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ABSTRACT: The retroviral integrase (IN) carries out the integration of the viral DNA into the host genome.
Both IN and the DNA sequences at the viral long-terminal repeat (LTR) are required for the integration
function. In this report, a series of minor groove binding hairpin polyamides targeting sequences within
terminal inverted repeats of the Moloney murine leukemia virus (M-MuLV) LTR were synthesized, and
their effects on integration were analyzed. Using cell-free in vitro integration assays, polyamides targeting
the conserved CA dinucleotide with cognate sites closest to the terminal base pairs were effective at
blocking 3 processing but not strand transfer. Polyamides which efficiently inhibitgulogessing and

strand transfer targeted the LTR sequences through position 9. Polyamides that inhibited integration were
effective at nanomolar concentrations and showed subnanomolar affinity for their cognate LTR sites.
These studies highlight the role of minor groove interactions within the LTR termini for retroviral
integration.

The integrase (IN)catalyzes the integration of viral DNA  containing nucleotide analogues indicate that the IN does
into the host genome. In addition to the integrase, the DNA contact the LTR minor groovel8). DNA minor groove
sequences present in the long-terminal repeat (LTR) at thebinders such as distamycin dimefsi(15; for review, see
ends of the linear viral DNA are also required for integration refs16and17) have been analyzed as integration inhibitors
(for review, see refd and2). The integration process can that target the DNA substrate. The minor groove binder
be divided into two steps. First, IN cleaves two nucleotides netropsin has been shown to inhibit Moloney murine
from the 3 ends of both LTR termini, exposing the conserved leukemia virus (M-MuLV) IN at micromolar concentrations
5'-CA-3' dinucleotide. Second, thé Brocessed ends of the  (18). Netropsin binds to A T-rich sequences of47 base
viral DNA are joined to the host DNA in a coordinated pairs in length. The terminal seven nucleotides of the
fashion. In vitro assays have been developed to recapitulateM-MuLV LTR (5'-AATGAAA) are A+T-rich and contain
both steps of integration by using purified integrase protein sequences especially favorable for netropsin bindli8gad
and short oligonucleotide duplexes mimicking the viral LTR references cited therein). In this regard, it would be especially
(3—5). In addition, purified integrase is able to carry out an useful to place minor groove DNA binders at precise but
in vitro concerted two-end integration reaction using the LTR incrementally different positions within the 13 base pair IN
oligonucleotide as donor and plasmid DNA as tar@e(7}. recognition sequence;-BATGAAAGACCCC-3.

The _mol_ecular details of integ_ration remain. elusivg. Hairpin polyamides containinly-methylpyrrole (Py) and
Integration is a complex and dynamic process, which despite N-methylimidazole (Im) carboxamides are small molecules
intense efforts&—10) has resisted direct structural charac- that bind DNA in the minor groove with high affinity in a
terization. There is evidence that different+NTR interac- sequence-specific manner (for review see fe&§sand 20).
tions are important for the individual steps of mtegratld_)ﬂ], ( On the basis of pairing rules, p0|yamides can target a |arge
12). In the absence of a crystal structure, DNA binding number of predetermined DNA sequences and bind with a
molecules may shed light on the molecular interactions of 1:1 stoichiometry with its target sequence. This level of target
Integrase with the viral LTR. Studies with modified LTRs ﬂex|b|||ty and precision' which allows unambiguous recogni-
tion of DNA sites with single base pair resolution, is not
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pounds which have proven effective in human T-cel$) (
and live Drosophila (24, 25) without exhibiting toxicity.

Yang et al.

Facility and purified by electrophoresis on 20% denaturing
polyacrylamide gels. Oligonucleotides used in this study are

Recent studies have shown that the intracellular location of referred to by their synthesis numbers and were labeled with

fluorescently labeled polyamides varies between different cell
lines @6). If polyamides can effectively target the LTR
termini, they should act as integrase inhibitors in analogy to

[y-32P]ATP by kinase reaction as previously describ&s).(
Oligonucleotides 2783 (85 TCAGCGGGGGTCTTTCATT)
and its complementary strand 2785-FATGAAAGAC-

netropsin, which would represent a complementary attack CCCCGCTGAC) were used for rocessing assay. Oligo-

on the retroviral life cycle.

In this study, the ability of a series of polyamidds-8),
including two mismatch controls, to inhibit the in vitro
integration activities of M-MuLV IN was determined.
Inhibitors effective at nanomolar concentrations fell into two

nucleotides 2784 (E6TCAGCGGGGGTCTTTCA) and its
complementary strand 2785 were used for strand transfer
and concerted two-end integration assays.

Purification of M-MuLV Integrase Recombinant M-
MuLV integrase (WT IN) containing a hexahistidine tag were

classes, based on the position of their cognate sites withinexpressed irEscherichia coliBL21(DE3) (Novagen) and

the M-MuLV LTR. The characterization of these first
generation polyamide inhibitors is presented.

EXPERIMENTAL PROCEDURES

Materials. Crude [-3?P]JATP (7000 Ci/mmol) was pur-
chased from ICN. T4 polynucleotide kinase, T4 DNA ligase,
DNase |, and restriction enzymes were obtained from New
England Biolabs. Nir-nitrilotriacetic acid-agarose was
purchased from Qiagen. Target plasmid pGEM-3Zf(vas
purchased from Promega.

Polyamides All polyamides were synthesized by solid-
phase methods as previously describ2@d-29) and char-
acterized by analytical HPLC and MALDI-TOF mass
spectrometry: ImPyPyPylm-PyPyPyPyPy3-Dp (1) [M +
H] 1466.99, 1466.57 calculated for [M H]; ImPy-3-Pylm-
(R)-"Ny-PyPyPyPyPy3-Dp (2) [M + H] 1430.94, 1430.67
calculated for [M+ H]; ImPy-3-Pylm-(R)-"=Ny-PyPy$-
PyPy-PyPy#-Dp (3) [M + H] 1695.08, 1694.79 calculated
for [M + HJ; ImPy-3-PyIm-(R)-HNy-PyImPyPyPys-Dp (4)

[M + H] 1431.48, 1431.66 calculated for [M- HJ;
BzImPyPy-R)-HNy-PyPyPyPy5-Dp (5) [M + H] 1233.6,
1233.57 calculated for [M+ H]; BzPyPyPy-R)-HNy-
PyiImPyPyg-Dp (6) [M + H] 1233.54, 1233.57 calculated
for [M + H]; BzPyPyPy-R)-"Ny-PyPylmPyg-Dp (7) [M

+ H] 1233.6, 1233.57 calculated for [Mt H]; ImPyPylm-
(R)-HNy-PyPylmPyg-Dp (8) [M + H] 1238.73, 1238.58
calculated for [M+ H].

DNase | Footprinting Quantitative DNase | footprinting
reactions were performed as previously descril3&{sing
a 183 base pair' 5%P-labeled DNA fragment containing one
copy of the M-MuLV LTR terminus. The labeled fragment
was generated by the PCR meth@®,(31) using primers
5'-AGACAGGATATCAGTGGTCCA and 5CATGCCT-
TGCAAAATGGCGTT, corresponding to positions 10968
10988 and 4363, respectively, of the M-MuLV linear
provirus-containing plasmid, NCA-Q3®), which was used

purified by NP*-nitrilotriacetate-agarose chromatography
(Qiagen) as previously describe83].

In Vitro AssaysStrand transfer and rocessing reactions
were performed as previously describ&3)( The reaction
buffer contains 20 mM morpholineethanesulfonic acid (MES,
pH 6.2), 10 mM DTT, 10 mM MnGCJ, 10 mM KCI, and
10% glycerol. The condition for integration into an exog-
enous target was the same as that of the strand transfer
reactions except that 200 mM KCI and 10% DMSO
(dimethyl sulfoxide) were added. The LTR oligonucleotide
(2783 or 2784) was'3abeled by T4 polynucleotide kinase
and mixed with the complementary strand at a ratio of 1:2.
The oligonucleotides were annealed by heating for 3 min at
95 °C and then cooling to room temperature. Typically, one
reaction mixture (3Q«L) contains 1 pmol of labeled LTR,
0.6 ug of target plasmid DNA, and 20 pmol of IN protein.
After the preincubation of the LTR and the polyamides, the
IN protein was added and incubated on ice for 5 min and at
37°C for 5 min. The target DNA and KCl were then added.
The reactions were incubated at 32 for 2 h, stopped by
addition of 10 mM EDTA, pH 8.0, 0.5% SDS, and 108/

mL proteinase K, and incubated at 3T for 1 h. Ten
microliters of the reaction was subjected to electrophoresis
on a 1% agarose gel. After gel electrophoresis, the gel was
dried and exposed to Kodak X-Omat Blue XB-1 film. In all
reactions, the polyamides were mixed with the LTR substrate
first and incubated at room temperature for 18 h before
addition of the IN protein, unless indicated otherwise. Films
were scanned and quantified with a densitometric plot using
the Scion Image 1.62C program (based on NIH Image).

RESULTS

Polyamide Design.The termini of the MuLV LTRs
including the conserved CA::GT dinucleotide, consist of a
13 base pair (bp) inverted repeat sequentALI GAAA-
GACCCC). The MuLV U5 and U3 termini sequences are

as the template. Primers were prepared and purified by thetherefore identical. This degree of conservation of the LTR
Caltech Biopolymer Synthesis Facility. The sequence of the termini is not found in HIV-1 and Rous sarcoma virus (RSV)
labeled fragment is listed here with the terminal 13 base pairs genomes. This facilitates the generation of sequence-directed

of the M-MuLV LTR shown in bold: 5%P-CATGCCT-
TGCAAAATGGCGTTACTTAAGCTAGCTAGCTTGCC-
AAACCTACAGGTGGGGTCTTTCATT CCCCCCTTTTT-
CTGGAGACTAAATAAAATCTTTTATTTTATCTATGGCT-
CGTACTATAGGCTTCAGCTGGTGATATTGTTGAGTCAAAA-
TAGAGCCTGGACCACTGATATCCTGTCT.
OligonucleotidesDNA oligonucleotides used as substrates
were prepared by the University of Medicine and Dentistry
of New Jersey Biochemistry Department DNA Synthesis

polyamide inhibitors which would simultaneously recognize
both ends of the viral DNA. A series of polyamides which
target the M-MuLV LTR were generated (Figure 1). The
pairing rules are outlined below for hairpin polyamide
binding to DNA (19). A pyrrole opposite an imidazole (Py/
Im pairing) targets a € bp whereas an Im/Py pair binds a
G-C bp. A Py/Py pair recognizes both-Rand TA pairs.
Internal -alanines §) may be introduced to improve both
flexibility and specificity of the polyamidegi/s, /Py, and
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Ficure 1: (A) Chemical structures of selected polyamides. (B) Ball and stick representations of the polyamides and their binding sites
within the M-MuLV LTR. Numbering of the LTR is shown above the top entry. Mismatches are highlighted. The symbols for polyamides
are as follows: open, filled, and slashed circles, Im, Py, and Bz rings, respectively; curvegHamsobutyric acid; diamondg;alanine;

plus signs, dimethylaminopropylamine tail and amino groupR){3,4-diaminobutyric acid.

Py/3 pairs recognize both A and T-A pairs The “turn”
and “tail” residuesy-aminobutyric acid¥), (R)-2,4-diami-
nobutyric acid [R)™Ny], unpaireds-alanine, and dimethyl-
aminopropylamine (Dp), are also-A and T-A specific.

are doubly charged. Polyamid& which contains a C-
terminal extension of-Py-Py, is designed to bind a larger
site, placing a Py ring at position 1 of the LTR. Polyamide
4 represents a single base pair mismatch for th@ Bgion.

Recently, a benzoyl group (Bz) has been shown to be a high-Another control compound, polyamidg is a double base

affinity A-T- and T-A-specific N-terminal residue when
paired with Py 29).

pair mismatch for the LTR sequence. The recent development
of the A'T- and T-A-selective N-terminal Bz residue allowed

The most conserved feature of all retroviral termini is the for the targeting of additional sequences, which place the
CA/GT dinucleotide pair, invariably found precisely at the core of the hairpins closer to the terminus of the LTR-(
site of joining to the host DNA. Sequences internal to the 7). Polyamides$ and7 cover positions +7, and polyamide
CA, extending up to 15 bp from the termini, have a more 6 covers positions28. While polyamided—3 place an Im/

limited effect on IN activity 84—37). All polyamides

Py pair and unpairefl-alanine against the CA dinucleotide,

generated target the CA dinucleotide and vary in the extent polyamides5—7 place two central ring pairings against the
of the surrounded sequences to which they bind (Figure 1B). CA dinucleotide, which may serve as a greater steric
Polyamidesl—3 were designed to bind a core sequence from impediment to interaction with the integrase.

positions 2-9 of the LTR. The central Py/Py pair dfwas
varied to ap/Py (2) or BIp pair (3). Polyamidel contains
the standarg-turn, whereas hairpins id and3 contain the
charged chiral analogueR)*Ny. These latter compounds

High-Affinity Binding of the Polyamides to the Viral LTR
SequenceQuantitative DNase | footprinting titration experi-
ments 81) were performed to determine the equilibrium
association constanKf) of the polyamides with the M-
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Table 1: Equilibrium Association Constants for Polyamides with an
Internal Copy of MuLV LTR

Polyamide Sequence Ka (M-1)
1 9._&03888) 5'-GGGAATGAAAGACC-3'  2.2x10?
2 Jr).{.}g;::)m 5' -GGGAATGAARGACC-3'  3.6x10°
3

W)Wm 5'-GGGAATGARAGACC-3' 2.7x 102

4 9058:::)“ 5'-GGGAATGARBAGACC-3'  2.1x 107
5 m 5'-GGGAATGARAGACC-3'  4.0x 1010
6 m 5' -GGGAATGARAGACC-3'  1.7x 1010
7 m 5'-GGGAATGARAGACC-3'  3.0x10?
8 m 5'-GGGAATGAARGACC-3' <5 106

Yang et al.

terminal or internal cognate sites were performed to address
this issue (see Supporting Informatior88]. Comparisons

of melting curves with and without polyamid&s-7 showed
that theT, shifts induced by these polyamides were similar
for both sets of oligonucleotides, although slightly lower in
each case (approximately 10%) for the terminal cognate site.
In all cases, th@, shifts for both sets of oligonucleotides
with polyamidess—7 were considerably greater than fhig
shifts induced by a mismatch polyamide. These results
indicate that polyamides can bind with high affinity to the
absolute ends of DNA fragments. However, sinceThshift

for the terminal cognate site was slightly lower than the
internal cognate site for polyamides—7, the affinity
constants determined by DNase | footprinting for these
compounds (Table 1) should be considered as upper limits
for their affinity to the M-MuLV LTR termini.

Inhibition of the 3 Processing.The ability of the poly-
amides to inhibit integration was tested in in vitro integration
assays. Figure 3 schematically outlines the in vitro assays
utilized in these studies. In the Brocessing assay, a 20 base
pair (bp) blunt-end oligonucleotide duplex mimicking the
viral LTR end, was used as the substrate (Figure 3, top line).
The strand containing the conserved CA dinucleotide was
5' 32P |abeled. IN-dependent Brocessing of the dinucleotide

“ Values reported are the mean values obtained from three DNase lyje|ds an 18 base product, which is monitored on a

footprint titration experiments. The binding site for each polyamide is

underlined. Mismatches are shown in bold. The assays were carried

out at 22°C in 10 mM Tris-HCI (pH 7.0), 10 mM KCI, 10 mM MgGJ
and 5 mM CaGl.

MuLV LTR sequence (Table 1). Individual polyamides were
incubated with &2P-labeled DNA fragment containing an
internal copy of the LTR, followed by DNase | digestion.

denaturing acrylamide gel. It is of note that the concentration
of DNA substrate in these and the following integration
assays is significantly greater (33 nM) than the concentration
of DNA in the DNase | footprinting titrations. Figure 4
summarizes the effects of the polyamides on tha8cessing
reaction. The results of an exemplary@ocessing assay
with selective polyamides are shown in Figure 5. The eight

Note that this procedure requires an excess of polyamide,polyamides could be divided into three classes, according
and the amount of DNA used in this procedure is on the to their inhibition efficiencies (Figure 4). The first class

order of 5 pM B1). Representative DNase | footprinting gels
for polyamides2 and6 are shown in Figure 2. Polyamides
5—7, which are constitutional isomers, varying only by the
position of a single nitrogen atom within the molecule, are
readily differentiated by the LTR sequence (Table 1). Among
the polyamides tested, polyami@iédas the highest equilib-
rium association constankK{ = 4 x 10 M~%), while the
double base pair mismat@&has the lowest binding constant
(Ka<5x 1P M),

The similar affinity K = (1.9-3.6) x 10° MY of
polyamidesl—3 is of interest. Polyamidéd appears to be
particularly well matched for the LTR sequence, given its
relatively high affinity, and observations that substitution with
a central3/f3 pair and/or the positively chargeR){'-Ny-turn
failed to increase its affinity (data not shown). Additionally,
substitution with a centrgl/Py pair yielded a drop in affinity,
which was recovered by substitution witR)(2Ny (polyamide
2). With the internal copy of the LTR sequence used for
these experiments, the tail of the extended polyar3ide
placed against €& base pairs, which represents a mismatch
that is not present in the LTR itself.

It is important to note that, since the DNase | footprinting
titrations were performed on an internal copy of the LTR

includes polyamide$, 3, 5, and6, all having an 1G, under
250 nM. The second class includes polyamigesd7 with

an 1G;, between 450 and 650 nM. Polyamideand8 belong

to the third class, which has andgat or above 1400 nM.
The polyamides are designed to bind with sequence specific-
ity. The inhibitory effect of the polyamides correlates with
the ability to efficiently bind the LTR sequences and is
therefore not due to nonspecific interactions with the IN
protein. A single mismatch within the polyamide was found
to decrease thé, value by 100-fold and showed little
evidence of inhibition of 3processing and strand transfer.
This is exemplified by polyamidé (Figure 5 and data not
shown), with aK, of 2.1 x 10" M~* and an IG, value at or
greater than 1600 nM.

Inhibition of Strand TransfefThe polyamides were tested
for inhibition of strand transfer. In this assay, a precleaved
substrate (Figure 3, second row) was used instead of the
blunt-end substrate, with integration occurring into a second
double-stranded oligonucleotide (Figure 3, left arrow). Strand
transfer is highly efficient using a precleaved substrag (
and allows for the separation of the two steps in the analysis.
Similar to 3 processing, the polyamides can be separated
into three classes on the basis of theigd@r the strand

sequence, the affinity constants generated are only a modetransfer reactions (Figure 4). An exemplary strand transfer

for binding to the M-MuLV LTR termini. The binding of
polyamidess—7 was of particular interest, given the proxim-
ity of their cognate sites to the absolute end of the LTR.
DNA melting experiments using oligonucleotides with

assay using selective polyamides is shown in Figure 6. The
first class consists df and3, with the 1G, under 250 nM.
Moderate inhibition is found with the second class, including
2 and5, with 1Csp at 450 and 1100 nM, respectively. The
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FiIGURE 2: (A) Quantitative DNase | footprint titration experiment with polyamien a 5-32P-labeled 183 base pair DNA fragment
containing an internal copy of the M-MuLV LTR: lane 1, A reaction; lane 2, G reaction; lane 3, DNase | standard;+di3e<.@ pM,

20 pM, 50 pM, 100 pM, 200 pM, 500 pM, 1 nM, 2 nM, 5 nM, and 10 nM polyamide; lane 14, intact DNA. All reactions contained 5 pM
DNA, 10 mM Tris-HCI (pH 7.0), 10 mM KCI, 10 mM MgGl and 5 mM CaCl and were performed at ZZ. Data were obtained for the

binding site indicated at the right of the gel;&@&aTGAAAGAcc-3, and are shown in the isotherm plot beldfyerm, points were obtained

using storage phosphor autoradiography and processed by standard methods. The solid curve is a best-fit Langmuir binding titration isoterm
obtained from a nonlinear least-squares algorithm, wherel as previously described(). (B) Quantitative DNase | footprint titration
experiment with polyamidé on a 3-32P-labeled 183 base pair DNA fragment containing an internal copy of the M-MuLV LTR: lane 1,

A reaction; lane 2, G reaction; lane 3, DNase | standard; lar€3410 pM, 20 pM, 50 pM, 100 pM, 200 pM, 500 pM, 1 nM, 2 nM, 5

nM, and 10 nM polyamide; lane 14, intact DNA. All reactions contained 5 pM DNA, 10 mM Tris-HCI (pH 7.0), 10 mM KCI, 10 mM
MgCl,, and 5 mM CaCl and were performed at 2ZC. Data were obtained for the binding site indicated at the right of the gel, 5
gaATGAAAga-3, and are shown in the isotherm plot belofy.m points were obtained using storage phosphor autoradiography and
processed by standard methods. The solid curve is a best-fit Langmuir binding titration isotherm obtained from a nonlinear least-squares
algorithm, wheren = 1 as previously described ).

third class included and6—8. The 1Gy of the third class effective at inhibition of both the'3rocessing and strand
are at or above 1400 nM. transfer reactions. This raises the interesting possibility that
Although polyamidess and 6 were among the most distinct regions of the viral termini are required fof 3
effective inhibitors of 3processing, they showed little effect processing and strand transfer. Additionally, the absence of
on strand transfer. Polyamidésand 3, though, are highly  the TT dinucleotide in the strand transfer substrate will affect
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§*———CATT TR product was also observed at saturating levels of polyamide
3 (Figure 6, lanes 2123). Formation of this large product

IN | 3" i . . .
l processhg is a result of integration at one end of the target DNA. Target

j— - site selection using polyamid® was also altered, with
RN/ Target preference for the faster mobility products at the highest
[ \\.(\,1\/;)/) polyamide concentrations (Figure 6, lanes 36 and 37).

Inhibition of Strand Transfer into an Exogenous Target.

smdms'e:/" l \ To separate the effects of polyamide binding to the viral

» \ * "\*\ versus target site, an alternative in vitro integration assay

/* \%r& \‘11 was used (Figure 3) in which a precleaved LTR oligonucle-

& “ )) ((”‘>> otide (_10nor was integrated into a nonspecific circular target

*— T—cA N\ \_// plasmid. The target DNA does not encode the LTR sequence,
LTR-LTR product | ane-end product and therefore only the effect of the polyamide on the LTR
P — (clreutar) is examined. Integration of the LTR into the target plasmid

would result in two products: circular “lariat-like” DNA
o ) o i from integration of one LTR end and linear DNA from
Ficure 3: Schematic illustration of in vitro integration assays. IN

first removes the TT dinucleotide from the¥3P-labeled blunt LTR integration of two LTR ends_m coordlnat_lon (Flg_ure 3, right
duplex, leaving a single-strand tail. Then IN integrates the cleaved @nd center arrows, respectively). The integration products
strand into the target: either the LTR itself in the strand transfer into the plasmid DNA are visualized after separation on an
assay or the plasmid DNA as an exogenous substrate. The majoragarose gel. Using WT M-MuLV IN, the predominant
products of integration are as listed. product was the lariat product (Figure 7). The general
efficiency of the polyamides was as found with the oligo-
nucleotide-based assay. Examples of polyamides in which
no inhibition was observed include polyamidésand 6
(Figure 7, lanes 2126 and lanes 3338, respectively).
Inhibition by polyamide2 and5 (Figure 7, lanes 14 and 32,
respectively) was observed at the highest concentration tested
(1600 nM). Polyamided and 3 (Figure 7, lanes 38 and
15-20, respectively) were effective in inhibiting strand
transfer between 250 and 640 nM. Interestingly, polyamide
3yielded reproducibly the lowest kg; indicating recognition

of the LTR sequence in the presence of excess nonspecific

two-end product (linean)

1600

1400 1
1200

1000 1
IC50 (nM) 800
600 1
400

=1

200 4

B 3'-Processing

Polyamide
B Strand Transfer target DNA. Longer exposure of the gels for the two-end

FIGURE 4: 1Cs of polyamides on oligonucleotide-based M-MuLV  linear products paralleled the results for the one-end integra-
integrase activities. The inhibitory effect of each polyamide<0.5 tion (data not shown). The similar profiles observed in both
1600 nM) was titrated in either the Brocessing (gray) or strand _ the two-end integration assay and the strand transfer assay

transfer (black) assays in the presence of 33 nM labeled LTR. ; _ ot
Individua(l band)s of re)gction progucts were quantified using Scion indicate that the two are mechanistically the same.
Image 1.62C. For each assay, reaction products of the M-MuLV DISCUSSION
IN catalyzed in the absence of polyamides were defined as 100%
activity. Equivalent fractions from lanes in the absence of enzyme  |n this report, a series of polyamides were designed and
were taken as background and subtracted from each reaction. IC tagteq, and specific inhibitors of integration catalyzed by the
values were determined as the concentration of each polyamide . o . .
that inhibited IN activities by 50%. M-MuLV IN_wgre identified. Prewoug stud_les. have shc_)wn
that DNA binding agents can effectively inhibit retroviral
the binding of polyamides, particular/-7, whose cognate  integration {4, 15, 18, 45, 46). However, all of the
sites are closest to the end of the viral DNA. Each of these compounds have very limited sequence specificity and can
polyamides was less effective at inhibiting strand transfer bind to a very large number of potential DNA sites. The
than 3 processing, whereas polyamidés 3 showed the polyamides developed in this report bind specifically to the
same efficacy in both assays (Figure 4). This further minor groove of sequences required for retroviral integration,
emphasizes the importance of cognate site recognition inthose at or flanking the conserved CA dinucleotide. Polya-
integrase inhibition. mides were identified with subnanomolar binding constants.
In the oligonucleotide-based assay, the LTR substrate The polyamides were tested in three different integration
functions as both the viral and target DNA. Previous analysis assays in cell-free experiments. The inhibition of retroviral
of binding site selection indicated that the major groove was integration observed was due to binding of the polyamides
the main determinant within the target DNA for IN docking to the LTR termini. Polyamides with mismatch recognition
(40—44). Therefore, it was believed that binding of the of the M-MuLV LTR were much less efficient inhibitors.
polyamides to the target DNA should not influence target This is exemplified by polyamide$and8, which both bind
site selection. Experimentally, variations in target site selec- to the M-MuLV LTR with K, values of no greater than:2
tion were observed. In the presence of a high concentration10’” M~ and have I at or greater than 1400 nM. The
of polyamide2 (640 and 1600 nM; Figure 6, lanes 15 and inhibition observed, therefore, is not due to a nonspecific
16), loss of integration at the predominant sites was paralleledbinding of the polyamides to DNA or to the IN protein. A
with enhanced production of a single product of slow clear dependence on cognate site recognition is demonstrated
electrophorectic mobility (marked by the asterisk). This by the discrepancy between thé [Focessing and strand
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Polyamide: 1 2 3 4 5 6

substrate —p
-2 product —»

Ficure 5: Inhibition of 3 processing reactions by the polyamidespfcessing reactions were performed as described in Experimental
Procedures. Exemplary assays for limited polyamides are shown. The position- Big@rocessing product is indicated at the left. Lane
1, no protein control; lane 2, M-MuLV IN alone; lanes-8, IN plus polyamidel; lanes 16-16, IN plus polyamide; lanes 1723, IN plus
polyamide3; lanes 24-30, IN plus polyamidd; lanes 3137, IN plus polyamidé&; and lanes 3844, IN plus polyamidé. The concentrations

of the polyamide used are (left to right) 0.4, 16, 40, 100, 256, 640, and 1600 nM. Reactions contained 33 nM labeled LTR.
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Ficure 6: Inhibition of strand transfer reactions by the polyamides. Strand transfer assays, based on oligonucleotides substrates, were
performed as described in Experimental Procedures. Strand transfer¥ieliddeled products larger than the input substrate, indicated at

the left of the panel. Lane 1, no protein control; lane 2, M-MuLV IN alone; lane8,3N plus polyamidel; lanes 16-16, IN plus
polyamide2; lanes 1723, IN plus polyamide; lanes 24-30, IN plus polyamidet; lanes 3137, IN plus polyamidés; and lanes 3844,

IN plus polyamide6. The concentrations of the polyamide used are (left to right) 0.4, 16, 40, 100, 256, 640, and 1600 nM. Reactions
contained 33 nM labeled LTR. The asterick indicates the formation of the enhanced integration product.

Polyamide: 1 2 3 4 5 6
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FIGURE 7: Polyamides inhibit in vitro strand transfer into an exogenous substrate. 3¥RWabeled LTR substrate was analyzed for
integration into an unlabeled plasmid DNA. The migration on an agarose gel of the single-end lariat integration product is indicated at the
left of the panel. Lane 1, no protein control; lane 2, M-MuLV IN alone; lane8 3N plus polyamidel; lanes 9-14, IN plus polyamide

2; lanes 15-20, IN plus polyamide3; lanes 2126, IN plus polyamidet; lanes 2732, IN plus polyamides; and lanes 3338, IN plus
polyamide6. The concentrations of the polyamide used are (left to right) 16, 40, 100, 256, 640, and 1600 nM.

transfer results for polyamidés-7. The binding site of these  at inhibiting 3 processing as polyamidésand3, which have
polyamides is affected by the removal of the terminal TT association constants in the same range. As noted, given the
dinucleotide, and thus the cognate polyamides showedproximity of its binding sites to the end of the LTR, tKg
reduced strand transfer inhibition as compared for8cess- value for7 should be considered an upper limit. This may
ing, where the cognate site is intact. also explain why the efficacy of polyamid&sand 6 does
Despite the importance of cognate site recognitionithe  not exceed that of polyamiddsand 3. The lower activity
values determined by DNase | footprinting with an internal of 2 is more difficult to explain, given its moderately higher
copy of the M-MuLV LTR were not direct predictors of the  affinity than 1.
efficacy of integrase inhibition. In general, all of the The similar efficiencies ol and3 are of interest. When
polyamides containing an kg lower than 640 nM had  footprinted against the internal copy of the LTR, the tail of
binding constants in the nanomolar range or lower. However, polyamide3 was placed over €& base pairs, which is con-
this correlation is not reciprocal. Polyamides with perfect sidered a mismatcht{). Under these conditions its associa-
sequence matches show subtle variations with the correlationtion constant was quite close to that of polyamid& hese
of the K, values and the effective kg Polyamide2 and7 G-C pairs are not present in thef@ocessing substrate LTR,
haveK, values near 3.« 10° M1, yet are not as effective  where the tail o8 extends beyond the terminal base pair. It
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is thus possible that placing thfeDp tail of this extended-  including the N-terminal HHCC region, are requireti 1,
hairpin polyamide beyond the terminal base pair has 52).

energetic consequences similar to placing it again€tiiase The substrate for'Processing is a blunt-end double-strand
pairs. However, ifl and3 do have the same affinity, one  DNA. Fraying or unwinding of the termini has been proposed
might expect that3 would be the better inhibitor of '3 to be a requisite step in thé processing reactiorbg, 54).
processing, due to its C-terminal extension, which places Py Several of the polyamides target the terminal dinucleotides.
residues against the bases to be excised. Given that thes# was possible that the binding of polyamide might impede
bases are absent in the strand transfer substrate, it is alsthe unwinding step. However, no preferential inhibition of
interesting thaB maintains its activity in this assay, while 3’ processing was observed for the polyamides which bound
the activity of5—7 drops. In fact, in the presence of excess to the terminal TT sequence. Polyamides which bind to the
unlabeled DNA in the exogenous target assay, polyaBide terminal nucleotides may, however, sterically hinder subse-
was the most effective strand transfer inhibitor. Since the quent assembly of a strand transfer complex. PolyarBide
hairpin portion of3 is internal to the excised nucleotides, it recognizes the largest binding site, from position 1 to position
can be speculated th& maintains high-affinity binding 9 of the LTR, including a single-stranded tail covering the
through its hairpin portion. Perhaps the long C-terminal tail terminal TT dinucleotide. As discussed, this may contribute
provides a steric impediment to strand transfer, even in theto the overall effectiveness of inhibition by polyamid@en
absence of cognate base-paired DNA. both the 3 processing and strand transfer assays.

It is also significant that all of the effective strand transfer ~ The variation in target site selection in the presence of
inhibitors bind positions 7 through 9 of the M-MuLV LTR. polyamides is of interest. Previous studies indicated, for
This is consistent with the observations of Balakrishnan and HIV-1 IN, that target sites were preferred within nucleosomes
others in the respective HTLV (human T-lymphotropic virus) with wide major grooves4l). Altered target site selection
and HIV-1 systems of the importance of these residues ininduced by the polyamides binding to the minor groove can
related viral LTRs 86, 37, 48). Positions 79 are bound by  indicate either that minor groove contacts are important or
either the tail or turn of polyamides—7 or are outside of  that structure of the major groove can be altered by binding
the binding site of these polyamides. The turn and tail of polyamides to the minor groove. Structural evidence
residues are not considered to be as effective steric blockadesuggests that hairpin polyamides bind a wide minor groove,
of the minor groove as ring pairings. Thus, reduced blockage with requisite narrowing of the major groové&5-58).
of positions 79 relative to polyamide$—3 correlates with Therefore, it is possible that presence of the polyamides can
reduced strand transfer inhibition, although this analysis is have an indirect effect on the interaction of the preintegrative
complicated by the expectation that polyamides? will complex within the major groove. It is also expected that
have reduced affinity for the strand transfer substrate. It binding of polyamides in the minor groove will reduce the
would be interesting to test the ability of a polyamide that flexibility of a given stretch of DNA, reducing access to
binds internally to positions-79 to act as a strand transfer DNA conformations that could be important in the dynamic
inhibitor. process of target site selection.

The integration process itself is a dynamic process. Current These studies represent the first generation of polyamides
models predict conformational changes accompanying cleav-that inhibit MuLV integration. Four potent inhibitors were
age of the viral DNA terminusl@). Differential cross-linking developed, two which inhibit'3processing § and 6) and
efficiencies to the HIV-1 LTR sequences were observed for two which inhibit both 3 processing and strand transfér (
substrates for'3rocessing, strand transfer, and disintegration and3). These different classes of inhibitors could be useful
(12). In addition, the binding of the diketo acid inhibitor tools for unraveling the complex mechanism of integration.
L-731988 required the assembly of the IN protein with the Both sets of compounds are effective at a less than 10-fold
viral end. L-731988 competes with the target DNA, indicat- excess over substrate DNA and less than half an equivalent
ing that the target binding site is generated after the binding of integrase proteirNext generation polyamides can incor-
of the viral LTR. These compounds selectively inhibited porate hydroxypyrrole §8) and hydroxybenzamide2)
strand transfer, without any effect ol Brocessing 11). residues, which break the-ANT:A degeneracy of the Py/
Cross-linking studies with HIV-1 IN indicate that the Py and Bz/Py pairs, allowing for greater sequence specificity.
C-terminal domain of one IN monomer acts in trans with Strategies other than increasing the binding efficiency could
the catalytic core of another monomer for each viral end make the inhibitors more potent. Alterations in the structure
(12). This in trans assembly may involve the sequences of the polyamides could change the conformation of the LTR
upstream of the viral LTRs, within the region bound by and/or interfere with the binding of the IN. Modified
polyamidesl and 3. Similarly, structural studies of Tn5 polyamides which may be able to clamp the terminal TT
transposase have demonstrated that both the internal and thdinucleotide by alkylation §9, 60) may be envisioned.
terminal regions of the transposon DNA are contacted by Certainly, a crystal structure of an tNLTR complex would
the transposasé®). This conformational change conceptu- aid the design of polyamide inhibitors.
ally follows the assembly and transport of the preintegrative  Polyamides can serve as the matrix to be coupled with
complexes. In vivo, 3processing is temporally and spatially additional inhibitors, for example, compounds that bind the
independent of strand transfé&0j. 3' processing occurs in  enzyme active site6). Delivery of polyamides into viral
the cytoplasm for MuLV, whereas strand transfer occurs in particles is a complex question, as the viral RNA packaged
the nucleus. Initial binding of the viral DNA requires the in virions is not the double-strand DNA substrate recognized
recognition of the linear viral terminus, including the CA by the polyamides. Polyamide inhibitors would need to be
dinucleotide. The requirements of protein domains for 3 accessible to the reverse transcription products prior to the
processing are stringent; for M-MuLV IN, all domains assembly of the intasome comple@2( 63). Despite this
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difficulty, the modular nature of polyamide recognition and

inhibitors in response to viral mutations. With the appearance

of leukemia in two children receiving gene therapy using 22.

an

MuLV-based vector 64), the ability to block the

integration and/or expression from the MuLV LTRs is of
great importance.

The HIV-1 IN and M-MuLV IN share the same mecha-
nism of integration. It is very likely that the same strategy
of designing polyamide inhibitors can be applied to the
HIV-1 IN. Studies are currently underway to test polyamides
with the HIV-1 IN/LTR system. Given the previously
demonstrated efficacy of polyamides targeted to HIV-1 in
human cells21), this approach may ultimately yield potent
in vivo HIV-1 IN inhibitors. With the appearance of HIV

strains resistant to both the protease and the reverse tran-29-

scriptase inhibitors, the need to develop potent inhibitors
against new targets including the integrase is more urgent

(65). The increased interest for inhibitors that target the 31.

integrase has provided lead compoun@s, 66), although
no clinically effective inhibitor is available to date.

SUPPORTING INFORMATION AVAILABLE

One figure and one table detailing the DNA melting
experiments. This material is available free of charge via

the

Internet at http://pubs.acs.org.
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