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The peaks for a complex of DNA-interacting ligands naph-
thalene monoimide (NMI), naphthalene diimide (NDI) and ethidi-
um bromide and groove binding ligand Hoechst 33258 with a
duplex of aligonucleotide 5-CCCCGGGG-3' were observed suc-
cessfully in MALDI-TOF mass spectroscopy. The appearance of
the peak of the complex depended on both the binding mode
(classical intercalation, threading intercalation, or groove binding)
and the duplex structure (fully matched or mismatched).

By the completion of the human genome sequencing project,
emphasisis now shifting to anadysis of interactions of DNA binding
proteins and organic ligandswith DNA. Currently, such interactions
are studied mainly by mass spectroscopy with the eectrospray ion-
ization (ESI) mode.*® On the other hand, in the matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spec-
troscopic method, a sample molecule is less prone to fragment or to
generate multiply charged ions*® In addition, it can handle many
samples at atime and in a short period of time> These advantages
make the MALDI-TOF-MS method an attractive aternative for
analysis of biological material such as proteins and nucleic acids*®
In the current MALDI-TOF-MS technology, the following devices
were made to ease detection of double stranded DNA: use of a new
matrix,>8 cooling the sample,” and mixing glyceral with the sample.8
The samples analyzed to date were relatively long double stranded
DNA fragments such as PCR products.”® As for relatively short
double stranded DNA fragments, their interaction with short pep-
tides was reported as a model to study the interaction of a DNA
binding protein with DNA.® It is also important to study various
interactions of asmall ligand with double stranded DNA. Moreover,
theinteraction of such aligand with mismatched DNA duplex isalso
important. In this paper, we report for the first time detection of a
complex of DNA with a DNA-binding ligand by MALDI-TOF
meass spectroscopy. We succeeded in detecting the double stranded
DNA complex with such DNA binding ligands as classical and
threading intercalators and groove binders. The quantity of the
bound ligand decreased significantly for mismatched DNA duplex, a
finding making this method a promising tool for mismatch anayss.

Figure 1 illustrates the structures of DNA-binding ligands, ethid-
ium bromide!®™! and naphthalene monoimide (NMI) as a classical
intercalator,1213 ngphthaene diimide (NDI) as a threading intercala-
tor,'3 and Hoechst 33258 as a groove binder'* together with the
oligonucleotides used in this study. A fully matched DNA duplex is
formed from sequence 1, wheress a duplex with a mismatch(es) is
formed from sequence 2 or 3.357 Al of the oligonucleotides were
s f-complementary with or without mismatches and formed a duplex
by themselvesin the experimenta conditions described below. Mass
spectrometric experiments were carried out in the following way with
a Voyager DE spectrometer (Applied Biosystems Japan Ltd) One
pL of a solution containing 15.4 uM oligonuclectide, 7.7 g/L 3-
hydroxypicolinic acid (3HPA) as a matrix, and 77 uM ligand was
placed on the sample plate and dried dowly in the ar to leave acrys-
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Figure 1. Structures of the ligands and oligonucleotides used in this article.

ta. 1t wasionized by alaser beam with the lowest power a 5 x 10~
Torr. Mass pectrawere obtained by the negative mode at 25 °C Torr
(Intensity of laser, 1600; accelerating voltage, 20 kV).

Two peaks appeared at around 2400 and 4800 Daltons in the
mass spectrum of oligonucleotide done (Figure 2). Theformer corre-
sponds to the mass of single stranded DNA and the latter to double
dranded DNA. Indl the cases, the intendity of single stranded DNA
was larger than that of double stranded DNA, but the ratio of single
grand to double strand was amost congtant for dl of the DNA used.
Since only a pesk for single stranded DNA was observed for non-
complementary oligonucleotide sequences (These data are shown in
the supporting information), it is certain that the pesk with the higher
mass indeed represents adouble stranded form of DNA.

In the next step, the complex of one of the ligands with either
of the oligonucleotides was studied. Since these ligands are able to
stabilize the DNA duplex, it is expected that such a complex may
become detectable more easily in the MALDI-TOF mass spec-
troscopy. In fact, two peaks were observed at around 4800 and
5300 for the complex of NDI and sequence 1. These mass numbers
correspond to DNA duplex and its 1 : 1 complex with NDI, respec-
tively. Although the duplex has seven intercaation sites for the lig-
and in principle, not dl of them are usable for intercaletion, as the
intercdator binds to DNA only every other base pair according to
the nearest neighbor exclusion model® and as the intercalator is
hard to bind around the terminal base pairs!® By contragt, only a
single peak was observed at around 4800 for NDI and sequence 2
or 3, which represents the duplex form of DNA. In other words, no
complex with NDI was detectable for the mismatched duplex. This
result is aso reasonable in the light of the fact that the intercalator
cannot bind to the mismatched base pair regions.

NMI behaved nearly the same way asNDI: only a1:1 complex
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Figure 2. MALDI-TOF-MS spectrum of oligonucelotides 1-3 in the absence and presence of NDI, NMI, ethidium bromide, or Hoechst 33258.

with NMI and oligonuclectide duplex was observed for sequence 1
with no mismatch, though the intensity of the complex is smaler
for NMI than that for NDI. This should reflect a difference in the
binding constants for NDI and NMI: the binding constants for
naphthaene diimide derivatives are 10-100 times larger than those
for naphthalene monoimides. 13

The behavior of ethidium bromide was dightly different from
that of NDI and NMI: with sequence 1, in addition to the duplex
pesk two complex peaks were observed whose masses correspond
to the 1:1 and 2:1 complexes of ethidium to duplex. The reason for
this difference in the behavior of ethidium and NDI or NMI is not
clear now, but the difference in the binding mode between the for-
mer (classical intercalaion) and the latter (threading intercalation)
seems to be responsible. Where the binding affinity of a threading
and classicd intercdator issmilar, the former appearsto perturb the
DNA structure to a larger extent. Incidentdly, it is noted that the
mass increments of 315 and 313 correspond to the ethidium part
aone: the complex showed up with its counter anion off.

Finally, Hoechest 33258 was dso tested with sequences 1-3.
Surprisingly, the peeks corresponding up to the 1:4 complex of the
ligand were observed with ether of the DNA, irrespective of fully
matched or mismatched duplex. Hoechst 33258 is known as a
groove binder and is aso lying in the minor groove of DNA as a
dimer® However, there are seemingly contradictory reportsto claim
that Hoechst 33258 could bind to a duplex of 12-meric oligonu-
cleotide as atetramer under some conditions? and that it could inter-
cdate into non-A T pairs of DNA duplex.?? Additionaly, Hoechst
33258 could bind to the unpaired bases such as a mismatched DNA
duplex.23-28 Taken together, Hoechst 33258 interacts with DNA ina
complex way and that may be associated with the “extraordinary”
behavior of thisligand in mass spectral measurements.

In summary, we were able to observe the pesk based on the
complex of aligand with DNA duplex. Occurrence of such acom-
plex pesk depended heavily on the presence or absence of a mis-
match(es) in the nucleotide sequence. This characteristic of the
method will find use in the analysis of mismatches of DNA or sin-
gle nucleotide polymorphisms (SNP) as far as oligonucleotides are
concerned at least.?”
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