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Abstract—1In search of potential inhibitors of integration of retroviral DNA into host cells genome, we
have investigated the effect of the external DNA binder netropsin on the in pvitro insertion of long
terminal repeat (LTR) ends of Moloney murine leukemia virus (M.MuLV} as catalysed by integrase
purified from baculovirus strain expression vector. In agreement with the preferential binding of
netropsin to A + T rich sequences, footprinting experiments have shown that this drug selectively binds
to the 5'-TTTCAT LTR end sequence which is included in the DNA binding site of integrase. This
feature results in the potent inhibition of both reactions involved in the insertion process, namely,
nucleolytic cleavage and strand transfer. The relation between netropsin binding to A + T rich region
of M.MuLV LTR end and inhibition of insertion is strongly suggested from the inability of the drug
to inhibit the insertion of HIV U3 LTR end which displays a G + C rich sequence. Selective inhibition
of integration of viral DNA appears to be feasible using drugs recognizing LTR end sequences.

Key words: leukemia; virus; HIV; integration; integrase; netropsin

One of the key steps in the cycle of retroviruses such
as M.MuLV? and HIV is the insertion of a DNA
copy of the RNA genome into the host cell DNA
(for a general review, see Ref. 1). The integration
is necessary for the expression of viral proteins and
is thus considered as the principal characteristic of
the retroviruses. The integration event is catalysed
by a single viral protein, the IN {2, 3], which is one
of the products of the pol gene [4, 5]. The first IN-
mediated event leading to the integration of the viral
HIV-1 DNA consists in the removal of the two
nucleotides TG from the 3’ ends of the LTRs. This
processing is followed by the cleavage of the target
DNA and ligation of the processed LTR end to the
5" ends of the cut DNA [6-8]. In vitro experiments
using M.MuLV model integration substrates [9-13]
have shown that the terminal 13 base pairs located
at the ends of the LTRs are sufficient for binding of
the IN protein and are required for efficient
integration and that 5'-TCTTTCA-3' is the sequence
within the 13 base pairs that is primarily responsible
for correct integration. This sequence can therefore
be considered as a potential target for selective
inhibition of integration by suitable DNA binding
ligands. Amongmolecules displayingsuch properties,
the bis-pyrrolecarboxamide derivative netropsin [14]
(Fig. 1), which recognizes A + T-rich sequences,
appears to be a possible candidate. Along this line,
we previously reported that a hybrid molecule
composed of a bis-pyrrolecarboxamide chain linked
to the intercalating chromophore oxazolopyrido-
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+ Abbreviations: M.MuLV, Moloney murine leukemia
virus; HIV, human immunodeficiency virus; LTR, long
terminal repeat; IN, integrase.

carbazole [15] inhibited the replicative cycle of
M.MuLV at a post retro-transcriptional step [16].
We demonstrate in the present report that netropsin
selectively binds to M.MuLV LTR ends and inhibits
the in vitro integration process of LTR fragments as
catalysed by purified IN protein. This result supports
the feasibility of targeting viral DNA LTR ends with
a view to impairing viral integration.

MATERIALS AND METHODS

Oligonucleotides. Oligonucleotides were syn-
thesized on an Applied Biosystems Model 381A
DNA synthesizer. The sequences synthesized were
the following: LTR ends from M.MuLV: LTRa, 5'-
AATGAAAGACCCCACCTG; LTRb, 5-CAG-
GCTGGGGTCTTTCATT. Modified M.MulV
LTR used in footprinting experiments (U3 end):
LTRc; 5'-GTCAGTCGAATGAAAGACCCCCG-
CTGACGGGTAGT;LTRd,5'-ACTACCCGTCA-
GCGGGGGTCTTTCATTCGACTGAC. LTR
ends from HIV-1: USa, 5-ACTGCTAGAGA-
TITTCCACAC; USb, 5-GTGTGGAAAATCT-
CTAGCAGT; U3a: 5-ACTGGAAGGGCTAA-
TTCACTC; U3b: 5-GAGTGAATTAGCCC-
TTCCAGT. The M.MuLV and HIV-1 DNA
substrates, which correspond to the LTR U3/US
ends of M.\MuLV DNA and the US end of HIV-1
DNA, were made by labeling the 5’ end of the 21-
mer oligonucleotide which matches the cor-
responding LTR ends with *P and annealing with
its complement. One hundred nanograms of the
oligonucleotide to be labeled were phosphorylated
by polynucleotide kinase in the presence of 100 uCi
of [»-**P]ATP (sp. act., 3000 Ci/mmol) in a reaction
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Fig. 1. Structure of netropsin.

volume of 15 uL. EDTA was then added to a final
concentration of 25mM, and the polynucleotide
kinase was inactivated by heating to 65° for 15 min.
NaCl was added to a final concentration of 0.1 M
with 100 ng of the complementary unlabeled strand,
in a total volume of 40 uL.. The mixture was heated
to 90° for 2 min and the DNA was annealed by slow
cooling. Unincorporated nucleotide was removed by
passage through Sephadex G-10.

Footprinting experiment

DNase I footprinting was performed in buffer
containing 20 mM Tris—-HCl pH 7.0, 50 mM NaCl,
5mM MgCl,, 2mM MnCl,, 60ng plasmid pSP65
and 10 nM oligonucleotide. Netropsin was added to
the reaction mixture and incubated at 4° for 1hr.
Digestion was started by the addition of DNase I
(3U/mL) and stopped after 2.5min by adding
EDTA (10 mM), sodium acetate (0.3 M) and carrier
tRNA (5 ug). Products of reaction were subsequently
precipitated with ethanol, dried and resuspended in
formamide/EDTA gel loading buffer.

Gel electrophoresis. DNA fragments were sep-
arated by electrophoresis in gels composed of 18%
polyacrylamide containing 8 M urea and Tris/borate/
EDTA buffer. After 3hr of electrophoresis at
1500V, the gels were directly subjected to
autoradiography at —70° with an intensifying screen.

Densitometry. Autoradiographs from the foot-
printing experiments were analysed using a Joyce
scanning microdensitometer to produce profiles from
which the relative intensity of each band was
measured. These intensities were calculated in terms
of fractional cleavage (f) = Aj/A, where A; is the
area under band i and A, the mean of the sum of
the areas under all bands in the corresponding gel
lane. Protection or enhancement in the presence of

drug were expressed as per cent of fractional cleavage
compared with the control.

Oligonucleotide sequencing. Modified Maxam-
Gilbert sequencing reactions were used to generate
T ladders of end-labeled DNA [17]. Labeled DNA
(9 uL) was heated to 90° for 2 min, cooled quickly
to room temperature, mixed with 1ul of 3 mM
KMnOy,, incubated for 7 min at room temperature
and finally quenched with 1 uL allyl alcohol. The
mixture was then treated for 15min with 1M
pyrrolidine at 90°, dried and resuspended in
formamide loading buffer.

Baculovirus strain

IN protein was expressed in Spodoptera frugiperda
(SF9) cells infected with a recombinant baculovirus
Autographa California Nuclear Polyhedrosis Virus
(AcMnPV) that contained the entire coding sequence
of M.MuLV IN protein under the transcriptional
regulation of the viral polyhedrin promoter. The
virus strain was provided by R. Craigie (National
Institutes of Health).

Purification of soluble M.MuLV IN protein

IN protein was purified as described by Craigie et
al. [2].

Purification of soluble HIV IN protein

IN protein from HIV-1 expressed in Escherichia
coli was purified according to Sherman and Fyfe [18]
with minor modifications as described previously
[19].

M.MuLV and HIV-1 DNA integration reactions

The M.MuLV DNA integration reaction mixture
(20 uL) contained 20 mM HEPES pH 7.2, 10 mM
MnCl,, 20% (w/v) glycerol, 10 mM DTT, 0.1 mg/
mL BSA, 5ng M.MuLV DNA and approximately
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AATGAAAG&%C CCEGCT% A %%

Fig. 2. Footprinting assays using DNase I in the presence of netropsin. The used oligonucleotide mimics

the extremity of the M.MuLV LTR U3 sequence which is labeled on the 5’ end of the LTRc (lanes 1

to 5) or LTRd (lanes 6 to 10) strand. Lanes 1 and 6, chemical cleavage of the thymines. Lanes 5 and

10, oligonucleotides without DNase I. Lanes 2 to 4 and 7 to 9, DNase I cleavage without (2 and 7) or

with netropsin 10 uM (3 and 8) or 50 uM (4 and 9). The lines indicate the protected sites and the thick

lines indicate the common protected site on both strands. Densitometric scans of autoradiograms
without or with 50 pM netropsin are indicated on the right of the figure.

0.25 pmol of M.MuLV IN protein. The HIV-1 DNA
integration reaction mixture (20ul) contained
20mM HEPES pH 7.0, 10 mM MnCl,, 10% (w/v)
glycerol, 10mM DTT, 0.1 mg/mL BSA, Sng of U3
or US HIV-1 DNA and approximately 0.5 pmol of
HIV-1 IN protein. The reactions were carried out
at 30° for 150 min. The reactions were then stopped
by addition formamide, EDTA, xylene cyanol and
bromophenol blue to final concentrations of 30%
(w/v), 10mM, 0.08% and 0.08%, respectively.
Autointegration products were separated on an 18%
denaturing polyacrylamide gel.

RESULTS AND DISCUSSION

Footprinting experiments

Footprinting experiments [20, 21] as well as NMR
spectroscopy {22] on netropsin have shown that
binding sites are A + T rich and 5-7 bases long. The
crystal structure of netropsin bound to a dodecamer
containing AATT has elucidated the binding mode
[23] and further work has confirmed that netropsin
recognizes A + T-rich regions which are at least four
base pairs long [24]. Presently, there is general

agreement that sequences of 4 bases long composed
of non alternating bases such as 5-3'TTTA and
AATT are good binding sequences for the drug [25].
The LTR end of M.MuLV DNA displays two A + T
rich sequences of 3 base pairs separated by a single
GC base pair: 5'-CTTTCATT. We first investigated
the binding of netropsin to these sequences using
DNase 1 footprinting experiments performed on
both strands of the duplex. In order to minimize
edge effects we synthesized duplex DNA matching
the 21 terminal bases of the LTR ends to which a
short random sequence of 5 bases (CGACT) was
added, yielding the following end sequence: 5'-
-.CTTTCATTCGACT. Typical DNase I digestion
patterns for the M.MuLV U3 LTR end DNA duplex
in the presence of increasing concentrations of
netropsin are presented in Fig. 2. The protected site
is clearly visible and centered around the A + T-rich
region. The densitometric scans performed on both
strands show that the protection against enzyme
cleavage is located at the 5'-TTTCAT sequence
despite the presence of the extra GC base pair
between the two A + T-rich clusters. This can be
explained by the fact that both 5'-TTT and 5'-AT
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Fig. 3. The effect of netropsin on the in vitro autointegration of the M.MuLV DNA. M.MuLV
oligonucleotide was incubated for 150 min at 30°C with M.MuLV IN in the presence of increasing
concentrations of netropsin. 11, control without IN; 12, control with 10™* M of netropsin without IN.
1-10, oligonucleotide with IN (1) in addition to 107° (2), 1078 (3), 1077 (4), 5 x 1077 (5), 107° (6),
5x1076(7), 1075(8), 5 % 1073 (9) or 10~* M (10) of netropsin. Panel A (indicative for the endonucleolytic
cleavage product) shows a shorter exposure of the gel presented in panel B which displays the strand
transfer products (ST). The curve describes the percentage of the endonucleolytic cleavage activity of
the integrase (densitometric analyses of the spot named 17-mer in the panel A) with respect to the
control.
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Fig. 4. Effect of netropsin-on the in vitro autointegration of U5 (left figure) or U3 (right figure) LTR

extremities of HIV. Oligonucleotides were incubated for 150 min at 30°C with HIV-1 IN in the presence

of increasing concentrations of netropsin. 11, control without IN; 12, control with 10~*M of netropsin

without IN. 1-10, oligonucleotide with IN (1) in addition to 1078 (2), 1077 (3), 5 x 1077 (4), 1076 (5),
5 X 107%.(6), 107% (7), 5 x 1075 (8) or 10™*M (9) of netropsin.
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are highly favorable for netropsin binding [25]. Such
protection at sequences like 5'-TTTCTT has been
described already using EDTA-Fe(II) as DNA
cleaving reagent [15].

Effect of netropsin on LTR insertion

Purified M.MuLV IN protein catalyses the overall
integration reaction, namely the processing and
strand transfer steps using the LTR ends oligo-
nucleotide as substrate. In agreement with previous
observations, oligonucleotides matching M.MuLV
LTR termini can be cleaved in the presence of the
IN protein and subsequently inserted into another
LTR molecule (Figs 3 and 4, panels A and B). This
process leads to the appearance of various new
labeled products including the oligonucleotide
resulting from the processing event as well as
products longer and shorter than the initial
oligonucleotide resulting from the strand transfer
event. The longer products generated following the
strand transfer reaction are derived from the ligation
of the 3’ end of the processed LTR substrate to the
5" end of a nick made in another LTR molecule
acting as target. The shorter products are derived
from the corresponding unjoined fragments of the
target DNA strand. Figure 3 shows that the presence
of increasing concentrations of netropsin in the assay
medium results in a marked inhibition of the overall
integration process. The inhibitory action occurs on
both the processing and the strand transfer steps
with an identical 1C5, value. This inhibition probably
results from the inability of the IN protein to bind
to its substrate DNA-netropsin complex. This
assumption is supported by the fact that netropsin
and the related compound distamycin A have been
found to selectively interfere with various proteins
recognizing A + T-rich DNA sequences, including
the restriction enzyme EcoRI [15], the transacting
nuclear factors of the human HLA-DRa gene which
bind to a GTATA site [26], and an Aniennapedia
homeodomain peptide recognizing a 5'-ATTA
sequence [27]. However, potent inhibition of in vitro
viral DNA integration can be achieved at micromolar
concentrations by unselective DNA binding ligands
such as intercalating agents [28]. In order to exclude
a possible unselective interaction with the duplex
LTR DNA independently of the presence of the
A + T containing sequence or the IN protein, we
investigated the effect of netropsin on the integration
of the U5 and U3 LTR of HIV-1 DNA as catalysed
by the purified HIV-1 IN protein expressed in FE.
coli. Both U5 and U3 LTR ends display a sequence
different from the M.MuLV LTR which is
characterized by the absence of an A + T-rich
sequence in the region required for integration {see
Materials and Methods). Figure 4 shows that in this
experimental model the presence of netropsin up to
100 uM did not result in any inhibitory action on
integration of either the U3 or U5 HIV LTR ends.
This strongly suggests a direct relationship between
sequence recognition and the inhibitory effect of the
drug.

CONCLUSION

The data obtained in the present investigation
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indicate that the use of compounds that selectively
bind to LTR end sequences involved in the
integration process of viral DNA results in the
inhibition of the catalytic activity of the IN protein.
LTR end DNA sequences therefore appear to be
suitable targets for drugs designed to inhibit the
integration of viral DNA selectively. Accordingly,
DNA binding ligands recognizing A + T-rich
sequences may be considered as potential inhibitors
for the integration of viruses such as M.MulLV,
SNV, RSV and Fel'V whose LTR ends display
A + T clusters, as well as mobile DNA such as the
IRUS of IAP sequences. The pharmacological
relevance of such an approach extended to
retroviruses responsible for human diseases, such as
HTLVI and HIV, requires the design of molecules
able to read various types of duplex sequences.
Along this line, the targeting by triplex forming
oligonucleotides (TFQ) of the HIV-1 IN binding site
located at the end of U3 LTR and composed of a
short homopurine/homopyrimidine tract could be a
typical example of such a strategy.
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