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Abstract: Sequence-specific DNA rec-
ognition can be achieved by oligonu-
cleotides that bind to the major groove
of oligopyrimidine - oligopurine sequen-
ces. These intermolecular structures
could be used to modulate gene expres-
sion and to create new tools for molec-
ular biology. Here we report the syn-
thesis and biochemical characterization
of triple helix-specific DNA cleaving
reagents. It is based on the previously
reported triplex-specific ligands, ben-
zo[e]pyridoindole (BePI) and benzo[g]-
pyridoindole (BgPI), covalently attach-

reducing agent and molecular oxygen,
BgPI-EDTA - Fe!! but not BePI-ED-
TA - Fe!! induced a double-stranded cut
in a plasmid DNA at the single site
where a triplex-forming oligonucleotide
binds. At single nucleotide resolution, it
was found that upon triplex formation
BePI-EDTA - Fe!! led to cleavage of
the pyrimidine strand and protection of
the purine strand. BgPI-EDTA . Fel!
cleaved both strands with similar effi-
ciency. The difference in cleavage effi-
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ciency between the two conjugates was
rationalized by the location of the ED-
TA -Fe' moiety with respect to the
grooves of DNA (major groove: Be-
PI-EDTA -Fe", minor groove: BgPI-
EDTA - Fe™). This work paves the way
to the development of a new class of
triple helix directed DNA cleaving re-
agents. Such molecules will be of interest
for sequence-specific DNA cleavage and
for investigating triple-helical structures,
such as H-DNA, which could play an
important role in the control of gene
expression in vivo.

ed to ethylenediaminotetraacetic acid
(EDTA). In the presence of iron, a

Introduction

Nucleic acid triple helix formation was first observed with
polyribonucleotides in 19571 and studied in the 60s and early
70s. In the mid-80s, it was demonstrated that: i) Intramolec-
ular triple helices (H-DNA) may occur at mirror symmetry-
related oligopyrimidine - oligopurine sequences under nega-
tive supercoiling stress? and ii) intermolecular triple helices
can be formed at specific DNA sites using oligodeoxynucleo-
tides.’! As a result of these works, triple-helical structures
have been the focus of intense research efforts because of
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triple helix

their applications as molecular biology tools and for the
potential development of gene targeted oligonucleotide-
based therapeutics.

The interactions between DNA triple helices and small
ligands have been investigated in recent years. These studies
were originally motivated by the desire to further stabilize
DNA triplexes to improve the potential efficiency of triplex-
forming oligonucleotides (TFOs) as therapeutic agents.
Ethidium bromide was shown to stabilize triplexes made of
T-A x T base triplets,> % and intercalate at the duplex—tri-
plex junction.[>7] However, ethidium bromide destabilized
triple helices containing both T- A x T and C-G x C+ base
triplets.’1 The first ligands capable of preferential stabilization
of T*A xTand C-G x C+ base triplets (as compared with
the corresponding duplexes) were derivatives of benzo[e]pyr-
idoindole (BePI) and benzo[g]pyridoindole (BgPI).’l These
ligands were shown to bind triple-helical structures by
intercalation. 810!

To create a new family of triple helix specific DNA cleaving
agents, we linked an EDTA moiety to BePI and BgPI through
their aminoalkyl side chains (Figure 1). In the presence of
iron, a reducing agent and molecular oxygen, EDTA -Fe!!
complexes generate OH" radicals, according to the Fenton
reaction, which leads to DNA strand scission by attack of the

0947-6539/00/0609-1559 $ 17.50+.50/0 1559



FULL PAPER

J.-S. Sun et al.

O OR independent). In the presence

H3C-0 /_ﬁ of a non-binding oligopyrimi-
HsC-0 N OR . B

O He o dine (25um d(TC),,), only non
C ’\i NH, . O H.N/\/\N)J\/N OR specific cleavage was observed
{\I | /N v JRUENN H \_‘é (data not shown). We investi-

H  CHs N L gated DNA cleavage by both

H  CH,; compounds at single nucleotide

1 i (21R=C2Hs resolution to understand the
3:R=H discrepancy between triplex-

0. or specific cleavage yet triplex sta-

T/—?k bilization by the two molecules.

H‘N/\/\NHZ

(@]
C N i _ H‘N/\/\N)K/N OR
O e Ty
H3C N~ ~F o—" \ ‘\N o}
i HsC = =

H  CH, N
H  CH;
4 i ( 51R=CaHs
<G:R=H

Figure 1. Synthesis of BePI-EDTA (compound 3) and BgPI-EDTA (compound 6). i) EDTA-TEE, EDCI,
CH,CL/MeOH, 20°C, 48 h (52—60%); ii) a) LIOH, MeOH/H,O, 0°C, 48 h; b) HCI (66—82%).

deoxyribose moiety in the minor groove of duplex DNA.[1:12]
Covalent attachment of the EDTA moiety to a triplex-specific
ligand was expected to target cleavage to triple helix sites.

Results and Discussion

Chemistry: BPI-EDTAs were synthesized in good overall
yield according to the reaction schemes outlined in Figure 1.
Condensation between EDTA triethyl ester and the BPI
aminoalkyl side chains was mediated by 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide (EDCI). Base hydrolysis of
BPI-EDTA triethyl esters afforded BPI-EDTAs (see Ex-
perimental Section for details).

Triple helix directed cleavage on a plasmid DNA: Compara-
tive triplex-directed double strand DNA cleavage by BgPI-
and BePI-EDTA :Fe!' was investigated using a linearized
(Scal, position 2222, Figure 2) plasmid DNA (pA20) engi-
neered to contain a dT,y-dA,, tract for binding the simple
TFO dT,,.[" Triplex-directed specific cleavage of the linear
plasmid should produce two series of fragments centered at
953- and 1775-bp. Since the TFO binding site (position 437 —
457) was introduced into the multiple cloning site of pUCI109,
these fragments will migrate on a low percentage agarose gel
with an electrophoretic mobility that is similar to EcoRI
(position 397). While either molecule was able to inflict much
concentration-dependent duplex DNA damage (Figure 2,
non-specific cleavage products lanes 5-9 and 14-18), only
BgPI-EDTA . Fe!! was able to specifically produce double-
stranded cleavage products at the TFO’s target site, as
evidenced by the expected fragments (Figure 2, lanes 5-9)
that nearly co-migrate with the cleavage products from an
EcoRI partial digest (Figure 2, lane 2). At 20 um dT,, specific
cleavage of Scal pA20 by BgPI-EDTA-Fe!' was dose-
dependent from above 1 to approximately 25um. Above
25 uM, non-specific cleavage continued to be dose-dependent
while specific cleavage reached a steady state (i.e., was dose-
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Single nucleotide resolution of
triple helix directed DNA
cleavage: A P 5-end labeled
80-bp DNA fragment contain-
ing a 27-bp oligopyrimidine - o-
ligopurine tract was used as a
target for triplex formation by a
27-nt TFO (Figure 3) to char-
acterize triplex-specific cleav-
age by BPI-EDTA -Fe™. For reference, the free and TFO
bound fragment was cut using methidiumpropyl EDTA
(MPE).") Examination of the autoradiogram (Figure 3)
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Figure 2. Top: Map of pA20. The expanded sequence shows a cartoon of
the engineered sequence with the third strand and BPI-EDTA -Fe!!
bound. Amp" indicates the ampicillin-resistant gene, Ori is the origin of
replication. Bottom: Cleavage of linearized pA20 plasmid DNA by BPI—
EDTA-Fe'l. EcoRI(pd) is a partial digest of linearized pA20. Lanes
marked (—) and (+) are without or with Smm DTT initiation, respectively;
lanes g and e are treated with BgPI-EDTA - Fe!' and BePI-EDTA - Fe'!,
respectively. The concentration of the reagent (um) is indicated above the
lanes. The concentration of dT,, was 20 uM in all reactions.
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Figure 3. The 27-bp oligopyrimidine - oligopurine sequence in the 80TLX
DNA fragment and TFO used in this work (top). Reaction of the 80TLX
DNA fragment labeled at the 5’-end on the oligopurine-containing strand
(80TLX-R) or on the oligopyrimidine-containing strand (80TLX-Y) with
20um of BgPI-EDTA, BePI-EDTA and MPE in the presence of specific
third strand (T) or non-relevant third strand (D). Two controls were
included: DNA + Fe' (Ct1) and DNA + Fe'' + DTT (Ct2). Triple helix sites
are indicated. G lanes (1 and 18) are Maxam Gilbert sequencing of
guanines using DMS treatment.

reveals that: i) at identical concentrations (20 um), the triplex
specific cleavage reagents cleaved duplex DNA less efficiently
than MPE (lanes 4 and 6 versus 8; lanes 10 and 12 versus 14);
ii) triplex formation protects the TFO binding site from
cleavage by MPE (lanes 8 versus 9 and 14 versus 15),
providing conclusive evidence that the TFO was bound to
target under the experimental conditions; iii) triplex forma-
tion induced enhanced cleavage by BgPI- and BePI-EDTA -
Fe!' conjugates. Consistent with the linearized plasmid results,
differential densitometric analysis (Figure 4) shows that
strong DNA cutting was promoted by BgPI-EDTA conju-
gate on both strands within the triplex site. For BePI-EDTA,
enhanced cleavage on the pyrimidine strand and a protection/
footprint on the oligopurine-containing strand was observed.

The most intense cleavage sites of the TFO-bound duplex
by BgPI-EDTA -Fe!' are centered around the preferred
benzopyridoindole (BPI) binding sites!' (i.e., T¢+ A¢). Close
inspection of the distribution of cleavage reveals that the
peaks of cleavage are displaced to 3’ end on both strands by
two base pairs. This displacement is also observed at the
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Figure 4. Differential cleavage plots comparing BeP1-EDTA - Fe!' a) and
BgPI-EDTA - Fe'-mediated cleavage b) on the 80TLX DNA fragment.
The plots were obtained by taking the logarithm of the ratio of the triplex
(T) and duplex (D) band densities at each nucleotide. Positive and negative
values correspond, respectively, to enhanced or decreased cutting effi-
ciency in the triplex.
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TFO’s 3’ end using BePI-EDTA-Fe!. 3’ displacement
indicates that a DNA cleaving reagent is localized in minor
groove. This is also consistent with diffusive HO" radicals
generated by EDTA -« Fe! which induces DNA strand cleav-
age by attacking deoxyriboses from the minor groove by H4'/
H1’ abstraction.

The observed difference in the pattern and efficiency with
which BgPI- and BePI-EDTA :Fe! cleave DNA can be
explained by the location of EDTA-Fe!! complex. We
previously showed that the aminoalkyl side chain of BgPI
derivatives was located in the minor groove of both duplexes
and triplexes (Figure 5, top left). For BeP]I, the side chain was
in the Watson-Hoogsteen (major) groove (Figure5, top
right),l> 191 whereas it was located in the minor groove of
duplex.l’) Because the EDTA moiety was covalently attached
to BPI derivatives via an amide bond through the aminoalkyl
side chain, we expected the EDTA - Fe!! moiety (warhead) to
be in the minor groove for BgPI-EDTA and the major
groove for BePI-EDTA in triplex. The relative triplex-
specific cutting efficiency of BgPI- versus BePI-EDTA . Fe!
is consistent with this expectation. The proximal location of
EDTA - Fe'" moiety in BgPI- EDTA near the H4/H1’ hydro-
gen led to efficient scission of both strands by free radicals
(Figure 5, bottom). In contrast, hydroxyl radicals generated
by BePI-EDTA Fe!! must diffuse from the major to the
minor groove, the strand scission was therefore less efficient.
Actually, triplex-specific cleavage was observed on the more
proximal, that is oligopyrimidine-containing, Watson-Crick
strand. The more distant oligopurine-containing strand was
even protected from strand scission upon triplex formation. It
is unlikely that this is due to a TFO-induced conformational
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Figure 5. Top: Orientation of BgPI (left) and BePI (right) with respect to
the base triplets. These pictures were taken from the previously published
energy-minimized models in which both BPI molecules were intercalated
in triplex (for details see [15,16] ). Bottom: Schematic representation of the
location of the EDTA - Fe!! moiety in different grooves and the accessibility
of the H1" and H4' hydrogens for both oligopyrimidine and oligopurine-
containing strands of the DNA double helix in the Watson — Crick groove
and for the pyrimidine third strand in the Crick —Hoogsteen groove.

change to the duplex, which might have changed the
accessibility/reactivity of the deoxyribose protons. It seems
that conformational change in the minor groove upon triplex
formation was not enough to be revealed by hydroxyl radical
footprint.l'”) Therefore the observation that the purine strand
in triplex is protected relative to the duplex can be rational-
ized by the expected position of the warhead in triplex BePI -
EDTA - Fe"" complexes versus the same complex in duplex.
An increase in cleavage efficiency of the oligopyrimidine-
containing strand is likely a result of tighter ligand binding to
triplex than duplex. An increased cleavage of the oligopurine-
containing strand by BePI-EDTA - Fe!! at the duplex/triplex
junctions could also be rationalized by tighter binding of the
intercalator at the duplex—triplex junction and the minor
groove location of the warhead at the junction.

No notable third strand cleavage was observed by either
BPI-EDTA - Fe!! complex using a labeled third strand
oligonucleotide (data not shown). Inspection on a triplex
model shows that the H4'/H1" hydrogens on the third strand
are deeply buried in the narrow Crick — Hoogsteen groove and
not easily accessible to diffusible radicals. It would be
interesting to investigate cleavage using triplex specific
intercalators that placed the warhead at point blank range
of the H4/H1' hydrogens in the third strand.

Considerations for designing triplex-specific cleaving agents:

K
Triplex + TSI-EDTA -Fe!! —
(Triplex-TSI-EDTA - Fel") 4L, Cut Triplex (duplex)

Versus

Kp
Duplex + TSI-EDTA -Fe!!l =—
(Duplex-TSI-EDTA - Fe™) 2. Cut Duplex

1562

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Designing cleaving reagents that effectively cut triplex but not
duplex DNA requires addressing the reaction from two fronts.
The first is the selectivity of the structure-specific binding
agent (e.g., the triplex-specific intercalator, TSI) and the
second is the efficiency of strand scission. The reactions to be
considered are given in the scheme above: Kyand K, are the
association equilibrium constants for structure recognition, kr
and kp are rate constants for the cleavage of triplex and
duplex, respectively. In this work we have demonstrated that
kr is critically dependent upon the placement of the warhead
on the intercalative macrocycle which determines the location
of the warhead with respect to the grooves in the triplex
structure (k. BePI-EDTAGron) 5,  BePI-EDTAGron()) - Thuys, for effi-
cient cleavage the radical source should be within close range
of the target hydrogen atom. Assuming future triplex-specific
DNA cleaver can be designed to place the warhead within the
closest proximity of H4/H1' hydrogens in Watson - Crick
strands, maximum selectivity will be governed by the ability of
the TSI to distinguish triplex from duplex. As the reverse was
demonstrated with BePI-EDTA -Fe!l, selectivity could be
further enhanced using TSIs whose side chains reside in the
major groove when bound to duplex yet minor groove when
triplex bound. Thus, maximal selectivity could be accom-
plished using intercalators whose Kt and kr are very much
larger than K, and kp, respectively. Second generation
cleavage reagents are now being investigated in our labora-
tories using more highly selective TSIs (e.g., benzoindoloqui-
nolinel'! and benzoquinoquinoxalinel'®1).

In the literature, triple helix directed DNA cleavage has
been achieved by attaching an EDTA moiety to TFO.B Tt
was shown that the reaction was highly selective to a single
site in an engineered strain of yeast due to sequence-specific
triple helix formation, but the cleavage yield was quite low
(about 6 % after two repeated treatments).’” The low dsDNA
cleaving yield could also be explained by the major groove
location of the EDTA -Fe" warhead since the EDTA was
tethered to the C5 atom of thymine. The improved TSI-
EDTA compounds should be more efficient to cleave DNA
than TFO-EDTA conjugate, however it remains to demon-
strate that they can be as selective as the TFO-EDTA
molecules. If so, the TSI-EDTA molecules would be a
versatile triple-helical structure cleaving agents, and there-
fore, could be used to probe naturally occurring triple-helical
structures.

Conclusion

The present work shows that the concept of attaching a
reactive warhead to a triplex-specific ligand to create triplex-
specific DNA probes was validated. This proof-of-principle
work shows also that the localization of the EDTA .Fell
moiety is very important to ensure efficient DNA cleavage.
The radical source should be in close proximity to the target
deoxyribose for maximal efficiency. Triple helical structure
directed DNA cutting agents will be useful for probing
unusual DNA structures such as H-DNA. Because BPI
derivatives stabilize RNA structures,'”l triplex cleavage
agents could also be used to map folded RNA structures that
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involve base triplets. These structural identifications will add
to our understanding of the biological roles that triple helices
play in vivo. Second generation studies, using highly specific
intercalators, are in progress in our laboratories to develop
highly efficient triplex structural probes.

Experimental Section

Oligonucleotides: Oligonucleotides (OligoGold grade) were synthesized
by Eurogentec (Seraing, Belgium), and were used after ethanol precip-
itation.

Chemicals: BePI (1) and BgPI (4) (Figure 1) were prepared as previously
described.?” 21l Methidiumpropyl EDTA (MPE), ethylenediaminetetra-
acetic acid triethyl ester hydrochloride (EDTA-TEE) and 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide (EDCI) were purchased from Sigma
Co. and Aldrich Co., respectively. Melting points (M.p., uncorrected) were
measured using an Electrothermal IA9200 melting point apparatus. 'H-
NMR spectroscopy was performed on a Bruker AC200 spectrometer in
[D¢]DMSO in the presence of a drop of D,O as solvents and 'H chemical
shifts were referenced to residual DMSO peak (0=2.54). Elemental
analysis was performed by Service Central de microanalyses du CNRS,
91190 Gif-sur-Yvette, France. The results are within +£0.4% of the
theoretical values corresponding to the mentionned empirical formula.

Synthesis of BePI-EDTA (Compound 3): EDTA-TEE hydrochloride
(500 mg, 1.16 mmol) was dissolved in water (10 mL) and 1 equiv NaOH
was added at 0°C. After extraction with CH,Cl, (4 x 20 mL), the organic
layers were dried over MgSO, and evaporated to dryness. The free base of
EDTA-TEE thus obtained (200 mg, 0.53 mmol) was dissolved in CH,Cl,/
MeOH (1:1, 4 mL) and after addition of BePI 1 (133 mg, 0.4 mmol) in
MeOH (8 mL) and EDCI (132 mg), the mixture was kept at room
temperature for 48 h. The intermediate BePI-EDTA triethyl ester 2
(145 mg, 52% yield) was obtained after solvent removal under reduced
pressure and flash chromatography on silica gel (h=45cm, ¢ =2.2 cm)
using a gradient of ethanol (0-3%) in CH,Cl,. Compound 2 (145 mg,
0.20 mmol), dissolved in MeOH (6 mL), was added at 0°C to a mixture of
MeOH/H,O (1:1, 6 mL) containing LiOH hydrate (50 mg, 1.2 mmol). After
48 h at 0°C, the pH was adjusted to ca. 4 with 1 M HCI and then neutralized
with 28% NH,OH/MeOH 1:9. Evaporation to dryness followed by
chromatography on silica gel (h=45cm, ¢ =2.2cm) using a gradient
(0.1-0.3%) of 28% NH,OH in MeOH gave colorless microcrystals of
BePI-EDTA (110 mg, 82%). M.p: 225-226°C; 'H NMR (25°C): 6 =8.8
(d, 3J(H,H)= 9.2 Hz, 1H; Ar-H), 8.1 (s, 1H; Ar-H), 8.0 (d, 3/(HH) =
9.2 Hz, 1H; Ar-H), 7.8 (d, 3J/(H,H) = 8.8 Hz, 1 H; Ar-H), 7.6 (s, | H; Ar-H),
74 (d, 3J(H,H) = 8.8 Hz, 1H; Ar-H), 3.9 (s, 3H; CH,), 3.7 (m, 2H; CH,),
3.6-3.3 (m, 12H; 6 CH,), 3.1 (m, 2H; CH,), 2.5 (s, 3H; CH;), 2.0 (m, 2H;
CH,); C3)H3sN¢Og - 2H,0 (644.7): caled C 55.89, H 6.25, N 13.04, O 24.82;
found C 55.50, H 6.14, N 12.89, O 25.16.

Synthesis of BgPI- EDTA (Compound 6): As with compound 3 (above),
compound 6 was prepared starting from BgPI 4 via the preparation and
hydrolysis of BgPI1-EDTA-TEE 5 (60%). Hydrolysis of 5 gave BgPI—
EDTA 6 (66%). M.p: 219-220°C; '"H NMR (25°C): 6 =8.7 (d, *J(H,H) =
8.9 Hz, 1H; Ar-H), 8.6 (d, 3J(H,H) = 8.5 Hz, 1H; Ar-H), 7.9 (s, 1 H; Ar-H),
7.7 (d, 3J(H,H) = 8.5 Hz, 1H; Ar-H), 75 (s, 1H, Ar-H), 74 (d, 3/(H,H) =
89Hz, 1H; Ar-H), 39 (s, 3H; CH,), 3.7-1.8 (m, 21H; 9CH,+CH,);
C;0H3NOg - 4H,0 (680.7): caled C 52.93, H 6.52, N 12.35, O 28.20; found C
53.11, H 6.13, N 12.52, O 28.43.

Plasmid DNA cleavage assay: Plasmid DNA (pA20) was prepared as
previously described.®! Scal cleavage of pA20 (position 2222) was
accomplished by cleaving 80 ug of plasmid with 2500 units of Scal (NEB)
at 37 °C overnight. Specific cleavage (positions 437 -457) was verified by
co-migration analysis with EcoRI (position 396) cut Scal-pA20 and a
commercial molecular weight marker (Sigma). BgPI- or BePI-EDTA
solutions were prepared in DMSO (Sigma) and concentrations were
determined using published extinction coefficients).”) All cleavage reac-
tions were pre-equilibrated in 10mm cacodylate buffer (pH 7.0), 100 mm
NaCl overnight at 25 °C. Reactions were initiated by addition of 20 um
Fe(NH,),(SO,), and 5 mu dithiothreitol (DTT). Reactions were terminated
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by addition of gel loading solution (Sigma) followed immediately by 1%
agarose gel electrophoresis.

Cleavage assay on an 80-bp DNA fragment: A 80-bp fragment was
prepared after digestion of plasmid pLTX (a gift from Dr. Christian Bailly)
by restriction enzyme EcoRI and HindIII. This fragment contains a 27-bp
oligopyrimidine - oligopurine sequence (Figure 3, top). The oligopurine-
and oligopyrimidine-containing strands of the 80-bp DNA fragment were
separately 5'-end radiolabeled (R*Y or Y*R) by T4 polynucleotide kinase
(Biolabs). Samples of this fragment were incubated one hour at
room temperature in 10mMm cacodylate buffer (pH 6.0), 50mm NaCl
and 10mMm MgCl, in the presence of 20pM non-specific
d(GGGTTTTTTTTTGGGTTTGGGTTGGGG) or d(TC),5T, or in the
presence of 20 um specific d(TTCTTCTTTTTTCTTCTTCTTTTTTCT)
oligonucleotide, in the presence of 20 uyv BPI-EDTA or MPE, respec-
tively. 20 um Fe(NH,),(SO,), was then added to each sample. Cleavage
reaction was triggered by adding Smwm dithiothreitol and carried out for
15 min at room temperature. The reaction was stopped by ethanol
precipitation and loaded on an acrylamide gel for analysis.
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