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Abstract—Double-stranded oligodeoxynucleotides (6- to 14-mer) were observed by using CSI–MS. This method made it possible
to observe very unstable species such as low Tm DNA duplexes which can not be detectable by conventional ESI–MS. © 2003
Elsevier Science Ltd. All rights reserved.

Electrospray ionization (ESI)1 MS analysis has been
generally used for the characterization of labile
supramolecules in which non-covalent bonding interac-
tions are important.2 However, molecular ions were not
detected in most cases because of their instability. Even
if the molecular ions are observed by using this method,
many fragment ions generated by thermal decomposi-
tion also appear in the spectrum. The heat giving off
from the desolvation chamber was thought to be neces-
sary for ionization in the gas phase in conventional
ESI.3 However, we recently developed a direct solution
analysis method, cold-spray ionization (CSI)4 MS, a
variant of ESI–MS operating at low temperature, and
we have applied this method to investigations of the
solution structures of primary biomolecules,5 labile
organic species including Grignard reagents,6 asymmet-
ric catalysts,7 and supramolecules.8 This method allows
reliable and precise characterization of labile non-cova-
lent complexes, which are difficult to observe by con-
ventional MS techniques including fast atom
bombardment (FAB), matrix assisted laser desorption
ionization (MALDI), as well as ESI.

In double-stranded DNA analysis, ion peaks of single-
stranded oligonucleotide are always observed as a
major component, together with the corresponding
duplex, in gas phase by using ESI–MS. Further, non-
covalent complexes of small (less than 10 base-pair)
oligodeoxynucleotide-binding drugs are rather difficult
to observe by the conventional method.9,10 This is

because of the low melting temperature (Tm) of the
hetero-duplex. Here we report a facile and reliable
analysis of double-stranded oligodeoxynucleotides that
can detect precise structures in which non-covalent
bonding interactions are important, by means of
coldspray ionization mass spectrometry.

Negative CSI–MS measurements were performed with
a two-sector (BE) mass spectrometer (JMS-700, JEOL)
equipped with the CSI source.4 Typical measurement
conditions are as follows: acceleration voltage; −5.0 kV,
needle voltage; −1.7 kV, orifice voltage; −100 to −60 V,
ion source temperature; 15°C, spray temperature; 7°C,
resolution (10% valley definition); 2000, sample flow
rate; 8 �L/min, DNA concentration; 10 �M, buffer
(NH4OAc) concentration; 50 mM, solvent;
H2O:MeOH=1:1.

First, hetero-duplexes (5�-dAnGn-3�)·(5�-dCnTn-3�)
((AnGn)·(CnTn)) (n=3�7), annealed by heating to
90°C for 10 min and slow cooling to room temperature
(2 h), were analyzed by CSI–MS. The estimated Tmn

(n=3�7) values according to Wallace’s theorem11 were
as follows. Tm3=18, Tm4=24, Tm5=30, Tm6=36 and
Tm7=42°C. The CSI–MS spectra of (A3G3)·(C3T3) and
(A4G4)·(C4T4) at 7°C (spray temperature) are shown in
Figures 1 and 2, respectively, as examples. Although
ion peaks based on single strands (Mss) were observed
together with a major double-stranded (Mds) nucleotide
at m/z 1193 [Mds−3H]3− (Mds

3−) in the case of the
6-mer, a single major molecular ion peak of the duplex
m/z 1203 [Mds−4H]4− (Mds

4−) was observed for the
8-mer. The corresponding duplex ion peaks of m/z 1512
Mds

4−, m/z 1456 Mds
5− and m/z 1704 Mds

5− for the 10-,
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Figure 1. Negative CSI mass spectrum of duplex (A3G3)·(C3T3).

Figure 2. Negative CSI mass spectrum of duplex (A4G4)·(C4T4).

12-, and 14-mer, respectively, were also observed as the
major species. The ion peaks of Mss were the dominant
species observed for these oligomers in conventional
ESI–MS (not shown).

Furthermore, CSI–MS was applied to small
oligodeoxynucleotides, 5�-dA4C4-3� (A4C4), 5�-dG4T4-3�
(G4T4), 5�-dA4G4-3� (A4G4) and 5�-dC4T4-3� (C4T4). A
clear ion peak m/z 1203 (Mds

4−) due to the hetero
duplex (A4C4)�(G4T4) and (A4G4)·(C4T4) was observed
in the mixtures of (A4C4)(G4T4) and (A4G4)(C4T4),
respectively. Although the ion peaks of each Mss were
mainly observed in the mixtures of (A4C4)(A4G4) and
(G4T4)(C4T4), the mismatched duplexes (A4C4)·(A4G4)
m/z 1212 (Mds

4−) and (G4T4)·(C4T4) m/z 1194 (Mds
4−)

were also observed in these mixtures. These are possibly

based on C4–G4 Watson–Crick duplexes. The CSI–MS
spectrum of the mixture (G4T4)(C4T4) is shown in Fig-
ure 3. The ion due to the duplex was not observed in
the (A4C4)(C4T4) and (G4T4)(A4G4) mixtures, pre-
sumably because of the lower affinity of A4–T4 duplex
formation of the nucleotides having unfavorable mis-
matched sequences. The CSI–MS spectrum of the mix-
ture (A4C4)(C4T4) is shown in Figure 4. Finally, the
mixture of all four oligodeoxynucleotides was analyzed.
The CSI–MS spectrum of this mixture was quite simple.
The ion peak m/z 1203 (Mds

4−) based on the hetero
duplexes (A4C4)·(G4T4) and (A4G4)·(C4T4), is the domi-
nant species in the spectrum (Fig. 5). This confirms to
the remarkable molecular recognition ability of DNA,
which interacts highly specifically with the most favor-
able bases in solution.
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Figure 3. Negative CSI mass spectrum of the mismatched duplex (G4T4)·(C4T4).

Figure 4. Negative CSI mass spectrum of a mixture of (A4C4) and (C4T4).

In summary, various complexes of oligodeoxynucle-
otides were observed by using CSI–MS. This method
made it possible to observe very unstable species such
as low Tm DNA duplexes which cannot be detectable
by conventional ESI–MS. This method is remarkably
effective to elucidate in detail the interactions of DNA
complexes, being superior to other methods currently in
use, such as UV melting methods. CSI–MS is also
applicable to investigate labile solution structures of
various primary biomolecules. The result shows the
potential importance of this new MS technique for a

wide variety of structural investigations in organic
chemistry as well as biochemistry.
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Figure 5. Negative CSI mass spectrum of a mixture of four 8-mers; (A4C4), (G4T4), (A4G4) and (C4T4).
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