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Abstract

The integrase protein of retroviruses catalyzes the insertion of the viral DNA into the genomes of the cells that they
infect. Integrase is necessary and sufficient for this recombination reaction in vitro; however, the enzyme’s activity
appears to be modulated in vivo by viral and cellular components included in the nucleoprotein pre-integration
complex. In addition to integrase, cis-acting sequences at the ends of the viral DNA are important for integration.
Solution of the structures of the isolated N- and C-terminal domains of HIV-1 integrase by nuclear magnetic
resonance (NMR) and the available crystal structures of the catalytic core domains from human immunodeficiency
virus type-1 (HIV-1) and avian sarcoma virus (ASV) integrases are providing a structural basis for understanding
some aspects of the integration reaction. The role of the evolutionarily conserved acidic amino acids in the D,D(35)E
motif as metal-coordinating residues that are critical for catalysis, has been confirmed by the metal-integrase (core
domain) complexes of ASV integrase. The central role that integrase plays in the life cycle of the virus makes it an
attractive target for the design of drugs against retroviral diseases such as AIDS. To this end, several compounds have
been screened for inhibitory effects against HIV-1 integrase. These include DNA intercalators, peptides, RNA
ligands, and small organic compounds such as bis-catechols, flavones, and hydroxylated arylamides. Although the
published inhibitors are not very potent, they serve as valuable leads for the development of the next generation of
tight-binding analogues that are more specific to integrase. In addition, new approaches are being developed,
exemplified by intracellular immunization studies with conformation-sensitive inhibitory monoclonal antibodies
against HIV-1 integrase. Increased knowledge of the mechanism of retroviral DNA integration should provide new
strategies for the design of effective antivirals that inhibit integrase in the future. © 1997 Elsevier Science B.V.
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1. Introduction

Infection of a cell by a retrovirus is established
when the viral DNA (post reverse transcription) is
successfully integrated into the host cell’s genome.
Integration of viral DNA allows the provirus
access to the cellular machinery for viral gene
expression. The integration event also ensures that
the parental cell and all successive generations of
daughter cells will carry the viral genes, thereby
maintaining chronic infection. The retroviral en-
zyme, integrase, catalyzes the insertion of the viral
DNA into the host chromosome. Significant ef-
fort has been directed in recent years to under-
standing the biochemical basis of this reaction.
This effort has been spurred on by the continuing
AIDS epidemic and the increasing evidence that
targeting several viral proteins concurrently may
be the best approach to blocking replication
(Craig et al., 1993; Johnson et al., 1989; Connell
et al., 1994). The heightened interest in integrase
stems from its central role in the life cycle of the
virus and the absence of a cellular homologue.
Thus, potent inhibitors may be designed to inhibit
its activity specifically. In this minireview, we
discuss the current state of knowledge concerning
integrase and its role in retroviral DNA integra-
tion. We emphasize recent advances in under-
standing the mechanism of integration, and
highlight on-going and potential strategies for
drug intervention.

2. The pre-integration complex

After gaining entry into the cytoplasm of a
permissive cell, the RNA genome of a retrovirus
is reverse transcribed. The resulting double
stranded DNA, together with 50-100 molecules
of integrase, is contained within a large nucle-
oprotein structure, called the pre-integration com-
plex, which must then gain access to the host cell
DNA to enable integration (Bowerman et al.,
1989; Bukrinsky et al., 1992). In addition to the
viral DNA and integrase (IN), pre-integration
complexes isolated from HIV-1 infected cells have
been reported to include the viral matrix protein
(MA), reverse transcriptase (RT), nucleocapsid

protein (NC), viral protein R (Vpr), and the cellu-
lar protein HMG I(Y) (Farnet and Haseltine,
1991; Bukrinsky et al., 1993a; Gallay et al., 1995b;
Farnet and Bushman, 1997). There are indications
that other cellular proteins may also be present in
these complexes (Lee and Craigie, 1994). Thus,
within the target cell, integrase is not the only
protein associated with the viral nucleic acids and
determining the significance of these associations
is currently an active area of investigation.

3. The processing reaction

Analysis of viral DNA isolated from infected
cells shows that preparation for DNA integration
begins in the cytoplasm. As soon as viral DNA
synthesis is completed, the linear duplex product
is trimmed by (usually) two nucleotides at the 3’
ends of its long terminal repeats (LTRs) (Roth et
al.,, 1989; Miller et al., 1997). Analysis of viral
DNA ends from HIV-1 and MoMLV-infected
cells has revealed that the processing reaction
occurs within 5-6 h postinfection. This first step,
called processing, has been recapitulated in vitro
using purified integrase and DNA substrates that
represent viral DNA ends (Katzman et al., 1989;
Sherman and Fyfe, 1990). In this in vitro reaction,
the appropriate 3’ terminal dinucleotide is specifi-
cally removed from oligonucleotides representing
a single viral DNA end, to yield a product that is
two nucleotides shorter in length (Fig. 1). The
endonucleolytic cleavage always occurs at the 3’
of a conserved dinucleotide, CA, and results in
exposure of a new hydroxyl group at the 3’ end of
the viral DNA. Craigie and colleagues have deter-
mined the stereochemistry of the processing reac-
tion with the aid of phosphorothioate
oligonucleotide substrates. By substituting sulfur
for oxygen at the susceptible phosphate, they
demonstrated that the nucleophilic attack by lytic
water occurs with inversion of chirality (Engel-
man et al., 1992). This is consistent with the
in-line mechanism of a direct transesterification
reaction. In vivo, processing of the two 3’ viral
DNA ends is coordinated; mutations created in
the conserved CA in the end of one LTR impairs
integrase-mediated processing after the CA at the
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other end (Murphy and Goff, 1992). Similar re-
sults have documented coordinated processing re-
actions in vitro (Kukolj and Skalka, 1995). The
new 3’ hydroxyl group formed in the processing
step is used as the attacking nucleophile in the
subsequent joining step.

Pre-integration complexes may exploit more
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Fig. 1. The mechanism of retroviral DNA integration. (A) The
terminal dinucleotide (pGT) is specifically removed from the
viral DNA ends in vivo by integrase. This processing reaction
exposes an OH group at the 3’ end of the invariant CA at the
ends of both strands. The newly exposed OH’s serve as the
nucleophiles in the concerted cleavage-ligation joining step to
insert the viral DNA into the target site in a 5 bp staggered
fashion in the case of HIV-1 integrase. (B) The processing and
joining reactions have been recapitulated in vitro with oligonu-
cleotides representing the ends of the viral DNA. The oligonu-
cleotide substrate DNA also serves as a surrogate target DNA
in the in vitro reaction. A third reaction, disintegration, an
apparent reversal of the joining step is catalyzed by integrase
in vitro. In this reaction, a Y-shaped substrate representing the
insertion of a viral DNA end into the target site can be
resolved intramolecularly into the viral and target DNA com-
ponents. The in vitro reactions in (B) are single-end events,
representing ‘half reactions’ of the double-end events catalyzed
by integrase in vivo (A). U3 and US refer to sequences that are
unique to the 3’ and 5’ ends, respectively, of the viral RNA.
They are found at the right (U3) and left (US) ends of the
DNA, respectively. Me refers to the metal cofactor, usually
Mn?* or Mg?+.
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than one pathway to gain access to target host cell
DNA in the nucleus. For MoMLYV, entry is ap-
parently gained only when the nuclear envelope
breaks down during mitosis (Roe et al., 1993).
Although this mechanism may account for nu-
clear entry of other retroviruses, the ability of
lentiviruses, such as HIV, to infect non-dividing
cells suggests an alternate or additional mecha-
nism(s). Nuclear localization signals (NLS’s) have
now been identified on several viral proteins that
are found in pre-integration complexes including
IN (Kukolj et al., 1997), MA (Bukrinsky et al.,
1993b; Gallay et al., 1995a), and Vpr (Heinzinger
et al., 1994). At present there are conflicting re-
ports in the literature (Freed and Martin, 1994,
Freed et al., 1995, 1997; Von Schwedler et al.,
1994; Gallay et al., 1995b; Bukrinskaya et al.,
1996) concerning the contribution of particular
viral proteins to nuclear entry, but an active nu-
clear transport for some retroviral pre-integration
complexes seems likely (reviewed in Stevenson,
1996). Knowledge of the mechanism(s) of nuclear
entry is important, as it may suggest new strate-
gies for blocking integration.

4. The joining reaction

Once nuclear entry is gained, the processed
viral DNA ends are inserted into the host cell’s
genome via a second catalytic event termed
strand-transfer or joining (Fig. 1). As in the case
of the processing reaction, the development of in
vitro assays has enabled a more detailed under-
standing of the joining reaction (Fig. 1). Using
oligonucleotide substrates, the joining of viral
DNA ends to target DNA has also been shown to
be catalyzed by the retroviral integrase in vitro
(Katz et al., 1990; Craigie et al., 1990). In the
simplest version of such an assay, the substrate
oligonucleotides also serve as target DNA surro-
gates. Most products of this reaction are longer
than the target molecules and can be distinguished
from them by electrophoresis in denaturing poly-
acrylamide gels. The joining reaction also pro-
ceeds via direct transesterification and requires no
compounds of high phosphate transfer potential
(Engelman et al., 1992). The insertion of the viral
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DNA into the target occurs in a relatively se-
quence-independent fashion; however, hotspots
for joining have been observed in vitro (Kitamura
et al., 1992; Fitzgerald et al., 1992; Shih et al.,
1988). The choice of target site appears to be
influenced by structural features in the DNA de-
termined by chromatin organization and DNA-
binding proteins, as well as by components of the
nucleoprotein complex and the viral integrase it-
self (Pryciak et al., 1992; Pryciak and Varmus,
1992; Leavitt et al., 1992; Craigie, 1992). In gen-
eral, bent or slightly unwound DNA appears to
be a preferred target for joining (Miiller and
Varmus, 1994).

The joining reaction must also be coordinated
in vivo. It comprises of a concerted cleavage and
ligation reaction in which staggered phosphates in
the duplex target DNA backbone are attacked by
the two 35y ends of the processed viral DNA.
These viral DNA ends are inserted into opposite
strands of the target DNA. The resulting single-
stranded gaps in the target that flank the 5" ends
of the viral DNA (Fig. 1(a), bottom), reflect the
distance between the joining sites. These gaps
must be filled in, and the two-nucleotide 5’ over-
hang of viral DNA removed, to restore the conti-
nuity of the host DNA. The result is a short,
direct duplication of the target sequence on either
side of the integrated viral DNA whose length is
characteristic of the virus (e.g. 6 bp for ASV; 5 bp
for HIV-1; 4 bp for MoMLYV; reviewed in Skalka,
1988; Varmus and Brown, 1989). In vivo, the gap
repair machinery of the host cell is presumed to
be responsible for these last steps. However, a role
for RT and the disintegration activity of integrase
(see below) has also been proposed (Chow et al.,
1992; Roe et al., 1997). Concerted joining reac-
tions catalyzed by purified integrases have re-
cently been demonstrated in vitro (Vora et al.,
1994; Goodarzi et al., 1995; Aiyar et al., 1996).

5. The disintegration reaction

A third catalytic activity of retroviral integrases
has been described in vitro, termed disintegration.
The reaction is an apparent reversal of the joining
reaction in which a substrate representing a single

or double-ended insertion of the viral DNA ends
in a target DNA (Fig. 1b) is resolved intramolecu-
larly into the viral and target components (Chow
et al.,, 1992). A modification of this reaction,
referred to as splicing, has been postulated to
contribute to the gap repair following the joining
reaction. However, no evidence of disintegration
catalyzed by integrase has been demonstrated in
vivo. The specificity of integrase for the disinte-
gration reactions has been challenged because
nonviral sequences presented in a similar configu-
ration are also resolved by the enzyme (van den
Ent et al., 1994). Regardless of its relevance in
vivo, the disintegration reaction has been very
useful in the biochemical characterization of sev-
eral mutants, particularly those encoding substitu-
tions in the core domains of integrase proteins.
This is because the isolated core domains of inte-
grases neither process nor join viral DNA ends to
targets, but they do retain some disintegration
activity. Integrase from human foamy (spume)
virus, however, requires an intact N-terminal do-
main in order to catalyze disintegration (Pahl and
Fliigel, 1995).

6. The integrase protein

The integrases are 32—-40 kDa proteins whose
sequences are well conserved among retroviruses
and retrotransposons. Integrase has been purified
and characterized from several retroviruses in-
cluding ASV, AMV, MoMLYV, SIV, FIV, EIAV,
HIV, HTLV, HFV and the visna virus. These
proteins are generally quite insoluble upon purifi-
cation and precipitate from solutions at concen-
trations approximating 1 mg/ml. The propensity
to aggregate or precipitate has hampered detailed
biochemical and biophysical characterization of
the enzymes. The proteins from HIV and ASV,
which have been characterized most extensively,
exist in a dynamic equilibrium of monomers,
dimers, tetramers, and higher-order oligomers
(Jones et al.,, 1992; Hickman et al.,, 1994). A
phenylalanine to lysine substitution at position
185 coupled with a cysteine to serine change at
position 280 renders HIV-1 integrase considerably
more soluble (> 10 mg/ml) and predominantly
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Fig. 2. A linear model of HIV-1 integrase showing the structural organization of the protein. The characteristic features or functions
of the three domains are indicated. The horizontal arrows delimit the boundaries of the domains as characterized by biochemical
and structural analyses. The residues that are evolutionary conserved among integrases are shown within the domains, with the

HIV-1 integrase residue numbers indicated above.

dimeric (Jenkins et al., 1996). The in vitro cata-
lytic activity of the soluble derivative is equivalent
to that of the wild-type enzyme, however, virions
harboring the F185K mutation fail to replicate. In
contrast, a histidine substitution at position 185,
which also improves solubility of the isolated
protein, permits replication of virions (Engelman
et al., 1997). Interestingly, the more soluble, wild
type ASV integrase carries a histidine residue at
the equivalent position; thus underscoring the re-
latedness of the retroviral integrases. Because the
specific activities of integrases are quite low, the
concentration of enzyme used in assays are gener-
ally in stoichiometric amounts with the substrate.
The protein concentration-dependence of catalytic
activity, and in vitro complementation studies
with integrase derivatives, suggest that the func-
tionally competent protein is a multimer, mini-
mally a dimer (Jones et al., 1992; Engelman et al.,
1993; van Gent et al., 1993).

7. Structural organization

Integrase polypeptides comprise three indepen-
dently folding domains (Fig. 2). The N-terminal
domain, of approximately 50 amino acids, is char-
acterized by an HHCC motif (Johnson et al.,
1986) that is reminiscent of the canonical CCHH
zinc finger motif found in a variety of DNA
binding proteins. Amino acid substitutions in the
HHCC motif of integrase impair catalytic activity
in vitro (Engelman and Craigie, 1992; Vincent et
al., 1993; Kulkosky et al., 1992) and prevent the
production of infectious virions (Roth et al., 1990;
LaFemina et al., 1992). The HHCC motifs of
MoMLV and HIV-1 integrase have been shown

to bind Zn ions (McEuen et al., 1992; Burke et
al., 1992); the binding of this metal appears to
stabilize the N-terminus as an independently
folded domain (Burke et al., 1992). Solution of
the NMR structure of the N-terminal domain of
HIV-1 integrase (residues 1-55) complexed with
zinc ions has now substantiated the predicted
metal-binding role of the HHCC motif (Cai et al.,
1997). However, in contrast to the «—/f structure
observed in the canonical zinc-finger DNA bind-
ing proteins, the zinc binding domain of HIV-1
integrase is completely «-helical. A helix-turn-he-
lix organization such as that typically found in
some DNA binding domains is used, in this case,
to stabilize the dimeric structure of the isolated
N-terminal domain through protein—protein in-
teractions. Recent studies with HIV-1 integrase
suggest that the binding of Zn ions to the N-ter-
minal domain promotes tetramerization of full
length integrase in vitro and may also stimulate
catalytic activity (Zheng et al., 1996; Lee et al.,
1997). 1t is interesting to note that an N-termi-
nally truncated derivative of ASV integrase (i.e.
lacking the zinc binding motif) can catalyze both
processing and joining reactions in vitro (Bush-
man and Wang, 1994; Katz et al., 1996). Because
mutants encoding this apparently active N-termi-
nal truncated form of ASV integrase do not repli-
cate, it seems possible that the N-terminal domain
may be necessary for protein-protein interactions
in vivo. Further structural and biochemical analy-
ses should help to clarify the role of this domain
in viral DNA integration.

The core domain of integrase contains the evo-
lutionarily conserved D,D(35)E motif, comprising
three acidic residues, the last two separated by 35
amino acids in the primary sequence (Fayet et al.,
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Fig. 3. Metal ion coordination at the active site of ASV integrase. Ball and stick models derived from crystal structures of the core
domain of ASV integrase (apo—enzyme, bottom right) complexed with three divalent metal ions, Mn?* (top left), Zn>* (top right),
Mg?* (bottom left). Only the side-chain atoms are depicted. Large spheres represent metal ions; small spheres, water oxygens. The
structures confirm that the conserved amino acids in the D,D(35)E motif (D64, D121, E157) coordinate the metal ion required for

catalysis.

1990; Khan et al., 1991; Kulkosky et al., 1992). A
similar constellation of acidic amino acids is also
seen in the retrotransposon integrases and in the
transposases of certain bacterial insertion se-
quences. Substitutions of any of these acidic
amino acids in integrase leads to a significant
decrease in all catalytic activities. The structural
basis for the catalytic importance of the three
amino acids has been revealed through solution of
the crystal structures of metal complexes of the
core domain of ASV integrase (residues 52—-207)
(Bujacz et al., 1995b; 1997). In these structures the
acidic amino acids form binding pockets that
coordinate the divalent metal ions required for
catalysis (Fig. 3). The crystal structure of the
isolated core domain of HIV-1 integrase was the

first to be solved (Dyda et al., 1994). It revealed
that the retroviral integrases belong to a super-
family of nucleases and recombinases including E.
coli RNase H (Katayanagi et al., 1993), HIV
RNase H (Davies et al., 1991), E. coli Ruv C
(Ariyoshi et al., 1994), and bacteriophage Mu
transposase (Rice and Mizuuchi, 1995) (reviewed
in Andrake and Skalka, 1996; Rice et al., 1996;
Yang and Steitz, 1995).

Despite the availability of structures of two
integrase core domains, and their topological sim-
ilarity to other recombinases, it is still not possible
to deduce the exact manner in which DNA sub-
strates are bound. A substrate (or inhibitor)-core
domain complex has yet to be reported, and it
seems likely that important structural elements
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that help mold the active site are missing from the
isolated core fragments. Thus, it is perhaps not
surprising that the isolated core domains can nei-
ther process nor join viral DNA end sequences to
target DNAs. Nevertheless, several studies indi-
cate that determinants of specificity for recogni-
tion of the viral DNA ends reside primarily in the
core domain of integrase (Kulkosky et al., 1995;
Goulaouic and Chow, 1996; Pahl and Fliigel,
1995; M. Katzman, personal communication).
DNA-integrase crosslinking studies have sug-
gested a critical role for the conserved lysine 159
in the HIV-1 integrase catalytic domain (Jenkins,
Esposito and Craigie, personal communication).
The C-terminal domain of integrases comprises
approximately 80 amino acids and it is the most
evolutionarily diverged domain in these proteins.
Deletion of this domain in integrases abolishes the
ability to catalyze either the processing or joining
reactions. Surprisingly, a C-terminally truncated
derivative of FIV integrase has been reported to
perform the processing and joining of viral DNA
ends. The joining, however, occurs less efficiently
than with the full-length protein (Shibagaki et al.,
1997). Recent studies have demonstrated that
structural elements in the C-terminal domain con-
tribute to multimerization of integrases (Andrake
and Skalka, 1995; Jenkins et al., 1996). The struc-
ture of an isolated peptide corresponding to the
C-terminal domain of HIV-1 integrase (residues
220-270) has been solved by NMR (Lodi et al.,
1995; Eijkelenboom et al., 1995). The structure is
made up primarily of five f-strands that form two
antiparallel f§ sheets. This fragment exhibits a fold
similar to that of the Src homology 3 (SH3)
domain and dimerizes in solution. It has been
known for some time that the C-terminal domain
of the retroviral enzymes possesses nonspecific
DNA binding capability. A conserved residue,
lysine 264, required for this property (Puras-
Lutzke et al., 1994) was revealed to be located on
a solvent exposed surface of this SH3-like dimer
where it might be readily accessible to DNA
(Eijkelenboom et al., 1995; Lodi et al., 1995).
Despite these provocative observations, the sig-
nificance of the C-terminal dimer structure and its
relative spatial arrangement with respect to the
catalytic core and the N-terminal domains in the

full-length protein remain to be determined. Al-
though details of the catalytic mechanism cannot
be inferred directly from the isolated structures,
recent studies on the role of divalent metal ions in
the structural organization of HIV-1 integrase
have provided some clues. They suggest that the
C-terminal domain interacts more closely with the
core domain in the presence of the metal cofactor
(Asante-Appiah and Skalka, 1997). Such an inter-
action may bring the core and C-terminal DNA
binding domains together in the catalytically com-
petent enzyme.

8. The viral DNA substrate

In addition to integrase, certain cis-acting se-
quences in the viral DNA are required for integra-
tion (Panganiban and Temin, 1983; Colicelli and
Goff, 1985). Deletions and base substitutions in-
troduced into viral DNA have revealed important
nucleotides within the long terminal repeats
(LTRs) (LaFemina et al., 1991; Leavitt et al.,
1992; Vink et al., 1991). An oligonucleotide du-
plex of about 15 bp of DNA is the minimum
length that will support substrate cleavage in vitro
(Katzman et al.,, 1989; Bushman and Craigie,
1991; Vink et al., 1991). Of these, nucleotides
within the terminal 7 to 9 bp appear to be most
important for specific recognition. Located within
this terminal region is the conserved CA dinucle-
otide, usually at the 3rd and 4th position from the
3" end of the viral sequence. Both conserved nu-
cleotides are found near the 3’ ends of all retrovi-
ral DNA sequences and also in some transposable
elements.

As noted above, the 3’-OH of the conserved CA
dinucleotide, exposed during the processing reac-
tion, is essential for the joining step. At the same
time that processing reaction produces this new,
recessed 3’ end, it leaves a two nucleotide over-
hang at the complementary 5" end of substrates
(Fig. 1). This 5’ end dinucleotide appears to guide
the formation of a stable integrase—DNA com-
plex in vitro (Ellison and Brown, 1994). Because
the processing reaction takes place in the cyto-
plasm, the formation of such a stable intermediate
may prevent the ‘primed’ substrate from being
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diverted into potential nonproductive side reac-
tions prior to entry of the pre-integration complex
into the nucleus. Nucleotides upstream of the CA
dinucleotide have also been found to influence the
integration reactions. With the aid of chimeric
proteins composed of complementary domains of
integrase from HIV- 1 and visna viruses, recent
studies have indicated that nucleotides at the 5th
and 6th positions from the 3’ end influence specifi-
city requirements of each enzyme for its cognate
substrate (Katzman and Sudol, 1996). Nucleotides
that are far removed from the viral DNA termini
have also been shown to exert some influence on
integration reactions in vitro (Hong et al., 1993).

The use of single-end oligonucleotide substrates
has been invaluable in distinguishing and under-
standing the two major steps of integration. How-
ever, for the most part, only single ends are
processed and joined in these assays. Thus, these
‘half-reactions’ do not represent the coordinated
events that engage both viral DNA ends in vivo.
The development and use of novel DNA sub-
strates that show coordinated processing and join-
ing in vitro is now providing a deeper insight into
the molecular mechanism of integration (Vora et
al., 1994; Kukolj and Skalka, 1995; Aiyar et al.,
1996). For example, analysis of the crystal struc-
tures of the core domains of HIV-1 (Dyda et al.,
1994) and ASV integrases (Bujacz et al., 1995b)
raised new questions about how specifically
spaced staggered cuts are made by the enzymes
during the joining step. The isolated core domains
of these integrases crystallize as tight dimers, with
their active sites spaced 35 A (HIV) and 38 A
(ASV) apart. These distances are a bit too far to
accommodate the 5 and 6 bp staggered cut that
separate the target phosphates during joining, if
the target DNA is presumed to be in the B form.
But they are not too far if one allows that sub-
strate. DNAs may be unwound by the enzyme
prior to catalysis. That this is likely to be the case
for processing was first demonstrated through the
use of a novel oligonucleotide substrate in which
viral DNA end sequences were joined together
(synapsed) by a single strand tether, and with
which coordinated processing was observed
(Kukolj and Skalka, 1995). These studies revealed
a requirement for torsional and rotational flexibil-

ity in the tether, and showed that the optimal
separation between processing sites in these
synapsed ends corresponded to 5 bp for HIV-1
integrase and 6 bp for ASV integrase. Fig. 4
shows a model that was proposed to accommo-
date these properties in the processing and, pre-
sumably symmetrical, joining steps. Results from
recent studies that used viral DNA substrates with
non-complementary termini support this model
(Scottoline et al., 1997).

U5-2-U3()
TETHERED SUBSTRATE

JOINING

Fig. 4. A model for the processing and joining of synapsed-end
substrates by retroviral integrases. The linear B-DNA form of
the tethered retroviral DNA ends (U5 and U3) are separated
by ~20 A (shaded helical region). The flexibility of the tether
allows repositioning of the processing sites to accommodate
the separation of catalytic sites in an integrase dimer (circles).
Because even nucleosomal targets may have less than the
predicted (35-40 A) spacing observed in the crystal structures
of the core domains of ASV and HIV integrases following
processing, the target DNA strands may be accommodated by
the introduction of torsional relief after the first nucleophilic
attack by one of the 3’ OH’s of the processed strands at the
target site. This would then facilitate the subsequent insertion
of the other viral DNA processed end using the same or
symmetrically paired catalytic sites in the functional integrase
multimer. (Adapted from Kukolj and Skalka, 1995).

TARGET DNA
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9. Cellular factors

Purified integrase protein is both necessary and
sufficient for the catalysis of both processing and
joining reactions in vitro. However, experiments
with pre-integration complexes isolated from in-
fected cells show a more efficient, concerted reac-
tion suggesting that some components or features
of the complex may enhance and modify the
activity of integrase (Brown et al., 1987; Ellison et
al., 1990; Lee and Coffin, 1990). The observation
that certain nuclear proteins, such as the HMG
class of DNA bending proteins, can enhance con-
certed integration of viral DNA ends in vitro
suggested that such proteins might play a role as
accessory factors in viral DNA integration in vivo
(Aiyar et al., 1996). The cellular protein HMG
I(Y), was subsequently found to be associated
with pre-integration complexes isolated from
HIV-1 infected cells (Farnet and Bushman, 1997).
The integration competency of the HIV-1 pre-in-
tegration complexes is greatly reduced when
HMG I(Y) is removed from the complex by salt
extraction, and the subsequent addition of this
cellular protein to the complex restores integrative
efficiency. The involvement of HMG I(Y) in inte-
gration appears to depend on interaction with
DNA and not the integrase (Farnet and Bush-
man, 1997; Hindmarsh, Skalka and Leis, unpub-
lished observations).

The idea that cellular proteins contribute to
HIV-1 DNA integration was first suggested by the
isolation of a specific protein that binds to inte-
grase, called Ini-1 (integrase interactor 1), that is a
human homologue of the yeast SNF5 transcrip-
tion factor (Kalpana et al., 1994). Ini-1 promotes
the joining of viral DNA ends to a target DNA in
vitro. However, the relevance of this interaction
to the integration of viral DNA in vivo has not
yet been established.

In the absence of sequence-specificity for join-
ing, it is unclear how retroviruses avoid integrat-
ing into their own DNA. There are now hints
from studies with MoMLYV that a host cell protein
(from NIH 3T3 cells) may play a role in prevent-
ing such auto-integration (Lee and Craigie, 1994).
The absence of this protein in the nucleus, cou-
pled with the availability of facilitating nuclear

components such as the HMG’s and Ini-1-like
proteins, may contribute to the regulation of viral
DNA integration.

10. The metal cofactor

The development of in vitro assays for integra-
tion revealed the requirement for a metal cofac-
tor, Mn?>* or Mg?*. Because of the low
intracellular concentration of Mn?*+ (< 10~7 M),
it is generally assumed that the more abundant
Mg>*+ (intracellular concentration ~ 103 M) is
the relevant cofactor in vivo. However, Mn?+
appears to be preferred in vitro; enzyme specific
activities are at least 10-fold higher in Mn?* than
Mg?* under similar conditions. This preference
can be influenced by the length of the oligonucle-
otide substrate employed in the assay. Upon in-
creasing the length of the substrate from the
commonly used 19 or 21 bp to 35 bp, Lee et al.
(1995) observed a switch of metal preference from
Mn?* to Mg? ™. In addition, under certain assay
conditions, the activity of integrase appears not
only to be higher but also more specific with
Mg?* than Mn?* (Vora et al., 1994; Engelman
and Craigie, 1995). Because integrase also pro-
duces nonspecific nicks in the presence of Mn?~
but not Mg>*, these results reinforce the view
that Mg?* is the cofactor used for integration in
Vivo.

The mechanism by which metal ions support
the integration reaction remains to be defined.
The solution of crystal structures of metal-ASV
integrase catalytic core domain complexes have
provided some important clues regarding the role
and number of metal ions employed in catalysis
(Bujacz et al., 1997). The crystal structures of the
Mn?*+ and Mg?* complexes of the ASV integrase
core domain show a single bound metal ion coor-
dinated by Asp64 and Aspl21 (site 1), the first two
residues in the conserved D,D(35)E motif, with
water molecules providing the additional ligands
(Fig. 3). Although it does not support catalysis, a
single Ca ion can bind in the same location. Two
Cd or Zn ions are bound in the ASV integrase
core domain complex. One ion is in site 1 and the
second is bound between Asp64 and the last
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residue of the conserved acidic triad, Glul57 (site
2); with water molecules completing the coordina-
tion (Bujacz et al., 1997) (Fig. 3). Unlike Cd, the
Zn ion can support some enzymatic activity with
both the full-length and core domain of ASV
integrase. These structural models are consistent
with a two-metal mechanism of catalysis by inte-
grase (Bujacz et al., 1997). A mechanism similar
to that proposed for the 3'—5" exonuclease of E.
coli DNA Pol 1 (Beese and Steitz, 1991) has been
suggested in which one metal serves as an elec-
trophilic catalyst while the other orients the sub-
strate (Steitz et al., 1994; Yang and Steitz, 1995).
The precise role of the metal ions, however, is yet
to be delineated by biochemical studies. A struc-
ture of a metal-HIV-1 integrase complex is not
currently available. However, the similar activities
and topologies of ASV and HIV-1 core domains
(Bujacz et al., 1995a; Dyda et al., 1994) together
with results from site-directed mutagenesis studies
(Engelman and Craigie, 1992; Kulkosky et al.,
1992) predict that the corresponding residues of
the D,D(35)E motif in HIV-1 integrase (Asp64,
Aspl 16 and Glul52), will coordinate metal ions
in a similar fashion.

Recent studies have shown that the specific
activity of HIV-1 integrase increases when it is
preincubated with metal ions (e.g. Mn>* or
Mg?*; Ellison et al., 1995; Wolfe et al., 1996;
Pemberton et al., 1996; Zheng et al., 1996; Lee et
al., 1997; Asante-Appiah and Skalka, 1997). Ad-
dition of a metal cofactor to apo—HIV-1 integrase
was shown to promote a conformational change
in the protein that is required for optimal activity
(Asante-Appiah and Skalka, 1997). Metal ions
also facilitate the assembly of a stable metal-HIV
integrase—DNA ternary complex (Engelman et
al., 1994; Wolfe et al., 1996; Pemberton et al.,
1996). The role of the metal cofactor has not been
examined to the same degree with other retroviral
integrases. However, ASV integrase appears to
differ from HIV-1 integrase as it does not show a
similar increase in enzymatic activity when pre-in-
cubated with the metal cofactor, nor is there any
evidence of a metal-induced conformational
change in the ASV protein (Asante-Appiah and
Skalka, 1997). The reason(s) for the differential
effects of divalent metal ions on the conformation

and activity of these related proteins is not
known. As suggested by the structural analyses of
its catalytic core—metal complexes, ASV integrase
may have pre-formed metal binding sites and,
therefore, may not require significant changes in
protein conformation for activation (Bujacz et al.,
1996). On the other hand, the crystal structure of
the core domain of apo—HIV-1 integrase shows
that the residues of the D,D(35)E motif are not
properly oriented to bind metal ions (Bujacz et
al., 1996). Thus, it seems likely that metal-induced
HIV integrase conformational changes recruit the
catalytic apparatus into the active configuration
(Asante-Appiah and Skalka, 1997).

Because studies aimed at understanding the role
of the metal cofactor have been performed pri-
marily with in vitro integration reactions, their
relevance to the situation in vivo can only be
conjectural. However, recent studies with confor-
mation-sensitive monoclonal antibodies against
HIV-1 integrase suggest that the enzyme may
undergo changes in vivo that are similar to the
metal-induced changes observed in vitro (Levy-
Mintz et al., 1996). One such monoclonal anti-
body (mAb33) recognizes HIV-1 integrase only in
its non-activated conformation (Asante-Appiah
and Skalka, 1997). When expressed intracellularly
as a single-chain variable fragment derivative
(sFv-33), it protects human SupT1 and peripheral
blood mononuclear cells (PBMC’s) against HIV-1
infection (Levy-Mintz et al., 1996). Interestingly, a
derivative of sFv-33 which carries a nuclear local-
ization signal (sFv-33-Nu) protects cells somewhat
less well than the cytoplasmically-expressed ver-
sion. Initial results suggest that sFv33 blocks an
early step in viral replication, before integration
occurs. Thus, it seems likely that at some time
during the infectious cycle in vivo (either in the
pre-integration complex or as part of the Gag-Pol
precursor) HIV-1 integrase exists in a non-acti-
vated conformation that is recognized by the con-
formationally-sensitive antibody.

11. Integrase as a target for drug intervention

Unlike the other retroviral enzymes that have
been targeted for inhibitory drug design (i.e. re-
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verse transcriptase and protease), comparatively
little has been achieved by way of promising
therapies for AIDS intervention with integrase.
The absence of a crystal structure for the full
length protein has limited the application of com-
puter modeling approaches to drug design. Al-
though the structures of the isolated domains
provide important starting points in understand-
ing the structural basis of the mechanism of inte-
gration (Bujacz et al., 1995b; Dyda et al., 1994,
Lodi et al., 1995; Eijkelenboom et al., 1995), we
still do not know how the three domains are
organized in the full length protein and within the
functional multimer. As none of the isolated do-
mains can perform the processing or joining of
viral DNA ends, the residues that constitute the
bona fide catalytic apparatus have yet to be re-
vealed. This has also hampered the design of
mechanism-based inhibitors or inactivators. The
majority of compounds reported so far have been
identified simply by screening for inhibition of
integrase activity in vitro. Many do so by virtue
of their ability to bind DNA; some also inhibit
other DNA-metabolizing enzymes and, therefore,
lack the desired specificity.

A variety of compounds have been tested as
potential inhibitors against HIV-1 integrase in
vitro; these include the bis-catechols (LaFemina et
al., 1995), caffeic acid esters and analogues (Fesen
et al., 1994; Robinson et al., 1996), aurintricar-
boxylic acids and cosalene analogues (Cushman
and Sherman, 1992; Cushman et al., 1995), hy-
droxylated arylamides (Zhao et al., 1997), DNA
intercalators (Fesen et al., 1993), topoisomerase
inhibitors (Carteau et al., 1993), and several natu-
rally occurring compounds including curcumin
(Mazumder et al., 1995), lignans (Eich et al.,
1996) flavones, and their analogues (Fesen et al.,
1994). Structure—activity relationships of several
organic compounds have revealed two main
classes of inhibitors with respect to molecular
configuration. The first type is characterized by
multi-hydroxylation on an aromatic ring system.
The structures of some examples of these phenolic
compounds (the bis-catechol, f-conindendrol, au-
rintricarboxylic acid monomer, and the flavone
quercetagenin) are shown in Fig. 5. The presence
of at least two functional groups with hydrogen

AURINTRICARCARBOXYLIC ACID

Fig. 5. Chemical structures of some type 1 inhibitors of HIV-1
integrase.

bonding potential, and in ortho positions on the
rings, appears to be important for inhibition. The
second type of inhibitors is exemplified by caffeic
acid phenethyl ester, curcumin, and L-chicoric
acid (Fig. 6). The presence of at least one hy-
droxyl group on two aromatic rings separated by
a long linker appears to be an important struc-
tural feature for this class of inhibitors. Energy
minimization analysis on curcumin suggests that
the linker region may allow the aromatic rings to
fold back and stack on each other (Mazumder et
al., 1995). The net effect may be to juxtapose the
rings and hydroxyls in a spatial configuration
similar to that in the class 1 type of inhibitors. It
also seems possible that two mnon-overlapping
binding loci for hydroxylated aromatic com-
pounds exist at the active site of HIV-1 integrase.
The observation that bis-catechols are generally
more potent inhibitors compared to the
monomeric analogues is consistent with such an
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interpretation. Further work on enzyme-inhibitor
interactions should shed more light on the binding
modes of these compounds.

The bis-catechols, arylamides (e.g. the hydroxy-
lated bis-naphthoylamides, Fig. 6) and dicaf-
feoylquinic acids are promising lead structures
with ICss in the micromolar to submicromolar
range. Unfortunately, with the exception of the
dicaffeoylquinic acids (Robinson et al., 1996),
these inhibitors have little or no inhibitory activity
against HIV-1 replication when assayed in tissue
culture. In vitro, the inhibitors appear to act by
binding to the core domain of integrase which
includes the active site of the enzyme. However,
their kinetic mechanism of action cannot be ascer-
tained directly by the available in vitro assays. As
most of the inhibitors can also intercalate in
DNA, it remains to be established that their in-
hibitory effects reflect specific binding to the en-
zyme. The presence of ortho bis-hydroxyl moieties
on most of these compounds suggests that chela-
tion of the essential metal cofactor may also
contribute to their inhibitory effects. The propen-
sity for these hydroxylated compounds to gener-
ate highly reactive cytotoxic species (e.g.
quinones) upon oxidation raises concern regard-
ing their utility in clinical settings.

OH
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Fig. 6. Chemical structures of some type 2 inhibitors of HIV-1
integrase.

Although they are not very selective at the
present time, it is encouraging that nucleotide
analogues have also been reported to inhibit HIV-
1 integrase (Lipford et al., 1994; Mazumder et al.,
1994; 1996). As these inhibitors appear to block
activity by binding to the catalytic core domain,
they may serve as leads for the design of the next
generation of more potent and specific analogues.
The guanosine quartet-forming oligonucleotides
described by Pommier and coworkers (Mazumder
et al., 1996) are rather potent inhibitors of HIV-1
integrase with antiviral activity (Ojwang et al.,
1995). Interestingly, these oligonucleotides appear
to exert their effects by binding preferentially to
the N-terminal domain of integrase. Further work
should reveal the nature of this interaction and if
it can be exploited for designing more potent
simple compounds. In another approach, screen-
ing of synthetic combinatorial peptide libraries
has identified a hexapeptide, HCKFWW, that
inhibits HIV-1 integrase with an ICs, of 2 uM
(Puras-Lutzke et al., 1995). Such peptides may
subsequently be modified to evade cellular
proteases and increase their bioavailability once
their mechanism of inhibition has been estab-
lished. A 30mer peptide spanning residues 147-
175 that includes Glul52, the third member of the
D,D(35)E motif, has been reported to inhibit
HIV-1 integrase activity with an ICs, in the mM
range (Scourgen et al., 1996). A KI159P substitu-
tion in this peptide renders it inactive as an in-
hibitor. As this residue is important for DNA
binding (Jenkins, Esposito and Craigie, personal
communication), it seems possible that the pep-
tide may inhibit integrase by sequestering the
substrate oligonucleotide.

Libraries of potential RNA inhibitors have also
been screened (Allen et al., 1995). Although RNA
molecules that bind to integrase with dissociation
constants in the nanomolar range have been iden-
tified, their ability to inhibit the enzyme’s activity
in a specific fashion remains to be demonstrated.
In addition to using small organic compounds
and polymers, alternate approaches to the devel-
opment of antiviral agents against HIV-1 inte-
grase may also be pursued. As we have already
noted, single-chain variable fragments (sFv)
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derived from inhibitory monoclonal antibodies
have been shown to block viral infection upon
their intracellular expression in human TI1 cell
lines and PBMC’s (Levy-Mintz et al., 1996). SFvs
have the potential to be exploited in an ‘intracel-
lular immunization,” gene therapy approach. In
this regard, it will be of interest to know if the
intracellularly expressed antibodies can block the
production of infectious virions in chronically-in-
fected cells.

12. Concluding remarks

The accumulating knowledge concerning the
mechanism of viral DNA integration is beginning
to provide the tools necessary for the design and
development of inhibitors against integrase. Early
efforts have focused on compounds that may
compete for binding at the active site of this viral
enzyme which we now know to be a member of a
superfamily of nucleases and recombinases. In-
hibitors that block other aspects of integrase func-
tion may be designed, as additional details of its
mechanism of action and knowledge of the intra-
cellular events required for integration become
available. For example, the observation that HIV-
1 integrase may exist in an alternate conformation
prior to activation suggests the potential develop-
ment of a class of inhibitors that bind to integrase
and block the required conformational changes.
The slow-binding and increased potency of CAPE
(caffeic acid phenethyl ester) upon preincubation
with the enzyme suggests that this inhibitor may
recognize the activated form of the enzyme
whereas quercetagenin, whose potency does not
increase with preincubation, may recognize the
non-activated or both conformations of the en-
zyme (Fesen et al., 1994). Other approaches to be
explored include ligands that specifically target
the C-terminus and those that may block dimer-
ization or oligomerization. Interaction with cellu-
lar proteins that are important for the viral
pre-integration complex to gain access to host
DNA may also present opportunities for inhibi-
tion.

Although great strides have been made during
the past few years in understanding the mecha-

nism of integrase, the structural basis of catalysis
still remains uncertain. In the absence of a de-
tailed model of how integrase functions, struc-
ture—activity  analyses with  several lead
compounds are providing some clues for the de-
sign of more potent inhibitors against this viral
target. More information concerning the 3-dimen-
sional structure of the full-length enzyme would
certainly accelerate efforts in rational drug design.
The success of the past few years should spur on
further work in this and related areas. Under-
standing the molecular basis of retroviral DNA
integration will surely provide additional avenues
for drug discovery in the future.
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