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There is much current interest in designing artificial DNA-
cleaving molecules that are chemically stable and activatable
by photoirradiation.> While the photochemical DNA cleavage
has been observed with various types of DNA-binding mol-
ecules, the detailed chemistry associated with photoinduced
DNA cleavage is not well understood.'? We report herein novel
water-soluble L-lysine derivatives possessing a naphthalimide
chromophore that can induce efficient and highly sequence
selective cleavage of double-stranded DNA upon photoirradia-
tion at 320—380 nm. By incorporating a nitro group into the
naphthalimide ring, the selectivity of DNA cleavage was
dramatically changed from a specific cleavage at the 5" side of
guanine—guanine (-GG-) sequences to a thymine (T)-specific
cleavage.

In our efforts to design practically useful DNA-cleaving
amino acids, we incorporated a 1,8-naphthalimide chromophore

-into the e-amino group of L-lysine. Treatment of Boc-L-lysine
methyl ester with commercially available 1,8-naphthalic anhy-
dride followed by deprotection provided water-soluble L-lysine
derivative 1, having an intense UV absorption (log € 3.70 at
366 nm). Nitro-substituted lysine derivatives 2 (log € 3.61 at
366 nm) and 3 (log € 3.68 at 366 nm) were synthesized in a
similar fashion, since certain aromatic nitro compounds have
been known to cleave DNA by photoirradiation.’

The DNA-cleaving properties of 1, 2, and 3 were preliminar-
ily examined using supercoiled circular pBR322 (form I) DNA
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Figure 1. (a) Autoradiogram of photoirradiated *’P-5"-end-labeled
DNA fragments in the presence of L-lysine derivatives 1, 2, and 3.
The reaction mixture containing 1, 2, or 3, *P-5"-end-labeled 341-base
pair DNA fragment (pst-12345 to Aval 2681) of human c-Ha-ras-1
protooncogene, and 50 mM sonicated calf thymus DNA in 50 mM
sodium cacodylate buffer (pH 7.0) was photoirradiated with a transil-
luminator (366 nm) at 0 °C for 20 min under otherwise identical
conditions. After piperidine treatment (90 °C, 20 min), the DNA
fragment was analyzed by electrophoresis on an 8% polyacrylamide/8
M urea gel. Lane 1, 1 (50 uM); lane 2, 2 (20 uM); lane 3, 3 (25 uM);
lane 4, 1 (50 M), denatured DNA; lane 5, 2 (20 M), denatured DNA;
lane 6, 3 (25 uM), denatured DNA. (b) Histogram representation of
the DNA cleavage data shown in Figure la. Arrow represents the extent
of cleavage by photoirradiation followed by piperidine treatment. Lanes
1, 2, and 3 show the cleavage of double-stranded DNA, whereas lanes
4, 5, and 6 represent single-strand breaks using denatured DNA.
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under photoirradiation with a transilluminator (366 nm) at 0
°C for 1 h. In each case, efficient single-strand breaks and a
small amount of double-strand breaks were observed at 10 uM
drug concentration. The base and sequence specificity of DNA
cleavage were analyzed using *’P-end-labeled double-stranded
DNA fragments obtained from human c-Ha-ras-1 protoonco-
gene.* Lysine derivative 1 induced highly specific DNA
cleavage at the 5" side of 5-GG-3" steps with a very weak
cleavage at the 5" side of 5-GA-3" steps after piperidine
treatment of the photoirradiated mixture: no cleavage was
observed at other sites, including single G residues (Figure 1,
lane 1). Control experiments established that photoirradiation,
piperidine treatment, and double-helical structure of DNA are
all indispensable for the specific 5'-GG-3’ cleavage.’ In marked
contrast, under the same conditions, 3-nitro derivative 2
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photonicked the double-stranded DNA preferentially at T
residues with a relatively weak cleavage at 5’-GT-3" steps after
piperidine treatment: neither 5'-GG-3’ nor G cleavage has been
observed in this case (lane 2). In the photoiradiation of 4-nitro
derivative 3, both 5-GG-3" and T cleavage occurred almost
equally after piperidine treatment (lane 3). Thus, the sequence
selectivity of the double-strand cleavage is highly dependent
upon substituents and the substitution pattern on the aromatic
ring. In none of these cases did the DNA cleavage occur
without piperidine treatment.

The high sequence-selectivity observed for 1 and 2 was
completely lost in the photoreaction of heat-denatured single-
stranded DNA. Thus, almost equal cleavage occurred at all G
residues in the photoreaction of 1 with single-stranded DNA
(lane 4), whereas the cleavage at both T and G residues occurred
in the presence of 2 (lane 5). The equal G cleavage of single-
stranded DNA by 1 may be due to the oxidation of guanine
base with singlet oxygen,S since the single-strand breaks induced
by 1 were enhanced more than 2-fold in D,O?® and inhibited
by the addition of a singlet oxygen quencher, NaN3 , whereas
the 5’-GG-3" specific cleavage of double-stranded DNA was
not affected in D,O.

To get insight into the mechanism of the T-specific cleavage
by 2, we examined the photoreaction of 2 with T monomer and
T-containing deoxyoligonucleotides. Irradiation of 2 in the
presence of 3’,5’-0-dibenzoylthymidine (4) (5 equiv) in aceto-
nitrile gave 5-formyldeoxyuridine (dfU) derivative 57 (14%) and
deoxyuridine 6 (17%), together with reduction product 7 (36%)
(Scheme 1). Deoxyuridine 6 was proven to be derived from
further photoirrdiation of § via photodecarbonylation.

Photoirradiation of 2 in the presence of deoxytrinucleotide
d(ATA) (2 equiv) in sodium cacodylate buffer (pH 7.0) gave
d(AfUA) in 65% yield. The structure of d(AfUA) was con-
firmed by converting it to dfU and dA (2 equiv) by enzymatic
digestion with snake venom phosphodiesterase and alkaline
phosphatase (AP). Treatment of isolated d(AfUA) with 1 M
piperidine at 90 °C for 20 min gave 5-formyluracil (fU) (52%)
and Ap plus pA. Likewise, photoirradiation of 2 (100 mM)
and poly[dA]/poly[dT] (200 mM) in sodium cacodylate buffer
(pH 7.0) at 0 °C for 1 h followed by enzymatic digestion with
snake venom phosphodiesterase and AP produced dfU (55%)
and deoxyuridine (11%). These results clearly indicate that the
first step of the T-specific cleavage of double-stranded DNA
by 2 is an oxidative transformation of the T methyl group into
a formyl group initiated by the hydrogen abstraction from the
T methyl group by a photoexcited nitro group, not via the
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hydrogen abstraction from the DNA sugar backbone or an
electron transfer as suggested earlier.’>< Heating fU-containing
sites in DNA (90 °C, 20 min) eventually resulted in a DNA
strand scission via the mechanism shown in Scheme 2, as
evidenced by the thermal degradation of d(AfUA).89

While the detailed mechanism of the 5-GG-3’ specific
cleavage by 1 is not clear at present, it is very likely that an
electron transfer from the most electron-rich -GG- step to
photoexcited naphthalimide 1 is an initial step for the photo-
oxidative destruction of the guanine base at the 5" side of 5'-
GG-3’ steps. 21011 Fyrther studies on the electron transfer from
-GG- steps to triplet excited 1 by laser flash photolysis are
underway and will be reported in due course.

In summary, novel L-lysine derivatives described here
exhibited high DNA cleavage efficiency and selectivity upon
photoirradiation at 320—380 nm. Such artificial amino acids
should find widespread use as a water-soluble DNA-cleaving
amino acid as well as a DNA-cleaving moiety for the design of
photoactivatable DNA-cleaving polypeptides and hybrid mol-
ecules.
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