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Matrix-assisted laser desorption/ionization (MALDI) with nonacidic matrices is shown to generate intact
gas-phase ions of double-stranded DNA. Control experiments show that specific DNA duplexes are detected by
this method, while nonspecific adducts form only when high monomer concentrations are present in the
MALDI sample. The relative intensity of the duplex-ion signal is found to reflect the solution-phase stability of
the double-stranded DNA.

1. Introduction. — Noncovalent interactions such as H-bonding, ion-dipole
interactions, hydrophobic interactions, and others play important roles in the biological
function of biomacromolecules: they form the basis for molecular recognition and
encode information. The advancement in soft ionization methods, in particular matrix-
assisted laser desorption (MALDI) and electrospray ionization (ESI), has enabled the
mass-spectrometric study of such noncovalent complexes [1][2]. These include
protein—protein, enzyme —substrate, metal ion-protein, protein-oligonucleotide,
oligonucleotide —drug complexes, and related systems [2—-7].

Oligonucleotide duplexes can be used as model systems to study noncovalent
interactions in the gas phase by mass-spectrometric techniques [8]. Duplex formation
in oligonucleotides is governed by Watson-Crick base pairing and hydrophobic base-
stacking interactions. Studies under solvent-free conditions facilitate the understanding
of the role of solvents in stabilizing these noncovalent interactions. There are several
reports in the literature on the detection of oligonucleotide duplexes in the gas phase by
MS techniques. ESI Mass spectrometry has been used preferentially [9-17], e.g., for
estimating dissociation constants of noncovalent complexes, as the solution-state
structural properties are believed to be largely preserved under the mild ESI
conditions. The data have been shown to compare well with the melting curves
obtained with solution-phase techniques [18][19]. In contrast, application of MALDI
for the studies of oligonucleotide duplexes has been fairly limited [20-22]. The
difficulties encountered in the analysis of oligonucleotide duplexes by MALDI are: i)
weak noncovalent interactions are less likely to be preserved during the crystallization,
desorption, and ionization processes, and ii) nonspecific cluster formation and
fragmentation can occur under MALDI conditions. For example, it has been observed
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that oligonucleotides with random sequences fragment much more easily and are, thus,
more difficult to detect by MALDI compared to thymidine-rich sequences, presumably
due to differences in the gas-phase basicity of the four nucleobases [23 -25]. On the
other hand, the advantages of MALDI over ESI are its greater tolerance for salts and
buffers and higher overall sensitivity.

The aim of this study was to investigate oligonucleotide duplexes by MALDI and to
attempt to correlate the abundance of the mass spectroscopic duplex signal with the
duplex stability in solution. The stability of the DNA duplexes depends on the number
of complementary base pairs and on the nature of the bases, which, in turn, determines
the number of H-bonds. Kirpekar et al. [21] have reported that a minimum of twelve
base pairs is necessary for the detection of DNA duplexes under MALDI conditions.
Because of the intrinsic stability of T-rich oligonucleotides, we started by investigating
DNA nucleotides with A and T complementary base pairing. However, the solution-
phase melting temperatures for AT-rich oligonucleotides are smaller than those of GC-
rich oligonucleotides of equal length, because a GC pair forms three H-bonds, whereas
an AT pair forms only two H-bonds. Hence, GC-rich oligonucleotides with varying GC
content were also included in order to study the effect of H-bonding on the stability of
the duplex. Generally, peak intensities in MS data decrease with higher molecular
weight. Hence, sequences with varying GC content but equal length (16-mers) were
studied. Sample concentration and sample-to-matrix molar ratio were adjusted so that
nonspecific adduct formation was minimized. The issue of specificity in duplex
formation is also addressed. To differentiate between the nonspecific dimers and the
specifically bound duplexes, oligonucleotides were chosen to be non-selfcomplemen-
tary sequences. The mass difference between the complementary sequences was more
than 100 Da, allowing the unambiguous distinction of the duplex from the nonspecific
dimers of the single strands.

2. Results and Discussion. - MALDI Matrices such as 3-hydroxypicolinic acid
(HPA), 3-amino-4-methyl-5-nitropyridine (AMNP), 6-aza-2-thiothymine (ATT), and
2,4 6-trihydroxyacetophenone (THAP) were investigated for the detection of oligo-
nucleotides in the negative-ion-detection mode. Unusual matrices, including HPA [26],
THAP [27], ATT [20][28], other nonacidic matrices [29][30], and matrices for IR-
MALDI [31] have been advocaded for MALDI-MS of DNA by various research
groups working in this field. Due to the presence of the negatively charged phosphate
backbone, adduct formation with alkali metal ions (Na* and K*) is often observed in
MALDI spectra of DNA, resulting in peak broadening and loss of sensitivity. Matrix
additives such as ammonium citrate can be used for sample preparation to suppress this
undesirable cationization. Ammonium ions exchange with the Na* and K™ ions, which,
in turn, are complexed with citrate. Upon crystallization of the exchanged sample with
the matrix, ammonia is liberated, leading to the formation of protonated oligonucleo-
tides. Other matrix additives such as fucose, spermine, or spermidine [32—34] have also
been reported for the analysis of oligonucleotides. Among all the matrix systems tested,
ATT with ammonium citrate as a comatrix was found to give the best results.
Optimization of the matrix-to-analyte ratio and sample preparation was important for
the detection of the oligonucleotides and their duplexes; a matrix-to-analyte molar
ratio of 1500 :1 was found to be optimal. Repeated warming and cooling of the sample
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resulted in the loss of signal intensity in the mass spectra; fresh aliquots of samples were
thus always used. The oligodeoxynucleotide samples studied and the abbreviations
used for them here are listed in Table 1. Fragmentation and formation of oligonucleo-
tide sequence ions was observed at elevated laser power; even at a laser pulse energy
only slightly above the threshold for ion formation (ca. 20 wJ/pulse) it could not be
completely avoided.

Table 1. Oligonucleotides Studied, Nonspecific and Specific Dimer Complexes, and Their Molecular Weights

(M.W.)

Code Sequence M.W. [Da] M.W. [Da] M.W. [Da]

of monomer of homo- of specific

dimers dimer

16G10C6 d(GGGCCGCGGCGCCGGG) 4965 9930 9770
16C10G6 d(CCCGGCGCCGCGGCCC) 4805 9610
16G9C3 d(GGGCGGATTAGCCGGG) 5003 10006 9766
16C9G3 d(CCCGCCTAATCGGCCC) 4763 9526
16G6C2 d(GGGCATTATAATCGGG) 4961 9922 9762
16C6G2 d(CCCGTAATATTAGCCC) 4801 9602
T15 d(T)15 4501 9002 9137
Al5 d(A)15 4636 9272

Fig. 1 shows mass spectra of 1:1 mixtures of three complementary DNA strands
with content of CG base pairs decreasing from 100% (a) to 75% (b) to 0% (c). First,
alkalimetal adducts are almost completely absent in the data, in the monomer mass
range of ca. 4800 Da as well as in the duplex mass range of ca. 9600 Da. This shows that
the ammonium citrate comatrix performs well to eliminate Na* and K™ adducts from
the spectra. The mass spectra for the oligonucleotides 16G10C6 and 16G9C3, annealed
with the corresponding complementary sequences at pH 8, show the presence of pure
duplex only in the dimer region. For the 16C10G6 - 16G10C6 pair, the peak observed at
9767 Da (calculated average M.W. 9769 Da for the deprotonated duplex) is strong,
reaching a peak intensity of 70% for the most intense single-strand peak, the signal of
the 16G10C6 monomer at 4964 Da (Fig. 1,a). A total of 48 H-bonds can form between
the two complementary monomer strands. The other peaks in the duplex range are not
due to nonspecific duplex formation, but rather to fragmentation. The peaks observed
at m/z =9656, 9618, 9478, and 9437 (marked with ‘F’) are interpreted as fragments
resulting from loss of cytosine (calculated Am =110 Da), guanine (150 Da), cytidine
(289 Da), and guanosine (329 Da), respectively. It is quite unlikely that these are
duplexes formed in the gas phase by recombination of a single-stranded DNA with a
fragment of the complementary strand, because the signal intensities of the
corresponding ions in the monomer range are not intense enough for this pathway to
be viable. The binding energy for duplex DNA is not readily available, and depends on
a number of factors, including oligonucleotide length, GC content, buffer content of the
solution, etc. However, AH can be estimated [35] to be ca. 46 kJ/mol per GC base pair
and 33kJ/mol per AT base pair, and is, to first approximation, additive as the length of
the oligonucleotide duplex increases. Thus, the overall binding enthalpy for the 16-mer
duplexes studied here can easily reach or even exceed 600 kJ/mol, which is larger than
the binding enthalpy of an average covalent single bond. Fragmentation of covalently
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bound units from the duplex rather than dissociation/unzipping of the duplex in the
mass spectrometer is therefore expected to occur.

A weaker duplex intensity is observed for the 16C9G3-15G9C3 pair (Fig. 1,b),
which is somewhat surprising, because there are still 44 H-bonds between the
monomers in this case. The duplex intensity is only ca. 10% of the 16G9C3 monomer
signal intensity at 5002 Da. However, the melting temperature for this duplex is also
significantly lower, at 54°, than that of the 16C10G6—-16G10C6 pair (64°). The specific
16C9G3 - 15G9C3 duplex ion is observed at 9765 Da. The only other notable signal in
the duplex mass range is at 9615 Da, corresponding to loss of guanine (calculated
Am =150 Da), not to a nonspecific dimer. In the case of the A15-T15 pair, no signal is
observed in the dimer range at all (Fig. 1,c). There would be 30 H bonds present in such
a duplex, and the melting temperature is estimated to be only 20°.

The spectra show signals in addition to those of the monomers. Most of these can be
assigned to fragments, for example, the signals at 4324 Da and 4197 Da in Fig. 1,c that
are assigned to loss of one nucleotide unit each from the A15 and T15 strands,
respectively. Sequence ions are observed down to much lower m/z, where they begin to
overlap with matrix cluster signals. The small peaks above the mass of the highest-
molecular-weight monomers are interpreted as impurities due to sequence errors,
probably introduced in the synthetic procedure. Such sequence errors are easily
detected by mass spectrometry. For example, the signal at 5144 Da in Fig. 1,b, might be
a sequence variant of 16G9C3 or a fragment thereof.

Specificity of Duplex Formation. It is an important issue in mass spectrometry of
noncovalent complexes to assure that the peaks observed correspond to specifically
bound subunits rather than nonspecific aggregates or clusters. Here, we discuss some
controls that can be employed to address this issue for the case of oligonucleotides.
First, some of the mass spectra were recorded up to 15 kDa; no trimer peaks that would
represent nonspecific adducts were observed in the data. Second, conditions can be
chosen such that nonspecific adducts do show up in the duplex mass range. This is
demonstrated in Fig. 2 for the 16C6G2 - 16G6C2 pair (50% GC content). Whereas no
duplex signals were observed under the standard experimental conditions used here
(Fig. 2,a), higher monomer concentrations (5x 10~*M) and higher laser power
resulted in the formation of nonspecific dimer adducts. The duplex region of the mass
spectra showed the presence of three peaks corresponding to the two homoduplex
signals in addition to the heteroduplex, indicating that the dimers observed are
nonspecific adducts, probably formed in the gas phase under these mass-spectral
conditions. In addition, some fragmentation is again seen in the dimer mass range as
well as in the monomer mass range. In this case, the peaks below m/z 9602, the 16C6G2
homodimer, are interpreted as clusters formed in the gas phase between monomer
strands and monomeric fragments. Under the conditions of high monomer concen-
tration, clustering involving monomers fragments is probable, due to an increased
density of compounds in the plume. The broad hump that includes a number of sharp
peaks between m/z 5900-7400 is also interpreted as fragmentation from the dimer
range. Some of the mass differences between pronounced peaks in this mass range do
correspond to nucleosides or nucleotides, but a detailed analysis and interpretation was
not attempted.
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Fig. 1. Negative-ion-mode MALDI mass spectra of equimolar mixtures of a) 16C10G6 and 16G10C6

hexadecamers (100% GC content), b) 16C9G3 - 16G9C3 hexadecamers (75% GC content), and c) AI15-TI15

pentadecamers (0% CG content). ATTwas used as the matrix, and a 1500 : 1 (matrix/monomer) molar ratio was
used for sample preparation.
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Fig. 2. Negative-ion-mode MALDI mass spectra of an equimolar mixture of 16G6C2 and 16C6G2 hexadecamers

(50% GC content). a) Spectrum taken under the same experimental conditions as in Fig. I; b) spectrum

recorded at elevated monomer concentration to induce the formation of nonspecific clusters. The laser power
employed was identical for a) and b).

The data in Fig. I were all recorded under conditions where this clustering was
absent. No peak corresponding to the nonspecific dimer of the single strands are
observed. Theoretical melting temperatures calculated for the various sequences
studied are given in Table 2. The stability of the duplex in the solution is greater for GC
rich oligonucleotides than for AT rich oligonucleotides. In the mass spectra, the relative
peak intensity of the duplex with respect to the single-strand signals was found to be
greater for oligonucleotides with higher GC content. Interestingly, there is a clear
correlation between calculated melting temperature of the duplex and the relative
intensity of the most intense duplex peak. For melting temperatures less than 43°,
corresponding to an estimated noncovalent binding enthalpy of 535 kJ/mol (16-mer
with a CG content of 50% ), the duplex cannot be observed any more by MALDI mass
spectrometry. It is currently unknown whether dissociation occurs in the MALDI
matrix or during the desorption/ionization event.
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Table 2. Relative Peak Intensities of Duplexes Observed and the Calculated Melting Temperature

Oligonucleotide sequence?) GC content Calculated melting Relative peak
[%] temperature®) of the duplex intensity of the
with complementary duplex vs. single
sequence [°] strand
d(GGGCCGCGGCGCCGGG) 100 64 70%
d(GGGCGGATTAGCCGGG) 75 54 10%
d(GGGCATTATAATCGGG) 50 43 No duplex observed
d(A)15 0 20 No duplex observed

) Only the sequence of one strand (5'-3') is indicated. The other strand contains the complementary base
sequence. ) The ‘oligo properties calculator’ was used [35].

3. Conclusions. — Intact specific oligonucleotide duplexes were observed in the gas
phase by MALDI mass spectrometry, with ATT as the matrix and ammonium citrate as
an additive. The solution-phase binding stability (melting temperature) of the duplex is
reflected in the ratio of intensities of duplex to monomer peaks in the mass spectra,
indicating that the noncovalent interaction strength in solution is reflected in the
MALDI mass spectra.

Experimental Part

Oligonucleotides used in this study were purchased from Microsynth (CH-Balgach) in HPLC-purified form
and used as received. 3-Hydroxypicolinic acid, 3-amino-4-methyl-5-nitropyridine, 6-aza-2-thiothymine, 2,4,6-
trihydroxyacetophenone, and ammonium citrate were from Sigma (CH-Buchs) and used without further
purification. Sample preparation for MALDI mass spectrometry was done as follows: 1 pl of an aq. soln. of
DNA nucleotides (1 x 107> M) was mixed with 3 pl of matrix (5 x 1073 M) dissolved in a 1:1 mixture of MeCN/
aq. ammonium citrate soln. (2 x 10~2M). The mixture was placed on the sample holder, dried under high
vacuum (‘dried-droplet’ sample-preparation method) and analyzed with a commercial MALDI-TOF mass
spectrometer (Axima CFR, Kratos/Shimadzu, Manchester, UK) operated in linear negative-ion detection
mode. The output of a N, laser (337 nm wavelength, ca. 3-ns pulse width) was focused to a spot of ca. 150 um
diameter for laser desorption/ionization. A laser-pulse energy of 20 pJ/shot was used for all spectra.

For the detection of oligonucleotide duplexes (specific dimers), 5x 10~*M soln. of complementary
oligonucleotides were mixed in equal volumes, and the pH of the mixture was adjusted to 8 with NH,OAc (1 x
10-'m). The mixture was heated to 15° above the theoretically calculated melting temp. for the duplex and
cooled slowly to r.t. The soln. was diluted to 1 x 10-> m and prepared for MALDI analysis by the ‘dried droplet’
sample preparation method with ATT as the matrix.

For the observation of nonspecific dimers, annealing of the complementary sequences was done at pH 8 as
mentioned above. However, a much higher concentration (5 x 10~* M) of the samples was employed, and the
soln. was analyzed without further dilution. Usually, nonspecific dimers started to appear at a monomer
concentration in aq. soln. greater than 1 x 10~ m at slightly elevated laser pulse energies.
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