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Abstract

Integration of the HIV-1 viral DNA generated by re-
verse transcription of the RNA genome into the host
cell chromosomes is a key step of viral replication, cat-
alyzed by the viral integrase. In October 2007, the first
integrase inhibitor, raltegravir, was approved for clini-
cal use under the name of Isentress™., The results of
the various clinical trials that have evaluated raltegravir
have been very encouraging with regard to the im-
munological and virological efficacy and tolerance.
However, as observed for other anti-retrovirals, specif-
ic resistance mutations have been identified in patients
failing to respond to treatment with raltegravir. Al-
though knowledge of the integrase structural biology
remains fragmentary, the structures and modeling data
available might provide relevant clues on the origin of
the emergence of these resistance mutations. In this
review, we describe the mechanism of action of this
drug and the main data relating to its use 7z vivo, to-
gether with recent structural data important to our un-
derstanding of the origin of viral resistance.
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Abbreviations: ARV = antiretroviral; CCD = catalytic
core domain; hDNA = host DNA; HIV = Human im-
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LTR = long terminal repeat; PIC = preintegration
complex; PR = protease; RT = reverse transcriptase;

tDNA = target DNA
INTRODUCTION

HIV replication is driven by a molecular engine con-
sisting of three viral enzymes: reverse transcriptase
(RT), protease (PR) and integrase (IN). Integrase cat-
alyzes the covalent insertion of the viral DNA pro-
duced by reverse transcription of the RNA into the
chromosomes of infected cells. Once integrated, the
provirus persists in the host cell and serves as a tem-
plate for the transcription of viral genes and replica-
tion of the viral genome, leading to the production of
new viruses. Due to its key function in the viral life cy-
cle, IN is an attractive target for antiretroviral drugs
(ARVs) and has thus been the object of intensive phar-
macological research over the last 20 years. Since the
end of the 1990s, several inhibitors with genuine an-
tiviral activity have been identified and developed. Sev-
eral of these compounds, including raltegravir (Isen-
tress™) and elvitegravir in particular, have shown great

promise, ensuring the rapid recognition of integrase
inhibitors (INIs) as an important new class in the arse-
nal of antiretroviral drugs (ARVs) [42]. Raltegravir was
approved for clinical use in October 2007, following
the demonstration of a rapid, potent and sustained an-
tiretroviral effect in patients with advanced HIV-1 in-
fection. It is well tolerated and, due to its mechanism
of action, is likely to be active against viruses resistant
to other class of antiretroviral drugs, such as nucleo-
sides, nucleotides and non nucleosides reverse tran-
scriptase inhibitors, protease and entry inhibitors.
However as with other antivirals, resistance mutations,
located in the integrase gene of replicating viruses and
preventing the establishment of specific interactions
between the inhibitor and its integrase target, rapidly
emerge associated with a reduced susceptibility to the
drug. In this review, we focus on the mechanism of ac-
tion of raltegravir in vitro and in vivo and we present
the structural data that shed light on the molecular ba-
sis of its inhibitory potency and on the origin of the
emergence of resistance.

1. INTEGRASE BIOCHEMISTRY

Catalytic activity. Virological data have demonstrated
that the precursor of the integrated genome, or
provirus, is the linear viral DNA produced by reverse
transcription of the RNA genome [11]. Two reactions
are required for the covalent insertion of the viral
genome. First, integrase binds to short sequences lo-
cated at either end of the viral long terminal repeat
(LTR) and catalyzes an endonucleolytic cleavage, in a
reaction known as 3’ processing, removing a dinu-
cleotide at either end of both 3’ LTRs, leading to the
exposure of a conserved CA sequence. Integration sen-
su stricto, or strand transfer, then occurs through attack
of the phosphodiester backbone in target DNA by the
3> hydroxyl groups of the processed DNA (Fig. 1 A).
Strand transfer takes place concomitantly for both ex-
tremities, with a five-base gap between insertion
points. In vivo, these two reactions are spatially and
temporally separated and energetically independent: 3’
processing takes place in the cytoplasm of infected
cells, whereas strand transfer occurs in the nucleus.
Both reactions are one-step transesterification reac-
tions with no covalent intermediates between integrase
and the DNA [14].

Cellular enzymes are responsible for cleaving the
protruding 5’ ends of the viral DNA that remain unat-
tached during strand transfer and repairing flanking



6 EUROPEAN JOURNAL OF MEDICAL RESEARCH

gaps, thereby completing the integration process [10].
The final product is a covalently inserted viral genome,
colinear with cellular genes, with a short (e.g. 5 bp) du-
plication on either side, the length of which is a hall-
mark of the retrovirus concerned. It is possible to re-
produce the whole integration process 7z vitro, using
short DNA fragments or oligonucleotides mimicking
the sequence of the ends of the LTR in the presence
of recombinant integrase [14]. In terms of specificity,
only the terminal 5’CA is strictly required for 3’ pro-
cessing. The mutation of this dinucleotide completely
abolishes the reaction, whereas the requirements con-
cerning the adjacent sequences are less stringent [33].
It is intrinsically difficult to demonstrate the specificity
of the enzyme for the viral DNA due to its ability to
bind specific and non specific DNA sequences simulta-
neously. Nevertheless, recent advances have led to the
development of an assay faithfully reproducing fully
concerted integration 7z vitro [60]. In vitro, a third re-
action, known as disintegration, may be observed in
which the reverse strand transfer process occurs [21].
Unlike 3” processing and strand transfer, which depend
on the integrity of the enzyme, disintegration may be
catalyzed by the isolated catalytic core domain contain-
ing the active site. There is no experimental evidence
to suggest that disintegration occurs 7z vivo, but phat-
macological approaches involving the stabilization of
integrase on the strand transfer intermediate might fa-
vor this reverse reaction, thereby decreasing the effi-
ciency of integration.

Integrase functions in a multimeric form, as shown
by the complementation of inactive proteins observed
in virions [31]. Dimers formed at either end of the vi-
ral DNA molecule are responsible for 3'-processing ac-
tivity [41]. Pairs of dimers bring together the two ends
of the viral DNA, leading to the formation of a
tetramer (a dimer-of-dimers), the active form required
for concerted integration [34]. During its catalytic cy-
cle, IN must bind simultaneously to the viral DNA
(vDNA) and the target DNA (tDNA). Current knowl-
edge of the organization of this tetramer on the DNA
is based exclusively on models constructed from partial
structural and biochemical data (see below), which may
provide a platform for the rational design of new in-
hibitors.

Cationic cofactor. All integrase activities strictly re-
quire the presence of a metallic cationic cofactor,
which is coordinated by two residues of the catalytic
triad (D64, D116 and E152 for HIV-1 IN) [3]. The cat-
alytic cation may be either Mn?"-or Mg2* in vitro, but
Mg?* is the cofactor required 7# vivo and Mg?*-depen-
dent activities also reproduce physiological activity
more faithfully iz vitro. IN displays non specific nucle-
ase activity in the presence of Mn2*, and the Mg?* en-
zyme is much less tolerant of sequence variations at
the ends of the LTR than the Mn?* enzyme [33]. Sev-
eral mutations are known to have no effect on IN ac-
tivity in Mn2*-dependent assays, whereas they do affect
IN activity in Mg-dependent assays. For example, mu-
tations of the HHCC domain known to be detrimental
for the virus 7z vivo alter 3’processing 7z vitro in the
presence of Mg2t, but not in the presence of Mn2*
[50]. In addition, factors promoting integrase multi-

November 24, 2009

merization, such as Zn2*, also specifically stimulate the
Mg?*-dependent activity of the enzyme, consistent
with the multimeric nature of the functional enzyme
[57]. These differences between cofactor activities have
resulted in pharmacological discrepancies, as some eat-
ly IN inhibitors identified on the basis of Mn?*-depen-
dent assays were not active against the Mg?* enzyme.
Based on a model of another phosphatidyl transferase,
the 3’-5” exonuclease of E. co/i DNA polymerase I [7],
it was suggested eatly on that the retroviral integrase
might contain two metal cation cofactors. The 3D
structures of avian sarcoma virus integrase and the
Tn5 transposase alone or in complex with DNA have
provided structure-based evidence for a two-metal ac-
tive site structure for retroviral integrases [13, 65].
These considerations eventually led to the incorpora-
tion of Mg?*-chelating groups into the rational design
of IN inhibitors. Such groups are present in all effec-
tive IN inhibitors, including raltegravir [40].

2. DEVELOPMENT OF INTEGRASE INHIBITORS

Mechanisms of inhibition. In terms of pharmacologi-
cal development, two screening strategies have been
considered for the development of IN inhibitors: one
based on the free, unbound protein and the other on
the preformed INeviral DNA (vDNA) complex. Both
approaches were demonstrated to be feasible, with the
identification of inhibitors of either 3’ processing,
blocking the binding of IN to viral DNA, or strand
transfer, targeting the INevDNA complex. Since the
carly 1990s, a number of compounds inhibiting one or
other of these reactions have been identified 7z vitro
[83]. However, the complex resulting from the associa-
tion of integrase with viral DNA whether isolated
from infected cells as a pre-integration complex (PIC),
or reconstituted 7z witro, is highly stable, keeping the
complex together for long enough after the 3'-process-
ing reaction for subsequent integration to occur [55].
This complex has an intrinsically slow catalytic activity
and does not dissociate after 3’ processing, limiting
multiple turnover [86]. This weak catalytic activity is
not detrimental in host cells, because a single integra-
tion event is sufficient for overall function, but it
makes it difficult to develop competitive inhibitors of
free IN. For these reasons, the Merck team lead by Dr
D. Hazuda suggested in the mid 1990s that the PIC
would be a more suitable target for inhibitors. This hy-
pothesis proved to be correct, particularly given that
PIC formation probably occurs within a capsid that is
not fully dissociated, thus precluding easy access to
free IN [1].

The design of new assays for screening ligands of
the IN*vDNA complex eventually led to the identifica-
tion of the first strand transfer inhibitors, 1.-731, 988
and L-708, 906 at the turn of the century [43]. These
compounds compete with the target DNA by binding
to the INevDNA complex. They recognize a specific
site close to the catalytic triad, which opens following a
change in conformation induced by the binding and 3’
processing of the viral DNA [32]. The first selective
inhibitors of strand transfer to be identified were a., y-
diketoacids (DKAs) [43]. Such compounds based on
the P-ketoenol fragment efficiently chelate the Mg2*
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Fig. 1. Strand transfer reaction and proposed mechanism of
IN inhibition by INSTIs adapted from (53). A) A trans-esteri-
fication reaction involving a nucleophilic attack on the 3’ hy-
droxyl group of the two newly processed 3’ viral DNA ends
on the phosphodiester backbone of the host DNA. The host
DNA and viral DNA are shown in blue and red, respectively;
the yellow arrow indicates the scissile phosphodiester. B) IN
strand transfer inhibitors may chelate the two metal ions in
the catalytic site, thereby blocking the binding of host DNA.

cation required for the activity of integrase and their
overall affinity for the target depends on their sur-
rounding substituent groups (Fig. 1 B) [53, 90].

The prerequisites for a specific strand transfer in-
hibitor include the presence of a chemical group in-
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cluding the heteroatoms, nitrogen or oxygen, capable
of binding two divalent cations and a hydrophobic
aromatic part of the molecule likely to bind and stabi-
lize the IN*vDNA complex, forming an active phat-
macophore responsible for the activity of all strand
transfer inhibitors [4, 53] (Fig. 2). Compounds with
these properties selectively target and bind to the
INevDNA complex, close to the 3' end of the donor
DNA, thereby inhibiting target DNA binding, result-
ing in selective inhibition of the strand transfer reac-
tion with no significant effect on the 3'-processing re-
action [78]. They therefore act as IN*DNA interfacial
inhibitors, and are known as integrase strand transfer
inhibitors (INSTIs).

The replacement of the catboxylate group by its
tetrazolium bioisostere led to the development of 5-
CITEP (Fig. 2) and its analog, S-1360. Despite the
weak activity of these molecules against integrase, the
structure of the integrase/5-CITEP complex has been
determined, making it possible to construct a model of
the structure of the inhibitor pharmacophore bound
to the active site metal cation [36]. Modifications to the
a, y-diketoacid part of the molecule initially led to the
replacement of this group by 8-hydroxy quinoline, to
increase antiviral activity and to overcome pharmaco-
logical limits, such as serum protein binding [98]. Com-
pounds from this family, such as Merck L870, 812 (Fig.
2), have potent antiviral activity, providing the proof-
of-concept for INSTI activity 7z vivo despite their toxi-
city /n vivo [44]. The 1870, 812 series of compounds
was not developed further, but the dihydroquinoline
JTK303/GS9137 (Fig. 2) detived from quinolone an-
tibiotics was used for further drug development and is
now at the advanced clinical development stage, under
the name of elvitegravir [80].

Development of raltegravir. The discovery of ralte-
gravir stemmed from investigations of a series of
HCV polymerase inhibitors. The architecture of the
catalytic site and the arrangement of the metal cations
are very similar in integrase and the HCV NS5b RNA-
dependent RNA polymerase. These similarities led the
Merck team to test HCV polymerase inhibitors origi-

T

O oH O OH

L-870,812

%
3

RALTEGRAVIR

|
0. N
(L T
Cl
Br O OH

ELVITEGRAVIR

N
(o) |IIIE Vo)
= ~CH;

[e]

Fig. 2. Integrase strand transfer inhibitors.
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nally designed as drug-compliant DKA replacements
[89]. This led to the identification of a compound with
activity in the enzymatic assay, which was further opti-
mized in cell culture [76, 89]. Raltegravir is a potent in-
hibitor of the replication of HIV-1 and HIV-2 in vitro
[70, 79]. It is more than 1000 times more selective for
integrase than for other phosphatidyl transferases, such
as HIV-1 RNAseH and human polymerases. It has an
IC5, of 2 to 7nM for the inhibition of recombinant
IN-mediated strand transfer iz vitro and an 1Cys of
0.019 and 0.031 pM in 10% FBS and 50 % NHS, re-
spectively, in a cell-based assay [70, 89]. Due to its
mode of action, it is independent of HIV-1 tropism
(CCR5 and CXCR4) and active against viruses resistant
to other classes of antiretroviral drugs, such as nucleo-
side reverse transcriptase inhibitors, protease inhibitors,
fusion and entry inhibitors [39].

3. ANTIVIRAL POTENCY OF RALTEGRAVIR

Antiviral activity in vivo. Phase 1l and III trials
demonstrated a remarkable potency of combinations
of raltegravir and other ARVs in treatment-experi-
enced patients [24, 39, 88]. The first phase II assay was
a dose-ranging study in patients with documented re-
sistance to at least one drug in each of the three classes
of ARVs. This population had considerable experience
of treatment and a very high level of drug resistance.
There was an approximate 2.0 log copies/ml drop in
plasma HIV RNA levels by week 24 in the raltegravir
group, versus only 0.35 log with optimized therapy
alone plus placebo, with no significant difference in vi-
ral efficacy between the three dosage groups studied
(200, 400, 600 mg) [39]. For the subsequent double-
blind phase III BENCHMARK I and II studies, in
which 699 patients with considerable experience of
treatment were enrolled, the combined analysis at 48
weeks showed that 72.3% and 62.1% of raltegravir-
treated patients had HIV RNA levels of less than 400
and 50 copies/ml, respectively, whereas such levels
were found in only 37.1% and 32.9%, respectively, of
the patients in the placebo group.

The 48-week results recently obtained for the phase
III' STARTMRK study comparing raltegravir-based
and ecfavirenz-based combination regimens as initial
treatment demonstrated that raltegravir suppressed
HIV replication more rapidly than efavirenz, this rapid
viral decay being of unknown origin [58]. Moreover,
preliminary results from a non inferiority study of the
use of raltegravir to replace enfuvirtide in patients in-
tolerant to enfuvirtide have shown raltegravir to be vi-
rologically effective for sustained periods, with good
tolerance for up to 48 weeks. Conversely, the
SWITCHMRK 1 and 2 trials, designed to examine the
benefit of replacing a protease inhibitor with ralte-
gravir, suggested that the raltegravir combination
might not inhibit HIV replication more efficiently. In
situations of resistance due to prior treatment failure,
switching to raltegravir amounts to monotherapy, with
the rapid selection of raltegravir-resistant HIV strains,
as the genetic barrier to raltegravir is easily overcome.
Nevertheless, these results suggest that raltegravir is an
important additional drug for the initial treatment of
HIV-1 infection.
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Safety. Preclinical studies of toxicity by repeated ad-
ministration, genotoxicity and toxic effects on develop-
ment have been conducted with raltegravir, in mice,
rats, dogs and rabbits. No mutagenic or teratogenic ef-
fect was observed. The effects observed at levels ex-
ceeding actual exposure levels revealed no likelihood of
a clinical risk in humans [89]. Raltegravir is well tolerat-
ed and adverse events are rare. Most frequent drug-re-
lated clinical events, such as diarrhea, nausea, headache
and fatigue, were moderate and transient [48]. Labora-
tory abnormalities included an increase in serum lipid,
aminotransferase and creatinine concentrations. In-
creases in creatinine phosphokinase levels, although
not statistically significant, led to a cautious recom-
mendation not to use raltegravir concomitantly with
other drugs known to increase these levels. In phase 11
and phase 111 trials, the frequency of clinical and labo-
ratory adverse events was similar in the raltegravir and
placebo groups. In the STARTMRK trial, significantly
fewer drug-related clinical adverse events occurred in
patients on raltegravir than in those on efavirenz [58].
The BENCHMRK trial suggested a small increase of
the risk of cancer in the raltegravir arm, with a relative
risk of 1.5, but a recent analysis of all the available data
concluded that the relative risk was actually less than 1

[19].

Pharmacokinetics. Raltegravir is administered orally
and is rapidly absorbed. Its absolute bioavailability has
yet to be determined, but the administration of 400 mg
per day results in steady-state levels of the drug in the
body within two days, as demonstrated by pharmacoki-
netics studies. About 83% of the raltegravir ingested
binds to plasma proteins. Animal studies have shown
raltegravir penetrate the stomach, liver, small intestine,
kidney and bladder effectively, but have suggested that
penetration into the brain is limited. Considerable in-
tra- and interindividual variability was observed. Ralte-
gravir is a substrate, but not an inhibitor of P-glyco-
protein (Pgp). There is currently no evidence to sug-
gest that inhibitors or inducers of Pgp could affect ral-
tegravir, but this property may affect its absorption
[23]. It could also account for the limited diffusion of
this drug into the central nervous system. No effect of
age or sex has been identified in studies of the phar-
macokinetics of raltegravir (no data are available for
children) [406]. The half-life of raltegravir in the body is
about nine hours, with an initial phase of rapid elimi-
nation lasting about 1 hour. At steady state, a slight in-
crease in residual concentrations of the drug is ob-
served, but with no effect on the maximum concentra-
tion, making it possible to administer raltegravir twice
daily.

Raltegravir is mostly metabolized in the liver,
through glucuronidation by uridine diphosphate-glu-
curonolsy-transferase 1A1 (UGT1A1l) to generate a
single metabolite, M2. Raltegravir is neither a substrate
nor an inhibitor of the cytochrome P450 enzymes,
consistent with a lack of interaction with drugs metab-
olized by P450 isoenzymes, including protease in-
hibitors. It does not inhibit either UGT1TA1 or 2B7 and
does not induce CYP34A. As raltegravir is mostly me-
tabolized by UGT1A1, it should be used with caution
when co-administered with strong inducers of
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UGT1A1, such as rifampicin. This antibiotic has been
shown to reduce plasma concentrations of raltegravir,
although its impact on the efficacy of raltegravir is un-
known. A mutation of the UGT1A1 gene resulting in
the production of an inactive enzyme has been identi-
fied. Two studies have shown in the concentration of
raltegravir to be higher in patients with a homozygous
mutant genotype. This genotype seems to be an impor-
tant factor in interindividual variability, but its
clinical relevance, in terms of efficacy and toxicity,
is unknown (http://www.emea.curopa.edu). Finally,
atazanavir, a protease inhibitor affecting glucuroni-
dation, decreases the formation of raltegravir glu-
curonide and induces a moderate increase in raltegravir
concentration [39, 47].

Resistance to raltegravir. As with other antiretroviral
drugs, resistance to INI emerges through the selection
of mutations in the integrase gene affecting the sus-
ceptibility of the virus to INI. More than 40 mutations
have been specifically associated with resistance to
INSTIs in vitro and in vivo [106]. Resistance to ralte-
gravir iz vivo has been associated with 14 mutations, to
different degrees, but the virologic failure observed
during the BENCHMRK trials was unambiguously as-
sociated with two principal independent genetic path-
ways involving primary mutations of residues N155
(N155H) and Q148 (Q148K/R/H) [24, 88]. These
mutations were not detected in the various studies on
integrase polymorphism in INI-naive patients, con-
firming their likely role in conferring resistance to this
class of drugs. Secondary mutations increasing the fit-
ness of the resistant viruses were identified in both
pathways. In particular, the G140S mutation rescues a
replication defect resulting from the primary mutation
Q148H [27]. Phenotypic analysis showed that the pres-
ence of the mutation at position 148 together with one
or more secondary mutations resulted in greater resis-
tance to RAL than observed for viruses carrying the
mutation N155H. Clonal analysis of the viral popula-
tions in 11 patients with treatment failure on raltegravir
showed that no viral clone simultaneously carried mu-
tations in position 148 and 155, demonstrating the in-
dependence and exclusivity of the two main pathways.
Moreover, a switch of resistance profile from residue
155 to residue 148 mutations may occur due to the
higher level of resistance to raltegravir conferred by
the pathways associated with residue 148 mutation and
the greater instability of the pathways associated with
residue 155 [68].

A small number of mutations involving residues
E92, E157 and Y143 might constitute another pathway
of resistance. There is some debate about whether the
first two of these mutations are true primary mutations
for RAL resistance, whereas the Y143 mutation has
been shown to confer a real decrease in susceptibility
to the inhibitor [85]. Y143R/C/H mutations occur less
frequently and later than the other two mutations [25].

The major IN mutations E92Q, Q148K/R/H,
N155H and E157Q are highly conserved and subject
to similar genetic barriers between subtypes B and
CRF02_AG. However, the CRFO2_AG subtype has a
stronger genetic barrier to the acquisition of mutations

of residue G140 than subtype B [66]. Another showed
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that treatment failure on raltegravir occurred more
rapidly in patients infected with non B subtype viruses,
indicating a possible impact of non B-associated poly-
morphisms on the genetic barrier to raltegravir [85].

4. FATE OF NON INTEGRATED VIRAL GENOMES

A productive HIV-1 replication in T4 lymphocytes de-
pends on the activation and multiplication of these
cells. HIV-1 can enter resting T cells, but in absence of
cell activation the fate of the viral genome is uncertain.
Replication may abort during the reverse transcription
step or be blocked before integration [75, 94, 97]. It
has been suggested that incoming HIV-1 subviral com-
plexes may concentrate in the centrosome, in which
they may remain in a stable state for several weeks [87].
Thus, HIV-1 may persist in quiescent cells as a long-
lived, centrosome-associated, preintegration intermedi-
ate [95]. Upon cell activation, viral replication may re-
sume, leading to viral gene expression [93] and provid-
ing a possible explanation for the unusual decay kinet-
ics of viral load during raltegravir treatment [72]. This
may also account for the faster decay kinetics observed
with raltegravir than with efavirenz.

In the absence of integration, the linear viral DNA
is circularized, probably by non-homologous end join-
ing [54, 59] to yield circular forms that do not support
viral replication but that might persist in the nucleus
for an undetermined period of time [77]. This circulat-
ization of viral genomes is in fact one reason for the
activity of raltegravir. Indeed, it prevents the genomes
from being integrated when the inhibitor, non-cova-
lently bound to the PIC, is eventually released from its
binding site. Accordingly, the residence time of ralte-
gravir onto its target was found to be a determinant of
its inhibitory potency and is dramatically decreased by
the presence of the primary resistance mutations.

In the presence of strand transfer inhibitors, such as
raltegravir or elvitegravir, an accumulation of 2-LTR
circular forms is observed. The current consensus is
that these forms do not play a significant role in viral
replication, although non integrated DNA largely ex-
ceeds integrated forms in resting T cells during
HAART [22]. However, the production of the viral
Nef and Tat proteins has been demonstrated [92] and
it has been suggested in various studies that these cit-
cular species may be transcribed during HIV-1 infec-
tion, so we cannot completely rule out a functional role
of these circles in viral replication [12]. In addition,
certain integrase mutants unable to mediate integration
remain competent for replication in permissive cells,
such as CEM MT4 cells, albeit with low efficiency, sug-
gesting the direct involvement of the circles or an inte-
grase-independent integration mechanism based on re-
combination, for example [73].

In any case, unlike other ARVs, INSTIs do not
cause the complete disappearance of the viral genome
from infected cells. Instead, they merely prevent
genome integration. The fate of the circular species
during treatment with INSTIs remains to be deter-
mined. A recent study demonstrated that the intensifi-
cation of raltegravir treatment over a 12-week period
did not decrease low-level plasma viremia in patients
on HAART. This finding suggests that residual viremia
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may not result from complete cycles of viral replica-
tion including integration.

5. STRUCTURE-BASED ANALYSIS OF
INTEGRASE /RALTEGRAVIR INTERACTIONS

Structural analyses aiming to decipher the determi-
nants of raltegravir binding to integrase should help us
to understand the unique mechanism of action of this
molecule and facilitate the structure-based design of
second-generation inhibitors. Unfortunately, our un-
derstanding of the mode of binding of INIs is limited
by a lack of knowledge of the structure of the full-
length protein, an accurate description of the binding
of the metal cation and experimental structural data
about the interaction of IN with its viral and cellular
DNA substrates. Neither the structure of isolated full-
length IN nor that of IN in complex with its DNA
substrate has yet been determined.

Integrase domains. Integrase is a 288-amino acid pro-
tein (32 kDa) encoded by the end of the po/ gene. It is
produced as part of the Gag-Pol polypeptide precur-
sor, from which it is released by viral protease-mediat-
ed cleavage [3]. It has three independent domains [31]:
(i) the N-terminal domain (amino acids 1-49), which
carries an HHCC motif analogous to a zinc finger,
possibly favoring protein multimerization, a key
process in integration (2); (ii) the core domain (amino
acids 50-212), encompassing the catalytic (D, D35E)
motif, also involved in binding the ends of the viral
DNA, notably via residue Q148, which is involved in
resistance to raltegravir (20); (iii) the C-terminal do-
main (amino acids 213-288), which binds non specifi-
cally to DNA and therefore mostly involved in stabiliz-
ing the complex with DNA. The 24 structures available
in the Protein data bank describe the three domains
separately, or as two-domain fragments consisting of
the catalytic core plus the C-terminal domain or the
catalytic core plus the N-terminal domain [49].

The published X-ray structures of the catalytic core
domain (CCD) include a mutation of the F185 residue
introduced to increase the solubility of the enzyme
whilst maintaining its catalytic activities 7z vitro [51].
Crystallization conditions may result in local differ-
ences, but the topology of all the structures obtained
are similar. The CCD has an o/f structure consisting
of five B-sheets and six a-helices forming a dimer with
two-fold symmetry and a large solvent-excluded inter-
face. Two structures in which the CCD is bound to the
Mg2+ cofactor coordinated with the two aspartate
residues D64 and D116 have been described [37, 67].
The structures of the isolated N- and C-terminal do-
mains have been determined by NMR. Dimers of the
N-terminal domain have been observed in solution,
with each monomer forming a highly a-helical struc-
ture, with 4 helices stabilized by Zn?* coordination and
hydrophobic interactions [15]. The 219-270 C-terminal
domain is dimeric in solution. It consists of two sym-
metric monomers of five antiparallel B-strands, which

form a (3-barrel and adopt an SH3-like fold [30, 63].

Two-domain structures. The X-ray structure of a two-
domain construct, consisting of the N-terminal and
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CCD domains (residues 1-212), was determined for the
W131D, F139D, F185K triple mutant [91]. The asym-
metric unit contains four molecules corresponding to
two pairs of monomers related by a non crystallo-
graphic two-fold axis. Each dimer has well resolved
CCD and N-terminal domains connected by a highly
disordered linking region (residues 47-55). The struc-
ture of the two dimers differs only slightly in terms of
the relative position of the two domains, the dihedral
angle between these domains differing by 15°. The
structures of individual domains in this model corre-
spond well to those obtained for the isolated CCD and
N-terminal domains. The most notable difference con-
cerns the dimer interface between the N-terminal do-
mains and those in the isolated 1-45 domain.

The X-ray structure of the second two-domain con-
struct (residues 52-288), obtained from a highly mutat-
ed protein (C56S/W131D/F139D/F185K/C180S),
shows a two-fold symmetric dimer [17]. The two do-
mains, the CCD and C-terminal domain, are connected
by a perfect helix formed by residues 195 to 221. The
local structure of each domain is similar to that ob-
tained for the isolated domains, but the dimer C-termi-
nal interface differs from that suggested by NMR data
for the isolated C-terminal domain.

Catalytic loop structure. The integrity of the 140-149
catalytic loop is required for IN activity, but its exact
role in the catalytic reaction remains unclear. Interest in
the catalytic loop has recently increased, with the emer-
gence of the Y143R/C, Q148R/K/H and G140S mu-
tations located within this loop and of N155H muta-
tions in the catalytic site linked to the development of
resistance to raltegravir [69]. The conformational flexi-
bility of this loop is believed to be important for the
catalytic steps following DNA binding, and decreases
in the loop flexibility greatly reduce activity [38]. In
most published structures, the structure of the catalyt-
ic loop was not well characterized due to its high de-
gree of flexibility. Some published structures include a
partially resolved loop, the complete loop being ob-
served only in five structures corresponding to the
F185H single mutant, the W131E/F185K double mu-
tant or the G140A/G149A/F185K triple mutant. The
conformation of the loop differed between these
structures. An 7z silico study of the structure of the
140-149 loop identified a W-shaped hairpin that can
move, as a single body, in a gate-like manner toward
the active site — an observation consistent with mole-
cular dynamics simulations |71].

The dynamic behavior of the HIV-1 IN catalytic do-
main has been described for the wild-type enzyme, the
INSTI-resistant T66I/M1541 and G140A/G149A mu-
tants and in presence of the 5-CITEP inhibitor [8, 9,
61, 62, 74]. These analysis demonstrated that signifi-
cant conformational change occurs in the active site.
However, molecular modeling demonstrated that the
two primary pathways of resistance involving residues
Q148 and N155 maintained all the structural features
of the active site and catalytic loop. By contrast, the
specific interactions between the mutated amino acids
sclected by raltegravir and DNA base pairs differed
from those of the wild-type enzyme, accounting for
the differences in efficacy between the mutant and
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wild-type integrases 7z vitro [71]. Together with theo-
retical studies that have predicted that the Q146, Q148
and N144 residues of the loop form a DNA binding
site [29], this result suggest that raltegravir acts by
competing with DNA for residues N155 and/or Q148.
In order to thwart the inhibitory effect, the virus may
have to select mutations that maintain the integrity of
IN structure while allowing alternative modes of DNA
recognition.

Theoretical models. In the absence of complete and
accurate experimental data, computational methods
have become a key tool for probing the interactions of
integrase with inhibitors and substrates. Fragmented
data concerning the structure of HIV-1 IN have been
used to construct models to improve our understand-
ing of inhibitor binding to the target. Theoretical mod-
els of both the dimer and tetramer states have been
constructed. De Luca and coworkers described a
dimeric model of the full-length IN/viral DNA com-
plex with two Mg?* cations in the active site, consistent
with cross-linking data indicating that the Q148 and
Y143 residues interact with viral DNA [26, 33]. The
molecular docking method has also been used to inves-
tigate further the interactions of the HIV-1 IN dimer
with viral DNA before the 3' processing reaction [45].

Fig. 3. 5CITEP binding to the HIV-1 integrase. A) X-ray
structure of 1QS4 (36). B) In silico modeling (81)(Reproduc-
tion authorized). The 5-CITEP inhibitor is shown in similar

orientations; H-bonds are indicated by dashed lines, cyan in
A and white in B.
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Most theoretical models consider a tetrameric IN alone
or in complex with either viral DNA or viral DNA/
target DNA [35 and references therein]. The influence
of metal ions on IN*DNA complexes has been ex-
plored in a tetramer model constructed by homology
modeling and MD simulations [18]. It was found that
metal cations could potentially influence the location
of the viral DNA on IN. Full-length models of the
HIV-1 IN tetramer in complex with both viral and tar-
get DNAs have been constructed with either one or
two Mg?" ions in the active site, to ensure consistency
with biochemical experimental findings.

Modes of raltegravir interaction with IN. The mole-
cular docking of different DKAs onto the catalytic
core domain identified two unique binding areas within
the active site, including either the conserved Do64-
D116-E152 motif or the flexible loop region formed
by amino acid residues 140-149, and confirmed that
the mechanism of inhibition by DKAs involves metal
chelation by the B-ketoenol group [82]. A comparative
residue interaction analysis (CoRIA) was recently pet-
formed [28], allowing evaluation of the non bonded
interaction energies of the inhibitors with individual
active site residues and an assessment of the correla-
tion with biological activity, leading to the identifica-
tion of crucial residues and characterization of interac-
tions between the ligand and receptor. The models
suggest that Asp64, Thr66, Val77, Asp116, Glul52 and
Lys159 are the key residues influencing the binding of
ligands with the integrase. The docking of raltegravir
and analogs onto Mg2"-complexed IN demonstrated
the establishment of direct interactions between ralte-
gravir and the three catalytic residues D64, D116, and
E152, and with residues T66, E92, Y143, Q148, and
N155 [84] (Fig. 4, C and Fig. 5, C). This result was
again consistent with the findings of clinical experi-
mental resistance profiling and provided a rational for
the involvement of E92 and Y143residues in resis-
tance.

A single crystal structure of the IN core domain
co-crystallized with an INSTT has been obtained with
S5CITEP [30]. The inhibitor is located between the ac-
tive site residues D64, D116 and E152 (Fig. 3, A). Two
H-bonds are formed between the tetrazolium moiety
and the K165 and K159 residues involved in DNA
binding [50]. The other contacts are the T66 residue
implicated in resistance to diketoacids iz vitro and the
N155, Y143 and Q148 residues involved in raltegravir
resistance 7z vivo. Although obtained in the absence of
viral DNA it is assumed that the interactions between
5-CITEP and IN observed in this structure at least
partly mimic the contacts between IN and DNA (Fig.
3, B), justifying the use of the integrase CCD*5CITEP
complex as a surrogate platform for docking simula-
tions [81]. This model was used to study the mode
of binding of raltegravir [64]. Two conformations
of raltegravir, differing in the nature of the inter-
acting residues and the method of Mg? chelation,
were obtained (Fig. 4, A and B). However, this com-
pound was systematically located in the vicinity of the
Y143, N155 and Q148 residues (Fig. 5, A and B),
thereby confirming the role of these three amino
acids.
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Fig. 4. Modeling of Mg binding by raltegravir.
Top: Two different modes of Mg coordination,
A- Mg chelation by oxadiazole-2-carboxylate
(in E-conformation) and B - Mg chelation by
the B-keto enol group of carbonylamino-1-N-
alkyl-5-hydroxypyrimidione (in Z-conforma-
tion) (docked on the IN/5-CITEP complex by
Autodock 4.0) (64). Bottom: C - Mg chelation
by the B-keto enol group (docked on the 1BL3
crystal structure by GOLD 3.2) (84) and D -
Two-metal coordination by raltegravir (in-
duced-fit docking on the IN*DNA com-
plex)(5). The chelating centers, O and N, and
Mg cations are shown in red, blue and magenta,
respectively.

Fig. 5. Raltegravir target binding: A) and B) Two different conformations obtained by inhibitor docking on the 5CITEP*IN
complex by Autodock 4.0 (64). Inhibitors and residues in close contact are indicated as sticks and the protein is shown as a sec-
ondary structure cartoon. SCITEP marking the terminal portion of 3’-processed viral DNA, the catalytic triad (D64, D116,
E152) and interacting key residues are shown as gray, orange and yellow carbon backbone representations, respectively. C) The
best docking (GOLD 3.2) of the inhibitor on the 1BL3 IN crystal structure (84). Inhibitor (magenta) and residues in close con-
tact (green) are indicated as sticks; D) Inhibitor induced-fit docking on the IN*DNA complex (5). Two positions of the in-
hibitor, 1 (orange) and 2 (green); residues in close contact are indicated as sticks and the protein is shown as a secondaty struc-
ture cartoon. The images are reproduced from the corresponding papers with kind permission of the authors.
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The contribution of viral DNA has been assessed in
models of IN*DNA complexes used for the docking
of diverse set of INSTIs. The inhibitors bound close
to the three catalytic residues and interacted with the
donor DNA. Moreover, these studies confirmed sever-
al key observations: the inhibitor binding site exists
only after the 3’ processing of vDNA and the hy-
drophobic tail binds in the hydrophobic pocket formed
principally by the flexible active site loop [18]. The re-
finement of this strategy by induced-fit docking (IFD)
demonstrated that raltegravir binding involved a two-
metal mechanism (Fig. 4, D) and close interactions
with the terminal adenine of the 3’-processed viral
DNA (Fig. 5, D), consistent with the findings of bio-
chemical experiments, [52]. An alternative computa-
tional strategy involves the use of the coordinates of
the Tn5 transposase-DNA complex as a three-dimen-
sional target for the docking of INSTIs [6]. Finally, the
effect of INSTT-resistant mutations has been investi-
gated directly through docking and molecular dynamics
simulations of the S-1360 DKA on models of mutant
integrases [96]. The presence of mutations resulted in
the exclusion of the inhibitor from the DNA binding
site.

In conclusion, with the authorization for clinical use
of raltegravir and the arrival of other potent new
ARVs, the therapeutic management of patients with
multi-failure is facilitated with virological success rate
up to 90% in the most favorable case when fully active
molecules are associated. Furthermore, in June 2009,
Isentress received an extended indication for previous-
ly untreated patients, in combination with standard
treatment. The chemical and molecular determinants
of raltegravir potency are now well understood and the
nature of the interactions with its target in the context
of the integrase/vDNA complex is beginning to be
elucidated owing to the contribution of molecular
modeling. This knowledge contributes to our under-
standing of the molecular reasons for the emergence
of the resistance pathways, mainly based on the Q148
N155 and Y143 residues. The mutation of these key
residues, involved in the specific interaction of inte-
grase with its DNA substrate, into well-defined amino
acids, prevent raltegravir to bind efficiently to integrase
whilst maintaining the catalytic activity of the enzyme.
Modeling studies suggested that second generation in-
hibitors should molecules depart from the model of
inhibition demonstrated by raltegravir, involving simul-
taneously metal chelation and interaction with the cat-
alytic loop or risk seeing the emergence of cross-resis-
tance as already demonstrated with elvitegravir.
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