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G-quadruplex nucleic acids have attracted much interest in
recent years because they appear to be involved in the
regulation of fundamental processes of life, in particular,
those connected to the development of cancer.'™ Several
invitro structures are now available.'""! G-quadruplex
nucleic acids consist of four strands of nucleic acids that
form in guanine-rich DNA/RNA sequences with stretches of
tandem guanine residues. The four strands are held together
by a hydrogen-bonded arrangement of four guanines (the G-
quartet unit). Stacking of planar consecutive G-quartets
further stabilizes the G-quadruplex structures. G-quadruplex
nucleic acids have four external grooves, and for those formed
by intermolecular folding, they have also single-stranded
loops connecting the guanine tracts. A central ionic channel
with K* (and/or Na®) ions exists in the core of the super-
imposed G-quartets. Their presence in human cells has
recently been shown.!'!

With the aim of interfering with their biological functions,
a number of small ligands targeting G-quadruplex nucleic
acids have emerged.'" meso-Tetrakis(4-N-methylpyridin-
iumyl)porphyrin (H,-TMPyP4) is a long known G-quadru-
plex ligand®! and is often used as a reference compound in
the field. H,-TMPyP4, like other large aromatic ligands,
should exhibit m—m stacking interactions with an external
guanine quartet of the G-quadruplex structure. However, this
type of binding is still under debate. Two structures of the
complex between H,-TMPyP4 and G-quadruplex DNA were
reported.”>?! The first structure (c-myc oncogene promoter
sequence) shows the porphyrin interacting with the top G-
quartet, although at a relatively long distance, not in perfect
accordance with known ni—m stacking interactions. The second
structure (telomeric sequence) showed a porphyrin involved
in a stacking interaction with a base pair in the loop at the top
of the G-quardruplex but not with the uppermost G-quartet
itself. Porphyrin H,-TMPyP4 interacts with telomeric G-
quadruplex models with a relatively high binding constant, on
the order of K, ~10°~10°M~.”**" The binding of H,-TMPyP4
to the c-myc promoter parallel quadruplex is tighter with
a binding constant of K, ~10°-10° M~ The variations in the
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binding constant arise from different ionic strengths and
experimental conditions.

The introduction of a metal ion such as Mn™ or Co™ into
the center of the porphyrin macrocycle gives two molecules of
water as axial ligands. This does not preclude the interaction
of the porphyrin with the G-quadruplex but does lower the
affinity compared to the non-metalated porphyrin.?”’ These
metalated porphyrins could in principle interact with the G-
quadruplex by external m—mn stacking with the top G-quartet,
provided the axial water ligand fits within the central ionic
channel of the quadruplex, or alternatively, interact with the
grooves (or loops) of the quadruplex. These two binding
modes should differ by the accessibility of the two faces of the
porphyrin macrocycle. External m—r stacking would have only
one accessible face from the bulk solvent, while binding to the
quadruplex grooves would leave two faces of the porphyrin
accessible. In the absence of any structural data on the
interaction of the metalated porphyrins containing axial water
ligands with G-quadruplexes, and considering that the mode
of interaction of H-TMPyP4 with the top G-quartet of these
structures is unknown, we determined the accessibility of the
two faces of the manganese derivative of H,-TMPyP4, Mn-
TMPyP4, while bound to a G-quadruplex using labeling
experiments.

The water-soluble and dissymmetric peroxide KHSOjs can
coordinate with the manganese ion of the porphyrin by
displacing the water molecule from one face of the porphyrin
(Scheme 1). Heterolytic cleavage of the O—O bond leads to
the formation of a high-valent metal-oxo species.’”! It is an
oxomanganese(IV) porphyrin radical cation, (P")Mn"=0,
formally referred to as Mn"=0,*" which is able to transfer its
“ox0” oxygen atom onto a substrate by a mechanism similar
to the cytochrome P450 enzymes.*!! The activation of Mn-
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Scheme 1. Activation of manganese porphyrin (Mn-TMPyP4) by
KHSOy and oxygen atom transfer in olefin epoxidation. The porphyrin
macrocycle is simplified as two bold lines.
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TMPyP4 with KHSOs in aqueous buffer is extremely rapid
and efficient. The face of the porphyrin where peroxide
coordination triggers the formation of the metal-oxo species
must be accessible from the solvent.

In the case of water-soluble metallo porphyrins, it has
been shown that the oxygen atom incorporated in the
substrate does not originate exclusively from the peroxide,
owing to an oxo-hydroxo tautomerism mechanism
(Scheme 2).°'"3 This oxygen atom can also originate from
the trans water molecule on the opposite face of the
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Scheme 2. Oxo—hydroxo tautomerism of high-valent metal-oxo manga-
nese porphyrin in water and subsequent labeling of the product of the
reaction of olefin epoxidation.

porphyrin. The reaction face of the porphyrin, where the
oxo entity reacts with the substrate may be different from the
activation face, where the oxo species was originally formed.
Consequently, measurement of the oxo-hydroxo tautomerism
provides a way to tell whether the two faces of the porphyrin
are accessible to the solvent. If the reaction face where the
metal-oxo entity locates is the same as the activation face, the
oxygen atom incorporated into the substrate originates from
the peroxide. If the reaction face is opposite to the activation
face, the oxygen atom incorporated into the substrate
originates from water. When the two faces of the metallo-
porphyrin are equally accessible, the oxygen atom incorpo-
rated into the substrate will originate equally from the
peroxide and the water molecule. It has been shown that
the ratio is 50% from KHSOs and 50% from water under
normal reaction conditions in buffered solutions.*>>* Herein,
we tested the oxo-hydroxo tautomerism of the metal-oxo
form of Mn-TMPyP4 porphyrin in complex with G-quad-
ruplex nucleic acids by analyzing the oxygen atom incorpo-
rated into the epoxidation product of carbamazepine (CBZ;
Scheme 3).

We used two different G-quadruplex forming oligonucle-
otides: first, 5'-d[TT(GGGTTA);GGGA] (TTG4A), corre-
sponds to a variable form of the human telomere sequence
previously shown to adopt a hybrid type 1 structure (95 %) in
KClI containing medium.® In the presence of NaCl, TTG4A

o
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Scheme 3. Mn-TMPyP4/KHSOj catalyst converts carbamazepine (CBZ)
into carbamazepine-10,11-oxide (OCBZ).
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folds into an antiparallel G-quadruplex. Second, 5'-
d(TGAGGGTGGGGAGGGTGGGGAA) oligonucleotide
(c-myc), corresponds to the human oncogene c-myc promoter
sequence (myc2345), which adopts a propeller-type parallel-
stranded G-quadruplex structure in KCl medium P
Scheme 4 shows a schematic drawing of the three types of
folding.

3

Scheme 4. Scheme showing the different G-quadruplex structures. The
left and middle structures correspond to a hybrid type 1 and antipar-
allel orientation of the TTG4A sequence in K* and Na™ buffers,
respectively. The right structure shows the propeller-type parallel-
stranded orientation of the c-myc sequence in K* buffer.

The oxidation reaction of CBZ by Mn-TMPyP4/KHSO;
was previously described in phosphate buffer at pH 5 in the
presence of 10 % methanol.’” Because the optimal pH value
for this oxidation reaction is pH 5, the structure of the G-
quadruplexes was determined by circular dichroism under
these experimental conditions (Supporting Information, Fig-
ures S1-S4). The folding of the quadruplexes appeared
identical to the folding observed at neutral pH (Supporting
Information, Figures S1,S2). The addition of 10 % methanol
to the buffer also did not alter the structure of the G-
quadruplexes (Supporting Information, Figures S3,S4). In
phosphate buffer (50 mm) containing 10mm KCI, the
TTG4A oligonucleotide showed a typical CD spectrum of
the classic hybrid type 1 structure of telomeric quadruplex
DNA. In phosphate buffer (pH 5) containing NaCl, TTG4A
folded into a typical antiparallel G-quadruplex structure.
Thus, the folding of these G-quadruplexes is not affected by
the lower pH value of the buffer. In addition, the G-
quadruplex structure of the TTG4A oligonucleotide proved
stable following the lyophilization and redissolution steps that
were necessary for experiments in labeled water. Further-
more, we have previously shown that Mn-TMPyP4 interac-
tion with TTG4A does not change its CD spectrum.?"!

Oxidation of CBZ by Mn-TMPyP4/KHSOs was first
carried out in the absence of G-quadruplex DNA. CBZ
(500 pm) was reacted with Mn-TMPyP4 (2 um) for one minute
at 25°C in phosphate buffer (pH 5) containing KCl (or NaCl).
At the end of the reaction, unreacted CBZ and the epoxide
OCBZ were extracted using dichloromethane (extraction was
quantitative) and the organic phase was analyzed by HPLC
coupled to electrospray mass spectrometry (Supporting
Information, Figure S5). OCBZ epoxide (Table 1) was the
only oxidation product detected. The low yield (approxi-
mately 7% with respect to CBZ) is due to the short reaction
time. The oxo-hydroxo tautomerism on the Mn'=0 was
measured by performing the same reaction in H,'"O. The
incorporation of 'O atoms from the labeled water into OCBZ
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Table 1: Oxygen atom transfer during the oxidation of CBZ.F!

Quadruplex DNA Mn-TMPyP4 ocBzM ¥0 in OCBZM
[km] [km] [%]

- (K) 2 334100 4143

— (Na) 2 32421 3942

TTG4A (K) 2 1.240.5 1241

TTG4A (Na) 2 1.040.4 1241

c-myc (K) 2 0.7 13

TTG4A (K) 0 0.02+£0.01 0

[a] CBZ (500 um) was mixed with with Mn-TMPyP4 (2 pum)/KHSO;
(500 um) in 50 mm phosphate buffer (pH 5), 10 mm KCl (K) or 10 mm
NaCl (Na), for T min at 25°C in the absence (-) or presence of DNA
(40 um): hybrid type 1 folded G-quadruplex TTG4A (K), propeller-type
parallel G-quadruplex folded c-myc (K) oligonucleotides, and antiparallel
folded G-quadruplex TTG4A (Na). [b] Measured by integration of the
OCBZ peak area in the HPLC UV- or extracted ionic current (EIC)-trace
compared to standard curves. [c] The percentage of CBZ '®O-oxide was
calculated from the ratio of peak intensities at m/z=255.1 versus
m/z=253.1, as well as from the ratio of the sodium adduct peak
intensities at m/z=277.1 versus m/z=275.1. The maximum possible
incorporation of O from oxo-hydroxo tautomerism is 50%. [d] CBZ
conversion < 10%. [e] Two measurements.

was 41 % in KCl buffer (39 % in NaCl buffer), showing that
the oxo-hydroxo tautomerism was effective although not
complete (Table 1, Figure 1 A,B; Supporting Information,
Figure S6 A,B for NaCl conditions). With the present exper-
imental conditions, epoxide formation may compete with
oxo-aqua exchange, as was the case of 35 % '*O-incorporation
that was previously observed.’”! A short reaction time was
necessary in the presence of G-quadruplex DNA to avoid
oxidative damage to the DNA. Indeed, we chose to measure
the incorporation of the *O-atom in OCBZ at the very start
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Figure 1. In-line mass analysis of OCBZ labeling in KCl-containing
buffer. A) In the absence of DNA and in H,'°O, the (M +H)" ion of
OCBZ is observed at m/z=253.1 and the sodium adduct at
m/z=275.1. B) In the absence of DNA and in H,"0, isolated OCBZ
consists of 59% with one '°O-atom (m/z=253.1 and m/z=275.1) and
41% with one "®0-atom (m/z=255.1 and m/z=277.1). C) In the
presence of G-quadruplex DNA TTG4A, the incorporation of an

30 atom into OCBZ (m/z=255.1 and m/z=277.1) drops to 12%.

Angew. Chem. Int. Ed. 2013, 52, 21852188

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

of the reaction to analyze the reactivity of porphyrin in
complex with DNA before any oxidative DNA damage could
occur (Supporting Information, Figures S7,S8), which could
release free porphyrin into the bulk solvent. In the same way,
to avoid any free porphyrin in the reaction medium, the
concentration of the G-quadruplex oligonucleotide (40 um)
was high compared to that of Mn-TMPyP4 (2 um), and the
two components were preincubated for 15 minutes to estab-
lish an association equilibrium before starting the reaction by
addition of CBZ and KHSO:;.

In the presence of G-quadruplex DNA (TTG4A and c-
myc), the yield of the epoxidation reaction dropped dramat-
ically (Table 1). This was probably due to reduced access of
CBZ to the manganese porphyrin in complex with DNA. The
incorporation of 'O from H,"*O into OCBZ was extremely
low (12-13%; Figure 1 C). The almost exclusive incorpora-
tion of an '°O atom, originating from the peroxide, into the
epoxide is an indicator of the oxidation of CBZ being due to
a quadruplex-bound manganese-oxo porphyrin reacting
through the same face as that of the incoming peroxide.
This deficiency in the oxo-hydroxo tautomerism when the
manganese porphyrin is in complex with DNA is in accord-
ance with only one face of the porphyrin being accessible to
solvent during the reaction and thus, to the porphyrin
interacting with the quadruplex DNA through n—x stacking
on the top G-quartet (Scheme 5). We found similar evidence
of porphyrin binding for each of the three types of quad-
ruplexes tested (antiparallel, parallel, and hybrid), which also
confirms the non-specific binding of this porphyrin to differ-
ent quadruplexes.

B 1 o Y MK
KHSO4 7N
™M Mn
n > Mn >
H,%®

Scheme s. Interaction of Mn-TMPyP4 with the top face of the quad-
ruplex DNA.

The formation of OCBZ and subsequent labeling with '°O
owing to a direct reaction of KHSO; with CBZ can be
disregarded. In the absence of Mn-TMPyP4, no significant
substrate conversion occurred (Table 1). The residual 12—
13% of "®O-incorporation for the bound porphyrin may be
attributed to a minor fraction of the porphyrin still being able
to undergo oxo-hydroxo tautomerism while interacting with
the DNA, for instance through interaction with the loop or
groove, giving access to both faces.*!

In conclusion, the symmetric (oxo-hydroxo tautomerism)
or dissymmetric (lack of oxo-hydroxo tautomerism) labeling
of the two faces of a high-valent manganese-oxo porphyrin
allows us to ascertain the solvent accessibility of these two
faces and consequently, gives us information about the
interaction of the porphyrin with G-quadruplexes. This
study is possible because of a strong interaction between the
porphyrin and the target DNA, because the solution needs to
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be free of any unbound porphyrin. A complex of a porphyrin
and G-quadruplex DNA was previously used as a “DNA-
zyme”, with heme serving as the porphyrin.’" The same
concept was used in the present work but for the purposes of
investigating the structure of the complex. This concept could
be extended to any non-covalent complex between a metallo-
porphyrin and a biological or material partner or to any non-
heme metal complex able to undergo an oxo-hydroxo
tautomerism within its coordination sphere.
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