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Use of Short Duplexes for the Analysis of the
Sequence-Dependent Cleavage of DNA by a
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A manganese porphyrin, manganese(n)-bis(aqua)-meso-tetra-
kis(4-N-methylpyridiniumyl)porphyrin, in the presence of KHSOj; is
able to perform deoxyribose or guanine oxidation depending on
its mode of interaction with DNA. These two reactions involve an
oxygen-atom transfer or an electron transfer, respectively. The ox-
idative reactivity of the manganese-oxo porphyrin was compared
on short oligonucleotide duplexes of different sequences. The
major mechanism of DNA damage is due to deoxyribose hydrox-
ylation at a site of strong interaction, an (A-T); sequence. Gua-
nine oxidation by electron transfer was found not to be competi-

Introduction

Oxidative DNA damage can be due to small and diffusing oxi-
dative species, like hydroxyl radical or singlet oxygen species,
generated by a reagent."™ In these cases no special interac-
tion of these reagents with DNA is necessary. The most striking
example is Fe-ethylenediaminetetraacetate (Fe-EDTA), a hy-
droxyl-radical-generating system, which is a negatively charged
complex and is used to damage DNA although it cannot ap-
proach the biological target due to the repulsion of the nega-
tive charges.” Even if the covalent attachment of this reagent
onto a DNA binding moiety affords a more efficient oxidative
entity,” the reactive moiety of the conjugated molecule still
does not directly interact with DNA. The mechanism of DNA
damage is identical, only its efficiency increased.

On the other hand, when the DNA-damaging agent is a
DNA-binding molecule, the oxidative DNA damage depends
on the interaction of the reagent with DNA itself. Reagents
that can attack deoxyribose moieties of DNA must be mole-
cules endowed with high-affinity binding sites with a well-de-
fined interaction of the cleaver within DNA in order to locate
the reactive center of the molecule in the vicinity of the deoxy-
ribose groups. The efficiency, as well as the mechanism of oxi-
dative DNA damage, depends on the interaction between the
reactive entity of the reagent and DNA. This is the key point
for the efficiency of the chemical nuclease Cu(1,10-phenanthro-
line),® or antitumor agents like Fe-bleomycin®'™ and com-
pounds of the enediynes family.">'* These DNA cleavers medi-
ate DNA damage with different chemistries because they inter-
act in different ways with DNA. When they are activated, Fe-
bleomycin and Cu(1,10-phenanthroline), are able to attack the
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tive with this major mechanism. It was found that a single intra-
strand guanine was three orders of magnitude less reactive than
an (A-T); sequence. The reactivity of a 5-GG sequence was found
to be intermediate and was estimated to be two orders of magni-
tude less than that of an (A-T); site. Short oligonucleotide duplex-
es, as double-stranded-DNA models, proved to be convenient
tools for the study of the comparative reactivity of this reagent
toward different sequences of DNA. However, they showed a par-
ticular reactivity at their terminal base pairs (the “end effect”)
that biased their modeling capacity for double-helix-DNA models.

C4' or C1’' atoms of the deoxyribose moieties of DNA, respec-
tively. One reagent may also interact in different ways depend-
ing on the sequence of DNA. Enediynes mediate oxidation of
deoxyriboses at different carbon atoms when positioned at dif-
ferent sites of interaction.'”

Oxidative DNA damage can also be due to electron abstrac-
tion from a guanine base.”*' In this case the oxidizing re-
agents must approach or contact DNA in such a way that the
reaction is possible. Electron transfer between the oxidant and
guanine bases may not require such a close interaction of the
oxidative agent as deoxyribose oxidation.

In the present work we describe the case of a chemical nu-
clease able to perform deoxyribose and guanine oxidation and
we compare the relative importance that these reaction path-
ways may play in DNA degradation. Three types of chemistry
have been reported for this reagent: deoxyribose oxidation by
hydroxylation at the C5’ or C1’ carbon atoms and guanine oxi-
dation by electron transfer. Hydroxylation at the C5’ atom is
due to a very precise and strong interaction of the chemical
nuclease with a particular DNA sequence, whereas the interac-
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tion of the chemical nuclease responsible for oxidation of C1’
atoms and guanine bases is not known.

The cationic manganese porphyrin, manganese(i)-bis(aqua)-
meso-tetrakis(4-N-methylpyridiniumyl)porphyrin (Mn-TMPyP,
Scheme 1), activated by KHSOs is able to oxidize DNAM®

“15AcO

Scheme 1. Structure of the cationic manganese porphyrin Mn-TMPyP.

through a high-valency manganese-oxo species (Scheme 2).l'”?
The formally written Mn'=0 species is able to perform oxygen-
atom transfer when the metal-oxo center is near to a carbon-
hydrogen bond of a substrate (deoxyribose moiety in the case
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Scheme 2. Activation of Mn-TMPyP into a metal-oxo species with KHSOs. The porphyrin

macrocycle is simplified for clarity.

of DNA; Scheme 3B) or to perform abstraction of electrons
from an electron-rich substrate (guanine base; Scheme 3A).
The first reaction, hydroxylation at the C5’ carbon atom, occurs
in A/T-rich regions when the porphyrin is located in the minor
groove of DNA, at a strong binding site consisting of a tri-
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Scheme 3. The two types of chemistry performed by the manganese-oxo
species, namely, electron transfer (A) and oxygen atom transfer (B).
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nucleotide sequence containing only A-T base pairs, an (A-T),
site.'®? The binding of the manganese porphyrin in the
minor groove of an (A-T); site puts the Mn'=0 center in the
right position to perform hydroxylation at the C5" carbon atom
of the deoxyribose unit located on the 3’ side of the (A:T); se-
quence. This reaction is extremely efficient due to the high af-
finity of the manganese porphyrin for that site®?¥ and to the
perfect match between the Mn'=0 position and the target C—
H bond. The interaction of Mn-TMPyP in the minor groove is
no longer possible when the trinucleotide sequence contains
two G-C base pairs, namely, in G/C-rich sequences. The pres-
ence of axial ligands on the manganese, that is, two water
molecules for Mn-TMPyP™ or the metal-oxo group for the
Mn'=0 species, precludes the intercalation of the manganese
porphyrin between base pairs of DNA. In G/C-rich sequences,
the second reactivity is observed, that is, oxygen-atom transfer
at the C1’ carbon atom of the deoxyribose unit.?** The way
that the Mn'=0 species reaches a C1'—H bond of a deoxy-
ribose moiety is not clear since this bond does not seem to be
directly accessible due to its deep location in the minor
groove. The hydroxylation mechanisms at the C1’ and C5'
atoms of the deoxyribose units are shown in Scheme 4. The
third type of chemistry mediated by Mn-TMPyP/KHSO; consists
of electron abstraction from a guanine base®>” and the
mechanism of guanine oxidation has been studied in de-
tail®'=% The resulting guanine oxidation products are shown
in Scheme 5.

The three different DNA damage mechanisms of
Mn-TMPyP/KHSO; were previously studied in a sepa-
rate fashion without evaluation of the different reac-
tion pathways. The quantitative comparison be-
tween these different reaction pathways is the aim
of the present study. For this purpose, we used
short oligonucleotide DNA duplexes of various se-
quences as DNA substrates and compared their sen-
sitivity toward oxidation by Mn-TMPyP/KHSO;. We
showed that guanine oxidation was not competitive
with deoxyribose oxidation at the C5' atom. Guanine oxidation
was only found to be significant in cases with accessible gua-
nine residues, such as terminal guanine residues on short oli-
gonucleotides.

Results and Discussion

DNA damage by the cationic manganese porphyrin Mn-TMPyP
in the presence of KHSO; was investigated on short oligonucle-
otide duplexes in order to compare the relative efficiency of
oxygen-atom transfer at deoxyribose units with that of elec-
tron abstraction from guanine bases with relation to the se-
quence of DNA (Schemes 3-5). Different single- and double-
stranded DNA sequences were included in the series of experi-
ments.

The activation of the Mn" porphyrin into a Mn'=0 species is
due to the added oxidant, KHSO; (Scheme 2). In the compara-
tive assays, the concentrations of the Mn-TMPyP and DNA
were kept constant whereas the concentration of KHSOs was
varied. The KHSO; concentration necessary to observe oxida-
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Scheme 4. Oxygen-atom transfer mediated by Mn-TMPyP/KHSO; results in the hydroxylation of C5 and C1’ carbon atoms of the deoxyribose units. A refers
to a heating step at 90°C for 15 min at pH 8. B=base, 5-MF =5-methylene-2-furanone.
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Scheme 5. Guanine oxidation products by electron transfer observed with
Mn-TMPyP/KHSO;. The numbering of carbon atoms refers to that of the
initial guanine residue. The mass of each product is indicated with respect
to that of the initial guanine-containing oligonucleotide, referred to as M.
dR =deoxyribose included in a DNA strand.

tive DNA damage was compared with the different DNA sub-
strates. It was correlated with the affinity of the metallopor-
phyrin for the DNA target and the accessibility of the oxidation
site on DNA. Activation of the manganese porphyrin in the
absence of DNA resulted in bleaching of the complex (not
shown). When the manganese porphyrin interacted strongly
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with the DNA target and was activated in the vicinity of the
target, oxidation of DNA occurred before bleaching of the cat-
alyst. When DNA oxidation could be observed at low concen-
trations of KHSOs, the probability of the proper location of the
manganese porphyrin in the vicinity of the DNA was high and
the activation was efficient. Thus, the relative concentration of
KHSO; necessary to observe oxidative DNA damage by the
metalloporphyrin correlated with the efficiency of the oxida-
tion of DNA by the reagent at that sequence. Furthermore,
one could also compare the mechanisms of oxidative damage
depending on the sequence.

Due to the small size of the DNA duplexes (6- or 8-mers),
the reactions were performed at 0°C so that the two strands
were annealed. At the end of the reaction time, the reaction
media were analyzed directly by liquid chromatography cou-
pled to electrospray mass analysis (negative ionization; HPLC/
ESI-MS). Under the chromatographic conditions, the DNA
strands eluted separately. The cleaved or chemically modified
strands were eluted at different retention times (t;) compared
to the undamaged oligonucleotides. UV detection (260 nm)
gave the relative amount of each DNA species. We considered
that the area of the HPLC peaks of an oligonucleotide carrying
one modified guanine residue was not significantly different
from the area of the initial oligonucleotide strand. The loss of
absorbance due to one modified guanine residue per oligonu-
cleotide was considered as being below 10%. In the case of
cleaved DNA strands, the extinction coefficient (¢) values of
the shorter oligonucleotides were calculated as for the initial
full-length strand. This allowed us to calculate the yield of the
chemical reactions. The products of the reaction were identi-
fied by their mass compared to the mass of the initial material,
with the latter being referred to as M. The major signal on the
mass spectra corresponded to the doubly charged species
[IM—2HI*.

From previous work it was known that guanine was the only
base damaged with Mn-TMPyP/KHSO®? and the masses of
the oligonucleotides carrying one guanine lesion are reported

ChemBioChem 2005, 6, 2326 — 2335


www.chembiochem.org

Manganese Porphyrin Cleavage of DNA

in Scheme 5. Direct DNA cleavage due to a C5' hydroxylation
mechanism can be unambiguously identified by the mass of
the corresponding DNA fragments.'*2%3738 A C1’ hydroxylation
mechanism would generate an oligonucleotide carrying an oxi-
dized abasic site with a ribonolactone structure (1, Scheme 4),
corresponding to a mass of M—119, M—110, M—95, and
M—135 amu for the reactions occurring at the A, T, C, and G
residues, respectively. With this method of analysis it is possi-
ble to monitor the formation of all products of the reaction in
one sample.

The degradation of DNA was dependent on the presence of
both reactants, Mn-TMPyP and KHSO;. Control experiments in
the absence of one of them did not show any reaction under
comparable reaction conditions.

Comparison of oxidative damage of short duplexes of
different sequences

Double-stranded oligonucleotides containing an (A-T); site: The
strong interaction of the manganese porphyrin in the minor
groove in the so-called (A-T); site is known to give rise to high
reactivity and high selectivity for the DNA-degradation reac-
tion. The oxidation chemistry consists of the selective oxida-
tion of the C5' carbon atom of the deoxyribose unit located on
the 3’ side of each (A-T); site on both strands of DNA.'"3® The
oligonucleotide 5-GCAAAAGC/3'-CGTTTTCG, containing two
(AT); sites, was tested in a previous work. It was found that a
10 um concentration of KHSOs induced selective cleavage of
the duplex at 20% of the (A-T); sites.*® However, since the ex-
perimental conditions were not exactly the same as those of
the present work (the duplex was at a concentration of 5 um),
we included a new duplex in the series of experiments. This
duplex, 5-CCAAAGG/3'-GGTTTCC, was designed to contain
only one (A:T); site. Incubation of Mn-TMPyP (10 uw) with this
DNA substrate (10 um of each strand) showed that the Mn'=0
species was able to perform the cleavage of the duplex by the
C5’ hydroxylation mechanism in the (A-T); site in the presence
of a 10 um concentration of KHSO;. The analysis of the reaction
is shown in Table 1 and Figure S1A in the Supporting Informa-
tion. Figure S1 A shows the chromatogram of the reaction with
a KHSO; concentration of 100 um instead of 10 pm for clarity.

The cleavage of the Astrand led to the 5-CCAAA-3"-phos-
phate (5-CCAAA-3'-p) (t;=29.5 min, m/z=767.0 amu, z=2)
and 5-CHOGG (2, Scheme 4; t;=22.7 min) fragments, whereas
the same 5-CHOGG dinucleotide derivative and the 5-CCTTT-
3-p (tg=39.3, m/z=753.6 amu, z=2) fragments were formed
from the cleavage of the Tstrand. Products of guanine oxida-
tion were also observed (40 and 40.7 min for the Tstrand and
30.9 and 31.6 min for the A strand) and accounted for ~2-3%
of the products of the reaction, whereas the products of the
direct cleavage of the oligonucleotide at the (A-T); site ac-
counted for ~5%. The peak areas corresponding to the un-
damaged oligonucleotides at the end of the reaction showed
a decreased value of ~10% as compared to the initial area.
The yield of the reaction, under these experimental conditions,
was =~ 10% of DNA degradation (Table 1).

ChemBioChem 2005, 6, 2326 — 2335
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Table 1. HPLC/ESI-MS data on the oxidation of 5'-CCAAAGG/3'-GGTTTCC
by Mn-TMPyP/KHSOs. [KHSOs]=10 um.

m/z (z=2) AM® tg [min] Area of Proposed
[M—2H]? HPLC peaks structure™
observed [9%]"!
1056.2 435 85 undamaged
A strand
1042.7 45 90 undamaged
Tstrand
1044.9 +4 40.7 1 G,y (Tstrand)
1059.9 +34 40 G,y (Tstrand)
753.6 39.3 1 5-CCTTT-p
1057.7 +4 31.6 1.5 G,y (A strand)
1073.7 +34 30.9 G,y (A strand)
767.0 29.5 35 5-CCAAA-p
22.7 4.5 3'-CHOGG

[a] AM: Mass of the modified oligonucleotide minus the mass of the ini-
tial oligonucleotide. M is the molecular mass of the neutral form. [b] Area
of the HPLC peak as compared to the area of the starting oligonucleotide
(taken as 100 %). The total is less than 100% due to the lower absorbance
of oxidized products at 260 nm as compared to the absorbance of gua-
nine and to the loss of some material. In this particular case the area%
was corrected by an € ratio to estimate the yield of products. [c] G,, = oxi-
dation of guanine residue.

Guanine oxidation accounted for one third of the reaction.
This was surprisingly high compared to previously tested se-
quences containing (A-T); sites,"®2%3® for which guanine oxida-
tion was absent. This point will be interpreted as the “end
effect” (see below).

The very low concentration of KHSOs (10 uwv) that triggered
the reaction confirmed that the porphyrin was activated within
the minor groove of the (A-T); site and reacted immediately
with DNA.

Double-stranded oligonucleotides containing no (A-T); site

In comparison with the previous duplex, the oxidation of the
self-complementary oligonucleotide, 5-ATCGCGAT proved to
be very difficult. A 100 um concentration of KHSO; did not give
rise to DNA damage. The concentration had to be increased to
10 mm to observe some DNA oxidation (Table 2, Figure S1B in
the Supporting Information). The yield of the reaction, even at
this very high concentration of KHSO;, was low (& 10%). The
major product of degradation (/5%) was an oligonucleotide
with a mass corresponding to the loss of 119 amu as com-
pared to the starting oligonucleotide (M—119; tz=36.5 min,
m/z=1143.95 amu, z=2). The m/z signal of the initial oligonu-
cleotide was observed at t;=44.1 min with m/z=1203.35 amu
and z=2. The mass of the M—119 modified oligonucleotide
may be attributed to deoxyribose oxidation with the formation
of a ribonolactone derivative, 1, due to the C1’ oxidation
mechanism described in Scheme 4 and associated with the
loss of one adenine base. However, no other product corre-
sponding to deoxyribose oxidation at C, T, or G nucleotide
units was detected. Since one deoxyadenosine nucleoside was
located at the 5’ end of the sequence, this position was postu-
lated to be more reactive than the intrastrand adenosine nu-
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Table 2. HPLC/ESI-MS data on the oxidation of 5-ATCGCGAT by Mn-
TMPyP/KHSOs. [KHSOs] =10 mwm.

m/z (z=2) AM® tg [min] Area of Proposed

[M—2H]? HPLC peaks structure
observed [%]®

1203.35 44.1 90 undamaged strand
1183.8 -39 42.5 3

1143.95 —119 36.5 5 7or8

[a] AM: Mass of the modified oligonucleotide minus the mass of the ini-
tial oligonucleotide. M is the molecular mass of the neutral form. [b] Area
of the HPLC peak as compared to the area of the starting strand (taken
as 100%). Percentage estimated on the integration of the UV-detected
HPLC peaks at 260 nm. The total is less than 100% due to the lower ab-
sorbance of oxidized products at 260 nm as compared to the absorbance
of guanine and to the loss of some material.

cleoside unit. Alternatively, deoxyribose oxidation at the 5-nu-
cleoside unit may also be due to an unprecedented chemistry
for Mn-TMPyP/KHSOs, namely, C4 oxidation as shown in
Scheme 6; this would lead to a product of the same molecular
mass, M—119. The C1’ or C4’ oxidation mechanism at the 5’
ends of the short duplexes would result in the formation of
products 7 or 8, respectively

(Scheme 6). The other smaller

G. Pratviel et al.

an isolated intrastrand guanine was 1000 times less reactive
than the (A-T); site with Mn-TMPyP/KHSO;. The ratio of the
two concentrations of KHSOs; necessary to observe a reaction
under identical experimental conditions was 1000.

Since the redox potential of a 5-G in a 5-GG sequence is
known to be lower than that of a single guanine residue,*" a
GG-containing duplex oligonucleotide should be more sensi-
tive to oxidation. Indeed, the 5-TTGGTA/3’-AAACCATA duplex
was more easily degradated than the previous 5-ATCGCGAT
duplex. It was still less reactive than an (A-T); site. A KHSOq
concentration of 100 um did not give rise to observable DNA
damage whereas 50% of conversion for the GG strand was ob-
served with a KHSO; concentration of 1 mm. The results are
shown in Table 3 and Figure S1C in the Supporting Informa-
tion. The initial GG strand eluted at a retention time of tz=
40 min with a m/z=909.75 amu and z=2 (Table 3). The prod-
ucts of guanine oxidation were the imidazolone (3, Scheme 5;
t=38 min, m/z=890.35 amu),***" the dehydroguanidino-
hydantoin (4; t;=38 min, m/z=911.75 amu),®**** and a pro-
posed N-formylamido-iminohydantoin (5; t;=32.8 min, m/z=
926.55 amu)B>3¥ derivative. On this sequence, which was se-
lected to present an oxidation-sensitive GG site, the guanine

peaks on the chromatogram
(Figure S1B in the Supporting

Table 3. HPLC/ESI-MS data on the oxidation of 5'-TTGGTA/3’AAACCATA by Mn-TMPyP/KHSOs. [KHSOs] =1 mm.

Information) probably corre- m/z (z=2) AM® tg [min] Area of HPLC Proposed structure
sponded to the formation of [M—2H]*" observed peaks [%]"
guanine oxidation products. We 1192.33 (calcd)® 40 80 undamaged CC strand
did find a DNA strand with a 909.75 39.2 50 undamaged GG strand
mass compatible with one gua- 890.35 -39 38 5 3
nine base transformed into .75 +4 38 4
892.25 —35 (—3944) 36.9 5 Two lesions (3+4)
imidazolone (3, Scheme5; = 892.25 —35 (~39+4) 36.5 10 Two lesions (3+4)
42.5 min, m/z=1183.4 amu).2%4" 913.75 8 (4+4) 36.5 or (2x4)
However, most of the other 854.75 —110 358 5 7 or 8 at 5'-T of the GG strand
926.55 +34 32.8 1 5

products were not analyzed due

to their low abundance. From
this data, we concluded that the
manganese porphyrin was not
reactive toward this sequence of

DNA and that the oxidation of the C strand.

[a] AM: Mass of the modified oligonucleotide minus the mass of the initial oligonucleotide. M is the molecular
mass of the neutral form. [b] Area of the HPLC peak as compared to the area of the starting strand (taken as
100%). Percentage estimated on the integration of the UV-detected HPLC peaks at 260 nm. The total is less
than 100% due to the lower absorbance of oxidized products at 260 nm as compared to the absorbance of
guanine and to the loss of some material. [c] The selected mass range for analysis did not allow the analysis
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Scheme 6. The “end effect”. Formation of an oxidized abasic site by hydroxylation of C—H bonds of deoxyribose (C1'—H or C4'—H) at the 5’ end of an oligo-
nucleotide mediated by Mn-TMPyP/KHSO;. This scheme should be compared with Scheme 4.
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oxidation chemistry was observed. Deoxyribose oxidation at
the 5 end of the GG-strand was also detected in a minor
product. The observed M—110 species (tz=35.8 min, m/z=
854.75 amu) corresponding to the loss of a thymine base asso-
ciated with the formation of an oxidized abasic site (7 or 8)
was again indicative of the fact that this chemistry probably
took place at the end of the duplex because of the accessibili-
ty of the C1'—H or C4—H bonds. No oxidation of deoxyribose
corresponding to the loss of bases other than thymine was
detected on the GG strand.

From this data we concluded that a GG sequence inside a
duplex was 100 times less reactive than a (A-T); site for Mn-
TMPyp/KHSO; degradation and 10 times more reactive than a
single guanine base in double-stranded DNA. This result is
compatible with the relative affinity of Mn-TMPyP for A/T re-
gions of DNA compared to G/C regions, with affinity constants
of 12x10* and 0.2x10*w~", respectively®, and with the fact
that guanine oxidation was not observed on long DNA se-
quences; only the reaction at (A-T), sites was observed.”” Con-
sequently, guanine oxidation is concluded not to be competi-
tive with C5" oxidation at the (A-T); site with Mn-TMPyP/KHSO,
in long DNA substrates. The guanine oxidation observed in the
case of the first tested duplex, 5-CCAAAGG/3’-GGTTTCC, is in-
terpreted in terms of a particular reactivity of the ends of these
small duplexes and this is developed in the next paragraph.

Oxidation at the last base pair of the duplexes: the “end
effect”

In the use of short oligonucleotides for comparing the sensitiv-
ity of different DNA sequences toward one reagent, an in-
creased reactivity of the last base pairs of the duplex was ob-
served. This reactivity at the end of the duplex is no longer
representative of double-stranded DNA. The “end effect” is
illustrated with the oxidation of double-stranded oligonucleo-
tides with a terminal guanine residue.

Oxidation of the self-complementary oligonucleotide, 5'-
GTCGAC, with Mn-TMPyP/KHSO; under the same experimental
conditions showed an unexpectedly high yield in comparison
to the other sequences with no (A-T); site. With a KHSO; con-
centration of 100 um, 75% conversion could be observed
(Table 4, Figure ST1D in the Supporting Information). With a
KHSO; concentration of 10 um, 10% degradation was also ob-
served. This efficiency was in the same range as that of the
manganese porphyrin within an (A-T); site. The high sensitivity
of the external guanine residue at the end of the duplex was
the origin of this high reactivity. The yield of DNA damage
reached that of a single-stranded DNA, 5-TACGAC, which was
also tested as a control, since the oxidized guanine bases can
be considered as equally accessible in both cases (not shown).
The single-stranded DNA at a concentration of 10 um was 50%
oxidized by 10 pm Mn-TMPyP and 100 pm KHSOs under the
same experimental conditions as those used for the double-
stranded DNA.

All the oxidation products proved to be alkali-labile le-
sions.B24%%1 piperidine treatment of the oligonucleotide, after
the oxidation reaction, confirmed that the terminal guanine
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Table 4. HPLC/ESI-MS data on the oxidation of the self-complementary
oligonucleotide 5-GTCGAC by Mn-TMPyP/KHSOs. [KHSO5] =100 pm.

m/z (z=2) AM® tg [min] Area of Proposed

[M—2H]? HPLC peaks structure™
observed [%]®

894.85 344 25 undamaged strand
827.2 —-135 29.7 5 7or8

875.25 -39 29.2 1 3

896.75 +4 259 15 4

910.85 +32 249 2 6

902.85 +16 22.5-24 10 M+161

[a] AM: Mass of the modified oligonucleotide minus the mass of the ini-
tial oligonucleotide. M is the molecular mass of the neutral form. [b] Area
of the HPLC peak as compared to the area of the initial oligonucleotide
before reaction (taken as 100%). Percentage estimated on the integration
of the UV-detected HPLC peaks at 260 nm. The total is less than 100%
due to the lower absorbance of oxidized products at 260 nm as com-
pared to the absorbance of guanine and to the loss of some material.
[c] M+16 is observed at pH7 but 5 is mainly observed at pH8 (t;=
23-25 min, m/z=911.75).

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

residue was the major site of oxidative damage (80%, not
shown). The “end effect” was not only observable in the quan-
tification of the oxidation products but also in the nature of
the oxidation products.

The products of guanine oxidation for the 5-GTCGAC
duplex were 3 (t=29.1 min, m/z=875.3 amu), 4 (t;=25.9 min,
m/z=896.75 amu), 6 (t=24.8 min, m/z=910.7 amu),"**>*" and
a product whose mass corresponded to an increase of 16 amu
as compared to the mass of the initial oligonucleotide (M+16;
ty=22.5-23.5 min, m/z=902.85 amu; Table 4). After having
studied a series of short duplex sequences, we noted that the
requirement for the formation of 6 and the M+16 derivative
was the presence of a guanine at the 5 end of the short
duplex. Clearly, 6 and the M+16 product were due to the “end
effect”.

Although compound 6 is a common product of guanine oxi-
dation,**" it was observed for the first time with Mn-TMPyP/
KHSO; in this work. Due to the absence of 5 under the experi-
mental conditions of this work, 6 could be easily observed as a
single HPLC peak (Figure S1D in the Supporting Information).
Under the experimental conditions of previous work (tested
oligonucleotides with no 5-G residue, different pH value), 6
coeluted with derivative 5 and, since 6 occurred in a minor
amount compared to 5, it was not detected. The mass analysis
shown in Figure S2 in the Supporting Information illustrates
the difficulty in discriminating between these two compounds
with very close molecular masses and retention times when
both of them are formed in the reaction medium. Oxidation of
5-GTCGAC at pH 8 led to the formation of the two modified
oligonucleotides 5 (tz=23-25min) and 6 (t;=25 min). The
two compounds were observed, under the same HPLC peak at
25 min, with m/z signals at 910. 6 and 911.6 amu, respectively,
for doubly charged species. Only a high-resolution mass analy-
sis allowed us to detect the two species (Figure S2 in the Sup-
porting Information). Under the experimental conditions of
this work, it seemed that 5 was replaced by the M+16 product.
We noted that the M+16 derivative was the major product at
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pH 7 and 5 was the major one at pH 8. The partitioning be-
tween the reaction pathways leading to the M+16 derivative
and 5 depends on the pH value of the reaction medium.
Unlike 6, the guanine oxidation product with an increase of
16 amu is not a common product of guanine oxidation. An in-
crease of mass of 16 amu might be attributed to the formation
of 8-oxo-7,8-dihydroguanine derivative (8-oxoG). However, we
excluded this hypothesis on the basis of its alkali-labile charac-
ter. The M+16 modified oligonucleotides were sensitive to pi-
peridine treatment whereas the 8-oxoG lesion is not.”" Fur-
thermore, the M+16 product eluted as a broad peak, which is
indicative of several isomers, at a retention time in the same
range as that of the spiro derivatives (5 and 6). Oligonucleoti-
des carrying lesion 5, which is in the form of four diaster-
eoisomers, also appear as a broad peak on the chromato-
grams. A mechanism for the formation of the new M+16 oligo-
nucleotide may be proposed. It is reminiscent of the one de-
scribed for the formation of 5 and 6 (Scheme 7). It is based on
the nucleophilic attack of the 5-OH group at the 5’ end of the
oligonucleotide on the C8 atom of guanine. The new M+16
product was stable upon incubation during 30 min at 0°C;
consequently, it did not correspond to compound 9, an unsta-
ble common precursor of 5 and 6, that would also have a
mass corresponding to an increase of 16 amu compared to the
mass of guanine (Scheme 7).5? Reaction of the 5-OH group as
a nucleophile on the C8 carbon atom of guanine after oxida-
tion of the latter has been reported previously for the guanine

o] Mn® o]
</N 5| - KHSO5l </N S
N N/)\NHZ M= M N \NJ\ NH,
RO o) o RO o
-H*
OR' OR'

H
H
e

N
HO [?| /J\NHZ

G. Pratviel et al.

oxidation pathway leading to cyclic analogues of 4.°*¥ Fur-

thermore, this reaction is favored by the anti conformation of
the base in the double-stranded duplex. To test this hypothe-
sis, we incubated a duplex with two 5’-phosphorylated strands
with Mn-TMPyP/KHSOs. Surprisingly, a M+16 derivative also
formed during the oxidation of the self-complementary 5'-p-
GTCGAC. The HPLC/ESI-MS analysis showed a signal at m/z=
934.75 amu (z=2) for 5-p-GTCGAC at t=32 min and a M+16
compound with m/z=942.75 amu (z=2) together with the
corresponding derivative 5 at m/z=951.75 amu for z=2 at
t;=29 min (not shown). The structure of this other M+16 de-
rivative could be 10 (Scheme 8). However, since the phosphate
group is a good leaving group, 10 should not be stable. The
release of the phosphate group, after the formation of the
spiro structure at the former C4 atom of guanine, would give
compound 11. We propose that the former C8 atom of gua-
nine is not as electrophilic in structure 11 as it was in structure
9. Consequently, structure 11 may be stable and may not
transform into structure 5. Another possibility would be that
the presence of a negatively charged and bulky 5-phosphate
group at the 5" end of the duplex precluded the attack of a
water molecule at the C8 atom of the oxidized guanine, so
that the oxidized guanine derivative remained as 11 (the spiro
rearrangement of 9) instead of transforming into the more
classically observed derivative 5.

The “end effect” also included the formation of another new
product of oxidation, whose mass corresponded to a decrease

HN 7 9
! JSSZKN
\
H
O

R=H
I+
OR' M+16
oxidation
HO (@] ?
Nj\)kN
</ 5
|
NS
N N)\NHZ 00
H:0 HN
—_— RO e} )\5 N
|
(o] l\|l NA\NHz
OR' Ly
9 6
‘ oxidation
H,O 5
O o 0 o
HN—3 HN— N
e G R
HN
HO T N™ “NH, | N7 UNH,
~ H ~ H
5 5

Scheme 7. Proposed mechanism of formation of 5, 6, and the M+16 derivatives from the oxidation of guanine by electron transfer with Mn-TMPyP/KHSOs.

The C5 carbon atom of the guanine residue is marked.
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Scheme 8. Possible structure of an M+16 derivative formed from a 5’-phos-
phate oligonucleotide. The numbering of the carbon atoms refers to those
in the initial guanine residue.

of 135 amu compared with the initial oligonucleotide (M—135;
Figure S1D in the Supporting Information). On 5-GTCGAC the
M—135 product was one of the major oxidation products. Its
mass could be interpreted by deoxyribose oxidation occurring
at the last 5’-end deoxyribose unit, associated with the loss of
the guanine base and the concomitant formation of the 1’- or
4'-oxidized abasic site (7 or 8 in Scheme 6). These C1'—H and
C4'—H bonds are accessible from the outside of the duplex by
the Mn"=0 porphyrin whereas this is not the case for those of
the 3’-end nucleotide unit.

We tried to characterize the M—135 compound. We per-
formed a heating step (incubation at 90°C for 15 min, pH 8)
that led to the release of the 5'-p-TCGAC oligonucleotide as
expected for 7 or 8 (Scheme 6). The HPLC/ESI-MS analysis of
the reaction medium, after this heating step, showed the trans-
formation of the peak corresponding to 7 or 8 at ty=29.7 min
into a peak at t;=21 min and m/z=770.8 amu for the 5’-phos-
phate 5-mer. We also performed a labeling experiment. The re-
action was carried out in H,"®0 labeled water. The oxygen
atom incorporated in M—135 contained 50% '®0 and 50% '°O,
in accordance with a mechanism of direct sugar hydroxylation
by Mn-TMPyP/KHSO;.”” The m/z value for M—135 in H,0 was
observed at 827.25 amu and appeared as a mixture of two m/z
signals at 827.25 and 828.22 amu when the reaction was in
H,'®0 (Figure 1). The labeling experiment was compatible with
structures 7 or 8. We added the reducing agent NaBH, to the
reaction medium and observed that the M—135 oligonucleo-
tide was reduced. Its molecular mass increased by 4 amu. Al-
though it was reported that ribonolactone 1 (or 7) was not
sensitive to NaBH,"* the reduction of ribonolactones seems to
be possible.*® The NaBH, reduction did not allow us to dis-
criminate between structures 7 and 8 for the M—135 com-
pound. The last reagent that was tested on the M—135 oligo-
nucleotide was an oxylamine derivative, carboxymethoxyl-
amine. The M—135 product was not sensitive to this last re-
agent. This data is in favor of structure 7.57:°"%8

When Mn-TMPyP/KHSO; was treated with other double-
stranded DNA sequences like self-complementary 5'-CGTACG
or 5'-GTCGTA/3’-CAGCAT, the products M—95 (due to the loss
of cytosine with sugar oxidation at the 5 end) or M—135 for
the loss of guanine and M—110 for the loss of thymine were
observed for each tested duplex, respectively. However, the 5'-
deoxyribose oxidation at a 5'-C or a 5'-T residue did not reach
the level observed with a 5'-G nucleoside unit.

ChemBioChem 2005, 6, 2326 — 2335
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A) 827.21

826 827 828 829 830
m/z

B) 828.22

826 827 828 829 830
mlz

Figure 1. HPLC/ESI-MS mass spectrum of the M—135 compound when the
reaction was performed in A) H,'°O or B) H,"0. The observed signals corre-
spond to doubly charged species and show the incorporation of one '*0
atom in 50% of the product in (B).

The last base pair of the duplexes also included a 3’-nucleo-
side, which might be sensitive to oxidation. The C2"—H bond
of the deoxyribose of the 3’ end could be accessible for hy-
droxylation by the Mn'=0 species. This reaction would have
led to an arabinose derivative of that last sugar whose mass
would have corresponded to an increase of 16 amu as com-
pared to the initial oligonucleotide. However, as discussed
above, the M+16 oligonucleotide was instead attributed to a
product derived from guanine oxidation since this M+16 prod-
uct was only observed in the case of a 5-guanine-terminated
and not in the case of a 3’-guanine-terminated oligonucleo-
tide.

The Mn-TMPyP/KHSO; chemical nuclease showed a particu-
lar reactivity toward the terminal base pair at the end of short
DNA duplexes. A terminal guanine was found to be about
1000 times more reactive than an intrastrand guanine. Oxida-
tion of the C1’ or C4’ atoms of the deoxyribose of the last 5'-
nucleoside unit was also observed at the end of the duplex
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and not at intrastrand units. This end effect may be explained
by 1) a better accessibility of the target with respect to the oxi-
dative reagent or 2) a partial stacking of the manganese por-
phyrin with the last base pair of the short duplex. This partial
stacking with the last G-C base pair may be at the origin of the
guanine oxidation observed with 5-CCAAAGG/3’-GGTTTCC. In
this particular case the end GG sequence may have been more
reactive toward oxidation than the previously tested sequen-
ces that did not contain a GG and an (A-T); site together. We
propose that guanine oxidation was not due to the manga-
nese porphyrin being located in the minor groove of the
duplex (and responsible for the major degradation pathway
for the duplex, namely the C5' oxidation) but was due to a
manganese porphyrin interacting with the last base pair. This
result is consistent with the fact that when the manganese
porphyrin interacts within the minor groove of A/T-rich DNA,
no guanine oxidation was detected.*?**** Guanine oxidation
is clearly due to a different interaction of the Mn'=0 entity
with DNA. On longer DNA sequences, oxidation of intrastrand
guanine is possible but it represents a minor process.

The fact that the C1’ oxidation was not observed at intra-
strand deoxyriboses indicated that this target was not directly
accessible to the Mn'=0 entity in the double helix of DNA.
This is not surprising due to the hidden location of the C1'—H
bond within the minor groove. Furthermore, this mechanism
of random attack of intrastrand deoxyribose units, if it took
place, was probably below the limit of detection under the
used experimental conditions. We propose that this oxidation
mechanism, previously observed on high-molecular-weight
DNA,5* takes place only after partial melting or cleavage of
DNA due to the initial degradation events of guanine oxidation
or C5’ oxidation at (A-T); sites, respectively.

Conclusion

Oxidative DNA damage with the manganese porphyrin Mn-
TMPyP/KHSO; was assayed on short DNA duplexes to compare
the reactivity of different sequences toward the chemical nu-
clease. Three oxidative degradation mechanisms were possible:
1) hydroxylation of the C5 atom of the deoxyribose unit by
oxygen-atom transfer taking place at high-affinity binding sites
consisting of an (A-T); sequence, 2) hydroxylation of the C1’ or
C4' atoms of the deoxyribose unit by oxygen-atom transfer at
the 5’ end of oligonucleotides, or 3) guanine oxidation by elec-
tron transfer.

The relative quantification of the oxidative damage of differ-
ent sequences showed that C5' hydroxylation at three contigu-
ous A or T bases was 1000 times more efficient than guanine
oxidation by electron transfer at an isolated guanine residue.
The oxidation of an intrastrand GG sequence appeared to be
10 times more reactive than at a single guanine residue but
still 100 times less reactive than at the (A-T); site. However,
when a guanine residue was located at the terminal base pair
of the short duplex, its reactivity reached that of the (A-T); site.
The oxidation of deoxyribose units appeared to be possible
only when the C—H bond was accessible to the active Mn'=0
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species, that is, it was observed only at the deoxyribose unit
located at the 5’ end of the duplexes.

Deoxyribose oxidation by oxygen-atom transfer needs the
metal-oxo species to be in close vicinity to the C—H bonds of
the sugar; guanine oxidation by electron transfer is also de-
pendent on the distance between the metal-oxo entity and
the nucleobase. This tight interaction is possible within an
(A-T); site (C5" hydroxylation) and this is the key to the manga-
nese porphyrin efficiency in DNA cleavage. Guanine oxidation
and intrastrand C1’ deoxyribose oxidation appear to be secon-
dary mechanisms of DNA degradation by this chemical nucle-
ase. Short oligonucleotide DNA duplexes were convenient
tools for the study of the comparative reactivity of the damag-
ing reagent with various sequences of DNA.

Experimental Section

Materials: Potassium monopersulfate, KHSO; (triple salt 2 KHSO-K,.
SO,-KHSO,, Curox) was from Interox. Carboxymethoxylamine,
NaBH,, adenosine triphosphate (ATP), and polynucleotide kinase
were from Sigma-Aldrich. Mn-TMPyP was prepared according to a
previously reported protocol.® The oligonucleotides were syn-
thesized by standard solid-phase (-cyanoethyl phosphoramidite
chemistry. They were purified by HPLC with a reversed-phase
column (Nucleosil C18, 10 um, 250x4.2 mm; Interchrom, Montlu-
¢on, France; eluents: A=0.1m triethylammonium acetate (pH 6.5),
B=CH,;CN; linear gradient: 5—15% B over 60 min; flow rate:
1 mLmin~"; =260 nm). H,'®0 (95.1%) was purchased from Euriso-
top, France.

Oxidation of oligonucleotides by Mn-TMPyP/KHSO;: Oligonucleo-
tide (duplex; 10 um) was incubated with Mn-TMPyP (10 pm) in phos-
phate buffer (50 mm; pH 7.2) containing NaCl (100 mwm) at 0°C for
10 min. The reaction was initiated by addition of KHSO; at a final
concentration varying from 0.01-10 mwm. After 5 min at 0°C, the re-
action was stopped by the addition of 2-[4-(2-hydroxyethyl)-1-pi-
perazinyllethanesulfonic acid buffer (10 mm; pH 8) and the whole
reaction medium (100 pL) was directly injected for HPLC or HPLC/
ESI-MS analysis. Concentrations given were final concentrations.

When a reduction step was performed on some samples, NaBH,
(final concentration 0.1wm), was added into the reaction medium.
After 30 min at room temperature, acetone was added to quench
the reductant. The reaction medium was lyophilized before HPLC
analysis.

Piperidine treatment consisted of incubation of the sample in 1m
piperidine solution for 1 h at 90°C followed by several successive
lyophilizations.

The reaction with carboxymethoxylamine was performed directly
on the reaction medium after 5 min of reaction. Carboxymethoxyl-
amine was added at 40 mm concentration and was allowed to
react for 1 h at room temperature.

For labeling experiments, the same reaction was also performed in
labeled water (H,'®0) after drying of the reaction medium (before
the addition of KHSO;) and dissolution in labeled water. The addi-
tion of KHSO; corresponded to 1% of non-labeled water in the
final reaction volume.

HPLC/ESI-MS analyses: The reaction mixtures (100 ulL) were ana-
lyzed by HPLC with a reversed-phase column (Nucleosil C18, 5 or
10 um, 250%4.6 mm; Interchrom) eluted with a linear gradient

ChemBioChem 2005, 6, 2326 — 2335


www.chembiochem.org

Manganese Porphyrin Cleavage of DNA

(eluents: A=10 mm triethylammonium acetate buffer (pH 6.5), B=
acetonitrile; 5—15% B over 60 min; flow rate: T mLmin™"). A
diode array detector (Waters) allowed detection of the products at
A=260 nm. For HPLC/ESI-MS analysis the same column was cou-
pled to an electrospray mass spectrometer, a Perkin-Elmer SCIEX
API 365 equipped with a turbo ion-spray source. The temperature
of the gas (N,) stream was set at 450 °C. The flow eluted from the
column (50% volume) was introduced into the electrospray
source. The analyses were carried out in the negative mode. The
use of the turbo ion-spray source allowed us to perform HPLC/ESI-
MS analyses from diluted duplex oligonucleotides solutions (100 pL
corresponded to 1 nmol of injected duplex DNA). The range of
mass acquisition was varied depending on the oligonucleotide and
on the sensitivity or resolution that was necessary.

Phosphorylation of 5-GTCGAC at the 5-end: Single-stranded
oligonucleotide (20 nmol) was treated with 5 Units of T4 polynucle-
otide kinase in the presence of ATP for 1 h at 37°C. Purification of
the 5’-phosphate oligonucleotide was performed by HPLC.
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