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Induced DNA interstrand cross-links (ISC) by chemical agents
or photoactivation play very important roles for cancer therapy.1

Several important clinical drugs (e.g., cisplatin, psoralens, and
mitomycin C) are known to induce DNA ISC formation which can
disrupt cell maintenance and replication.2 The design of novel
dimeric agents targeting DNA has been investigated by several
groups.3 Among these antitumor agents, one mechanism was
involved in o-quinone methide (o-QM, Figure 1a) intermediate.
o-QM is a quinone methide derivative which has played important
roles in organic syntheses as well as in chemical and biological
processes.4,5 o-QM has been found to have significance for their
nucleic acid bases and DNA alkylation.6 More recently, the Wan,
Freccero, and Kresge groups7-9 have significantly reported the
generation ofo-QMs upon photochemical and thermal activation
in aqueous solution. According to Freccero’s report, phenol
possessing a quaternary ammonium group can formo-quinone
methide by photoactivation in aqueous solution (Figure 1a).8

Meanwhile, photo-cross-links of DNA by irradiation with light
under mild conditions and without any additives such as metals,
oxidative agents, and reducing agents will offer considerable
potential in medicine.1 These encouraged us to design and
synthesize the water-soluble phenol biquaternary ammonium3 and
biphenol biquaternary ammonium6 derivatives which may have
potential applications for DNA ISC under photochemical activation.

To our surprise, compound6 demonstrated very potent ISC
properties upon photoactivation using visible light. Furthermore,
we found that the structural conformation might be the key factor
for this mode of action. Herein, we report our preliminary results.

Two phenol and biphenol quaternary ammonium derivatives have
been synthesized according to the procedure shown in Figure 2.
Compound2 was obtained by a Mannich reaction. Quaternarization
was carried out by reaction with methyl iodide. Compound5 was
obtained by a reported procedure,10 and its quaternarization was
performed as above. Purification of the two derivatives was
performed by crystallization with methanol and ethyl ether. Both
compounds were fully characterized by NMR, HRMS, and elemen-
tal analysis (see Supporting Information).

The DNA-DNA cross-linking ability of compounds3 and 6
was investigated using linearized plasmid DNA by denaturing
alkaline agarose gel electrophoresis as reported by Cech11 and
Williams.12 The duplex DNA was linearized using theEcoRI
restriction endonuclease digestion. DNA cross-linking experiments

were carried out in phosphate buffer (pH) 7.7). Samples were
exposed to a 50-W high mercury lamp (wavelength> 400 nm)
placed 20 cm away at 25°C. The crude reaction mixtures were
loaded onto a denaturing 0.9% alkaline agarose gel. LambdaHindIII
DNA was used as a molecular weight marker.

Results of concentration dependences for compounds3 and 6
are illustrated in Figures 3 and 4. DNA cross-linking by compound
6 was observed at a concentration as low as 1.0µM. At 10 µM
concentration, compound6 afforded predominantly cross-linked
DNA. Upon comparison with compound3, compound6 was found
to be around 100-fold more potent as a DNA cross-linking agent.
It suggests that compound3 might not be involved in spontaneous
reaction and that its mechanism of action is transient and consists
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Figure 1. o-Quinone methide formation by photoactivation.

Figure 2. Synthesis of compounds3 and6. Reagents and conditions: (a)
33% aqueous (CH3)2NH, 37% formaldehyde aqueous solution, 30°C for
30 min, then 90-95 °C 2 h, 39.0%. (b) CH3I, CH3CN, 61.0%. (c) (CH2O)n,
33% aqueous (CH3)2NH, C2H5OH, overnight, 13.2%. (d) CH3I, CH3CN,
62.4%.
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of sequential formation of twoo-quinone methide intermediates13

after photoactivation. When time-courses of cross-link formation
by compounds3 and 6 at the same concentration (10µM) were
performed (Figures 6 and 8, see Supporting Information), compound
6 was obviously found to be very sensitive to time increase, whereas
compound3 was inert. When the concentration of compound3
was increased to 500µM, no significant increase of DNA cross-
linking was observed (Figure 7, see Supporting Information).
Meanwhile, we found that DNA cross-linking by compound6 was
affected by pH variation (Figure 5). These results show that the
most intense cross-linking occurred at pH 7.7 and the weaker cross-
linking was at pH 5.0. On the contrary, no DNA cross-linking
occurred at all at pH 10.0, implying that the decay ofo-quinone
methide intermediate was accelerated in basic buffer9 and that the
elimination to form quinone methide occurred with difficulty
because of deprotonation of phenol in acid buffer.

We predicted the structure of6 on the basis of DFT geometry
optimization and then from their13C chemical shift calculations.14,15

We found that the dihedral angle between the two phenyl rings
is about 35° and that the two quaternary ammonium groups were
on the same side like two anchors, thus forming a twist structure
(see Supporting Information for calculation details).

The significant difference between compounds3 and6 concern-
ing cross-linking properties probably involves two factors. First,
the formation of cross-link by3 requires two steps, whereas cross-
link by 6 is probably by formation of a bisquinone methide
intermediate18 or by nonspontaneous quinone methide formation.
Second, on comparison with planar3, compound6, like many
DNA-specific binders,16 apparently has good shape orientation to
adopt a helical conformation (twist≈ 35°).17 Therefore, compound
6 might naturally exhibit the strongest DNA binding and cross-
linking abilities upon photoactivation.

In summary, we prepared a potent, water-soluble and photoin-
ducible DNA cross-linking agent. This finding will encourage us
to modify its structure for multiple applications in biological and
medicinal chemistry. Further tethering to DNA binding agents for
potential drug applications is currently under investigation.
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Figure 3. Concentration dependence of6 for DNA cross-linking. Lane 1,
1.5 µg lambda DNA/HindIII (molecular weight standard); lane 2, 0.7 µg
pBR322 (control); lane 3, 0.7 µg pBR322+ 50 µM 6 ; lane 4, 0.7 µg
pBR322+ hν (30 min); lane 5, 0.7µg pBR322+ 0.1 µM 6 + hν (30
min); lane 6, 0.7 µg pBR322+ 1 µM 6 + hν (30min); lane 7, 0.7 µg
pBR322+ 10 µM 6 + hν (30 min).

Figure 4. Concentration dependence of3 for DNA cross-linking. Lane 1,
1.5 µg lambda DNA/HindIII (molecular weight standard); lane 2, 0.7µg
pBR322 (control); lane 3, 0.7µg pBR322+ 1000 µM 3; lane 4, 0.7µg
pBR322+ hν (30 min); lane 5, 0.7µg pBR322+ 10 µM 3 + hν (30 min);
lane 6, 0.7µg pBR322+ 100µM 3 + hν (30 min); lane 7, 0.7µg pBR322
+ 500 µM 3 + hν (30 min); lane 8, 0.7µg pBR322+ 1000µM 3 + hν
(30 min).

Figure 5. pH dependence of DNA cross-link by compound6. Lane 1, 1.5
µg lambda DNA/HindIII (molecular weight standard); lane 2, 0.7µg
pBR322 (control); lane 3, 0.7µg pBR322+ 10 µM 6 (pH ) 5.0); lane 4,
0.7µg pBR322+ hν (30 min, pH) 5.0); lane 5, 0.7µg pBR322+ 10 µM
6 (pH ) 5.0) + hν (30 min); lane 6, 0.7µg pBR322+ 10 µM 6 (pH )
7.7) + hν (30 min); lane 7, 0.7µg pBR322+ 10 µM 6 (pH ) 10.0); lane
8, 0.7µg pBR322+ hν (30 min, pH) 10.0); lane 9, 0.7µg pBR322+ 10
µM 6 (pH ) 10.0) + hν (30 min).
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