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Abstract: Benzopyridoindole and benzopyridoquinoxaline derivatives were conjugated to a 14-mer oligonucleotide
at either of two different positions: the 5′ end or an internucleotide position in the center of the 14-mer. These
oligonucleotide-intercalator conjugates were then tested for their ability to form stable DNA triple helices with a
DNA target duplex under physiological conditions. All of the derivatives synthesized were found to do so. Two
derivatives in particular, a benzo[h]pyridoquinoxaline (B[h]PQ) attached to the 5′ end and a benzo[e]pyridoindole
(B[e]PI) attached to the internal position on the phosphate diester backbone, dramatically stabilized the triple helix
under physiological conditions. In the absence of spermine, the melting temperature of the triplex-to-duplex transition
increased from 11°C for a non-modified triplex to 38 and 37°C, respectively, for the B[h]PQ and B[e]PI conjugates.
Acridine-oligonucleotide conjugates were much less stable, melting at 25°C (5′ attachment) and at 23°C
(internucleotide linkage). In the presence of spermine, the melting temperature increased from 28°C for a non-
modified triplex to 51 and 54°C for the B[h]PQ and B[e]PI conjugates, respectively, equivalent to a stabilization of
∼4 kcal‚mol-1 at 37°C. Furthermore, the conjugation of these intercalators to the third strand was not detrimental
to the selectivity of recognition of the target duplex sequence. Molecular modeling reinforced and provided possible
models for some of the intercalator-triple helix interactions investigated. These results demonstrate the possibility
for forming stable DNA triple helices atphysiological pHand temperature.

Introduction

The regulation of gene expression by nucleic acids is a
strategy that has the potential to be used for the treatment of
genetic-based diseases.1-4 Oligonucleotides may halt translation
by specifically recognizing and binding to messenger RNA
(antisense approach).5,6 They may also impede transcription
by binding to the major groove of double-stranded DNA (anti-
gene approach).7,8 In the latter approach, a (T,C)-containing
third strand (pyrimidine motif) runs parallel to the duplex
oligopurine strand and is bound through Hoogsteen hydrogen
bonds, with the formation of T‚AxT and C‚GxC+ triplets.9,10

Alternatively, a (G,A)- containing third strand can bind in an
antiparallel orientation with respect to the oligopurine target
strand through reverse Hoogsteen hydrogen bonds, leading to
the formation of C‚GxG and T‚AxA base triplets.11,12 (G,T)-

containing oligonucleotides bind in either a parallel or an
antiparallel orientation depending on the base sequence (i.e.,
length of G and T tracts and number of GpT/TpG steps).13

At present, there are several limitations to the development
of the antigene strategy. Except for a few cases,14 the stability
of triple-helical complexes is usually weaker than that of double-
helical complexes. In addition, the requirement for cytosine
protonation in the pyrimidine motif limits triplex stability at
neutral pH. One strategy to improve triplex stability is to
covalently attach DNA intercalators to the third strand.7,15-17

Acridine is an intercalator which is commonly used for this
purpose due to its recognized ability to significantly stabilize
triple helices when covalently attached to the probe strand.16-18

Benzopyridoindoles (BPI)19 and benzopyridoquinoxalines
(BPQ)20 are classes of tetracyclic aromatic compounds (Figure
1) having antineoplastic activity. They have been shown to† Laboratoire de Synthe`se Organique, Institut Curie-Biologie, CNRS URA
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stabilize pyrimidine motif DNA triple helices in solution,21,22

and can intercalate into both duplexes and triplexes but bind
preferentially to triplexes.21-24 In this study we have covalently
linked BPIs and BPQs to the 5′ end as well as to the interior
(at an internucleotide phosphodiester linkage) of a 14-mer
oligonucleotide (Figure 2). Triple helices formed with these
modified oligonucleotides show remarkable improvement in
stability under near physiological conditions as compared with
both their unmodified and acridine-modified counterparts.

Experimental Section

Oligonucleotides. Unmodified and acridine-modified (using 2-meth-
oxy-6-chloro-9-aminoacridine) oligonucleotides were purchased from
Eurogentec (Seraing, Belgium) or Genosys (Cambridge, England). The
14C3 oligonucleotide (Figure 2) contained a phosphorylated 5′ end.
The BPI- and BPQ-modified oligonucleotides were synthesized as
described below. The linkage structure of the BPI-, BPQ-, and acridine-
modified oligonucleotides is shown in Figure 3 for both the 5′ end and
internal modifications. The concentration of unmodified oligonucle-
otides was calculated using molar extinction coefficients at 260 nm

derived using a nearest-neighbor model.25,26 The acridine-modified
oligonucleotide concentration was calculated usingε424 ) 8845
M-1‚cm-1.27 The extinction coefficients for the BPI and BPQ
conjugates were approximated by adding the experimentally derived
extinction coefficient at 260 nm of the unconjugated BPIs or BPQs in
H2O to the extinction coefficient for oligonucleotide 14C3 (ε260 )
111 300 M-1‚cm-1). All concentrations are given on a per strand basis.
Syntheses.To covalently link the BPQ and BPI derivatives to the

5′ end of the oligomers,28,29150µg of 5′-phosphorylated oligonucleotide
14C3 (Figure 2) was first precipitated as the hexadecyltrimethylam-
monium salt. The oligonucleotide salt was dissolved in 50µL of dry
DMSO. A 5 µL sample ofN-methylimidazole and 25µL each of
dipyridyl disulfide and triphenylphosphine solutions (1.2 M in DMSO)
were added. After a 15 min incubation at room temperature, 5µL of
triethylamine was added followed by the BPQ or BPI solution (20µL,
30 mM in DMSO). After 20 min the oligonucleotide was precipitated
with LiClO4 and purified by reversed phase HPLC using a linear
acetonitrile gradient (0-40% CH3CN in 0.2 M ammonium acetate).
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Figure 1. BPI (B[e]PI, B[g]PI), BPQ (B[f]PQ, B[h]PQ), and acridine
derivatives. Oligonucleotides were attached to the terminal nitrogens
on each of the hydrocarbon chains of the BPI and BPQ derivatives
and to the nitrogen at position 9 of the acridine (specified nitrogens
are outlined).

Figure 2. Sequence of unmodified and target oligonucleotides.

Figure 3. Linkage structure of BPIs, BPQs, and acridine to oligo-
nucleotides. Outlined characters indicate the position of attachment to
the intercalator. Note that, for BPI and BPQ derivatives, the NH group
is that of the substituent R indicated in Figure 1, while for the acridine
derivative the NH group is found at position 9 of the aromatic ring.
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Average yield 11%. The oligonucleotide-intercalator conjugates were
characterized by UV-vis spectroscopy.
To attach the BPQ and BPI derivatives to the interior of the

oligonucleotide,30 first 100µg of oligo-15C3 (Figure 2) was depurinated
in a 100µL solution of 30 mM HCl and 1 mM EDTA for 22 h at 37
°C.31 Following EtOH precipitation, the oligonucleotide was reacted
with the BPQ or BPI derivative (2.5 mM), NaOAc, pH 5.2 (200 mM),
and NaBH3CN (50 mM) in a total volume of 100µL for 2 h. After
ethanol precipitation, the oligonucleotide was recovered by reversed
phase HPLC using a linear acetonitrile gradient (0-40% CH3CN in
0.2 M ammonium acetate). Average yield 13%. The oligonucleotide-
intercalator conjugates were characterized by UV-vis spectroscopy.
Thermal Denaturation Studies. Absorbance versus temperature

curves were obtained using a Uvikon 940 spectrophotometer interfaced
to an IBM computer. The temperature of the two six-cell holders was
regulated by a Haake P2 circulating H2O-glycerol (4:1) bath. The
temperature was varied at a rate of 6°C/h by a Haake PG20
thermoprogrammer descending from 62°C (equilibrated for 70 min)
to 0°C (maintained for 70 min) and returning to 62°C. The absorbance
at 260 and at 600 nm was recorded every 8.3 min. Corrections for
spectrophotometric instability were made by subtracting the absorbance
at 600 nm from that at 260 nm. Experiments were carried out in two
buffer systems. Buffer A (spermine buffer) contained 140 mM KCl,
15 mM sodium cacodylate, 1.5 mM MgCl2, and 0.8 mM spermine, pH
6.9. Buffer B (no spermine) contained 125 mM NaCl, 15 mM sodium
cacodylate, and 1.5 mM MgCl2, pH 6.9.
In both buffer systems, there is some hysteresis in the heating and

cooling curves, due to slow kinetics of formation and dissociation.26

The difference between the cooling and heating curves in buffer A
varied between 0.5 and 2°C at theTm value depending on the identity
of the third strand. In buffer B, this variation was 1-4 °C. The
reportedTm values were approximated as the maxima in dA/dT versus
T plots of the heating curves. Values reported are an average of 2-4
experiments.
Thermodynamic Calculations. Hysteresis was minimal for many

of the melting curves. Free energy values were, therefore, estimated
for several of the complexes from their melting curves using a two-
state model which assumes that the species with incomplete base pairing
are not significantly populated.26,32 A linear absorbance-Vs-temperature
relationship was assumed for the calculation ofAD and AT, the
absorbance of the double- and triple-stranded species, respectively.
Equilibrium constants at different temperatures were then calculated,
and the plot of lnKeq vs T-1 was used to determine∆G°(37 °C) as
previously described.26,33-36 The heating and cooling curves were
analyzed separately, and it was found that the differences between the
two values were insignificant. For the modified third strands (7 and
16), these calculations were performed after the subtraction of the
melting curve obtained from a solution containing only the duplex
target, in order to correctly fit the upper baseline. Errors are reported
as the standard deviation.
Molecular Modeling. Molecular modeling by conformational

energy minimization was carried out using the JUMNA program
package.37 The current version of JUMNA (version 7.2) allows for
the inclusion of any number of modified nucleotides and tethered
ligands into the calculationVia the Nchem utility program, which is
part of the JUMNA program package. B[e]PI derivatives attached
through an internucleotide linkage were built using the InsightII
graphical program (Biosym), and then charged and analyzed using
Nchem to prepare the file containing geometrical parameters, atomic

charges, and flexibility information required by JUMNA. Nchem
utilizes a Huckel-Del Re procedure for the calculation of the partial
atomic charges.38 Neither water nor positively charged counterions
were explicitly included in the energy minimization. However, their
effects were simulated by a sigmoidal, distance-dependent, dielectric
function39 and by assignment of half a negative charge to each phosphate
group.

For reasons of computational cost, the triplexes studied were
composed of 10 T‚AxT base triplets to which the B[e]PI derivatives
were introduced at the central position using the same linkage structure
as the synthesized oligonucleotides (Figure 3). The coordinates of such
a triple helix were derived from the previously published B-like triple
helix40 which is supported by NMR and vibrational spectroscopic
data.40-45 At the central part of the triplex, therise parameter was
doubled and thetwist parameter was subsequently reduced in order to
create an intercalation site. The interactive docking of the B[e]PI-
triple helix complex was achieved manually by using InsightII to avoid
strong steric clashes. In the early stages of energy minimization, the
helicoidal variables were partially locked. Minimization was performed
by successively decreasing the number of constraints until all variables
were free to evolve and the energy convergence criterion was reached.
We have previously checked that the results obtained are not affected
by the order under which the constraints are released. To ensure that
the energy-minimized triplexes were stable, several different docking
structures were used. Computations were carried out on a Silicon
Graphics 4D/420GTXB dual processor workstation, and the triplexes
were visualized with the help of InsightII fully interfaced with JUMNA.

Results and Discussion

Syntheses. The BPI- and BPQ-modified oligonucleotides
used were synthesized as described in the Experimental Section.
The third strand (Hoogsteen strand) in the triplex system
contains only thymines and cytosines. To attach the intercalators
to the phosphodiester backbone, we placed a purine at the
position at which the intercalator was to be attached (oligo-
nucleotide 15C3 in Figure 2). Purines hydrolyze more rapidly
in acidic conditions than do pyrimidines,46,47leaving an aldehyde
moiety for attachment of the intercalator through reductive
amination to the backbone, and maintaining the three-carbon
internucleotide distance between the phosphates.30 The internally-
modified acridine derivatives also maintain this distance (Figure
3).
The 15C3 oligonucleotide (Figure 2) was used for the

depurination reaction-based synthesis. The intercalator-oligo-
nucleotide product contains a “spacer” group at the position of
attachment. Another possibility would have been toreplacea
pyrimidine base with a purine (the starting oligonucleotide
would have therefore been a 14-mer rather than a 15-mer).
However, molecular modeling experiments conducted in our
laboratory had indicated that, upon intercalation into the triplex,
the intercalator attached to the third strand spreads the duplex
apart at the site of intercalation. Some experimental results,
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published48 as well as unpublished, have also shown that the
“addition” rather than the “replacement” of a base resulted in
the more favorable alignment of the third strand with the duplex.
Thermal Denaturation Studies. Hyperchromicty at 260 nm

accompanies the dissociation of the third strand from the duplex.
The midpoint of this transition (Tm) gives a relative measure of
stability of the triple helix. To study the ability of these new
conjugates to stabilize triple helices, UV thermal melting studies
were performed with each conjugate in the presence of a 26
base pair target duplex (Figure 2). A typical melting curve
profile is shown in Figure 4. Comparisons were made with
the naked third strand (14C3) and with the nondepurinated
oligonucleotide, 15C3, as well as with the acridine conjugates.
The results of these studies are shown in Table 1.
As even small changes in ionic concentrations can have

significant effects,26,49 two somewhat different buffers were
chosen to determine if the same trends in stability would be
seen. The main difference between these two buffers, in terms
of triplex stability, is the presence of spermine in buffer A.
Spermine is present in physiological conditions;50-52 however,
much of it may be bound to other biomolecules, rendering the
free concentration uncertain. All theTm values obtained in
buffer A were higher than their counterparts obtained in buffer
B, as is to be expected, since spermine has been shown to
significantly stabilize the formation of triple helices.49 However,
in comparing general trends, therelatiVe stabilities of the
triplexes formed with the various conjugates and the∆Tm values
were similar.

All of the conjugates formed stronger triple helices than did
the unmodified third strand (14C3). The most dramatic
stabilization was seen with oligonucleotides7 (a B[h]PQ
attached to the 5′ end) and13 (a B[e]PI attached to the interior).
In the presence of spermine (buffer A), these oligonucleotides
haveTm values of 51 and 54°C, respectively, which is an
increase of 23 and 26°C compared with the unsubstituted third
strand and an increase of 6 and 19°C versus their acridine
counterparts. In buffer B, they haveTm values of 38°C and
37 °C (∆Tm values of 27 and 26°C versus the unmodified
third strand and 13°C and 14 °C versus their acridine
counterparts). The two other 5′-modified B[h]PQ derivatives,
oligonucleotides8 and9, also showed a substantial stabilization.
The other 5′-modified oligonucleotides also showed stabilization,
though not better than that seen with the 5′-acridine-modified
oligonucleotide10. Oligonucleotides with intercalators attached
to the interior showing significant stabilization aside from13
include11, 12, and14 (B[e]PIs attached) and16 (B[f]PQ). The
B[h]PQ and B[g]PI conjugates at this position gave no notable
enhancement in binding affinity over the acridine derivative21.
As is to be expected, the nondepurinated oligonucleotide 15C3
showed little or no formation of triplex.
That oligonucleotide13 shows the greatest stabilization of

all the oligonucleotides tested is noteworthy. This is the first
example of an intercalator attached to an internal position of a
probe oligonucleotide showing significant stabilization of a triple
helix, and, in fact, showing greater stabilization than the
corresponding 5′ oligonucleotide conjugate.
The values of∆G° at 37°C were estimated from the melting

curves for the oligonucleotide without an intercalator (1) and
for the oligonucleotide covalently attached to B[h]PQ 1260 (5′
end) or to B[f]PQ 1261 (internal attachment) (7 and16). The
∆G° (37 °C) values were-6.3( 0.3,-10.0( 0.1, and-9.2
( 0.1 kcal‚mol-1, respectively. These results indicate that
attachment of an intercalating agent to either an interior site or
the 5′ end stabilizes the complexes by 3-4 kcal‚mol-1 at 37
°C.
Which intercalator is the best at stabilizing the triple helix?

Comparing the four types of intercalators linked at the internal
position having a-(CH2)4- linker arm, the trend in order of
stability is B[f]PQg B[e]PI > B[h]PQ> B[g]PI. With a linker
arm of -(CH2)3NMe(CH2)3-, B[e]PI is better than B[h]PQ.
Interestingly, the same B[h]PQ intercalator, when attached to
the 5′ end by a-(CH2)4- linker arm, shows a dramatic increase
in terms of its relative stability, namely: B[h]PQ. B[f]PQg
B[e]PI ∼ B[g]PI. Several factors may explain this reversal in
stability: (i) the orientation of the intercalator with regards to
the triplex may be different in both cases; (ii) the duplex-triplex
junction is an important site of intercalation for the 5′ end
attachments; (iii) finally, the different linkage structures are
likely to play an important role.
The effect of varying arm lengths on the stability of the

triplexes can be examined for several of the derivatives. The
results at the internal position for the B[e]PI derivatives indicate
that the chain length can have a considerable effect:-(CH2)5-
. -(CH2)3- = -(CH2)4-. Comparisons among internally
attached B[f]PQ and 5′ attached B[h]PQ derivatives do not show
as dramatic a difference, though the effect of chain length is
nevertheless significant. These differences in stabilization
demonstrate the importance of chain length and the charge of
the chain on the binding affinity of triplex-forming oligonucle-
otides for their target.53,54 Energy minimization with a molec-
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Figure 4. (a) Example of heating and cooling curves. The figure shows
the corrected absorbance at 260 nm for the duplex target (1µM) in
buffer A in the presence of (i) 1.5µM unmodified third strand (1) or
(ii) 1.5 µM oligonucleotide6 (Table 1). Arrows indicate the heating
and cooling curves. (b) First derivative of the heating curves in (a).
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ular modeling program confirmed the results observed with the
internally attached B[e]PI derivatives. At the 5′ position, we
obtained better stabilization with-(CH2)4- than with-(CH2)3-.
Results with other systems (unpublished results55) in which the
effect of chain length at the 5′ end was investigated indicated
that the-(CH2)3- group is too short, whereas longer chain
lengths (-(CH2)4- to -(CH2)6-) were approximately equiva-
lent in allowing the intercalator to stabilize triple helix formation.
Sequence Specificity.In designing oligonucleotides which

bind strongly to their target sequences, it is important not only
to obtain strong binding but also to maintain selectivity. To
study this aspect, two other duplex targets with one or two
mismatches in the middle of the target sequence (Figure 2) were
tested in the presence of1, 7, 9, 20, and21. TheTm values
obtained are shown in Table 2. The stabilization seen with the
BPQ oligonucleotide-intercalator derivatives was greatly de-
creased in the case of only one mismatch in all three cases
whether attached to the 5′ end or internally. Both the acridine-
modified and the unmodified third strands show less of a drop
in stability. A second mismatch further decreased the stability
of all the oligonucleotide-intercalator conjugates. This dem-

onstrates that recognition selectivity is maintained with the
attachment of the BPQ intercalators to the 5′ end or at an internal
position of the oligonucleotide.
Molecular Modeling. Molecular modeling by conforma-

tional energy minimization was performed to predict the optimal
length of the linker arm of the B[e]PI residue as an internally-
incorporated triplex stabilizer. The results are given in Table
3 and Figure 5. There are two orientations of the intercalated
B[e]PI molecule. The methoxy group is placed either near the
pyrimidine strand of the Watson-Crick duplex (conformer I)
or in the narrow groove formed between the purine strand of
the Watson-Crick duplex and the third strand (conformer II).

(55) Silver, G. C.; Nguyen, C. H.; Boutorine, A. S.; Bisagni, E.; Garestier,
T.; Hélène, C.Bioconjugate Chem., in press.

Table 1. Thermal Melting Data of Triplex to Duplex Transitions.

Tm (∆Tm) (°C)
ligand linker arm buffer A buffer B

1 oligonucleotide 14C3 (unmodified) 28 11
2 oligonucleotide 15C3 9 not detected

5′ End intercalator TTCTTCTTTTTTCT

3 B[e]PI 1126 -(CH2)3- 35 (7) 19 (7)
4 B[e]PI 1309 -(CH2)4- 41 (13) not tested
5 B[g]PI 1263 -(CH2)4- 41 (13) not tested
6 B[f]PQ 1261 -(CH2)4- 43 (15) 23 (12)
7 B[h]PQ 1260 -(CH2)4- 51 (23) 38 (27)
8 B[h]PQ 1335 -(CH2)5- 47 (19) not tested
9 B[h]PQ 1256 -CH2)3NMe(CH2)3- 49 (21) 26 (15)
10 acridine 45 (17) 25 (14)

Internal Attachment

intercalator

TTTTCTTTCTTCTT

11 B[e]PI 1126 -(CH2)3- 44 (16) 31 (20)
12 B[e]PI 1309 -(CH2)4- 43 (15) 31 (20)
13 B[e]PI 1310 -(CH2)5- 54 (26) 37 (26)
14 B[e]PI 1188 -(CH2)3NMe(CH2)3- 43 (15) not tested
15 B[g]PI 1263 -(CH2)4- 33 (5) not tested
16 B[f]PQ 1261 -(CH2)4- 45 (17) 30 (19)
17 B[f]PQ 1333 -(CH2)5- 41 (13) not tested
18 B[f]PQ 1334 -(CH2)6- 40 (12) not tested
19 B[h]PQ 1260 -(CH2)4- 39 (11) 24 (13)
20 B[h]PQ 1256 -CH2)3NMe(CH2)3- 38 (10) 25 (14)
21 acridine 35 (7) 23 (12)

a 1 µM duplex and 1.5µM third strand. Buffer A: 140 mM KCl, 15 mM sodium cacodylate, 1.5 mM MgCl2, 0.8 mM spermine, pH 6.9. Buffer
B: 125 mM NaCl, 15 mM sodium cacodylate, 1.5 mM MgCl2, pH 6.9.

Table 2. Tm Values (°C) of Triplexes with Mismatches in the Target Duplex Sequence

target duplex

no mismatch 1 mismatch two mismatches

probe strand buffer A buffer B buffer A buffer B buffer A

unmodified 14C3 (1) 28 11 18 <8 not detected
5′-1260 (7) 51 38 34 20 17
5′-1256 (9) 49 26 34 not tested not tested
interior-1256 (20) 38 25 21 not tested 6
interior-acridine (21) 35 23 29 not tested 8

Table 3. Energy Contribution of B[e]PI-Triple Helical Complexes
with Linker Arms of Various Lengths for Conformer IIa

linker arm ETH ETH-B[e]PI EB[e]PI EC

-(CH2)2- -479 -77 99 -457
-(CH2)3- -477 -99 93 -483
-(CH2)4- -481 -86 75 -492
-(CH2)5- -492 -88 79 -501
-(CH2)6- -490 -86 91 -485
a The components of the complexation energy (EC), namely, the

energy of the triple helix (ETH), of the B[e]PI residue (EB[e]PI), and of
the interaction (ETH-B[e]PI), are shown. The units of energy are
kilocalories per mole.
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Conformer II requires a longer linker (at least a tetramethyl-
enechain) as compared to conformer I in which a di- or
trimethylene linker could be used.

Modeling shows that conformer II is energetically favored
as compared to conformer I. It is worth noting that a previous
study suggested that B[e]PI derivatives free in solution inter-
calate in a configuration similar to that of conformer II.2 A
pentamethylene linker arm gives the best complexation energy
which principally comes from the conformational energy terms
of the triple helix and B[e]PI residue since there is no significant
difference between the interaction energy terms of the B[e]PI
residue and the triple helix with a linker ranging from tetra- to
hexamethylene. These molecular modeling studies are in
agreement with the experimental results which show that a
-(CH2)5- linker gives better stabilization than a shorter linker
when B[e] PI is inserted within the oligonucleotide sequence.

Conclusion
We have synthesized novel oligonucleotide conjugates which

are shown to significantly stabilize pyrimidine motif triple
helices. Triplex DNA is now formed in near physiological
conditions and at 37°C. Comparisons made with acridine
conjugates in the same conditions show that these novel
conjugates are significantly more stable. This is the first
example of an oligonucleotide conjugate with the intercalator
attached at an internal position showing an important stabiliza-
tion of triple helical DNA.
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Figure 5. Stereoview of the triplex model with an internally incorporated B[e]PI derivative attached through the terminal amino group of the
linker arm (-(CH2)n-) to an abasic site. The triplex is composed of T‚AxT triplets around the intercalation site of B[e]PI. Two conformers of
intercalated B[e]PI are possible. Conformer I is shown in (A) withn ) 3 (the most stable length for this conformer). However, conformer II (with
the methoxy group pointing in the opposite direction) shows greater triplex stability and is shown in (B) withn ) 5, the optimal length.
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