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ABSTRACT: The covalent attachment of a manganese-tris(methylpyridiniumyl)porphyrin entity to an antisense
oligonucleotide allowed sequence-selective oxidative cleavage of DNA when the metalloporphyrin was
activated by potassium monopersulfate (KHSO5). We prepared several structurally modified metallo-
porphyrin-oligonucleotide conjugates in order to find out the most efficient compound forin Vitro DNA
cleavage. The nature and the length of the tether were modulated, the metalloporphyrin entity was modified
(metal, ligand), and different ways of activation of the metalloporphyrin were assayed. We noticed that
the location of the peptidic bond within the linker could greatly affect the cleavage efficiency of the
different conjugates. We showed that the most efficient conjugate for oxidative DNA cleavage was a
manganese tetracationic porphyrin-oligonucleotide compound. When the metalloporphyrin moiety
was activated by a reducing agent in the presence of molecular oxygen, DNA cleavage was efficient at
suitable concentrations of the reducing agent, in order to avoid the reduction of the activated DNA cleaver,
a putative high-valent metal-oxo species, by the excess of reducing agent.

Diaquamanganese(III)meso-tetrakis(4-N-methylpyridini-
umyl)porphyrin (Mn-TMPyP)1 is an efficient artificial en-
donuclease when associated to KHSO5 as oxygen atom donor
(Pitié et al., 1992; Pratviel et al., 1993a). This cationic
complex mediates oxidative DNA cleavageVia an activated
form of the metalloporphyrin, namely, a high-valent metal-
oxo species (Bernadou et al., 1994; Pitie´ et al., 1995). This
activated species is reminiscent of the activated form of
iron-bleomycin (Burger et al., 1995; Guajardo et al., 1995;
Pratviel et al., 1989; Sam et al., 1994) or the heme-ferryl
species of cytochrome P-450 monooxygenases and related
metalloporphyrin enzyme models (McMurry & Groves,
1986; Meunier, 1992) that are generated (in ViVo for iron-
bleomycin and cytochrome P-450) by O2 and a source of
electrons. The mechanism of DNA cleavage of the Mn-
TMPyP/KHSO5 system involves an oxidative attack of DNA
deoxyribose units as the initial step followed by other steps
(e.g.,â-eliminations) leading to strand scission. We showed
that the high-valent metal-oxo porphyrin complex (“acti-
vated form”) was able to hydroxylate C-H bonds at C1′
and C5′ of DNA deoxyriboses through a strong interaction
of the cationic compound within the minor groove of B-type
DNA (Pitié et al., 1992, 1995; Pratviel et al., 1993b).

The high DNA cleavage activity of activated Mn-TMPyP
makes cationic manganese porphyrin very attractive as a
reactive DNA cleaver to be linked to oligonucleotides for
specific DNA cleavagein Vitro and also for the possible use
of these modified oligonucleotides within cells to eliminate
integrated viral DNA or to inhibit mRNA translation [for
recent articles on oxidative oligonucleotide-cleaver conju-
gates, see Dervan (1992) and Sigman et al. (1993, and
references therein), and for hydrolytic oligonucleotide-
cleavers, see Bashkin et al. (1994), Hall et al. (1994), Magda
et al. (1994), and Matsumara et al. (1994)]. Preliminary data
indicated that single-stranded (Pitie´ et al., 1993; Pratviel et
al., 1995; Mestre et al., 1995) or double-stranded DNA
(Bigey et al., 1995) can be cleaved by these cationic
metalloporphyrin-oligonucleotide conjugates.

The first cationic metalloporphyrin-oligonucleotide con-
jugate was designed to target the region containing the
initiation codon of thetat gene of HIV-1 (compound1 on
Figure 1). The anti-tat 19-mer sequence was complementary
to the 35-mertatDNA target containing the first eight codons
of tat gene of HIV-1 [5360-5394 according to Wain-Hobson
et al. (1985)]. The 15-bond long linker of conjugate1 was
rather hydrophobic with ten methylene groups, four for the
aliphatic carboxylic acid of the metalloporphyrin-arm and
six for the 5′-amino-linked oligonucleotide (Casas et al.,
1993b). This parent conjugate showed selective DNA
cleavage propertiesin Vitro when the metalloporphyrin
moiety was activated by potassium monopersulfate (Pitie´ et
al., 1993; Mestre et al., 1995).

In order to enhance the cleavage yield and to understand
the molecular basis of the reactivity of this oligonucleotide
cleaver, we tried several chemical modifications on the
structure of this conjugate. Here we report the influence of
the modified parameters, namely, (i) length and nature of
the linker and (ii) structure of the metalloporphyrin (metal,
number of positive charges of ligand), on the cleavage
activity against two HIV DNA targets: a 35-mer containing
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the initiation codon oftat and a 35-mer containing the
initiation site ofreV [5507-5541 according to Wain-Hobson
et al. (1985)] which is highly conserved in different viral
isolates (Matsukara et al., 1987, 1991). We also tried two
different ways of activation of the metalloporphyrin cleaver.
In one series of DNA cleavage experiments the active metal-
oxo species was classically generated by addition of KHSO5,
and in the second series the metalloporphyrin entity was
activated in the presence of O2 and a reducing agent, as
should occurin ViVo for bleomycin mimics that are linked
to antisense oligonucleotides.
In the present article, we report that the nature and the

length of tether as well as the position of the amide bond
within the linker greatly affected the cleavage efficiency of
the different conjugates. The number of positive charges
of the metalloporphyrin entity had also a strong influence
on the cleavage efficiency of these metalloporphyrin-
oligonucleotide conjugates. The tethered tetrapyridiniumyl
metalloporphyrin was a better DNA cleaver than trispyrid-
iniumyl ones. We have also found suitable conditions for
the reductive activation of the manganese porphyrin-
oligonucleotide conjugates by reducing agent in the presence
of molecular oxygen leading to DNA breaks in a bleomycin-
like fashion.

EXPERIMENTAL PROCEDURES

Synthesis, Purification, and Labeling of Oligonucleotides.
All oligodeoxynucleotides (19-mer anti-tat, 26-mer anti-reV,
and 35-mertat andreV targets) were synthesized by standard
solid phaseâ-cyanoethyl phosphoramidite chemistry on a
Cyclone Plus DNA synthesizer from Milligen-Biosearch. 5′-
Hexamethylenediamine-, -ethylenediamine-, and -spermine-
modified oligonucleotides were obtained by using the method
previously described to functionalize the 5′-end of oligo-
nucleotides by diamines (Wachter et al., 1986).
5′-NH2-oligonucleotides were purified by HPLC using a

reverse-phase C18 column [Nucleosil C18, 10µM from
Interchrom; eluents, A) 0.1 M triethylammonium acetate

(TEAA) (pH 6.5), B) CH3CN; linear gradient, 10-30% B
over 45 min; flow rate, 1 mL/min;λ ) 260 nm]. Purification
of both 35-mer tat and reV targets was performed by
electrophoresis on 20% polyacrylamide denaturing gels.
Concentrations of ss oligonucleotides were determined by
UV measurements at 260 nm.
The 5′-end of the two 35-mer targets was labeled by [32P]

using standard procedures with T4 polynucleotide kinase and
[γ-32P]ATP purchased from Biolabs and from Dupont,
respectively.
Preparation of Metalloporphyrin Precursors.All metal-

loporphyrin precursors were prepared in our group by total
synthesis starting from pyrrole and modified aldehyde
derivatives. The metalloporphyrin moiety of conjugates1,
4, 5, and 6, namely, manganese(III) 5-[(4-(5-carboxy-1-
butoxy)phenyl]-10,15,20-tris(4-N-methylpyridiniumyl)-
porphyrin, was prepared according to Casas et al. (1993a).
Manganese(III) 5-[(4-(2-carboxy-1-methoxy)phenyl]-10,15,20-
tris(4-N-methylpyridiniumyl)porphyrin precursor of conju-
gates2 and3 and the iron(III) 5-[(4-(5-carboxy-1-butoxy)-
phenyl]-10,15,20-tris(4-N-methylpyridiniumyl)porphyrin
precursor of8 were prepared as described (Bigey et al.,
1996). The new tetracationic metalloporphyrin cleaver entity
of conjugate7, namely manganese(III) 5-[4-N-(4-carboxy-
1-butyl)pyr idiniumyl]-10,15,20-tr is(4-N-methyl-
pyridiniumyl)porphyrin, was prepared by monoalkylation of
the commercially available symmetrical tetrapyridylporphyrin
with 5-bromopentanoic ethyl ester (Jakobs et al., submitted).
All porphyrin precursors were metalated by MnCl2 or (NH4)2-
Fe(SO4)2 before they were coupled to the desired oligo-
nucleotide. Consequently all these water-soluble metallo-
porphyrin conjugates have two water molecules on the axial
positions of the metal center and an additional positive charge
(these ligands and the extra charge were omitted from Figures
1 and 2 for clarity).
Preparation of Metalloporphyrin-Oligonucleotide Con-

jugates. The hybrid “metalloporphyrin-oligonucleotide”
molecules1-8 (see Figures 1 and 2 for structures) were

FIGURE 1: Structures of anti-tat conjugates: variation of length and nature of the linker. The number of bondsn was calculated as number
of single bonds between the phenoxy oxygen atom of the porphyrin precursor and the 5′-oxygen atom of the antisense oligonucleotide.X
is the yield of target DNA cleavage, after piperidine treatment (see Figure 3).
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synthesized according to the methods described below
through the formation of a peptidic link between the 5′-NH2

end of oligonucleotides and the carboxylate terminal group
of metalloporphyrin precursors. The anionic counter-ions
of the metalloporphyrin precursors (iodide, chloride, and/or
bromide) were not exchanged for acetate ions to avoid the
activation of this latter carboxylic counter-ion with the
peptide chemistry used to prepare the different conjugates.
Progress of coupling reactions was followed by liquid
chromatography using an anion exchange column [Protein
Pak DEAE 8 HR from Waters, 8 cm× 1 cm; A) 25 mM
TRIS/HCl (pH 8.5), B) A + 1 M NaCl; linear gradient,
20-50% B over 45 min; flow rate, 0.7 mL/min]. Resulting
conjugates were purified by liquid chromatography in the
same conditions and desalted on Sep-Pak cartridges from
Waters. During chromatographic analyses, profiles were
monitored by a two-channel diode array detector 440 from
Kontron (λ ) 260 nm and 468 nm or 430 nm for manga-
nese(III) or iron(III) porphyrins, respectively), which also
allowed the yield of coupling reactions to be estimated by
comparing the conjugate products with the starting 5′-NH2

modified oligonucleotides. Typically, yields of purification
of conjugates ranged from 80% to 90% according to the
amount of conjugate estimated by liquid chromatography
after the coupling reaction.
Synthesis of1, 5, and6. These conjugates were synthe-

sized according to a method already described (Mestre et
al., 1995) involving an activation of the carboxylic function
byN,N′-carbonylimidazole (CDI) and hydroxybenzotriazole
(HOBt) of the manganese porphyrin precursor and a coupling
step with the 5′-hexamethylenediamine-19-mer anti-tat for
conjugate1, the 5′-spermine-19-mer anti-tat for 5, and the
5′-hexamethylenediamine-26-mer anti-reV for 6. Yields of
coupling reactions were 60% for conjugates1 and6 and 70%
for 5.
Synthesis of2-4. To 108µL of a 1.5 mM solution of

the corresponding manganese tris(methylpyridiniumyl)-
porphyrin precursor (0.16µmol) with a 4-(2-carboxy-1-
methoxy)phenyl tether for conjugates2 and 3 or a 4-(5-
carboxy-1-butoxy)phenyl linker for4, in dry DMF (DMF
was dried over barium oxide, distilled, and kept over 4 Å
molecular sieves) were added 0.5µL of N-methylmorpholine

(NMM) (4.7 µmol) and 25µL of two 63.2 mM solutions of
benzotriazol-1-yloxytris(dimethylamino)phosphonium (BOP)
and HOBt (1.58µmol of each coupling agents) in dry DMF.
After 15 min at 60 °C, the solutions of benzotriazole-
activated esters were added to the corresponding 5′-NH2-
substituted oligonucleotide: 5′-hexamethylenediamine-19-
mer anti-tat for conjugate2 or 5′-ethylenediamine-19-mer
anti-tat for 3 and4 (31.3 nmol, 5 OD260 units) in 158µL of
20 mM MOPS buffer (pH 7.5). The coupling reaction
medium consisted of a 50/50 mixture of 20 mM MOPS
buffer with DMF (v/v). Solutions were incubated at 37°C
for 1 h, then 500µL of methanol was added and the medium
was centrifuged. After removal of the supernatant, the pellet
was washed with methanol (2× 500 µL) and dried under
vacuum (Speedvac from Bioblock). This precipitation
procedure was also used for conjugates7 and8 described
below. Conversion of the starting oligonucleotides to
conjugates was 40% for products2 and4 and only 10% for
3 despite several attempts.
Synthesis of7. The procedure described above was

modified for the preparation of7. The same amount of
oligonucleotide, 5′-hexamethylenediamine-26-mer anti-reV
(31.3 nmol, 7.2 OD260 units) was dissolved in 63µL of 20
mM MOPS buffer (pH 7.5), and the activated ester was
prepared in 253µL of dry DMF with 0.8 µmol (150µL of
a 5.3 mM solution) of manganese tetracationic precursor, 27
µmol (3 µL) of NMM and 7.9 µmol (50 µL of 0.16 M
solutions) of BOP and HOBt. The coupling reaction was
performed in a 20/80 mixture of 20 mM MOPS buffer (pH
7.5) and DMF during 1 h at 50°C. Isolation and purification
steps were as indicated above (coupling reaction yield)
30%).
Synthesis of8. The iron(III) 5-[(4-(5-carboxy-1-butoxy)-

phenyl]-10,15,20-tris(4-N-methylpyridiniumyl)porphyrin pre-
cursor (1 mg, 0.8µmol) was dissolved in 30µL of dry DMF
followed by the addition of 3µL of 1-methylimidazole (38
µmol) and 15µL of 0.75 M solution of CDI in DMF (11.2
µmol). Formation of the imidazolide was allowed to take
place over 2 h at room temperature, then 15µL of a 0.59 M
solution of HOBt in dry DMF (8.8µmol) was added, and
after 2 h, the excess of CDI was quenched by addition of 20
µL of 20 mM MOPS buffer (pH 7.5). After 15 min, the

FIGURE 2: Structures of anti-reV conjugates: metalloporphyrin modifications.
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activated ester was added to the 5′-hexamethylenediamine-
26-mer anti-reV (31.3 nmol, 7.2 OD260 units) dissolved in
233µL of 20 mM MOPS buffer (pH 7.5). The coupling of
both reagents was performed in an 80/20 mixture of 20 mM
MOPS buffer and DMF. The mixture was heated at 60°C
for 12 h, and the coupling product was precipitated by
addition of 500µL of methanol. After centrifugation of the
medium, the supernatant was removed, and the pellet was
washed with methanol (2× 500 µL) and taken up in 200
µL of 0.3 M sodium acetate buffer (pH 5.2), followed by
precipitation with 600µL of ethanol overnight at-20 °C.
Coupling reaction yield was 70%.
Spectrophotometric and Liquid Chromatography Data

RelatiVe to Oligonucleotides, Metalloporphyrins, and Con-
jugates. ε260 values of oligonucleotides in water: 5′-OH or
5′-NH2-19-mer anti-tat ) 160× 103 M-1 cm-1, 5′-OH or
5′-NH2-26-mer anti-reV ) 230× 103 M-1 cm-1. ε values
of metalloporphyrin precursors in methanol:ε468 of manga-
nese(III) porphyrin derivatives) 100× 103 M-1 cm-1; ε430
of iron(III) porphyrin derivative) 90× 103 M-1 cm-1. For
hybrid molecules, the observed visible/UV ratios monitored
by diode array detector spectra of liquid chromatography
conjugate peaks were as follows:A468/A260 for 1 ) 0.65,2
) 0.65,3 ) 0.72,4 ) 0.71,5 ) 0.57,6 ) 0.47, and7 )
0.74; A430/A260 for 8 ) 0.50. The retention times of
oligonucleotides and conjugates analyzed by liquid chroma-
tography on an anion exchange chromatography (Protein
Pak) were as follows: 26 min for 5′-hexamethylenediamine
and 5′-ethylenediamine-19-mer anti-tat, 24 min for 5′-
spermine-19-mer anti-tat, 32 min for 5′-hexamethylenedi-
amine-26-mer anti-reV, 22 min for 1-4, 20 min for 5, 29
min for 6 and 8, and 28 min for7. Concentrations of
conjugate solutions were determined spectrophotometrically
at 260 nm as for ss oligonucleotides.
DNA CleaVage Reactions.DNA cleavage reactions (final

reaction volume) 16 µL) were performed with 5′-labeled
35-mertat or reV as ss DNA target [final concentration 10
nM; (10-20)× 103 cpm] and the corresponding conjugates
1-8 (final concentration 10 nM, target to conjugate ratio)
1/1) in the presence of an excess of random herring testes
double-stranded DNA (0.4 mM in nucleotides, 880 equiv
with respect to the target) in 100 mM NaCl, 50 mM
phosphate buffer (pH 7). Annealing of conjugates with
complementary 35-mer was achieved by heating at 90°C
for 1 min followed by slow cooling to 25°C. For control
reactions carried out without any cleaving agent, the 19-
mer anti-tat and 26-mer anti-reV were hybridized with their
complementary 35-mer target. DNA cleavage reactions were
initiated by adding 1µL of a freshly prepared solution of
KHSO5 (final concentration from 1µM to 1 mM) or
dithiothreitol (DTT; final concentration from 10 nM to 10
mM). When the activation of the metalloporphyrin entity
was performed with KHSO5, the DNA cleavage reaction
lasted 1 h at 4°C (unless specified otherwise in the text)
and was stopped by the addition of 1µL of 1 M Hepes (pH
8). But when the metal complex was activated by a reducing
agent and molecular oxygen, the DNA cleavage reaction was
allowed to proceed for 15 h at 37°C and stopped by ethanol
precipitation as indicated below. Piperidine treatments
performed in some cases on DNA cleavage products
consisted of a thermal step at 90°C during 1 h in the presence
of 1 M piperidine. Samples were then diluted with 20µL
of 0.3 M sodium acetate buffer (pH 5.2) containing yeast

tRNA at 0.1 mg/mL, precipitated with 200µL of cold ethanol
overnight at-20 °C. After centrifugation (10 min at 4°C,
12× 103 rpm), the DNA pellet was washed with cold 90%
ethanol, dried under vacuum (Speedvac), and dissolved in
formamide with marker dyes. DNA fragments were sub-
jected to electrophoresis on denaturing (7 M urea) 20%
polyacrylamide gel (3 h at 2300 V).

RESULTS

The DNA cleavage activity of the different metallopor-
phyrin-oligonucleotide conjugates was asseyedin Vitro
toward two different ss DNA target sequences: a 35-mer
tat and a 35-merreV corresponding to the initiation sites of
tat and reV HIV-1 genes, respectively. Two series of
different metalloporphyrin-oligonucleotide conjugates car-
rying the complementary anti-tat or anti-reV oligonucleotide
were designed (see Figures 1 and 2 for anti-tat and anti-reV
conjugates, respectively). The influence of the length and
nature of the tether on conjugate reactivity was studied with
the anti-tat series, whereas the influence of the number of
cationic charges on the porphyrin ligand and the difference
of reactivity of the metal center was studied with the anti-
reV family of conjugates. The comparison between two
different ways of activation (peroxide versus molecular
oxygen and electrons) of the metalloporphyrin was under-
taken with the parent conjugate6 of the anti-reV family and
its iron analogue8. In each series, the parent conjugate was
present (1 in the anti-tat series, Figure 1,6 in the anti-reV
series, Figure 2) so that we could evaluate a sequence effect,
if any.
In the anti-reV series the complementary 18-mer oligo-

nucleotide was lengthened by an 8-nucleotide long sequence
that forms a stable miniloop at the 3′-end of the oligo-
nucleotide. This very stable miniloop protects oligonucleo-
tides from 3′-exonuclease degradation (Hirao et al., 1992,
1994; Khan et al., 1993; Poddevin et al., 1994). In the anti-
tat conjugate series, this 3′-loop was absent. But we have
shown previously that the parent conjugate1 elongated with
the same 3′-miniloop had the same cleavage pattern than
that of the reagent without 3′-loop with only a slight decrease
of the cleaving efficiency by a factor of 2 (Mestre et al.,
1995).
Influence of Length and Nature of Linker on Nuclease

ActiVity of Conjugates. The comparison of the nuclease
activity of metalloporphyrin-oligonucleotide conjugates as
a function of the linker length was performed with com-
pounds1-4. Because we expected that the electrostatic
positive effect of a spermine molecule (Schmid et al., 1991;
Bigey et al., 1995) at physiological pH would allow a better
fitting of the linker with DNA and consequently an increased
cleaving activity of the metalloporphyrin-oligonucleotide
conjugate, compound5 was prepared. Comparative DNA
cleavage experiments were performed with the 5′-labeled 35-
mer tat at a final concentration of 10 nM which was
incubated in the presence of 10 nM of conjugate (only one
molecule of cleaver for one DNA target) with an excess of
random ds DNA and are presented in Figure 3. Initiation
of the cleavage reaction was achieved by addition of KHSO5

(final concentration of 1 mM), and the cleavage reaction time
was 1 h at 4°C. Piperidine treatments were performed to
reveal all damages mediated by conjugates on their DNA
target (direct cleavage and base damages). As previously

DNA Cleavage by Metalloporphyrin-Oligonucleotides Biochemistry, Vol. 35, No. 28, 19969143

+ +

+ +



reported (Mestre et al., 1995), DNA cleavage by conjugate
1 consisted of a smear reaching from G20 to G26 (Maxam
and Gilbert positions) and two main individual bands at G19

and T18 before piperidine treatment (Figure 3, lane 1). These
smears are due to multiple modes of oxidative cleavage
events (Mestre et al., 1995). After alkaline treatment, the
smear and a part of the full-length material were transformed
to bands corresponding mainly to G19 damages and to some
lower extent to G20, G22, and also G26, while band intensities
corresponding to T18 only slightly increased (Figure 3, lane
2). Direct breaks at T18 and G19 might correspond to sugar
oxidation as described for Mn-TMPyP (Pitie´ et al., 1992),
whereas piperidine treatment revealed guanine oxidation
damages. On the G19 residue the two mechanisms of
cleavage occurred. This particular point on guanine oxida-
tions will be also discussed later in the case of the 35-mer
reV target sequence.
Conjugates2-5 led to similar patterns of cleavage, but

they presented quite different efficiencies of cleavage of the
35-mer tat target. According to densitometric analyses,
degradation of the 35-mertat was 80% for the parent
compound1 (lane 2) and 90% for2 (lane 5), each having a
15- and 12-bond linker, respectively. When the linker
lengths were further reduced to 11 and 8 bonds, the yield of
cleavage decreased to 50% for both conjugates3 (lane 8)
and4 (lane 11). For the spermine-containing conjugate5,
the cleavage yield was 60% (lane 14). But for compound

5, the amount of damage due to direct breaks at G19 and T18
compared to piperidine-sensitive lesions was higher than for
conjugate1. Before piperidine treatment (compare lane 1
with 1 and lane 13 with5) the same amount of direct
cleavage occurred, whereas after alkaline treatment com-
pound1 was much more efficient in G oxidation (compare
lane 2 with1 and lane 14 with5).
Influence of Number of PositiVe Charges of the Porphyrin

Ligand on Nuclease ActiVity of Metalloporphyrin-Oligo-
nucleotide Conjugates.This effect was studied with con-
jugates 6 and 7 presented in Figure 2. Compared to
conjugate6 based on the classical tris(methylpyridiniumyl)-
porphyrin ligand with three positive charges on the porphyrin
ligand used for all conjugates of the anti-tat series (Figure
1), compound7 exhibits four positive charges on the
porphyrin macrocycle. This complex might have a higher
DNA affinity and consequently a better DNA cleavage
activity.
The cleavage of the 5′-[32P]-labeled 35-merreV target by

the parent compound6 is illustrated in Figure 4. The 35-
merreV target (final concentration 10 nM) was incubated in
the presence of a final concentration of 10 nM of conjugate
6 (1 equiv with respect to the target) and a large excess of
random ds DNA. The oxidative cleavage of DNA was
initiated by addition of a KHSO5 solution (final concentration
of 1 or 0.1 mM, as indicated on Figure 4). As mentioned
before, some oxidative lesions mediated by conjugates6 and
7 on the DNA target were not revealed without piperidine
treatment. Before piperidine treatment the pattern of cleav-
age of compound6with 1 mM KHSO5 (Figure 4) consisted,
as also observed in the anti-tat series, of a smear from the
35-mer full-length band to a fragment corresponding to the
G22 band of the Maxam-Gilbert ladder. After alkaline
treatment, cleavage fragments mediated by compound6
activated by 1 mM KHSO5, appeared as discrete bands
corresponding to G22 and G24 fragments of the Maxam-
Gilbert ladder as major bands and to G19, G25, and G27
fragments as minor ones (Figure 4). Densitometric evalu-
ation of cleaving efficiency of conjugate6 indicate that 75%
of the 35-merreV target was damaged with only 1 equiv of
DNA cleaver with respect to the target and 1 mM of
monopersulfate. When the concentration of KHSO5 was
decreased to 0.1 mM, the overall cleavage yield decreased
to 50% of degradation of target after piperidine treatment
(Figure 4). The main site of cleavage was then located at
the G27, i.e., at the junction of single- and double-stranded
regions of the DNA target.
The reactivity of the conjugate7 is illustrated in the same

Figure 4. In the presence of 1 mM of KHSO5, and after
piperidine treatment, damages on the 35-mer were estimated
to be 75%, as for conjugate6, but the cleavage profile by7
was different than that obtained with6. The major fragment
generated by7 was located at G22 with minor fragments at
G19, A21, and G24. The metalloporphyrin cleavage sites
seemed to be located mainly in the double-stranded region
generated by the hybridization of the oligonucleotide vector
of the cleaver onto the 35-mer target. When the cleavage
of 7 and6 was compared at lower concentration of KHSO5

(0.1 mM), the DNA cleavage products of7were also shorter
than those obtained with6, and they were mainly located in
the duplex region. Densitometric titration of the remaining
intact 35-merreV material showed that, for 0.1 mM of
KHSO5, the cleavage yield of the tetracationic porphyrin

FIGURE 3: Influence of the linker in the anti-tat conjugates series.
All of the compounds consisted of a manganese trispyridini-
umylporphyrin entity coupled to the anti-tat 19-merVia aliphatic
diamine linker or spermine. Cleavage of 5′-[32P]-35-mertat ss DNA
target with conjugates1-5. The target-labeled DNA and conjugates
were 10 nM each, excess random ds DNA was 0.4 mM base. The
cleavage reaction proceeded for 1 h at 4°C in the presence of 1
mM of KHSO5 in 100 mM NaCl, 50 mM phosphate buffer (pH 7).
Cleavage reactions were analyzed before and after piperidine
treatment as indicated on the top of the gel.
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conjugate7was 60%, slightly higher than that obtained with
the tricationic porphyrin conjugate6 (50% of cleavage). This
difference can be explained by a higher reactivity of the
tetracationic metalloporphyrin entity as also deduced from
experiments described on Figure 5 where cleavage reactions
with 6 and7 were performed at various concentrations of
KHSO5 ranging from 1 mM to 1µM (from left to right on
Figure 5). Only the cleavage patterns after piperidine
treatment were compared. For compound6, at 1 and 10

µM of KHSO5 no degradation of the target was observed
(Figure 5, lane 3 and 4). For 100µM of oxidant, the
cleavage pattern consisted of fragments due to damages
mainly located in the ss region at G27 (Figure 5, lane 2). At
1 mM of KHSO5 (Figure 5, lane 1) major cleavage fragments
were mediated in the ds zone of the cleaver-target duplex,
as previously described in Figure 4. The G27 guanine of
35-merreV was thus probably the nearest and first guanine
base to be attacked by the activated metalloporphyrin. In
the presence of higher concentration of KHSO5 secondary
cleavage events on this G27 ending fragment led to products
cleaved at G24 and G22. The same cleavage profile was also
observed for conjugate7, the first cleavage event taking place
in the ss region at G27 position. But, for compound7, the
same DNA break profiles were obtained with KHSO5

concentrations 1 order of magnitude lower than for conjugate
6 (DNA cleavage started at 10µM of KHSO5 with 7, see
lane 8 of Figure 5). Patterns of DNA cleavage for7 with
100 and 10µΜ of KHSO5 (Figure 5, lanes 7 and 8,
respectively) were nearly identical to those obtained with6
with 1 mΜ and 100µΜ of KHSO5 (Figure 5, lanes 2 and
3, respectively). In order to check that the KHSO5 concen-
tration did not affect the binding of the cleaving entity on
its target, a reaction time course was performed (data not
shown). Reactions with compound6 were carried out in
standard conditions by addition of KHSO5 at a final
concentration of 1 mM and at various time intervals (30 s,
3, 5, 12, 20, and 30 min, and 1 h), reactions being stopped
by addition of 1 M HEPES (1µL). After piperidine
treatment, cleavage patterns were compared with the ones
of Figure 5. After 30 s of reaction, the cleavage profile was
identical to that observed with addition of KHSO5 at a final
concentration of 0.1 mM (lane 2, Figure 5). Between 30 s
and 20 min, the amount of shortoligonucleotide fragments
increased up to the profile obtained generally after 1 h of

FIGURE 4: Variation of Mn-porphyrin structure in the conjugates
of the anti-reV family. Cleavage of 5′-[32P]-35-merreV ss DNA
target (10 nM) with the parent tricationic porphyrin conjugate6
(10 nM) (lanes 1-5) and the tetracationic porphyrin conjugate7
(10 nM) (lanes 6-10) in the presence of 0.1 or 1 mM KHSO5
concentrations. The cleavage reaction was in 100 mM NaCl, 50
mM phosphate buffer (pH 7) for 1 h at 4°C. For each compound
and at each concentration of KHSO5, DNA cleavage was analyzed
before and after piperidine treatment as indicated at the top of the
gel. Maxam and Gilbert G reaction is presented in the first lane on
the left of the gel.

FIGURE 5: Variation of the concentration of KHSO5. Cleavage of
5′-[32P]-35-mer reV ss DNA target with the tricationic (6) or
tetracationic (7) conjugates (lanes 1-5 or 6-10, respectively)
analyzed only after piperidine treatment. The target labeled 35-
mer reV (10 nM) was incubated in the presence of the conjugate
(10 nM) and an excess of random ds DNA in 100 mM NaCl, 50
mM phosphate buffer (pH 7) with KHSO5 for 1 h at 4°C. KHSO5
concentrations were decreased from left to right on the figure: 1
mM, 100µM, 10 µM, 1 µM, or none for each conjugate.
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reaction at 4°C and with a final concentration of KHSO5 of
1 mM (lane 1, Figure 5). So these short fragments arose
from secondary cleavage events. Some faint cleavage
observed all the way down to the bottom of some gels,
especially on Figure 4 (lanes 2 and 7), was due to KHSO5

itself plus piperidine treatment. As a control experiment,
the ss 35-merreV target was annealed with the unconjugated
26-mer anti-reV and treated with KHSO5 at a final concentra-
tion of 1 mM. After piperidine treatment, the 35-merreV
target was slightly degraded especially at guanine residues
and along all of the sequence as previously observed on
Figure 4.
These results clearly indicate that the metalloporphyrin

entities of conjugates6 and7 can promote at least two ss
DNA breaks when the initial cleaver/target ratio is only 1/1,
and thus they behave as catalysts.
Influence of the Nature of the Metal Center and of the

ActiVation Mode of the Metalloporphyrin.Non-conjugated
metalloporphyrins have a lower DNA cleavage efficiency
when they are activated by a reducing agent in the presence
of dioxygen from air compared to monopersulfate activation
(Ward et al., 1986). However we decided to compare the
nuclease activity of the manganese porphyrin conjugate6
with the corresponding iron conjugate8 with two different
modes of activation of the metal center. The first one was
the generation of a metal-oxo entity by KHSO5, the other
one was the mimic of the possiblein ViVo activation of
metalloporphyrins in the presence of molecular oxygen and
a reducing agent (we tested ascorbate, dithiothreitol, and
glutathione). These comparative studies on the role of the
metal center and the two different activation modes were
performed with the 35-merreV target. Lanes 1-4 of Figure
6 correspond to the manganese porphyrin6, and lanes 5-8
correspond to the iron analogue8.
KHSO5 activation (at 1 mM concentration) of manganese

(lanes 1 and 2) and iron (lanes 5 and 6) porphyrins was
analyzed before and after piperidine treatment. Without
piperidine treatment the cleavage pattern obtained for
compound8 was a smear of weak intensity extending
between the full-size 35-mer band and the G24 fragment of
the Maxam-Gilbert ladder. Alkaline treatment revealed that
the main target damages occurred within the target-
oligonucleotide duplex at G residues located at 15, 16, 19
and 22. The cleavage yield for this iron derivative activated
by monopersulfate was 50%, which is below that obtained
with the corresponding manganese conjugate (75% with6),
and the attack sites were also different, inside of the duplex
rather than at the duplex junction. But, this time, cleavage
with 8 in the ds region of target DNA occurred at relatively
low cleavage stage (Figure 6), i.e., even at lower concentra-
tions of KHSO5 (10 or 100µM) (not shown). So it appeared
that the iron porphyrin did not interact as the manganese
one on the target: an interaction in the ds zone seemed
favored for the iron porphyrin.
The activation of manganese porphyrin moiety of conju-

gate6 in the presence of air and 0.1 mM of a reducing agent
(DTT) was also possible and led to a cleavage pattern
identical to that obtained in the KHSO5 activation mode.
Compare lane 4 of Figure 6 for O2 and reductant with lane
2 of Figure 5 for KHSO5 activation at the same concentration
of added cofactor (the KHSO5 cleavage reaction was
performed at 4°C during 1 h while the O2-reductant mode
of activation required 12 h at 37°C). The same pattern of

cleavage was also obtained with glutathione (data not shown).
However the degradation yields with conjugate6were lower
with glutathione, 30% and 60% for 0.1 mM of glutathione
and DTT, respectively.
We also observed that the cleavage efficiency of6 in the

presence of O2 and a reductant was highly dependent on the
reductant concentration. Usually, 10 mM or 1 mM concen-
trations of reducing agents are used for metalloporphyrin-
mediated DNA cleavage (Ward et al., 1986). In our case
the DNA cleavage was totally inhibited in these conditions.

FIGURE 6: Manganese versus iron porphyrin-oligonucleotide
conjugates. Comparison of KHSO5 or O2 and a reductant as
activating mode of the Mn-conjugate6 and its iron analogue8.
The 5′-[32P]-35-merreV ss DNA target and the conjugate were 10
nM each in 100 mM NaCl, 50 mM phosphate (pH 7) cleavage
reaction buffer. They were diluted in a large excess of ds DNA.
Activation of metalloporphyrin conjugates by KHSO5 took place
at a concentration of 1 mM of KHSO5 and lasted 1 h at 4°C: lanes
1 and 2 for6, and lanes 5 and 6 for8. Each pair of lanes correspond
to the analysis of the 35-merreV degradation before and after
piperidine treatment, repectively. Aerobic activation of the metallo-
porphyrin-oligonucleotide conjugates in the presence of 0.1 mM
of DTT took place over 12 h at 37°C. The cleavage reactivity of
6 in a reducing medium is illustrated by lanes 3 and 4, before and
after piperidine treatment, respectively. The corresponding lanes
for compound8 are lanes 7 and 8. The control of the 35-merreV
incubated with8without added reducing agent is presented in lane
9.
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Various reducing agent concentrations were tested: 10 mM,
0.1 mM, 1µM, and 10 nM (data not shown). Conjugate6
cleaved the target only at 0.1 mM of DTT or glutathione
according to the profile described above (Figure 6, lane 4).
Ascorbate was unable to activate6 at any concentration. For
the iron compound8, we never obtained significant DNA
breaks in the presence of any reducing agent (Figure 6, lanes
7-9) or in any other experimental conditions by changing
the reaction time and/or the temperature.
We also checked that the oxidative DNA lesions mediated

by the manganese compound6 or the iron compound8, both
being activated by KHSO5, or by6 activated by DTT were
not sensitive to reductants. Addition of a large excess of
DTT (10 mM) in each of the above described cleavage
reactions before piperidine treatment did not decrease the
amount of alkali-labile lesions revealed by piperidine (data
not shown).
Sequence Effect on the Nature of DNA Damages Gener-

ated by Metalloporphyrin-Oligonucleotide Conjugates.A
sequence effect was noted in the nature of the oxidative
damages mediated by the metalloporphyrin-oligonucleotide
conjugates but not on their overall efficiency of degradation
of DNA target. Conjugates1 and 6 had nearly the same
cleaving efficiency on their respective 35-mer ss DNA targets
when compared in the same experimental conditions (75%-
80% of degradation of DNA target). Conjugate6 is highly
efficient despite of a 3′-mini loop that is known to slightly
decrease the cleavage efficiency (Mestre et al., 1995). All
DNA breaks mediated by6 activated by KHSO5 on the 35-
mer reV sequence were due to guanine oxidation and were
revealed after piperidine treatment, whereas we observed two
different mechanism for the oxidative damages on the 35-
mer tat target with the anti-tat conjugate1: direct single-
strand breaks by deoxyribose oxidation and alkali-induced
cleavage due to guanine oxydation. This is related to the
fact that thereV target is G- and C-rich in opposition to the
tat target sequence that has an A- and T-rich region
accessible to the activated metalloporphyrin moiety and
leading to damagesVia hydroxylation of C-H bonds at C5′
of deoxyribose units (Pitie´ et al., 1992; Pratviel et al., 1993).

DISCUSSION

To improve and to better understand the nuclease activity
of cationic metalloporphyrin-oligonucleotide conjugates we
modified several parameters of these conjugates: (i) the
length and the nature of the linker, (ii) the number of positive
charges of the porphyrin ligand, and (iii) the metal center
and the mode of activation of the metalloporphyrin entity.
It must be noted thatthe molar ratio of cleaVer/target was
only 1/1 for all the reported experiments at a final concen-
tration of 10 nM.
Influence of Length and Nature of the Linker on Nuclease

ActiVity of Conjugates. From data obtained with conjugates
1-4, it is clear that the common feature for the two efficient
cleavers1 and2 (cleavage yield, 80% and 90%, respectively)
was not only the presence of the longest possible linker (n
) 15 and 12, respectively) but the necessity of a long tether
between the 5′-end of the oligonucleotide vector and the
rather rigid peptidic link. Conjugate4 with only two
methylene groups between the 5′-NH-COO-oligonucleotide
and the peptidic link with the metalloporphyrin precursor

was less efficient (cleavage yield) 50%) than2with nearly
the same total length for the linker (n ) 11 and 12 for
compounds4 and 2, respectively). The two efficient
conjugates1 and 2 have six methylene units between the
peptidic link and the 5′-end of oligonucleotide vector,
suggesting that the tether between the cleaver entity and the
oligonucleotide must be as flexible as possible in order to
facilitate interaction of the high-valent metal-oxo species
with target. The relative ratio of cleavage products at G22,
G20, G19, and T18 was the same for compounds1-4, but the
total cleavage yield changed (conjugates1 and2were better
cleavers than3 and4). With two methylene units between
the 5′-oligonucleotide vector end and the peptidic link, the
DNA-metalloporphyrin contacts might be too weak, leading
to the self-degradation of the metal-oxo porphyrin rather
than to DNA cleavage.
Concerning direct cleavage events (occurring at G19 and

T18 before piperidine treatment) they correspond to a
particular interaction of the Mn-cationic porphyrin in the
minor groove of ds DNA at three consecutive AT base-pair
sequence (5′-AAT18 and 5′-AAA 17 on the 35-mertat target).
Within this site of high affinity the metal-oxo porphyrin is
able to oxidize the C5′ carbon of the adjacent nucleoside on
the 3′-side of the three AT base pairs (Pitie´ et al., 1992). So
if the tethered metalloporphyrin is able to bind in the minor
groove of three AT base-pair sequence, then “classical” direct
breaks by DNA sugar oxidation should be observed. If not,
then the metal-oxo complex abstracts electrons from the
easily oxidable guanine residues (Steenken, 1989; Meunier
et al., 1994). From CPK models, the tether length of
compounds1-4was too short to allow a good fitting of the
cleaving entity within the three AT base-pair sites in the ds
zone of oligonucleotide/target duplex. Furthermore, we
could observe in the case of compound1 that G19 and T18
were not primary cleavage events at low concentrations of
KHSO5 (data not shown) but were due to secondary damages.
So, the primary damage events were G oxidations, and as
the amount of these oxidative damages increased, the C5′
oxidative cleavage at G19 and T18 as secondary cleavage event
was enhanced. The different behavior of compound5 can
be observed, the long tether (n) 21 bonds) allowed relatively
more primary cleavage events at G19 and T18 than G
oxidations, compared to the other conjugates of this series.
But we were rather disappointed by the spermine linker used
for conjugate5 in terms of yield of cleavage. With triple-
helix-forming oligonucleotide linked to the manganese
tris(methylpyridiumyl)porphyrin cleaver, we found that the
same spermine linker increased the stability of the triplex
and consequently enhanced the cleavage yield (Bigey et al.,
1995). In the present case, the cleavage efficiency of the
spermine-containing conjugate5was not as good as expected
(yield ) 60%). Despite a very long linker (n ) 21 bonds)
no strong damages were observed at or beyond G19 and T18,
the main targets of1 and 2. But as we already noticed
(Pratviel et al., 1995) longer tethers do not increase cleavage
efficiency. These experiments suggest that hydrophobic
linkers are not an obstacle in the antisense strategy since
aliphatic linkers gave better results than the polycationic
spermine [for key references on the interactions of spermine
derivatives with nucleic acids, see Schmid et al. (1991)].
Influence of Number of PositiVe Charges of the Porphyrin

Ligand on Nuclease ActiVity of Metalloporphyrin-Oligo-
nucleotide Conjugates.Since manganese tetrakis(4-N-meth-
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ylpyridiniumyl)porphyrin is the most efficient metallo-
porphyrin DNA cleaver when activated by monopersulfate
(Pitié et al., 1995; Pratviel et al., 1995), we prepared7, a
conjugate with a tetracationic manganese porphyrin cleaver.
This derivative was about ten times more active in the
cleavage of the 35-merreV target than the tricationic
porphyrin motif (Figures 4 and 5). This enhanced activity
might be related to a higher binding affinity of the tetraca-
tionic metalloporphyrin for the target nucleic acid and also
to a higher reactivity of the high-valent manganese-oxo
species due to the electron-withdrawing capacity of the four
methylpyridiniumyl substituents at the periphery of the
porphyrin ligand. One other advantage of this new cationic
manganese porphyrin cleaver is its less tedious preparation
via the monoalkylation of the symmetrical tetrapyridylpor-
phyrin.

Influence of the Nature of the Metal Center and of the
ActiVation Mode of the Metalloporphyrin.Expecting anin
ViVo activation mode of these metalloporphyrin-oligo-
nucleotide conjugates similar to that of bleomycin (Pratviel
et al., 1989), we compared the nuclease activity of com-
pounds6 and8 as a function of the metal (manganese or
iron) in both oxidative and aerobic reducing conditions.
When activated by KHSO5, the manganese compound6was
more efficient than its iron analogue8 in terms of cleavage
yield of the degradation of DNA target. The iron conjugate
seemed to interact in a different way than6 with the target
since the generated cleavage products of DNA were located
at different positions on the 35-mer DNA.

In the case of activation of these manganese porphyrin-
oligonucleotide conjugates by an electron source in the
presence of O2, we found that DNA cleavage was highly
dependent on the reductant concentration. There was an
optimal reductant concentration leading to DNA cleavage:
0.1 mM DTT or glutathione. At smaller or higher concen-
trations with respect to this optimum, conjugate6 was
inactive. On the other side, the iron conjugate8was unable
to perform any significant DNA damage when activated by
a reducing agent. This phenomenon might be due to a
competition between the capacity of the iron-oxo to oxidize
the DNA target and its reduction by the large excess of
reductant present in the reaction mixture [for kinetic data
on these competitive reactions with iron-porphyrin cyto-
chrome P-450 models, see Tabushi et al. (1985)]. The
manganese derivative6was apparently less sensitive to this
phenomenon than the iron conjugate8. Taking into account
that the iron porphyrin-oligonucleotide conjugate8 might
interact with DNA in a different way than the manganese-
oligonucleotide conjugate6, this inactivation might be more
pronounced for8 than for6.

The important point is the possibility for the manganese-
oligonucleotide conjugate6 to be as efficient as DNA cleaver
with an electron source and molecular oxygen than with a
peroxide. This key point is determinant for the future
possiblein ViVo development of these metalloporphyrin-
oligonucleotide conjugates as reactive antisense or antigene
oligonucleotides. Due to their higher affinity and reactivity,
manganese tetracationic porphyrin-oligonucleotide conju-
gates are the suitable candidates for studies at the cellular
level.

CONCLUSION

Several metalloporphyrin-oligonucleotide conjugates were
synthesized by the coupling through an amide bond between
a carboxylate arm of a metalloporphyrin and a 5′-amino-
oligonucleotide. These different conjugates were then
compared on the basis of their DNA cleaving efficiencies
in experiments at low DNA cleaver loading (molar ratio of
conjugate versus DNA target being 1/1). The most efficient
conjugate for the cleavage of a single-stranded DNA target
is a manganese tetracationic porphyrin-oligonucleotide
conjugate with a linker containing a hexamethylenediamine
at the 5′-end of the oligonucleotide vector. The high
cleavage efficiency of this conjugate with four positive
charges at the periphery of the porphyrin ligand may be
related to a higher DNA affinity compared to conjugates
based on tris(methylpyridiniumyl)porphyrin derivatives. For
the first time, we have been able to obtain an high DNA
cleavage activity of a manganese porphyrin-oligonucleotide
conjugate when activated by an electron source in the
presence of oxygen, with an activation mode similar to that
of bleomycin, the antitumor agent able to cleave nuclear
DNA of tumor cells.
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