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Abstract—The complexes | Fe(Sal,trien)|NO; and Cu(Sal,trien) have been synthesized and their interaction with calf thy-
mus DNA has been investigated for the first time using UV spectra, fluorescence spectra, thermal denaturation, and viscos-
ity measurements. The experimental results show conformably that the mode of binding of the complex [Fe(Sal,trien)|[NO;
to DNA is nonclassical electrostatic action, but the mode of binding of the complex Cu(Sal,trien) to DNA is classical inter-

calation.
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Numerous control mechanisms in the living cell are
based on the recognition and interaction between biolog-
ically active molecules and biomacromolecules [1, 2].
The design of synthetic ligands that read the information
in the DNA duplex has been a central goal at the interface
of chemistry and biology [3]. Syntheses of DNA binding
molecules, such as triplex-forming oligonucleotide [4-7],
peptide nucleic acid [8, 9], oligosaccharide [10], and
oligopeptide [11, 12] have been exploited. These small
molecules are stabilized in binding to DNA through a
series of weak interactions, such as the n-stacking inter-
actions associated with intercalation of a planar aromatic
group between the base pairs, hydrogen-bonding, and van
der Waals interactions of functionalities bound along the
groove of the DNA helix [13], and the electrostatic inter-
action of the cation with phosphate group of DNA.
Studies directed toward the design of site- and conforma-
tion-specific reagents provide rationales for new drug
design as well as a means to develop sensitive chemical
probes for nucleic acid structure. Considerable attention
has been given to polyamide complexes with metals due
to their high affinity and specificity interactions to specif-
ic DNA regions [14-18]. Since these polyamides can per-
meate living cell membranes, they have the potential to

Abbreviations: CT DNA) calf thymus DNA; DMSO) dimethyl-
sulfoxide; EB) ethidium bromide; Sal) salicylaldehyde; TMS)
tetramethyl silicon; trien) triethylenetetramine.
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control specific gene expression [19, 20]. Furthermore,
many useful complexes can be created by polyamides
coordinating with other various molecules. The complex
[Mg,(diethylenetriamine) CI(OH)]Cl,-2H,0 was found to
have high cleavage activity toward DNA [21]. Polyamine
complex with glucoses synthesized by Liu et al. has great
potential in curing congenital genetic and acquired
immunity disease because it can transfer nucleic acid
medicines safely, innocuously, and highly efficiently [22,
23].

Up to now, study on the spin equilibrium [24], sub-
chronic toxicity [25], and ion flotation [26] of triethyl-
enetetramine—metal complexes have been reported, but
there are few reports about the interaction between trieth-
ylenetetramine metal complexes and DNA. In this paper
the complexes [Fe(Sal,trien)|NO; (Sal = salicylaldehyde,
trien = triethylenetetramine) and Cu(Sal,trien) have been
synthesized and their interactions with calf thymus DNA
have been investigated for the first time using UV spectra,
fluorescence spectra, thermal denaturation, and viscosity
measurements.

We have focused our work on complexes of triethyl-
enetetramine—metal complexes, which have been rarely
studied concerning their interaction with DNA, but they
possess interesting DNA binding properties. The results
should be valuable in understanding the mode of the
interaction of the complexes with DNA as well as laying a
foundation for the rational design of novel powerful
agents for probing and targeting nucleic acids.
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MATERIALS AND METHODS

Calf thymus DNA (CT DNA) was obtained from
Sigma (USA). Ligand was synthesized according to a pro-
cedure described elsewhere [24]. Its purity was checked
by elemental, FTIR, and NMR analyses. All other chem-
icals were of analytical reagent grade and used without
further purification.

Carbon, nitrogen, and hydrogen analyses were deter-
mined using a Perkin-Elmer (USA) 240C elemental ana-
lyzer. '"H-NMR and *C-NMR spectra were measured on
a Bruker (Germany) DRX-300 spectrometer in dimethyl-
sulfoxide (DMSO)-d; solution, with tetramethyl silicon
(TMYS) as the internal standard. IR spectra were recorded
on a Shimadzu (Japan) FT-IR-8300 instrument using
KBr discs in the region 400-4000 cm. Absorbance spectra
recorded on a Hewlett-Packard (USA) HP-8453
Chemstation UV-Vis spectrophotometer were employed
to check DNA purity (A,60/A250 > 1.80) and concentration
(e = 6600 liter/mol per cm at 260 nm). Fluorescence
measurements were made with a Perkin-Elmer Ls-50B
spectrophotometer equipped with quartz curettes of 1 cm
path length at room temperature. The excitation and
emission slit widths were 10 nm.

Viscosity was measured using a Ubbelodhe viscosime-
ter maintained at 25.0 = 0.1°C. Flow time was measured
with a digital stopwatch; mean values of replicated meas-
urements were used to evaluate the viscosity n of the sam-
ples. The data are reported as (n/my)"® vs. the
[ML]/[DNA] (ML = [Fe(Sal,trien)|NO; or Cu(Sal,trien))
ratio, where 1) is the viscosity of the DNA solution alone.
The DNA melting experiments were carried out by con-
trolling the temperature of the sample cell with a

N
1 )2 NaOCH,/CH;0H . | .
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Shimadzu circulation bath, monitoring the absorbance at
260 nm.

The complexes were prepared according to the liter-
ature methods [24]. The synthetic route of the complexes
is shown on the Scheme below.

The complexes were characterized as follows:
[Fe(Sal,trien)]NO;, black solid. Analytical calculations
for CyH,,FeN;O5: C, 51.08; N, 14.89; H, 5.14. Found:
C, 51.06; N, 14.86; H, 5.10. 'TH-NMR (300 MHz,
DMSO-d;): 6 8.2 (s, 2H), 7.4 (d, 2H), 7.1 (m, 2H), 6.8
(m, 4H), 3.68 (t, 4H), 2.93 (t, 4H), 2.68 (s, 4H), 2.0 (s,
2H); BC-NMR (DMSO-d;): § 163.8, 157.8, 132.5,
130.6, 124.6, 121.5, 116.0, 28.3, 23.2, 21.5; IR (KBr) v:
3436.9, 3174.6, 2932.1, 1627.8, 1598.4, 1538.6, 1469.7,
1444.6, 1383.3, 1340.0, 1298.0, 1200.6, 1150.9, 1128.3,
1058.8, 1028.0, 896.8, 798.0, 766.2, 756.5, 738.2, 619.6.

Cu(Salytrien), green solid. Analytical calculations
for C,,H,,CuN,O,: C, 57.75; H, 5.82; N, 13.47. Found:
C, 57.71; H, 5.77; N, 13.46. '"H-NMR (300 MHz,
DMSO-d;): 6 8.1 (s, 2H), 7.5 (d, 2H), 7.1 (m, 2H), 6.6
(m, 4H), 3.68 (t, 4H), 2.96 (t, 4H), 2.63 (s, 4H), 2.0 (s,
2H); BC-NMR (DMSO-d;): & 163.8, 157.8, 132.6,
130.6, 124.8, 121.6, 116.0, 28.5, 23.4, 21.8; IR (KBr) v:
3563, 2300 (wide peak), 1634, 1599, 1542, 1447, 1398,
1349, 1312, 1248, 1197, 1152, 1127, 1093, 901, 862,
767 cm™!.

Buffered aqueous solutions of DNA (0.6 mM) were
prepared with water purified on a Millipore (France)
apparatus. Phosphate (10 mM) buffer (pH 7.0) contain-
ing 1 mM EDTA was used. No added salt or support elec-
trolyte was used. These solutions were dialyzed for three
days with continuous agitation on a shaker bath at 30°C.
Free complex concentrations were determined from the

H
Senaa -t
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Synthetic route of the complexes: a = Fe(NO;);'9H,0, b = CuCl,-2H,0, M = Fe(I1I) or Cu(II)
Scheme
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dialyzate by absorbance measurements at 279 nm (¢ =
17,164 M~'-cm™).

Aqueous solutions of the complexes [Fe(Sal,trien)]-
NO; and Cu(Sal,trien) were prepared by dissolving in
water at a concentration of 1.58:10~* and 1.0-107* M,
respectively. The absorption titration was performed by
keeping the concentration of CT DNA (1.5:10™* M) con-
stant with varying the complex concentration (for
[Fe(Sal,trien)|NO;, (0-6)-10~° M; for Cu(Sal,trien), (0-
7)-107¢ M). The absorption was recorded after each addi-
tion of the complex. The fluorescence spectra (A, =
520 nm) were also recorded at room temperature. All
solutions were allowed to equilibrate thermally for about
30 min before measurements.

RESULTS AND DISCUSSION

DNA binding studies are important for the rational
design and construction of new and more efficient drugs
targeted to DNA [27]. A variety of small molecules interact
reversibly with double stranded DNA, primarily through
three modes: (i) electrostatic interactions with the nega-
tively charged nucleic sugar-phosphate structure, which
are along the external DNA double helix and do not pos-
sess selectivity; (ii) binding interactions with two grooves of
DNA double helix; and (iii) intercalation between the
stacked base pairs of native DNA. Heterocyclic dyes, such
as ethidium, anthracyclines, phenothiazines, and acridine
derivatives interact through intercalation with the planar,
aromatic group stacked between base pairs [28-30]. So as
to explore the binding mode of the complexes with DNA,
the experiments as follow have been carried out.

Effect of the complexes on the fluorescence spectra of
DNA—ethidium bromide (EB) complex. To investigate the
mode of binding of the Fe(IIl) and Cu(Il) complexes to

6
/‘\
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DNA, competitive binding experiments were carried out.
The fluorescent emission of EB (2 uM) bound to DNA
(20 uM) in the absence and the presence of the complex-
es are shown in Fig. 1. Ethidium bromide is a conjugate
planar molecule. Its fluorescence intensity is very weak,
but it is greatly increased when EB is specifically interca-
lated into the base pairs of double-stranded DNA. When
EB is free from DNA, the fluorescence of DNA—EB
complex is clearly quenched. Therefore, EB can be used
as a probe for DNA structure detection [31].
[Fe(Sal,trien)|NO; and Cu(Sal,trien) do not show appre-
ciable fluorescence in the spectral region studied, either
free of or bound to DNA, and do not quench the fluores-
cence of EB in the absence of DNA under the conditions
of our experiments. The emission band at 590 nm of the
DNA—EB system increased in intensity with increasing
the concentration of Fe(I1I) complex, but decreased with
increasing the Cu(Il) complex concentration (Fig. 1).
Since intercalated EB is the only fluorescent species, the
fluorescence increase indicates that the Fe(III) complex
can make a contraction in the helix axis of DNA by elec-
trostatic binding to the phosphate group of the DNA
backbone and the observed fluorescence decrease indi-
cates that the Cu(Il) complex can replace EB inside the
DNA cavities. Such a characteristic change is often
observed in the intercalative DNA interaction [32].
Scatchard plots. To get a better insight into the
nature of complex—DNA binding, the binding of EB to
DNA was investigated in the absence and presence of the
competing metal complexes by fluorescence spectra,
which can be expressed by Scatchard equation [31]:

r/Ci= K(n —r),

where 7 is the ratio of bound EB to total DNA concen-
tration, C; is the concentration of free EB, # is the num-

540 560 580 600 620 640 660 680 700

Wavelength, nm

Fig. 1. Fluorescence emission spectra (excited at 520 nm) of EB—DNA in the absence (/) and presence of increasing concentrations of the
Fe(I1I) (2-6) (a) and Cu(ll) (2-10) (b) complex (5 ul per scan was added).
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ber of binding sites per nucleic acid, and K is the intrin-
sic binding constant for EB. Fluorescence Scatchard
plots for the binding of EB to CT DNA (1.5:10°° M) in
the absence and presence of the Fe(III) or Cu(Il) com-
plexes are given in Fig. 2. In Fig. 2a, the K has nearly no
change, which indicates that the Fe(III) complex binds
to DNA by a noncompetitive inhibition [27], namely, the
interaction between the Fe(III) complex and DNA is
through the electrostatic mode. In Fig. 2b, the K change
suggests that the Cu(Il) complex binds to DNA by a
competitive inhibition [33]. This is due to the insertion of
the planar benzene ring into DNA, blocking potential
intercalation sites of EB and competing for the intercala-
tive binding sites with EB.

10%r/c, M~
N
N

Effect of the complexes on UV spectra of DNA.
“Hyperchromic” effect and “hypochromic” effect are the
spectra features of DNA concerning its double-helical
structure [34]. The spectral change process reflects the
corresponding changes in DNA in its conformation and
structures after the drug bound to DNA. Hypochromism
results from the contraction of DNA in the helix axis, as
well as from the change in conformation on DNA; in
contrast, hyperchromism derives from damage to the
DNA double-helix structure [34, 35]. As shown in Fig. 3,
the absorption spectra of DNA decrease with increasing
the Fe(IIl) complex concentration. This is a typical
“hypochromic” effect. Therefore, the result indicates the
interaction between Fe(I1I) complex and DNA is through

0.03

L A — |

0.04 0.05 r

Fig. 2. Fluorescence Scatchard plots of the binding of EB to CT DNA in the absence (/) and the presence (2-4) of increasing Fe(III) (a)
and Cu(II) (b) complex concentrations. For graphs 2to 4, [Fe(III) or Cu(Il) complex]/[DNA] ratios are 0.25, 0.5, 1.0, respectively. Cpna =

1.5-10° M.
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Fig. 3. Absorption spectra of calf thymus DNA (1.5:107* M) in
Tris-HCI buffer upon the addition of [Fe(Sal,trien)|NO;. For
spectra /-7, [Fe(Sal,trien)|NO; concentrations are 0, 1, 2, 3,
4, 5, 6 multiplied by 10-¢ (M), respectively.
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Fig. 4. Absorption spectra of calf thymus DNA (1.5-10~* M) in
Tris-HCI buffer upon addition of Cu(Sal,trien). For spectra -
8, Cu(Sal,trien) concentrations are 0, 1, 2, 3, 4, 5, 6, 7 multi-
plied by 10-¢ (M), respectively.
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Fig. 5. Plots of (4,/Ays)ssonm Of DNA (1.24:10~* M) vs. tempera-
ture: /) DNA in absence of the complexes; 2) DNA with a 9 : 1
molar ratio of DNA to Cu(Sal,trien); 3) DNA with a 9 : 1 molar
ratio of DNA to [Fe(Sal,trien)|NOs.

electrostatic mode, namely, the Fe(III) complex can not
only cause contraction in the helix axis of DNA by elec-
trostatic binding to the phosphate group of DNA back-
bone, but also results in the change of DNA conforma-
tion. In contrast, as shown in Fig. 4, the absorption spec-
tra of DNA increase with increasing Cu(II) complex con-
centration. This is a typical “hyperchromic” effect, which
suggests that the DNA double-helix structure is damaged
after the Cu(Il) complex bound to DNA through interca-
lation mode.

Thermal denaturation experiments. Other strong evi-
dence for the binding mode between the complexes and
DNA was obtained from DNA melting studies. The inter-
calation of small molecules into the double helix is known

1.0

0.9 1

0.8 1

('f]/Tlo)V3
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Fig. 6. Effect of increasing amount of Fe(Sal,trien)NO; on the rel-
ative viscosity of CT DNA at 25.0 £ 0.1°C. [DNA] =0.15 mM; r=
[FeL]/[DNA] (x1072).
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to significantly increase the helix melting temperature, at
which the double helix denatures into single-stranded
DNA [36, 37]. The extinction coefficient of DNA bases
at 260 nm in the double-helical form is much less than
that in the single-stranded form [38, 39]; hence, the melt-
ing of the helix leads to an increase in the absorption at
this wavelength. Thus, the helix-to-coil transition tem-
perature can be determined by monitoring the
absorbance of DNA bases at 260 nm as a function of tem-
perature (7,,). However, the T, will increase lightly
(<0.6°C) on the interaction of small molecules with DNA
through nonspecific electrostatic interactions with the
phosphate backbone of DNA [40]. The DNA melting
curves in the absence and in the presence of the complex-
es are presented in Fig. 5. The T,,of DNA is 80°C in the
absence of the complexes and 80.3 and 85°C in the pres-
ence of [Fe(Sal,trien)|NO; and Cu(Salytrien), respective-
ly. Therefore, the interaction of [Fe(Sal,trien)|NO; with
DNA is through nonspecific electrostatic interactions
with the phosphate backbone of DNA, while the interac-
tion between Cu(Sal,trien) and DNA is intercalation.
Viscosity study. To further clarify the nature of the
interaction between the complexes and DNA, viscosity
was measured. DNA is a polyanion. In solution, repulsion
among negative charges makes the DNA molecule more
extended. When the cations of complex bind by electro-
static interaction to the phosphate group of DNA back-
bone, the negative charges of DNA are partially neutral-
ized. This leads to the contraction of the DNA helix,
shortening of the DNA molecule, and decrease in viscos-
ity of the DNA. In Fig. 6, the specific viscosity of the
DNA sample clearly decreases with the addition of the
Fe(III) complex. Therefore, it can be confirmed that the
binding between the Fe(IIl) complex and DNA is
through electrostatic interaction with the phosphate
group of the DNA backbone. In Fig. 7, the specific vis-
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Fig. 7. Effect of increasing amount of Cu(Sal,trien) on the relative
viscosity of CT DNA at 25.0 = 0.1°C. [DNA] = 0.15 mM; r =
[CuL]/[DNA] (x1072).
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cosity of the DNA sample clearly increases with the addi-
tion of the Cu(II) complex. The viscosity studies provide
a strong argument for intercalation [41]. The viscosity
increase of DNA is ascribed to the intercalative binding
mode of the drug because this could cause the effective
length of the DNA to increase [42]. In essence, the length
of the linear piece of B-form DNA is given by the thick-
ness of the base pairs that are stacked along the helix axis
in van der Waals contact with each other. Introducing
another aromatic molecule into the stack therefore
increases the length. So, we think the viscosity increase of
the DNA caused by the addition of the Cu(Il) complex
can provide further support for the intercalative mode of
the Cu(Il) complex.

The experimental results described above together
suggested that the interaction between the Fe(III) com-
plex and DNA is attributed to the electrostatic effect,
while the interaction of the Cu(Il) complex with DNA is
through intercalation. This can be explained by the points
as follows. On one hand, [Fe(Sal,trien)]* has a positive
charge which makes it apt to act at the phosphate group
of DNA electrostatically, while being blocked from inser-
tion of the benzene ring into the base pairs of DNA. On
the other hand, Cu(Sal,trien) is able to intercalate into
the base pairs of DNA owing to suitable steric exclusion
and no positive charge.

In summary, the experimental results taken together
indicate that the mode of binding of the complex
[Fe(Sal,trien)]NO; to DNA is electrostatic action,
whereas the mode of binding of the complex
Cu(Sal,trien) to DNA is intercalation. This is probably
because [Fe(Sal,trien)]” has one positive charge and
Cu(Sal,trien) has no charge. The results should be valu-
able in understanding the mode of interaction of the
complexes with DNA as well as laying a foundation for
the rational design of novel powerful agents for probing
and targeting nucleic acids.

The authors gratefully acknowledge the financial
support of this work by the National Natural Science
Foundation of China (No. 30470408) and the Shanxi
Provincial Natural Science Foundation for Youth (No.
20041032).

REFERENCES

1. Gottesfeld, J. M., Neely, L., Trauger, J. W., Baird, E. E.,
and Dervan, P. B. (1997) Nature, 387, 202-205.

2. Dickinson, L. A., Gulizia, R. J., Trauger, J. W., Baird, E.
E., Mosier, D. E., Gottesfeld, J. M., and Dervan, P. B.
(1998) Proc. Natl. Acad. Sci. USA, 95, 12890-12895.

3. Perez,J. M., Lopez-Solera, 1., Montero, E. 1., Nbrana, M.
E, Alonso, C., Robinson, S. P., and Navarro-Ranninger, C.
(1999) J. Med. Chem., 42, 5482-5486.

4.  Vester, B., and Wengel, J. (2004) Biochemistry, 43, 13233-
13241.

5. Pinskaya, M., Romanova, E., Volkov, E., Deprez, E., Leh,
H., Brochon, J. C., Mouscadet, J. FE, and Gottikh, M.
(2004) Biochemistry, 43, 8735-8743.

6. Cassidy, S. A., Strekowski, L., Wilson, W. D., and Fox, K.
R. (1994) Biochemistry, 33, 15338-15347.

7. Thuong, N. T., and Helene, C. (1993) Angew. Chem. Int.
Ed. Engl., 32, 666-690.

8. Kumar, V. A., and Ganesh, K. N. (2005) Acc. Chem. Res.,
38, 404-412.

9. Bentin, T., and Nielsen, P. E. (1996) Biochemistry, 35,
8863-8869.

10. Nicolaou, K. C., Ajito, K., Komatus, H., Smith, B. M., Li,
T. H., Egan, M. G., and Gomez-Paloma, L. (1995) Angew.
Chem. Int. Ed. Engl., 34, 576-578.

11. White, S., Szewczyk, J. W., Turner, J. M., Baird, E. E., and
Dervan, P. B. (1998) Nature, 391, 468-471.

12. Kielkopf, C. L., White, S. E., Szewczyk, J. W., Turner, J.
M., Baird, E. E., and Dervan, P. B. (1998) Science, 282,
111-115.

13. Pyle, A. M., Rehmann, J. P.,, Meshoyrer, R., Kumar, C. V.,
Turro, N. J., and Barton, J. K. (1989) J. Am. Chem. Soc.,
111, 3051-3058.

14. Satyanarayana, S., Dabrowiak, J. C., and Chaires, J. B.
(1992) Biochemistry, 31, 9319-9324.

15. Melander, C., Burnett, R., and Gottesfeld, J. M. (2004) J.
Biotechnol., 112, 195-220.

16. Wade, W. S., Mrksich, M. M., and Dervan, P. B. (1992) J.
Am. Chem. Soc., 114, 8783-8794.

17. Trauger, J. W., Baird, E. E., and Dervan, P. B. (1996)
Nature, 382, 559-561.

18. White, S., Baird, E. E., and Dervan, P. B. (1997) Chem.
Biol., 4, 569-578.

19. Dickinson, L. A., Burnett, R., Melander, C., Edelson, B.
S., Arora, P. S., Dervan, P. B., and Gottesfeldl, J. M.
(2004) Chemistry & Biology, 11, 1583-1594.

20. Dickinson, L. A., Trauger, J. W., Baird, E. E., Ghazal, P.,
Dervan, P. B., and Gottesfeld, J. M. (1999) Biochemistry,
38, 10801-10807.

21. Yang, P, Ren, R., Guo, M. L., and Song, A. X. (2004) J.
Biol. Inorg. Chem., 9, 495-506.

22. Liu, Y. M., Wenning, L. R., Lynch, M., and Reineke, T. M.
(2004) J. Am. Chem. Soc., 126, 7422-7423.

23. Liu, Y. M., and Reineke, T. M. (2005) J. Am. Chem. Soc.,
127, 3004-3015.

24. Tweedle, M. F,, and Wilson, L. J. (1976) J. Am. Chem. Soc.,
98, 4824-4834.

25. Greenman, D. L., Morrissey, R. L., Blakemore, W.,
Crowell, J., Siitonen, P., Felton, P., Allen, R., and Cronin,
G. (1996) Fundament. Appl. Toxicol., 29, 185-193.

26. Doyle, E M., and Liu, Z. (2003) J. Colloid Interface Sci.,
258, 396-403.

27. Waring, M. J. (1977) in Drug Action at the Molecular Level
(Roberts, G. C. K., ed.) Maemillar, London.

28. Waring, M. J. (1965) J. Mol. Biol., 13, 269-282.

29. Chaires, J. B., Dattagupta, N., and Crothers, D. M. (1982)
Biochemistry, 21, 3933-3940.

30. Wakelin, L. P. G., Atwell, G. J., Rewcastle, G. W., and
Denny, W. A. (1987) J. Med. Chem., 30, 855-861.

31. Lepecq, J. B., and Paoletti, C. (1967) J. Mol. Biol., 27, 87-
106.

32. Biver, T., Secco, F, Tine, M. R., and Venturini, M. (2004)
J. Inorg. Biochem., 98, 33-40.

BIOCHEMISTRY (Moscow) Vol. 72 No. 1 2007



33.

34.

35.

36.

37.

DNA BINDING TO METAL COMPLEXES OF Sal,TRIEN 43

Guo, M. L., Yang, P, Yang, B. S., and Zhang, Z. G. (1996)
Chin. Sci. Bull., 41, 1098-1103.

Li, Q. S., Yang, P, Wang, H. F, and Guo, M. L. (1996) J.
Inorg. Biochem., 64, 181-195.

Shi, S., Liu, J., Li, J., Zheng, K. C., Huang, X. M., Tan, C.
P, Chen, L. M., and Ji, L. N. (2006) J. Inorg. Biochem.,
100, 385-395.

Li, Y. Q., White, J., David, S., Gary, S., and Michael, S.
(2001) Biotechnol. Progr., 17, 348-354.

Zeynep, D., Ralph, P, Jan, A. R. S., Sukunath, N., and
Clemens, R. (2004) J. Am. Chem. Soc., 126, 4762-4763.

BIOCHEMISTRY (Moscow) Vol. 72 No. 1 2007

38

39.

40.

41.

42.

. Thierry, D. J. (2006) Photochem. Photobiol. B: Biol., 82, 45-
52.

Silvestri, A., Barone, G., Ruisi, G., Giudice, M. T. L., and
Tumminello, S. (2004) J. Inorg. Biochem., 98, 589-594.
Foloppel, M. P., Rault, S., Thurston, D. E., Jenkins, T.
C., and Robbal, M. (1996) Eur. J. Med. Chem., 31, 407-
410.

Wakelin, L. P. G., Atwell, G. J., Rewcastle, G. W., and
Denny, W. A. (1987) J. Med. Chem., 30, 855-861.

Lepecq, J. B., and Paoletti, C. (1967) J. Mol. Biol., 27, 87-
106.



