
induced fusion by HIV and SIV may not proceed
via an HA2-like spring-loaded conformational
change. Instead, they propose that CD4 and che-
mokine receptor binding may lead to shedding of
the SU proteins, which would allow TM to reorient
parallel to the viral (and cellular) membranes and



permit insertion of the fusogenic peptide into the
cellular membrane (Caffrey et al., 1998; Figure 3(b)).

sections of the inner and outer domains, respect-
ively, and the V4 and V5 loops projecting from the

Figure 5. Structure of the HIV-1 SU core, determined
for the complex with a two-domain fragment of CD4
and an antigen-binding fragment of a neutralizing anti-
body that blocks chemokine-receptor binding (not
shown). The yellow b-strand forms an antiparallel
b-sheet with residues in CD4. The domain is probably
oriented with the viral membrane near the N terminus
and the cellular membrane near the bridging sheet
(from Kwong et al. (1998) with permission).
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SU (gp120)

SU is extensively glycosylated (Leonard et al.,
1990) and contains ®ve variable regions (V1-V5;
Starcich et al., 1986), four of which (V1-V4) form
surface-exposed loops with disul®de bonds at their
bases (Leonard et al., 1990). The resulting surface
variability is probably important for evading an
effective immune response (Profy et al., 1990).
Numerous studies indicate that CD4 binding
induces a conformational change in SU that
exposes the chemokine receptor binding surface
and enhances interactions with the chemokine
receptors (for example, Sattentau et al., 1993;
Sattentau & Moore, 1991; Thali et al., 1993; Trkola
et al., 1996). Thus, the likely mechanism for binding
and fusion involves initial interactions between
HIV SU and CD4 molecules, which result in a
conformational change in SU that promotes inter-
actions between SU and a chemokine receptor
molecule. The binding of the chemokine receptor
probably leads to additional conformational
changes in SU that are transmitted to TM, with the
resulting conformational changes in TM (or the
TM-SU trimer) leading to membrane fusion.

High-resolution structural information was
obtained recently for the core domain of HIV-1 SU
bound to a CD4 fragment (comprising the two N-
terminal immunoglobulin domains) and a Fab 17b
antibody that is an inhibitor of chemokine receptor
binding (Kwong et al., 1998). Native SU was not
amenable to crystallization due to extensive hetero-
geneous glycosylation and conformational dis-
order, and the core domain of SU that was actually
studied was partially glycosylated and contained
both N- and C-terminal deletions and truncated
loops. Speci®cally, the sample that crystallized (1)
lacked 52 N-terminal and 19 C-terminal residues,
(2) contained a Gly-Ala-Gly tripeptide substitution
for 67 residues of the V1/V2 loop, (3) contained a
Gly-Ala-Gly substitution for 32 residues of the V3
loop, and (4) was stripped of over 90 % of the
carbohydrate. These extensive surface modi®-
cations did not signi®cantly affect the ability of SU
to bind CD4 or relevant antibodies (Binley et al.,
1998).

The SU core structure consists of two major
domains (``inner'' and ``outer'') and a four-
stranded ``bridging'' b-sheet (Figure 5). The inner
domain contains two a-helices, a ®ve-stranded
b-sandwich, and several loops. The outer domain
is a stacked double barrel, with one barrel compris-
ing a six-stranded b-sheet which twists to enfold
an a-helix as a seventh barrel stave, and the other
barrel comprising a seven-stranded antiparallel
b-barrel. The orientation shown in Figure 5 reveals
an overall heart-shaped appearance, with the
N- and C-terminal residues projecting from the
upper-left-hand section of the inner domain,
the V1/V2 and V3 loops projecting from the lower
upper section of the outer loop. The disul®de
bridges observed in the X-ray structure are consist-
ent with previous studies (Leonard et al., 1990).
The domain is probably oriented on the virus with
the N and C termini on the inner domain directed
towards the virus and the CD4 and 17b (and thus
the chemokine receptor) binding sites oriented
towards the host cell (Kwong et al., 1998). A model
of a putative trimeric complex was also derived,
based on comparisons of the X-ray structure with
epitope maps (Wyatt et al., 1998).

CD4 binds into a carbohydrate-free depression
formed at the interface of the outer and inner
domains and the bridging sheet (Figure 6). Resi-
dues implicated in SU-CD4 interactions on the
basis of mutagenesis studies of SU (Cordonnier
et al., 1989; Kowalski et al., 1987; Olshevsky et al.,
1990) and CD4 (Moebius et al., 1992; Ryu et al.,
1994; Sweet et al., 1991) were shown to participate
in intermolecular interactions. Interestingly,
although complex formation buries signi®cant sur-
face areas of SU (802 AÊ 2) and CD4 (742 AÊ 2), a large
proportion of the buried residues do not make
intermolecular contacts but instead line the sur-
faces of large, buried cavities. The smaller cavity
(152 AÊ 3) is formed when Phe43 of CD4 covers a
deep cleft between the inner and outer domains of
SU (Figure 6). Many of the hydrophobic residues
of SU that line this ``Phe43 cavity'' are highly con-
served and essential for SU-CD4 interactions, even



though they do not interact directly with CD4 in
the crystal structure. It is possible that this cavity

that CD4 binding alters the positions of the vari-
able loops (Wyatt et al., 1995), the X-ray structure

Figure 6. Ribbon diagram showing interactions
between the SU core (red) and the N-terminal immuno-
globulin domain of CD4 (yellow) in the SU core/CD4
fragment/antibody fragment complex. The side-chain of
CD4 residue Phe43, which caps a large hydrophobic
cavity, is also shown (from Kwong et al. (1998) with per-
mission).
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and others result from a CD4-induced confor-
mational change (Kwong et al., 1998). The larger
cavity (279 AÊ 3) is lined primarily by hydrophilic
residues that are not critical for SU-CD4 binding.
The non-interacting SU residues within this cavity
exhibit sequence variability. Thus, the CD4-binding
surface of SU consists of a non-interacting, ``vari-
ational island'' (or ``anti-hotspot'') surrounded by
conserved, CD4-binding residues, and this unusual
recognition topology may serve as the primary
means for avoiding an immune response (Kwong
et al., 1998).

The 17b antibody binds to the bridging sheet on
the opposite side relative to the CD4 binding site.
No direct interactions between CD4 and 17b were
observed, and no SU residues were observed to
make simultaneous contacts with CD4 and 17b.
Previous studies indicated that the 17b and chemo-
kine receptor binding sites overlap (Wu et al.,
1996). Thus, the X-ray structure provides the ®rst
glimpse of the CD4-induced conformation of the
chemokine receptor epitope. This epitope is prob-
ably shielded from the immune system by the
nearby V3 variable loop, and possibly also by a
large CD4-induced conformational change (Kwong
et al., 1998).

Since the binding of 17b to intact SU is greatly
enhanced by CD4, it was suggested that CD4 bind-
ing induces a conformational change in SU that
exposes the 17b epitope. Although it is possible
provides very strong evidence for a much larger
conformational change involving the core residues
of SU. In particular, it was suggested that the
bridging sheet and Phe43 pocket are probably
unstable in the absence of CD4 and might exist as
an equilibrium between the observed structure and
a signi®cantly different conformation (Kwong et al.,
1998). Such a conformational change might also be
important for the CD4- and chemokine receptor-
induced exposure of the fusion peptides of TM in
the context of the intact trimeric TM-SU complex.

The Structural Proteins

The HIV gag gene encodes a 55 kDa Gag poly-
protein that self-assembles at the cell membrane to
form the immature virion. Gag can actually form
membrane-enveloped virus-like particles in the
absence of other viral components (Gheysen et al.,
1989). Gag is proteolytically cleaved during matu-
ration to the MA, CA and NC proteins, in addition
to the low molecular mass cleavage products, p1,
p2 and p6. A conserved LXXLF sequence within
the p6 domain of the Gag precursor is important
for Vpr packaging (Checroune et al., 1995; Kondo
& Gottlinger, 1996). Subsequent to processing,
however, none of the low molecular mass peptides
has a known function, and isolated p6 has been
shown to lack a stable tertiary structure (Stys et al.,
1993; M.F. Summers, unpublished results). The
transframe protein p6*, which replaces the C-term-
inal Gag proteins p1 and p6 in the transframe
region of the Gag-Pol precursor, was also shown
by NMR methods to be disordered in solution
(Beissinger et al., 1996).

Matrix

The three-dimensional structure of the HIV-1
matrix protein was determined initially by NMR
methods (Massiah et al., 1994, 1996; Matthews et al.,
1994, 1995). X-ray structures of the matrix proteins
from SIV (Rao et al., 1995) and HIV-1 (Hill et al.,
1996), and NMR structures of the MA proteins
from bovine leukemia virus (Matthews et al., 1996)
and human T-cell leukemia virus type-II
(Christensen et al., 1996) were determined shortly
thereafter. The HIV-1 matrix protein consists of
®ve a-helices, two short 310 helical stretches, and a
three-strand mixed b-sheet (Figure 1). Helices I-III
and the 310 helices pack about a central helix (IV)
to form a compact globular domain that is capped
by the b-sheet.

Although HIV-1 MA is monomeric in solution,
both the HIV-1 and SIV MA proteins crystallize as
trimers. Although the physiological relevance of
trimerization has not been established unambigu-
ously, several lines of evidence suggest that MA
trimers serve as a fundamental building block for
formation of the MA shell within the mature vir-
ion. Indeed, the HIV-1 and SIV MA trimers bear a



strong resemblance to one model of particle for-
mation that was based on low-resolution electron

or alters its three-dimensional structure. In
addition, it has been proposed that phosphoryl-
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microscopy studies (Nermut et al., 1993; Nermut &
Thomas, 1994). The individual proteins of the
trimer are arranged to create a large basic surface,
and it has been proposed that this surface interacts
directly with the acidic inner membrane of the
virus (Figure 7). In this model, the myristoylated
amino-terminal residues are in close proximity to
the viral membrane, and the C-terminal helices
project away from the membrane and toward the
center of the virus. Basic residues implicated in
membrane binding and potential nuclear localiz-
ation functions are clustered on and near the three-
strand b-sheet. Of these, residues that have been
shown to be essential for virus production (Freed
et al., 1995) are located on the putative membrane
binding surface, whereas the non-essential basic
residues are removed from the membrane (Hill
et al., 1996).

Comparison of the monomeric, solution-state
HIV-1 MA structure with the X-ray structure
revealed a ca. 6 AÊ displacement of a short 310 helix
(Pro66-Gly71) located at the trimer interface
(Massiah et al., 1996). The ®ndings further
suggested that residues Pro66 and Gly71, which
are highly conserved and bracket the 310 helix,
serve as ``hinges'' which allow the 310 helix to
undergo this structural reorientation (Massiah et al.,
1996). The displacement of the 310 helix may thus
re¯ect a physiologically relevant conformational
change that occurs during virion assembly and dis-
assembly.

Although the structure of HIV-1 MA has been
well characterized, several interesting issues
remain. For example, the structure of the native
myristoylated form of the protein has not been
solved, and it will be interesting to determine if the
myristate packs into the body of the protein and/
Figure 7. Model of the trimeric HIV-1 matrix protein
interacting with a lipid membrane. Essential and non-
essential basic residues are colored magenta and green,
respectively, and the N-terminal myristoyl groups are
drawn in red (from Hill et al. (1996), with permission).
ation of MA serves to switch the protein from
targeting the cell membrane to targeting the
nucleus (Gallay et al., 1995a,b; Trono & Gallay,
1997), although this hypothesis has recently been
questioned (Freed et al., 1997).

Capsid

The capsid proteins form a cone-shaped,
electron-dense structure in the center of the mature
virus that encapsidates the viral RNA, NC pro-
teins, and key enzymes. High-resolution three-
dimensional structural information is not available
for any intact retroviral capsid core particles,
which are dif®cult to isolate (Vogt, 1997). Limited
proteolysis studies monitored by NMR revealed
that HIV-1 CA contains two domains (Gitti et al.,
1996). Mutations and deletions within the C-term-
inal oligomerization domain generally impair or
abolish viral assembly, whereas mutations in the
amino-terminal core domain often give rise to
viruses that can assemble and bud but are non-
infectious and typically do not form a normal
capsid (Chazal et al., 1994; Dorfman et al., 1994a;
Franke et al., 1994a; GoÈ ttlinger et al., 1989; Hong &
Boulanger, 1993; Jowett et al., 1992; Reicin et al.,
1995; Spearman et al., 1994; Von Poblotzki et al.,
1993; Wang & Barklis, 1993).

HIV-1 CA also binds the human cellular proline
isomerase, cyclophilin A (CypA), resulting in the
packaging of �200 copies of CypA into each HIV-1
virion (Braaten et al., 1996; Franke et al., 1994b;
Luban et al., 1994, 1993; Thali et al., 1994). Mutant
virions that do not package CypA appear normal
(Kong et al., 1998), but are poorly infectious.
Although the precise function of cyclophilin A is
not yet clear, it appears to perform an essential
(yet unknown) role early in the HIV-1 replication
cycle (Steinkasserer et al., 1995; Thali et al., 1994),
perhaps by destabilizing the capsid during uncoat-
ing or by performing an additional chaperone
function.

Analytical ultracentrifugation experiments have
demonstrated that HIV-1 CA forms dimers with a
dissociation constant (Kd) of 18(�1) mM (Gamble
et al., 1997; Rose et al., 1992; Yoo et al., 1997), which
is similar to the dissociation constant measured for
the isolated C-terminal oligomerization domain
(Kd � 10(�3) mM). This behavior is puzzling in
view of the fact that MA tends to form trimers,
and it is not immediately obvious how these sub-
domains would interact in the context of the intact
Gag precursor polyprotein. In this regard, it is not
known if other retroviral CA proteins form dimers,
or if this property is unique to HIV-1 CA.

Structural studies of the intact HIV-1 capsid
protein have been confounded by the fact that the
native protein can form a complex mixture of oli-
gomers in solution, including dimers, tetramers,
dodecamers, spheres, ®bers, and tubes (Ehrlich
et al., 1992). At present, no high-resolution structur-



al information is available for any intact retroviral
capsid protein. However, the structure of the

proteolytic processing of the MA-CA junction
during viral maturation (Gitti et al., 1996). The
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isolated N-terminal core domain (residues 1-151)
was determined by NMR methods (Gitti et al.,
1996; Figure 1), and the structures of the core
domain complexed with cyclophilin A (Gamble
et al., 1996), and the partial structure determination
of CA (showing the core domain only) bound to
an antibody fragment (Momany et al., 1996) were
determined by X-ray crystallography.

The structures of the HIV-1 N-terminal core
domain are all in good agreement. The CA core
domain consists of seven a-helices, two b-hairpins,
and an exposed, partially ordered loop. The
domain is shaped like an arrowhead, with leading
edge lengths of ca. 31 AÊ , a trailing edge length of
ca. 39 AÊ , and a thickness of ca. 16 AÊ . The b-hair-
pins and loop project from the trailing edge of the
arrowhead and the carboxyl-terminal helix projects
from the tip. The structure of the HIV-1 CA core
domain differs signi®cantly from other RNA virus
coat protein structures (Hogle et al., 1985;
Rossmann, 1988, 1989; Rossmann et al., 1985;
Rossmann & Johnson, 1989; Valegard et al., 1990;
Zhao et al., 1996), and also differs signi®cantly
from models used for epitope mapping and to
stimulate drug design (Argos, 1989; Coates et al.,
1987; Langedijk et al., 1990; Robert-Hebmann et al.,
1992; Rossmann, 1988).

The CA core domain contains a conserved
amino-terminal proline residue which forms a salt
bridge with a conserved, buried aspartate residue
(Asp51). This salt bridge can not exist in the Gag
precursor polyprotein, and it was proposed that
the amino-terminal b-hairpin only forms upon
b-hairpin itself may therefore be important for
triggering condensation of the core particle (Gitti
et al., 1996; Figure 8). Two groups have obtained
evidence in support of this hypothesis. First, the
crystal structure of the CA core domain complexed
with human cyclophilin A reveals an extensive
CA-CA interface involving the amino-terminal
b-hairpin (Gamble et al., 1996). Sundquist and co-
workers also showed with an in vitro assembly
system that, whereas native HIV-1 CA molecules
assemble into tubular structures, CA constructs
containing as few as four MA residues appended
to their amino termini assemble into spheres (von
Schwedler et al., 1998). Tubes could be obtained if
the appended MA residues were cleaved with the
HIV-1 protease. Substitution of Asp51 by Ala also
prevented tube formation, and this same substi-
tution in a viral clone led to the formation of non-
infectious particles that lacked the normal conical
capsid. Krausslich and co-workers also demon-
strated that N-terminal extensions to HIV-1 CA
prevented tube formation in their in vitro assembly
system (Gross et al., 1998). These results provide
strong support for the hypothesis (Gitti et al., 1996)
that the N-terminal b-hairpin, which can only form
after proteolytic cleavage of the MA-CA junction,
plays an important role in directing proper capsid
assembly.

The binding site for cyclophilin A is located on
the exposed loop and encompasses the essential
proline residue, Pro90. In the free monomeric
domain, Pro90 adopts both cis and trans confor-
mations due to the ¯exibility of the exposed loop.
Figure 8. Proposed structural
changes in the core domain of CA
that accompany proteolytic clea-
vage of the MA-CA junction. The
amino-terminal b-hairpin, which
forms only after proteolysis, may
trigger CA-CA interactions and
promote condensation of the capsid
core during virus maturation (from
Gamble et al. (1996), with per-
mission).



The cis conformer is present in low abundance
(ca. 14 %), and was not observable in the crystal

logical relevance of this disul®de bond has not
been established, although the high conservation of

Figure 9. Model of the dimeric HIV-1 capsid protein,
constructed from the independently characterized
N-terminal core (purple) and C-terminal oligomerization
(cyan) domains. The residues that link the domains are
disordered in the X-ray and NMR structures of the
isolated domains, and could allow ca. 90 � reorientations
of the N-terminal domains in the intact protein (from
Gamble et al. (1997), with permission).
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structures. It is not clear if this conformational
equilibrium is affected by cyclophilin binding, or if
it is even functionally relevant. The conformational
equilibrium affects a few neighboring residues and
does not appear to have long-range structural
consequences (Gitti et al., 1996). Using their in vitro
assembly assay, Krausslich and co-workers found
that tube formation by HIV-1 CA could be inhib-
ited by the equimolar addition of cyclophilin A.
However, when CypA was added at a ratio of 1:10
(CypA:CA; equal to that found in mature virions),
signi®cantly longer tubes and less aggregation
were obtained. These ®ndings suggest that CypA
may serve as a molecular chaperone, facilitating
correct capsid condensation during viral matu-
ration (Gross et al., 1998) and perhaps destabilizing
the capsid shell during viral entry and uncoating.
Details of the intermolecular interactions have been
obtained from X-ray structural studies of the CA
core-CypA complex (Gamble et al., 1996). Interest-
ingly, Pro90 binds to the CypA active site in an
unprecedented trans conformation. CypA may
function by destabilizing speci®c CA-CA inter-
actions, thus promoting disassembly of the virus
core during infectivity (Gamble et al., 1996).

The crystal structure of the carboxyl-terminal
oligomerization domain of HIV-1 CA was deter-
mined recently for constructs comprising residues
146-231 and 151-231. Both constructs crystallize as
symmetrical homodimers, with each monomer
containing an extended amino-terminal strand
followed by four helices (Figure 1; Gamble et al.,
1997). The two constructs exhibit different dimeri-
zation interfaces with, however, the dimerization
helices (helix 2) aligned in a parallel fashion in the
longer construct and tilted relative to each other by
30 � in the shorter construct. The major homology
region (MHR), a sequence that is highly conserved
in all retroviruses (except the spumaviruses), is
removed from the dimer interface and does not
participate in intermolecular interactions. Instead,
the MHR forms an intricate network of hydrogen
bonds between the strand and the ®rst two
a-helices. The N-terminal residues of the C-term-
inal domains are oriented in a manner that would
allow packing interactions between the N-terminal
core domains, and a proposed model of the intact
HIV-1 CA dimer is shown in Figure 9.

Equilibrium sedimentation experiments revealed
that the longer construct has a dissociation con-
stant of 10(�3) mM, whereas the shorter construct
did not appear to dimerize in solution, even at
concentrations of 100 mM (Gamble et al., 1997).
These ®ndings are explained by a higher-resolution
X-ray structure re®nement of the CA C-terminal
domain, which revealed that the additional
N-terminal residues of the longer construct form a
310 helix that participates in intermolecular contacts
(Worthylake et al., 1998). Interestingly, in both con-
structs, conserved residues Cys198 and Cys218
form an intramolecular disul®de bond. The physio-
these two cysteine residues among retroviral
capsid proteins suggests that oxidation of these
cysteine residues to the disul®de may be an
important process in the viral replication cycle.

Efforts are currently underway in several labora-
tories to determine how the CA molecules assem-
ble to form the capsid core. Analyses of electron
microscopic (EM) images of virus-like particles
formed by Gag precursors (Hockley et al., 1994;
Nermut et al., 1993; Nermut & Thomas, 1994), as
well as Gag precursor and CA proteins bound to
lipid monolayers (Barklis et al., 1998, 1997), have
demonstrated that these proteins can assemble into
fullerene-like lattices containing cages of hexameric
rings. Recent cryo-EM studies of hollow cylinders
formed by CA (Ehrlich et al., 1992) revealed that
the cylinders consist of a helical lattice of CA
hexamers (W. I. Sundquist, unpublished results). In
addition, Sundquist and co-workers recently dis-
covered that CA-NC fusion proteins can assemble
into cones that are similar in appearance to auth-
entic viral cores, and these workers have proposed
a geometric model of the capsid core structure
(Figure 10; W. I. Sundquist, personal communi-
cation).

Nucleocapsid

Most of the known functions of the HIV nucleo-
capsid protein involve interactions with nucleic
acids. As a domain within the Gag precursor, NC



functions in the recognition and packaging of the
viral genome (Aldovini & Young, 1990; Dorfman

but unknown roles in viral assembly and also in
the early stages of the viral infection cycle

Figure 10. Model for the symmetry of the HIV-1 cap-
sid core proposed by Sundquist and co-workers. The
cone is formed by a P6 helical array of capsid hexamers,
and is capped on each end by pentameric ``defects''
(W. I. Sundquist, unpublished results).
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et al., 1993; Gorelick et al., 1993, 1990; Julian et al.,
1993) and packaging of reverse transcription
primer tRNALys3 (De Rocquigny et al., 1992).
Subsequent to proteolytic processing, NC forms a
ribonucleoprotein complex in the mature virion
(Aronoff et al., 1993), initiates reverse transcription
by annealing the tRNALys3 primer to the viral gen-
ome (Barat et al., 1993), facilitates elongation of
proviral DNA by reducing reverse transcriptase
pausing at stable stem-loop sites (Wu et al., 1996),
and stabilizes the ®nal, proviral DNA (Lapadat-
Tapolsky et al., 1993). NC is also important for
viral particle formation (Franke et al., 1994a; Zhang
& Barklis, 1997), and may function through the
formation of interprotein NC-NC interactions
(Zang et al., 1998).

Except for the spumaviruses, all retroviral NC
proteins contain one or two copies of a conserved
``CCHC array'' (Cys-X2-Cys-X4-His-X4-Cys; where
X � variable amino acid residue; Henderson et al.,
1981), sometimes referred to as ``zinc knuckle'' or
``zinc ®nger like'' array (Berg, 1986) that binds zinc
to form a stable three-dimensional mini-globular
domain (Chance et al., 1992; DeÂmeÂneÂ et al., 1994b;
Green & Berg, 1989, 1990; MeÂly et al., 1991, 1996,
1993a,b; Morellet et al., 1994, 1992; Omichinski et al.,
1991; South et al., 1991, 1990, 1989; South &
Summers, 1993; Summers, 1991; Summers et al.,
1992, 1990; Surovoy et al., 1993, 1992).

The NC protein from the human imunode®-
ciency virus type-1 (HIV-1) contains two CCHC
arrays separated by a short ``linker sequence'',
RAPRKKG. The amino-terminal domain (F1) is
essential for genome recognition, whereas the
carboxyl-terminal domain (F2) plays important
(Dannull et al., 1994; Gorelick et al., 1993;
Tanchou et al., 1998). The domains have been
successfully targeted in vitro by nitroso-containing
antiviral agents that eject zinc from the CCHC
zinc knuckles (Rice et al., 1993a,b; Yu et al., 1995),
and several new classes of zinc-ejecting agents
with potential chemotherapeutic utility have been
recently identi®ed (Rice et al., 1993b, 1995; Rice &
Turpin, 1996; Rice et al., 1997), two of which are
in AIDS clinical trials (Shailer et al., 1997;
Vandevelde et al., 1996).

Atomic-level three-dimensional structures of
synthetic peptides with sequences corresponding
to the HIV-1 NC zinc knuckle domains
(Omichinski et al., 1991; South et al., 1991;
Summers et al., 1990), and structures of intact
nucleocapsid proteins from HIV-1 (Morellet et al.,
1992; Summers et al., 1992; Figure 1), and the
Moloney murine leukemia virus (MoMuLV;
DeÂmeÂneÂ et al., 1994b), which contains a single
CCHC zinc knuckle, have been determined by
nuclear magnetic resonance (NMR) methods. In
these cases, the CCHC zinc knuckle domains adopt
similar three-dimensional folds. The amino-term-
inal residues X(i ÿ 1)-C(i)-X(i � 1)-X(i � 2)-C(i � 3)-
G(i � 4)-X(i � 5) form a metal-coordinating reverse
turn termed a ``rubredoxin knuckle'' (Blake &
Summers, 1994; Summers et al., 1990) due to its
high similarity to metal-coordinating substructures
observed originally in the iron domain of rubre-
doxin (Adman et al., 1975; Watenpaugh et al., 1973;
although NH±S hydrogen bonds were not
observed in the MoMuLV structure (DeÂmeÂneÂ et al.,
1994b)). Subsequent residues form a loop, which
leads to a carboxyl-terminal 310 helix.

Roques and co-workers were the ®rst to detect
weak nuclear Overhauser enhancement (NOE)
interactions between the two knuckles (DeÂmeÂneÂ
et al., 1994a; MeÂly et al., 1996; Morellet et al., 1992),
and NMR relaxation studies indicate that these are
the result of a transient interaction between the
two domains (Lee et al., 1998). The solution beha-
vior of NC may be best considered as a rapid
equilibrium between conformations with weakly
interacting and non-interacting knuckle domains,
and this inherent conformational ¯exibility may be
important for adaptive binding of NC to different
nucleic acid targets.

There is now strong evidence that genome recog-
nition and packaging is mediated by interactions
between the NC zinc knuckles (in the context of
the Gag precursor) and a �120 nucleotide region
of the unspliced viral RNA known as the 	-site
located between the 50 long terminal repeat (LTR)
and the gag initiation codon. Mutations that abol-
ish zinc binding result in the production of
non-infectious virions that lack their genomes
(Berkowitz et al., 1995; Dupraz et al., 1990; Gorelick
et al., 1993, 1988, 1990; Jentoft et al., 1988; MeÂric &
Goff, 1989; MeÂric et al., 1988). Mutations of conser-
vatively substituted hydrophobic residues within



the CCHC arrays (MeÂric & Goff, 1989), or the sub-
stitution of NC domains from different retroviruses

packs against the F1 knuckle and forms a hydro-
e

Figure 12. Portion of the NC-SL3 structure showing
interactions between guanosine-9 of the tetraloop and
the amino-terminal zinc knuckle. The guanosine nucleo-
base packs within a hydrophobic cleft formed by conser-
vatively substituted amino acid residues and forms
hydrogen bonds with exposed backbone NH and O
atoms located at the bottom of the cleft.
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(Berkowitz et al., 1995), can alter RNA packaging
speci®city. The HIV-1 	-site contains four stem-
loops (SL1-SL4) that are important for ef®cient
encapsidation (Clever et al., 1995; Clever &
Parslow, 1997; Harrison & Lever, 1992; Hayashi
et al., 1992, 1993; McBride & Panganiban, 1996;
Sakaguchi et al., 1993).

Initial structural studies of Gag-genome recog-
nition focused on interactions between the iso-
lated NC protein and the SL3 stem-loop (De
Guzman et al., 1998), a highly conserved element
(Hayashi et al., 1993) that is suf®cient to direct
the recognition and packaging of heterologous
RNAs (Hayashi et al., 1992). The protein interacts
predominantly with the loop nucleotides
(Figure 11). The F1 and F2 zinc knuckles interact
with G9 and G7, respectively, with the guanosine
bases binding within hydrophobic clefts formed
by conservatively substituted amino acid resi-
dues. The guanosine O6 and H1 atoms form
hydrogen bonds with backbone NH and O atoms
located at the bottom of the hydrophobic clefts
(Figure 12). These interactions are essentially
identical with those observed previously in an
isolated zinc knuckle-DNA complex (South &
Summers, 1993), suggesting that retroviral zinc
knuckles function primarily by binding speci®-
cally to guanosine bases. The A8 nucleobase
Figure 11. Structure of the complex formed between
the HIV-1 nucleocapsid protein and the SL3 stem-loop
recognition element of the genomic 	-RNA packaging
signal. The coloring scheme of the tetraloop bases is as
follows: G6, green; G7, pink; A8, blue; G9, orange. The
coloring scheme for the NC protein is: N-terminal 310

helix, pink; N-terminal zinc knuckle, cyan; linker, red;
C-terminal zinc knuckle, green; cysteine and histidine
side-chains, yellow and cyan, respectively.
gen bond with the side-chain N -H proton of the
highly conserved residue, Arg32. In addition,
upon binding to SL3, the amino-terminal tail of
NC undergoes a transition from a random coil to
a 310 helix, with conserved residue Asn5 forming
speci®c hydrogen bonds to C11 in the RNA
major groove.

The mechanism of retroviral genome recognition
is complex and dif®cult to study directly. Although
SL3 is suf®cient to direct packaging of heter-
ologous RNAs (Hayashi et al., 1992), other stem-
loops of the 	-RNA are also important (Clever
et al., 1995; Clever & Parslow, 1997; McBride &
Panganiban, 1996), and it is likely that in vivo
packaging involves more than one Gag polypro-
tein. Since intact Gag forms oligomers, one
potential model for recognition involves the simul-
taneous interactions of two or more NC domains
with two or more 	-RNA stem-loop recognition
elements. In this regard, the inherent ¯exibility of
NC may be important for adaptive binding to
different RNA targets via different subsets of inter-
and intra-molecular interactions (De Guzman et al.,
1998).

Very recently, the NC proteins from Mason
P®zer monkey virus (MPMV; Gao et al., 1998)
and MMTV (M. F. Summers, unpublished results)
have been solved. Although the N-terminal zinc
knuckles adopt structures similar to those
described above, the C-terminal knuckles contain
additional structure, with residues that follow the
CCHC arrays folded into a reverse turn that
packs against the knuckle. It is unclear how or if
these differences affect the nucleic acid interactive



properties of the NC protein from HTLV-1,
MPMV and related D-type retroviruses (Gao et al.,

is stabilized by a four-stranded antiparallel b-sheet
formed by N- and C-terminal b-strands. The
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1998).

Viral Enzymes

Protease

Protease was the ®rst HIV-1 protein to be
structurally characterized (Miller et al., 1989b;
Navia et al., 1989; Wlodawer et al., 1989), and sev-
eral excellent reviews of the biochemistry and
structural biology of HIV-1 PR have appeared (for
example, that of Swanstrom & Wills (1997). As for
other lentiviruses, PR is translated as a gag-pol
fusion product that is produced from a ribosomal
frameshift (Jacks et al., 1988), and is released from
the Gag-Pol precursor protein by an autocatalytic
mechanism (Debouck et al., 1987; Farmerie et al.,
1987). From 1989 to 1993, more than 160 crystal
structures of HIV-1 PR and PR-inhibitor complexes
were determined (Wlodawer & Erickson, 1993),
most of which were used to guide the develop-
ment of protease inhibitors. Indeed, these efforts
serve to illustrate the enormous potential and
utility of the rational structure-based drug design
strategy.

PR is a symmetrical homodimer that is structu-
rally similar to other aspartyl proteases of the pep-
sin family (Navia et al., 1989; Wlodawer et al.,
1989), as well as those from other retroviruses
including RSV (Miller et al., 1989a), HIV-2
(Mulichak et al., 1993; Tong et al., 1993), SIV (Rose
et al., 1993; Zhao et al., 1993), FIV (Wlodawer et al.,
1995) and EIAV (Gustchina et al., 1996). The dimer
Figure 13. HIV-1 protease free (a) and complexed with
conformational change in which the ``¯aps'' close down ove
permission).
enzyme active site is formed at the interface of the
two subunits and contains a catalytic triad (Asp25-
Thr26-Gly27) responsible for the cleavage reactions
of PR. Each monomer contains a ``¯ap'' comprising
two antiparallel b-strands connected by a b-turn
(residues 49 to 52) and situated on top of the
catalytic site (Figure 13). The conformation of the
¯ap differs signi®cantly in the PR and PR-inhibitor
complexes, with some backbone Ca atoms being
displaced by up to 7 AÊ (Miller et al., 1989b;
Figure 13).

NMR studies con®rmed that the protease ¯aps
are indeed ¯exible, and suggest that this ¯exibility
may be important for enzyme activity (Nicholson
et al., 1995; Yamazaki et al., 1996). Although the
native protein is a symmetric dimer, inhibitors
bind in an asymmetric manner, as must the natural
protein substrates. In many of the early crystal
structures, a water molecule was observed to par-
ticipate in hydrogen-bonding interactions between
the ¯aps of the protein and the inhibitors
(Wlodawer & Erickson, 1993). This structural water
molecule could be displaced by a carbonyl group
in an appropriately designed inhibitor (Lam et al.,
1994). NMR studies con®rmed the displacement of
the water molecule (Wang et al., 1996), and also
veri®ed the presence of other structurally import-
ant water molecules (Grzesiek et al., 1994).

Reverse transcriptase

Reverse transcription of the HIV-1 genome
occurs mainly in the cytosol of the cell shortly after
an inhibitor (b). Inhibitor binding induces a signi®cant
r the active site (from Wlodawer & Erickson (1993), with



viral entry. DNA synthesis proceeds within a
reverse transcription complex that is poorly under-

DNA Pol I, suggesting a possible conservative
structural motif in all polymerases (Kohlstaedt

Figure 14. Ribbon drawings of the p51 and p66 pro-
teins that form the HIV-1 RT heterodimer. Subdomains
are colored as follows: ®ngers, blue; palm, red; thumb,
green, and connection, yellow (from Jacobo-Molina et al.
(1993), with permission)
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stood but probably comprises several viral proteins
including MA, NC and perhaps Nef (Schwartz
et al., 1995) and Vif (Goncalves et al., 1996; Sova &
Volsky, 1993; von Schwedler et al., 1993). The
mechanism of reverse transcription is complex
(Gilbona et al., 1979), and the interested reader is
referred to the following reviews (Arts &
Wainberg, 1996; Telesnitsky & Goff, 1997; Varmus
& Swanstrom, 1984; Whitcomb & Hughes, 1992).

The ®rst drugs approved by the FDA for the
treatment of AIDS function by targeting RT.
Nucleoside inhibitors such as AZT and dideoxy-
inosine (ddI) and dideoxycytidine (ddC) are
incorporated during reverse transcripton and result
in the termination of viral DNA synthesis.
A second class of non-nucleoside RT inhibitors
functions by binding directly to the enzyme, inhi-
biting catalysis without blocking substrate binding.

RT is initially packaged into virions as a Gag-Pol
precursor, with proteolytic cleavage initially pro-
ducing a homodimer of two p66 molecules. p66
contains both a polymerase and an RNase H
domain. Subsequent proteolytic removal of the
RNase H domain of one of the subunits results in
the mature p66-p51 RT heterodimer.

Structural information for HIV-1 RT is available
from X-ray crystallographic studies of RT-inhibitor
(Kohlstaedt et al., 1992, 1993; Ren et al., 1995;
Smerdon et al., 1994) and RT-DNA complexes
(Arnold et al., 1992; Jacobo-Molina et al., 1993), as
well as for the unliganded protein (Esnouf et al.,
1995; Hsiou et al., 1996; Rodgers et al., 1995;
Figure 1). A 3.5 AÊ X-ray structure by Steitz and co-
workers of an RT complex with the non-nucleoside
inhibitor nevirapine, revealed that the polymerase
domain is composed of four subdomains known as
the ``®ngers'', ``palm'', ``thumb'', and ``connection''
(Kohlstaedt et al., 1992). The ``®ngers'' subdomain
is composed of mixed b-strands and three
a-helices, and the ``palm'' includes ®ve b-strands
that form hydrogen bonds with four b-strands
positioned at the base of the ``thumb.`` A helical
bundle forms the ``thumb'' subdomain of the
enzyme, and the ``connection'' subdomain, which
connects the polymerase and RNase H domains, is
composed of a large b-sheet and two a-helices. The
subdomains of the p66 subunit pack together to
form an ``open right-hand'' con®guration, creating
a large cleft in the polymerase site that exposes the
three catalytic residues Asp110, Asp185, and
Asp186 (Figure 14, bottom). Despite having an
identical amino acid sequence, the relative subdo-
main packing in p51 is dramatically different, with
the ®ngers closed over the palm in a manner that
buries the catalytic residues (Kohlstaedt et al., 1992;
Figure 14, top). p51 is catalytically inactive (Le
Grice et al., 1991), but interacts with the RNase H
domain in the heterodimer and is important for the
overall RT structure. The p66 domain of HIV-1 RT
is structurally similar to the DNA polymerase
domain of the Klenow fragment of Escherichia coli
et al., 1992).
HIV-1 RT is conformationally ¯exible, and this

probably hampered early efforts to obtain the res-
olution necessary to precisely de®ne side-chain
orientations and stereochemistry. Higher-resolution
structural information was initially obtained from
crystallographic studies of recombinant ribonu-
clease H (Davies et al., 1991) and ®nger-palm
(Unge et al., 1994) domains, and the secondary
structure (Powers et al., 1991) and backbone
dynamics (Powers et al., 1992) of the RNase H
domain were also reported. More recently, high-
resolution (to 2.2 AÊ ) structural information has
been obtained for non-nucleoside inhibitor com-
plexes with intact RT (Ren et al., 1995), as well as
for unliganded RT (Esnouf et al., 1995; Hsiou et al.,
1996). Comparison of these structures, including
different crystal forms, revealed that the protein is



indeed conformationally ¯exible, with the orien-
tation of the thumb domain being dependent on

Figure 1). Interestingly, although the intact HIV-1
integrase appears to function as a tetramer (Jenkins
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the hydration state of the crystal lattice rather than
on the binding or nature of non-nucleoside inhibi-
tors (Esnouf et al., 1995). Interestingly, the binding
of non-nucleoside inhibitors results in a shift of
three b-strands that contain active site aspartyl
residues to a conformation that is similar to that
observed in the inactive p51 subunit. Thus, the
non-nucleoside inhibitors appear to function by
mimicking protein-protein interactions of the p51
subunit that distort the active site of the enzyme
(Esnouf et al., 1995).

A 3.0 AÊ crystal structure of an HIV-1 RT-DNA
duplex complex (which also contains a bound
monoclonal antibody Fab fragment) revealed that
DNA binding does not signi®cantly alter the struc-
ture of the protein (Jacobo-Molina et al., 1993).
Interestingly, binding results in a �45 � bend in the
DNA that bridges A- and B-form conformations.
Of course, the enzyme functions by interacting not
with duplex DNA, but with RNA-RNA and RNA-
DNA duplexes, which would likely adopt A-helical
structures. The majority of the RT-DNA contacts
involve residues of the p66 ®ngers, palm and
thumb subdomains, with the palm and thumb act-
ing as a clamp that positions the DNA relative to
the active site residues (Jacobo-Molina et al., 1993).
The 30-OH of the primer strand is positioned close
to the polymerase active site, consistent with
mechanistic hyphotheses.

Integrase

HIV-1 integrase (IN) is essential for incorpor-
ation of the viral DNA into the chromosomal DNA
of the target cell. Extensive studies of the mechan-
ism of proviral DNA integration are beyond the
scope of this review, but have been summarized
recently (Brown, 1997). Brie¯y, as part of the prein-
tegration complex, IN recognizes long terminal
repeats (LTRs) at the 50 and 30 ends of the newly
synthesized viral DNA duplex and cleaves two (or
sometimes three) bases from the 30 ends. IN then
ligates the 30 ends to the cellular DNA in the
nucleus, with reactions appearing to occur prefer-
entially at sites with highly bent DNA. The result-
ing unligated 30 ends of the cellular DNA are
subsequently extended to ®ll gaps, and additional
processing leads to the complete covalent incorpor-
ation of the proviral DNA.

HIV-1 IN consists of three separate structural
and functional domains, including an N-terminal
zinc binding domain that facilitates oligomeriza-
tion, a central catalytic core domain, and a C-term-
inal DNA-binding domain. The structure of the
catalytic domain of IN (residues 50-212) was deter-
mined by Davies and co-workers using X-ray crys-
tallographic methods (Dyda et al., 1994), and NMR
methods were used to determine the solution-state
structures of the N-terminal zinc binding (Cai et al.,
1997) and C-terminal DNA-binding domains
(Eijkelenboom et al., 1995; Lodi et al., 1995;
et al., 1996; Zheng et al., 1996), each of the isolated
domains forms stable dimers. Peptides that inhibit
IN activity may function by binding to exposed
hydrophobic residues via coiled-coil interactions
and inhibiting higher-order oligomerization
(Sourgen et al., 1996).

The N-terminal domain of IN is composed of
four a-helices (per monomer), with residues His12,
His16, Cys40, and Cys43 forming a tetrahedral
coordination site that binds one atom of zinc. The
monomer exists in two different conformations,
designated D and E, which arise from different
modes of zinc binding to His12. Thus, in the
D-conformation, His12 binds zinc via the Nd1 ring
nitrogen atom and in the E-conformation, zinc
coordination occurs via the His12-Ne2, and the
equilibrium constant of this interconversion is close
to one at room temperature. The D-form predomi-
nates at higher temperatures, and this form
appears to contain a partially disordered helix-1.
The physiological relevance (if any) of this equili-
brium is not known, although it results in small
long-range perturbations of surface residues. Inter-
estingly, helices 2 and 3 form a helix-turn-helix
(HTH) substructure that is similar to those
observed in several classes of DNA binding pro-
teins. However, in IN, helix 3 participates in
intermolecular protein-protein interactions,
whereas the equivalent helices in HTH proteins
bind DNA (Cai et al., 1997).

Attempts to crystallize the native core domain of
IN were confounded by poor solubility. However,
a single amino acid residue substitution,
Lys185Phe, resulted in a more soluble protein that
retained wild-type levels of catalytic activity and
was amenable to crystallization (Dyda et al., 1994).
This mutant core domain crystallized as a dimer,
with each monomer containing a ®ve-strand
b-sheet and six a-helices (Figure 1). Interestingly,
the structure is topologically similar to a variety of
other enzymes that perform similar functions,
including the ribonuclease H (RNase H) domain of
HIV-1 reverse transcriptase, the Holiday junction
resolvase, and the core domain of a transposase
(Dyda et al., 1994). Three highly conserved residues
that are essential for catalysis, Asp64, Asp116, and
Glu152, form a ``D,D-35-E'' motif located in the
core domain of the enzyme (Dyda et al., 1994).
Although there is little sequence similarity between
the IN core domain and the RT RNase H domain,
two of the catalytic acidic residues (Asp64 and
Asp116 of IN and Asp443 and Asp498 of RT)
occupy similar surface positions in the enzyme
active sites (Dyda et al., 1994). The structure con-
tains an extensive dimer interface that is probably
also present in the intact, native protein. However,
the active sites of the dimer are separated by 35 AÊ ,
which is incompatible with the ca. 15 AÊ separation
expected from most models (Dyda et al., 1994).
Two active sites could be juxtaposed appropriately
in a tetramer, with the remaining active sites ser-



ving non-catalytic roles. A model of the tetramer
generated from the independently determined

et al., 1991). Furthermore, clinical studies of long-
term (>ten years) HIV-infected individuals posses-

Figure 15. Model of the HIV-1 IN tetramer generated
using independently solved structures of the N-terminal,
core, and C-terminal domains. The four molecules of the
tetramer are displayed in different colors (from Cai et al.
(1997), with permission).
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structures of the IN domains is shown in Figure 15.
Alternatively, the dimer interface could be modi-
®ed in the native protein (Dyda et al., 1994).

The structure of the C-terminal DNA-binding
domain of IN was determined independently by
two groups using NMR methods (Eijkelenboom
et al., 1995; Lodi et al., 1995). The two structures
appear to be essentially identical. Each of the
monomeric subunits of the symmetrical dimer is
composed of ®ve antiparallel b-strands arranged in
a b-barrel and folded in a way that is topologically
similar to the Src-homology-3 (SH3) domain. An
extensive hydrophobic dimer interface is formed
by the ``face-to-face'' packing of three b-sheet
strands from each monomer (Figure 1). Dimeriza-
tion results in a large saddle-shaped groove that
contains several positively charged residues,
including Lys264, which has been shown to play a
role in DNA binding (Puras-Lutzke et al., 1994).
This protruding lysine residue may function in
concert with the surrounding positively charged
residues to bind DNA (Lodi et al., 1995).

Accessory Proteins

Nef

HIV-1 negative factor (Nef) is a 27 kDa, N-term-
inally myristoylated regulatory factor of 206 amino
acid residues that is expressed in high concen-
trations shortly after viral infection (Goldsmith
et al., 1995). This accessory protein is important for
achieving and maintaining high viral loads in vivo.
Inoculation of Rhesus monkeys with a nef-deletion
mutant strain of SIV does not lead to AIDS-like
disease and actually results in long-term immunity
against pathogenic SIV (Daniel et al., 1992; Kestler
sing apparent deletions within the nef gene show
normal CD4 levels and exhibit no signs of pro-
gression to AIDS (Deacon et al., 1995; Kirchoff et al.,
1995).

Nef has at least two distinct roles: it enhances
viral replication and stimulates a reduction in the
number of CD4 receptors on the surface of the
infected cell (Goldsmith et al., 1995). Down-regu-
lation of the CD4 receptor proceeds via endocytotic
and degradation processes, and appears to involve
the direct interaction of Nef with residues within
the cytoplasmic tail of CD4 (Salghetti et al., 1995).
The reduction in cell-surface CD4 levels appears to
be important for preventing reinfection by budding
virions. In addition, by eliminating premature Env-
CD4 binding, Nef may increase Env incorporation
into virions and promote the release of infectious
particles (Mangasarian & Trono, 1997).

The structure of the core domain of Nef (resi-
dues �71-205) was determined in solution by
NMR methods (Grzesiek et al., 1996, 1997;
Figure 1), and X-ray structures of Nef-SH3 domain
complexes (Arold et al., 1997; Lee et al., 1996), and
uncomplexed Nef (Arold et al., 1997) were reported
shortly thereafter. All structural studies were
performed with recombinant constructs that lack a
central, 14 amino acid residue segment responsible
for aggregation. The structures are all in good
agreement. The global fold of Nef is similar to that
observed for the family of winged helix-turn-helix
DNA binding proteins, and consists of three
a-helices, a ®ve-stranded antiparallel b-sheet, a left-
handed poly-L-proline type-II helix (PP-II), and a
310 helix (Figure 1). The PP-II helix is present at the
amino terminus of the protein, and solution NMR
studies indicated that these residues participate in
SH3 domain binding (Grzesiek et al., 1996, 1997).
The crystal structure of the complex with a mutant
Fyn kinase SH3 domain provided detailed infor-
mation regarding the determinants of recognition
and binding (Figure 16). In particular, the crystal
structure revealed how conserved residue Arg77
provides critical hydrophobic and electrostatic
intermolecular interactions (Lee et al., 1996). The
more recent crystal structure of HIV-1 Nef bound
to the wild-type Fyn kinase SH3 domain (Arold
et al., 1997) is essentially identical with the earlier
X-ray and NMR structures. Interestingly, the PP-II
helix appears partially disordered in the X-ray
structure of uncomplexed Nef (Arold et al., 1997),
and it was proposed that the left-handed polypro-
line helical structure is only fully formed upon
complexation with the SH3 domain. This ®nding
appears to be at odds with the NMR data, which
do not provide evidence for non-helical structures
or signi®cantly enhanced dynamics.

The type II polyproline helix is formed by
residues that comprise a consensus sequence for
SH3 binding (Pro-X-X-Pro, where X is any amino
acid residue; Figure 16). These residues are essen-
tial for the enhancement of viral infectivity. Thus,



in the absence of the polyproline repeat, down-
regulation of the CD4 receptor is still observed,

et al., 1989; Malim et al., 1989b, 1990). One Rev pro-
tein initially targets a high af®nity stem-loop

Figure 16. Stereoview of the HIV-1 Nef core domain
(residues 71-120; N- and C-terminal residues in yellow
and green, respectively; the broken line represents a dis-
ordered loop) bound to the Fyn(R961) SH3 domain
(colored blue). Side-chains are drawn for the critical
tryptophan and isoleucine residues (colored red) of the
SH3 domain and the polyproline helix of Nef (from Lee
et al. (1996), with permission).

Figure 17. Space-®lling representation of the Rev
response element (RRE; gray) bound to the RNA-bind-
ing segment of Rev (green). The Rev peptide forms an
a-helix that binds within a widened major groove.
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indicating that the polyproline repeat plays no role
in the reduction of CD4 counts. In contrast, an
N-terminal membrane-targeting sequence is
important for both down regulation of the CD4
receptor and enhancement of viral infectivity
(Goldsmith et al., 1995).

Nef interacts with and binds speci®cally to the
SH3 domain of Src family tyrosine kinases (Saksela
et al., 1995) and is also associated with Ser/Thr
protein kinase activity (Sawai et al., 1994). The
interaction of Nef with Src family tyrosine kinases
is potentially signi®cant, since these proteins are
directly involved in intracellular signaling path-
ways (Bolen, 1993). The Pro-X-X-Pro motif is
essential for maximal proliferation of the HIV-1
virus in primary cell cultures, and it is thus likely
that interactions of Nef with the Src family of pro-
teins may be responsible for the enhancement of
viral replication and infectivity (Saksela et al.,
1995).

Rev

As described earlier, Rev participates in the
sequence-speci®c transport of unspliced and
incompletely spliced viral mRNAs from the
nucleus to the cytoplasm. The 116 residue protein
binds speci®cally to the ``Rev-response element''
(RRE) RNA target sequence located within the
unspliced viral transcripts of the env gene (Daly
(SLIIB) of the RRE (Kd ca. 4 nM) that contains a
purine-rich bubble, and additonal Rev molecules
then oligomerize on the RRE (Heaphy et al., 1991;
Zapp et al., 1991).

Rev contains a basic domain (Arg35 to Arg50)
that functions in nuclear localization signaling,
binding of Rev to the RRE, and Rev multimeriz-
ation at the recognition site (Kjems et al., 1992;
Malim et al., 1989a; Malim & Cullen, 1991; Malim
et al., 1989b). Residues immediately N- and C-term-
inal to this arginine-rich domain contribute to Rev
oligomerization on the RRE but have no detectable
role in RRE binding (Malim & Cullen, 1991). The
Rev activation or effector domain, a leucine-rich
region extending from Leu75 to Leu83, functions
as a binding site for necessary Rev-associated fac-
tors (Bogerd et al., 1995; Malim & Cullen, 1991).

The three-dimensional structure of a peptide cor-
responding to the basic segment of Rev bound to
the stem-loop IIB (SLIIB) of the RRE recognition
site was determined by Williamson and co-workers
using NMR methods (Battiste et al., 1996). The
structure was determined to high atomic resolution
with samples containing isotopically labeled pep-
tide and RNA, and built upon previous structural
modeling of the RNA in a complex containing
unlabeled peptide (Battiste et al., 1995). The
peptide, which contains a non-native aspartic acid
residue at its amino terminus, is largely unstruc-
tured in solution (�12 % helical content), but forms
an a-helix upon binding to the SLIIB RNA stem.
The peptide binds within a signi®cantly widened
major groove that contains two purine-purine
base-pairs (G47 �A73 and G48 �G71) separated by a
non-stacked bulged uridine base (U72; Figure 17).
The phosphodiester backbone is severely distorted
at the binding site, resulting in a locally parallel-
strand orientation. Arginine and asparagine resi-
dues implicated in sequence-speci®c binding on
the basis of chemical modi®cation and in vitro
selection experiments interact with nucleotides in
the major groove, and one threonine and several
arginine residues make additional electrostatic or
hydrogen-bonding contacts with the phosphodi-
ester linkages at the periphery of the widened



major groove. For example, residue Arg38, which
cannot be substituted by lysine, appears to form

under non-denaturing conditions, contains
1.6 atoms of zinc per protein and exists in solution
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hydrogen bonds to the phosphodiester groups of
U66 and G67. The peptide and RNA structures
appear to be mutually stabilizing, consistent with
the view that the entire complex behaves as a
single folding unit (Tan & Frankel, 1994).

Shortly after the above work appeared, Patel
and co-workers reported the NMR structure of a
Rev basic peptide bound to a 35-nucleotide RNA
aptamer (Ye et al., 1996). The Rev-aptamer struc-
ture is globally similar to the Rev-RRE. In the apta-
mer complex, the a-helical Rev peptide binds
within a widened major groove using similar sub-
sets of hydrogen bonding and electrostatic inter-
actions. The composition of the aptamer is
different from that of the RRE SLIIB, and the major
groove of the aptamer is widened by a different
combination of intranucleotide interactions. Both
RNA structures contain purine-purine mismatches
(A �A and G �A in the case of the aptamer) and a
looped-out nucleotide at the peptide binding site.
The A �A mismatch appears to be isosteric with the
G �G mismatch in the Rev-RRE complex. In
addition, the aptamer contains a U*AU triple that
is not present in Rev-RRE.

Tat

Transcription of the integrated proviral DNA is
initiated at the HIV-1 promoter, which is located
in the U3 region of the 50 long terminal repeat
(LTR). The promoter binds RNA polymerase II,
as well as numerous other cellular factors, includ-
ing NF-kB, Sp1, TBP and others (Jones &
Peterlin, 1994). In the early stages of infection,
transcription is terminated prematurely due to
abortive elongation. As described above, Tat
functions to enhance transcriptional elongation by
binding to the TAR (trans-activating response
element) stem-loop site on the nascent RNA tran-
script, probably as a Tat-cyclin T complex, and
recruiting Cdk9. This mode of transcriptional acti-
vation differs from that of most other well-
characterized transcription factors that function
by binding to the duplex DNA template. Cdk9
then stimulates transcriptional elongation by
phosphorylating the RNA polymerase II tran-
scription complex (Herrmann & Rice, 1995;
Reines et al., 1996; Wei et al., 1998).

The HIV-1 Tat sequence consists of four different
regions that share homologies with the Tat
proteins of other lentiviruses (Dorn et al., 1990),
including (from N to C terminus) the cysteine-rich,
core, basic, and glutamine-rich segments. The role
of the cysteine-rich segment is unknown. Interest-
ingly, some lentiviruses, such as EIAV, encode Tat
proteins that do not contain a cysteine-rich
sequence (Dorn et al., 1990). Early reports
suggested that this domain binds zinc and stimu-
lates Tat dimerization (Frankel et al., 1989). How-
ever, more recent evidence indicates that
recombinant and functional Tat protein, isolated
as a mixture of monomer and higher-order aggre-
gate species (Slice et al., 1992). Still others have
suggested that Tat functions as a monomer (Rice &
Chan, 1991), does not require zinc, and that the
cysteine residues may exist as disul®de groups
(Koken et al., 1994).

HIV-1 Tat has a strong tendency to oxidize, and
this is the likely reason that neither the intact pro-
tein nor the cysteine-rich array have been struct-
urally characterized to high atomic resolution. The
75 amino acid residue Tat protein from EIAV,
which lacks a cysteine-rich segment, has been mod-
eled using NMR-derived distance restraints and
molecular dynamics simulations (Willbold et al.,
1994). Residues Tyr35-Tyr49 of the core sequence
fold to form a hydrophobic core, which appears to
be stabilized mainly by the packing of hydro-
phobic side-chains. The ¯anking basic and gluta-
mine-rich sequences appear highly ¯exible. Indeed,
the entire structure is apparently ¯exible, based on
the lack of slowly exchanging backbone amide pro-
tons (Willbold et al., 1994). Similar studies of HIV-1
Tat suggest that the core domains adopt a
conserved three-dimensional structure (Bayer et al.,
1995). The HIV Tat core domain was not de®ned
as precisely as the EIAV core, due possibly to the
fact that the EIAV core contains a stabilizing disul-
®de bond whereas the HIV Tat core domain does
not.

The basic segment of Tat (R49KKRRQRRR57)
is essential for recognition and binding to TAR
RNA. Frankel and colleagues showed that substi-
tution of the basic residues by a stretch of nine
arginine residues does not affect in vivo transacti-
vation, whereas substitution by a stretch of nine
lysine residues leads to a 100-fold decrease in
activity (Calnan et al., 1991). By systematically
substituting arginine residues back into the nine-
lysine-residue mutant, they found that a single
arginine residue at either position 52 or 53 is suf-
®cient to restore wild-type levels of transactiva-
tion activity. Ethylation interference experiments
suggested that a single arginine residue binds
simultaneously to two phosphodiester groups in
a manner referred to as the ``arginine fork''
(Calnan et al., 1991).

Information regarding the structure of the HIV-1
Tat basic domain is currently somewhat controver-
sial. NMR studies of a biologically active 25-resi-
due peptide containing the basic, RNA-binding
segment of HIV-1 Tat linked to the core domain of
EIAV Tat suggested that the basic RNA-binding
region forms an a-helix (Mujeeb et al., 1994).
Although the basic residues of intact EIAV Tat
exhibited weak evidence of a-helix formation
(Willbold et al., 1994), the analogous residues of an
intact HIV-1 Tat protein appeared disordered
(Bayer et al., 1995). However, recent high-resol-
ution structural studies of HIV-1 Tat basic peptide-
TAR RNA complexes indicate that the basic



domain actually adopts a b-hairpin upon binding
to TAR (Ye et al., 1995; Figure 18).

mide complexes with the TAR RNAs of bovine
immunode®ciency virus (BIV; Ye et al., 1995) and

Figure 18. Space-®lling representation of the bovine
immunode®ciency virus (BIV) Tat peptide bound to the
BIV TAR RNA. As for the HIV-RRE, binding occurs in a
widened major groove. However, the BIV Tat peptide
binds in a b-hairpin conformation.
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Although high-resolution structural information
is not available for HIV-1 Tat, much information
has been obtained about the structure and inter-
actions of its TAR RNA target. NMR-based struc-
tural studies of a complex formed between the
31-nucleotide TAR RNA and argininamide, the
minimalist model of the Tat basic site, provided
support for the arginine fork model (Puglisi et al.,
1992). These studies revealed that the TAR RNA
undergoes a major conformational change upon
binding the argininamide ligand, leading to a
stable RNA fold in which the argininamide side-
chain forms hydrogen bonds to the G26 nucleobase
of the G26 �C39 base-pair, and also interacts with
phosphodiester groups P22 and P23 (Puglisi et al.,
1992). In addition, nucleotides U38, A27 and U23
were proposed to form a base-triple upon arginin-
amide binding. Formation of the base-triple results
in increased exposure of the major groove and
enhanced accessibility of G26 to the guanidinium
group of arginine.

In subsequent NMR studies of TAR-arginin-
amide and TAR-Tat peptide complexes, Varani
and co-workers suggested that nucleotides U38,
A27 and U23 do not form a base-triple (Aboul-ela
et al., 1995). The Tat peptide employed in these stu-
dies contained both the basic and core regions of
Tat, and although the quality of the data was not
suf®cient to allow a high-resolution structure
determination of the bound peptide, the studies
did reveal that core residues participate directly in
Tat-RNA interactions (Aboul-ela et al., 1995). The
nature of the discrepancies between the TAR-argi-
ninamide structures determined by the Varani
(Aboul-ela et al., 1995) and Williamson (Puglisi
et al., 1992) laboratories is not clear. Although the
latter structure was determined with signi®cantly
more experimentally determined distance
restraints, very recent NMR studies of arginina-
HIV-2 (Brodsky & Williamson, 1997) are consistent
with the originally proposed U38-A27-U23 base-tri-
ple. In addition, an isomorphic HIV-2 TAR mutant
forms a C38-G27-C23� triple upon argininamide
binding in the expected pH-dependent manner
(Brodsky et al., 1998).

The HIV-1 TAR RNA appears to be very sen-
sitive to divalent cations. A recent crystal struc-
ture revealed that calcium ions can induce a
TAR conformation that is similar in some
respects with (but not identical with) that of the
argininamide-bound structure (Ippolito & Steitz,
1998).

Vpr, Vpu and Vif

No high-resolution structural information is
available for these accessory proteins.

Future Directions

Although tremendous progress has been made
over the past ten years in characterizing the
structures of proteins from HIV-1, many unan-
swered questions remain. Some proteins, such as
the protease, have received detailed structural
characterization. However, for most proteins,
structures were determined for isolated subdo-
mains or deletion mutants that sometimes lacked
functionally important groups. No atomic-level
structural information is available for the acces-
sory proteins Vpr, Vpu and Vif. In addition,
although the accessory proteins Tat and Rev
have been modeled on the basis of limited struc-
tural data, high-resolution structures of these
proteins have not been reported. The structure
of the Gag precursor polyprotein, which could
provide important insights into the mechanism
of virus assembly and maturation, is also
unknown.

In addition to completing structural studies of
isolated viral components, future efforts will
need to focus on functional intermolecular inter-
actions. Although the molecular determinants of
several key interactions have been addressed,
such as those associated with target cell recog-
nition and penetration, genome recognition and
packaging, and the regulated transcription of
the integrated viral DNA, complete understand-
ing of the structural biology associated with
these and other processes has not been
revealed. In addition, understanding the inter-
molecular interactions associated with capsid
core assembly and disassembly could lead to
the development of antiviral agents designed to
inhibit these processes, as has been achieved for
other viruses (e.g. the ``WIN'' compounds that
target the capsid of rhinovirus; Smith et al.,
1986). The recent preparation of core-like par-
ticles by Sundquist and co-workers offers the
exciting possibility that structural information



for the capsid core may become available in the
not-too-distant future.

proteins on a lipid monolayer. J. Biol. Chem. 273,
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Note added in proof: In a major breakthrough, the X-ray structure of a catalytically relevant HIV-1
reverse transcriptase complex with DNA and a deoxynucleoside triphosphate has recently been
determined [Huang, H., Chopra, R., Verdine, G. L., Harrison, S. C. (1998). Structure of a covalently
trapped catalytic complex of HIV-1 reverse transcriptase: Implications for drug resistance. Science
282, 1669-1675].
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