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Abstract—We previously reported that distamycin A, a natural antibiotic known as a minor groove binder, could bind to DNA
duplexes containing the (6-4) photoproduct formed at its target site, whereas the binding was not observed for duplexes containing
the cis-syn cyclobutane pyrimidine dimer in the same sequence context. In this study, we have further analyzed the binding of this
drug to lesion-containing duplexes to elucidate its damaged-DNA recognition mechanism. Surface plasmon resonance measure-
ments using various types of DNA showed that distamycin A could bind to several types of lesion-containing DNA. Curve fitting
of the CD titration data revealed that the complex formation occurred with Ky values around 107® and a stoichiometry of 1:1. The
results obtained in this study suggested that distamycin A binds to damaged DNA in the same way as to the normal target site, by

recognizing the chemical structure of the minor groove.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Since DNA is an organic molecule, it is subjected to
chemical reactions with both endogenous and exoge-
nous substances in living organisms. The products, that
is, DNA lesions, induce genetic mutations, which result
in carcinogenesis and cell death. One of the important
DNA-damaging factors is ultraviolet (UV) light in solar
radiation.! UV light mainly causes two types of DNA
lesions, the cis—syn cyclobutane pyrimidine dimer
(CPD, Fig. 1a) and the pyrimidine(6—4)pyrimidone pho-
toproduct ((6-4) photoproduct, Fig. 1b), which are
formed at pyrimidine—pyrimidine sequences. Among
these lesions, the CPD is repaired more slowly in cells,?>
but the DNA containing this lesion can be replicated
correctly by a DNA polymerase responsible for transle-
sion synthesis.* ¢ Although the (6-4) photoproduct is
more mutagenic than the CPD,” this photoproduct is
a good substrate for nucleotide excision repair
(NER)!%!1 and thus is efficiently repaired in cells.? In
human cells, the UV-damaged DNA-binding (UV-

Keywords: DNA damage; Drug-DNA interactions; Surface plasmon

resonance; Circular dichroism.

* Corresponding author. Tel.: +81 6 6850 6250; fax: +81 6 6850
6240; e-mail: iwai@chem.es.osaka-u.ac.jp

0968-0896/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2007.10.002

DDB) protein, which is inactivated by mutation in xero-
derma pigmentosum (XP) group E cells, has high affin-
ity for DNA containing the (6-4) photoproduct.!'>!3
Upon its binding to damaged DNA, the associated
ubiquitin ligase ubiquitylates both the UV-DDB and
XP group C (XPC) proteins, and this ubiquitylation
transfers the damaged DNA from the UV-DDB protein
to the XPC-HR23B complex,'4 which initiates global-
genome NER.! Defects in NER cause hereditary
diseases, such as XP, Cockayne syndrome, and
trichothiodystrophy.!¢!7

In our previous study, we found that distamycin A
(Fig. 1c), a natural antibiotic known as a minor groove
binder, could bind to DNA containing a (6-4) photo-
product formed at its AATT target site, although the
binding was not observed for duplexes containing a
CPD in the same sequence context.'® In the (6-4) photo-
product, the chemical structure of the 3’ pyrimidone
base is quite different from that of the original pyrimi-
dine base, and the two base rings are perpendicular to
each other, whereas CPD formation causes only small
changes in both the chemical and tertiary structures.'’
Therefore, the above results suggested that the recogni-
tion mechanism of distamycin A for the (6-4) photo-
product-containing DNA would differ from that for
the natural A-T-rich target site. Recently, we found that
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Figure 1. Chemical structures of the CPD (a), the (6-4) photoproduct
(b), and distamycin A (c).

distamycin A could bind to DNA containing thymine
glycol, an oxidative DNA lesion, regardless of the oppo-
site base.?’ When distamycin A binds to the AAT-
T-AATT sequence, a single molecule of this compound
fits snugly into the minor groove, and the amide protons
of the drug form hydrogen bonds with the N3 of adenine
and the O2 of thymine.?'?*> However, there is no struc-
tural information available on its binding to duplexes
containing lesions that cause changes in both the chem-
ical and local tertiary structures. Understanding the
mechanism by which distamycin A interacts with dam-
aged DNA will provide insight into a new function of
this drug, which may lead to its use in an artificial repair
system for this type of UV damage. In this study, the
drug binding to duplexes containing other types of base
lesions was determined by surface plasmon resonance
(SPR) measurements and by circular dichroism (CD)
spectroscopy. Based on the results, the structure—func-
tion relationship of the binding site for distamycin A
is discussed.

2. Results
2.1. Distamycin A binding to various types of lesions

The binding of distamycin A to damaged DNA was
originally found for the (6-4) photoproduct, in contrast

to the negative result for the CPD in the same sequence
context,'® and subsequently was found for thymine
glycol.?? To define the factors in the lesion-containing
duplexes that are recognized by distamycin A, we exam-
ined the drug binding to duplexes containing other types
of lesions. Although the drug binding was analyzed by
CD titration experiments in the original report,'® the
present screening-type study was performed by SPR
measurements, which yielded distinctive results in our
recent work.2? Nonspecific binding could be suppressed
by using low drug concentrations. Duplexes, d(CCT
ACGCGAA-XX;,-CGGCATCC)biotin-d(GGATGC
CG-Y,Y-TTCGCGTAGG), with the combinations of
X1, X2, Yy, and Y, shown in Table 1, were prepared
and immobilized on streptavidin-linked sensor chips.
In our previous study,'® 14-bp duplexes were used for
the CD experiments, but we found that 14-bp duplexes
containing a lesion, such as a synthetic analog of the
apurinic/apyrimidinic (AP) site, were dissociated on
the sensor chip during repeated measurements. There-
fore, relatively long 20-bp duplexes were chosen in this
study, and their integrity during the measurements was
confirmed by dissociating the hybridized strand on the
sensor chip with an HCI solution after the analysis. A
different sequence was used for the cisplatin-adducted
duplex, for preparation reasons. The designations of
the duplexes are listed in Table 1, and the results are
shown in Figures 2 and 3. AP-A-20, containing 1’,2'-
dideoxyribose as an AP site analog, yielded sensorgrams
indicating distamycin A binding (Fig. 2d), although the
response was somewhat lower than that for T-A-20
(Fig. 2a), which was used as a positive control in this
study. However, the binding was lost when the opposite
base was changed from adenine to cytosine (Fig. 2¢) or
to guanine (data not shown). The other lesions we tested
in this study included the cisplatin adduct, 7,8-dihydro-
8-oxoguanine (OG), O°-methylguanine (MG), a mis-
match, and a 2-bp mismatch. Among them, the MG-
containing duplex (MG-C-20) generated binding sensor-
grams, as shown in Figure 2g, although the increase was
relatively small. It should be noted that distamycin A
could not bind to a G-C pair-containing target site,
AAGT-ACTT, as shown in Figure 2b.

In order to determine the reason for the unexpected
binding of distamycin A to MG-C-20, the drug binding
was analyzed with a few more duplexes. Since 0®-alkyl-
guanine forms a wobble pair with cytosine,?* 2 duplexes
containing Watson—Crick (MG-T-20), wobble (G-T-20),
and syn—anti (OG-A-20 and G-A-20) base pairs were pre-
pared. As shown in Figure 3, OG-A-20 and G-A-20
exhibited specific binding, and the increase in response
units observed for OG-A-20 was larger than that for
T-A-20.

2.2. Analysis of the distamycin A binding by CD
spectroscopy

The results of the SPR measurements revealed that
distamycin A could bind to several types of lesion-con-
taining duplexes. The binding to these duplexes was ana-
lyzed in detail by CD spectroscopy. Using T-A-20,
AP-A-20, MG-C-20, OG-A-20, and G-A-20, without
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Table 1. Oligonucleotide duplexes used for the SPR analysis®

Designation X, X5 Y, Y,
T-A-20 T T A A
G-C-20 G T C A
CP-20° Cisplatin adduct of GG C C
AP-A-20 AP site analog T A A
AP-C-20 AP site analog T C A
0G-C-20 7,8-Dihydro-8-oxoguanine T C A
MG-C-20 0°-methylguanine T C A
MM-20 T T C A
2MM-20° T T c cC
MG-T-20 0°-methylguanine T T A
G'T-20 G T T A
0G-A-20 7,8-Dihydro-8-oxoguanine T A A
G-A-20 G T A A

“The DNA lesions were incorporated into the sequence 5'-
CCTACGCGAA-XX,-CGGCATCC-3"-3'-GGATGCGCTT-
YY»-GCCGTAGG-biotin-5.

® The sequence was 5'-CCACCACCTT-X;X,-CCTCCTCC-3"-3'-
GGTGGTGGAA-Y Y,-GGAGGAGG-biotin-5’.

the biotin moiety for the attachment to the sensor chips
in the SPR analysis, CD titration experiments were per-
formed in the same way as in our previous study.'® To
reduce nonspecific binding, CD spectra were measured

at 37 °C. Duplex formation at this temperature was con-
firmed by measuring the melting curve of each duplex
(data not shown). As shown in Figure 4, induced CD
signals, which indicated the specific binding of distamy-
cin A, were observed at wavelengths between 300 and
360 nm. The spectral changes observed for AP-A-20,
MG-C-20, OG-A-20, and G-A-20 were very similar to
that for T-A-20. The ellipticity values at 325 nm were
plotted against the distamycin/duplex ratios, as shown
in Figure 5. The slopes for T-A-20 and OG-A-20 were
steep, and reached a plateau within the tested range of
drug concentrations. On the other hand, the slopes ob-
tained for AP-A-20, MG-C-20, and G-A-20 were gentle,
and the increase in the signal intensity persisted at the
high drug concentrations in these cases. The distamycin
A binding to each duplex was analyzed by curve fitting
of the CD titration data. The dissociation constants
(Kq) and the stoichiometries (n) that gave the best-fit
curves shown in Figure 5 are summarized in Table 2.
The affinity of distamycin A for OG-A-20 was similar
to that for T-A-20, and the K4 values obtained for
AP-A-20, MG-C-20, and G-A-20 were somewhat larger
than that for T-A-20, as predicted from the SPR exper-
iments. Since a single distamycin A molecule binds to
duplexes containing the AATT-AATT site, like T-A-
20,21-23 the calculated n values indicate that similar 1:1
binding occurs with the other duplexes listed in Table 2.
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Figure 2. SPR analysis of the distamycin A binding to T-A-20 (a), G-C-20 (b), CP-20 (c), AP-A-20 (d), AP-C-20 (e), OG-C-20 (f), MG-C-20 (g), MM-
20 (h), and 2MM-20 (i). The concentrations of distamycin A were 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, and 55 nM.
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Figure 3. SPR analysis of the distamycin A binding to MG-T-20 (a),
G'T-20 (b), OG-A-20 (c), and G'A-20 (d). The concentrations of
distamycin A were 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, and 55 nM.

3. Discussion

Distamycin A is a well-characterized minor groove bin-
der, and its DNA recognition mechanism has been e¢lu-
cidated at atomic resolution.?!"23-27-3! The target sites
are stretches of A-T-rich sequences, but we found that
this drug bound to duplexes containing the (6-4) photo-
product in its minimum target site, AATT-AATT,
whereas CPD formation at this site prevented the drug
binding.!® Both of these lesions are formed by a [2 + 2]
photocycloaddition as a result of excitation of the dou-
ble bonds in adjacent pyrimidines by UV irradiation,
but the former one has chemical and tertiary structures
that are completely altered from those of the original
pyrimidine base.'®3> 34 These alterations lead to higher
mutation frequencies in cells.”® Although the (6-4) pho-
toproduct is efficiently repaired by NER,!'®!! there is a

hereditary disease, XP, caused by the lack of this repair
pathway.!” If we can develop a molecule that recognizes
the (6-4) photoproduct and degrades it at least partially,
this UV lesion may become a substrate for the base exci-
sion repair, which is another pathway intact in the XP
patients, and such a molecule is a candidate for a pre-
ventive for skin cancer. Toward this aim, we have ana-
lyzed the binding of distamycin A to damaged DNA.

In order to determine the factors recognized by distamy-
cin A, its binding to various lesion-containing duplexes
was analyzed in this study. The initial screening was car-
ried out by the SPR measurements (Figs. 2 and 3), and
quantitative analysis of the distamycin A binding to the
screened duplexes was performed by CD spectroscopy
(Figs. 4 and 5). Although the conditions were consider-
ably different between the SPR and CD experiments,
there was a good correlation between the results. The or-
der of the affinity of distamycin A calculated from the
CD titration data was OG-A-20 > T-A-20 > AP-A-
20 = G'A-20 > MG-C-20, which agreed with that of
the increase in the SPR response.

In the SPR experiments, AP-A-20, which contained an
AP site analog opposite adenine, yielded sensorgrams
showing specific binding of distamycin A (Fig. 2d), but
the affinity was greatly reduced when the unpaired base
was changed to cytosine (Fig. 2¢). This result suggested
that distamycin A recognized the imperfect target se-
quence, AA-T-AATT, but not the AP site itself or the
nature of the AP-containing duplex. The reduced affin-
ity for AP-A-20, as compared to T-A-20, can be attrib-
uted to this recognition mode. The duplex containing
an MG-C pair bound distamycin A (Fig. 2g), whereas
those containing an MG-'T pair and a G'T mismatch
did not yield binding sensorgrams (Fig. 3a and b, respec-
tively). In the case of OG, the effect of the opposite base
was different. While distamycin A did not bind to a du-
plex containing the OG-C pair (Fig. 2f), obvious binding
was observed when the opposite base was changed to
adenine (Fig. 3c). The same results were obtained for
G-C-20 and G-A-20 (Figs. 2b and 3d, respectively).

Since the duplexes to which distamycin A bound in this
study were modified at a single site within the AAT-
T-AATT target sequence, we considered the chemical
structures of the base pairs at this site. As shown in Figure
6, a Watson—Crick-type base pair is formed between MG
and thymine,?>3¢ but when MG is opposite cytosine, the
positions of the two bases are slightly shifted to form a
wobble pair, with hydrogen bonds between the N1 of
MG and the NH, of C, and between the NH, of MG
and the N3 of C.2#2% Another type of wobble pair is
formed between guanine and thymine.?”-*® Distamycin
A binds to a duplex containing a T-A pair at this site
(Fig. 2a), but not to that containing a G-C pair
(Fig. 2b). The difference is that there is steric hindrance
(the amino function of guanine) in the minor groove in
the latter case, as shown in Figure 6, and the amide pro-
tons of the distamycin A molecule form hydrogen bonds
with the O2 of thymine and the N3 of adenine at the 4-
bp target site.?>?3 Among the three structures of MG-T,
MG-C, and G'T in Figure 6, only the MG-C pair meets
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Figure 5. CD titration plots and best-fit curves for the distamycin A binding to T-A-20 (a), AP-A-20 (b), MG-C-20 (c), OG-A-20 (d), and G-A-20 (e).

Table 2. Binding parameters obtained from the CD titration curves

Duplex K4 (M) n (per duplex)
T-A-20 3.7%x1077 1.43
AP-A-20 20x107° 1.71
MG-C-20 7.6x107° 1.70
0G-A-20 2.0x 1077 1.61
G-A-20 3.7x107° 1.66

the requirements for distamycin A binding; namely, a less-
hindered minor groove with two hydrogen-bond accep-
tors. This also applies to the OG-A pair and the G-A mis-
match (Fig. Scand d, respectively). In the former case, OG
adopts a syn conformation and forms hydrogen bonds
with adenine, as shown in Figure 6,3%° and because the
structure of the minor groove side of this base pair is very
similar to that of the T-A pair, it is reasonable that dista-
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Figure 6. Structures of the base pairs discussed in this study.

mycin A can bind to OG-A-20 with high affinity. In the lat-
ter case, two types of unusual base pairs, G(anti)A(-
syn)*142 and G(syn)-A(anti),*> have been reported. The
observed binding of distamycin A to G-A-20, with a lower
affinity, suggests the formation of the G(syn)-A(anti) pair,
which only lacks the §8-oxo function in the OG-A pair. As
discussed here, the distamycin A binding that was ob-
served for the duplexes containing a monomeric lesion
used in this study can be explained by the chemical struc-
ture of the minor groove side of the base pair.

How can we correlate these results to the recognition of
dimeric UV lesions by distamycin A? As shown in Figure
1b, the chemical structure of the 3’ component of the (6-4)
photoproduct is greatly altered from that of the original
pyrimidine base, and this moiety is linked perpendicularly
to the 5’ component.3?-33 However, it may be possible that
the O2 atom of the 3’ pyrimidone, which is thrust into the
minor groove,3* is accidentally located at the same posi-
tion as the O2 of the thymine base in the T-A base pair
and acts as a hydrogen-bond acceptor in the complex for-
mation with distamycin A. By CD spectroscopy, we con-
firmed that this drug did not bind to a duplex containing
the Dewar valence isomer of the (6-4) photoproduct, in
which the chemical structure of the 3’ component was al-
tered (data not shown), which supports the above idea. In
the CPD, the functional groups are not changed from
those of the original thymine bases, as shown in Figure
la, but their spatial arrangement is slightly altered by
the CPD formation,* because the C5 and C6 atoms in
the CPD have sp> hybrid orbitals with tetrahedral bond
angles. This alteration should affect the binding of dista-
mycin A.

In this study, we have shown that distamycin A can bind
to several types of damaged DNA in the 1:1 binding
mode. We propose that the recognition of lesion-con-
taining duplexes by this drug depends on the chemical
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structure of the minor groove side of the base pair.
Distamycin A may recognize the (6-4) photoproduct-
containing duplex in the same manner.

4. Experimental
4.1. Materials

Oligonucleotides were synthesized on an Applied Bio-
systems Model 3400 DNA synthesizer (Applied Biosys-
tems, Foster City, CA). The biotin moiety at the 5’ end
of the oligonucleotides for the SPR measurements was
attached using 5’-biotin phosphoramidite [[1-N-(4,4'-
dimethoxytrityl)-biotinyl-6-aminohexyl]-(2-cyanoethyl)-
N,N-diisopropylphosphoramidite] from Glen Research
(Sterling, VA). Oligonucleotides containing the AP site
analog, OG, and MG were synthesized using the corre-
sponding phosphoramidites (Glen Research). The cis-
platin adduct was formed by treating a 20-mer,
d(CCACCACCTTGGCCTCCTCC), with 1.2 equiv of
cis-diamminedichloroplatinum(II) (EMD Biosciences,
La Jolla, CA) in water at room temperature for 3 days.
These oligonucleotides were purified by HPLC, using a
puBondasphere C18 5 pm 300 A column (3.9 x 150 mm,
Waters Corporation, Milford, MA) or a pBondasphere
C18 15 um 300 A column (7.8 x 300 mm) with a linear
gradient of acetonitrile in 0.1 M triethylammonium ace-
tate (pH 7.0). Duplexes were formed by heating aqueous
solutions of the two strands to 80 °C for 3 min and cool-
ing them gradually to room temperature. Distamycin A
hydrochloride was purchased from Serva Electrophore-
sis (Heidelberg, Germany).

4.2. SPR measurements

Experiments were performed on a Biacore 2000 system,
using streptavidin sensor chips (Biacore Sensor Chip
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SA). The duplexes were immobilized at a flow rate of
5 uL/min with a DNA concentration of 100 nM, using
a buffer containing 10 mM sodium phosphate (pH
7.0), 500 mM NaCl, 3mM EDTA, and 0.005% Tween
20, and the amount of the immobilized duplex was
about 900 resonance units. One flow cell was left intact
and was used as a blank for reference. The sensorgrams
were collected at a flow rate of 20 uL/min, using the
same buffer. All of the experiments were performed at
15 °C, to avoid dissociation of the duplexes.

4.3. CD spectroscopy

The CD spectra of the distamycin A-20 bp DNA com-
plexes were measured at 37 °C, in a buffer containing
10 mM sodium phosphate (pH 7.0) and 500 mM NaCl,
on a JASCO J-805 spectrophotometer. The sample solu-
tions (600 pL) contained 2.5 uM of each duplex listed in
Table 2, and the titration was conducted by adding
1.5 uL or 0.75 pL of 0.5 mM distamycin A to increase
the drug/duplex molar ratio by 0.5 or 0.25, respectively.
The titration data obtained at 325 nm in the CD spectra
were analyzed by the nonlinear least-squares fitting
method, as described previously.!®
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