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Abstract: The Pol protein of human immunodeficiency virus type 1 (HIV-1) harbours the viral enzymes critical
for viral replication; protease (PR), reverse transcriptase (RT), and integrase (IN). PR, RT and IN are not
functional in their monomeric forms and must come together as either dimers (PR), heterodimers (RT) or
tetramers (IN) to be catalytically active. Our knowledge of the tertiary structures of the functional enzymes is
well advanced, and substantial progress has recently been made towards understanding the precise steps
leading from Pol protein synthesis through viral assembly to the release of active viral enzymes. This review
will summarise our current understanding of how the Pol proteins, which are initially expressed as a Gag-Pol
fusion product, are packaged into the assembling virion and discuss the maturation process that results in the
release of the viral enzymes in their active forms. Our discussion will focus on the relationship between
structure and function for each of the viral enzymes. This review will also provide an overview of the current
status of inhibitors against the HIV-1 Pol proteins. Effective inhibitors of PR and RT are well established and
we will discuss the next generation inhibitors of these enzymes as well recent investigations that have

highlighted the potential of IN and RNase H as antiretroviral targets.
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INTRODUCTION

The human immunodeficiency virus type 1 (HIV-1)
genome has three main coding regions; gag which directs
the synthesis of the internal structural proteins, po/ which
encodes the viral enzymes and env which gives rise to the
envelope proteins. The pol gene, which lacks an initiation
codon, partially overlaps and is in the —1 reading frame with
respect to gag. As a result Pol is only synthesized as part of
a Gag-Pol fusion protein. Gag is expressed as a 55 kDa
precursor (Pr55-Gag) and is cleaved to produce the mature
proteins; matrix (MA), capsid (CA), p2, nucleocapsid (NC),
pl and p6U2ag (Fig. 1). Pol is expressed in the form of a 160
kDa Gag-Pol fusion protein (Pr160-Gag-Pol) and is cleaved
to produce MA, CA, p2, NC, the transframe protein (TF),
and the viral enzymes protease (PR), reverse transcriptase
(RT) and integrase (IN) (Fig. 1). The viral enzymes catalyse
a number of essential steps in HIV-1 replication
(summarized in Fig. 2). PR catalyses the proteolytic
processing of the Gag and Gag-Pol precursor proteins. RT
catalyses the conversion of single stranded RNA into double
stranded viral DNA for integration into the host
chromosomes. RT is a multifunctional enzyme with RNA-
directed DNA polymerase, DNA directed DNA polymerase
and ribonuclease hybrid activities (RNase H). IN mediates
the integration of the linear double stranded viral DNA into
the host cell chromosome. The multimerization of the
polymerase subunits is critical for their enzymatic function
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and PR, RT and IN exist as either dimers (PR),
heterodimers (RT) or tetramers (IN). This review will follow
the path the viral enzymes take through Gag-Pol protein
synthesis, packaging into the assembling virion and the
maturation process that delivers active PR, RT and IN.

EXPRESSION OF THE GAG-POL POLYPROTEIN

HIV-1, like other viruses, makes the most of its compact
genome by using novel modes of gene expression to allow
the synthesis of multiple proteins from a single RNA
species. In all retroviruses the structural proteins (encoded by
the gag gene) and the enzymatic proteins (encoded by the
pol gene) are synthesised from a single RNA template as
polyproteins with a common N-terminus. Thus, translation
of the viral genome results in the formation of both a Gag
precursor and a Gag-Pol precursor that is produced at 10-20
fold lower level than Gag (for review see [103]). In the case
of gammaretroviruses such as the feline leukemia virus
(FeLV) and the murine leukemia virus (MLV), gag and pol
are in the same reading frame and the Pol protein is
expressed as the result of an infrequent translational
readthrough of the gag termination codon [66]. In contrast,
in lentiviruses such as HIV-1 and the alpharetrovirus avian
leukosis virus (ALV), pol is in a different reading frame to
gag and a small proportion of ribosomes undergo a —1
ribosomal frameshifting event to facilitate Pol protein
expression [77, 78, 147, 186].

In HIV-1 programmed —1 ribosomal frameshifting occurs
at a level of 5-10% of Gag synthesis [79], ensuring
maintenance of a strict ratio of 20 Gag molecules to each
Gag-Pol. This 20:1 ratio of Gag to Gag-Pol is critical for

© 2005 Bentham Science Publishers Ltd.
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Fig. (1). Schematic representation of some of the major features
of the Gag and Gag-Pol polyproteins.

RNA dimerization, viral assembly, replication and
infectivity [88, 134, 162]. The frameshift required for the
translation of HIV-1 Gag-Pol is promoted by two cis-acting
RNA components a UUUUUUA heptamer termed the
“slippery” sequence and a stem-loop (Fig. 3). These
elements are located in the overlapping region of the gag and
pol genes directly following the coding region for NC.
Sequence analysis has shown that the UUUUUUA sequence
is highly conserved [9]. Moreover, Biswass et al. [9] have
demonstrated that any changes to the heptamer, including
changes that allow frameshifting in other viruses, will
decrease the efficiency of frameshifting and inhibit
infectivity in HeLa cells [9]. Traditionally the frameshift
stem-loop structure has been thought of as a simple 12bp
stem-loop, separated from the slippery sequence by a 7
nucleotide spacer sequence [79, 85, 101] (Fig. 3A). The first
direct structural information on this traditional stem-loop
was recently described by Staple and Butcher [175]. Their
nuclear magnetic resonance (NMR) study revealed that the
frameshift stem-loop is an A-form helix capped by a
structured ACAA tetraloop [175]. Two groups have now
shown that the frameshift region extends beyond the simple
stem-loop giving rise to a more complex signal that
contributes to the frameshift mechanism [43, 45]. Dulude et
al. [45] have suggested that the frameshift stimulatory signal
consists of a two-stem helix, where the classic stem-loop has
a lower stem that pairs with the spacer sequence after a 3-
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purine bulge (Fig. 3B). In contrast, Dinman ef al. [43] have
proposed a triple helix structure, where the pyrimidine rich
region downstream of the classic stem-loop interacts with 3
bases in the loop (Fig. 3C). Both models incorporate the
stable stem-loop structure described by Staple and Butcher
[175]. In addition both models were in agreement with the
potential of 139 pol sequences in the Los Alamos National
Laboratory HIV sequence database to form either a two stem
helix or a triple helix [45]. Only 7.2% of sequences could
not form a triple helix and only 3.6% could not form a two-
stem helix. Ultimately there is a need to characterize the
structure of the extended frameshift region to see which
model holds true.

Although the precise mechanism of frameshifting is not
completely understood, the most likely function of the
secondary structure is to cause the progressing ribosomes to
pause over the slippery sequence so that the ribosome-bound
peptidyl-tRNA and aminoacyl-tRNA slip back from their
initial position in the Gag reading frame and re-pair in the
-1/Pol reading frame [80] (Fig. 3D). While the slippery
sequence alone mediates a low level of frameshifting, the
addition of the stem-loop increases ribosomal frameshifting
efficiency 3-5 fold [7, 20, 21, 136, 149]. Stem-loop
thermodynamic stability is critical for maintaining the Gag
to Gag-Pol ratio. Major alterations to stem-loop stability
decrease frameshifting efficiency [6, 7] and abrogate viral
infectivity [70, 182]. It is also thought that a direct
interaction between the stem-loop and the ribosomes may be
required during translation to facilitate the -1 frameshift [85,
165, 175], in which case stem-loop stability would be
critical in providing an accessible binding surface for the
progressing ribosomes. Chang et al. [23] identified a large
amount of natural variation in the stability of the frameshift
stem-loop amongst 76 gag nucleotide sequences from
various strains and subtypes of HIV-1. The average
estimated thermodynamic stability (AG®) of the frameshift
stem-loops from 29 subtype B viruses was -21.3 kcal/mol,
while that of nine subtype A stem-loops was —17 kcal/mol
and five of seven subtype F sequences had an estimated
stability of greater than or equal to —15 kcal/mol [23]. When
assessing frameshifting efficiency across the different
subtypes of Group M, Baril ef al. [6] found little variability
despite differences in stem-loop stability. In addition,
Telenti et al. [182] reported that natural variations in
thermodynamic stability that result in decreased
frameshifting (up to 40%) and impaired Gag-Pol maturation
were still able to support wild-type replication in PBMCs
[182]. Overall it appears that rather than evolving to a
strictly defined stem-loop structure, there is strong selective
pressure to maintain a frameshift signal that supports the
correct ratio of Gag to Gag-Pol synthesis and thereby
preserve the balance between structural proteins and enzymes
that is required for the production of infectious virions.

Like -1 frameshifting, translational readthrough requires
sequence structures in the retroviral RNA for Pol protein
expression. These include several nucleotides following the
UAG and a psuedoknot ([2] and references therein).
However, it was recently demonstrated that optimal
translational readthrough in MuLV also requires the
involvement of RT and the cell protein erfl (eukaryotic
translation release factor 1) [62, 130]. Erfl was identified as
a binding partner of RT using the yeast two-hybrid system
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Fig. (2). General features of the HIV-1 replication cycle, highlighting those steps that involve the Pol enzymes, PR, RT and IN.
Following receptor binding and viral entry RT catalyses the conversion of single stranded viral genomic RNA into the double
stranded proviral DNA precursor for IN mediated integration into the host chromosome. The Gag and Gag-Pol proteins are
synthesized in the cytoplasm as polyprotein precursors that are transported to the membrane for assembly and budding. The resultant
virions are immature and non-infectious. Viral maturation is mediated by PR cleavage of the precursor polyproteins.

and it was subsequently shown using RT mutants that the
interaction between RT and erfl is critical for Gag-Pol
protein expression [130]. The ability of HIV-1 and other
viruses to recruit host cell factors to support replication is
notorious and although there is no current evidence, it
remains possible that factors beyond the slippery sequence
and the stem-loop are required for -1 frameshifting in HIV-1.

PACKAGING THE GAG-POL PRECURSOR
PROTEIN INTO THE ASSEMBLING VIRION

Viral Assembly

Assembly pathways differ between cell types. While T-
cells primarily support viral particle release at the plasma
membrane, the virus assembles in intracellular vesicles in
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Fig. (3). The frameshift region of HIV-1. (A) The simple stem-loop proposed by Jacks et al. [79] and recently investigated by Staple
and Butcher [175], showing the slippery sequence (underlined) and the predicted stem-loop structure. (B) The two stem helix
structure proposed by Dulude et al. [45]. (C) The intramolecular triplex structure proposed by Dinman et al. [43]. (D) A model for the

mechanism of ribosomal frameshifting.

macrophages. This review will cover assembly in general
terms, focusing on particle assembly as it is currently
thought to occur in T-cells. Gag is the driving force behind
viral assembly, assisted by host factors and cellular
machinery (for review see [120]). Three key assembly
domains have been described in Gag (Fig. 1). The membrane
interaction (M) domain is essential for transport to the cell
membrane and requires Gag to undergo post-translational
myristoylation to the N-terminus of MA [60]. Gag attaches
to the membrane via the myristic acid moiety and via ionic
interactions between membrane phospholipids and basic
amino acids within MA [203]. The interaction (I) domain is
located at the N-terminus of NC [157] and is important for
Gag-Gag complex formation, as recently highlighted using
FRET (fluorescence resonance energy transfer) assays with
wild-type and truncated Gag molecules that demonstrated the
I domain of Gag mediates Gag complex formation in living
cells. [40]. p6Y2¢ contains an N-terminal PTAP motif

termed the late (L) domain which is critical for viral budding
[63, 199, 200]. PTAP has been shown to interact with
TSG101 and this interaction is essential for the final stages
of particle budding [59, 117, 185] (for review see [54]).

Our understanding of the many facets of viral assembly
continues to expand. Retroviral infection of non-dividing
cells is dependent on their ability to enter the nucleus of the
host cell. Following viral entry a pre-integration complex
(PIC) consisting of both viral and cellular components is
formed [11, 12, 13]. The viral proteins IN, Vpr and MA
have been identified in the PIC and shown to have nuclear
localization signals (NLSs) [11, 39, 53, 57, 68, 144]. MA
has also been reported to encode a nuclear export signal [46].
Wherein, nuclear export of Gag is mediated by the Crmplp
protein export pathway [46]. It appears that newly
synthesised Gag is required to enter the nucleus to facilitate
the proper assembly of HIV-1 [46]. The nuclear export signal
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is thought to counteract the nuclear import signal to ensure
that the Gag precursor is localised to the cell cytoplasm
during the process of viral assembly. However, the precise
mechanisms of both nuclear entry and export have not been
fully elucidated and this feature of HIV-1 assembly remains
controversial as the literature contains a number of
conflicting reports. For example, one study by Reil et al.
[148] indicates that viruses deficientin MA can infect non-
dividing cells at levels similar to wild-type. Interestingly, in
Rous sarcoma virus (RSV) Gag has been shown to enter the
nucleus via a NLS in MA and be exported using a CRM1-
mediated pathway [159]. It is not yet clear whether there are
any mechanistic parallels between nuclear entry and export in
RSV and HIV-1 [159].

Requirements for Gag-Pol Packaging

It is generally believed that the Gag-Pol protein, which
cannot form a virus particle alone [118], is incorporated into
assembling particles through interactions within the CA
domains of Gag and Gag-Pol [72, 174, 193]. Efficient
incorporation of Gag-Pol requires the major homology
region (MHR) in CA and the adjacent C-terminal CA
sequences [30, 31, 72]. Intriguingly, mutations in the CA-
MHR that inhibit the packaging of Gag-Pol allow the
formation of Gag particles, so it is not strictly the same
sequences involved in Gag-Gag interactions that facilitate
Gag/Gag-Pol interactions [72, 174].

While interactions between the CA regions of Gag and
Gag-Pol are the key route for packaging the Gag-Pol
precursor, Pol proteins can in fact be packaged when
expressed outside the context of a Gag-Pol fusion. For
example, functional RT and IN can be incorporated into
VLPs when fused to Vpr [196, 197], presumably reliant on
Vpr-Gag interactions [139]. Remarkably, Cen et al. [22]
have recently demonstrated that the Pol proteins could be
packaged into an assembling virion without the Gag portion
of Gag-Pol. The packaging of Pol proteins occurred at 70%
the level of wild-type. Moloney murine leukemia virus (Mo-
MLV) Pol proteins can also be packaged when not expressed
in the context of a Gag-Pol fusion protein, as shown via co-
expression studies of Mo-MLV Gag and Mo-MLV Pol
encoded on separate plasmids [10]. However, a decrease in
RT activity was observed in the resulting virions,
suggesting a deficient packaging of Pol [10]. Both studies
suggest there is a direct interaction in trans between Pol and
Gag that can facilitate the incorporation of Gag-Pol. Pol
sequences important for Gag-Pol packaging are thought to
lie within the N-terminus of RT as incorporation of Gag-Pol
does not require RNase H or IN [92] and PR and IN were
shown to be dispensable for packaging truncated Pol
constructs into Gag-VLPs [22]. Cen et al. [22] have also
suggested a role for p6Ua8 in the packaging of Pol proteins
as deletion of p6Yag decreased Pol incorporation into Gag-
VLPs 4-5 fold. Further work is required to establish whether
this interaction occurs in vivo in the absence of the high
levels of expression obtained in the described transfection
system [22]. At what stage this interaction might come into
play also needs to be resolved. One possibility is that p652g
is important for retaining the Pol proteins within the virion
once Gag-Pol is cleaved [22]. This suggestion is consistent
with the finding that proline residues in p692¢ are important
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for retaining Pol proteins following PR activation in a cell-
type specific interaction [41, 199].

Trafficking Gag-Pol from the Ribosomes to the Site of
Virus Assembly

Gag and Gag-Pol are synthesized on ribosomes in the
cell cytoplasm and then transported to the plasma membrane
where the particle obtains its lipid envelope and buds from
the host cell. Gag is thought to be responsible for
transporting Gag-Pol to the cell membrane. The clearest
evidence comes from studies that have shown non-
myristoylated Gag and non-myristoylated Gag-Pol could be
packaged into the virion if co-expressed with myristoylated
Gag [28, 135, 172]. Gag contains several binding interfaces
that promote Gag-Gag interactions and the model of virus
assembly that is now emerging from analysis of Gag virus
like particles (VLPs) strongly suggests that Gag
polyproteins form small multimers in the cytoplasm and
assemble into larger complexes at the cell membrane.
Building on evidence from several groups that have observed
Gag multimers within the cell cytoplasm [102, 106, 126]
multimerized Gag complexes have now been identified at the
plasma membrane and in the cytoplasm of living cells for
both RSV [99] and HIV-1 [40] using FRET analysis. In
addition, NMR studies have shown that the membrane
targeting step of MA myristoylation is regulated by an
entropic shift in a pre-existing equilibrium wherein myristate
(myr) exposure is coupled with Gag self assembly [181].
These studies suggest that multimerization of Gag generates
an intermediate complex in the cytoplasm that exposes the
myristoylation signal and consequently facilitates transport
to the plasma membrane [181]. This demonstration provides
a strong argument against the possibility that Gag
complexes identified in the cytoplasm represent misfolded or
misdirected complexes targeted for degradation.

Although the bulk of the assembly studies have been
conducted with Gag VLPs, there is also evidence that
supports the idea that Gag-Pol multimerizes with Gag in the
cell cytoplasm. Lee et al. [102] have reported the formation
of Gag and Gag-Pol precursor complexes in the cytoplasm of
HIV-1 infected CD4* T-cells, and more recently a direct
interaction between Gag and Gag-Pol was shown with the
immunoprecipitation of a Gag/Gag-Pol complex from
transfected COS7 cells [65]. In the Halwani et al. [65]
study, all newly synthesized Gag-Pol was found to be
associated with Gag at the detergent-resistant membrane
(DRM). While Gag is responsible for Gag-Pol packaging,
the Gag-Pol precursor in turn has recently been shown to be
important for the packaging of the viral accessory protein
Nef through a direct interaction between the C-terminal
flexible loop of Nef and the TF protein in Gag-Pol [35]. The
addition of an ER retrieval signal to the C-terminus of Nef
has shown that the Nef and Gag-Pol interaction is strong
enough to redirect Gag-Pol from the cytoplasm to an
intermediate compartment, causing interference with Gag
processing and viral infectivity [35]. The resultant
perinuclear localization and interfering phenotype mimics
that caused by the HIV-1;, Nef protein, NefF12 [50, 129]
and it has been demonstrated that Gag-Pol is misrouted by
NefF12 as a result of three amino acid changes in this
atypical Nef protein [35]. These findings, combined with the
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identification of a role for Nef in directing budding from
lipid rafts [202] suggest Nef may play a supporting role in
Gag-Pol packaging. A Gag/Gag-Pol/Nef assembly complex
formed in the cytoplasm would have a multitude of
membrane targeting motifs, potentially allowing the
complex to be more efficiently transported to the cell
membrane [35].

The Role of Viral RNA in Gag-Pol Packaging and
Virion Architecture.

It is now well established that the assembly of HIV-1
and other retroviruses is facilitated by nucleic acids [14, 16,
17, 32, 121, 124], which in turn suggests that the viral
RNA may have an important role in packaging Gag-Pol into
the assembling virion. Accordingly, recent investigations
have shown that the viral RNA is important for the
formation of stable Gag/Gag-Pol complexes [91]. Khorchid
et al. [91] found that mutations in Gag NC that prevent
Gag-RNA binding also inhibit the formation of stable
Gag/Gag-Pol complexes and treatment with RNase was able
to destabilize the Gag/Gag-Pol complex. The same mutation
in NC of Gag-Pol had no effect on complex formation.
Overall it appears that Gag-Pol does not directly interact
with RNA but the formation of Gag/Gag-Pol complexes
requires RNA facilitated Gag multimerization [91]. It has
been speculated that the role of the I domain in mediating
Gag-Gag interactions may be to enhance Gag
multimerization by acting as a nucleic acid tether [40, 157].
As multiple Gag molecules bind to the RNA via the I
domain, the protein-protein interaction domains of Gag are
brought together allowing Gag complex formation and, as
recently demonstrated by Tang ef al. [181], exposure of
MA’s myristoylation signal. As Gag-Pol does not appear to
interact directly with the viral RNA [91], Gag-Pol must be
incorporated into the Gag and RNA complex via protein-
protein interactions, presumably between the CA domains of
Gag and Gag-Pol. Although translation of Gag and Gag-Pol
from the same mRNA is not critical for Gag-Pol packaging
[135, 172] or for viral function [69], a likely location for the
initiation of RNA, Gag and Gag-Pol interaction is at the
polyribosome where the constituents of the complex are in
high concentration. In this environment the Gag monomers
could multimerize on the RNA scaffold in such a way that
the molecular organization of the proteins yields the correct
positioning for incorporation of the less frequently
synthesized Gag-Pol proteins. Cell based FRET assays of
assembly (as described for Gag VLPs [40, 99]) that include
both Gag and Gag-Pol may shed light on this issue.

The exact role of the viral RNA in particle assembly has
not been fully elucidated. As described above it has been
proposed that RNA acts as a scaffold for the multimerization
of Gag and Gag-Pol [16, 17, 18, 40, 157]. However, Wang
et al. [190] have recently suggested that the main role of the
viral RNA is to stabilise the viral core, preventing the
collapse of the particle during processing of the Gag and
Gag-Pol precursor proteins. In either scenario a structural
role for RNA during viral assembly, wherein the viral RNA
dictates virus architecture, may facilitate the organisation of
Gag-Pol molecules within the virion. This would allow the
appropriate placement of the viral enzymes and support the
correct molecular arrangements for proper virion function.
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The conformation of the Gag-Pol precursor is important for
the correct positioning of RT in the ribonucleoprotein (RNP)
initiation complex as DNA synthesis by an RT defective
virus cannot be rescued by exogenously supplied RT [4]. In
addition, functional RT and IN proteins can be packaged
when supplied in trans as Vpr fusion proteins to generate
infectious virions [107, 196]. However, Wu ef al. [196]
found that the levels of infection achieved when the proteins
were supplied individually as Vpr-RT and Vpr-IN did not
reach those of virions complemented by RT-IN supplied in
fusion (Vpr-RT-IN) which in turn were not as infectious as
wild-type virions. Similarly, while the independent
packaging of Vpr-RT and Vpr-IN into processed Gag-VLPs
does not permit RNA dimer maturation or core formation,
virion packaging of Vpr-RT-IN generates viral genomic
RNA in the correct conformation with wild-type-like
electron dense cone shaped cores [163].

PROTEIN PROCESSING AND VIRAL PARTICLE
MATURATION

It’s All in the Timing

PR mediated processing of the Gag and Gag-Pol
precursors generates a dramatic transformation in virion
morphology whereby non-infectious particles with electron
lucent cores are converted to infectious particles with
electron dense cone shaped cores [87, 89, 94, 155]. The
exact timing of Gag and Gag-Pol processing during HIV-1
replication remains uncertain. Cell-associated precursor
cleavage is well established. However, whether processing
for virion formation occurs at the membrane just before or
during release or strictly within the assembled virion has
proved difficult to elucidate. In many ways we are no closer
to answering this question than a decade ago when Kaplan et
al. [86] examined virions 10 seconds post-release and found
processing was complete, narrowing the window to show
that PR cleavage is initiated during or shortly after virus
release from the plasma membrane of the infected cell.

The regulation of PR function and timing is critical for
viral assembly. Premature activation of PR [97], partial
inhibition of its activity [87] or over-expression [88] lead to
major defects in assembly and the production of non-
infectious particles. Efficient viral budding appears closely
linked to PR activity. A reduction in viral budding and
defects in protein processing generated via mutations in
PTAP of p6928 can be rescued if these mutations are present
in a PR negative construct so that processing is blocked
[73]. Moreover, it has been reported that virus production is
slowed when processing is decreased or blocked [86, 158]
and over-expression of either PR or Gag-Pol can suppress
virus budding, presumably due to premature cleavage of the
Gag precursors in the cell [5, 88, 97, 134]. Not surprisingly,
major assembly defects resulting from the premature
processing of Gag was recently shown by an NC mutant
with flawed assembly which could be rescued by blocking
PR activity [131].

The importance of perfect timing in PR activation was
recently highlighted by Murakami ef al. [122] who have
shown that viral fusion is affected by Gag processing,
suggesting a critical role for proteolytic processing as a
maturational “switch”. Several groups have provided
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evidence to support an interaction between the MA protein
of Gag and the cytoplasmic tail of the envelope protein gp41
[34, 55, 116, 123, 198]. Murakami et al. [122] have
extended this work showing that protease negative constructs
have defects in cell-cell fusion. Consequently it appears that
the interaction between Gag and gp41 holds the envelope
glycoprotein in a conformation that inhibits fusion, and
processing of the MA protein induces a conformational
change that allows fusion to occur. Proteolytic processing
may also be important for modulating the activities of NC
during infection as an investigation of the role of NC in
stimulating integration found that of the three NC proteins
tested (NCp7, NCp9 and NCp15) the intermediate precursor
NCp9 generated the highest levels of integration in vitro
[58].

Sequential Processing and the Autocatalytic Release of
PR

PR is responsible for its own release from the Gag-Pol
precursor. PR is flanked by the TF protein at the N-terminus
and by the RT domain at the C-terminus. TF consists of
two domains; a conserved N-terminal octapeptide (TFP) and
a 48-60 amino acid variable region (p6F°!) that are separated
by a cleavage site. The precise mechanisms directing PR
autocatalytic release have not been resolved. The initial
cleavages leading to the release of PR are presumably carried
out by the precursor associated immature PR, while later
cleavages are carried out by the fully processed mature PR
[115, 140, 183]. Several model systems have been used to
examine the autocatalysis of PR utilising PR constructs
flanked by native Gag-Pol sequences of various lengths and
containing only two cleavage sites [33, 113, 195]. These
systems have shown two independent sequential steps are
required for the release of the mature PR. The first step is
the intramolecular TF-PR cleavage that coincides with a
large increase in mature-like enzyme activity [33, 113, 115]
and the second is the intermolecular cleavage of PR-RT
[195]. Accordingly, blocking cleavage at the N-terminus of
PR also blocks the C-terminal cleavage of PR and results in
a loss of infectivity [112, 114, 183, 204].

The order and timing of Gag precursor processing are
well established with cleavage shown to occur in a
sequential manner at primary, secondary and tertiary sites
[142, 143] (Fig. 4). Recent analyses by Pettit et al. [141]

A. B.

p2 pil
[INC]p8]

[MA ] CA
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have now illuminated the order of Gag-Pol precursor
cleavage. Using an in vitro system with full-length Gag-Pol
the first cleavage of the Gag-Pol protein was shown to occur
between p2 and NC to release MA-CA-P2 (42KD) and NC-
TF-PR-RT-IN (120KD). Cleavage between P2 and NC is
also the first processing event to occur in the Gag precursor
protein [119, 142, 192]. The second cleavage site in Gag-Pol
occurs within TF to release P6P°l-PR-RT-IN (113KD) and
NC-TFP. Cleavage at this site has also been seen in infected
cells [3, 26]. The Pettit ef al. [141] study suggests that the
release of PR is a relatively late event and that initial
cleavages are carried out by PR intermediates (summarized
in Fig. 4). PR processing of Gag and Gag-Pol is sequential
[142, 173, 192] and it now appears that interactions at the
dimeric interface of PR co-ordinate the order of precursor
protein cleavage [141]. Work by Pettit et al. [141] work also
supports previous investigations that suggest the initial
cleavages are intramolecular as the order of Gag-Pol cleavage
could be altered by an Ala to Pro change at codon position
one of PR when cleavage was carried out by endogenous but
not exogenous PR. Pettit et al. [140] have recently
conducted an extensive analysis of the in vitro processing of
full length Gag-Pol by it’s embedded PR. Taking advantage
of the fact that two active-site aspartic acids are required for
an active PR, Pettit et al. [140] have shown via co-
translation of various constructs containing PR-active site
and/or processing-site mutations that cleavage requires an
active PR to be present on the same Gag-Pol molecule as the
cleavage site. This demonstration that the initial cleavages of
the Gag-Pol precursor must be intramolecular was also
supported by the finding that Gag-Pol associated PR was
unable to cleave co-expressed Gag [140].

The position of PR between TF and RT appears critical
for efficient processing and consequently viral budding and
infectivity. When Gag-Pol constructs with an active PR
replacing MA are co-transfected with Gag the released virus
has defects in autoprocessing and in the frans processing of
Gag [27, 187]. In addition, changes to the organisation of
Pol proteins (PR-RT-IN) have been observed to prevent
processing by PR [24]. While RT does not have a catalytic
role in PR release [29, 195]; TF is clearly involved in PR
regulation. However, the precise role of TF and the
mechanism of regulation have not been determined. There is
evidence to suggest that TF acts as a negative regulator of
PR activity, as cleavage of TF from PR was found to be
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crucial for the stabilization of the PR dimeric structure
[110]. In addition, TFP was shown to be a specific
competitive inhibitor of the mature PR [138]. As a negative
regulator of PR, TF may act to prevent premature
processing, so that the Gag-Pol precursor remains intact
until viral assembly is complete. Such a delay would have a
number of advantages. For example, as the membrane
targeting signal is in the N-terminus of Gag-Pol, delayed
processing prevents precursor cleavage before Gag-Pol
reaches the cell membrane for viral assembly [141].
Interestingly, TF may have an additional role that is not
required for wild-type PR but comes into play in PR
mutants with impaired PR dimerization, such as drug
resistant PR mutants [37]. Dautin et al. [37] have shown
that TF facilitated the folding and dimerization ability and
enzyme activity of a PR variant with impaired dimer
formation. Similarly, PR variants with dimer interface
mutations can be compensated for when expressed as part of
Gag-Pol [141].

Viral Protein Processing and Particle Maturation

Sequential processing of the Gag protein appears critical
for the maturation of HIV-1 from immature particles with a
spherical capsid shell to mature particles with an electron
dense cone shaped capsid core (for review see [120]).
Investigation of the process of core maturation has linked
each step with specific Gag cleavages [1, 64, 98, 192]. In the
newly released immature particle MA-CA-p2-NC is attached
to the viral membrane. The initial cleavage of Gag at P2/NC
is essential for condensation of the electron dense core that
contains the RNP, NC and the viral genomic RNA. MA-
CA-p2 is then cleaved to release CA-p2 which leads to
capsid condensation and the formation of a spherical sub-
membrane shell. The mature conical core is finally generated
following CA/p2 cleavage.

The maturation or “stabilization” of HIV-1’s RNA
dimeric genome appears tightly coupled to proteolytic
processing (for review see [132]). Dimeric RNA from PR
negative “immature” particles displays an altered
electrophoretic mobility and is less stable following heat
treatment compared to wild-type particles [56]. Furthermore,
maturation of the genomic RNA is dependent on the
proteolytic release of the N-terminus of NC from the Gag
precursor [164]. Using an in vitro transcription translation
system Sheng et al. [166, 167] have demonstrated that
cleavage of the Gag intermediate NCpl5 requires the
presence of RNA. In addition, HIV-1 mutants made
defective in RNA dimerization by deletion of the DIS stem-
loop show impaired protein processing [104]. Long-term
culture of these mutants results in the appearance of
compensatory mutations in gag that restore protein
processing [105]. Deletion of the SL3 packaging signal that
lies upstream of the Gag coding region generates defects in
RNA packaging and dimerization [156] that can be rescued
by compensatory mutations in gag (distinct from those
described for the DIS-mutants) [153]. These mutations do
not, however, restore RNA packaging and dimerization when
introduced into a PR negative construct, suggesting the
compensatory mutations act during the viral maturation
process [153]. Overall, these studies highlight a complex
and intricate relationship between genomic RNA dimer
maturation and protein processing.
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THE MATURE VIRAL ENZYMES

The mature HIV-1 enzymes are multimeric proteins
whose enzymatic activities are tightly linked to their tertiary
structures. For detailed reviews of the structure and function
of PR, RT, RNase H and IN see [36, 90, 93, 184]. The
precise processes encompassing the expression of the Gag-
Pol monomer, the release of the mature forms of the proteins
and the conformational changes required for active
multimeric enzymes have not been confirmed. This section
will summarize our current understanding of these events.

Maturation of the PR Homodimer

The mature HIV-1 PR protein is a homodimer whose
dimerization is indispensable for catalytic activity as each
subunit contributes a catalytic Asp to form the active site
[109, 125]. The substrate binding cleft is positioned above
the active site and the binding site entrance is covered by
two flexible flaps (one from each monomer) that close down
on the active site following substrate binding [128]. PR is
stabilised at the dimer interface by a four stranded anti-
parallel beta-sheet interaction between four interdigitating
residues (residues 1-4 and 96-99) in the N- and C- termini of
the two PR subunits [194]. Another structural feature
important for the stability of the PR dimer is the complex
scaffold of hydrogen bonds supporting the active site,
termed the “fireman’s grip” [74, 176]. In HIV-1 the
fireman’s grip is formed by the hydroxyl groups of two Thr
residues in the active site Asp-Thr-Gly triplets. Other
retroviral proteases, such as RSV and myeloblastosis-
associated virus (MAV), have Ser instead of Thr in the
active site triplet. Mutational analysis has shown that the
use of Thr as opposed to Ser in this setting increases enzyme
activity [96, 151, 154]. Recent analyses of the relative
contributions of Thr or Ser to PR dimerization demonstrated
that the use of Thr in the active site triplet made the PR
dimer’s roughly 10 times more thermodynamically stable
than their Ser-using counterparts [74]. Interestingly, Ingr et
al. [74] also showed that the increased stability of the Thr-
using PR’s was caused by a higher rate of dimer association
than a slower rate of dimer dissociation. This suggests that
the fireman’s grip plays an active role in PR dimerization,
potentially orchestrating the initial interaction between the
two PR monomers and aiding in the resolution of correct
dimer conformation [74].

As PR is responsible for its own catalytic release from
Gag-Pol and the first cleavages by PR appear to be
intramolecular [33, 113, 115, 140, 141] there seems little
doubt that the immediate precursor of the mature PR is the
dimerized Gag-Pol precursor. The dimer interface accounts
for >50% of the intermolecular contacts between the PR
monomers [191, 194]. There are also multiple dimerization
and oligomerization domains within Gag-Pol and assembly
domains outside of PR contribute to PR dimer formation
and catalytic activity [141]. In addition, there is no evidence
for a naturally occurring PR monomer. The first description
of a structure of the PR monomer utilised mutants that
destabilise the PR dimer [76]. The tertiary fold of the PR
monomer was similar to the individual subunits of the
dimer, with exception of an exposed charged surface of the
active site region and an open flap conformation [76]. It
remains to be determined whether this folded structure is
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reminiscent of the native PR domain within the Gag-Pol
precursor as the structure of the Gag-Pol precursor in either
monomeric or dimeric form has not been resolved.
Identification of the structure of the Gag-Pol precursor will
be invaluable in our understanding of the maturation of the
viral enzymes as the first critical step in the maturation of
PR, and consequently RT and IN, is the folding and
dimerization of PR in the context of the Gag-Pol precursor
protein.

Maturation of the RT Heterodimer

The HIV-1 RT is an asymmetric heterodimer that
consists of a large (560 amino acids, 66KDa: p66) and a
small (440 amino acids, SIKDa: p51) subunit with common
N termini. The C-terminal fragment that is removed from
p66 to form p51 is the RNase H domain [42]. All enzyme
activities reside in the p66 subunit of RT and p51 is
catalytically inactive [100]. Accordingly, the role of p51 is
primarily structural and the dimerization of p66 and p51 and
the associated conformational changes are in fact required for
enzyme function [44]. X-ray crystal structures of RT [71, 81,
95, 152] indicate a structure similar to a right hand with four
subdomains, which are termed the finger, palm, thumb and
connection domains. The p51 RT subunit contains the same
polymerase subdomains as p66, yet their spatial arrangement
is markedly different as p51 adopts a closed structure
wherein the connection domain is rotated so that the active
site residues are buried [95]. The RT heterodimer is the
biologically relevant form of the enzyme. The monomeric
subunits p66 and p51 display only low catalytic activity
[150]. In studies using recombinant proteins the p66
homodimer, which is considered to be the immediate
precursor to the RT heterodimer (see below), displays a level
of RT catalytic activity similar to that of the heterodimer
[150].

The accepted immediate precursor to the RT heterodimer
is the p66 homodimer, although there is no published
experimental data that directly proves this notion. This
hypothesis is based on our knowledge of the structure of the
HIV RT and gives a plausible explanation for the presence of
a 1:1 ratio of p66 and p51 in the virion [188]. Since the p66
homodimer has two copies of RNase H, it is believed that
due to steric constraints the RNase H domain in one of the
p66 homodimer subunits must unravel to expose the
protease cleavage site between the polymerase and RNase H
domains [179]. The alternative to the sequential processing
hypothesis is that the subunits are cleaved from various Gag-
Pol molecules and subsequently interact to form the p66/p51
heterodimer and it is in fact possible to create a stable
heterodimer by mixing p66 and p51 and purifying by
chromatography [52]. To investigate the precursor to the RT
heterodimer Sluis-Cremer et al. [170] have analyzed the
processing kinetics of a 90Kd Pol fragment expressed in E.
Coli and demonstrated that there was an accumulation of
p66 prior to the appearance of p51. Two hours post-
induction p66 and p51 were in equal amounts and it was
possible to purify active RT from the lysate. In addition, the
introduction of an L1234 RT mutation that prevents RT
dimer formation [61, 178] resulted in the appearance of only
a small amount of p51 being produced that was then rapidly
degraded, indicating that heterodimer formation was
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dependent on RT’s ability to dimerise [170]. Overall the
results of this study support the premise that p66 is the
immediate precursor to the RT heterodimer.

Tachedjian et al. (unpublished data) have also
investigated whether p66 is the immediate RT heterodimer
precursor, exploiting mutations near the RT dimer interface
that have been shown to inhibit RT heterodimerization [177]
and p66 homodimerization (Tachedjian et al. unpublished
data) in yeast two-hybrid and in vitro binding assays. These
mutations led to the production of virus particles with no
defects in Gag processing, Gag-Pol stability or Gag-Pol
incorporation in the virion. However, these viral particles
were noninfectious and devoid of virion associated RT
activity as a result of the specific instability of the RT.
Analysis of cell lysates transfected with mutant virus
demonstrated decreased levels of p66 and undetectable levels
of pS1 compared to wild-type. It appears that the mutations
are inhibiting the homodimerization of p66 and that this
form of the RT is unstable and highly susceptible to
proteolysis by the HIV protease. These data support the
hypothesis that the p66 homodimer is the immediate RT
heterodimer precursor.

Maturation of the IN Tetramer

While the basic chemical process of integration is well
understood the structure of the mature active IN and the
complex it forms with the substrate remain elusive. IN’s 228
residues make up three independent domains; an N-terminal
domain that is characterised by a HH-CC zinc binding motif
[201], a catalytic core domain that contains the essential
residues D64, D116 and E152 and a C-terminal domain that
facilitates DNA binding. Notably, the catalytic core domain
is reminiscent of the RNase H structure of HIV-1 RT and the
two have catalytic acidic residues in similar positions in the
enzyme active sites [47]. Although the full length IN has not
been crystallized, the structures of the three individual
domains as well as paired domains have been solved [15,
25,47, 48, 108, 189]. The structural studies indicate that IN
forms a dimer. However, the mature active form of IN is
thought to be at least a tetramer [49, 83, 201]. The catalytic
core domain contains a region which forms a strong dimeric
interface and in the solution of the paired N-terminal and
catalytic core domains there is evidence for dimeric
interactions in the N-terminal domain [84]. However, in the
dimer the spacing between the active sites (30°A) is not
compatible with the spacing required to insert two strands of
DNA (15°A) [15, 184]. It is unclear whether an IN dimer is
in fact active or if, as suggested by modelling the
independently solved structures, the catalytic site is formed
when two active sites come together from interacting dimers
to galvanize the functional tetrameric enzyme [15, 145, 184]

THE VIRAL ENZYMES AS ANTI-HIV DRUG
TARGETS

It is now two decades since AIDS was first recognized
and HIV-1 identified as the causal agent [127]. The recent
licensing of “Fuzeon” (enfuvirtide), a fusion inhibitor that
blocks HIV entry into CD4+ T-cells marked the arrival of
the first anti-HIV drug not targeted at RT or PR. When used
in combination in highly active antiretroviral therapy
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(HAART) the nucleoside and nonnucleoside RT inhibitors
and PR inhibitors have been successful in delaying the onset
of AIDS. However, drug toxicity which inevitably leads to
lipodystrophy and metabolic disorders and the unavoidable
development of resistance mutations has made understanding
the action of these inhibitors and the identification of new
targets essential.

Drugs targeting RT belong to two main classes, the
nucleoside reverse transcriptase inhibitors (NRTIs) and the
non-nucleoside reverse transcriptase inhibitors (NNRTIs).
The NRTIs are analogs of the natural substrates of the RT
and become incorporated into the nascent DNA strand during
reverse transcription preventing chain elongation. NNRTIs
inhibit RT by binding to an allosteric site on the polymerase
domain of the p66 subunit. Our understanding of how these
inhibitors work is continuing to grow. In particular there is
new evidence revealing the mechanism of NNRTIs ([179]
and Tachedjian et al. unpublished). The recognized
mechanism of action of NNRTIs is to inhibit the mature RT
heterodimer by binding to a hydrophobic pocket in the p66
RT subunit, which is proximal to the polymerase active site.
Targeting the RT in this way leads to inhibition of reverse
transcription, which is an early step in the virus life cycle.
The recent demonstration of enhancement of RT
heterodimerization [180] and in particular p66
homodimerization (Tachedjian ef al. unpublished) by
NNRTIs raises the possibility that these drugs might act at
the late stage of the virus life cycle, namely at activation of
PR and Gag-Pol processing. In support of this notion,
efavirenz treatment of cells transfected with an infectious
HIV molecular clone altered intracellular processing of Gag-
Pol, suggesting more efficient cleavage of the mature
proteins. Furthermore, a significant reduction in viral
particle release in efavirenz treated cells without a
concomitant decrease in the expression of intracellular HIV-1
CA was observed. Importantly, the concentrations of drug
used were at levels normally seen in patients treated with
efavirenz and were not toxic. The decrease in viral particle
release conferred by efavirenz was PR dependent since no
decrease was observed in the presence of drug when cells
where transfected with a PR negative HIV-1 clone. NNRTIs
that are weak or do not enhance RT heterodimerization failed
to inhibit viral particle release indicating that the effect is
related to enhancement of RT dimerization. Overall it
appears that efavirenz enhances the interaction of Gag-Pol in
the cell through p66, which leads to premature activation of
the HIV-1 PR (Tachedjian et al. unpublished).

The “other” viral enzymes, RNase H and IN, with their
critical role in viral replication are excellent anti-HIV-1
targets. Many inhibitors of IN have been described (for
review see [146]), and with the successful screening of
natural inhibitors of IN there has been a recent flurry of
papers describing a range of structurally diverse fungal
metabolites that are potent inhibitors of IN activity [82,
168]. Perhaps the most promising of the IN inhibitors to
date are the 1, 3 diketo acids (DKA) which specifically
inhibit the strand transfer step of integration and have
demonstrated anti-viral activity in cell-culture [67]. In fact
the diketo analogue S-1360 has progressed to the point of
clinical trials in HIV-1 seropositive patients [8]. Not
surprisingly resistance develops to DKAs in cell culture after
approximately 30 weeks [51]. However, as the resistant
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mutants remain sensitive to RT and PR inhibitors as well as
the SH-pyrano[2, 3-d:-6, 5-d"]dipyrimidine molecule V-165,
a novel IN inhibitor [133], the DKAs will be a welcome
addition to the combination therapies currently used against
HIV-1 [51]. In contrast there have been very few descriptions
of viable inhibitors of RNase H (for review see [93]),
although large scale screening is ongoing [137]. Recently, a
novel DKA has been shown to selectively bind and inhibit
RNase H [161]. As this DKA is metal dependent it has been
suggested to interact with the metals in the RNase H active
site. This is analogous to the mechanism of action proposed
for HIV-1 IN inhibitors of the same structural class [67],
although the IN inhibitors do not inhibit RNase H.

Structural studies have played an important role in the
development of inhibitors for PR and RT and continue to
facilitate the identification of new classes of anti-HIV drugs.
For example, structure based design is being used to develop
new inhibitors of RT that function by a different mechanism
than the current inhibitors and can therefore form part of a
multi-faceted approach [169]. Moreover, as the function of
the viral enzymes is tied to their multimeric conformations,
interference with the protein-protein interactions of PR, RT
and IN makes an attractive target for blocking HIV-1
replication, and many small molecule inhibitors have been
identified to inhibit these interactions (for a review of this
approach see [171]). Notably, as RNase H and IN are
structurally similar, small molecule antagonists of IN may
also target RNase H and vice versa. Accordingly,
oligodeoxynucleotide aptamers that inhibit RNase H also
hinder IN activity [38]. Current inhibitors of PR directly
target the PR active site. Alternative methods of inhibition,
such as preventing or interfering with PR dimer formation
are being pursued. Dimerization inhibitors have been
previously described [19, 160] and this approach will be
aided by the recent advances in defining the structure of the
PR monomer [75, 76, 111]. Structural analysis directed
towards determining the conformation of the full length
Gag-Pol polyprotein may also prove particularly useful,
enabling us to target the viral enzymes in their immature
forms.
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