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Abstract—We here show that single-stranded oligonucleotides containing 5-formyl-20-deoxyuridine (fdU) can crosslink the peptides
derived from the DNA binding site of RecA protein through a Schiff base formation. The ability of crosslinking of fdU-containing
oligonucleotides was investigated using a series of peptides whose amino acid residues spanning the center of the RecA-derived
peptide were sequentially replaced with lysine. Circular dichroism (CD) spectroscopy, gel mobility shift assay and sedimentation
experiment demonstrated that crosslinking reaction proceeded efficiently only when the peptides bound to the oligonucleotides.
# 2003 Elsevier Ltd. All rights reserved.
5-Formyl-20-deoxyuridine (fdU) (Fig. 1) is one of oxi-
dative thymine lesions in DNA formed by ionizing
radiation1�3 and photochemical sensitization.4,5 fdU has
been known to be mutagenic and cytotoxic. Mutagenic
effect of fdU is largely ascribed to mispairing during
DNA replication6�8,12 and cytotoxicity is likely to result
from inhibition of thymidylate synthetase and thymi-
dine kinase.9�12 Moreover, it has been suggested that
the formyl group of fdU may react with proteins to
form crosslinks, which would be of importance in
mutagenesis and cytotoxicity.2,6 In organic solvents,
fdU and its sugar-protected derivatives can form a
Schiff base with various amines.13,14 However, until
today direct observation of crosslinking via Schiff base
formation between oligonucleotides containing fdU and
proteins has not been reported yet.

To assess the crosslinking capability of fdU, we chose a
RecA derived peptide as its target. Escherichia coli
RecA protein promotes the strand exchange between
two homologous DNA molecules.15 RecA first poly-
merizes onto the ssDNA, producing a nucleoprotein
filament. This complex then captures dsDNA to search
the homologous region to the resident ssDNA. A 20
amino acid residue peptide spanning the RecA loop L2
region (FECO peptide in Fig. 2a) has been shown not
only bind to both ss- and dsDNA’s but also catalyze the
pairing reaction.16 Determination of the structure of
FECO–DNA complex should provide useful informa-
tion on the mechanism of strand exchange reaction cat-
alyzed by RecA protein. However, FECO–DNA
complex formed by polymerization of FECO onto
DNA is a heterogeneitic aggregate. Owing to the het-
erogeneity, structural characterization of the complex
has been a challenge to X-ray crystallography and
NMR spectroscopy. This peptide has one unique lysine,
and hence seems to be a suitable molecule to test the
crosslinking activity of fdU in the oligonucleotide. Here
we report the results of crosslinking experiments of the
oligonucleotide containing fdU with the RecA-derived
peptides.

We synthesized a series of peptides (Fig. 2a) whose
amino acid residues spanning the center of the loop L2
of RecA were sequentially replaced with lysine to find
out the appropriate position for Schiff base formation
with fdU. Based on the results of mutation study of
whole RecA,17 the positions to be replaced with lysine
were selected so that DNA binding activity of mutants
would be retained. Further, peptides were designed to
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have a single lysine by replacing the congenital lysine
with arginine to avoid the complexity arising from mul-
tiple reaction points. All peptides were acetylated at the
N-terminus, amidated at the C-terminus. Peptides were
prepared by solid-phase synthesis using Fmoc
chemistry, and then purified by HPLC. The identity and
the purity of each purified peptide were assessed by
HPLC and TOF mass spectrometry.18 Concentration of
each stock solution was estimated using the UV absorp-
tion at 205 nm (concentration (mg/mL)=31 A units).19

First, we tested the binding of RecA peptides to ssDNA.
As the binding of the peptides to the natural DNA was
too weak to obtain gel shifts, it was assessed by CD
spectroscopy. On binding to ssDNA, RecA peptides
change the conformation from a random coil to a
b-structure, which can be easily monitored by CD in the
far-UV region where the spectroscopic signals primarily
arise from the peptide bonds.16,19 In our experiments,
the CD from DNA was negligible. The b-structure is
characterized by a maximum at �190 nm and a mini-
mum at �220 nm. The conformation of K6R changed
from a random coil to a b-structure by adding ssDNA
(dT)21 (Fig. 3a), showing that the replacement of lysine
with arginine does not impair the ssDNA binding
activity of the RecA peptide. Thus, K6R is suitable for
the starting reference. Effects of ssDNA on the CD
spectra of six mutant peptides studied here are com-
pared in Figure 3b. The order of their propensity to
form the b-structure was found to be
FECO>G8K>M10K, G12K>V9K>F11K, reflecting
their affinity towards ssDNA.
Figure 1. Structure of 5-formyl-20-deoxyuridine.
Figure 2. Sequences of the peptides and oligonucleotides used in this
study. X denotes the 5-formyl-20-deoxyuridine unit.
Figure 3. CD spectra of RecA-derived peptides (300 microM) in the
presence and absence of (dT)21 (15 microM): (a) CD of K6R in the pre-
sence (open circle) and absence (filled circle) of ssDNA; (b) CD of FECO
and its mutant peptides in the presence of ssDNA; (c) CD of G8dK in the
presence (open circle) and absence (filled circle) of ssDNA. CD spectra
were measured in 10 mM sodium phosphate buffer pH 7.4.
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Interestingly, Gly8 is totally conserved among 64
eubacterial RecAs.15,20 Since Gly has no side chain, we
also became interested in the effect of stereochemistry of
amino acid at the 8th position on ssDNA-binding.
Thus, we synthesized the peptide G8dK in which l-Lys
of G8K was replaced with d-Lys. Figure 3c shows that
the addition of ssDNA did not induce any conforma-
tional change in G8dK, indicating the complete loss of
DNA binding ability. The stereochemistry of Lys is rig-
orously limited to l-configuration.

Oligonucleotides containing 5-formyl uracils were pre-
pared as described previously.13,21,22 Oligonucleotides
were non-radioactively labeled with DIG (digoxigenin)
according to the manufacture’s manual (Roche Diag-
nostics). I was labeled at the 30-end. Figure 4a shows the
results of crosslinking experiment for FECO and its
lysine-scanned mutants. DIG-labeled DNA I*, (Fig.
2b), which has seven units of fdU, was incubated with
160 mM of peptide in PBS binding buffer containing 1
mM MgCl2 (1.47 mM KH2PO4, 8.10 mM Na2HPO4,
2.68 mM KCl, 137 mM NaCl, 1 mM MgCl2, 0.1%
IGEPAL CA-630 and 10% glycerol, pH 7.4). The
resultant Schiff bases were reduced by NaBH3CN to fix
the crosslink and analyzed on 10% polyacrylamide gel
electrophoresis. DNA was electroblotted from the gel to
the nylon membrane. DIG-labeled DNA on the mem-
brane was visualized by chemical luminescence. The
reaction with FECO resulted in the complete dis-
appearance of I* on the gel, showing that the cross-
linking reaction proceeded efficiently. G8K also
crosslinked with I*, affording the high molecular weight
molecules. The other four peptides did not give any
detectable crosslinked product. These results are con-
sistent with those of CD, indicating that crosslinking
through Schiff base formation proceeded efficiently only
when the peptides bound to ssDNA. The failure of
attempts to obtain gel shifts with the natural ssDNA
and RecA derived peptides (data not shown) also sup-
ports the Schiff base formation between fdU and lysine.

Although FECO reacted with I*, reaction product
could not be visualized. We speculated that the cross-
linking reaction between FECO and I* may have caused
formation of insoluble large aggregate in the reaction
mixture. To further understand the reaction mechanism
between RecA derived peptides and oligonucleotides
containing fdU, we conducted the second crosslinking
experiments. In order to reduce the extent of aggrega-
tion, we synthesized 23 mer oligonucleotide II that has
only one unit of fdU. The oligonucleotide III is a nat-
ural type, whose sequence is the same as that of II. They
were labeled with DIG at the 50-end (Fig. 2b). The
position of DIG, whether 30 or 50-end, does not affect
the results in this study. Figure 4b shows the results of
the crosslinking experiment with II* and III*. We
examined four peptide-DNA combinations: FECO–II*,
FECO–III*, K6R–II*, and K6R–III*. The DIG-labeled
DNA was incubated with serially diluted peptides (10–
80 mM) in PBS buffer containing 10 mM MgCl2 and
reduced by NaBH3CN. The reaction mixture was sepa-
rated on a 12% polyacrylamide gel and analyzed as
described above. Although CD experiments have
demonstrated that both FECO and K6R can bind to
ssDNA, only the combination of FECO–II*, in which
lysine and fdU coexisted, gave new clear bands. Since
the new bands were detected in the position of wells and
there were no bands between free DNA and the well,
the products were likely to be aggregates. Interestingly,
the reaction produts exhibited more intense bands at the
lower peptide concentrations compared with the higher
ones. This is probably due to the formation of large
aggregates that cannot get into the gel at higher peptide
concentrations. This reaction requires not only DNA
binding of peptides but also coexistence of lysine and
fdU in the complex. We therefore conclude that this
reaction process includes Schiff base formation. In the
other peptide–DNA combinations, the band intensity of
free DNA slightly decreased as the peptide concentra-
tions increased, suggesting the adhesion of peptide–
DNA complex to the tube.

To find out if the peptide–DNA complex detected on
the PAGE is an aggregate, we assayed for aggregation23

under the same condition of the second crosslinking
Figure 4. Electrophoretic mobility shift assays of crosslinking reac-
tions. (a) 0.1 microM of DIG-labeled ssDNA I* was incubated with
160 microM of each peptide for 30 min at room temperature and
reduced with NaBH3CN for 30 min. Each sample was resolved on a
10% polyacrylamide gel and visualized by chemical luminescence. (b)
0.1 microM of DIG-labeled ssDNAs (II* and III*) were reacted with
serially diluted FECO or K6R. Lanes 1–5, II*; lanes 6–10, III*. Lanes
1 and 6, free probe; lanes 2–5 and lanes 7–10 contain 10, 20, 40, 80
microM of peptides, respectively.
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using the same oligonucleotides (II* and III*, Fig. 2b)
and 10 mM of peptides (FECO, K6R, G8K). When
FECO or G8K was mixed with ssDNA II*, most of the
DNA was found in aggregates that sedimented to the
bottom of a tube after centrifugation (Fig. 5). Neither
FECO nor G8K caused the aggregation of ssDNA III*
which lacks fdU. K6R did not cause the aggregation of
ssDNA with and without fdU. The aggregation
required both lysine from peptide and fdU from
ssDNA, supporting the formation of Schiff base. Thus,
aggregation seems to be triggered by Schiff base forma-
tion between lysine residue and fdU in FECO–II* and
G8K–II* complex. As anticipated from the results of
PAGE, we confirmed that the final reaction product
between peptides (FECO or G8K) and II* was an
aggregate.

The formed Schiff base slows down the dissociation rate
of a bound RecA peptide from DNA and facilitates the
polymerization of the peptides on the DNA by pro-
moting interpeptide interactions, which would result in
aggregates. Since the Schiff base is probably stabilized
in the aggregates, the ordinarily unfavorable equili-
brium for the formation of Schiff bases in aqueous
solution can shift to the product side. In the crosslinking
reaction using fdU, the background arising from non-
specific reaction would be very low by virtue of the low
reactivity of formyl group of fdU in aqueous solution.
Thus, oligonucleotides containing fdU will be a novel
probe that can specifically detect the lysines in the close
proximity of fdU. This crosslinking is especially advan-
tageous to entrap kinetically unstable complexes which
cannot survive during gel electrophoresis such as RecA
peptide.

We demonstrated the usefulness of fdU as a cross-
linking reagent using RecA peptide. Photo-crosslinking
studies have mapped DNA-binding sites of RecA pro-
tein to loop L1 and L2.24,25 Since only L2 has a lysine in
the two loops, it is intriguing to consider direct applica-
tion of this technique to whole RecA protein. RecA is
thought to have two kinds of DNA binding sites, site I
and site II26�28 and it may be possible to discriminate
these two sites using fdU-containing oligonucleotides
for differential proximity probing of RecA protein.25 As
all mutant RecA proteins that have the same replace-
ment with lysine as in the RecA peptides used in this
study are functional in vivo,17 if combined with fdU-
mediated crosslinking, lysine scanning study for the
whole RecA protein may be more informative than for
RecA peptides.
Acknowledgements

This work was supported by the Grant-in-Aid
No.12771431 (T.S.) and No.13672230 (A.K.) the Min-
istry of Education, Culture, Sports, Science and Tech-
nology, Japan.
References and Notes

1. Cadet, J.; Teoule, R. Bull. Soc. Chim. Fr. 1975, 3–4, 891.
2. Kasai, H.; Iida, A.; Yamaizumi, Z.; Nishimura, S.;
Tonooka, H. Mutat. Res. 1990, 243, 249.
3. Douki, T.; Delatour, T.; Cadet, J. Chem. Res. Toxicol.
1996, 9, 1145.
4. Decarroz, C.; Wagner, J. R.; Van Lier, J. E.; Murali
Krishna, C.; Riesz, P.; Cadet, J. Int. J. Radiat. Biol. 1986, 50,
491.
5. Saito, I.; Takayama, M.; Kawanishi, S. J. Am. Chem. Soc.
1995, 117, 5590.
6. Ono, A.; Okamoto, T.; Inada, M.; Nara, H.; Matsuda, A.
Chem. Pharm. Bull. 1994, 42, 2231.
7. Yoshida, M.; Makino, K.; Morita, H.; Terato, H.;
Ohyama, Y.; Ide, H. Nucleic Acids Res. 1997, 25, 1570.
8. Anensen, H.; Provan, F.; Lian, A. T.; Reinertsen, S.-
H. H. S.; Ueno, Y.; Matsuda, A.; Seeberg, E.; Bjelland, S.
Mutat. Res. 2001, 476, 99.
9. De Clercq, E.; Barzarini, J.; Torrence, P. F.; Mertes, M. P.;
Schmidt, C. L.; Shugar, D.; Barr, P. J.; Jones, A. S.; Verhelst,
G.; Walker, R. T. Mol. Pharmacol. 1981, 19, 321.
10. Balzarini, J.; De Clercq, E.; Torrence, P. F.; Mertes, M. P.;
Park, J. S.; Schmidt, C. L.; Shugar, D.; Barr, P. J.; Jones, A. S.;
Verhelst, G.; Walker, R. T. Biochem. Pharmacol. 1982, 31, 1089.
11. Balzarini, J.; De Clercq, E.; Mertes, M. P.; Shugar, D.;
Torrence, P. F. Biochem. Pharmacol. 1982, 31, 3673.
12. Klungland, A.; Paulsen, R.; Rolseth, V.; Yamada, Y.;
Ueno, Y.; Wiik, P.; Matsuda, A.; Seeberg, E.; Bjelland, S.
Toxicol. Lett. 2001, 119, 71.
13. Kittaka, A.; Horii, C.; Kuze, T.; Asakura, T.; Ito, K.;
Nakamura, K. T.; Miyasaka, T.; Inoue, J. Synlett 1999, 869.
14. Takeda, T.; Ikeda, K.; Mizuno, Y.; Ueda, T. Chem.
Pharm. Bull. 1987, 35, 3558.
15. Roca, A. I.; Cox, M. M. Prog. Nucl. Acid Res. Mol. Biol.
1997, 56, 129.
16. Voloshin, O. N.; Wang, L.; Camerini-Otero, R. D. Science
1996, 272, 868.
17. Hortnagel, K.; Voloshin, O. N.; Kinal, H. H.; Ma, N.;
Schaffer-Judge, C.; Camerini-Otero, R. D. J. Mol. Biol. 1999,
286, 1097.
18. The identities of all peptides were confirmed by amino
acid analysis and MALD-TOF (matrix-assisted laser deso-
rption ionization time of flight) mass spectrometry. FECO
calcd for [MH+] 2194.5, found 2194.2; K6R calcd for [MH+]
2222.5, found 2222.3; G8K calcd for [MH+] 2293.7, found
2293.6; G8dK calcd for [MH+] 2293.7, found 2294.5; V9K
calcd for [MH+] 2251.6, found 2251.7; M10K calcd for
Figure 5. Assays for aggregation of ssDNA. 0.1 mM of DIG-labeled
ssDNAs (II* and III*) were reacted with 10 mM of FECO or K6R for
30 min at room temperature and reduced with NaBH3CN for 30 min.
After centrifugation, aliquots of 2 mL were taken from the top of the
supernatant and from the bottom of the tube and were spotted onto a
positively charged nylon membrane to detect DIG-labeled ssDNA by
chemical luminescence.
2850 T. Sugiyama et al. / Bioorg. Med. Chem. Lett. 13 (2003) 2847–2851



[MH+] 2219.5, found 2220.7; F11K calcd for [MH+] 2203.5,
found 2203.4; G12K calcd for [MH+] 2293.7, found 2294.0.
19. Wang, L.; Voloshin, O. N.; Stasiak, A.; Camerini-Otero,
R. D. J. Mol. Biol. 1998, 277, 1.
20. Karlin, S.; Brocchieri, L. J. Bacteriol. 1996, 178, 1881.
21. Sugiyama, H.; Matsuda, S.; Kino, K.; Zhang, Q. M.;
Yonei, S.; Saito, I. Tetrahedron Lett. 1996, 37, 9067.
22. Vargeese, C.; Carter, J.; Yegge, J.; Krivjansky, S.; Settle,
A.; Kropp, E.; Peterson, K.; Pieken, W. Nucl. Acids. Res.
1998, 26, 1046.
23. Tsang, S. S.; Chow, S. A.; Radding, C. M. Biochemistry
1994, 24, 3226.
24. Malkov, V. A.; Camerini-Otero, R. D. J. Biol. Chem.
1995, 270, 30230.
25. Wang, Y.; Adzuma, K. Biochemistry 1996, 35, 3563.
26. Takahashi, M.; Kubista, M.; Norden, B. J. Mol. Biol.
1989, 205, 137.
27. Müller, B.; Koller, T.; Stasiak, A. J.Mol. Biol. 1990, 212, 97.
28. Zlotnick, A.; Mitchell, R. S.; Brenner, S. L. J. Biol. Chem.
1990, 265, 17050.
T. Sugiyama et al. / Bioorg. Med. Chem. Lett. 13 (2003) 2847–2851 2851


	Aggregation of RecA-derived peptides on single-stranded oligonucleotides triggered by schiff base-mediated crosslinking
	Acknowledgements
	References and Notes


