Dramatic increase of the DNA cleavage activity of Cu(Clip-phen) by fixing the
bridging linker on the C3 position of the phenanthroline units
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The synthesis of a new ligand with two phenanthrolines
bridged on their C3 carbon by a serinol is reported; Cu(3-
Clip-phen) cleaves DNA more efficiently than the parent
Cu(2-Clip-phen) bridged on the C2 carbon.

The redox activity of cuprous complexes of 1,10-phenanthro-
line (phen) iswell known as artificial nuclease. They are ableto
realise single-strand cleavages of DNA in the presence of H,0,
by oxidative attack on deoxyribose units from the minor groove
of DNA.12 Cul(phen), is significantly more reactive3 than
Cu'(phen) but the association constant for the second phenan-
throline ligand is only 1055 dm3 mol—1 which is too low for a
biological use a submicromolar concentrations of these
complexes.4 For this reason, we have recently prepared Clip-
phen (renamed 2-Clip-phen in the present study, Scheme 1)
with two phenanthroline entities linked via their C2 carbon by a
short flexible arm in order to favor the 2:1 phen—Cu
stoichiometry.5 In the presence of a reductant and air, we
observed an increase of DNA cleavage activity on ®X174 by a
factor two for Cu(2-Clip-phen) compared to Cu(phen),. In
addition, the serinol bridge between the two phenanthrolines of
2-Clip-phen alowed further functionalisation on its primary
amino group with different possible vectors (polyamines,
intercalators, oligonucleotides) in order to increase or to
modulate the binding domain of these DNA cleavers. So, the
attachment of the natural polyamine spermine (a minor groove
binder) to 2-Clip-phen afforded a new conjugate with enhanced
nuclease efficiency.6

The bridging serinol wasfixed on the C2 carbon of phen units
in 2-Clip-phen, near the chelating nitrogen atoms, in order to
decrease the length between the two phen entities. But, having
in mind that this substitution on C2 carbon has been observed to
disactivate the DNA cleavage activity of Cu-phen com-
plexes,t.7 we decided to prepare a new bis-chelating ligand,
3-Clip-phen, with the serinol bridge between the C3 carbons of
phen units. The 3-position is known to have fewer effects on
redox activity4 and may also allow the use of asmall bridge like
serinol between the two phen units in order to favor a
mononuclear Clip-phen complex [Cu'!(Clip-phen)]2+. However
the C3 monosubstitution of the phen ligand, which limits steric

2-Clip-phen

3-Clip-phen

Scheme 1 Structures of 2-Clip-phen and 3-Clip-phen. Numbering corre-
sponds to NMR assignments.

constraints for DNA interactions and for conformational
changes during the reduction of Cu'' to Cu', has been little
studied although a conjugate of acridine on the C3 carbon of
phen has been described to cleave DNA.8

The synthetic strategy used to prepare 3-Clip-phen was based
on the synthesis of the 2-Clip-phen parent compound. Two
equivalents of halogenated phenanthroline (600 mg, 2.3 mmol
of 3-bromophenanthroline prepared according to ref. 9) and one
equivalent of serinol (109 mg, 1.18 mmol) were stirred for 24 h
indry DMF (14 mL) in presence of 9 equivalents of NaH (423
mg, 10.5 mmol of a 60% dispersion in mineral oil). At 0°C,
2-Clip-phen was obtained in good yield, but 3-Br-phen gave
only 4% of 3-Clip-phen under the same conditions. The low
reactivity of 3-Br-phen for nucleophilic aromatic substitution
required warming of the reaction mixture.1° Unfortunately the
quantitative reduction of 3-Br-phen by NaH at 80 °C forced us
to choose intermediate heating conditions at 50 °C. Under these
conditions 3-Clip-phen was only obtained in 27% yield after
purification [addition of ethanol and water in the reaction
mixture in order to destroy the excess of NaH, then extraction
with chloroform, precipitation with hexane to remove unreacted
3-Br-phen and phen and a neutral auminacolumn (CHCl3 with
0-5% of methanol)].t

3-Clip-phen was metallated with one equivalent of CuCl, and
its DNA cleavage activity was compared to that of [Cu(2-Clip-
phen)]Cl,. Relaxation of supercoiled ®X174 DNA (form ) into
relaxed circular (form I1) and linear (form I11) conformations
was used to quantify the relative cleavage efficiency of these
copper complexes. The nuclease activity of these Cu()
complexes (1 uwM) was initiated by addition of 5 mM
mercaptopropionic acid (MPA) in the presence of air. Fig. 1
summarises the results obtained.}

As expected, no degradation of DNA was observed in the
absence of reductant. The comparison of lanes 4 and 5 shows
that Cu(3-Clip-phen) complex exhibited a significantly higher
activity than Cu(2-Clip-phen) since all form | disappeared, to
giveforms|l and I11 (50% of the starting material) and a smear
(corresponding to multifragmented DNA), whereas form | was
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Fig. 1 Comparison of ®X174 cleavage efficiency between 2-Clip-phen and
3-Clip-phen in the presence of CuCl, and 5 mM MPA. Lane 1: control
DNA. Lane 2: 1 uM 2-Clip-phen and CuCl, without MPA. Lane 3: 1 uM
3-Clip-phen and CuCl, without MPA. Lane 4: 1 uM 2-Clip-phen and
CuCly,. Lane 5: 1 uM 3-Clip-phen and CuCl,. Lane 6: control DNA with 5
mM MPA. Lane 7: control DNA with 1 uM CuCl, and 5 mM MPA. Lane
8: 1uM 2-Clip-phen and 2 uM CuCl,. Lane 9: 1 uM 3-Clip-phenand 2 uM
CUCIz.
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still present for the same concentration of Cu(2-Clip-phen)
under identical conditions. Assuming a non-specific single-
strand cleavage of the DNA double-helix, as previously
observed for Cu(2-Clip-phen),6 the number of single-strand
breaks per ®X174 DNA molecule was cal culated according to
ref. 11. Cu(3-Clip-phen) gave 32 + 4 single strand bresks per
®X174 DNA compared with 1.4 £ 0.2 for Cu(2-Clip-phen).
The comparison of lanes 5 and 9 shows also that Cu(3-Clip-
phen) gave the same number of single strand breaks when
metallated by 1 equivalent of copper salt [1 Cu for 2 phen
entities, corresponding to a Cu(3-Clip-phen) complex] or 2
equivalents of copper salt [1 Cu per phen entity, corresponding
to a putative Cuy(3-Clip-phen) compound] as expected for a
ligand able to chelate the same copper ion with its two phen
subunits.

In order to understand this high DNA cleavage activity of
Cu(3-Clip-phen), work on interactions of the complex with
DNA arein progress. New conjugates of 3-Clip-phenwith DNA
binders are aso in preparation in order to increase the nuclease
activity of this promising new family of DNA cleavers.

Dr Jean-Pierre Sauvage (Université Louis Pasteur, Stras-
bourg) is gratefully acknowledged by the authors for fruitful
discussions on phenanthroline reactivity which initiated the
preparation of 3-Clip-phen.

Notes and references

1 3-Clip-phen has been characterised by 1H NMR (250 MHz, CDCl3) §9.14
(dd, 2H, J 4.3, 1.7 Hz, HY), 8.96 (d, 2H, J 2.9 Hz, H2"), 8.20 (dd, 2H, J 8.1
and 1.7 Hz, H8), 7.78 and 7.72 (AX, 2H, J 8.9 Hz, HY', H&'), 7.60 (d, 2H,
J 2.9 Hz, H4), 7.56 (dd, 2H, J 8.1, 4.3 Hz, H7’), 4.36 (m, 4H, H1), 3.82(q,
1H, J 5.4 Hz, H2); MS (CDI, NHa): miz (%) = 448 (M + H, 100), 268
(14.0), 252 (22.7), 197 (75.9); UV-VIS (MeOH) Ama/nm (g/dm3 mol—1
cm—1): 240 (59 500), 272 (44 100), 294 (23 900, sh), 314 (8200, sh), 328
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(5700), 344 (3800). Anal. Calc. for C7H21N50,-4 H,O: C, 62.42; H, 5.63,;
N, 13.48. Found: C, 62.38; H, 5.09; N, 13.66%.

¥ Complexes were prepared as 1 mM solutions in DMF-water (2: 3) then
diluted to 4 uM with water prior to the addition of 5-10 uL of a solution of
supercoiled ®X174 DNA (7 nM, 40 uM in bp) in 80 mM sodium phosphate
buffer (pH 7.2), 100 mM NaCl and 20 mM MgCl,. After 30 min at room
temperature, DNA cleavage was initiated by addition of 5 uL of a20 mM
aquous solution of mercaptopropionic acid and incubated at 37 °C for 1 h
prior to being loaded on a 0.8% agarose gel containing 1 ug mL—1 of
ethidium bromide. Bands were located by UV light, photographed and
quantified by microdensity. The correction coefficient 1.47 was used for the
decrease in stainability of form | DNA versus forms Il and 11.12
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