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Abstract

Human Immunodeficiency Virus type 1 (HIV-1) integrase (IN) is an attractive target for the development of new antiviral therapies.
Recently, several HIV-1 recombinant IN (rIN) in vitro inhibitors have been described. However, the great majority of them failed to block
the virus replication in cell-based assays, suggesting the inadequacy of the in vitro assay systems used for inhibitor screening. To improve
these systems, we designed a 40™" duplex DNA reaction substrate consisting of recognition sequences from both U3 and U5 HIV-1 long
terminal repeat (LTR) termini. The HIV-1 rIN was able to catalyze its enzyme activities recognizing both ends of the 40™" dsDNA. Using
this substrate we assayed the effects on rIN catalysis of different classes of compounds which inhibit the HIV-1 rIN in vitro when the
reaction substrate is the standard 21™°" U5 dsDNA, and that are either active or inactive on the HIV-1 replication. We also compared the
efficacy of these compounds when added to the reaction before or after the formation of the rIN-dsDNA complex. In this system, the
enzyme preincubation with the two-ended 40™" dsDNA before the addition of the compounds allowed a strong correlation between the
effects of hydroxylated aromatics derivatives on rIN activity in cell-free assays and their effects on viral replication in cell-culture assays.
This increase in drug selectivity of the rIN in vitro assay was explored by investigating whether it was due to the length of the 40™", longer
than the standard 21™, or to presence of both viral ends, versus only one viral end. To this purpose we designed four 40™
oligonucleotides containing either only one viral end or two-repetitive ends, finding that the architecture of the rIN-dsDNA complex and
its compound susceptibility is significantly influenced by the sequence of the dsDNA substrate.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Retrovirus multiplication requires the integration of a
DNA copy of the viral RNA genome into a chromosome of
the host cell. This essential step in the retrovirus growth
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cycle is accomplished by the viral-coded integrase (IN)
which brings close the ends of the viral linear DNA and
introduces them into the cellular DNA at a distance, in the
case of the Human Immunodeficiency Virus type 1 (HIV-
1), of five nucleotides from each other [1]. The HIV-1 IN
acts as the main component of a large nucleoprotein
complex, termed preintegration complex (PIC), which
contains both viral and cellular constituents. Viral consti-
tuents are the linear DNA and the reverse transcriptase,
matrix, vpr and nucleocapsid proteins, cellular constituents
are the barrier to auto-integration factor (BAF) and the
high-mobility group [HMG-I(Y)] protein [1,2].

The overall integration process proceeds through three
phases. In the first, which takes place in the cytoplasm and
is termed 3’-processing, a dinucleotide (GT) is cleaved
from each 3’-ends of the linear viral DNA adjacent to a
conserved CA dinucleotide. In the second, which takes
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place in the nucleus and is termed strand-transfer, the
exposed 3’-hydroxyls obtained in the previous reaction
are used in a direct transesterification in which the 3’-viral
ends are joined to 5'-phosphates in the host DNA to
produce the integration intermediate. In the third, the
provirus formation is completed by the further removal
of the unpaired nucleotides at the 5'-ends of the viral DNA
and the repair of the single-strand gaps between viral and
host DNA: both these steps are probably accomplished by
cellular enzymes [3].

Since integration is an essential requirement for the HIV-
1 replication, IN is considered an attractive target for the
development of new antiviral therapies [4]. To date, the
efficacy of potential IN inhibitors is typically assessed in
cell-free assays which use recombinant enzyme (rIN) and a
variety of synthetic oligonucleotides as DNA substrates,
since its assessment in partially purified PIC assays is
rather cumbersome [4,5]. In recent years, a good number
of rIN inhibitors have been described. However, with few
exceptions, the rIN inhibitors identified in high-throughput
cell-free screenings rarely prove to be able to block both
the virus replication in cell-based assays and the DNA
integration in PIC-based assays [4,6-9]. The striking lack
of correlation between the in vitro and in vivo activity of
the large majority of anti-IN compounds, irrespectively of
the chemical class to which they belong to [4] most likely
reflects the inadequacy of the cell-free assays to reproduce
the cellular integration process.

The common substrate of the most diffuse in vitro assay
used for drug screenings is a short dsDNA (18-24™¢"),
usually a 21™*" DNA, which reproduces the 3’-end of the
US region of the proviral DNA and which can be labeled at
either its 5’-end or its 3’-end [4,5,10]. rIN cleaves the last
two nucleotides (GT) at the 3’-end of the 21™¢" dsDNA
oligonucleotide producing a 19™" and a dimer as reaction
products (the 5-end labeling allows to track the 19™"
production, whereas the 3’-end labeling evidences the
dimer production). Any dsDNA can be used by rIN as
target DNA and, in the absence of excess of target DNA,
integration occurs into an unprocessed molecule of the
21™°" dsDNA giving rise to a 19-38"" oligonucleotide as
reaction product, since the 3’-hydroxyl of the 19™°" can
attack any base of the 21™°" dsDNA. This assay allows to
asses both 3’-processing and strand-transfer reactions and
is used to identify compounds that are targeted to both
reactions or to only one of them [4,5]. A nonradioactive
microtiter-plate assay which uses the same principles has
also been described for high-throughput screening of
strand-transfer inhibitors [11]. This assay uses an immo-
bilized 30™¢" dsDNA oligonucleotide, which also repro-
duces the U5 LTR end, as 3’-processing reaction substrate
and an heterologous biotinylated oligonucleotide as target
DNA for the subsequent strand-transfer reaction.

All these systems uses only one viral termini as DNA
substrate, however, even though in vitro an individual 3'-
end serves as rIN substrate, in vivo the mechanism and

efficiency of integration is determined by the interaction
between IN and both 3’-ends. Indeed, Wei et al., reported
that formation of the Moloney murine leukemia virus
preintegration complex requires the presence of two func-
tional viral DNA 3’-ends [12]. More recently, Brin and Leis
reported, in an elegant system, but too complex to be used
for screening purpose, that both U3 and U5 HIV-1 3’-ends
are required to reconstitute an in vitro complete integration
process [13,14].

With the aim of better reproducing in vitro the in vivo
integration reaction, we designed a 40™" double-stranded
oligonucleotide containing the 3’-end of both HIV-1 U3 and
U5 regions. Using this 40™" dsDNA as reaction substrate, in
comparison with the standard 21™" dsDNA, we first per-
formed a biochemical characterization of the HIV-1 rIN
activities. Subsequently, we verified whether the use of the
new substrate could improve the correlation between the
effects of the HIV-1 IN inhibitors observed in cell-free
assays and the ones observed in cell-based assays, therefore,
allowing to elicit from the in vitro results the ‘““false posi-
tive” rIN inhibitors. For this reason, we evaluated the rIN-
catalyzed reactions in the presence of different classes of
rIN inhibitors, either active or inactive on the HIV-1 repli-
cation, using both 21™" and 40™°" oligonucleotides as DNA
substrates. Furthermore, the experimental design compared
the efficacy of the rIN inhibitors both pre and post of the
assembly between the rIN and the DNA substrate.

2. Materials and methods
2.1. Materials

The pINSD.His vector was kindly provided by Dr. R.
Craigie (NIH). Escherichia coli BL21(DE3), His-bind
resin was purchased from Novagen. Isopropylthio-p-p-
galactoside (IPTG), CHAPS, aurintricarboxylic acid
(ATA), baicalein and myricetin were purchased from
Sigma. The Klenow polymerase, G-25 Sephadex quick
spin columns and dTTP were purchased from Roche. [a-
32P]dGTP and HiTrap desalting columns were purchased
from Amersham Pharmacia Biotech.

2.2. Synthetic oligonucleotides

Gel-purified oligonucleotides were purchased from the
DNA Synthesis Laboratory, Department of Pathology of
Yale University. The following oligonucleotides were used
in this study: 19U5A, 5'-GTGTGGAAAATCTCTAGCA-
3’; 21U5B, 5-ACTGCTAGAGATTTTCCACAC-3'; 38U-
3U5A, 5-ACTGGAAGGGCTAATTCACTTGTGGAAA-
ATCTCTAGCA-3'; 38U3U5B, 5-ACTGCTAGAGATTT-
TCCACAAGTGAATTAGCCCTTCCA-3’; 40U3U5A, 5'-
ACTGGAAGGGCTAATTCACTTGTGGAAAATCTCT-
AGCAGT-3’; 40U3U35B, 5'-ACTGCTAGAGATTTTCCA-
CAAGTGAATTAGCCCTTCCAGT-3'; 40U30A, 5'-AC-
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TGGAAGGGCTAATTCACTGGATTAATGGTTACGCC-
TAA-3'; 38U30B, 5-TTAGGCGTAACCATTAATCCAG-
TGAATTAGCCCTTCCA-3"; 380U5A, 5'-TTAGGCGT-
AACCATTAATCCTGTGGAAAATCTCTAGCA-3’; 400-
U5B, 5'-ACTGCTAGAGATTTTCCACAGGATTAATG-
GTTACGCCTAA-3'; 38U3U3, 5-ACTGGAAGGGCTA-
ATTCACTAGTGAATTAGCCCTTCCAGT-3’; 38U5U5,
5'-ACTGCTAGAGATTTTCCACATGTGGAAAATCTC-
TAGCAGT-3'.

Couples of oligonucleotides were annealed in 0.1 M NaCl
by heating at 80 °C and slowly cooling to room temperature
overnight to prepare the following dsDNA reaction sub-
strates (between parentheses): 199U5A and 21U5B (21" U5
dsDNA), 38U3U5A and 38U3U5B (40™" U3U5 dsDNA),
40U3U5A and 38U3U5B (40™" U3USA dsDNA),
38U3U5A and 40U3U5B (40™" U3U5SB dsDNA),
40U30A and 38U30B (40™" U30 dsDNA), 380U5A and
400U5B (40™" 0U5 dsDNA). Oligonucleotides 38U3U3
and 38U5US5 were self-annealed to form dsDNA 40™"
U3U3 and 40™" U5U5 dsDNAs, respectively. dsDNA sub-
strates were labeled by introducing at the 3’-ends of the 38™"
oligonucleotides the two missing nucleotides using [o-
32P]dGTP, cold TTP and Klenow polymerase. Unincorpo-
rated [0-*?P]dGTP was separated from the duplex substrate
with a G-25 Sephadex quick spin column.

2.3. HIV-1 rIN purification

Expression of the HIV-1 rIN protein with an amino-
terminal polyhistidine tag was obtained by IPTG induction
of the E. coli strain BL21(DE3) containing the pINSD.His
vector. Protein purification was carried out with an AKTA-
prime FPLC (Amersham Pharmacia Biotech) as described
[10]. Briefly, cell pellet was resuspended in Binding Buffer
(5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9,
5 mM CHAPS), sonicated and centrifuged at 30,000 x g
for 30 min at 4 °C. The supernatant was applied to a His-
bind resin column and washed thoroughly with binding
buffer and with washing buffer (60 mM imidazole, 0.5 M
NaCl, 20 mM Tris—HCI, pH 7.9, 5 mM CHAPS). rIN was
eluted with Elute Buffer (1 M imidazole, 0.5 M NaCl,
50 mM Tris-HCI, pH 7.9, 5mM B-mercaptoethanol,
5 mM CHAPS), fractions were collected and enzyme
activity was determined. Protein purity was checked by
SDS-PAGE and found to be higher than 90%. Enzyme-
containing fractions were pooled and loaded onto an
HiTrap desalting column equilibrated in Elute Buffer
without imidazole. Fractions were collected and catalytic
activity and protein concentration were determined.
Enzyme-containing fractions were pooled and aliquots
were frozen at —80 °C.

2.4. HIV-1 rIN assay

Standard 3’-processing and strand-transfer reaction con-
ditions were: 10 mM HEPES, pH 7.5, 10 mM MnCl,,

1 mM dithiothreitol, 60 mM NaCl, 2.5nM of 40™
dsDNA and 250 nM rIN (considered as monomer). When
the dsDNA substrate was the 21™" U5 oligonucleotide
(1.25 nM concentration), the experimental conditions were
the same with the exception of the presence of 40 mM
NaCl and the addition of 2% glycerol. Samples of 15 pl
volume were incubated at 37 °C for 1 h, reactions were
stopped by adding 7.5 pl of Sample Buffer (96% forma-
mide, 20 mM EDTA, 0.08% bromophenol blue and 0.08%
xylene cyanol) [5] and analyzed by denaturing PAGE.
Samples were layered onto a denaturing 15% polyacryla-
mide gel (7 M urea, 0.09 M Tris borate, pH 8.3, 2 mM
EDTA, 15% acrylamide) and run for 1 h at 80 W. Reaction
products were monitored, quantified with a Bio-Rad Per-
sonal FX Phosphoimager and fmol of product calculated.
When a preincubation period was performed, a 10-min
incubation was carried out at 37 °C in a volume of 15 pl.
Then, 3 pl of buffer A (10 mM HEPES, pH 7.5, 10 mM
MnCl,, 60 mM NaCl) or 3 pl of serial dilutions of test
compounds (dissolved in buffer A) were added to the
mixture and reactions were allowed to proceed at 37 °C
for 1 h. Reactions were stopped by adding 9 pl of Sample
Buffer and analyzed as above. In order to correctly com-
pare samples with different volumes, quantifications were
normalized according to the sample volume.

3. Results

3.1. Cleavage of the two-ended 40" U3U5
oligonucleotide by the HIV-1 rIN

In the present study we designed and used in the HIV-1
rIN in vitro assay a 40™" duplex DNA oligonucleotide
reaction substrate (U3U5 40™" dsDNA) consisting of
sequences from the two viral DNA termini: the first 20
nt residues reproduce the sequence of the HIV-1 U3 end
while the last 20 nt residues reproduce the sequence of the
HIV-1 U5 end (Table 1). The two-ended U3U5 40™
dsDNA oligonucleotide was *’P-labeled at both 3’-ends
as described in Section 2. Hence, we could examine (i) the
rIN 3’-processing reaction by monitoring the formation of a
32P_labeled GT dimer product coming from both U3 and
U5 dsDNA 3'-ends, and (ii) the rIN strand-transfer reaction
by monitoring the formation of a **P-labeled 40-78™"
oligonucleotide produced by the joining of the 38™¢
dsDNA, obtained from the 3’-processing reaction, to
another unprocessed 3?P-labeled U3U5 40™" dsDNA,
acting as acceptor substrate surrogate of the cellular
DNA. Therefore, similarly to the assay system which uses
the 21™" dsDNA as substrate [5], this assay allows to
evaluate compounds which target both enzymatic reactions
or only one of them.

Initially, in order to verify that the enzyme could effi-
ciently process both U3 and U5 3’-ends of the two-ended
40™" U3U5 dsDNA, we prepared 40™°" U3U5 reaction
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Table 1
Sequences of 21™" and 40™*" dsDNA oligonucleotides used as HIV-1 rIN reaction substrate

Uend
5'-GTGTGGAAAATCTCTAGCAGT-3'
3. CACACCTTTTAGAGATCGTCA-5'

U3end USend
S'-ACTGGAAGGGCTAATTCACTTGTGGAAAATCTCTAGCAGT-3'
3_-TGACCTTCCCGATTAAGTGAACACCTTTTAGAGATCGTCA-5'

U3end Oend
5'-ACTGGAAGGGCTAATTCACTGGATTAATGGTTACGCCTAA-3'
3_TGACCTTCCCGATTAAGTGACCTAATTACCAATGCGGATT-5'

Oend USend
5'-TTAGGC (?;nTAA CCATTAA TCCTGTGGAAAAT(%[’lI‘CTAGCAGT-?s’
3'-AATCCGCATTGGTAATTAGGACACCTTTTAGAGATCGTCA-5

U3end U3end
5 -ACTGGAAE;GGCTAATTCACTAGTGAA Tglr"l AGCCCTTCCAGT-3'
3'-TGACCTTCCCGATTAAGTGATCACTTAATCGGGAAGGTCA-5

21™ US

40™" U3U5

40™" U30

40™<" OU5

40™" U3U3

US end US end
5'-ACTGCTA Gzl GATTTTCCA CATGTGGAAAAe"l‘lCTCTAGCAGT-?s’
3-TGACGATCTCTAAAAGGTGTACACCTTTTAGAGATCGTCA-5

40™" U5US5

21™" substrate reproduces the U5 3’-end of the HIV-1 LTR. 40™" dsDNA substrates were designed to reproduce: (i) 20 nt from U3 (in italics) and 20 nt
from U5 (underlined) 3'-end, two-ended 40™" dsDNA substrate (U3U5); (ii) 20 nt from either U3 or U5 3’-end and 20 nt from a random sequence, one-ended
40™" dsDNA substrates (U30 and 0US5); (iii) 20 nt from either U3 or U5 3'-end repeated twice, two-repetitive-ended 40™°" dsDNA substrates (U3U3 and
Usus).

substrates (i) doubly *P-labeled at both 3'-ends, (ii) singly
32P_labeled at the U3 3’-end (U3USA dsDNA), (iii) singly
32P_labeled at the US 3’-end (U3US5B dsDNA). The stan-
dard singly 3’P-labeled U5 21™" was used as control
substrate. Fig. 1 shows that the HIV-1 rIN proved to be
able to perform its 3’-processing activity on both U3 and
U5 ends of the 40™°" dsDNA oligonucleotide and that the
38™" product of the above reactions was efficiently used as
reaction substrate for the subsequent rIN strand-transfer
catalysis. As expected [10], similar results were obtained
labeling the 5'-ends of the 40™" oligonucleotides (data not

21™" U5

shown). Furthermore, since MgZJr is the divalent cation
which is believed to be relevant for viral replication in vivo
[1-3], we compared the enzyme activity in the presence of
Mg*" and Mn*", the cation which is frequently used in rIN
in vitro assays instead of Mg®" [5]. Using the two-ended
40™°" U3U5 dsDNA as reaction substrate, the presence of
Mg*" instead of Mn>" reduced the 3'-processing activity
by sixfold and no strand-transfer reaction was observed
even after long time exposures (data not shown). There-
fore, the subsequent study was conducted with Mn*", the
standard cation used in in vitro assays [5].

40™"U3U5 40™ U3USA 40™" U3U5B

IN - +

21-38™" strand- —p
transfer product

21™" substrate —»|

2™ 3'-processing
product

+ - o+ -+

< 40-78M" strand -
transfer product

4 40™" substrate

& & 9

<4 2™ 3'-processing
product

(A) 1 2 (B)

3

4 5 6 T 8

Fig. 1. HIV-1 1IN catalytic activities on U3 and U5 3’-end of the two-ended 40™" U3U5 dsDNA substrate. 10 nM of differently labeled dsDNA
oligonucleotides were incubated in a standard reaction mixture at 37 °C for 1 h with or without rIN and processed as described in Section 2. The dsDNA
substrates were: (A) Lanes 1 and 2, 21™°" U5 dsDNA labeled at the U5 3’-end; (B) lanes 3 and 4, 40™" U3U5 dsDNA labeled at both U3 and U5 3’-ends;
lanes 5 and 6, 40™" U3U5 dsDNA labeled only at the U3 3’-ends (U3U5A); lanes 7 and 8, 40™" U3U5 dsDNA labeled only at the U5 3’-ends (U3U5B).

Strand-transfer products were visualized with longer screen exposures.
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N
T

Reaction product (fmoles)
T

21™"U5

40M" U3U5

40" U3U5A  40™"U3U5B

Fig. 2. Comparison of the HIV-1 rIN reaction efficiency on the U3 and U5 3'-end of the two-ended 40™" U3U5 dsDNA. Differently labeled dsDNA
oligonucleotides [21™¢" U5 dsDNA labeled at the U5 3’-end (21" U5); 40™" U3U5 dsDNA labeled at both U3 and U5 3’-ends (40™" U3U5); 40™" U3U5
dsDNA labeled at the U3 3’-end (40™" U3U5A); 40™°" U3U5 dsDNA labeled at the U5 3’-end (40™°" U3U5B)] were incubated with HIV-1 rIN in a standard
reaction mixture for 1 h at 37 °C and processed as described in Section 2. Close bars represent the rate of the 3'-processing reaction and open bars the rate of

the strand-transfer reaction.

It has been reported that oligonucleotides representing
the HIV-1 U5 3’-end are more efficient substrates for rIN
reactions than the U3 counterparts [13,15-17]. Therefore,
using the same 3?P-labeled 3’-end dsDNA substrates as
above we confirmed that the HIV-1 rIN processed the U5
3’-end of the two-ended 40™" dsDNA oligonucleotide
twofold more efficiently than its U3 3’-end and with the
same efficiency as the U5 3/-end of the 21™" (Fig. 2).
Differently, the rIN strand-transfer efficiency was
obviously identical independently by which 3’-end was
labeled, since the reaction products produced by the 3'-
processing reaction, and used thereafter for the strand-
transfer activity, were the same regardless the 3’-end
labeling position.

3.2. Determination of kinetic constants for the
HIV-1 rIN 3'-processing activity

In order to further characterize the differential activity of
the HIV-1 rIN 3’-processing on the U3 and U5 3’-end of the
U3U5 40™" dsDNA we determined the steady-state kinetic
parameters using the same 3?P-labeled dsDNA substrates
as described above.

Kinetic constants were calculated according to Dixon
[10,18,19] since in our reaction mixture the rIN and
substrate concentrations result in the same order of mag-
nitude, bringing a significant fraction of the dsDNA sub-
strate to be likely bound to the rIN. Therefore, in these
experimental conditions, the Henry—Michaelis—Menten
equations are inadequate to determine steady-state kinetic
parameters and the more general method described by
Dixon should be used [10,18,19].

Table 2 shows that the rIN K, values obtained with all
dsDNA substrates were similar, confirming that the inter-

action rIN-dsDNA substrate is not influenced by the length
of the substrate. Differently, the enzyme showed a catalytic
constant twofold higher when processing the U5 end than
when processing the U3 end of the U3U5 40™" dsDNA,
confirming the HIV-1 rIN preference for the U5 end of the
viral LTRs.

3.3. Inhibition of the HIV-1 rIN by selected compounds
using two-ended 40" U3U5 as dsDNA reaction substrate

To examine whether the use of the two-ended 40™°"
U3US5 as DNA substrate in the rIN in vitro assay could
allow a more reliable correlation between the effects of
putative IN inhibitors observed in cell-free assays and their
effects in cell-culture assays, we tested three molecules
which are able to block the rIN catalysis by different means
(Fig. 3): (i) ATA, a mixture of polymeric substances which

Table 2
Steady-state parameters of the HIV-1 rIN 3/-processing reaction on the U3
and U5 3’-ends of the two-ended 40™" U3U5 oligonucleotide

dsDNA 3'-end labeled K (nM) ky (h71?

21™" U5 1.1 £03 0.09 £ 0.04
40™ U3US 21£05 0.25 £ 0.06
40™ U3USA 1.9 £ 0.2 0.07 £ 0.02
40™ U3USB 1.5+ 04 0.17 £ 0.03

Differently labeled dsDNA oligonucleotides [21™" U5 dsDNA labeled
at the U5 3’-end (21™¢" U5); 40™" U3US5 dsDNA labeled at both U3 and
U5 3'-ends (40™°" U3U5); 40™" U3U5 dsDNA labeled at the U3 3'-end
(40™" U3U5A); 40™" U3U5 dsDNA labeled at the U5 3’-end (40™"
U3U5B)] were incubated in a standard reaction mixture at 37 °C for 1 h
with HIV-1 rIN and processed as described in Section 2. Kinetics values
were calculated as described [10,18,19].

* kp (turnover number) values were calculated from the ratio Viya/[IN],
where [IN] was obtained from kinetic analysis.
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Fig. 3. Chemical structures of selected molecules that inhibit the HIV-1 rIN.

inhibits the binding to DNA of a variety of different
proteins (i.e. RNA and DNA polymerases, nucleases,
HIV-1 reverse transcriptase and rIN) [20]. ATA also inhi-
bits the HIV-1 replication in cell culture by blocking the
virus entry [20]. Therefore, it can be considered a non-
specific rIN inhibitor which probably could inhibit the rIN
activity regardless the in vitro system used; (ii) an hydro-
xylated aromatic derivative, 2-(3,4-dihydroxybenzyl)-6-
(3,4-dihydroxybenzylidene)cyclohexanone  (RDS1158),
which we reported to inhibit the rIN activity in vitro,
but which is ineffective on the HIV-1 reverse transcriptase,
the cellular topoisomerases, DNA and RNA polymerases
as well as on the HIV-1 replication in cell-based assays
[21]. RDS1158, therefore, can be considered the kind of
selective “‘false positive” rIN inhibitor which a more
predictive in vitro assay should be able to eliminate;
(iii) a diketo acid derivative, 4-[1-(4-fluorobenzyl)-4-iodo-
pyrrole-2-yl]-2,4-diketobutanoic acid (L-731,988), which
has been reported to inhibit both the rIN activity in vitro
and the viral replication in cell culture and is considered a

selective IN inhibitor [6]. Noteworthy, the activity of L-
731,988 is remarkable in that it discriminates between the
two IN catalytic activities, inhibiting the 3’-processing
with an IC50 of 5 uM and the strand-transfer with an
ICs of 0.1 uM [6].

It has been proposed that many in vitro rIN inhibitors,
among which the majority of the compounds which are
inactive in cell-based assays, may act chelating the metal
ion Mn®" which is required for rIN activity and which
induces conformational changes in the enzyme [22]. It has
been also proposed that such changes take place in the
reaction mixture within few minutes, and that the subse-
quent binding of the rIN to the substrate DNA is fast and
brings to a tightly associated and stable protein—-DNA
complex [23]. Therefore, we decided to assay the inhibi-
tory activity of the three compounds adding the molecules
to the reaction mixture either before that the enzyme could
bind to the DNA substrate (—preincubation), or after a 10-
min incubation at 37 °C that allows the rIN-dsDNA com-
plex formation (+preincubation).
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Table 3

Effect of selected inhibitors on the HIV-1 rIN activities using the 21™¢" U5 and the 40™" U3U5 dsDNA as reaction substrate

Compound ICs"

3'-processing

Strand-transfer

—Preincubation +Preincubation —Preincubation +Preincubation

21M" U5

ATA 04 £ 0.1 0.6 £ 0.2 0.5 +£0.1 0.8 £ 0.2

RDS1158 0.7 £ 0.2 0.7 £ 0.1 0.5+02 0.6 £ 0.3

L-731,988 24 £+ 1.6 3.0 £ 0.9 0.2 £ 0.1 03 +0.2
40™" U3U5

ATA 0.3 +0.2 0.5 £ 0.1 0.7 £ 0.2 04 £+ 0.1

RDS1158 0.6 £ 0.1 >100 0.3 £ 0.1 >100

L-731,988 34+ 0.8 29+ 1.0 0.3 +£ 0.1 0.2 +£ 0.1

Tested compounds were added either before the reaction mixture was incubated at 37 °C (—preincubation), or after a 10-min incubation at 37 °C
(+preincubation). Reaction mixture were prepared and processed as described in Section 2.
# Compound concentration required to reduce the HIV-1 rIN catalysis of 3'-end-labeled 21™¢" or 40™*" dsDNA substrate by 50%. Values were expressed in

puM for RDS1158 and L-731,988 and in pg/ml for ATA.

Table 3 shows that ATA and L-731,988 inhibited the rIN
catalysis with the same potency regardless the substrate
used and the preincubation performed. Similarly, when the
reaction substrate was the 21™" U5 dsDNA, RDS1158
blocked the enzyme activities with the same 1Csq values
regardless the preincubation step. Differently, even at the
highest tested concentration (100 puM), RDS1158 did not
inhibit the HIV-1 rIN activities when it was added, after the
10-min preincubation, to a reaction mixture containing the
40™¢" U3 U5 oligonucleotide as DNA substrate (Table 3 and
Fig. 4). These results imply that the rIN-U3U5 40™"
dsDNA complex may be more stable, and hence more
resistant to the RDS1158 inhibition, than the rIN-U5 21™¢"
dsDNA complex which maintains its activity only partially
when higher compound concentrations are added after the
preincubation period (Fig. 4B).

3.4. Inhibition of the HIV-1 rIN by selected
compounds using one-ended or two-repetitive-ended
40™°" oligonucleotides as dsDNA reaction substrate

In order to discern whether the different rIN suscept-
ibilities to RDS1158 obtained using the one-ended 21™"
U5 dsDNA or the two-ended 40™" U3U5 dsDNA as
reaction substrate might be due to the diverse DNA length
or to the presence of only one or both viral 3’-ends, we
designed four new 40™" oligonucleotides (Table 1). In two
of them, a random sequence replaced either the U5 3’-end
(40™°" U30) or the U3 3’-end (40™°" QUS). In the third, a
second U3 3’-end sequence substituted the U5 3’-end
(40™°" U3U3), in the fourth—vice versa—a second U5
3’-end sequence substituted the U3 3’-end (40™" U5U5).
Table 4 shows that when the HIV-1 rIN reaction substrate
was either the U30 or the OU5 one-ended 40™" oligonu-
cleotide, all compounds inhibited the enzyme activities
regardless the preincubation step, as they did when the one-
ended 21™" U5 was the rIN DNA substrate.

Similarly, when the rIN reaction substrate was either the
U3U3 or the U5U5 two-repetitive-ended 40™" oligonu-
cleotide, ATA and L-731,988 inhibited the rIN activities
independently from the preincubation step. On the con-
trary, using in the reaction these two DNA substrates
RDS1158 inhibited the rIN catalysis with 1Csq values
which were 10-fold higher in the presence of the preincu-
bation step (3.5-8 uM) than in its absence (0.2-0.6 uM).
This demonstrates that the presence of the U3 and/or U5 IN
recognition sequences in the dsDNA substrate is correlated
to the rIN susceptibility to the RDS1158 hydroxylated
aromatic derivative.

3.5. Inhibition of the HIV-1 rIN activities by other
selected compounds using one-ended or two-ended
40" oligonucleotides as dsDNA reaction substrate

Subsequently, we wanted to verify whether the above
experimental conditions lead to a rIN cell-free assay which
is able to discriminate among other in vitro rIN inhibitors
which are either inactive or active in cell-based assays.
Therefore, we evaluated the effect of baicalein, myricetin
and 4-oxo-3-(3,4,5-trihydroxybenzyl)-5-(3,4,5-trihydrox-
ybenzylidene)cyclohexanecarboxylic acid (RDS1473)
(Fig. 3) on the enzyme activities. Baicalein and myricetin
are hydroxylated aromatic derivatives which were reported
to inhibit several cellular functions (i.e. topoisomerase II,
DNA polymerases o, B and y) [24,25], HIV-1 rIN and
reverse transcriptase in vitro, but were not able to block the
IN activity in PIC assays [8,26,27]. RDS1473 is an
RDS1158 analogue which is able to inhibit both rIN in
cell-free assays and viral replication in cell-based assay
with an ECsy and CCs, values of 4 and 70 pM, respec-
tively, and which is ineffective on the HIV-1 reverse
transcriptase, cellular topoisomerases, DNA and RNA
polymerases (E.T., personal communication). Table 5
shows that, consistently with other reports [8], baicalein
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Fig. 4. Inhibition of the HIV-1 rIN by RDS1158. (A) PAGE analysis of the rIN reactions assessed using the 40™" U3U5 dsDNA as substrate. The 3'-
processing products are shown in the bottom panel (lighter exposure) and the strand-transfer products in the upper panel (darker exposure). Lane 1, without
rIN; lane 2, plus rIN without drugs; lanes 3-5, plus rIN and RDS1158 (100, 33, 11, 3.3 uM) added before incubation at 37 °C (—preincubation); lane 7, plus
rIN only 10-min incubation at 37 °C (zero time for +preincubation); lane 8, plus rIN (control for +preincubation); lanes 9-12, plus rIN and RDS1158 (100,
33, 11, 3.3 uM) added after 10-min incubation at 37 °C (+preincubation). (B) Graphical representation of the effect of the RDS1158 on the rIN 3’-processing
reaction assessed using either 3’-end-labeled 21™" U5 dsDNA (circles) or 3’-end-labeled two-ended 40™" U3U5 dsDNA (triangles) as substrate. The
compound was added either before the reaction mixture was incubated at 37 °C (—preincubation, empty circles and triangles), or after a 10-min incubation at
37 °C (+preincubation, full circles and triangles). Values represent data and standard deviation from three independent determinations.

and myricetin inhibited the HIV-1 rIN activities when
added to the reaction mixture before the enzyme
(—preincubation), whereas they were inactive when added
after the preincubation step regardless the length of the
dsDNA used as reaction substrate. Differently, when the
reaction substrate was the 21™ U5 dsDNA, RDS1473
inhibited the rIN catalysis in the submicromolar range,
independently of the preincubation step, whereas when the
reaction substrate was the 40™ U3U5 dsDNA, the per-
formance of preincubation step increased its ICs, values by
roughly 30-fold. Noteworthy, the latter ICsy values (11—
19 uM) obtained in vitro resulted in the same range of
activity of the ECsq value (4 uM) observed in cell-based
assay.

Finally, to test the possibility that the stability of the
rIN-dsDNA complex in vitro could be influenced by
the oligonucleotide length or recognition sequence we
used cold 21™" U5 and 40™¢" U3U5 oligonucleotides as

DNA substrate competitors. Table 5 shows that both
21™" U5 and 40™°"U3U5 competitor dsDNAs resulted
inactive when added after the preincubation step in spite
of which oligonucleotide substrate was used as reaction
substrate.

4. Discussion

We have designed a new 40™" duplex DNA oligonu-
cleotide reaction substrate for the HIV-1 rIN in vitro
reactions consisting of recognition sequences from both
U3 and U5 viral LTR termini. In this system, kinetic studies
showed that the turnover number observed for the 3'-
processing reaction on the U5 recognition sequence is
twofold higher than the turnover number on the U3 coun-
terpart. These data confirm that the HIV-1 US IN recogni-
tion sequence is the ‘““‘dominant” LTR end [14-17,26].
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Table 4
Effect of selected inhibitors on the HIV-1 rIN activities using different 40™" dsDNAs as reaction substrate
Compound 1C5*
3'-processing Strand-transfer
—Preincubation +Preincubation —Preincubation +Preincubation
40™" U30
ATA 1.0 £ 0.1 0.6 £ 0.2 0.8 £0.3 1.1 £ 04
RDS1158 02+ 0.2 0.3 £ 0.1 04 £+ 0.1 0.5+0.2
L-731,988 20+ 1.6 1.5+ 0.9 0.3 £ 0.1 0.1 £ 0.1
40™" QU5
ATA 0.7 £ 0.2 1.1 £0.3 0.7 £ 0.2 0.9 +0.3
RDS1158 0.6 + 0.1 04 + 0.1 0.3 £ 0.1 0.7 £0.2
L-731,988 3.0 £ 0.8 1.2+ 1.0 0.3 £ 0.1 0.2 + 0.1
40™" U3U3
ATA 0.5+0.2 0.2 +£ 0.1 0.8 £ 0.3 04 £+ 0.1
RDS1158 0.6 £ 0.1 6.0 £ 1.2 0.7 £ 0.2 82+ 1.8
L-731,988 40+ 1.2 2.0 £ 0.6 0.5+0.3 0.3 +0.2
40™" U5SU5
ATA 09+ 0.2 1.6 £ 0.3 0.3 £ 0.1 0.7 £0.2
RDS1158 02 + 0.2 35+ 1.1 0.5+0.2 45+ 1.3
L-731,988 24+ 0.2 1.0 £ 0.2 04+ 0.2 02 +0.1

Tested compounds were added either before the reaction mixture was incubated at 37 °C (—preincubation), or after a 10-min incubation at 37 °C
(+preincubation). Reaction mixture were prepared and processed as described in Section 2.
# Compound concentration required to reduce the HIV-1 rIN catalysis of 3’-end-labeled 21™" or 40™" dsDNA substrate by 50%. Values were expressed in

pM for RDS1158 and L-731,988 and in pg/ml for ATA.

However, while the difference in substrate efficiency of the
two LTR 3'-ends observed for the HIV-1 rIN 3’-processing
activity was relatively modest, twofold in this work and not
precisely quantified by others [15,16,26], the difference
observed for integration efficiency (that comprises both
reactions) is somehow more prominent, sixfold [17] to
ninefold [14]. Even though it is not clear whether this
difference can be (i) considered to be significant and (ii)

Table 5

simply due to diverse experimental conditions (particularly
the length of the substrate used for integration studies was
at least 300 nt whereas the substrates used for 3’-processing
studies were 21-40™°" oligonucleotides), it may indicate
that both enzymatic activities present an higher efficiency
when the U5 recognition sequence is used and that, there-
fore, the observed effects in integration are cumulative of
3’-processing and strand-transfer preference.

Effect of selected inhibitors on the HIV-1 rIN activities using the 21™" U5 and 40™°" U3U5 dsDNA as reaction substrate

Compound ICs*

3’-processing

Strand-transfer

—Preincubation +Preincubation —Preincubation +Preincubation
21M¢ U5
Baicalein 0.7 £0.2 84 + 12 0.6 £ 0.3 95+ 38
Myricetin 7.0 + 0.6 >100 83+1.2 >100
RDS1473 0.3 £ 0.1 03 +0.2 0.7 £ 0.3 0.5+02
21™M U5 1.8 £ 04 >250 25+ 1.0 >250
40" U3U5 25+0.38 >250 1.9 £ 0.7 >250
40™" U3U5
Baicalein 1.2 +£0.5 >100 0.4 + 0.1 98 +5
Myricetin 13+ 1.6 >100 150 + 2.4 >100
RDS1473 0.5+0.2 11.0 £ 3.2 0.6 + 0.2 19.0 £ 2.9
21™ U5 2.1 £ 0.6 >250 14 £+ 0.8 >250
40™" U3U5 35+ 1.1 >250 29 +0.7 >250

Tested compounds were added either before the reaction mixture was incubated at 37 °C (—preincubation), or after a 10-min incubation at 37 °C
(+preincubation). Reaction mixture were prepared and processed as described in Section 2.

# Compound concentration required to reduce the HIV-1 rIN catalysis of 3’-end-labeled 21™" or 40™" dsDNA substrate by 50%. Values were expressed in
uM for baicalein, myricetin and RDS1473 and nM for 21™" U5 and 40™" U3US5.
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To verify whether the use of the two-ended 40™¢" U3U5
duplex DNA oligonucleotide as rIN DNA substrate could
improve the correlation between the effects of putative IN
inhibitors observed in cell-free assays with their effects
observed in cell-culture assays, we examined the rIN
inhibition curve of compounds that exert different impacts
on viral replication. The first tested compound was the
polyanion ATA which is inactive in PIC assays that use
unpurified complexes, but it inhibits IN catalysis in PIC
assays which use partially purified complexes, as well as
rIN activities and rIN binding to DNA in vitro [8]. Prob-
ably, its strong anionic charge destroys the IN-DNA
interaction, and only the unpurified PIC posses IN-DNA
interactions sufficiently stable to maintain enzymatic activ-
ity in its presence. Consistently, we found that ATA inhibits
rIN activities regardless the dSDNA recognition sequences
of the oligonucleotide substrate and the rIN preincubation
with the dsDNA substrate before ATA addition.

The second tested compound was the cinnamoyl com-
pound RDS1158, a typical example of polyhydroxylated
aromatic molecule active in in vitro assays but inactive in
cell-culture assays [21]. The finding that RDS1158 was not
able to inhibit rIN activities when the enzyme was pre-
incubated with the two-ended 40™" U3U5 dsDNA before
the addition of the compound, seems to suggest that the
latter assay conditions may be more selective than the
standard assay conditions. Noteworthy, both the presence
of two-ended 40™°" U3U5 dsDNA and the performance of
its preincubation with rIN were required to avoid the
RDS1158 inhibition. These results support the concept
that the preincubation of the enzyme with the two-ended
40™°" U3U5 dsDNA allows a binding rIN-dsDNA which is
more resistant than the rIN 21™*" dsDNA complex.

The third tested compound was the diketo acid deriva-
tive L-731,988, which has been reported to inhibit both the
rIN activity in vitro and the viral replication in cell culture
[6]. Consistently, L.-731,988 inhibits rIN activities regard-
less the dsDNA recognition sequences of the oligonucleo-
tide substrate and the preincubation conditions.

To examine the role of the U3 and U5 IN recognition
sequence and the role of the dsDNA substrate length in the
increased selectivity of the rIN assay versus the RDS1158
molecule, one-ended and two-repetitive-ended 40™" oli-
gonucleotides substrates dsDNA were prepared. Results
clearly indicate that the length of the dSDNA has no impact
on the assay selectivity, whereas the presence of two-
repetitive ends in the DNA substrate (either U3U3 or
U5US) leads to an intermediate assay sensitivity to
RDS1158.

Taken together these results suggest that the architecture
of the rIN-dsDNA complex is influenced by the sequence
of the DNA substrate. This is consistent with the previous
observations that HIV-1 IN requires both U3 and U5
recognition sequences to catalyze a concerted DNA inte-
gration [13] and that the formation of the preintegration
complex also requires two functional viral DNA ends [12].

Actually, it has been proposed that this requirement may be
due either to the fact that the two LTR ends bind to different
regions of a multimer IN complex or that, alternatively, IN
assumes different conformations upon the binding to one
or two 3’-ends [13]. Our data suggest that the presence in
the DNA substrate of either only one viral end, or two
repetitive viral ends or the natural two different viral ends,
leads to different rIN—-dsDNA architectures that may result
in diverse enzyme sensitivities to some compounds. Such
sensitivities may reflect different complex stability.

To further investigate the reliability of the new assay
conditions we examined the effects on rIN activity of other
polyhydroxylated aromatic molecules, such as baicalein,
myricetin and RDS1473. The first two are flavons which
were not able to block enzyme activities when added after
the formation of the rIN-dsDNA complex, confirming that
their interaction with the HIV-1 rIN is weak and non-
specific [8,24-29]. Differently, RDS1473 is a cinnamoyl
analogue which blocks the HIV-1 replication in cell-based
assays and the rIN in in vitro assays. The fact that
RDS1473 is able to inhibit the enzyme catalysis when
added after the formation of the rIN 40™" U3U5 dsDNA
complex at a concentration (ICsy = 14 uM) comparable to
the concentration (ECsqp =4 pM) needed to stop viral
replication confirms the good correlation between the
rIN inhibition results obtained in cell-free and in cell-
based assays when the 40™¢" U3U5 dsDNA is the in vitro
substrate. In addition, it may suggest that the interaction
between this molecule and the enzyme could be specific.

In summary, we propose that the use of the two-ended
40™°" U3US5 oligonucleotide as DNA substrate of the HIV-
1 rIN in vitro assay may lead to the formation of a more
stable rIN-dsDNA complex which, coupled with an
experimental design which allows the formation of this
complex before the addition of the putative IN inhibitor,
may lead to an assay which is more reliable and predictive
of the IN in vivo sensitivity to new compounds.
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