9514 Biochemistry2000, 39, 9514-9522

Oxidative Damage Generated by an Oxo-Metalloporphyrin onto the Human
Telomeric Sequenée

Corine Vialas, Genevie Pratviel, and Bernard Meunier*
Laboratoire de Chimie de Coordination du CNRS, 205 route de Narbonne, 31077 Toulouse Cedex 4, France
Receied April 3, 2000; Reised Manuscript Receed June 1, 2000

ABSTRACT. The cationic metalloporphyrin Mn-TMPyP activated by KHSItas been used as cleaver of

an oligonucleotide containing the four human telomere repeats@@E& TTA. This oligonucleotide formed

an intramolecular quadruplex DNA under 200 mM KCI as probed by DMS footprinting and could fold
into different quadruplex structures under 200 mM NaCl. We found that the oxo-metalloporphyrin was
able to mediate efficient oxidative cleavage of the quadruplex. The location of damage showed that the
metalloporphyrin was able to bind to the last G-tetrad of the quadruplex structure via an external interaction.
This metalloporphyrin-G-tetrad interaction needs a relatively high flexibility of the single-stranded linker
regions to allow the partial stacking of the metalloporphyrin with the last G-tetrad planar structure. The
oxidative damage consisted of guanine oxidation within the interacting G-tetrad together with an 1
carbon hydroxylation of deoxyribose residues of the thymidine residues located on the neighboring single-
stranded loop. So the high-valent oxo-metalloporphyrin is able to mediate both electron-abstraction or
H-abstraction on G or T residues, respectively, within the DNA quadruplex target.

Telomeres are short nucleotidic repeats located at the endA B
of chromosomes, essential to maintain genetic integtity ( C{R H
2). They are specialized nucleoprotein complexes that have N N\\rN H- -7 N~ IR
important functions in the protection of chromosome ends §\ | N. —
from degradation or end-to-end fusion. They also allow 7 o p
chromosomic DNA to be completely replicated withoutloss  ; g/ H'N_<N
of genetic material. The telomeric DNA sequences known N H @ B {
from a large number of organisms generally consist of many N>/_N o. Q
tandem repeats of G-rich sequences. The sequence of a )= “Hy lN7\> G
repeating unit of human telomeres i$GGGTTA (3). dR/N\,’N7--~H_N)\\N N 3
Although the bulk of telomeric DNA is double-stranded, the H dR
extreme terminus contains asdngle-stranded overhand)(
In G-rich single-stranded DNA, the guanines form Hoogsteen s
base pairs which can associate to induce cyclic tetrads for- G-tetrad Quadruplex
mation called G-tetrads. Each G-tetrad consists of four
guanine bases in a square planar array arranged in a cyclicC D ( )
hydrogen-bonding pattern, where each guanine is both the HNH - 1
donor and acceptor of two hydrogen bonds (Figure 1A). This N o —
characteristic folding can lead to quadruplex DNA formation N_ =0-.y N, )
(Figure 1B) (). Although G-rich strands associate to form )N\ i »
cyclic tetrads in physiological conditions, their formation and RN ™= "H #Sy 7N
stability is increased by the presence of monovalent cations H dr
such as K and Na (5—8). Indeed, the unique feature of
the G-tetrad as a structural motif is a pocket with its center GG base pair Hairpin
containing electron-rich carbonyl oxygens able to interact
with these cations. Kions are better to stabilize G-tetrads Ficure 1: (A) Structure of an individual G-tetrad showing the
than Na ions ©@—12). The higher affinity of potassium salt ~Hoogsteen base pairing.Mepresents a monovalent cation such
for the telomeric sequence can be explained by a better fit" or Na” and dR the sugarphosphate backbone. (B) Schematic

fits ioni dius for th drupl truct dt representation showing the possible folded intramolecular quadru-
Or'its 1onic radius for the quadruplex structure compared 10 pjay strycture. (C) GG-base pair formed by the means of Hoogsteen

sodium salt. hydrogen bonds. (D) Intramolecular hairpin.
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FIGURE 2: Structures of two cationic porphyrin derivatives: (A) the nonmetalatedMPyP and (B) the metalated Mn-TMPyP. This
latter complex exhibits two water molecules as axial ligands and is surrounded by five acetate counterions.

double-stranded region

14). From the moment that telomere length would become ‘ |

smaller than a critical size, cells would stop dividing, become T bmus e aases 0115 —
senescent, and die. On the other hand, the majority of the 5-CATGGTGGTTTGGGTTAGGGTTAGGGTTAGGGTTA CCAC-3
immortal cells do not present telomeric shortening during \ ~ J

cellular divisions 15). To compensate for the sequence loss
that results from incomplete terminal replication, immortal-
ized cells, tumor cells and germline cells express an enzyme,FIGURE 3: human telomeric sequence.
the telomerase, which synthesizes the missing telomeric
sequencesl@). Consequently, telomerase of cancer cells is -
an attractive target for the development of new drugs able &t€d t0 the human telomeric sequence by the Mn-TMPyP/
to reduce telomere length by inhibition of the enzyme activity KHSOs system. The oxidative lesions were found to depend

(2). Several agents interacting with the characteristic G-rich ©" the secondary structure of the telomeric sequence,
secondary structures -(GGGTTA)- of telomeric DNA have Suggesting that this oxo-manganese porphyrin is a good probe

been developedL{—20). Such compounds studied in Hur- Or quadruplex structures of DNA.
ley’s group have shown high affinity for those structures,
forming stable complexes by stacking with the tetrad that EXPERIMENTAL PROCEDURES.
may inhibit the recognition of telomeric DNA by telomerase.  Synthesis, Purification, and Labeling of the Human Te-
The tetracationic porphyrinmesetetrakis(4N-methyl- lomeric Target.The human telomeric sequence (Figure 3)
pyridiniumyl)-porphyrin, H-TMPyP! (Figure 2A) possesses ~ Was synthesized by standard solid-phasgyanoethy! phos-
the appropriate physicochemical properties to interact with Phoramidite chemistry. Purification was performed by elec-
the G-quadruplets2(l—26). Indeed, its molecular size is trophoresis on a 20% polyacrylamide denaturing gel. DNA
similar to the G-tetrad one. Moreover, this planar compound, concentration was determined by UV measurements at 260
that can hydrophobically interact with the tetrad wistack- ~ "mM. The 5end of the telomeric target was labeled B
ing, presents substituents with positive charges favorable forusing standard procedures with T4 polynucleotide kinase and
electrostatic interactions with the phosphate backbone.[y-**P]JATP purchased from New England Biolabs and ICN
H,-TMPyP was recently shown to be a potent inhibitor of Biomedical, respectively.
human telomerase in vitr@®). CD and UV thermal melting Dimethyl Sulfate FootprintingA typical experiment
studies together with photocleavage experiments showed thagonsisted of incubation of thé-&P-labeled human telomeric
this porphyrin binds to and stabilizes the human telomeric sequence (M, 100006-150000 cpm) in Tris/HCI buffer
DNA quadruplex (GGGTTA) by externalz-stacking with ~ PH 7 (50 mM), in the presence of KCI (200 mM) (Tris/KClI
the last guanine tetrad. No intercalation between the tetradsbuffer) or NaCl (200 mM) (Tris/NaCl buffer). Control
has been highlighted, thus leaving the quadruplex DNA reactions were done in Tris/HCI buffer pH 7 (50 mM) (Tris
edifice intact 25). buffer). The DNA solution was heated for 10 min at 90
The manganese derivative of TMPyP is a powerful _ar?ql slowly cool_e_d to room temperature. The reactio_n was
artificial nuclease27—30). Mn-TMPyP (Figure 2B) can be |n|t|ate(_j by addition of dimethyl sulfate (DMS) (1% final,
activated by an oxygen atom donor, potassium monopersul-T0m Slgl‘na). Total volume was 20L. After 2, 5, or 10
fate KHSQ, into a very reactive high-valent porphyrin Mn-  Min at 0°C, the reaction was stopped with 8@ of DMS
(V)=0 species31—33). This powerful catalytic system is stop buffer consisting of 2L of ﬂ—mercaptoethanol_ from
able to oxidize deoxyribose€T, 28) or guanine residues ~©19Ma, 10uL of 1 mg/mL calf thymus DNA from Sigma,
(30) within double-stranded DNA. and 68uL of d|st|Iqu water. Samples were then diluted with
10uL of 3.5 M sodium acetate buffer (pH 5.2) and:ll of
yeast tRNA at 10 mg/mL and precipitated with 300 of

" Abbreviations: TMPyPmesetetrakis(4N-methylpyridiniumyl)- 514 ethanol overnight at20 °C. After centrifugation (15
porphyrinato dianion; Mn-TMPyP, manganese(lll)-bis-aquese inat 4°C. 12 x 10° the DNA pellet hed
tetrakis(4N-methylpyridiniumyl)-porphyrin; 5-MF, 5-methylene-2- MmN a ; X rpm), the pellet was washe

furanone; DMS, dimethyl sulfate. twice with cold ethanol, dried under vacuum (Speedvac),

four telomeric repeats

Here, we report the efficient oxidative degradation medi-
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and subjected to piperidine treatment (40 1 M, 30 min gel (7 M urea) fo 3 h atabout 2000 V. The DNA fragments
at 90°C). Piperidine treatment was followed by lyophiliza- were visualized either by autoradiography using Kodak
tion of the piperidine solution. BioMax MR-1 film or by phosphorimagery (Molecular
Oxidation of the Human Telomeric Sequence by Mn- Dynamics) using Image Quant software. Each gel included
TMPyP/KHSQ. Telomeric sequence cleavage reactions were a Maxam-Gilbert sequencing (G-lane).
performed with 5labeled target (final concentrationdM, Melting Temperature Measuremen&amples were pre-
100006-150000 cpm) in Tris/HCI buffer pH 7 (50 mM), pared by heating the telomeric sequence alonaNQ} in
and KCI (200 mM) (Tris/KCI buffer) or NaCl (200 mM)  Tris/HCI buffer pH 7 (50 mM) and KCI (200 mM) or NacCl
(Tris/NaCl buffer). Experiments were also carried out in 50 (200 mM) at 9¢°C for 10 min and gradually cooling to room
mM Tris/HCI buffer pH 7 (Tris buffer). The media were temperature. The DNA was then preincubated or not with
boiled at 90°C for 10 min and slowly cooled to room Mn-TMPyP (1 «M) during 15 min. Concentrations in
temperature. The DNA was preincubated with Mn-TMPyP brackets are final concentration. Absorbance versus temper-

(1 uM, see ref34 for preparation) during 15 min at @C. ature data were obtained at 260 nm. The temperature was
DNA cleavage reactions were initiated by adding a freshly increased with an HP 89090A Peltier temperature controller
prepared solution of KHS§Xfinal concentration 10@:M, from 10 to 95°C. The heating rate was 0%/min. The

Curox from Interox). Final volume was 260. After 1 h (or melting temperatures were deduced from the corresponding
5 min) at 0°C, the reactions were stopped by addition of melting curves.

Hepes buffer pH 8 (48 mM, final concentration). The DNA

samples were then subjected to ethanol precipitation and cenRESULTS AND DISCUSSION

trifugation as described above. Piperidine treatments per- Secondary Structures of the Human Telomeric Sequence
formed in some cases on DNA cleavage products were aspepends on the Cation Present in the Medidtne studied
described above. telomeric DNA target (Figure 3) is composed by four human
After the addition of Hepes buffer, some samples were telomeric repeats (85GGTTA) able to fold into an intramo-
subjected to further treatment: (i) heating step consisted oflecular quadruplex which can be stabilized by a double-
a 90 °C heating during 30 min (pH 7.5) before ethanol stranded stem as shown previously (25). We performed a
precipitation. (ii) NaBH treatment was performed by dimethyl sulfate (DMS) footprinting analysis in order to
incubation of the reaction medium for 30 min at room check that the telomeric sequence could adopt G-quadruplex
temperature with NaBlH(final concentration 0.1 M, Janssen structures under the used reaction conditions (buffer, ionic
Chimica) and was stopped by further addition of 10 strength). The signature of a G-quartet formation is the strong
equivalents of acetone (with respect to Naflhe samples  protection against methylation of the guanine dilie to
were ethanol precipitated and a part of them were subjectedHoogsteen base pairs (Figure 1A). We studied guanine
to a piperidine treatment. methylation of the human telomeric target under three
HPLC Analysis of the Oxidate Degradation of Deox- different conditions (i) in the presence of Kons (Tris/KClI),
yribose Unit.After typical quadruplex oxidation in Tris/KCl (i) in the presence of Naions (Tris/NaCl), or (iii) in the
or Tris/NaCl buffer (60-scale fold), the reaction media were absence of those two alkaline monovalent cations (Tris) (data
analyzed by HPLC. The samples were either directly injected N0t shown). This experiment allowed us to confirm that the
or heated for 15 min at 9€C, chilled in liquid nitrogen to  télomeric _sequence could fold into different secondary
stop the heated reaction before analysis. The liquid chro-Structures depending on the added cation, as already de-
matography analysis was performed isocratically on a C18 Scribed in the literature( 6, 9, 11). In the presence of K
Uptisphere reverse phase column (from Interchim, France), 10NS: the observed full protection against methylation of all

with methanol/5 mM ammonium acetate buffer pH 4.5, 7/93 (e guanines of the telomeric sequence, compared to the
at 1 mL/min. Detection was at 260 nm. The retention times S€NSIVIty of G and G, located in the double-stranded stem,

: ) : . suggested that the target folding is an intramolecular qua-
forot)r(liyt/jrgggg 2{(‘3 i,gggi}”ggi&ﬁ-gﬂ gnhgeéngné_ﬁggﬁg;;e_ly. druplex_(F|gure 1B). In tht_e quadruplex structure all the N
stranded DNA cleavage reactions were performed on a 35—0]c guanines are engaged in Hoogsteen hydrogen bonds and

: T3 thus are not prone to methylation (Figure 1A). On the other
mer duplex Wh'Ch was ? P-end labeled on one or the other hand, the DMS semi-protection patterns observed in the
strand. Typical experiment was done at a duplex final oq0nce of Naions revealed that the secondary structures
concentration of M In Tris buffer pH 8 (40_mM) and formed under these conditions were less tightly bound. This
NaCl (100 mM). Annealing of the two 35-mer single-strands  oq 1t may be explained by the existence of intramolecular
was achieved by heating at 9C for 1 min followed by pajipins due to guanine pairings (Figure 1D), where only
§Iow coollng_ to room temperature. The m|>§ture was then 5ne N, of G is exposed to the solvent (Figure 1C). It is
incubated with Mn-TMPYP (final concentration of ). known that different foldings may coexist in Tris/Nad, (
Cleavage reactions were initiated by the addition of KHSO g 9—11 25, 35), intramolecular quadruplex may be associ-
at a final concentration of 100M. Total volume was 15 ated with intramolecular hairpins. A partial association of
uL. After 1 h at 0°C, the oxidation reactions were stopped  these hairpins to form interstrand tetrads three- or six-layered
by the addition of Hepes buffer followed by ethanol quadruplexes are also possible. In the absence ofuid
precipitation as described above. Na' cations, the observed full sensitivity of all guanines

Polyacrylamide Gel Electrophoresis Analysiter etha- toward methylation indicated that the human telomeric DNA
nol precipitation of the reaction samples or after piperidine structure, under these conditions, may be a simple stem-loop
treatment, the dry DNA pellet was diluted in formamide with where the guanines located either in a single-stranded loop
marker dyes. The samples were incubated 2 min &8®0  or in a Watsor-Crick double-stranded helix could be
chilled in ice, and run on a 20% denaturing polyacrylamide methylated. In that case all;Nof the guanines would be
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equally prone to methylation. In summary, the different DMS -G,¢-G3o tetrad, may be tentatively explained by the presence
reaction results confirmed that the human telomeric sequenceof two lateral loops that impeded the incoming of Mn-
studied here could fold into different secondary structures TMPyP at that site. This absence of binding on the “top”
depending on the reaction medium. An intramolecular side of this quadruplex structure was also observed for the

quadruplex was clearly evidenced in Tris/KCI buffer. Single-

nonmetalated porphyrin, A-TMPyP. It was found by mo-

stranded or stem-loop structure was proposed for the Trislecular modeling studies that the external stacking ef H

buffer medium. An intermediate situation was probable in
Tris/NaCl buffer, where intramolecular hairpins might form
interstrand quadruplexes. Th&, values of the human
telomeric sequence obtained in Tris/KCI or in Tris/NaCl
buffers were respectively of 51 or 3& indicating also
clearly that the structures of DNA were different in these
two experimental conditions.

We tested the reactivity of the Mn-TMPyP/KH$@u-

TMPyP with the G4G15-Goe-Gzo tetrad was extremely
unfavorable compared to the interaction on the other side
(25). Since Mn-TMPyP exhibits two axial ligands, it could
not be completely stacked with the bottom G-tetrad as was
the case for the nonmetalated-HMPyP. The presence of
two axial ligands, one oxo- and one-hydroxo ligand, has been
evidenced usingfO-labeling experiments in DNA cleavage
mediated by Mn-TMPyP/KHS©and involving an oxo-

clease onto the human telomeric sequence under the thredydroxo tautomerism32, 37). Thus, in Tris/KCl buffer, the

conditions (Tris/KCI, Tris/NaCl or Tris alone).

Cleavage of the Human Telomeric Sequence by Mn-
TMPyYP/KHSQ@ Depends on the Secondary Structutds.-

interaction of the manganese porphyrin was found to be
different from the interaction of HTMPyYP (22, 25). The
nonmetalated porphyrin was able to oxidize the four Gs of

TMPyp interacted with the human telomeric sequence asthe last tetrad (@, Gz, Ges and Gp) due to a perfect
shown by the increase of the melting temperature measurecexternal stacking of the porphyrin plane below these four

in Tris/KCI or in Tris/NaCl buffers. Under the conditions

bases whereas the metalated porphyrin could not penetrate

used for the C|eavage assays (See be|ow) the Mn_TMPdeeeply inside the structure due to its axial |igandS. Mn-

induced an increase of-& °C of the T,, in both salted
buffers.

The oxidative reactivity of the manganese porphyrin

toward the human telomeric sequence was assayed with th

telomeric target at kM concentration in the presence of 1
uM of Mn-TMPyP (one molecule of porphyrin for one
telomeric sequence) in Tris/KCI, Tris/NaCl, and in Tris
buffer. Initiation of the reaction was achieved by addition
of KHSOs (final concentration 10@M). The reaction time

was 1 h (or 5 min) at CC. The resulting products were

analyzed by electrophoresis on a 20% denaturing polyacryl-

TMPyP reacted preferentially onto thefand G, guanines
of this last tetrad. This fact can be related to the lower
oxidation potential of these two guanines that are located at
he B-position of GGG sequencedg, 39). The Ggand G,

ases correspond to the G at thep8sition of GGG
sequences and were less sensitive to the oxidation mediated
by Mn-TMPyP as was also observed under different oxida-
tion conditions described later.

When the oxidation reaction was performed in the presence
of Nat ions (Figure 4A, lane 5), some lesions were similar
to the ones observed in the presence ofihs: Tio, Ta1,

amide gel (Figure 4). In the absence of piperidine treatment G;,, and to a lesser extent,4 These lesions could not be
no significant degradation was observed whatever the condi-related to the interaction of Mn-TMPyP with an intramo-

tions (Tris/KCI, Tris/NaCl, and Tris) (Figure 4A, lanes-3).

lecular quadruplex (Figure 5A) because some of the typical

Some broad bands and smears were probably due to multipleleavage sites found on such structure in Tris/KCI were

oxidative lesions partially transformed into definite strand

missing here, namely the,Tand T, sites (see Figure 4A,

breaks. This phenomenon was observed previously forlane 4). Furthermore, it should be noted the presence of new

guanine lesions mediated by Mn-TMPyP derivativés) (

cleavage sites at positionggsland T,s. The reactive sites

These lesions were revealed as discrete cleavage bands bywere thus significantly different when the oxo-metallopor-

piperidine treatment (Figure 4A, lanes 8). Only these lanes

phyrin reacted with the human telomeric sequence in the

will be detailed since only piperidine treatment revealed the presence of K or Na'. This difference could be due to the

total oxidative reactivity of the oxo-metalloporphyrin. The

formation of alternative DNA structures such as three- or

piperidine cleavage pattern varied depending on the reactionsix-layered hairpin-dimer DNA in Tris/NaCl (Figure 5B).

buffer indicating a different interaction between the metal-
loporphyrin and the DNA target.

The interaction of the metalloporphyrin with an external
G-quartet within these quadruplex structures can be proposed

When the oxidation reaction was performed in the presencein a way reminiscent to what has been observed in Tris/

of K* ions (Figure 4A, lane 4), the metalloporphyrin was
able to mediate oxidative damage at thg, T11, Giz, T2y,
T2, and Gy residues. In this buffer, if the target DNA formed

KCI. Such mode of interaction leads to the oxidation ef T
and Ty sites together with &, Tio, and Tj;. The Ty and
Tog residues are probably not involved in lateral loops

an intramolecular quadruplex, the observed cleavage sitesanymore as in the case of the intramolecular quadruplex

would be in the vinicity of the last tetrad formed by
G0, G24, and G, bases (Figure 5A). This suggested that Mn-
TMPyP interacted with the intramolecular quadruplex by a
one-side external stacking with the;£5,0-G,4-Gs, last
tetrad. Both G and G guanines of the double-stranded
region were not touched indicating that the interaction of
the metalloporphyrin with the telomeric sequence was

structure shown in Figure 5A, but could be located in single-
stranded less rigid regions, leading thus to an increased
sensitivity toward the oxidation by the oxo-metalloporphyrin.
The T,1 and T, sites could be located on the middle lateral
loop of an intramolecular hairpin precluding its accessibility
by the metalloporphyrin. The £&could also be close to this
lateral loop and thus will not be touched. Thegs@nd the

stronger than with the double-stranded stem and was Gsoguanine residues are oxidizable due to their positions at

governed by the affinity of the metalloporphyrin with the

G-tetrad plane. The surprising absence of the metallopor-

phyrin on the other side of the quadruplex, at tha-Gis

the B of GGG sequences but are probably not accessible in
the middle of the six-layered hairpin-dimer DNA. In the
three-layered hairpin-dimer DNA, thesgbase was not
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Ficure 4: (A) PAGE analysis of the oxidative cleavage of thé%-labeled human telomeric sequence by Mn-TMPyP/Kki$@nes G

are the Maxam Gilbert sequencing reactions. Cleavage reactions were analyzed befap (lanes +3) and after {pip) (lanes 4-6)
piperidine treatment. Oxidation reactions were performed ‘@ th Tris/KCl (lanes 1 and 4 for 1 h), Tris/NaCl (lanes 2 and 5 for 1 h) or

Tris (lanes 3 and 6, for 5 min) buffers. (B) PAGE analysis of the corresponding control experiments of the oxidative cleavage of the
5'-32P-labeled human telomeric sequence by Mn-TMPyP/KE Stntrols were done in Tris/KCI @3), in Tris/NaCl (lanes 4 and 5) or

in Tris (lanes 6 and 7) buffers. All the lanes corresponded to analysis performed after piperidine treatment. Incubation of the labeled DNA
alone in Tris/KClI buffer was in lane 1. Control of incubations of DNA with Mn-TMPyP were the lanes 2, 4, and 6. Incubation with KHSO5
were lanes 3, 5, and 7. See Experimental Section for details.

involved in a G-tetrad and this may explain its lack of druplex section than for the duplex section of the telomeric
reactivity. The absence of reactivity of thgd®ase which DNA target studied here. We propose that the human
might have been associated with thg; Tesion (in a way telomeric DNA, in Tris/NaCl buffer, could be a mixture of
similar to the G; lesion being associated with thgoTand three- or six-layered hairpin-dimer DNA (Figure 5B). The
T11 lesions in the three-layered quadruplex) could not be interaction of the metalloporphyrin with one external G-tetrad
easily understood. Furthermore, we could observe, as it waswithin the three-layered hairpin-dimer can lead to the
the case in the presence of Kations, that the Watsen oxidative damage located ateland Tpg sites, whereas the
Crick double-stranded region {@nd G guanines) was less interaction of the Mn-TMPyP with one external G-tetrad
cleaved than the quadruplex region, suggesting once agairwithin the six-layered hairpin-dimer can lead to the oxidative
that the metalloporphyrin affinity was higher for the qua- damage located atg T10, and Ty, sites. In the presence of
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FicurRe 5: Mn-TMPyP/KHSQ oxidative cleavage sites (indicated

by stars) onto hypothetical secondary folding structures of the
human telomeric sequence (A) in Tris/KCI buffer, intramolecular
quadruplex; (B) in Tris/NaCl buffer, three-or six-layered quadru-
plexes formed by the association of intramolecular hairpin; and (C)

in Tris buffer, simple stem-loop.

Na', the interaction of the metalloporphyrin with DNA is
probably mainly governed by a strong preference for an
external stacking with a bottom G-tetrad of a quadruplex

DNA structure.

Biochemistry, Vol. 39, No. 31, 200®519

In the absence of Kor Na" cations (Figure 4A, lane 6),
the cleavage profile was once again completely different,
compared to the previous ones (Tris/KClI or Tris/NaCl). The
cleavage sites were located at almost all the guanines of the
four telomeric repeats. However a higher cleavage intensity
was observed on the guanines located at thgoSition of
GGG sequences (seei£3Gis Gig, and Gg) since these
guanines are the more oxidizable on&8,(39). Some
thymine residues, 1b, T11, T21, and T, were also oxidized.
However, G4 and G, were by far the most reactive sites
(Figure 5C). The double-stranded region was protected from
the oxidation reaction. Under unsalted Tris buffer conditions,
the probable absence of secondary structure (stem-loop) made
all the guanines of the single-stranded target DNA more
accessible to the manganese porphyrin. As a consequence,
the oxidation reaction was more efficient since the full length
DNA was completely degradated afte h of reaction at O
°C. We thus chosed to present the result of this oxidative
cleavage in Figure 4A (lanes 3 and 6) after 5 min of reaction
since the target degradation yield was comparable to the two
other saline conditions at that time. In Tris/KCl or Tris/NaCl
buffers, after only 5 min of reaction, half of the degradation
yields were obtained, with the same selectivity (data not
shown). This probably reflects a higher freedom of the on/
off interactions between the metalloporphyrin and DNA in
the case of nonquadruplex structures.

In all cases (Tris/KCI, Tris/NacCl, or Tris), all piperidine
cleavage fragments comigrated with Maxafilbert se-
guencing bands and thus corresponded to fragments bearing
a 3-phosphate terminus. The correspondence of G-bands can
be seen in Figure 4A. The correspondence of the T-bands is
not shown.

The control experiments are shown in Figure 4B. Only
the reaction media after piperidine treatment were loaded
on the gel. None of them showed significant cleavage
compared to the assays of Figure 4A.

Lesions Obsefed at the Thymine Lel Resulted from an
Hydroxylation of the tCarbon of the Deoxyribose Residue.
The nature of the DNA oxidation products remained to be
elucidated at a molecular level. Only two types of DNA
damages were observed, namely at G and T residues. The
G alkali-labile lesions strongly suggested that the active
manganese-oxo species reacted as a two-electron oxidant of
the G-base leading to different G-modified products as was
recently reported29, 30). The T-lesions (To, T11, T21, and
T2 in Tris/KCl and Ty, T11, T16, @and Tgin Tris/NaCl) were
mostly revealed by the piperidine treatment. However, a few
bands at T-residues appeared before the piperidine treatment
(Figure 4A, lanes 13). An oxidation of the thymine base
itself could not be considered because thymine, among the
four nucleic bases, has the higher redox potent@) 41).

Thus we hypothesized an oxidation chemistry occurring on
the deoxyribose moiety of these thymidine residues. Oxida-
tion of the deoxyriboses of DNA by the Mn-TMPyP/KHSO
system is well documente@T, 28, 37, 42, 43). High-valent
metal-oxo complexes are able to abstract H-atom at different
sites of deoxyriboses units, usually at'024, or C5 (43—

45). In fact we found that the major attack site was at C1
as is described below.

The analysis of the nature of the T-damages in Tris/KClI
or Tris/NaCl buffers is shown in Figure 6. The standard
oxidation reactions were analyzed affeh at 0°C lanes 1
or 6 for Tris/KCl or Tris/NaCl, respectively. The same media
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Ficure 6: PAGE analysis of the oxidation chemistry generating
the thymine damages. Lanes G are the Max&@ilbert sequencing
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an oxidation of the tcarbon of the deoxyriboses bearing
those bases. We previously published that &@heating
step for 30 min at neutral pH resulted in the total release of
5-methylene-2-furanone (5-MF) after tygeeliminations 27,

43) (Scheme 1). In this mechanism, the hydroxylation of the
1'-carbon of the sugar induced the immediate release of the
nucleic base and the concomitant formation of a ribonolac-
tone intermediate. The firsB-elimination may, at least
partially, take place at room temperatudb) whereas the
second one is heat dependent. We performed an HPLC
analysis of the products released during the oxidation of the
telomeric DNA. Thymine base was detected before the
heating step, and 5-MF was formed during the@theating
step. The products were identified by comparison with
authentic standard®7, 43). The main oxidation of the'd
carbon of the sugars can be explained by the fact that this
site is the most oxidizable-€H bond within a sugar moiety.

We must remark that the hydroxylation of thechrbon
of deoxyribose units, leading to the ribonolactone intermedi-
ate, is not necessarily revealed by piperidine tream&nt (
or thiols treatment 48) and was not either completely
revealed as direct breakd9). A simple way to evidence
this mechanism of sugar oxidation was to perform a 30 min
heating step at 90C at neutral pH.

Adenine base was also observed on the HPLC chromato-
gram before the heating step (1 A for 5 T). Since it was not
possible to localize these adenine-lesions on the electro-
phoresis gel, we propose that the metalloporphyrin reacts in
the single-stranded sticky end of the telomeric structure
which contains one A. The release of adenine base did not
increase upon heating. Some exceptions to the oxidation
chemistry occurring on the'-tarbon of deoxyribose were
found, the T; site in the case of Tris/KCI buffer (lanes 4
and 5) and Tp and T sites in Tris/NaCl buffer (lanes 9
and 10), whose intensity were not identical upon heating and
after piperidine treatment and thus did not involve only a
1'-carbon chemistry. These exceptions to the general 1
carbon chemistry led us to perform some detection tests to
check whether these minor thymidine lesions were due to
an oxidation of the 4 or the B-carbon of the sugar.

The direct breaks observed at these sites (lanes 1 and 6,
Figure 6), corresponding td-phosphate ending fragments,
after 1 h of reaction and without any heating or piperidine
treatment could be due to an oxidation of thec&rbon 28,

43, 44). However, a 5carbon oxidation cannot account for

reactions. Lanes 1 and 4 are classical oxidation reactions performedthe total mechanism of oxidative damage at these thymine

for 1 h at 0°C in Tris/KCI buffer respectively before and after a

simple piperidine treatment. Lanes 6 and 9 are the same reaction

in Tris/NaCl buffer. Lanes 2 and 3 (Tris/KCl) and 7 and 8 (Tris/
NaCl) correspond to an oxidation reaction followed by a NaBH
(0.1 M) reduction before {pip) and after {pip) piperidine

lesions since the intensity of these lesions increased upon

Yiperidine treatment. Compare the, band in lanes 1 and 4

of Figure 6 and the 1 and T;; bands in lanes 6 and 9.
Concerning a contribution of a mechanism involving an

treatment. Lanes 5 and 10 correspond to a classical oxidationoxidation of the 4carbon of the sugai5(), three different

followed by a heating step (30 min at 9Q) in Tris/KCI and Tris/
NaCl, respectively.

reaction pathways can be observed after abstraction of an
H-atom at the 4carbon: (i) a trapping of the C-centered

were then subjected either to a piperidine treatment, lanes 4radical by dioxygen leading to phosphoglycolate ending

or 9 or to a simple 90C heating step, lanes 5 or 10 for
Tris/KCI or Tris/NaCl, respectively.

fragments of DNA, (ii) a rebound of the metal-hydroxo with
the radical to produce a direct hydroxylation and 'a 4

We found that a simple heating step of the cleavage mediahydroxylated abasic site, or (i) an oxidation of the C-
during 30 min at 9C°C led to the appearance of bands at centered radical to a cation which reacts with water and leads
thymines which were similar in intensity to the ones obtained to the same ‘4hydroxylated abasic site. We did not obtain
after piperidine treatment (compare lanes 4 with 5 and lanesany phosphoglycolate-ended fragments which should appear
9 with 10, Figure 6). Note that the G lesions did not appear before piperidine treatment but whose migration is known
during this simple heating step. This result suggested thatto be different from the one of the'-Bhosphate ending
the lesions located at the thymidine residues resulted fromfragments 43, 44, 48). However, the action of oxo-Mn-
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Scheme 1: Mechanism of the Cleavage of DNA tyCarbon Hydroxylation of Deoxyribose by Mn-TMPyP/KH&O

a(A) Heating step, 90C, 30 min at pH 7.58E, -elimination.
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Ficure 7: Comparison of the Mn-TMPyP/KHS{leavage of (A)
quadruplex DNA or (B) duplex DNA. Arrows indicate the sites of
selective cleavage, the size of the arrow is proportionnal to the
intensity of cleavager indicates the degradation yield of the target
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indicated the contribution of the minof-dxidation occurring
at these sites. The direct breaks observed before any
additional treatment can be attributed to oxidation at.C5

In conclusion, the nature of the oxidative lesions mediated
on the human telomeric sequence by Mn-TMPyP/KHSO
system were not resulting from the same type of oxidation
chemistry when located at thymidine or guanosine residues.
Oxidation of the base was responsible for guanine lesions
while the thymidine lesions were due to an oxidation of the
deoxyribose moiety. Hydroxylation of the'-garbon of
deoxyribose was the major observed mechanism of sugar
damage but minor'sassociated to'4arbon oxidation, were
found as exceptions (Tin Tris/KCl and Typand Tp; in Tris/
NaCl buffer).

Comparison of the Mn-TMPyP Actly on Duplex DNA
and Quadruplex DNAMn-TMPyP can specifically interact

determined by the decrease of the intensity of the starting materialin the minor groove of double-stranded DNA at discrete sites

band after piperidine treatment on electrophoresis gels.

TMPyP could generate product resulting from an hydroxy-
lation at C4, namely 4-hydroxylated abasic sites]). A
NaBH, treatment is known to prevent the piperidine sensitiv-
ity of the 4-hydroxylated abasic site by reduction of the 1
aldehyde function. The oxidation reaction medium was

consisting of three consecutive AT base-pair seque2®e (
Within this site of high affinity, the oxo-metalloporphyrin
is able to oxidize very efficiently the' £arbon of the adjacent
nucleoside on the'aide of the three AT base pairs site thus
leading to direct breaks by sugar oxidati@®). To compare
the Mn-TMPyYP/KHSG@ nuclease on quadruplex and duplex
DNA (Figure 7), we analyzed the nuclease activity of the

treated with NaBland analyzed before and after piperidine  manganese porphyrin on a double-stranded DNA model, a
treatment. The analysis before piperidine treatment was just3s-mer target. The concentration conditions were the same
a control (Figure 6, lanes 2 and 7, for Tris/KCI and Tris/ as those used for the quadruplex oxidation study: the DNA

NaCl, respectively). These lanes were similar to the onestarget (1zM) was incubated with kM of Mn-TMPyP and

corresponding to standard reaction media without any
treatment, lanes 1 and 6 respectively in Figure 6. But the

the reaction was initiated by addition of KHg@t a final
concentration of 10M. The cleavage reaction lasted 1 h

relevant comparison was the analysis of the protecting effectat 0°C. The buffer of the reaction was Tris buffer (50 mM)

of NaBH, reduction onto the piperidine induced strand-break
of the T-lesions. NaBHl treatment prior to an alkaline
treatment (Figure 6, lane 3 for Tris/KCl and lane 8 for Tris/
NaCl) have to be compared with the lanes of simple
piperidine treatment (Figure 6, lane 4 for Tris/KCl and lane
9 for Tris/NaCl). The overall similar patterns of lanes 3 and
4 or lanes 8 and 9 in the two different buffers allowed us to
confirm that the damages induced by Mn-TMPyP/KHSO
at the thymine residues did not result from an hydroxylation
at the 4-carbon of the deoxyribose units as major mechanism.
However, the T; thymidine damage in Tris/KCl and thegl
and T;; damages in Tris/NaCl buffer were sensitive to the

pH 8, NaCl 100 mM, known to be the most favorable one
(34). The oxidation reaction induced direct DNA cleavage
insensitive to a piperidine treatment. Densitometric analyses
showed that the cleavage yield by Mn-TMPyP was 70% on
the strand | of the 35-mer target whereas it was 95% on the
strand 1l of the same target (Figure 7). Considering the
guadruplex DNA studied above, the cleavage was slightly
less efficient. The degradation yield of the human telomeric
target was 55 or 60% in the presence &f &t Na" cations,
respectively. Consequently, the oxidative degradation ef-
ficiency of MNn-TMPyP/KHSQ was of the same order toward
independent double-stranded or quadruplex DNA structures.

reducing agent. The piperidine T-bands were less intenseThese comparative studies of damage mediated by Mn-

after NaBH, reduction (lanes 3 and 8, Figure 6) compared

TMPyP on quadruplex versus duplex structures clearly

to the untreated sample band (lanes 4 and 9, Figure 6). Thusndicate that metalloporphyrins should be modified in order
a C4 mechanism occurred at these sites. In summary theto improve their targeting toward telomeric quadrup|ex

exceptions to the Clinajor mechanism of sugar oxidation,
at the T;; residue in Tris/KCl and the 1§ and Ti; residues

in Tris/NaCl buffer, were cleaved by GAssociated to C5
chemistry. The difference in intensity of piperidine sensitive
damage between NaBHtreated versus untreated lanes

structures in the search of potent inhibitors of telomerase.

CONCLUSION

Mn-TMPyP/KHSQ was able to mediate oxidative damage
of the human telomeric sequence. The reaction was depend-
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ent on the secondary structure formed by the telomeric DNA
implying that Mn-TMPyP should be a good probe for the
folding topology of quadruplex DNA. A special interaction
of the metalloporphyrin with the bottom G-tetrad of a
quadruplex DNA has been evidenced. The metalloporphyrin
could partially stack on the external side of the last tetrad
planar structure provided the single-stranded linker regions
were flexible enough to allow the incoming of the metal-
loporphyrin. Lateral loops seemed to preclude the approach
of the metalloporphyrin. Two kinds of oxidative lesions
occurred, guanine oxidation within the interacting G-tetrad
and mainly 1-carbon hydroxylation of deoxyriboses carrying
thymine bases of the neighboring single-stranded linkers.
These results should help to the design of modified metal-
loporphyrins able to target quadruplex DNA and act as
possible telomerase inhibitors.
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