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UniVersitéParis 11, F-91405 Orsay Cedex, France; and Laboratoire de Pharmacochimie Mole´culaire et Structurale
(CNRS-URA 1500, INSERM U266), UniVersitéParis 5, F-75270 Paris Cedex 06, France
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ABSTRACT: To target selectively the major groove of double-stranded B DNA, we have designed and
synthesized a bis(arginyl) conjugate of a tricationic porphyrin (BAP). Its binding energies with a series
of double-stranded dodecanucleotides, having in common a central d(CpG)2 intercalation site were
compared. The theoretical results indicated a significant energy preference favoring major groove over
minor groove binding and a preferential binding to a sequence encompassing the palindrome GGCGCC
encountered in the Primary Binding Site of the HIV-1 retrovirus. Spectroscopic studies were carried out
on the complexes of BAP with poly(dG-dC) and poly(dA-dT) and a series of oligonucleotide duplexes
having either a GGCGCC, CCCGGG, or TACGTA sequence. The results of UV-visible and circular
dichroism spectroscopies indicated that intercalation of the porphyrin takes place in poly(dG-dC) and
all the oligonucleotides. Thermal denaturation studies showed that BAP increased significantly the
melting temperature of the oligonucleotides having the GGCGCC sequence, whereas it produced only a
negligible stabilization of sequences having CCCGGG or TACGTA in place of GGCGCC. This indicates
a preferential binding of BAP to GGCGCC, fully consistent with the theoretical predictions. IR
spectroscopy on d(GGCGCC)2 indicated that the guanine absorption bands, C6dO6 and N7-C8-H, were
shifted by the binding of BAP, indicative of the interactions of the arginine arms in the major groove.
Thus, thede noVo designed compound BAP constitutes one of the very rare intercalators which, similar
to the antitumor drugs mitoxantrone and ditercalinium, binds DNA in the major groove rather than in the
minor groove.

The palindromic d(GGCGCC)2 sequence, frequently en-
countered in oncogenes(1-5), is also a mutational hot spot
in DNA (6), and the recognition sequence of theNarI
restriction enzyme(7). It is part of the Primary Binding Site
of the Long Terminal Repeat of the HIV-1 retrovirus(8, 9),
thus a most important target for the design of novel drugs
that would selectively recognize and bind it. For that
purpose, we have recently designed and synthesized a bis-
(arginyl) derivative of a tricationic porphyrin (BAP)(10),
whose molecular structure is represented in Figure 1.
The rationale for the design of BAP was grounded on the

following two essential considerations:
(1) Choice of the Porphyrin.The bis(arginyl)porphyrin

BAP is a derivative of the tetracationicmeso-tetrakis(N-
methyl-4-pyridiniumyl)porphyrin (H2TMPyP-4) which is
able to bind strongly to GC-rich sequences by intercalation

(11-13). Since among the GC-rich dinucleotides the
pyrimidine-purine dinucleotide d(CpG)2 is the most favored
energy-wise for intercalation(14-17), the strong affinity of
cationic intercalating porphyrins for DNA should anchor the
drug in the center of the targeted d(GGCGCC)2 hexamer at
the d(CpG)2 site. If extending its recognition sequence from
two to six base-pairs with the help of arginine arms could
be achieved, it should obviously be more efficient and
specific for binding.

The tetracationicmeso-tetrakis(N-methyl-4-pyridiniumyl)-
porphyrin is endowed with strong antitumor activities(18),
while eliciting weak toxic effects(19). Furthermore, cationic
porphyrins and metalloporphyrins were shown to display
nuclease activities(20-25).
(2) Selection of Arginine as Recognition Units.Our

present goal is to target guanine bases which are upstream
from the intercalation site on both strands. The selection of
arginine is grounded on the original proposals of Seeman et
al. (26) and Hélène (27). Recent papers reported that this
amino acid shows the strongest preferential binding to
guanine in the major groove, compared to the other bases
(28-35). Numerous examples exist, from both high-
resolution X-ray(36-39) and NMR spectroscopy(40) of
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bidentate guanine-arginine interactions, involving O6/N7 of
guanine and the guanidinium protons of arginine. The
symmetrical disposition of the two peptide arms with respect
to the chromophore is a reflection of the palindromic nature
of the targeted sequence.
The present study is part of our current endeavors for the

de noVo design of oligopeptide intercalator molecules target-
ing well-defined DNA sequences in themajor groove, as
was illustrated in previous papers from our laboratories(10,
41-44). To our knowledge, the sole efforts in this field
relate to metallointercalator conjugates, such as 13-mer
oligopeptides coupled to rhodium phenanthroline(45). Other
intercalator(46, 47, and refs therein), metallointercalator-
oligopeptide conjugates(48) as well as covalently bound
oligopeptides(49), resorted to peptide sequences which are
the same as those of naturally occurring transcriptional
activators. Instead of peptide side-chains, the earliest efforts
to target the major groove used the nucleic acid bases
themselves, molecular recognition of the complementary
strand occurring through Watson-Crick or Hoogsteen base-
pairing. These bases can be borne by either a natural or a
modified sugar-phosphate backbone, as with antisense RNA
or triple-helix forming DNA conjugates(50-54), by an
oligopeptide(55), or by a polycation ribonucleic guanidine
backbone(56). In contrast, most antitumor drugs, whether
intercalating(57, 58) or nonintercalating(59, 60), bind DNA
in theminor groove. This is also the case forVirtually all
synthetic sequence-specific oligopeptides, whether nonin-
tercalating(61-64) or covalently bound to an intercalator
(65-70). Yet the minor groove has, with respect to the
major groove, a much more reduced potentiality for selective
recognition, since its two principal electron-rich sites, N3 of
adenine and O2 of thymine, not only occupy very similar
positions in the B-DNA conformation, but have similar
affinities for an incoming ligand as well, making them
virtually indistinguishable(71).

In an attempt to verify experimentally the models proposed
by molecular modeling, a series of complexes of BAP with
different DNAs has been studied by UV-visible, circular
dichroism (CD), and FTIR spectroscopies. The investigated
DNAs are sperm salmon DNA, poly(dG-dC), poly(dA-dT),
or oligonucleotides having either a GGCGCC, CCCGGG,
or TACGAT sequence. Visible absorption spectroscopy and
circular dichroism are useful methods to demonstrate the
mode of association of porphyrins with DNA(72). UV
thermal denaturation measurements give reliable data to
evaluate the stabilization of the duplexes upon complexation,
thus reflecting the binding affinity of the ligand. FTIR
spectroscopy is used to detect the interaction sites in the
major or minor groove of DNA duplexes.
We report in this paper the results of our joint molecular

modeling and spectroscopic investigation.

MATERIALS AND METHODS

Materials. The bis(arginyl) derivative of the tricationic
porphyrin BAP and themeso-tetrakis(N-methyl-4-pyridini-
umyl)porphyrin (H2TMPyP-4) were synthesized according
to previously published procedures(10, 73). The porphyrin
concentrations were determined from visible absorption at
the Soret maximum band by usingε424 ) 2.17× 105 M-1

cm-1 for BAP (10) and ε421 ) 2.26× 105 M-1cm-1 for
H2TMPyP-4 (73).
The oligonucleotides used in the spectrosopic measure-

ments were as follows: d(GTGGCGCCCGAA)‚d(TTCGG-
GCGCCAC), d(ATTACGTAAT)2, d(GTGGCGCCAC)2,
d(GTCCCGGGAC)2, d(GTTACGTAAC)2, d(GGCGCC)2,
d(CCCGGG)2, d(TACGTA)2.
They were purchased from Eurogentec, and purified and

desalted using an Ultra-MC filter (Millipore). Their con-
centrations were determined by measuring their maximum
absorption at 260 nm (25°C) using an extinction coefficient
(ε260) calculated according to a closest neighbor model(74).
Theε260 (M-1 cm-1/base) used for the oligonucleotides were
as follows: d(GTGGCGCCCGAA)) 9491; d(TTCGGGC-
GCCAC) ) 8725; d(ATTACGTAAT) ) 10460; d(GTG-
GCGCCAC)) 9000; d(GTCCCGGGAC)) 9220; d(GT-
TACGTAAC) ) 10020; d(GGCGCC)) 8600; d(CCCGGG)
) 5260; d(TACGTA)) 6300.
Poly(dG-dC), poly(dA-dT), and salmon sperm DNA were

purchased from Pharmacia and used without further purifica-
tion. The followingε260 (M-1 cm-1/base) were used: poly-
(dG-dC)) 8400; poly(dA-dT)) 6600. An ε2601mg ) 20
was used for salmon sperm DNA.
Computational Procedure.As in our preceding studies

devoted to the interactions of intercalator-oligopeptide
conjugates with DNA(10, 41, 43, 44, 75, 76), the computa-
tions were performed with the JUMNA molecular mechanics
procedure(77, 78). The standard calibration of the method
was used. As discussed in the original papers, solvation
effects were implicitly accounted for by the use of a
sigmoidal dielectric function, and, to account for screening
effects, the phosphodiester group had a net charge of-0.5.
We followed a similar strategy as previously described(44,
76) consisting of (a) using JUMNA, creation of an intercala-
tion site at the d(CpG)2 site of the oligonucleotide with an
interplanar separation of 6.8 Å; (b) manual docking of the
ligand using the BioSym graphics software (BioSym Tech-

FIGURE 1: The bis(arginyl) derivative of the tricationic porphyrin
(BAP). Molecular structure.
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nologies, 9685 Scranton Road, San Diego, CA). This was
done by inserting the porphyrin ring in the intercalation site,
while each of theN-methylpyridinium rings was located in
the appropriate groove according to the binding model
considered, whether A, B, or C described below; (c) one
round of restrained energy-minimization, in which hydrogen-
bonding distances are imposed between the guanidinium
group of the arginine side-chain and the appropriate sites
(O6 and N7 of guanines for sequences1 and2; O2 of thymines
and N3 of adenines for the minor groove of sequence3, O4

of thymines and N7 of adenines for its major groove)
belonging to the two successive base-pairs flanking the
intercalation site on both DNA strands; (d) unconstrained
energy-minimization using the restrained mininum-energy
position as a starting point. Further details are reported in
ref 44.
UV-Visible Spectroscopy. Titration.The titration ex-

periments were performed by measuring the ligand absorp-
tion at the Soret maximum band in the visible spectral region.
The complexation of the ligand was followed by adding
increasing amounts of DNA at 1E 1/r0 E 20, (1/r0 is the
ratio of the initial concentrations [DNA]0(bp)/[ligand]0) from
10 mM sodium cacodylate buffer (pH 7) and 100 mM NaCl
solutions. The titration experiments for all the duplexes were
carried out at room temperature except for d(ATTACG-
TAAT)2 and d(GTTACGTAAC)2 which were performed at
15 °C and for d(TACGTA)2 at 5°C. Helix-Coil Transition.
Melting curves were recorded with a Kontron Uvikon 942
spectrophotometer. Temperature of the cell holder was
varied (0.15°C/min) by circulating water using a Huber
water bath, controlled by a Huber PD415 temperature
programmer. For these experiments, oligonucleotides were
dissolved in 10 mM sodium cacodylate buffer (pH 7), 100
mM NaCl, at a 70µM/phosphate concentration. The melting
of the free duplexes was followed by monitoring the
absorbance at 260 nm. The thermal denaturation profiles
of the complexes were monitored both at 260 nm and at two
wavelengths corresponding to the absorption of bound and
free ligand, respectively. Melting temperatures (Tm) were
determined from the first derivative of the melting curves.
Circular Dichroism. Circular dichroism spectra were

recorded in a 20°C thermostated room on a Jobin Yvon
CD6 autodichrograph. All the measurements were made in
10 mM sodium cacodylate buffer (pH 7). We used a 3 mL,
10 mm path length quartz cuvette to avoid dichroic effect
with the cuvette. Porphyrin and oligonucleotide concentra-
tions were 3.3× 10-6 M and 3.3× 10-5 M, respectively
(1/r0 ) 10). All spectra were obtained by an average of
four accumulations recorded with steps of 0.2 nm and a
response time of 0.5 s. For each measurement, the spectrum
of the porphyrin at the same concentration in the same buffer
and same cuvette was subtracted. The observed∆(OD) was
divided by the initial porphyrin concentration, giving ap-
parent∆ε values,∆εapp.
Vibrational Spectroscopy.FTIR spectra were recorded

using a Perkin-Elmer 2000 spectrophotometer. Twenty scans
were usually accumulated. FTIR spectra were treated with
the Galaxy Grams 386 program. These treatments include
the multiple point baseline correction.
The interaction of the ligands with the duplexes was

studied at physiological pH, with increasing ligand/DNA
ratio, r0, from 1/30 to 1/5. The spectra of the ligands were

subtracted from the spectra of the complexes, using the BAP
bands at 1730 and 1170 cm-1 or the H2TMPyP-4 bands at
1185 and 800 cm-1. These ligand bands exhibited no major
alteration and were isolated from the DNA bands.
The sample solutions were deposited between ZnSe win-

dows (pH∼ 7) at a concentration of 170 mM per base pair.
Deuteration experiments were performed by drying the sam-
ples under nitrogen and redissolving in D2O. All IR spectra
were recorded at room temperature except the d(TACGTA)2

spectra which were recorded at 5°C. The temperature was
monitored using a Specac temperature controller.
As the hexamers exhibit better-resolved spectra than the

other oligonucleotides, we have restricted the presentation
of the spectra to the hexamers alone and in interaction with
BAP and H2TMPyP-4.

RESULTS AND DISCUSSION

Molecular Modeling

For both major and minor groove binding, three distinct
modes of binding of BAP were compared: mode A, with
the phenyl group (bearing the arginyl arms) in one groove
and the threeN-methylpyridinium rings in the opposite
groove; mode B, with the phenyl group and the two
N-methylpyridinium rings flanking it in the same groove,
while the thirdN-methylpyridinium ring is in the opposite
groove; mode C, with the phenyl group and one of the
N-methylpyridinium rings flanking it in the same groove,
while the other twoN-methylpyridinium rings are in the
opposite groove.
Several DNA dodecameric sequences were investigated,

all having in common a d(C5pG6)‚d(C7′pG8′) site, where the
chromophore is intercalated. Our discussion of the theoreti-
cal results below is limited to the three sequences:1,
d(GTGGC GCCCGAA)‚d(TTCGGGC GCCAC), the HIV
PBS sequence;2, d(GTCCC GGGCGAA)‚d(TTCGCCC
GGGAC);3, d(GTTAC GTACGAA)‚d(TTCGTAC GTAAC).
Sequence2 differs from sequence1 by a permutation of the
G and C belonging to the two base pairs immediately
adjacent to the intercalation site. Such a permutation will
enable us to evaluate the sensitivity of the binding energy
of BAP to the location of the targeted guanines, whether
upstream (as in1) or downstream (as in2) from the
intercalation site. Sequence3 differs from sequence1 by
replacing these G and C bases by A and T ones, respectively,
enabling us to compare the strength of the arginine-guanine
interactions in the major groove to the strength of the
arginine-adenine/thymine ones in both grooves. Because
mode A was computed to be the best binding mode of
BAP in either groove, our results are limited to this mode.
A more detailed account, comparing these three sequences
to several additional candidates, and the binding energies of
BAP in modes A-C, will be published separately. Base
numbering of the double-stranded dodecamers is given in
Figure 2.
A. Major GrooVe Binding. The results of our computa-

tions are reported in Table 1, which lists, for the three
investigated sequences the intermolecular DNA-BAP in-
teraction energyEint; the values of the DNA,∆EDNA, and
ligand,∆Eligand, conformational energy changes with respect
to their preferred conformational energies in the absence of
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interaction; the resulting energy balance∆E; and the differ-
ence,δ, of energy balances, with respect to the best value
of ∆E taken as energy zero.
Table 1 indicates the following:
(1) The most stable complex is the one with sequence1,

the targeted HIV site, encompassing the palindrome d(GGC
GCC)2 with two guanines upstream from the intercalation
site. It is 7.3 and 14.8 kcal/mol more stable than sequences
2 and3, respectively.
(2) A significant energy preference occurs in favor of the

major groove binding, as the minor groove complex of BAP
with sequence3 is 14.5 kcal/mol less stable than the
corresponding major groove complex, and 29.3 kcal/mol less
stable than the best major groove complex.
Mode A complexes are stabilized by close (3 Å) electro-

static interactions between the quaternary nitrogen of the two
N-methylpyridinium rings flanking the phenyl group and the
oxygen O2 of two phosphate groups belonging to both DNA
strands. Thus, in the complex of BAP with sequence1, four
such interactions can be characterized. The first two involve
O2 of a phosphate connected by its O3′ ester oxygen to C7′

of the intercalation site on the primed strand, and O2 of the
phosphate connected through O3′ to the cytosine base C8,
two steps downstream from the intercalation site. The other
two involve the otherN-methylpyridinium nitrogen with, on
one hand, O2 of the phosphate connected through O3′ to the
cytosine base C10′, two steps downstream from the intercala-
tion site; and, on the other hand, O2 of the phosphate

connected through O3′ to the other cytosine base C5 of the
intercalation site, now on the unprimed strand.
Consideration of the structures of representative complexes

sheds light on the factors governing these energetical or-
derings. The list of the intermolecular ligand-DNA H-bonds
of the representative complexes is reported in Table 2.
Additional data and the Cartesian coordinates of these com-
plexes are available upon request.
The complex of BAP with sequence1 is represented in

Figure 3. On the first arginyl arm, two amino protons of
the guanidinium group, Hc and Hd, bind, respectively, to N7
and O6 of the two successive guanines G3 and G4, located
two steps and one step upstream from the intercalation site.
Another amino proton of the guanidinium group, Hb, is also
able to span N7 of G3 through an elongated H-bond.
Interactions of an arginine side-chain with two successive
guanines were recently observed in the crystal structure of
the complex of the DNA-binding domain of yeast RAP1 with
a telomeric DNA(39). The amino proton He, cis to Hd, is
simultaneously H-bonded to both N7 and O6 of base G8′ of
the intercalation site on the other strand of DNA. The amino
proton Hd and the amide proton of the arginine are also
H-bonded to O6 of G8′. On the second arginyl arm, two
amino protons of the guanidinium group, Hc′ and Hd′, bind,
respectively, to N7 and O6 of the two successive guanines
G5′ and G6′, upstream from the intercalation site. The amino
proton He′ binds not only to N7 of G6′, but also to O6 of base
G6 of the intercalation site on the other strand of DNA.
Additional intermolecular interactions involve the amino
proton Hb′ with O1P belonging to G4′, three steps upstream
from the intercalation site and the amide proton of the
arginine with O6 of G6.
Replacement of G3-G4/G5′-G6′ by cytosines to yield

sequence2 with a hexameric palindrome d(CCC GGG)2

results in a 7.3 kcal/mol loss in the total binding energy.
The ligand-DNA intermolecular interaction energy is
much less favorable (25.6 kcal/mol) than with the PBS
sequence, but this is compensated by a much smaller (24.8
kcal/mol) DNA conformational energy loss, counteracted,
however, by a more costly (6.5 kcal/mol) ligand conforma-
tional energy. The complex is stabilized by a much more
localized array of H-bonds, limited to N7 and O6 of guanines
G6 and G8′ of the intercalation site and of guanines G7 and
G9′ one step downstream from the intercalation site (see
Table 2).
Replacement of G3-G4/G5′-G6′ by T3-A4/T5′-A6′ to yield

sequence3 with a hexameric palindrome d(TAC GTA)2

results in a greater (14.8 kcal/mol) loss of the binding energy.
Although theEint value is the weakest one among mode A
major groove complexes, it is compensated to some extent
by a smaller DNA conformational energy loss. In addition
to the H-bonds of arginine with G6 and G8′ of the intercalation
site common to the other sequences, the complex is stabilized
by two H-bonds between the first arginine side-chain and
O4 of T3 and T9′ across the major groove and one H-bond
between the second arginine side-chain and N7 of A6′ (see
Table 2).
These major groove complexes are characterized by large

DNA deformation energies. These∆EDNA values are in the
range of those found in a theoretical study of the major
groove binding of a proline-rich derivative of 9-aminoacri-
dine (44). The BAP complex with sequence1 has the

FIGURE 2: Base numbering of the three double-stranded DNA
dodecamers investigated for the binding of BAP. Upper line: the
“Watson” strand along the 5′f3′ direction. Lower line: the “Crick”
strand along the 3′f5′ direction.

Table 1: Binding Energies (kcal/mol) of Bis(arginyl)porphyrin
BAP with Oligonucleotides:
d(GTGGC GCCCGAA)‚d(TTCGGGC GCCAC), (HIV PBS
Sequence); d(GTCCC GGGCGAA)‚d(TTCGCCC GGGAC);
d(GTTAC GTA CGAA)‚d(TTCGTAC GTA AC)

binding of arginyl arms to target site

in the major groove:

GGC GCC CCC GGG TAC GTA

in the
minor groove:
TAC GTA

Eint -327.0 -301.4 -293.0 -257.0
∆EDNA 104.4 79.6 83.8 61.0
∆Eligand 14.6 21.1 16.0 17.3
∆E) Eint +

∆EDNA +
∆Eligand

-208.0 -200.7 -193.2 -178.7

δ∆E 0 7.3 14.8 29.3
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greatest number of hydrogen-bond interactions and is also
the one having the highest∆EDNA value. This could reflect
the onset of more extensive DNA conformational rearrange-
ments induced by the arginine arms. We have compared
the values of the DNA torsional angles in these three
complexes (available upon request). Comparable values
were found in the BAP complexes with sequences2 and3.
The BAP‚1 complex had a similar pattern of torsional angles
as BAP‚2, except for base G8′, with ε andú torsional angles

that areg- andt, respectively, instead of the reverse situation
with the BAP‚2 complex. Finally we note that the sugar
pucker pattern is C2′ endo for the four bases of the
intercalation site, except with the BAP‚3 complex, for which
the sugars of bases G6 and G8′ are C1′ exo.
OVerall, the PBS-encompassing sequence was thus pre-

dicted to haVe the best binding energy for BAP.Similar
results were obtained in mode B (Gresh and Perre´e-Fauvet,
to be published).

Table 2: Values of the Ligand-Oligonucleotide Distances (Å) in the Optimized Complexes of Bis(arginyl)porphyrin BAP with Sequences:
1: d(GTGGC GCCCGAA)‚d(TTCGGGC GCCAC), (HIV PBS Sequence); 2: d(GTCCC GGGCGAA)‚d(TTCGCCC GGGAC);
3: d(GTTAC GTA CGAA)‚d(TTCGTAC GTA AC)

binding of arginyl arms

in the major groove:

sequence 1 sequence 2 sequence 3 in the minor groove: sequence 3

First Arginyl Arm H-Bonds
Hb-N7(G3) 2.8 Hb-O6(G9′) 2.1 Ha-O1′ (C5) 2.1
Hc-N7(G3) 2.0 Hc-N7(G9′) 2.0 Hc-O4(T3) 2.3 Hb-N3(A4) 2.3
Hd-O6(G4) 2.2 Hd-N7(G8′) 2.5 Hd-O4(T9′) 1.9 Hc-N3(A10′) 2.1
Hd-O6(G8′) 2.0 Hd-O1′ (A10′) 2.0
He-N7(G8′) 2.2 He-N7(G8′) 2.2
He-O6(G8′) 2.3 He-O6(G8′) 1.9
Hf-O6(G8′) 2.6 Hf-N7(G8′) 2.8 Hf-O6(G8′) 2.7

Second Arginyl Arm H-bonds
Hb′-O1P (G4′) 1.9 Hb′-O6(G7) 2.1 Ha′-O1′ (C9) 2.0
Hc′-N7(G5′) 2.3 Hc′-O6(G7) 2.1 Hb′-O2(C9) 2.2
Hd′-O6(G6′) 1.9 Hd′-N7(G6) 2.8 Hd′-O6(G6) 2.0 Hc′-O2(T5′) 2.1
He′-N7(G6′) 2.6 He′-N7(G6) 2.1 He′-N7(G6) 2.1 Hd′-N3(A6′) 2.1
He′-O6(G6) 2.3 He′-O6(G6) 2.4 He′-N7(A6′) 2.1
Hf′-O6(G6) 2.1 Hf′-O6(G6) 2.0 Hf′-O2(C7′) 2.0
Og′-H2(N4) (C7′) 2.0

Ionic Interactions
NA-O2P (C5) 3.3 NA-O2P (C5) 3.5 NA-O2P (C5) 3.3 NA-O1P (C5) 3.5
NA-O2P (C10′) 3.6 NA-O2P (G10′) 3.0 NA-O2P (A10′) 3.8
NC-O2P (C8) 2.9 NC-O2P (G8) 3.0 NC-O2P (A8) 2.8
NC-O2P (C7′) 3.0 NC-O2P (C7′) 3.3 NC-O2P (C7′) 3.1 NC-O1P (C7′) 3.2

FIGURE3: Stereoview of the major complex of BAP with sequence d(GTGGCGCCCGAA)‚d(TTCGGGCGCCAC). (Hydrogens are omitted
for clarity).
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B. Minor GrooVe Binding. Investigation of minor groove
binding was restricted to sequence3 with the hexameric
palindrome d(TACGTA)2, on account of the more attractive
electrostatic potential exerted on positive charge(s) in the
minor groove by AT-rich sequences than by GC-rich ones
(79). The results of the computations are reported in Table
1 along with those of the major groove. The complex of
BAP is represented in Figure 4. Comparison with the energy
of complexation with sequence1 in the major groove shows
a very great energy difference in terms ofEint (70 kcal/mol),
compensated by a much smaller (by 43 kcal/mol) DNA
conformational energy term. Minor groove binding in mode
A is in fact the one giving rise to the smallest DNA con-
formational energy rearrangement, namely 61 kcal/mol.

The minor groove complex of BAP in mode A is stabilized
by H-bonds between each arginine side-chain and N3, O2,
and O1′ sites, with the guanidinium group cross-linking both
DNA strands (see Table 2). A similar pattern was observed
in the theoretical study of the minor groove complexes of a
proline-rich derivative of 9-aminoacridine(44). In addition
and similar to the situation found with BAP, the minor
groove binding of this derivative led to smaller DNA
deformation energies than its major groove binding. The
∆EDNA value is smaller in the case of the minor groove BAP
complex, but it is in the range of values found in a theoretical
study of the binding of a porphyrin-netropsin derivative to
double-stranded B-DNA dodecamers(76). The conforma-
tional changes are more localized in the vicinity of the
intercalation site than in the BAP major groove complexes.
This could provide an explanation for the fact that the∆EDNA
value is smaller than in the latter complexes. In addition,
the intercalation site has the more standard mixed sugar
pucker pattern, instead of the uniform one found in the major
groove complex.

UV-Visible Spectroscopy

All spectroscopic measurements were performed on DNA
sequences having the same palindromic hexamers as the
sequences1, 2, and3, namely, d(GGCGCC)2, d(CCCGGG)2,
and d(TACGTA)2, respectively.
Visible Titration at the Soret Band of the Porphyrins.

Typical absorption titration curves for the binding of BAP
to d(GGCGCC)2 and d(TACGTA)2 are given in Figures 5a
and 5b, respectively. Table 3 reports the absorption changes
at the Soret maximum band of BAP upon interaction with
all the investigated oligonucleotides. Large hypochromicities
(H ) 40-43%) and substantial red shifts (∆λ ) 19-21 nm)
of the Soret maximum band are observed upon interaction
with GC-rich oligonucleotides. Interaction of BAP with AT-
rich oligonucleotides induces slightly weaker changes: a
smaller (∆λ ) 15 nm) bathochromic shift upon interaction
with d(TACGTA)2, and a smaller (H ) 33-35%) hypo-
chromicity in the presence of the two AT-rich decamers.
We correlated our UV-visible results with those obtained

in studies of the complexes formed between H2TMPyP-4
and its analogues, with polynucleotides(12, 13, 72, 80-
83). These studies have demonstrated that H2TMPyP-4 binds
by intercalation in GC regions whereas in AT regions it forms
nonintercalated complexes which could involve electrostatic
interactions with the phosphate backbone as well as groove
binding. Such preferences could be accounted for by
molecular mechanics calculations(84). The intercalation
mode was characterized by a substantial (>15 nm) batho-
chromic shift and a strong (>35%) hypochromicity of the
Soret band, and the nonintercalated binding mode, by a small
red shift and a low hypochromicity(72). For that purpose,
we extended our UV-visible study to the complexes of BAP
with the poly(dG-dC) and poly(dA-dT) polynucleotides, as
well as to salmon sperm DNA, which has an intermediate

FIGURE 4: Stereoview of the minor complex of BAP with sequence d(GTTACGTACGAA)‚d(TTCTAGCGTAAC). (Hydrogens are omitted
for clarity).
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content in G-C base pairs. The complexes of H2TMPyP-4
with the oligo- and polynucleotides were investigated in
parallel to evaluate whether the introduction of the arginine
side-chains could interfere with such distinct preferences of
the porphyrin ring.
Table 3 shows that both ligands present the same

spectroscopic behavior upon interaction with poly(dG-dC),
poly(dA-dT), and salmon sperm DNA. The data are con-

sistent with the above-mentioned studies on H2TMPyP-4
with the polynucleotides. The complexes of salmon sperm
DNA present an intermediate bathochromic shift, and a very
similar hypochromicity to that of poly(dG-dC). This con-
firms that BAP, like H2TMPyP-4, forms intercalated com-
plexes with GC-rich DNAs, and nonintercalated complexes
with AT-rich ones. Thus, additional interactions of the two
arginine side-chains at GC-rich sites did not occur at the

FIGURE 5: Absorption titration of BAP with (a) d(GGCGCC)2: (---) no DNA. (s) ligand in the presence of DNA (1/r0 ) 1.4 to 20); (b)
d(TACGTA)2: (---) no DNA, (s) ligand in the presence of DNA (1/r0 ) 1.4 to 20); (c) Normalized melting curves of (s) d(GGCGCC)2,
(---) d(GGCGCC)2‚BAP, (‚‚‚) d(GGCGCC)2‚H2TMPyP-4; (d) denaturation profiles of BAP in d(GGCGCC)2‚BAP: (s) absorbance at 424
nm, (9) absorbance at 444 nm, at 1/r0 ) 10; (e) denaturation profiles of the Soret maximum band of BAP or H2TMPyP-4 in complexation
with d(GTTACGTAAC)2: (---) BAP at 1/r0 ) 10, (s) BAP at 1/r0 ) 5 and (‚‚‚) H2TMPyP-4 at 1/r0 ) 10.

Table 3: Spectroscopic and Thermodynamic Data of the Nucleic Acids upon Interaction of BAP and H2TMPyP-4a,b

complex with BAP complex with H2TMPyP-4

DNAs
Tm260 (°C)
((1)

∆λ
(nm) H%

Tm260(°C)
((1)

Tm424(°C)
((1)

∆λ
(nm) H%

Tm260 (°C)
((1)

Tm421 (°C)
((1)

poly(dG-dC) - 21 40 - - 22 40 - -
poly(dA-dT) - 8 7 - - 9 7 - -
salmon sperm DNA - 11 39 - - 11 39 - -
d(GTGGC GCCCGAA)‚
d(TTCGGGC GCCAC)

59 20 40 62 63 20 40 60 70

d(GGC GCC)2 31 20 43 39 37 19 41 34 43
d(CCC GGG)2 31 19 42 32 33 21 42 34 43
d(TAC GTA )2 12 15 39 13 12 21 41 17 25
d(GTGGC GCCAC)2 56 21 42 60 62 20 41 57 65
d(GTCCC GGGAC)2 50 19 41 51 53 20 40 53 61
d(ATTAC GTA AT)2 26 20 33 27 29 20 38 35 26, 47
d(GTTAC GTA AC)2 33 20 35 35 36 21 39 43 34, 57
a The titration results given in this table as well as all the denaturation experiments are recorded at 1/r0 ) 10. b Bathochromic shift (∆λ) is

defined asλf - λb whereλf ) absorption wavelength of the free ligand andλb ) absorption wavelength of the ligand in the presence of DNA.
Hypochromicity (H%) is defined as{(Af - Ab) × 100}/Af; whereAf ) absorption of the ligand solution atλf and Ab ) absorption of the same
concentration of the ligand in the presence of DNA atλb.
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expense of the intercalation of the porphyrin ring. In their
complexes with the GC-rich oligonucleotides, both ligands
display similar spectral changes, which are close to those
found with poly(dG-dC). The bathochromic shifts and
hypochromicities of the complexes of H2TMPyP-4 with the
TACGTA-containing duplexes are only slightly greater than
those of BAP. OVerall, the highValues of the hypochro-
micity and red shift obserVed upon interaction of BAP and
H2TMPyP-4 with all duplexes indicate that an intercalation
binding mode is taking place in the complexes of both BAP
and H2TMPyP-4 with all the oligonucleotides.

Thermal Denaturation.The values of the melting tem-
peratures of the free and complexed oligonucleotides, as
monitored by the change of the absorption maximum at 260
nm, are reported in Table 3. Figure 5c shows the representa-
tive denaturation profiles of the d(GGCGCC)2 hexamer, free,
and in its complexes with BAP or H2TMPyP-4. Complex-
ation by BAP resulted in a notable stabilization of the double
helix, as translated by a∆Tm260 of +8 °C. In marked
contrast, the complexes of BAP with the other two hexamers,
d(TACGTA)2, (the “AT- rich” one) and d(CCCGGG)2 (the
“isomeric sequence”) produce a virtually negligible gain in
double helix stabilization, as translated by∆Tm260 values of
1 °C. The amount of ligand-induced thermal stabilization
decreases upon increasing the length of the oligonucleotides,
as these melt at increasingly higher temperatures, whereas
the number of available binding sites is constant. Thus,
∆Tm260 ) 4 °C for the PBS-encompassing sequence dode-
canucleotide, which melts at 59°C instead of at 31°C for
the corresponding hexamer. These thermal denaturation data
on the complexes of BAP clearly indicate its preferential
binding to sequences encompassing d(GGCGCC)2 and are
in full agreement with the theoretical predictions. On the
other hand, the∆Tm values for such sequences, which do
not exceed 8°C, are lower than those found when oligo-
nucleotides are complexed by rigid groove-binders such as
netropsin or distamycin(85) or by bisintercalators such as
ditercalinium (86, 87), which are in the 15-25 °C range.
This translates a reduced binding affinity of BAP, as
compared to these drugs, probably due to the flexibility of
the arginine arms and the reduction of their conformational
freedom upon complexation. Such an entropy loss could
reduce the enthalpy gain due to the hydrogen-bonding
interactions of the arms in the groove. We are presently
trying to increase the binding affinity by designing and
synthesizing derivatives of BAP having a more structured
oligopeptide backbone, and linking the C-terminal ends to
an intercalator (Kossanyi et al., work in progress).

It is noteworthy that, lacking the arginine side-chains,
H2TMPyP-4 appears to be indiscriminatory between the
d(GGCGCC)2 hexamer and its d(CCCGGG)2 isomer, since
its binding to either one results in an identical and much
weaker amount of thermal stabilization (∆Tm260) 2-3 °C).
When H2TMPyP-4 interacts with the AT-rich hexamer,
d(TACGTA)2, the amount of thermal stabilization is now
slightly higher (∆Tm260 ) 5 °C) which can be ascribed to
the onset of a nonintercalated binding mode of H2TMPyP-4.
We also note that, in these H2TMPyP-4 complexes,∆Tm260
increases as the length of the AT-rich oligonucleotides
increases, thus reaching 9 and 10°C with the double-stranded
d(ATTACGTAAT)2 and d(GTTACGTAAC)2 decamers. This

could be due to the increase of the AT binding sites available
in these oligomers.
In addition to the oligonucleotide thermal behavior, we

also studied that of the BAP ligand by monitoring its
absorbance at two wavelengths corresponding to the Soret
absorption band of the free BAP (λ ) 424 nm), and the
bound BAP (λ ) 439-445 nm, depending on the oligo-
nucleotide). Figure 5d presents the profile of the Soret
maximum band of BAP at 424 and 444 nm, in its complex
with d(GGCGCC)2, and in the 10-65 °C range. Increasing
the temperature results in a decrease in the 444 nm and a
concomitant increase in the 424 nm absorptions. TheTm424

values derived from the absorption band of BAP for the
various BAP complexes are reported in Table 3. These
values are quite similar to the correspondingTm260ones. This
indicates that the dissociation of BAP occurs simultaneously
with the melting of the double helix and suggests that both
DNA strands are involved in binding the arginine side-chains,
consistent with the theoretical model. This mechanism does
not appear to prevail in the case of the H2TMPyP-4
complexes. Table 3 shows that theirTm421 values can be
higher than those ofTm260, which could denote the ability of
H2TMPyP-4 to bind to a single DNA strand, after the melting
of the duplex has occurred. This is consistent with the results
of previous studies by Fiel et al., Pasternack et al., and
Bustamante et al., which demonstrated high-affinity binding
of H2TMPyP-4 to single-stranded polynucleotides(13, 88,
89). Moreover, in the complexes of H2TMPyP-4 with
d(ATTACGTAAT)2 and d(GTTACGTAAC)2, the profile of
the Soret maximum band of H2TMPyP-4 (at 421 nm)
presents a biphasic curve which was not observed for BAP
(at 424 nm) in its complexation with these sequences at the
same 1/r0 (Table 3, Figure 5e). This thermal bimodal
behavior of the Soret maximum band of H2TMPyP-4 was
observed before in the complex of this ligand with calf
thymus DNA(13). In line with this finding, we suggest that
the low-temperature transition might represent the passage
of the porphyrin from an intercalated to a nonintercalated
binding mode. We have checked that when the temperature
is increased to values close to the melting point of the
duplexes, the profile of the Soret band displays lower
hypochromicity and bathochromic shift, corresponding to a
nonintercalated binding mode (data not shown). The high-
temperature transition might reflect the dissociation of a
partly associated complex from single-stranded DNA. This
type of biphasic transition was also observed for the
corresponding complexes of BAP, but at higher ligand
concentrations (Figure 5e).

Circular Dichroism

Porphyrins, although nonchiral, display induced circular
dichroism (CD) spectra in the Soret band region when they
are bound to DNA. The appearance of a negative induced
CD band is a signature for intercalation whereas a positive
induced band is indicative of a nonintercalated binding mode
(72). Thus, in addition to UV-visible absorption measure-
ments, a CD study is a useful tool for the diagnostic of the
interaction of BAP with the oligonucleotides encompassing
the GGCGCC, CCCGGG, and TACGTA hexamers.
The experiments were carried out in the presence of the

three decamers d(GTGGCGCCAC)2, d(GTCCCGGGAC)2,
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and d(GTTACGTAAC)2, which, in UV-visible spectros-
copy, were seen to induce substantial hypochromicities and
bathochromic shifts of the Soret band of BAP (see Table
3). Measures were performed at 1/r0 ) 10, in the same
conditions as the UV-visible spectroscopy measurements.
As seen in Figure 6a, BAP displays a unique broad negative
signal with the first two oligonucleotides. This is the
signature of a unique binding mode of BAP by intercalation
into the common central d(CpG)2 site of these decamers.
Upon interaction with the AT-rich decamer, BAP exhibits a
different pattern: the negative band although of the same
intensity, is narrower, and is accompanied by a smaller
positive one, which indicates the formation of a noninter-
calated complex. The same experiments were carried out
with H2TMPyP-4 which, upon interaction with these oligo-
nucleotides, exhibited changes in hypochromicities and
bathochromic shifts of the same order of magnitude as BAP
(Table 3). As seen in Figure 6b, H2TMPyP-4 displays
similar patterns: in the presence of the decamer encompass-
ing the PBS sequence and of its isomer d(GTCCCGGGAC)2,
a unique and intense negative band is induced, indicative of
the intercalation of the porphyrin in these GC-rich duplexes,
while both negative and positive bands appear in the presence
of d(GTTACGTAAC)2, reflecting the coexistence of inter-
calative and nonintercalative binding to this AT-rich oligo-
nucleotide. The only difference with Figure 6a lies in the
intensities of these bands, which are twice as high as those
of BAP. This cannot be correlated, however, to the relative
binding affinities of the two ligands because the ordinate is
given in apparent∆ε, which should take into account their
individual ε values for each binding mode. These CD
experiments confirm that the significant thermal stabilization
of AT-rich oligonucleotides by H2TMPyP-4 observed above
may result from the nonintercalative binding of the tetraca-
tionic porphyrin, but do not explain why there is no
stabilization in the presence of BAP, which appears to bind
in a similar manner.

FTIR Spectroscopy

1750-1550 cm-1 Spectral Region.We have recorded in
D2O the FTIR spectra of d(GGCGCC)2, poly(dG-dC),
d(TACGTA)2 and their complexes with BAP (Figures 7a-
i). Figures 7a and 7b report, respectively, the FTIR spectra
of d(GGCGCC)2, free and complexed (1/r0 ) 6), and Figure
7c reports the spectrum of uncomplexed BAP. Let us recall
that a carbonyl group with a normal double bond character
gives a band near 1720 cm-1. The carbonyl groups of the
DNA bases, which, due to delocalization, have an enhanced
single bond character, are observed at 40-70 cm-1 low-
shifted frequencies. Thus, in the uncomplexed d(GGCGCC)2

spectrum, the bands at 1683 and 1649 cm-1 are assigned by
analogy with the spectrum of poly(dG-dC)(90) to the
stretching vibrations of the C6dO6 of the guanine and of
the C2dO2 of the cytosine, respectively. Complexation of
d(GGCGCC)2 with BAP produces an additional band at 1696
cm-1. This new high-frequency shifted absorption can be
assigned to the onset of hydrogen-bonding interactions
between the guanines and the positively charged arginine
side-chains. It has been already observed in two previous
FTIR studies: the first is an early study by Tsuboi(91) which
showed that protonation of O6 resulted in an increase of the
absorption wavenumber of the carbonyl group; the second
study was devoted to the triple helices dG*dC‚dG and dC+*-
dC‚dG. A high-frequency shift of the C6dO6 absorption
band, from 1689 to 1697 cm-1, was taken as evidence for
triple-helix formation through an additional hydrogen bond
involving O6 of the guanine, as a consequence of the
enhancement of the localization character of the CdO
double-bond, and the resulting increase of its force constant
(92, 93).
Figure 7e shows that the same high-frequency shift of the

guanine carbonyl band occurs in the complex of BAP with
poly(dG-dC). As with d(GGCGCC)2, the band at 1696 cm-1

is absent from the spectrum of uncomplexed poly(dG-dC)
(Figure 7d). No such shift can be seen, in contrast, in the

FIGURE 6: Induced CD spectra in the Soret region of (a) BAP; (b) H2TMPyP-4; in the presence of (s) d(GTGGCGCCAC)2; (‚‚‚)
d(GTCCCGGGAC)2; (---) d(GTTACGTAAC)2 at 1/r0 ) 10.
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complex of poly(dG-dC) with H2TMPyP-4 (Figure 7f).This
is a clear indication that the arginine side-chains are able to
target the C6dO6 bond, and, in accordance with the theoreti-
cal predictions,a signature for hydrogen-bonding interac-
tions that occur in the major grooVe of DNA. The presence
of at least one guanine base upstream from the intercalation
site (as is the case in the dG-dC-dG-dC stretch within poly-
(dG-dC)) appears necessary for the arginine side-chains to
exert such a high-frequency shift. Indeed, this shift was not
observed in the complex of BAP with the isomeric d(C-
CCGGG)2 sequence (data not shown).

Figures 7g-i present the FTIR spectra of d(TACGTA)2,
free (7g) and complexed with BAP (7h) or H2TMPyP-4 (7i)
at 1/r0 ) 6. Comparison of Figure 7g and Figure 7h shows
the appearance of two absorption bands at 1635 and 1652
cm-1. The band at 1635 cm-1 can be assigned to an unpaired
thymine base. It is low-frequency shifted with respect to
the 1641 cm-1 absorption band of paired thymine bases
which can be observed in poly(dA-dT). The band at 1652
cm-1 can be assigned to the C2dO2 stretching band of an
unpaired cytosine base and is high-frequency shifted with
respect to the 1649 cm-1 absorption band of paired cytosine
(90). The appearance of such bands suggests that complex
formation between BAP and d(TACGTA)2 can result in the
breaking of the hydrogen bonds between some of the bases
and/or their partial unstacking. This may explain the lack
of thermal stabilization in the complex with BAP. In
contrast, when poly(dA-dT) (which has no intercalation sites
available for cationic porphyrins) is complexed with BAP
or H2TMPyP-4, no appreciable change is detected in the

spectral region of the double bond stretching vibrations of
the adenines and thymines (data not shown).

1550-1250 cm-1 Spectral Region.Figures 8a-h monitor
the spectral behavior of the N7 site of purines, which, with
O6, constitutes the principal recognition site by electron-
deficient ligands in the major groove. Figures 8a,b present
the FTIR spectra of the d(GGCGCC)2 hexamer, either free
(8a), or in its complex with BAP (8b). The corresponding
spectra of poly(dG-dC) are shown in Figures 8c and 8d,
respectively and those of d(TACGTA)2 in Figures 8f (free)
and 8g (complexed). Finally, the spectra of the complexes
of poly(dG-dC) and d(TACGTA)2 with H2TMPyP-4 are
shown in Figures 8e and h. Earlier studies, which bore on
poly(dG-dC), revealed by C8-H selective deuteration that
the broad band at 1498 cm-1 is a superposition of both
cytosine and guanine absorption bands(94), and that the
guanine component stems from the N7-C8-H deformation
(95, 96). Modifications of the position or of the relative
intensity of this band could therefore be used as a diagnos-
tic for interactions involving N7 of guanine. This is indeed
confirmed by the low-frequency shift to 1492 cm-1 of this
band occurring upon complexation of BAP with d(G-
GCGCC)2 (Figure 8b) as well as with poly(dG-dC) (Figure
8d). A similar shift pattern is observed for the complex of
BAP with the d(CCCGGG)2 hexamer (data not shown). Such
a low-frequency shift does not occur in the complex of poly-
(dG-dC) with H2TMPyP-4 (Figure 8e). In line with our
previous results on the C6dO6 absorption bands, this is an
additional indication for the necessity of the arginine side-
chains to target the guanines in the major groove.

FIGURE 7: FTIR spectra (1750-1550 cm-1) recorded in D2O solution of (a) d(GGCGCC)2; (b) d(GGCGCC)2‚BAP at 1/r0 ) 6, after
subtraction of BAP bands; (c) BAP; (d) poly(dG-dC); (e) poly(dG-dC)‚BAP at 1/r0 ) 10; (f) poly(dG-dC)‚H2TMPyP-4 at 1/r0 ) 10; (g)
d(TACGTA)2; (h) d(TACGTA)2‚BAP at 1/r0 ) 6; (i) d(TACGTA)2‚H2TMPyP-4 at 1/r0 ) 6; (dashed line) deconvolution bands.
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The FTIR spectrum of the free d(TACGTA)2 hexamer
exhibits a broad band in the 1492 cm-1 region with a
shoulder at 1483 cm-1 (Figure 8f). By analogy to previous
work on poly(dA-dT)(97, 98), this band can be assigned to
an adenine N7-C8-H deformation mode, partially super-
imposed on a thymine mode. Complex formation with BAP
results in a decrease in the intensity of the 1492 cm-1

absorption and a concomitant increase in the intensity of the
1483 cm-1 low wavenumber component (Figure 8g). Such
an increase at low frequency is similar to the one occurring
in the complexes of BAP with d(GGCGCC)2 and poly(dG-
dC) (Figures 8b and 8d). It could be due to the onset of
hydrogen-bonding interactions between BAP and N7 of
adenine bases. As in the case of poly(dG-dC), H2TMPyP-4
has virtually no effect on this specific vibrational mode, as
can be seen by a comparison between Figures 8f and 8h.
Similar results were obtained for the complexes of BAP and
H2TMPyP-4 with poly(dA-dT) (data not shown).
The FTIR spectrum of d(TACGTA)2 exhibits absorption

bands at 1340 and 1302 cm-1 which can be assigned to N3
adenine vibrations(99) (Figure 8f). The complexation of
H2TMPyP-4 results in a high-frequency shift of the 1340
cm-1 band and an intensity decrease in the 1302 cm-1 one
(Figure 8h), while that of BAP causes no change. This could
indicate that, in contrast to H2TMPyP-4, BAP does not
interact with N3 in the minor groove. This is consistent with
the theoretical prediction according to which, upon intercala-
tion between the d(CpG)2 sequence of the dodecamer3, BAP
should favor major groove over minor groove binding of its
arginine side-chains.
1250-1000 cm-1 Spectral Region. In addition to the

above-mentioned groove interactions involving BAP, other
interactions which take place at the level of the DNA
phosphate groups have been detected in the 1250-1000 cm-1

spectral region. In this region, two strong bands at 1220
and 1088 cm-1 assigned to the antisymmetricνas and
symmetricνs stretching vibrations of the phosphate groups
and one at 1052 cm-1 assigned to C-O coupled to P-O
stretching vibration of the DNA backbone are sensitive to
phosphate groups interactions with metal cations(100).
In Figures 9a-d, we observe in the spectra of BAP

complexes, a new absorption band at 1067 cm-1. In addition,
a modification of the relative intensity of the vibrations of
the phosphate groups and of the C-O bonds of the backbone
is detected. Finally in the case of d(TACGTA)2 (Figure 9c)
and poly(dA-dT) (Figure 9d) a shift to lower wavenumbers
of the νas is found.
In an earlier IR study of the interaction of free base and

metalated TMPyP-4 with calf thymus DNA, a band had been
detected at 1064 cm-1 and assigned to a shiftedνs vibration
(101). The observed shifts ofνs andνashave been interpreted
as a result of ionic interactions between the positively charged
groups of the porphyrin and the phosphate groups of the
DNA duplex. Such ionic interactions have been proposed
by Hui et al. in their theoretical models of intercalated
d(CGCGCG)2 and nonintercalated d(TATATA)2 complexes
with H2TMPyP-4 (84).
The spectral modifications observed for the different BAP

complexes in Figures 9a-d suggest that the chargedN-
methylpyridinium rings of BAP interact with the phosphate
groups of the DNA but in various way and to different extent
depending upon the DNA sequence and the location of the
porphyrin, in agreement with the theoretical models.

CONCLUSIONS

The de noVo design of oligopeptide-intercalator conju-
gates, which could selectively target six to twelve base-pairs

FIGURE 8: FTIR spectra (1550-1250 cm-1) recorded in H2O solution of (a) d(GGCGCC)2; (b) d(GGCGCC)2‚BAP at 1/r0 ) 6; (c) poly-
(dG-dC); (d) poly(dG-dC)‚BAP at 1/r0 ) 10; (e) poly(dG-dC)‚H2TMPyP-4 at 1/r0 ) 10; (f) d(TACGTA)2; (g) d(TACGTA)2‚BAP at 1/r0
) 6; (h) d(TACGTA)2‚H2TMPyP-4 at 1/r0 ) 6; (dashed line) deconvolution bands.
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in the major groove of DNA, could constitute a promising
alternative to triple helix formation, or to minor groove
targeting by oligopeptides. To this end, we previously
designed and synthesized a bis(arginyl) derivative of a
tricationic derivative of H2TMPyP-4, (BAP)(10) in order
to target the d(GGCGCC)2 sequence, which is encountered
in oncogenes(1-5), mutational hot spots(6), and in the LTR
sequence of the HIV-1 genome(8, 9). Our theoretical
calculations predicted that BAP should bind by intercalation
in the middle of the d(GGCGCC)2 sequence and that each
arginine side-chain would bind in the major groove and form
hydrogen-bonding interactions with O6/N7 sites belonging
to two successive guanines on each strand, upstream from
the intercalation site. They also predicted BAP as having a
stronger affinity for this PBS-encompassing sequence than
for its isomeric sequence d(CCCGGG)2 and the AT-rich
sequence d(TACGTA)2. To validate these predictions, we
resorted to the following spectroscopic techniques:
(1) UV-visible and CD spectroscopy, to provide insight

on the nature of the ligand-DNA complexes, namely,
whether intercalating or nonintercalating. Furthermore, we
monitored the evolutions, as a function of temperature, of
the DNA absorption band, and of the Soret absorption band
of the ligand. This enabled us to derive the values of the
DNA melting temperature and to quantify the extent of
stabilization due to ligand complexation.
(2) FTIR spectroscopy, to monitor the behavior of the

C6dO6 and N7-C8-H absorption bands of guanines, and
their possible perturbation by the ligand, which would
indicate the onset of hydrogen-bonding interactions in the
major groove.
These investigations were carried out on a series of

oligonucleotides which encompass the PBS sequence d(G-
GCGCC)2, its isomer d(CCCGGG)2, and a AT-rich sequence

having a d(CpG)2 intercalation site as well as on the
polynucleotides poly(dG-dC) and poly(dA-dT) and the
salmon sperm DNA. To highlight the role of the arginine
side-chains, the complexes of H2TMPyP-4 were investigated
parallel to those of BAP. This investigation has shown some
very instructive similarities, as well as differences, between
the respective ligand complexes.

UV-visible spectroscopy showed that the binding of BAP
to the oligonucleotides, as well as to poly(dG-dC) and salmon
sperm DNA, is characterized by substantial hypochromicities
and bathochromic shifts of the Soret band of BAP. These
are the same spectral signatures observed in the correspond-
ing complexes of H2TMPyP-4, an indication for intercalating
binding. Derivation of the thermal denaturation temperatures
from both the 260 nm and the Soret absorption bands showed
that the binding of BAP to the oligonucleotides encompassing
the PBS sequence resulted in a significant increase of the
melting temperature. The most noteworthy shift of 8°C was
obtained with the d(GGCGCC)2 hexamer. Remarkably, the
corresponding complexes of BAP with the isomeric sequence
d(CCCGGG)2 and the AT-rich one d(TACGTA)2 gave rise
to a negligible (1°C) stabilization. This is a clear indication
for the preferential binding of BAP to the PBS-encompassing
sequence and is fully consistent with the theoretical predic-
tions. The decisive role of the arginine side-chains into im-
parting such a selective stabilization is shown by the fact
that, in marked contrast to BAP, H2TMPyP-4 produces a
much more modest and identical (3°C) stabilization of both
d(GGCGCC)2 and d(CCCGGG)2. On the other hand, the
binding of H2TMPyP-4 to sequences encompassing the
TACGTA hexamer results in a greater (5-10 °C) thermal
stabilization, possibly due to additional nonintercalating
binding to AT-sites.

FIGURE 9: FTIR spectra (1250-1000 cm-1) recorded in H2O solution of the duplexes and their complexes with BAP: (a) d(GGCGCC)2;
(b) poly(dG-dC); (c) d(TACGTA)2; (d) poly(dA-dT); (s) free duplexes, (‚‚‚) 1/r0 ) 6; (dashed line) deconvolution bands. The spectra have
been normalized using as internal standard the integrated area between 1160 and 995 cm-1.

6176 Biochemistry, Vol. 37, No. 17, 1998 Mohammadi et al.



The induced-CD and UV-visible results have given
evidence to the onset of nonintercalated complexes when
the oligonucleotide has an increased content in A-T base
pairs. Thus, the binding of BAP and H2TMPyP-4 to the
two GC-rich decamers d(GTGGCGCCAC)2 and d(GTC-
CCGGGAC)2 yielded a single negative absorption band,
characteristic of an intercalation complex. Their binding to
the AT-rich decamer d(GTTACGTAAC)2 gave rise to both
a positive absorption band, characteristic of nonintercalated
binding, and a negative band.

FTIR spectroscopy has shown the complexes of BAP with
d(GGCGCC)2 and poly(dG-dC) to be characterized by the
presence of a shoulder appearing at 1696 cm-1 on the high-
frequency side of the C6dO6 absorption band of guanine
which is located at 1689 cm-1. This high-frequency shift
of the C6dO6 carbonyl stretching vibration observed upon
triplex formation(92, 93) was not found in the corresponding
complexes of H2TMPyP-4, an indication for the onset, in
the complexes of BAP, of hydrogen bonds involving the
arginine side-chains and O6 of guanine. In addition, FTIR
spectroscopy has indicated that, in the complexes of BAP
with the GC-rich oligonucleotides as well as with poly(dG-
dC), perturbations also occur on the N7-C8-H absorption
band of guanine, and that they are absent in the corresponding
complexes of H2TMPyP-4. This indication of hydrogen-
bonding interactions between N7 of guanine and the arginine
side-chains is conform to our theoretical model. Similar
modifications are observed in the FTIR spectra of the
complexes of BAP with d(TACGTA)2 indicating interactions
with N7 of adenine, whereas the complexation of H2TMPyP-4
only affects N3.

There are very few examples ofde noVo designed inter-
calating molecules that can bind DNA in the major groove.
Two such molecules, mitoxantrone(102, 103) and diter-
calinium (86, 87), are both endowed with very potent anti-
tumor activities with mitoxantrone used in human chemo-
therapy. The encouraging results obtained in the present
study warrant extensions of this work and an evaluation
of the possible therapeutic potency of BAP. Thus, prelimi-
nary tests indicate the ability for this molecule to inhibit the
early phases of HIV-1 metabolism at concentrations as low
as 5× 10-8 M (Subra et al., private communication).
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