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Many antitumor agents such as cisplatin and nitrogen
mustard work through a DNA cross-linking mechanism, in
which interstrand cross-linking is especially important.[1]

These agents covalently bind to the DNA duplex and inhibit
both replication and transcription in tumor cells eventually
killing them.[2] However, the application of these drugs has
been limited by their toxic side effects in normal cells. The
possibility of selectively destroying the DNA of tumor cells
by induction has been given much attention in medicinal re-
search. Inducible DNA cross-linking agents have provided a
promising method for specifically damaging tumor cells.[3]

The inducible formation of o-quinone methide (o-QM) as a
precursor of antitumor agents has been reported by many
groups because o-QM is highly reactive with DNA.[4] Our
group has reported several efficient DNA cross-linking
agents derived from an o-QM intermediate induced by a bi-
phenol quaternary ammonium structure[5] and a biphenol
selenide structure.[6] Recently, Kodadek1s group reported
that biotinylated catechol derivatives could cross-link pro-
teins via an o-quinone intermediate induced by NaIO4.

[7]

The quinone intermediate induced by the oxidation of a cat-
echol appears to be a promising agent for studying the prop-

erties of complicated biological complexes,[8] and moreover,
this oxidative activity can be carried out by a ubiquitous
enzyme, that is, tyrosinase.[9] Encouraged by their reports,
we designed and synthesized a new family of DNA cross-
linking agents: bis ACHTUNGTRENNUNG(catechol) quaternary ammonium deriva-
tives (Figure 1). We found that they could cross-link DNA
potently via an o-quinone intermediate induced by oxida-
tion.

Compounds 1–3 are composed of two catechol monomers
acting as DNA cross-linking units, and are joined by differ-
ent linkers that act as DNA binding units. In order to ach-
ieve high affinity to DNA, positive charged linkers and qua-
ternary ammonium were considered for use. Furthermore,
aliphatic and aromatic chains were investigated to deter-
mine which of them resulted in favorable cross-linking reac-
tions, and to determine the relationship between agent flexi-
bility and DNA cross-linking abilities. These compounds
were prepared as shown in the supporting information. All
new compounds were fully characterized by NMR spectros-
copy and HRMS analysis.
The DNA–DNA cross-linking abilities of compounds 1–3

were firstly studied using tyrosinase as oxidative agent. Ty-
rosinase is a binuclear copper enzyme occurs in all organ-
isms, which can catalyze the oxidation of catechols to qui-
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Figure 1. Structures of bis ACHTUNGTRENNUNG(catechol) derivatives.
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nones.[10] The experiments were performed by denaturing al-
kaline agarose gel electrophoresis, as previously reported.[11]

In the presence of tyrosinase, each compound exhibited po-
tential cross-linking abilities (Figure 2). It is not surprising
that compound 2 obtains the best cross-linking result, be-
cause it has the similar aromatic units with DOPA, which is
the natural oxidation substrate of tyrosinase.[9,10]

Upon different oxidative activations, these compounds
also exhibit fine DNA cross-linking ability (Figure 3).
Sodium periodate, which is inert to common proteins and
nucleotides, is a suitable reagent to induce oxidation at
physiological pH. One interesting phenomenon is that the
results of compounds 2 in two inductive methods were
widely divergent. Similar conclusion from previous study
that experimental results could be quite different by using
NaIO4 and tyrosinase encourages us to look for more rea-
sonable explanations.[12]

No visible cross-linking band in lane 1–3 (Figure 3) shows
that the cross-linking ability of compound 2 has disappeared
under the oxidation by NaIO4. We proposed that the posi-
tion of the dihydroxy groups plays an important role in its
different cross-linking ability in two ways. In the mechanism
reported by Kodadek,[7,8] the oxidized product of catechol a
or b has only one main position for the nucleophilic reac-
tion. The mechanism of nucleophilic addition is similar with
the addition reactions of unsaturated aldehydes or ketones
(Scheme 1). The product formation step for substrate a
might be more disturbed by the steric hindrance effect than
for substrate b. For compound 2, the steric hindrance might
prevent the electron deficiency region of the quinone to be
the reaction position with DNA.

The different stability of these kinds of substrates to oxi-
dation might be another effective influence factor in the dif-
ferent cross-linking results. Previous research in the cate-
chols analogues reported that the diphenol such as com-
pound 2 with a 3,4-dihydroxy substitution in the benzene
ring is more sensitive to the oxidation than a 2,3-dihydroxy
substitution such as in compound 3.[13] The unstable property
of compound 2 might induces more side reactions and de-
creases its cross-linking capacity.
The oxidative reactions were monitored by UV/Vis spec-

troscopy by following the formation of quinone intermedi-
ate.[14] As shown in Figure 4, the increment of an absorption
band at 380 nm and opposite change of the band at 280 nm
reflected the consumption of catechol units and the subse-
quent oxidation to ortho-quinones. The difference between
the titration experiments of compound 2 and 3 was the ap-
pearance of one additional band around 310 nm within the
oxidative process of compound 2 (Figure 4b). This new band
indicated the generation of side products. This could also ex-
plain the assumption that the instability of 2 might decrease
the cross-linking yield, especially under the intense oxidative
condition.
Obviously, interstrand cross-linking is the most efficacious

modification for thoroughly blocking strand opening, and
has the potential for application in tumor chemotherapy. To
identify the cross-linking mode, we used linearized pUC 19
together with pBR322 in denaturing alkaline agarose gel

Figure 2. Concentration dependence of compounds 1–3 for DNA cross-
linking (tyrosinase oxidation). The concentration of tyrosinase was fixed
as 28 mm. lane 4, 8, 12 are the control lane without tyrosinase oxidation.
Lane 13 is the control lane only with tyrosinase and without the com-
pounds. lane 1, 0.7 mg pBR322 + 10 mm 1 + tyrosinase; lane 2, 0.7 mg
pBR322 + 20 mm 1 + tyrosinase; lane 3, 0.7 mg pBR322 + 50 mm 1 + ty-
rosinase; lane 4, 0.7 mg pBR322 + 50 mm 1; lane 5, 0.7 mg pBR322 +

10 mm 2 + tyrosinase; lane 6, 0.7 mg pBR322 + 20 mm 2 + tyrosinase;
lane 7, 0.7 mg pBR322 + 50 mm 2 + tyrosinase; lane 8, 0.7 mg pBR322 +

50 mm 2 ; lane 9, 0.7 mg pBR322 + 10 mm 3 + tyrosinase; lane 10, 0.7 mg
pBR322 + 20 mm 3 + tyrosinase; lane 11, 0.7 mg pBR322 + 50 mm 3 +

tyrosinase; lane 12, 0.7 mg pBR322 + 50 mm 3 ; lane 13, 0.7 mg pBR322 +

tyrosinase; Marker lane, 1.5 mg lambda DNA/HindIII (molecular weight
standard).

Figure 3. Concentration dependence of compounds 1–3 for DNA cross-
linking (NaIO4 oxidation). The concentration of NaIO4 was fixed as
200 mm. lane 4, 8, 12 are the control lane without the NaIO4 oxidation.
Lane 13 is the control lane only with NaIO4 and without the compounds.
lane 1, 0.7 mg pBR322 + 1 mm 2 + NaIO4; lane 2, 0.7 mg pBR322 +

20 mm 2 + NaIO4; lane 3, 0.7 mg pBR322 + 50 mm 2 + NaIO4; lane 4,
0.7 mg pBR322 + 50 mm 2 ; lane 5, 0.7 mg pBR322 + 1 mm 1 + NaIO4;
lane 6, 0.7 mg pBR322 + 20 mm 1 + NaIO4; lane 7, 0.7 mg pBR322 +

50 mm 1 + NaIO4; lane 8, 0.7 mg pBR322 + 50 mm 1; lane 9, 0.7 mg
pBR322 + 1 mm 3 + NaIO4; lane 10, 0.7 mg pBR322 + 20 mm 3 +

NaIO4; lane 11, 0.7 mg pBR322 + 50 mm 3 + NaIO4; lane 12, 0.7 mg
pBR322 + 50 mm 3 ; lane 13, 0.7 mg pBR322 + NaIO4; lane 14, 0.7 mg
pBR322 (control); Marker lane, 1.5 mg lambda DNA/HindIII (molecular
weight standard).

Scheme 1. Proposed mechanism of oxidative addition reaction between
DNA and catechol.
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electrophoresis (Figure 5, Figures S1, S2 in Supporting Infor-
mation). The absence of a band for interhelix DNA cross-
linking clearly demonstrated that interstrand cross-linking
was definitely the main type of DNA cross-linking. The lack
of the band near the one stands for single strand plasmid
also indicated that intrastrand cross-linking rarely oc-
curred.[15]

To further investigate the DNA cross-linking capabilities
of these agents, plasmid DNA was substituted with oligonu-
cleotide OD1 (Figure 6, Figures S3, S4 in the Supporting In-
formation). After annealing, the non-cross-linked duplex
was mixed with excess bis ACHTUNGTRENNUNG(catechol) derivatives. Then, a
NaIO4 or tyrosinase solution was added in excess. The reac-
tion mixtures were analyzed by 20% denaturing PAGE,
with the 39-mer oligonucleotide serving as the marker. The
similar position of the 39-mer oligonucleotide and the high-
molecular-weight products generated by three compounds
indicated the formation of cross-linked products. The inten-
sity order of interstrand cross-linking using oligonucletide
by different oxidative methods was consistent with the re-
sults using linearized plasmid DNA. This observation con-
firm our assumption that tyrosinase attacked compound 2
with dihydroxy groups in meta- and para-positions, but
under NaIO4 oxidation conditions, compound 3 the elec-
tron-rich region of which has less steric hindrance acts as a
more efficient cross-linking agent. We are currently further
investigating this effect as well as the structures generated.

In addition we calculated the structure of the three com-
pounds on the basis of DFT geometry optimization to un-
derstand the binding properties of these compounds with
DNA. From the energy-minimized structure, we found that
the linker chains spread in the greatest degree of relaxation.
In this state, the positive charges in the chains might be ex-
posed in maximum extent. Thus the static interaction be-
tween the compounds and DNA could immobilize the com-
plexes tight which allows an easy quinone nucleophilic
attack to DNA after the binding and oxidation process.
In conclusion, a series of bis ACHTUNGTRENNUNG(catechol) compounds was de-

signed and synthesized, and their abilities to cross-link plas-

Figure 4. UV/Vis spectra obtained from titration of compound 2, 3 with
NaIO4 solution in phosphate buffer (pH 7.7). Arrows indicate trends in
absorbance with the addition of NaIO4 solution; the oxidation of com-
pound a) 3 and b) 2.

Figure 5. Denaturing alkaline agarose gel for linearized plasmid DNA
pBR322 and pUC19 by compounds 1, 2, 3 under NaIO4 oxidation. The
concentration of NaIO4 was fixed as 200 mm. lane 4, 8, 12 are the control
lane without the NaIO4 oxidation. Lane 13 is the control lane only with
NaIO4 and without the compounds. lane 1, 0.7 mg pBR322 + 50 mm 2 +

NaIO4; lane 2, 0.7 mg pUC19 + 50 mm 2 + NaIO4; lane 3, 0.7 mg
pBR322 + 0.7 mg pUC19 + 50 mm 2 + NaIO4; lane 4, 0.7 mg pBR322 +

0.7 mg pUC19 + 50 mm 2 ; lane 5, 0.7 mg pBR322 + 50 mm 1 + NaIO4;
lane 6, 0.7 mg pUC19 + 50 mm 1 + NaIO4; lane 7, 0.7 mg pBR322 +

0.7 mg pUC19 + 50 mm 1 + NaIO4; lane 8, 0.7 mg pBR322 + 0.7 mg
pUC19 + 50 mm 1; lane 9, 0.7 mg pBR322 + 50 mm 3 + NaIO4; lane 10,
0.7 mg pUC19 + 50 mm 3 + NaIO4; lane 11, 0.7 mg pBR322 + 0.7 mg
pUC19 + 50 mm 3 + NaIO4; lane 12, 0.7 mg pBR322 + 0.7 mg pUC19 +

50 mm 3 ; lane 13, 0.7 mg pBR322 + 0.7 mg pUC19 + NaIO4; lane 14,
0.7 mg pBR322 + 0.7 mg pUC19 (control); marker lane, 1.5 mg lambda
DNA/HindIII (molecular weight standard).

Figure 6. Cross-linking results of compound 1, 2 and 3 with duplex OD1
under oxidation. (A) NaIO4 as oxidative agent. The concentration of
NaIO4 was fixed as 50 mm. lane b, compound 3 (4 mm) + OD1 (4 mm) +

NaIO4 (50 mm) (cross-linking yield 9.3%); lane c, compound 1 (4 mm) +

OD1 (4 mm) + NaIO4 (50 mm) (cross-linking yield 7.2%) (B) tyrosinase
as oxidative oxidation, E= tyrosinase. The concentration of tyrosinase.
was fixed as 28 mm. lane k, compound 3 (10 mm) + OD1 (4 mm) + tyrosi-
nase (28 mm); lane l, compound 1 (10 mm) + OD1 (4 mm) + tyrosinase
(28 mm) (cross-linking yield 8.7%); lane m, compound 2 (1.25 mm) +

OD1 (4 mm) + tyrosinase (28 mm) (cross-linking yield 16.6%).
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mid DNA and oligonucleotide were investigated by NaIO4

and enzyme oxidative inducement. The site at which the
compounds reacted with oligonucleotide and their potency
provide potential avenues of research or the development of
new anticancer drugs.

Experimental Section

Full experimental details for the preparation of the compounds, experi-
mental procedures for the DNA cross-linking experiments, UV/Vis spec-
tra analysis, and calculation experiments are included as Supporting In-
formation.
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