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ABSTRACT: We recently found that oligonucleotides containing the 6-oxocytosine heterocyclic base are
efficient inhibitors of the HIV-1 integrase in vitro [Brodin, P., et al. (200ll)cleosides Nucleotides Nucleic
Acids 20 481-486]. In this report, we demonstrate that the inhibition arises from a noncompetitive
mechanism in which the modified oligonucleotide attacks the integadtA complex, leading to its

active disruption. This conclusion is based on the following results. First, despite the fact that the respective
affinities of a 6-oxocytosine-containing oligonucleotide and of its nonmodified counterpart for integrase
were identical, only the modified compound inhibited the enzyme activities. Second, DNA binding and
UV cross-linking assays indicated that the 6-oxocytosine-containing oligonucleotide prevented the formation
of a stable integraseDNA complex. Third, the kinetics of the dissociation of the integra3BIA complex

were dramatically accelerated in the presence of the modified ODN, whereas the nonmodified counterpart
did not influence the dissociation. This mechanism was supported by the ability of the 6-oxocytosine-
containing oligonucleotide to inhibit the strand transfer activity of HIV-1 preintegration complexes in
vitro. Disruption of integrase DNA complexes by 6-oxocytosine-containing oligonucleotides constitutes

an original mechanism of integration inhibition, therefore suggesting a strategy for searching for inhibitors
of the HIV-1 preintegration complexes.

Acquired immunodeficiency syndrome (AIDS) could depends on the viral molecular engine consisting of three
theoretically be treated with potent antiviral agents, thus viral enzymes: the reverse transcriptase, the protease, and
warranting the interest for the search for new powerful the integrase (IN). Drugs included in the HAART regime
inhibitors of replication of the virus. The recent use of drug are mainly directed against the reverse transcriptase (RT)
combinations has permitted the durable suppression of HIV- and the protease (PR). The third enzyme, IN, carries out the
1t replication (). However, drug toxicity and the emergence integration of the viral DNA into the host cell genome, a
of drug-resistant isolates necessitate the search for new drugsritical step for HIV-1 replication as it ensures expression
that can be added to the multidrug regime termed the highly and perpetuation of the viral genomg).( Therefore, IN
active antiretroviral therapy (HAART). HIV replication constitutes an attractive target for new pharmacological
approaches. In vitro, IN is the only factor that is necessary
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Chart 1: Structures of Cytidinel and 6-Oxocytidine Z)2
L 4

Assays for Integrase’ -®rocessing, Strand Transfer, and
Disintegration Actiities. Oligonucleotides U5B, U3B, U5B-
2, and DHIV38 were labeled at their-8nd by T4 poly-
nucleotide kinase (Biolabs) usingy-f?P]JATP (specific
activity of 3000 Ci/mol of NEN). The three different
integrase activities were assayed with the following sub-
strates. (i) For 3end processing, 21-mer duplexes U5 and
U3 corresponding to the sequences of the HIV-1 long
terminal repeats (LTR) were used as DNA substrates. They
were prepared by annealirfgP-labeled U5B or U3B with
their complementary strand (USA or U3A, respectively) in
100 mM NacCl, and the resulting duplexes were finally
desalted on a ChromaSpin-10 column (Clontech). (ii) For
] ] strand transfer, to assay only the strand transfer, a prepro-
15). The fact that these oligonucleotides were capable of cessed substrate (U5B-2/A) corresponding to the viral U5
forming either a self-structure or an intermolecular structure | TR end after 3end processing was used. THE-labeled
with the DNA substrate played a key role in their inhibitory = g|igonucleotide U5B-2 was annealed to U5A and desalted
effect. The active site of IN which accepts a variety of a5 described above. (iii) For disintegration, DHIV38 was
structurally dissimilar phosphoryl donor and acceptor sub- heated to 96C for 5 min and then slowly cooled to°€ to
strate molecules was proposed to be the actual target ofform the dumbbell structure. Recombinant full-length and
tetrad-forming oligonucleotides1€). On the other hand,  (50-212) integrases were purified as previously described
single-stranded oligodeoxynucleotides that do not form such (26). The same reaction conditions were used for 3
structures may also interact with integrad&<19). Inthis  processing, strand transfer, and disintegration.>#dabeled
category, those ODNs that mimic the LTR sequence are thepNA substrate (0.025 pmol) was incubated in the presence
most active, suggesting that IN may accommodate a single-of 1.3 pmol of integrase in a buffer containing 20 mM Hepes
stranded LTR extremity. Accordingly, a mononucleotide (pH 7.2), 20 mM NaCl, 1 mM DTT, and 10 mM Mgght
binding site was identified as containing the three lysines of 37 °c. The reaction was stopped by adding:800f a stop
the catalytic core domain, Lys-156, Lys-159, and Lys-160 so|ution [0.3 M sodium acetate, 10 mM Tris (pH 7.5), and
(20). Modified and phosphorylated nucleotides as well as 1 mM EDTA]. The reaction products were phenol-extracted,
ties against integrase by binding to this si21{23). Products were separated on 18% polyacrylamide/7 M urea
Together, these observations suggest that modified bases Mayels. Phosphorimages were recorded on a STORM 840
also improve the inhibitory activity of single-stranded phosphorimager (Molecular Dynamics) and quantified using
oligonucleotides. For this reason, a set of 11-mer oligonucleo- |mageQuant software. Data of three independent experiments
tides containing 6-oxocytosine, 8-oxoguanine, and 7-deaza-yere averaged, and isotherm binding and inhibition curves
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a Arrows indicate the potential hydrogen bonding pattern of the bases.

guanine were synthesized and tested. We observed tha{yere fitted with Prism3.0 software.

oligonucleotides harboring 6-oxocytosine are integrase in-
hibitors with 1G;, values in the micromolar rang@4). In

this report, we investigate their mechanism of inhibition. We
demonstrate that they act by disrupting the—IDNA
nucleoprotein, thereby inhibiting the PIC-mediated integra-
tion reaction.

EXPERIMENTAL PROCEDURES

Oligonucleotides.Oligodeoxyribonucleotides U5B (5
GTGTGGAAAATCTCTAGCAGT-3), USB-2 (B-GTGTG-
GAAAATCTCTAGCA-3),U5A(5-ACTGCTAGAGATTTTC-
CACAC-3), U3B (5-AGTGAATTAAGCCCTTCCAGT-
3), U3A (5-ACTGGAAGGGCTTAATTCACT-3), and
DHIV38 (5-TGCTAGTTCTAGCAGGCCCTTGGGCCG-
GCGCTTGCGCC-3 were synthesized by Eurogentec and
purified on 18% polyacrylamide/7 M urea gels. 6-Oxe-2
deoxycytidine-30-phosphoramidite was synthesized as
described in reR5 and incorporated in 11-mer oligodeoxy-

Assays for Integrase Binding to Its Substratke reaction
conditions of integrase activity assay were also used for the
integrase binding assays. Integrase and the U5 substrate were
incubated at 25C for 20 min. Samples were loaded on an
8% nondenaturing acrylamide gel containing 0.2% glycerol.
Electrophoresis was performed with a running buffer con-
taining 50 mM Tris-Borate (pH 7.5) and 1 mM EDTA at 4
°C (5.6 V/cm). Analysis and quantification were performed
on a Molecular Dynamics STORM 840 Phosphorimager.

Laser-Mediated UV Cross-Linkin&apid pulse UV cross-
linking was performed using a high-energy light source
emitted by a Nd:YAG laser (DCR-3G, Spectra Physics) as
described previously2{f). DNA binding reactions were
performed as described above prior to exposure to a single
5 ns pulse of high-energy monochromatic (266 nm) light.
Adduct formation was monitored by 12% SBgolyacry-
lamide gel electrophoresis on a Mini-Protean Il system (Bio-
Rad).

nucleotides using phosphoramidite chemistry by standard Assay of Preintegration Complexes (PI(R)eintegration

techniques with an automatic DNA synthesizer (Applied
Biosystems model ABI 380B) (the nucleotide sequence of
all oligonucleotides is shown in Chart 1). After a mild

complexes were purified from HIV-infected cells according
to the method of re28. Target DNA (312 bp) was obtained
by PCR amplification of the pGEM-3Z plasmid (Promega)

deprotection procedure (concentrated aqueous ammoniumyith primers Biospicl (5GCTTAATCAGTGAGGCAC-

room temperature, 36 h), modified oligonucleotides were
precipitated by ethanol and purified on a 20% polyacryl-
amide/7 M urea gel.

CTA-3) and Biospic2 (5GTAGCAATGCCAACAACGTTG-
3). PIC integration reactions were carried out by incubating
10 uL of extract containing PICs with 100 ng of the 312 bp
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Table 1: Inhibitory Effect of Different Oligonucleotides Containing A1) displayed the inverted polarity (Table 1). Their effect
a 6-Oxocytosine-Modified Base (C*) on the strand transfer reaction was assayed using a prepro-

cessed duplex (U5B-2) as the IN substrate.

compound sequence’(53") ICso (uM)? ) oo ) )
T, AGAGATTTTCCH 05 . Stra}nd transfer is a transes.terlﬂcatlon. regult|ng in the
AC*1, GGAAAATC*TC*T 15 insertion of one 3processed oligonucleotide into another
C* Ty C*C*TTTTAGAGA 0.3 oligonucleotide, yielding higher-molecular weight products
C*Au TC*TC*TAAAAGG 3 with a slower migration than the 19-mer U5B-2 on a 15%
CTu CCTTTTAGAGA >10

denaturing acrylamide gel. As shown in Figure 1A, the
#1Cs values were determined in a strand transfer assay using the modified oligonucleotide C*7T; efficiently inhibited the
US-2 substrate. strand transfer reaction. The concentration dependence of
the inhibition fitted well to a sigmoidal dosgesponse curve,
target DNA in 20uL of buffer containing 10 mM Hepes vyielding an 1Gy equal to 0.3uM (Figure 1B). In contrast,
(pH 7.5), 1 mM DTT, and 10 mM MgGlat 37°C for 1 h. the nonmodified ODN CT; did not exhibit any effect up to
The DNA fragments were first recovered after proteolysis 10 uM, thus indicating that the inhibitory effect was
with 2 uL of proteinase K (Qiagen, 20 mg/mL) for 10 min  correlated with the presence of the modified base. Further-
at 56°C and then were phenol-purified and precipitated with more, the position of 6-oxocytosine was found to be
ethanol. Integrated fragments are PCR-amplified \#h important for the inhibitory effect since oligonucleotides
labeled primer U5B-2 (5GTGTGGAAAATCTCTAGCA- containing two neighboring C* nucleosides at theli @r
3), primer Biospicl (6GCTTAATCAGTGAGGCACCTA- 5'-end displayed the strongest activity (see Table 1).
3), and Taq Gold star (Perkin-Elmer). The cycling method  The 11-mer C*C*TTTTAGAGA mimicking the viral LTR
was as follows: 94C for 10 min and 30 cycles of 94C U5 in the inverted polarity was the most potent compound
for 30 s, 55°C for 45 s, and 72C for 1 min. DNA fragments  with an 1G;, of 0.3 M. The modified nucleoside 6-oxd-2
were then suspended 7 M urea and separated on an 8% deoxycytidine (C*) demonstrated a slight inhibitory effect,
polyacrylamide/7 M urea gel. Finally, gels were analyzed although in the millimolar concentration rangl). The fact
on a STORM 840 Phosphorimager (Molecular Dynamics). that the inhibition depends on the position of the modified
heterocyclic base position suggests that 6-oxocytosine-
RESULTS containing oligonucleotides may display a specific effect
A Short Oligonucleotide Containing 6-Oxocytosine Inhibits against integrase. This conclusion is supported by the fact
the HIV-1 IntegraseOligonucleotides containing modified ~ that C*Tu did not show any inhibitory effect on either the
heterocyclic bases were synthesized and tested as inhibitor&lenow fragment of DNA polymerase dEscherichia coli
of integrase-mediated reactions in vitr@4). Integrase =~ RNAse H up to 2Q:M (data not shown), even though these
inhibition assays were performed with recombinant integrase €nzymes share structural similarities with the viral integrase
and double-stranded oligonucleotide substrate U5 mimicking (29, 30). Finally, it is worth noting that a low concentration
the U5 viral DNA end. Only 6-oxocytosine (C*)-containing (1 #M) of the nonmodified CT; oligonucleotide repeatedly
oligonucleotides were found to be inhibitors of U5 LTR led to stimulation of the integrase activity (Figure 1C).
integration. Among the oligonucleotides that were studied, Contradictory results are found in the literature regarding
two (TC*1; and AC* ;) mimicked internal sequences of the the inhibition of integrase by short oligonucleotides. While
U5 integrase binding site whereas two others (G*and short nonmodified oligonucleotides € 21) were repeatedly
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Ficure 1: Inhibition of the strand transfer activity of HIV-1 integrase by the g*dligonucleotide. (A) Doseresponse effect of modified

and nonmodified ODNSs on strand transfer activity. Theld-labeled U5 substrate (1.25 nM) was incubatedLfb at 37°C with 65 nM

IN: lane 1, negative control in the presence of 20 mM EDTA, lane 2, no inhibitor; lan® 80 nM, 30 nM, 100 nM, 300 nM, iM,

and 3uM C*T 1; ODN, respectively; and lanes-41, 100 nM, 1uM, and 10uM nonmodified CT; ODN. (B) Quantification of experimental

data obtained in the presence of the GDDN. Data from three independent experiments were averaged and fitted on a sigmoieal dose
response model using Prism3.0 software. (C) Graphical comparison of the strand transfer activity of IN in the absence of a short ODN
(white) and in the presence of eitheuM C*T 13 (gray) or 1uM CTy; (black) ODNs.
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A Addition of increasing concentrations of Cqlresulted

ODN (uM) in a decrease in the amount of t#e-labeled INS complex.
c'T,, CT,, A 50% binding inhibition was observed at QuB/ (Figure

. 2B), in agreement with the Kg value. Conversely, the

nonmodified oligonucleotide GTdid not influence integrase
binding up to 1uM. These results demonstrated that the
6-oxocytosine-containing oligonucleotide was a strong in-
hibitor of formation of a stable IN6 complex.

Three different mechanisms can be postulated to explain

the effect of the 6-oxocytosine-modified oligonucleotide.
o m First, the short ODNs may bind to the substrate DNA by
forming an intermolecular structure occluding the binding

12 3 45678279 site of IN. This mechanism was previously demonstrated for
modified triple-helix-forming oligonucleotides14, 15).
Second, IN may bind to the 6-oxocytosine ODN, thus
preventing formation of the INS complex. In this case, a
putative secondary structure formed by 6-oxocytosine-
containing oligonucleotides due to an unusual base pairing
of modified nucleosides,may be recognized by IN as
demonstrated for the DNA quadruplex. Such a competitive
mechanism implies that IN shows more affinity for the
modified ODN than for the nonmodified one since the latter
did not influence the formation of the HS complex. Finally,
P I S the modified ODN may directly attack the {8 complex,

0% 107 10 10° resulting in its disruption.

[ODN] (mol.L") 6-Oxocytosine-Containing Oligonucleotide GiTnhibits

Ficure 2: Inhibition of the formation of the stable HS complex Integration of b0t.h US anq U3 Viral Substrateﬂ'.he
by the C*T.; ODN. (A) Dose-response effect of modified and ~ S€dUeNce of the oligonucleotide GiTmay potentially lead

nonmodified ODNs as measured by an electrophoretic mobility shift t0 the formation of a very short triplex with the U5 LTR
assay. IN (100 nM) was incubated with 10 nM U5 target for 20 DNA. However, the fact that the oligonucleotide T&*

min at 25°C in the presence of increasing concentrations of &*T  jncapable of triplex formation due to its inverted polarity

or CTi; ODNs. Complexes were separated on an 8% native jnibited U5 LTR integration with approximately the same
polyacrylamide gel: lane 1, control without IN; lane 2, positive

control without ODN;; lanes37, 2, 1, 0.5, 0.1, and 0.Q8M C*T 13, efficiency (IGso = 0.54M) does not support this mechanism.
respectively; and lanes 8 and 9, 1 and @M CTj,, respectively. To definitively rule out this possibility, we determined the
(B) Quantitative analysis of complex formation in the presence of effect of the oligonucleotides using different substrates.
the C*T;; ODN. Data were fitted to a sigmoidal doseesponse Indeed, IN is capable of using either U5 or U3 LTR
model. extremities as viral DNA substrates (see Experimental
found to be inactive against HIV integrase in agreement with Procedures for sequences). Since both sequences display no
our own resultsZ7), Caumont and colleague$1) reported homology, an inhibitory effect due to the formation of a
that ODNs mimicking the LTR sequence competitively sequence-specific intermolecular structure with the U5 LTR
inhibited integrase activity. We therefore decided to inves- will be absent when using the U3 substrate. The oligonucleo-
tigate the mode of inhibition of integrase activity by tides were tested against the@ocessing reaction which
6-oxocytosine-containing ODNSs. To determine how the short liberates the 3terminal dinucleotide from either U5 or U3
modified ODN impaired the function of the integrase, we double-stranded 21-mer substrates. As shown in Figure 3,
examined its effect on the formation of the complex between the addition of increasing concentrations of 6-oxocytosine-
the integrase (IN) and its U5 DNA substrate (S). This containing oligonucleotide C*f led to a significant inhibi-
complex will be termed the INs complex from this point  tion of the 3-processing using either the U3 or U5 (Figure
on. 3A) substrate. In both cases, a sigmoid inhibition curve was
The Presence of the 6-Oxocytosine-Containing ODN obtained, yielding an 1§ value of 8 x 1077 or 4 x 1077
Impairs the Formation of an IN6 ComplexTo determine M, respectively (Figure 3C). Furthermore, integrase activity
whether 11-mer oligonucleotides were able to influence the was not impaired by the presence of the nonmodified ODN
binding of integrase to DNA, we used the property of IN of CTi:. Instead, the integrase’-Brocessing activity was
forming insoluble complexes with DNA that can be isolated stimulated again at a low concentration ¢M) of the
by either low-speed centrifugation or acrylamide gel elec- nonmodified CT; oligonucleotide (Figure 3C).
trophoresis. For these experiments, the U5 DNA substrate The 6-Oxocytosine-Containing Oligonucleotide Inhibits the
and the short oligonucleotide inhibitor were added to the (50—212) Core Domain-Mediated DisintegratioA.similar
integrase solution simultaneously in a buffer corresponding result was obtained when the inhibitory activity of the
to standard reaction conditions. As shown in Figure 2A, the oligonucleotides was assayed on the catalytic core-mediated
complex of integrase with it§?P-labeled U5 LTR DNA disintegration. Indeed, the (5@12) fragment of IN is
remained on top of an 8% acrylamide gel running under capable of performing the disintegration reaction using a
nondenaturing conditions, whereas the nonbound substratedlumbbell DNA substrate which lacks the purine stretch that
migrated faster. forms a potential binding site for a triple-helix-forming
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%% . 8 FiGurRe 4: Inhibition of the (506-212) core domain-mediated
'gg | £ 10 disintegration by the C*T; oligonucleotide. Doseresponse effect
82 ™ g of C*Ty; and CTy ODNs on disintegration with the dumbbell
ey W g substrate. The'send-labeled DHIV38 substrate (0.025 pmol) was
Q\‘_ g incubated fo 1 h at 37°C with 2 pmol of the (56-212) core
P masis s P O U5 subatrate U3 substrate domain: lane 1, negative control without integrase; lane 2, without
[ODN) (mol L) inhibitor; lanes 3-6, 5, 1, 0.5, and 0.kM C*T;; ODN, respec-

tively; and lanes 79, 5, 0.5, and 0.kM nonmodified CT; ODN,
Ficure 3: Inhibition of the 3-processing activity of HIV-1 integrase  respectively. The numbers 38 and 14 are the lengths of the substrate
by the C*Ty; oligonucleotide. (A) Doseresponse effect of C*f and the disintegration product, respectively, in nucleotides.

and CT;; ODNSs on the 3processing activity of either U3 or U5

substrate. The '&nd-labeled U5 substrate (0.025 pmol) was to free oligonucleotide increased as a function of integrase

incubated fo 1 h at 37°C with 1.3 pmol of IN: lanes +3 and ; i ; it
11-13, 10, 1, and 0. LM CT1y, respectively: lanes48 and 14- concentration. As previously demonstrated, the dissociation

18, 3, 1, 0.3, 0.1, and 0.08Ml C*T 1, respectively; lanes 9 and ponstant Ka) correspondlng to the bl_ndmg afﬂmty of the
19, control without ODN: and lanes 10 and 20, 20 mM EDTA. integrase can be obtained from fractional saturation curves
(B) Graphical representation of experimental data obtained in the regardless of the absolute value of DNA cross-linkigg, (
presence of the C*; ODN: (M) U5 substrate anda) U3 substrate. ~ 31), If it assumed that, under our conditions, the apparent

Data were fitted to a sigmoidal doseesponse model. (C) Graphical /i the value of the concentration of total integrase at which
comparison of the strand transfer activity of IN in the absence of

short ODN (black bars) and in the presence of either G{White half-saturation was reached, it alloyved an estlmatlothpr'
bar) or CT; (cross-hatched bar) ODNs atiM. of 2 x 107" M. These results are in good agreement with
those previously reporte@7). Similar binding curves were
oligonucleotide 8). The disintegration liberates the viral obtained with the single-stranded ODNs (Figure 5B, bold
DNA moiety of the 38 bp dumbbell substrate, yielding 14 curves). However, first, the dissociation constants were
bp products. significantly higher with either the modified or the non-
As shown in Figure 4, the addition of increasing concen- modified ODNS, thus indicating a preferential binding of IN
trations of 6-oxocytosine-containing oligonucleotide G*T  to the double-stranded substrate DNA, and second, the
led to a significant inhibition of the disintegration reaction. experiment failed to reveal a preferential binding of integrase
Integrase activity was not affected by the presence of the for the modified oligonucleotide C*E as compared to the
nonmodified ODN CT;. We conclude that the inhibition  nonmodified control.
mechanism does not involve an intermolecular structure Consequently, a higher affinity of IN for the C{TODN
between the substrate and the inhibitor, thus indicating thatcannot alone account for the selective inhibitory effect of
the actual target of the ODN was either the IN itself or the this compound. The fact that UV-melting and CD spectros-
IN-S complex. To discriminate between these two hypoth- copy studies failed to reveal any secondary structure formed
eses, the affinities of the enzyme for both the modified £*T by either CT or C*T oligonucleotides (data not shown) is
and the unmodified Ci ODNs were compared by perform-  another argument for the absence of specific binding to the
ing UV cross-linking experiments. Modified as well as C*T ODN.
control oligonucleotides wer@P-labeled at their'sextremi- The 6-Oxocytosine-Modified Oligonucleotide Disrupts the
ties. Under standard integration reaction conditions, samplesIN-S ComplexSince the modified oligonucleotide did not
were irradiated in the presence of increasing concentrationsexhibit preferential binding either to integrase or to the
of integrase with a single 5 ns pulse of high-energy 266 nm substrate DNA, we investigated a potential interaction with
UV light. Adduct formation was monitored by SDHAGE. the IN-S complex by determining whether 11-mer oligo-
This approach was validated by determining the affinity of nucleotides were capable of dissociating preformed inte-
integrase for the 21-mer duplex U5 substrate (Figure 5A and grase-viral DNA substrate complexes.
dotted curve on panel B). Apart from the excess of Again, we used rapid pulse UV-laser cross-linking to
32P-labeled modified oligonucleotides, one major cross-linked quantify the amount of INS complex. Integrase, th&P-
product was observed. Its apparent molecular mass cor-labeled U5 substrate, and 11-mer oligonucleotides ¢(€*T
responded to a complex between one integrase and oner CTy;) were immediately incubated at 3 for 15 min
oligonucleotide. The amount of this retarded band comparedbefore irradiation. As shown in Figure 6/A), the C*T;;
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Ficure 6: Disruption of preassembled {NNA complexes by
C*T11. Integrase-DNA complexes were allowed to form for 20
107 107 104 10+ min at 25°C. (A) Effect of increasing concentrations of G§added
IN(mol.L™") before @) or after () preassembly of the complex. Absence of
the effect of the CT; ODN added prior to the preassemblIp)(
Ficure 5. Comparison of cross-linking of IN to the U5 substrate Data correspond to the means of three independent experiments.
and short single-stranded oligonucleotides. (A) Integrase was (B) Typical association curve for integrase and the U5 substrate as
incubated with 0.4 pmol of labeled LTR U5 substrate for 20 min a function of time.
at 25°C prior to exposured a 5 nspulse of 266 nm UV light.
Cross-linked adducts were resolved by SEfelyacrylamide gel
electrophoresis. The phosphorimage shows the results of a typical
titration experiment performed by varying the integrase concentra-
tion: lane 1, no IN; and lanes-3, 25 nM, 50 nM, 100 nM, 250
nM, 500 nM, 750 nM, 1uM, and 2uM IN, respectively. (B)
Comparison of IN binding to US) vs either C*T;; (M) or CTy
(®@). Data points represent the quantification by phosphorimage
densitometry of gels such as the one shown in panel A. Saturation
binding curves were fitted with Prism3.0 software.

150 7

100

50

ODN proved to be a very efficient inhibitor of the formation
of the IN-S complex since a dosgesponse inhibition was
obtained when increasing concentrations of the £ODN 0 ArrrrrrE———————
were added, thus confirming the previous observation from 0 50 100
the mobility shift experiments. In the next experiment, the
IN—substrate complex was allowed to form for 20 min before o ) o )
FiIGUrRe 7: Kinetics of dissociation of INDNA complexes in the

being challe_nge.d with the 1.1—m.er ollgonuclgotldes. . .. presence of the C*lL ODN. Integrase was preincubated with the
As shown in Figure 6B which displays a typical association ys LTR for 20 min at 25°C prior to dilution in the presence of
curve under these conditions, more than 75% of the inte- cold U5 (v), CT11 (O), or C*T11 (@) ODNs. The time reported

grase-substrate complex was preformed after 20 min at 25 for _the dissociation is with respect to t_he dilution. The amount of
°C. The result of this experiment in the presence of increasing fesidual complex expressed as the ratio of the amount of complex
. o . . . at timet (C) over the initial amount@,) was measured by laser-
concen_tratl_ons of the modified ohgonucleotld_e_ GfTis mediated UV cross-linking.
shown in Figure 6A4). It turned out that the modified ODN
was capable of efficiently dissociating the integraBiNA conducted by rapid-pulse UV cross-linking in the absence
complex. In sharp contrast, no disruption of the preformed or presence of the 11-mer ODNs. After a 20 min preforma-
complex was observed with the nonmodified oligonucleotide tion of the integrasesubstrate complex at 28C, the
CTa. [Figure 6A O)]. inhibitor was added and the mixture was irradiated at
Altogether, these observations support a noncompetitive different times. As shown in Figure 7, incubation witl Sl
mechanism in which the short modified ODN attacks the 6-oxocytosine-containing oligonucleotide leads to 50% dis-
IN-S complex leading to its active disruption. This mecha- sociation after 20 s M), whereas incubation with the
nism implies that the dissociation rate of the 8\complex nonmodified oligonucleotidea() or the nonlabeled substrate
is accelerated by the presence of the inhibitor. Thus, the (O) had no effect on the dissociation rate constant of the
measurement of the dissociation rate of the complex waspreformed complex.

Fraction complex (C/C)

Time (sec)
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Although the displacement was not total, it can be clearly preformed

+ EDTA
+ EDTA

@

attributed to the dissociation of the 48l complex since more A complex
than 75% of this complex was actually preformed after the ’ .
preincubation period (see Figure 6B). This experiment C*T,, (uM) C*T,y (uM)
provides compelling evidence that the inhibitory activity of *«: ‘
with integrase-substrate complexes and their subsequent
disruption.

Dissociation of the INS Complex May Occur before the m 1
disrupted the INS complex and consequently inhibited IN. ¢ & ; I : Y
Since the ODN inhibited the'$rocessing activity of IN as Teesae k. I T 1) 19
efficiently as strand transfer activity, then the formation of
i.e., before 3processing can take place. 13121110987 65 4321

To give support to this, the effect of the C#iTagainst
the 3-processing was assayed on preformed complexes and
present prior to complex formation. IN was preincubated with
the U5 DNA substrate for 20 min. These conditions were
chosen to allow the formation of more than 75% of the

the C*Ty; oligonucleotide is a consequence of its interaction o - 27Q o O -0 s
3'-ProcessingWe have shown that the modified ODN GAT

the unstable ternary complex may occur early in the reaction,

compared to the inhibition obtained when the ODN was

complex (see Figure 6). Any-processing activity that could

3'processing activity (in %
of control)

have taken place during this preincubation period was 50 s

estimated by a control experiment in which EDTA was added ]

to the IN\DNA solution after the preincubation period. The

results of this experiment, shown in Figure 8, demonstrate ]

that the C*T;; ODN was capable of blocking the'-3 'in_,' [T TR PR

processing activity of the preformed complex. In conclusion,

the attack of the modified ODN on the {8 complex [ODN] (mol.L™)

occurred early in the reaction, after binding of IN to S, thus Figure 8: C*Ty; inhibition of 3-processing of preassembled
indicating that the inhibitor can act either on the-U% complexes. (A) Phosphorimage of the desesponse effect of

complex or on the processed ‘WB6-2 complex. C*T11 on 3-processing activity. The'&nd-labeled U5 substrate

Inhibition of PIC Integration by the 6-Oxocytosine- (0-025 pmol) was incubated for 20 min at 25 with 1.3 pmol of
Containing Oli leotideThe fact that the 6 tosi IN in the absence or presence of increasing concentrations Qi C*T
ontaining Ligonucleotael he fact that the b-oxocylosine-  tpe 3-processing reaction was started by placing the samples at

containing oligonucleotide was capable of inhibiting the 37°C. The reaction was allowed to proceed foh at 37°C in the
integration upon disruption of preformed complexes hinted presence of 20 mM EDTA (lanes 1 and 7), no inhibitor (lanes 2

at the possibility that it may inhibit the integration activity and 8), or 10 nM, 30 nM, 100 nM, &M, and 3uM C*T; ODN

i ; ; (lanes 2-6 and 9-13, respectively). (B) Graphical representation
of purified premt.egratlon complexes (P_ICs). PICs are of experimental data. Data were fitted to a sigmoidal ea@ssponse
composed of the integrase bound to the viral DNA as well ,54el: @) preformed INU5 complex andl) absence of complex

as other viral and cellular protein8% 33). PICs purified preformation.
from infected cells can be used as a source for in vitro assays

of integration activity 28, 34, 35). Events of integration of = ] ) ) ) )
viral DNA into an heterologous target can be revealed by a inhibited the PIC-mediated integration reaction, thus provid-
PCR amplification of virat-target junctions. ing further evidence that the FRNA complex was the actual

In this reaction, one primer was complementary to the U5 target of this compound.
LTR and the second_pnmer was located in the_ DNA target. DISCUSSION
Under standard reaction conditions, PICs were incubated with
a heterologous 312 bp DNA target and the integrated Since the natural substrate of IN is DNA, nucleotides,
products were detected after a PCR amplification round usingoligonucleotides, and polynucleotides would all be expected
the 3?P-labeled 19-mer U5B-2 oligonucleotide as a viral to interfere with IN activity. Inhibition by these compounds
primer. Amplification products were separated on an 8% has already been demonstrated (se@fef a review), thus
denaturing polyacrylamide gel. Integration events at a indicating that integrase may possess several binding modes
particular site gave rise to a unique labeled band. We with nucleic acids. This is not in itself surprising since
compared the pattern of amplified products obtained in the integrase has been shown to specifically cleave a substrate
presence of modified and nonmodified short ODNs. Results DNA, 3' of a conserved CA, and to covalently insert the
of a typical experiment are shown in Figure 9A. Addition processed ends into nonspecific target DNA. Thus, at some
of the C*T,; oligonucleotide led to a decrease in the amount point during the integration process, the protein has to bind
of integrated products, suggesting an inhibitory effect of this simultaneously to both a specific viral DNA end and a
compound on the strand transfer activity of the PIC. In nonspecific target DNA. Although the role of these interac-
comparison, no inhibition was seen in the presence of thetions during the overall integration process is not yet precisely
CTi: oligonucleotide. Quantification of two independent known, pharmacological studies have demonstrated that
experiments is given in Figure 9B. In conclusion, GfT  integrase can accommodate a variety of structurally dissimilar
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Ficure 9: Inhibition of PIC-mediated integration by CiT (A)
PIC-containing cell extracts were incubated foh at 37°C with

a 300 bp linear DNA target in the absence or presence of the

inhibitor. Integration events were PCR-amplified as described in
Materials and Methods: lane 1, with 20 mM EDTA; lane 2, PIC

activity in the absence of inhibitor; lanes 3 and 4, with 1 and 10
uM C*T 14, respectively; and lanes 5 and 6, with 1 angM CTj;,

respectively. The black line indicates the integration events that

were used for quantification. (B) Quantification of two independent
experiments: (black bars) AM ODNs and (cross-hatched bars)
10 uM ODNSs.

Brodin et al.

substrate. A number of important differences were noted in
the inhibitory effects of 6-oxocytosine-containing oligo-
nucleotides compared to mononucleotides, which are com-
petitive inhibitors of integrase. First, although the respective
affinities of the modified and the control ODN for the
enzyme were comparable, only the modified oligonucleotide
inhibited integrase activities in vitro. Secqrttle inhibition
was correlated with the ability of the ODN to prevent the
formation of a stable INS complex. Third, the kinetics of
IN-S complex dissociation were dramatically accelerated in
the presence of the modified ODN. It is interesting to note
that the incomplete dissociation of the complex in the
presence of the inhibitor confirms the presence of a different
challenge-resistant complex which forms and the amount of
which increases slowly over time in vitro after the initial
binding of IN to DNA (27). The presence of this resistant
complex gave rise to biphasic dissociation kinetics. The
challenge-sensitive complex dissociated quickly(= 0.1
s1), indicating that the half-life of the ternary intermediate
was very short. From the dissociation rate, a half-life of
approximatet 7 s at 25°C can be estimated. Since the
resistant complex appears only after the formation of the
sensitive complex, then the short half-life of the sensitive
complex in the presence of the C*T ODN accounts for the
complete inhibition of complex formation when the integrase,
the substrate, and the inhibitor are mixed simultaneously.
Finally, the modified ODN was capable of inhibiting the
strand transfer activity of purified preintegration complexes
(PICs). These observations strongly support a model in which
the short modified ODN actively dissociates the-8\
complex. It is unlikely that a simple electrostatic interaction
between the single-stranded ODN and integrase is sufficiently
robust to explain the effect reported here. Indeed, weak
complexes formed between integrase and nonmodified
single-stranded ODNSs result in the slight stimulation of both

phosphoryl donor and acceptor nucleotide compounds. ThelN activities in the micromolar concentration range (&t
characterization of the anti-integrase properties of certain and this report) and inhibition at higher concentratialig (

mono- or dinucleotides led to the identification of a nucleo-

On the contrary, disruption of the HS complex by an

tide binding site which was mapped close to the active site inhibitor would require that the interaction with the enzyme

and involves residues Lys-156, Lys-159, and Lys-1860Q) (
20—23, 36). These compounds displayed competitive inhibi-
tion with moderate apparent dgvalues in vitro Single-
stranded oligonucleotides (ODNs) are also inhibitors of
HIV-1 integrase 17, 18). The most potent ODNs are 17-
mer self-structured G-rich ODNSs that bind tightly to inte-
grase. In this specific case, the interaction with the active
site is stabilized by secondary interactions with distal
domains of the protein3({). Larger oligonucleotides have
also been found to inhibit integrase in vitrd7( 27).
However, they displayed a different mode of inhibition since
they acted by attacking the preformedINNA complex (IN

occur to actively disfavor the original nucleoprotein geometry
and thus enhance subsequent dissociation of the complex.
Consequently, the inhibitor would need to establish either
hydrogen or hydrophobic interactions with the complex.
Since no inhibition was observed with the nonmodified ODN,
this function is clearly associated with the presence of the
modified heterocyclic base. Moreover, the nature of the
modified base is crucial as the inhibitory effect was not
observed with 8-oxoguanosine, 7-deazaguanostdy Or
5-methylcytosine (data not shown). Examination of the
structure of the modified base yields some clues concerning
the nature of this relatively strong interaction. First, the

S). This effect was strongly dependent on the length of the acceptor-donor (A—D) hydrogen bonding pattern of 6-oxo-

oligonucleotide, and disruption of complexes was not

cytosine 2 is different from that of cytosine 1 since

observed for oligonucleotides shorter than 21 nucleotides protonation of position 3 shifts the pattern from-B—A

7).

Since inhibition by mono- and dinucleotides appeared to

to D—D—A (see Chart 1).
Furthermore, the presence of an oxygen at position 6

depend more on the nature of the bases than on modificationintroduces the potential for a supplementary hydrogen bond

of the sugar moieties2@), we introduced modified bases
with the aim of increasing the affinity of short ODNs for

involving this acceptor group. Finally, the modification also
increases the acidity at the 3-NH and 4-Ngtoups, thus

IN. We observed that a 11-mer ODN modified with stabilizing potential hydrogen bonds formed by these groups
6-oxocytosine but not its unmodified counterpart disrupted (25). We would suggest therefore that binding of the ODN
complexes between HIV-1 integrase and its cognate DNA to the integrase in the context of the-Blcomplex involves
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hydrogen bonding between integrase and the 6-oxocytosinestructure of the oligonucleotide was detected, the unique
giving rise to a local deformation of the protein and a determinant of this effect was the presence of the modified
subsequent disruption of the complex. The fact that the base. The fact that the 6-oxocytosine-containing oligonucle-
presence of two contiguous 6-oxocytosines gave rise to aotide was capable of inhibiting the integration upon disrup-
more pronounced inhibition adds further support to this tion of preformed complexes suggests a strategy for searching
hypothesis. We also suggest that the ODN first interacts with for inhibitors of the HIV-1 preintegration complexes (PICs),
the enzyme through an electrostatic interaction. This is which are more likely to be the relevant target in vivo. From
consistent with the fact that neither sequence nor orientationthis viewpoint, the use of modified bases in oligonucleotidic
was a key factor for inhibition. The subsequent formation inhibitors may also provide a way of overcoming the
of more stable complexes arises through the establishmentimitations of natural ODNs such as limited cellular delivery
of stronger interactions with the modified bases of the and stability.

inhibitor.

Our results indicate that this stabilization can take place REFERENCES

only after the integrase was bound to its substrate. In other
words, the inhibitor binds to a configuration of the integrase

unigue to the integrasBNA complex. This property has

been seen recently for integrase inhibitors that bind specif-

ically to the IN'S complex 88, 39). Our experimental data

indicate that both the'3rocessing and strand transfer were

strongly inhibited and furthermore that the inhibition ¢f 3

processing was observed when the ODN was added even g4,

after preformation of the INS complex. This result demon-

strates that the modified ODN binding site which was
occluded on the protein alone was unmasked by the binding
of IN to its substrate. This site is part of the central core
domain since neither the C- nor the N-end domains were
required to obtain the inhibition of disintegration. What could

be the potential role of this site on the -IBlcomplex?

To address this question, we can use the three-step
mechanism previously postulated to describe the overall

integration reaction?7). The formation of the INLTR
complex may be represented by the reaction- N5 — IN:

S, wheren is the number of IN protomers associated in the 11

oligomer bound to the viral DNA2Q7). A considerable

amount of data indicates that IN undergoes a conformational

change upon binding to its DNA substrat#0). Thus, a
maturation step of the 1% complex, leading to the formation

of an intermediary mature complex, the “so-called” ISC

complex, was proposed4l). The cleavage reaction is a

property of the ISC complex, giving rise to the processed

complex PSC (ISC— PSC). Finally, the PSC complex

captures a target DNA and undergoes the strand transfer 1

reaction (PSC+ DNA — strand transfer products). Extrapo-

lating from this idea, we suggest that the conformational
change of IN allows the protein to accommodate short single-
stranded DNA bearing modified heterocyclic bases. In 16.
support of this hypothesis, the disruption of the terminal base
pair of retroviral DNA has been shown to be required during
integration @2). Furthermore, the disruption of base pairing

at the site of cleavage may account for the ability of integrase
to act specifically at the ends of viral DNA, whereas identical
sequences at internal sites are not substrates of the reaction.
A putative role for DNA unpairing is also supported by the
fact that integration in a plasmid target in vitro is favored in

stem-loop structures resembling fraying DNA end&3).
The comparison of proteiDNA contacts between the
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currently under way.

In conclusion, we have shown that a short modified ODN
can disrupt the integrase DNA complex. Since no secondary
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