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In the present study, fast and metastable dissociations of a number of adenine-thymine
binary-base oligonucleotides under the conditions of UV matrix-assisted laser desorption/
ionization mass spectrometry were investigated. 2-Aminobenzoic acid/ammonium fluoride
(ABA/NH4F) matrix system was used. The spectra obtained under metastable and fast
dissociation conditions exhibit distinctive dissociation products. From the post-source-decay
analysis, all oligonucleotides underwent predominantly metastable dissociations at the 3' C-O
linkages to form [an-B]

� and wn
� complimentary ion series. Based on the present results, the

so-called “[wn�80]
�” ions were postulated to be the complimentary [z(8�n)AH]

� ions rather
than the expected phosphate rearrangement products. In addition, these oligonucleotides were
found to generate fast dissociation products of bn

�, dn
�, wn

�and yn
� ions through backbone

cleavages at 5� C-O, 5' O-P, 3' C-O and 3' P-O linkages, respectively. Product ion series formed
under PSD conditions were not observed. The implications of this mutually exclusive
occurrence of the two sets of fragment ions under fast and metastable conditions using
ABA/NH4F matrix would be discussed. A model of ion activation under UV-MALDI
conditions was also proposed. (J Am Soc Mass Spectrom 2002, 13, 1052–1064) © 2002
American Society for Mass Spectrometry

Structural characterization of short-chain nucleic
acids has recently attracted much attention. They
can serve as useful tools in molecular biology, as

gene probes for diagnosis, or as potential drugs inter-
acting at the level of nucleic acids. Typical short-chain
DNA sequencing methods involve the use of the enzy-
matic or chemical cleavage algorithms [1–3] to produce
DNA ladder products. The DNA fragments generated
are then separated and identified by HPLC or gel
electrophoresis. Structural verification of oligonucleo-
tides using these methods is time-consuming and is
sometimes impossible for modified oligonucleotides.
Recent developments in matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spec-
trometry [4–9] have stimulated interest in replacing
HPLC/gel electrophoresis by mass spectrometry in
order to increase the speed and accuracy of the se-
quence determination. However, this approach still
needs the time-consuming chemical or enzymatic reac-
tions for producing sequence specific fragment ladder.
A potentially more efficient method would be to obtain
the DNA sequence information from fragmentation

patterns in mass spectrometry through dissociation. In
the present study, we attempt to evaluate the potential
use of two rather direct mass spectrometric sequencing
methods, namely fast and metastable dissociations for
DNA sequence analysis.
Fast fragmentation differs from metastable dissocia-

tion at the time of bond cleavage after the excitation of
the precursor ions. In mass spectrometry, fragments are
produced in a much shorter time as compared to the ion
extraction time of the mass spectrometer. In the case of
time-of-flight mass spectrometer, these fragment ions
are therefore registered at their true masses in both
linear and reflectron mode of detection. Metastable
fragments, on the other hand, are usually formed at a
much longer time scale (i.e., �500 ns) and are formed
beyond the ion source region and before reaching the
detector. Since the metastable ions are formed with the
same velocity of the precursor ions, they are registered
at the same mass-to-charge ratio of the precursor ion in
a linear TOF instrument. In a reflectron TOF instru-
ment, most of the metastable ions are not detected
because of the energy-mismatch for correct ion reflec-
tion to the detector. Under proper reflectron settings,
metastable ions with masses close to the precursor ion
can sometimes be reflected to the detector and be
recorded. However, the flight time (and the registered
masses) for these ions would be shifted to lower values
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as compared to the precursor ion due to the shorter
flight path in the reflector mirror. Metastable ions of
lower masses can only be tuned to correct reflection
flight path by properly reducing the reflector potential.
Measurement of these metastable fragment ions using
reflectron TOF instrument with variable reflector poten-
tials is known as “post-source decay” (PSD) analysis
[10–11]. Judging from the time required for dissocia-
tion, the precursor ions which undergo fast and meta-
stable dissociations differ from their internal energies.
Precursor ions with lower internal energies have a
greater chance of undergoing cleavages via metastable
dissociation pathways as compared to that of fast
dissociation. Since polyatomic ions have a large number
of unimolecular dissociation pathways, the resultant
fragment ion pattern might give an indirect indication
of the relative height of energy barriers for different
dissociation pathways.
In MALDI experiments, the internal energy of the

desorbed ions depends on (1) the selection of matrix
and co-matrices [12–13]; (2) the laser wavelength [14],
(3) laser irradiance [15]; and (4) the sample preparation
methods [16]. Most of the commonly used matrices for
DNA analysis, such as 3-hydroxypicolinic acid (HPA)
and picolinic acid (PA), lead only to metastable disso-
ciation [6,17]. Some matrix materials can however gen-
erate measurable amount of fast fragment ions in addi-
tion to metastable fragment ions. Examples include
2,5-dihydroxybenzoic acid (DHB) [18], 2-amino-5-nitro-
pyridine (ANP) [12], 2,4,6-trihydroxyacetophenone
[19–20] and 2-amino-benzoic acid (ABA) [20]. In this
article, we compare the fragmentation patterns of sev-
eral combinations of adenine-thymine binary-base oc-
tamers of DNA under both fast and metastable disso-
ciation conditions using ABA/NH4F matrix system.
Adenine-thymine binary-base oligonucleotides were
used for the present study due to the difference in the
stability of these nucleobases. Adenine is known to be a
labile nucleobase; whereas thymine is not. By using
different sequential arrangements, different channels of
dissociation could then be studied. ABA was used due
to its ability to induce substantial fast dissociation while
preserving a fairly intense molecular ion signal. Ammo-
nium fluoride has previously been described to induce
signal enhancement for 5-amino-2-nitropyridine (ANP),
2,5-dihydroxybenzoic acid (DHB) and 3-hyropicolinic
acid (HPA) [12]. Consistently, NH4F was also found to
exert substantial signal enhancement effect for the anal-
ysis of oligonucleotide under ABA matrix.
The main objective of this investigation is to compare

and contrast the patterns of fragmentation under
prompt and metastable conditions and to identify fac-
tors that influence the dissociation of oligonucleotides.
With a better understanding of the dissociation of
oligonucleotides under MALDI conditions, it is our goal
to develop experimental conditions in which sequence
information of short-chain DNA fragments (�20-mers)
can be assigned unambiguously from the MALDI mass
spectrum.

Experimental

Oligonucleotides pd(TA)4, d(TA)4, d(TA)4p, pd(AT)4,
d(AT)4, d(AT)4p, d(T4A4) and d(A4T4) were custom
synthesized by Biosynthesis (Lewisville, TX, USA). Oli-
gonucleotide sequences are written in the 5' to 3'
direction. 2-Aminobenzoic acid (ABA) and 3-hydropi-
colinic acid (HPA) were purchased from Aldrich (Mil-
waukee, Wisconsin, USA). Protein calibrants and other
chemical reagents were purchased commercially and
were used without further purification.
Oligonucleotides were dissolved in ultra-pure water

(18 M�) to give concentrations of 40 pmol/�L. Satu-
rated matrix solution was prepared by dissolving ex-
cess amount of 2-aminobenzoic acid in acetonitrile :
water (1:1). Excess matrix material was settled using a
microcentrifuge. The pH of the saturated ABA and
HPAmatrices were 3.9 and 3.6, respectively. Solution of
ammonium fluoride was prepared in ultra-pure water
to give a concentration of 100 nmol/�L. Equal volume
of matrix and ammonium fluoride solutions were
mixed. Equal portions of mixed-matrix and oligonucle-
otide solution were combined to give the final sample
solution with an analyte-to-ammonium salt ratio of
1:8000. 1 �L of the resulting solution was applied onto
the sample plate and was dried at ambient conditions
before inserting into the MALDI-TOF mass spectrome-
ter for analysis.
All MALDI mass spectra were acquired in positive-

ion mode by using a Bruker Biflex time-of-flight mass
spectrometer (Franzen, Germany). The instrument was
equipped with a nitrogen laser (Laser Science Inc.,
Newton, MA, USA) operating at 337-nm. The laser
pulse duration was roughly 3 ns. The total acceleration
voltage was set to 19.0 kV. The delayed extraction was
operated with a switched voltage of 4.75 kV and a fixed
delay of �100 ns. The reflector mirror was set at �20.0
kV. In all PSD experiments, the precursor ion was
selected by using a timed precursor-ion selector. Laser
fluence was carefully adjusted using a gradient neutral
density filter to obtain the maximum signal-to-noise
ratios. Each fast dissociation spectrum was a sum of 10
laser shots at a single sampling position. Several posi-
tions (�5) from an individual sample were examined.
All prompt dissociation experiments were repeated five
times to ensure spectral reproducibility. Calibration
was done externally by using d(T)4, d(T)8 and d(T)12
using HPA matrix. For post-source-decay (PSD) analy-
sis, the potentials of the reflector mirror were gradually
stepped down from �20 kV to �0.57 kV in nineteen
steps. In each voltage step, 150 to 200 shots were
summed to give a spectral segment of satisfactory
signal-to-noise ratios. The final PSD spectrum was
pasted by using the Xtof 3.0 software. Calibration was
done using ACTH with DHB matrix. All experiments
were repeated three times to ensure spectral reproduc-
ibility.

1053J Am Soc Mass Spectrom 2002, 13, 1052–1064 Adenine-Thymine Binary-Base Oligonucleotides



Results and Discussion

In contrast to other commonly used nucleic acid matri-
ces (e.g., HPA), UV-MALDI analysis of oligonucleotides
in positive-ion mode by using 2-aminobenzoic acid/
ammonium fluoride matrix shows substantial fragmen-
tation in both standard reflectron mass spectra and
post-source decay mass spectra. Throughout this article,
the product ions are assigned with nomenclature pro-
posed by McLuckey and co-workers [21].

Metastable Dissociation

Figure 1 shows the post source decay (PSD) mass
spectra of pd(TATATATA), d(TATATATA) and
d(TATATATA)p. The spectral information is summa-
rized in Table 1 for comparison. Because of the symme-
try of the oligonucleotides, product ions derived from
different cleavages might result in the fragment peaks
that are not distinguished in mass from each other, i.e.,
mass-composition redundancies. In all cases, different
possible fragment ions were included in the table for
reference. Ions superscripted with an ‘a’ are possible
cleavage products of pd(TATATATA) only. All oligo-
nucleotides were found to have substantial loss of labile
nucleobase, i.e., adenine, to form abundance [M-AH]�.
In contrast to the previous studies using smaller oligo-
nucleotides [22,23] loss of thymine was not found.
Apart from the [M-AH]� ions, series of [an-AH]

� and
wn

� ions were observed, where n is an even number.

Formation of these backbone fragments is consistent
with the presence of the labile adenine base in the
adjacent 5' sugar ring. It is also important to note that
none of the corresponding an

� ions were observed.
While the exact mechanism(s) of oligonucleotides frag-
mentation remains a controversial issue [24,25], our
observations agree with the earlier postulation [26,27]
that loss of the neutral base is a pre-requisite for the
corresponding backbone cleavage at the 3' C-O linkage.
Comparing the PSD spectrum of 3' phosphylated oligo-
nucleotide to that of other oligonucleotides, no [M-AH-
H2O]

� was observed. Intense fragment ions corre-
sponding to [M-AH-P]� was however found. This
implies that the [M-AH-H2O]

� ions were likely be
originated from the 3,4-elimination of H2O at the 3'-
terminal sugar moiety after the loss of the labile ade-
nine. Therefore, [M-AH-P]� and [M-AH-H2O]

� can be
regarded as [a8-AH]

�.
Apart from the [an-AH]

� and wn
� ion series, it was

noted that several wn
� ions were accomplished with

minor peaks at 80 u higher. Based on the mass correla-
tion, these fragment ions could be attributed either
[wn�HPO3]

� or [zn-AH]
�. Similar ions have been ob-

served previously [28] in the CID spectra of oligonucle-
otides in negative-ion mode and were attributed to be
[wn � HPO3]

� ions. The mechanism of formation was
postulated to proceed through the transfer of the 5'-
terminal phosphate group from the [wn�1]

� to the wn
�,

with concomitant elimination of a reduced nucleoside.

Figure 1. Post-source-decay mass spectra of protonated DNA cations (a) pd(TATATATA); (b)
d(TATATATA); and (c) d(TATATATA)p. The precursor ions were obtained using ABA/NH4F matrix.
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In the present PSD spectra, it is noted that there seems
to be a positional selectivity in the generation of these
fragment ions. These so-called “[wn�80]

�” ions occur
only when the corresponding wn

� ions are formed,
where n is an even number. Because of the alternative
arrangement of thymine- and adenine-containing nu-
cleotides in the oligonucleotides, formation of [wn�1]

�

ions was not favored and was indeed not observed. In
addition, none of the corresponding [wn-1�80]

� ions
were observed. These findings have led to a conclusion
that the observed “[wn�80]

�” ions were actually orig-
inated from [zm�AH]� ions, where m is an odd num-
ber. Based on the positional selectivity, it is postulated
that the loss of neutral base could also initiate the
corresponding backbone cleavage at the 5' C-O linkage.
Scheme 1 illustrates these two possible fragmentation
pathways for backbone cleavage. The presence of d3

�

and d5
� ions (but not d4

� nor d6
�) in Figure 1a-c is

consistent with the present postulation. Although there
is no direct evidence, it is postulated that the 3' C-O and
5' C-O backbone cleavages are competitive processes.
The relative high intensity of the fragment ions origi-
nated from 3' C-O cleavage might be attributed to the
formation of a stable aromatic furan ring at the 3'-end.
The analogous reaction sequence at the 5'-end (1,2- and
4,5-elimination) yields only a comparatively less stable
conjugated system.
Table 2 summarizes the mass spectral information of

the post source decay spectra of pd(ATATATAT),
d(ATATATAT) and d(ATATATAT)p. Consistent with
the swapping of the T-A sequence, all oligonucleotides
shows [am-AH]

� and wm
� ions, where m is an odd

number; and [zn-AH]
� and dn

� ions, where n is an even
number. Since the nucleobase at the 3�-terminal sugar is
a non-labile thymine in these oligonucleoide series,

fragment ions corresponding to [M-AH-H2O]
�, [M-AH-

P]�, [M-TH-H2O]
� and [M-TH-P]� species were not

found, as expected.
Finally, it is interesting to note that the PSD spectra

of oligonucleotides tested in Table 1 and 2 shows two
common fragment peaks at m/z 1100 and m/z 1718 (as
marked with ‘*’). Although the formation of these two
product ions from pd(TATATATA) and
d(ATATATAT)p ions can easily be explained on the
basis of the formation of [a4-AH]

�/[a6-AH]
� and [z4-

AH]�/[z6-AH]
� product ions respectively (see Scheme

2), occurrence of these fragment peaks in the PSD
spectra of other oligonucleotide ions could only be
explained by the generation of internal fragments.
Scheme 2 illustrates several possible modes of cleavage.
Basically, all species can be explained by using a model
of double cleavage in wn

�/[an-AH]
� type, where n is

either an even number (for pd(TATATATA),
d(TATATATA) and d(TATATATA)p) or an odd num-
ber (for pd(ATATATAT), d(ATATATAT) and
d(ATATATAT)p). These internal ions have previously
been observed in the study of the prompt dissociation
of some oligonucleotides under IR-MALDI conditions,
i.e., the so-called Z*-ions [17]. Since these double cleav-
ages occur at a distance from each other, charge-remote
mechanism [22] is believed to play a significant role in
the backbone cleavage.

Fast Dissociation

In attempt to improve the accuracy of mass measure-
ment, the fast dissociation spectra of adenine-thymine
oligonucleotides were measured with standard reflec-
tron time-of-flight instrument. To avoid spectral com-
plications arising from sample impurities, the purities

Table 1. Summary of positive-ion post-source-decay (PSD) mass spectra of pd(TATATATA), d(TATATATA) and d(TATATATA)pa

pd(TATATATA) d(TATATATA) d(TATATATA)p

Calculated Measured 	m Calculated Measured 	m Calculated Measured 	m

M� 2488.7 2487.9 0.8 2408.7 2408.1 0.6 2488.7 2487.7 1.0
[M-AH]� 2353.6 2354.3 0.7 2273.6 2273.2 0.4 2353.6 2354.0 0.4
[M-AH-H2O]� 2335.6 2335.2 0.4 2255.6 2254.4 1.2 ND —
[M-P-AH]� ND — ND — 2255.6 2254.9 0.7
w6

� b(d6
�) 1871.3 1871.0 0.3 1871.3 1871.6 0.3 1951.2 1950.7 0.5

[w6-AH]� ND — ND — 1816.1 1815.9 0.2
*See Scheme 2 1718.1 1719.4 1.3 1718.1 1719.0 0.8 1718.1 1718.8 0.7

[a6-AH]� ND — 1638.2 1638.8 0.6 1638.2 1636.7 1.5
[z5-AH]� 1334.0 1334.7 0.7 1333.8 1335.1 1.3 1413.9 1415.2 1.3
w4

� b(d4
�) 1253.8 1253.3 0.5 1253.8 1255.0 1.2 1333.8 1335.1 1.3

[w4-AH]� ND — ND — 1198.7 1199.2 0.5
*See Scheme 2 1100.7 1101.5 0.8 1100.7 1100.5 0.2 1100.7 1100.9 0.2

[a4-AH]� ND — 1020.8 1020.1 0.7 1020.8 1019.5 1.3
d3

� 1020.4 1021.0 0.6 940.6 940.6 0.0 ND —
[w3-AH-H2O]� ND — 796.6 796.3 0.3 ND —
[z3-AH]� ND — 716.4 717.1 0.7 796.5 796.0 0.5
[z3-AH-H2O]� ND — 698.4 699.1 0.7 ND —
w2

� b(d2
�) ND — 636.4 637.1 0.7 716.4 717.4 1.0

aall data are calculated and measured with average masses.
bapply to pd(TATATATA) only. %ND 
 not detected.
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of oligonucleotides were clarified by using HPA/NH4F
prior to the fragmentation studies. Figure 2a and b
show typical reflectron mass spectra of d(TATATATA)
using ABA/NH4F and HPA/NH4F matrices, respec-

tively. Both spectra were obtained at the same laser
fluence. With proper spectral calibration, it is clearly
demonstrated that peaks marked with asterisks were
fragment ions derived by fast dissociation of the

Scheme 1

Table 2. Summary of positive-ion post-source-decay (PSD) mass spectra of pd(ATATATAT), d(ATATATAT) and d(ATATATAT)pa

pd(ATATATAT) d(ATATATAT) d(ATATATAT)p

Calculated Measured 	m Calculated Measured 	m Calculated Measured 	m

M� 2488.7 2487.5 1.2 2408.7 2408.1 0.6 2488.7 2487.7 1.0
[M-AH]� 2353.6 2354.7 1.1 2273.6 2274.5 0.9 2353.6 2354.1 0.5
w7

� 2175.5 2175.9 0.4 2175.5 2174.7 0.8 2255.4 2255.0 0.4
[w7-AH]� ND — 2040.4 2041.3 0.8 2120.3 2121.7 1.4
[a7-AH]� 2031.4 2032.4 1.0 1951.4 1952.1 0.7 1951.4 1952.0 0.6
*See Scheme 2 1718.1 1718.8 0.7 1718.1 1719.1 1.0 1718.1 1718.9 0.8

[z6-AH]� 1638.2 1638.5 0.3 1638.9 1638.9 0.00 ND —
w5

� 1558.0 1558.2 0.2 1558.0 1558.7 0.7 1638.0 1638.7 0.7
[w5-AH]� ND — 1422.9 1422.9 0.00 ND —
[a5-AH]� 1413.9 1415.3 1.4 1334.0 1335.1 1.1 1334.0 1335.6 1.6
d4

� ND — ND — 1253.8 1252.7 1.1
*See Scheme 2 1100.7 1101.3 0.6 1100.7 1100.1 0.4 1100.7 1100.5 0.2

[z4-AH]� 1020.8 1019.7 1.1 1020.8 1020.2 0.6 ND —
w3

� 940.6 940.9 0.3 940.6 941.0 0.4 1020.6 1021.1 0.5
[a3-AH]� 796.5 796.9 0.4 ND — ND —

aall data are calculated and measured with average masses. %ND 
 not detected.
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Scheme 2
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d(TATATATA) molecule-ions. It was interesting noted
that peaks marked with triangles could not readily be
correlated with any reasonable fragments. It is well-
known that metastable ions with masses close to the
precursor ion can sometimes be reflected to the detector
and be recorded at the “wrong masses” under normal
reflectron settings. To distinguish prompt fragment ions
from the metastable ions, the linear time-of-flight mass
spectra for the corresponding oligonucleotides were
also measured. Figure 3 shows portions of the linear,
reflectron and post-source-decay mass spectra of
d(TATATATA). By direct comparison of the linear and
reflectron time-of-flight mass spectra, the fragment
peaks at m/z 2272.5 and m/z 2287.0 can therefore be
attributed to the metastable dissociation of the precur-
sor ions. The identities of these peaks were confirmed
from the corresponding PSD spectrum to be [M-AH]�

and [M-AH-H2O]
�, respectively (see Figure 3c).

Figure 4 shows the positive-ion reflectron time-of-
flight mass spectra of pd(AT)4, d(AT)4 and d(AT)4p. The
spectral information is summarized in Table 3 for
comparison. Using ABA/NH4F matrix, fast fragmenta-
tion of oligonucleotides was found to differ from the
corresponding metastable dissociation in which the
liability of nucleobase does not seem to exert any
significant effect on the site of backbone cleavage. Series
of bn

�, dn
�, wn

� and yn
� ions were produced, where n is an

integer from 2 to 7. It is also worthwhile to point out

that ion series of wn
�, bn

�, yn
� and dn

� were generated
from the cleavage of different backbone linkages, i.e.,
5'-CO, 5'-PO, 3'-PO and 3'-CO, respectively. No compli-
mentary ion series were found. Similar fast fragmenta-
tion pattern has also been reported when 2,4,6-trihy-
droxyacetophenone/ammonium citrate [19,20] and
2-amino-5-nitropyridine/ammonium fluoride [12] were
used as matrices under UV laser desorption conditions.
Another interesting finding is that the presence of

additional phosphate at either 3' or 5'-terminal would
significantly influence the fragmentation pattern of oli-
gonucleotides tested. As compare with d(TATATATA),
the 5'-phosphylated species, i.e., pd(TATATATA), frag-
mented preferentially to form b-ions with little or no
d-ions (see Table 4). On the contrary, the 3'-phosphy-
lated species, i.e., d(TATATATA)p, fragmented mainly
to form d-ions but not b-ions. In addition, it was noted
that 5'-phosphylated oligonucleotides would undergo
substantial loss of neutral HPO3 to form abundant
[M-P]� ions. This fragment ion was found to cleave
consecutively or concertedly to form a series of [bn-P]

�.
The [b3-P]

�, [b5-P]
� and [b7-P]

� ions were observed at
m/z 860.1, 1477.3 and 2094.6, respectively. Other mem-
bers of the [bn-P]

� ions were however found to be
redundant in masses with yn

� ions, such as [b2-P]
�/y2;

[b4-P]
�/y4; [b6-P]

�/y6 ions. Other series of fragment
ions, such as wn

� and yn
�, did not produce similar ions.

Loss of neutral HPO3 was however not found in any

Figure 2. Positive-ion reflectron time-of-flight mass spectra of d(TATATATA) using (a) ABA/NH4F
and (b) HPA/NH4F matrices. Both spectra were obtained at the same laser fluence. Peaks marked
with an asterisk and a triangle are fragment ions derived from fast and metastable dissociations of
d(TATATATA) molecule-ions, respectively.
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Figure 3. Portions of (a) linear, (b) reflectron, and (c) post-source decay mass spectra of
d(TATATATA).

Figure 4. Positive-ion reflectron time-of-flight mass spectra of (a) pd(ATATATAT); (b)
d(ATATATAT); and (c) d(ATATATAT)p using ABA/NH4F matrix.
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significant extent for 3'-phosphylated oligonucleotides.
Although the origin of the preferential loss of neutral
HPO3 from 5'-phosphylated oligonucleotides is not
known, the present findings provided a convenient way
of differentiating 5' and 3'-phosphylated isomers.
The formation of bn

�, dn
�, wn

� and yn
� product ions

(without their complimentary ions) under standard
reflectron time-of-flight conditions was intriguing.
Their formation could be attributed to the desorption/
ionization of the hydrolysis products of the original
oligonucleotides. The hydrolysis reaction could take
place in solution during the mixing of the oligonucleo-
tide and ABA solutions or be induced in solid state after
laser irradiation. The solution-phase acid catalyzed hy-
drolysis of oligonucleotide molecules was precluded by
the relatively high pH of the ABA solution (pH
 3.9) in
comparison with that of the HPA solution (i.e., pH 

3.6). Being a more acidic matrix, HPA has induced no
observable hydrolysis products (see Figure 2b). From a
separate experiment using trifluoroacetic acid (TFA) as
acidifying agent, it was found that low pH could only
induce hydrolysis of the labile bases with no observable
backbone hydrolysis (data not shown). Although the
possibility of laser-induced solid-state hydrolysis of the
oligonucleotides cannot completely be precluded, the
preferential formation of [M-P]�, bn

� and [bn-P]
� ions by

5'-phospylated oligonucleotides; and dn
� ions by 3'-

phosphylated oligonucleotides do support a more spe-
cific fragmentation mechanism. With the present exper-

imental results, it was however rather speculative to
rationalize our observations with any dissociation
mechanisms.

Fast vs. Metastable Dissociation

Factors governing the fragmentation pattern of oligo-
nucleotides in mass spectrometry are of both funda-
mental and practical interest. More related information
would allow a better control of the degree of fragmen-
tation, which is particularly important for characteriza-
tion of natural and modified oligonucleotides. An im-
proved theoretical understanding of the fragmentation
of oligonucleotides can also underpin more securely the
interpretation of the mass spectrum for this class of
biomolecules. In this section, we attempt to correlate
our observations with the results previously reported in
the literatures and to propose a model of precursor ion
activation under MALDI conditions without going into
detailed mechanisms of ion fragmentation.
Numerous dissociation pathways exist in large poly-

atomic ions, such as oligonucleotides. The fragmenta-
tion pattern observation under a particular time-win-
dow (fast or PSD) is the result of a set of competitive
and consecutive cleavages of the precursor ions pro-
vided that the internal energy of the precursor ions
exceeds the critical energies for such cleavages. Figure 5
shows a hypothetical relationship of P(E) and lnk(E) for
ion decomposition of a precursor ion M�, where E is the

Table 3. Summary of positive-ion MALDI mass spectra of pd(ATATATAT), d(ATATATAT) and d(ATATATAT)p by using ABA/
NH4F matrix

a

pd(ATATATA) d(ATATATAT) d(ATATATAT)p

Calculated Measured 	m r.i. Calculated Measured 	m r.i. Calculated Measured 	m r.i.

M� 2487.4 2487.1 0.3 1.00 2407.5 2407.3 0.2 1.00 2488.7b 2488.4b 0.3 1.00
[M-P]� 2407.4 2407.2 0.2 0.50 ND — — ND — —
[M-AH]� (PSD peak) 2352.3 2366.9 NA 0.16 2273.6 2286.4 NA 0.18 2352.3 2366.8 NA 0.18
w7

� 2174.4 2174.1 0.3 0.25 2175.5b 2175.3b 0.2 0.07 2254.4 2254.9 0.5 0.16
y7

� 2094.4 2094.1 0.3 0.27 2094.4 2094.2 0.2 0.22 2174.4 2175.0 0.6 0.33
b7

� ND — — 2103.4 2103.1 0.3 0.08 ND — —
w6

� c(b6
�/[d6-P]�/[w6-P]�) d(d6

�) 1870.3 1870.1 0.2 0.13 1870.3 1870.1 0.2 0.06 1950.3 1950.8 0.5 0.09
y6

� c([b6-P]�/[y6-P]�) d(b6
�)

e(d6
�)

1790.4 1790.1 0.3 0.16 1790.4 1790.2 0.2 0.15 1870.3 1870.8 0.5 0.27

w5
� 1557.3 1557.0 0.3 0.23 1557.3 1557.1 0.2 0.10 1637.2 1637.7 0.5 0.19

y5
� 1477.3 1477.0 0.3 0.60 1477.3 1477.2 0.1 0.42 1557.3 1557.6 0.3 0.79

b5
� 1486.3 1486.3 0.0 0.04 1486.3 1486.2 0.1 0.06 ND — —

w4
� c(b4

�/[d4-P]�/[w4-P]�) d(d4
�) 1253.2 1253.0 0.2 0.17 1253.2 1253.2 0.0 0.10 1333.2 1333.5 0.3 0.12

y4
� c([b4-P]�/[y4-P]�) d(b4

�)
e(d4

�)
1173.3 1173.0 0.3 0.38 1173.3 1173.2 0.1 0.43 1253.2 1253.5 0.3 0.81

w3
� 940.2 939.9 0.3 0.26 940.2 940.0 0.2 0.09 1020.1 1020.3 0.2 0.29

y3
� 860.2 859.9 0.3 0.51 860.2 860.0 0.2 0.58 940.6b 941.3b 0.7 1.53

d3
� ND — — ND — — 949.2 949.2 0.0 0.16

b3
� 869.2 869.2 0.0 0.03 ND — — ND — —

w2
� c(b2

�/[d2-P]�/[w2-P]�) 636.1 635.8 0.3 0.12 ND — — 716.1 716.1 0.0 0.14
y2

� e(d2
�) ND — — ND — — 636.1 636.1 0.0 0.42

aunless specifically stated, all data are calculated and measured with mono-isotopic masses;
bdata are calculated or measured with average masses;
capply only to pd(ATATATAT);
dapply only to d(ATATATAT);
eapply only to d(ATATATAT)p %ND 
 not detected %NA 
 not applicable %r.i. 
 relative intensity with respect to the molecular ions
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internal energy of M�, P(E) is the probability function
and k(E) is the rate constant for dissociation. Suppose
Eo1 and Eo2 correspond to the critical energies for
dissociation of precursor ions (M�) into f1 and f2,
respectively. The internal energy distribution of the
precursor ions can be represented by curve as shown in
Figure 5 (top). For portion of M� with internal energy
(E) lower than the lowest critical energy for dissocia-
tion, i.e., Eo1, the M

�would remain intact with time. For
portion of M� with internal energy higher than Eo1, the
M� would have sufficient energy to undergo dissocia-
tion into f1. However, the rate of dissociation (k) de-
pends on the excess energy, i.e.. (E-Eo1). If the rate is too
slow (ln(k) � 5), the M� might not fragment before
passing through the mass analyzer and be detected as
intact M�. If the rate is sufficient fast (ln(k) � 6), the M�

would fragment into f1 in the ion source prior to ion
extraction and be detected as prompt fragment. For
those precursor ions with internal energies in which the
rate is some what in between (ln(k) � 5-6), the M�

would fragment in the field free region of the mass
spectrometer and be detected as metastable ions. For
portion of M� with internal energy higher than Eo2,
formation of f2 becomes in competitive with the forma-
tion of f1. Again, the f2 might be detected as metastable
ions or prompt ions depending on the excess energy
and hence the rate of dissociation.
In general, formation of the same set of fragments

from the same precursor ions at different time-windows
can be attributed to the difference in the internal energy
of the precursor ions. Fragment ions observed in fast
dissociaiton conditions are generated from precursor
ions of higher internal energy as compare to those
observed in PSD conditions. From the recent blackbody

infrared irradiative dissociation (BIRD) studies [26] and
the numerous post-source decay analysis [29,30], it has
been confirmed that the loss of labile nucleobase [M-B]�

and the subsequent formation of [an-B]
�, wn

�, [zn-B]
�

and dn
� ions proceed via the lowest energy dissociation

pathways (i.e., f2). Alternatively, formation of bn
�, dn

�,
wn

� and yn
� ion series must be proceeded via some

higher energy dissociation pathways (i.e., f1) or via
some specific matrix-directed decomposition pathways.
One of the important findings in the present study is

the mutually exclusive occurrence of the two sets of
fragment ions in fast and metastable conditions under
UV-MALDI conditions using ABA/NH4F matrix. This
observation might not seem extraordinary by assuming
that their fragmentation pathways require rather differ-
ent critical energies. As long as the rate of formation of
f1 (i.e., [M-B]

�, [an-B]
�/wn

�) from the precursor ions M�

is sufficient low (lnk[E] � 6) even for M� with internal
energy sufficient high to form f2 (i.e., yn

�), f1 and f2 ions
might exclusively exist in the PSD or prompt spectrum,
respectively. However, if we include fragmentation
pattern reported previously in literature [31,32] by
using 2,5-dihydroxybenzoic acid (DHB) as matrix (UV-
MALDI), such a simple explanation might become
insufficient. By using DHB as matrix, the fragmentation
pathways of oligonucleotides under prompt conditions
were found to resemble those of the metastable disso-
ciation, i.e. formation of [M-B]� and [an-B]

�/wn
�. This

implies that the rate of formation of f1 fromM
� could be

fast enough to appear in the prompt spectrum if the
internal energy of M� is large enough. This would
therefore seem to contradict with our observations that
no f1 (i.e., [M-B]

� and [an-b]
�/wn

�) was found in prompt
spectra even though abundant f2 (i.e., yn

�) were ob-
served. One might suggest that the f1 observed in
prompt spectra were originated from the subsequent
dissociation of f1 rather from the precursor ions under
MALDI conditions using ABA/NH4F as matrix. The
main objection to this hypothesis is that f1 were not
found even at threshold laser irradiance for production
of the precursor ions, whereas significant f2 signals were
already exist. The high stability of f1 formed from
precursor ions of high internal energy can actually be
deduced from the DHB experiments.
In attempts to explain our observations, we propose

a model of precursor ion activation under UV-MALDI
conditions. It is generally believed that the matrix
molecules play a critical role in absorbing the laser
photons and distributing the energy in such a way that
the embedded analyte molecules would be desorbed
and ionized with minimum internal energy. Different
models have been proposed [33–36] to explain the
desorption and ionization phenomena under UV-
MALDI conditions. In general, it is believed that some
sorts of bottleneck [37] exist in the transfer of internal
energy from the highly excited matrix moieties to the
analyte ions. Nevertheless, excitation of the analyte ions
does occur. We tentatively propose that there might be,
at least, two possible modes of energy transfer from the

Figure 5. A Warhaftig diagram for the decomposition of a
precursor ion M�, where E is the internal energy of M�, P(E) is the
probability function and k(E) is the dissociation rate constant. Eo1
and Eo2 correspond to the critical energies for dissociation of the
precursor ion M� into Fragment 1 (f1) and Fragment 2 (f2),
respectively.
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excited matrix moieties to the co-desorbed analyte ions.
One energy-transfer mode might involve thermal exci-
tation of the analyte ions. It is known that absorption of
UV-photons by the matrix molecules would lead to
electronic excitation and very likely accomplished with
a substantial vibrational excitation. The fast internal
conversion process would dissipate the excess vibra-
tional energy to the surrounding particles as heat (i.e.,
thermal excitation). Analyte ions excited by this thermal
energy would have a distribution of internal energy.
Depending on the matrix molecules and the laser irra-
diance, analyte ions would be excited to different ex-
tents. Matrix molecules/ions, such as HPA, ABA and
ANP, would liberate small amount of thermal energy
after laser excitation and would induce predominantly
metastable dissociation of the oligonucleotide ions. The
metastable dissociation pathways of oligonucleotides
under these conditions would therefore resemble to
those induced by IR-MALDI and BIRD techniques.
Using other matrices, such as DHB, or at higher laser
fluence, the analyte ions would acquire larger amount
of thermal energy and undergo fast dissociation. Nev-
ertheless, the dissociation pathway remains the same.
Another energy-transfer mode might involve specific

matrix-analyte coupling at electronic level. Since the
quanta of energy transferred are in electronic level, a
rather different set of dissociation pathways could be
induced, such as dn

�, bn
�, wn

� and yn
�. Since the critical

energy for this set of dissociation pathways is much
higher (i.e., electronic excitation), the resulted frag-
ments would not be observed by using other thermal
excitation techniques. It is however important to stress
that our hypothesis is based on the sole consideration of
the internal energy of the precursor ions, the occurrence
of the mutually exclusive product ions and the time-
scales of fast and metastable dissociations. With the
limited experimental results (especially on fast dissoci-
ation of oligonucelotides), other reasonable hypotheses
cannot be excluded.

Conclusions

We have analyzed the fast and metastable dissociation
products of a series of adenine-thymine binary-base
oligonucleotides using UVmatrix-assisted laser desorp-
tion/ionization mass spectrometry. Using the same
matrix system, these oligonucleotides generated two
different sets of dissociation products under fast and

Table 4. Summary of positive-ion MALDI mass spectra of pd(TATATATA), d(TATATATA) and d(TATATATA)p by using ABA/
NH4F matrix

a

pdTATATATA) d(TATATATA) d(TATATATA)p

Calculated Measured 	m r.i. Calculated Measured 	m r.i. Calculated Measured 	m r.i.

M� 2487.4 2487.7 0.3 1.00 2408.7b 2409.4b 0.7 1.00 2488.7b 2487.5b 0.7 1.00
[M-P]� 2407.4b 2407.6 0.2 1.34 ND — — ND — —
[M-AH]� (PSD peak) 2353.6b 2368.1b NA 0.18 2273.6b 2288.0b NA 0.15 2353.6b 2369.3b NA 0.13
[M-AH-H2O]� (PSD peak) ND — — 2255.6b 2272.6b NA 0.13 ND — —
w7

� 2184.5b 2184.4b 0.1 0.13 ND — — ND — —
y7

� 2103.4 2103.4 0.0 0.20 2104.5b 2104.8b 0.3 0.02 2184.5b 2184.4b 0.1 0.09
d7

� ND — — 2175.5b 2175.7b 0.2 0.04 2175.5b 2176.4b 0.9 0.06
b7

� 2175.5b 2175.5b 0.0 0.09 2095.5b 2095.6b 0.1 0.05 ND — —
[b7-P]� 2094.4 2094.6 0.2 0.10 ND — — ND — —
[b7-AH�OH]� ND — — 1977.4b 1978.1b 0.7 0.005 ND — —
w6

� c(b6
�/[d6-P]�/[w6-P]�) d(d6

�) 1870.3 1870.4 0.1 0.14 1871.3b 1871.5b 0.2 0.02 1950.3 1950.7 0.4 0.07
y6

� c([b6-P]�/[y6-P]�) d(b6
�) 1790.4 1790.4 0.0 0.27 1791.3b 1791.4b 0.1 0.04 1870.3 1870.7 0.4 0.14

w5
� 1566.3 1566.3 0.0 0.10 1566.3 1566.6 0.3 0.01 ND — —

y5
� 1486.3 1486.3 0.0 0.31 1486.3 1486.6 0.2 0.02 1567.1b 1567.5b 0.4 0.11

d5
� ND — — 1557.3 1557.5 0.2 0.01 1557.3 1557.5 0.2 0.13

b5
� 1557.3 1557.3 0.0 0.07 1477.3 1477.5 0.7 0.02 ND — —

[b5-P]� 1477.3 1477.3 0.0 0.10 ND — — ND — —
w4

� c(b4
�/[d4-P)�/[w4-P]�) d(d4

�) 1253.2 1253.2 0.0 0.32 1253.2 1253.4 0.2 0.02 1333.2 1333.3 0.1 0.14
y4

� c([b4-P]�/[y4-P]�) d(b4
�) e(d4

�) 1173.3 1173.2 0.1 0.92 1173.3 1173.4 0.1 0.02 1253.2 1253.3 0.1 0.69
[d4/w4-AH�OH-H2O]� ND — — 1117.7 1118.2b 0.5 0.01 ND — —
w3

� 949.2 949.1 0.1 0.16 949.2 949.1 0.1 0.01 716.1 715.9 0.2 0.19
y3

� 869.2 869.1 0.1 0.47 ND — — 949.2 949.1 0.1 0.35
d3

� ND — — 940.2 940.1 0.1 0.01 940.2 940.1 0.1 0.13
b3

� 940.2 940.1 0.1 0.12 ND — — ND — —
[b3-P]� 860.2 860.1 0.1 0.26 ND — — ND — —
w2

� c(b2
�/[d2-P]�/[w2�P]�) 636.1 636.0 0.1 0.29 ND — — ND — —

y2
� c([b2-P]�/[y2-P]�) 556.2 556.1 0.1 0.47 ND — — ND — —

aunless specifically stated, all data are calculated and measured with mono-isotopic masses.
bdata are calculated or measured with average masses
capply to pd(TATATATA) only.
dapply to d(TATATATA) only.
eapply to d(TATATATA)p only. %ND 
 not detected; NA 
 not applicable; r.i. 
 relative intensity with respect to the molecular ions
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metastable dissociation conditions. Together with some
literature findings, it is postulated that the activated
matrix molecules/ions could transfer energy to the
embedded analyte molecules via (at least) two energy
transfer modes, i.e., thermal and electronic energy
transfer. The relative importance of these energy trans-
fer channels depends critically on the nature of the
matrix molecules and the matrix-analyte interactions
(Table 4).
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L.Y.; Jacobson, K.B. Picolinic Acid As a Matrix for Laser Mass
Spectrometry of Nucleic Acids and Proteins. Rapid Commun.
Mass Spectrom. 1994, 8, 673–677.

7. Currie, G.J. Yates; III, J.R. Analysis of Oligodeoxynucleotides
by Negative-Ion Matrix-Assisted Laser Desorption Mass Spec-
trometry. J. Am. Soc. Mass Spectrom. 1993, 4, 955–963.

8. Walker, K.L.; Chiu, R.W.; Monnig, C.A.; Wilkins, C.L. Off-Line
Coupling of Capillary Electrophoresis and Matrix-Assisted
Laser Desorption/Ionization Time-of-Flight Mass Spectro-
metry. Anal. Chem. 1995, 67, 4197–4204.

9. Tang, K.; Taranenko, N.I.; Allman, S.L.; Chàng, L.Y.; Chen,
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