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3-Hydroxycoumarin (3-HC) was designed, synthesized, and tested as a matrix for matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)
analyses of a variety of synthetic oligodeoxynucleotides ranging long from three to 70 bases.
Using the matrix solution of 3-HC dissolved in a mixed solvent of acetone and diammonium
hydrogen citrate, DNA segments over the mass range 800 Da to 6900 Da were isotopically
resolved with high signal-to-noise (S/N) ratio. The individual isotopic molecular ion peaks of
a group of 23-mer mixed-base oligomers differing by one or two bases with mass differences
of 9 or 7 Da were recorded. Larger oligodeoxynucleotide segments of 34-mer, 50-mer, and
70-mer have also been analyzed effectively. Less than 250 attomol of a 10-mer DNA segment
was clearly detected without any fragmentation. The new matrix can be used for the analysis
of DNA segments in both positive- and negative-ion modes, and the quality of all negative-ion
mode spectra are as good as that obtained in positive-ion mode shown in this paper.
Compared with conventional matrices of 3-hydroxypicolinic acid (3-HPA) and 6-aza-2-
thiothymine (ATT), 3-HC had noticeable improvement in resolution, S/N ratio, spot-to-spot-,

and sample-to-sample reproducibility for analyzed DNA segments.

(J Am Soc Mass Spec-

trom 2006, 17, 1665-1668) © 2006 American Society for Mass Spectrometry

ALDI-TOF MS is a useful tool for the analysis
Mof synthetic oligonucleotides [1], DNA se-

quencing [2], single-nucleotide polymor-
phism (SNP) genotyping [3, 4], and microsatellite anal-
ysis [5]. At this time, despite extensive research,
matrices for practical usage in DNA detection have
been limited to 3-hydroxypicolinic acid (3-HPA) [6],
picolinic acid (PA) [7], 6-aza-2-thiothymine (ATT) [8],
and 2,4,6-trihydroxyacetophenone (2,4,6-THP) [9].

The introduction of 3-HPA as a matrix, initially used
to analyze a 67-mer DNA [6], has greatly increased
MALDI MS ability to analyze DNA. Chen and cowork-
ers [7] discovered PA and applied it to analyze mixed-
base oligonucleotides up to 190 bases and tRNAP" with
76 bases. ATT is appropriate to achieve well-resolved
spectra and can detect double-stranded DNA as a
“cool” matrix [8, 10]. 2,4,6-THP or a mixture of 2,4,6-
THP, 2,3,4-trihydroxyacetophenone, and ammonium
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citrate were demonstrated to have good tolerance to
metal salts [9, 11]. Quinaldic acid (QA) was found to be
a useful matrix for DNA or RNA by Song [12]. Some
co-component matrices and sample preparation meth-
ods, such as a mixture of 3-HPA and pyrazinecarboxylic
acid [13] and fucose as additive to DNA sample solu-
tion [14], or thin-layer sample preparation with ATT as
the matrix [8], were applied in DNA analysis by MALDI
MS to produce more homogeneous sample spots, better
resolution, and excellent reproducibility.

In the present work, we demonstrate a new re-
agent, 3-HC, to be an excellent matrix for MALDI-
TOF MS analysis of pure and mixed single-stranded
oligonucleotides.

Experimental

Design, Synthesis, and Characterization
of 3-Hydroxycoumarin

3-HC (the molecular structure is shown in Scheme 1) was
designed based on the structures of the most successful
matrices such as sinapinic acid (SA), a-cyano-4-
hydroxycinnamic acid (HCCA), 2,5-dihydroxybenzoic
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Scheme 1. Molecular structure of 3-HC.

acid (DHB), 3-HPA, and 2,4,6-THP. Similar to SA and
HCCA, 3-HC contains the conjugated system composed
of a phenyl ring and «, B-unsaturated ketone group,
which is anticipated to have sufficient absorption for
337 nm laser, and simultaneously, 3-HC has the hy-
droxyl and carbonyl groups, regarded as important
functional groups for a good matrix of DNA [15], the
two adjacent function groups being similar to the ortho-
positioned structure between hydroxyl group and car-
bonyl group in DHB, 3-HPA, and 2,4,6-THP molecules
to a certain extent.

3-HC was synthesized following the literature [16],
and structure identification was confirmed by IR and
NMR. Its most intense absorption band is at 308 nm
with extinction coefficient () of 1.075 X 10* L mol ' em ™.

Mass Spectrometric Analyses

MALDI-TOF MS analyses were performed on a
REFLEX III MALDI-TOF mass spectrometer (Bruker,
Bremen, Germany) with a nitrogen laser at a wave-
length of 337 nm. The acceleration and detection poten-
tials were set at 20 and 1.55 kV, respectively. The laser
power was adjusted during experiments; 40 single laser
spots were averaged for each spectrum. The resolution
calculations were made by full width half maximum
(FWHM). Signal-to-noise (S/N) was calculated by the
spectrum process software XMASS 5.1 supplied by
Bruker. The narrowest monoisotopic peak was chosen
to calculate resolution and S/N for well-resolved isoto-
pic signals. The resolution of the unresolved isotopic
peaks was calculated based on the unresolved isotope
cluster. Larger oligodeoxynucleotide segments of 34-
mer, d(T)s,, and 70-mer, were analyzed in linear mode
since the detection power of the instrument decreases
when analyzing higher mass samples, and other DNA
segments were analyzed in reflectron mode.

MALDI Sample Preparation

Three 23-mer oligonucleotides were purchased from
Biosia Ltd. (Shanghai, China), and the other oligonucle-
otides were purchased from The Institute of Microbiol-
ogy, Chinese of Academy of Sciences (Beijing, China).
All DNA samples were of HPLC purity and used as
received. After investigating the 3-HC matrix solutions
prepared at different concentrations by a variety of
solvents, we found 0.15 M 3-HC prepared with the
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mixed solvents of acetone and 0.1 M diammonium
hydrogen citrate (DHC, which is commonly added to
matrix solution or synthesized oligonucleotides to re-
duce metal adducts formation) (vol/vol = 1:1) resulted
in high quality spectra. 3-HC was recrystallized from
deionized water before use. For comparison, 3-HPA
and ATT (Aldrich, Milwaukee, WI) were also used and
each was dissolved in mixed solvents of 50% acetoni-
trile and 50% 0.1 M DHC aqueous solution to a satu-
rated solution. A 0.5 uL mixture of equal volumes of
107> M DNA in deionized water and of the matrix
solution was deposited on a stainless target and dried at
room-temperature for MALDI TOF MS analysis.

Results and Discussion

MALDI-TOF MS Analyses of Pure Single-
Stranded DNA Segments

The positive-ion and reflectron mode mass spectra of
five 10-mer oligonucleotides including d(T),y, d(C),o,
d(A),g, d(G),o, and a 10-mer (5’ATC GAT CGA T 3')
were acquired with 3-HC matrix. Figure 1 presents the
spectrum of a 10-mer: a representative spectrum of the
five DNA segments with 10 bases long.

Postsource decay contributes to peak broadening
and results in difficulties for MALDI TOF MS analysis
of DNA segments with molecular weights greater than
5000 Da in reflectron mode. Metal adducts of DNA
segments usually result in illegible molecular ion peaks
and reduce the spectrum resolution. In the present
work, for DNA segments with mass up to ~7000 Da,
typically, a resolution higher than 10,000 and S/N value
higher than 800 could be achieved with 3-HC as matrix
in reflectron mode. For comparisons, 3-HC, ATT, and
3-HPA were used to analyze pd(T),s, pd(20-mer)(5'TTA
CTC TGT TAA TGT CTT TG 3’), and 23-mer (C) (5'TCC
ACC ATT AGC ACC CAA AGC TA 3’') in reflectron
mode under identical experimental condition. Figure 2
compares the resulting mass spectra of 23-mer (C). As is
shown in Figure 2a and b, isotopic molecular ions could
not be acquired by using ATT or 3-HPA, and the best
quality spectrum with isotopically resolved peaks was

ane < [M+H]"  10-mer
m/Aam = 21000
] s/n = 1000
200
0 T 71717 I T LA B | I T T T ]
3027 3032 m/=z

Figure 1. Positive-ion MALDI-TOF mass spectrum of 10-mer
using 3-HC as matrix in reflectron mode
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Figure 2. Positive-ion MALDI-TOF mass spectra of 23-mer (C)

in reflectron mode. Matrix: (a) ATT, (b) 3-HPA, and (c) 3-HC .

obtained using 3-HC as matrix. Furthermore, in Figure
2a and b, the adduct ions of [M + Na]* and [M + K]"
were observed, while in Figure 2c obtained with 3-HC
as matrix, similar adducts were not observed. The
results suggest that 3-HC has the effect to reduce metal
adduct ions formed.

Larger DNA segments of 34-mer (5'GGG TTC GAA
TGA GCA GTA TTT CTG ATC AGG ACC C3'), d (T) 50,
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Figure 3.
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and 70-mer (5'GAT CAA GCT TAT GTA CCC ATA
CGA CGT CCC AGA CTA CGC TGT GAT GGG AAT
GCT CCT GTC ATT CIT ACC T 3’, 21 426.0 Da) were
effectively ionized by 3-HC. The linear spectra (not
shown) of d(T)s, with 3-HC and 3-HPA as matrixes,
respectively, were obtained. To get the molecular ion
signals of d(T)s, with 3-HC as matrix, about 15% lower
laser power was needed in contrast to using 3-HPA,
resulting in less fragments produced and the compara-
tively low intensity of fragment ion peak.

In addition to strong molecular ion peak and doubly
charged ion, dimer, and even trimer of 70-mer up to
64,000 Da were recorded in positive-ion mode. Thus,
single-stranded-DNA segments considerably larger than
70 bases are believed to be readily analyzed using 3-HC as
matrix.

MALDI-TOF MS Analyses of the DNA Mixtures

The analysis of DNA mixtures is more difficult than
that of single-component DNA segments by MALDI
MS [17]. Thus, an appropriate matrix for the analysis
of DNA mixture must satisfy two requirements. First,
multiply charged fragments and adduct ions must
appear small in magnitude and frequency. Second,
the mass spectra must have enough resolution to
distinguish individual peaks. The positive-ion mass
spectrum of a mixture of d(A);—d(A);, is shown in
Figure 3. Each molecular ion peak of d(A);—d(A)y is
clearly discerned without fragment ions, cluster ions
and adduct ions.

MALDI MS is being used for disease diagnoses by
oligonucleotide analysis and characterization of single
nucleotides polymorphisms (SNPs). Resolution to one
base is required in these applications. A three-component
mixture of 23-mer (A) (5'TCC ACC ATT AAC ACC
CAA AGC TA 3, 6 905.6 Da), 23-mer (B) (5'TCC ACC
ATT TGC ACC CAA AGC TA 3', 6 912.6 Da), and
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Positive-ion MALDI-TOF mass spectra of d(A);-d(A);, mixture with 3-HC as matrix in

reflectron mode. The enlarged mass spectra show the mass peaks of d(A); and d(A),,, respectively.
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Figure 4. Positive-ion MALDI-TOF mass spectra of the three-
component mixture of 23-mer (A), 23-mer (B), and 23-mer (C) in
reflectron mode. Matrix: (a) ATT, (b) 3-HPA, and (c) 3-HC.

23-mer (C) (5'TCC ACC ATT AGC ACC CAA AGCTA
3', 6 921.6 Da) mixture with the mass difference of 7 Da
[AA in 23-mer (A) versus TG in 23-mer (B)] and 9 Da [T
in 23-mer (B) versus A in 23-mer (C)] were analyzed
with 3-HC as matrix, and the results were compared
with those obtained from ATT and 3-HPA as matrices
under the same experimental condition. Figure 4 shows
the mass spectra of the mixture of 23-mer (A), 23-mer
(B), and 23-mer (C). It is obvious that the traces in
Figure 4c obtained by 3-HC have relatively low noise,
and not only is each component peak completely sepa-
rated, but also their individual isotopic peaks are well
resolved. The traces in Figure 4b with 3-HPA as matrix
show that each component peak can be separated from
each other, but the isotopic peaks cannot be resolved.
The spectra of Figure 4a with ATT as matrix show each
component peak cannot be separated sufficiently and
the baseline noise is obviously higher than that ob-
served in Figure 4c.

Sensitivity

The positive-ion mass spectra of a 2.5 X 10~ '® mol of
10-mer with 3-HC and 3-HPA as matrices in reflectron
mode summed by 200 laser shots were recorded, re-
spectively. The sensitivity experiment showed that us-
ing the same laser power, 3-HC resulted in a molecular
ion peak with S/N of 40 and without any sign of
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fragmentation, while no molecular ion was observed
with 3-HPA. Increasing 20% of the laser power allowed
the observation of the molecular ion with 3-HPA, but at
the same time fragment ion peaks assigned to pd(TAG)
+ Na'pd(TAG) + 3-HPA + Na, pd(TAGC) + 3-HPA-80
+ H'pd(TAGC) + 3-HPA + K, and pd(TAGCT) +
3-HPA-80 + H presented.
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