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A global strategy for tandem mass spectrometric de novo sequencing of oligonucleotides is presented
which is based on finding among all possible sequences the sequence, whose simulated tandem mass
spectrum shows the highest degree of similarity to the measured spectrum. Global de novo sequencing
can become a time-consuming task due the exponential increase of the number of possible sequences
with increasing oligonucleotide length. For the reduction of sequencing effort and time, simulated anneal-
ing was introduced as stochastic optimization technique that is capable to find the optimal sequence
by testing only a subset of all possible configurations. We have evaluated the performance of the de
novo sequencing approach by sequencing 13 synthetic oligonucleotides ranging in length from 5 to
24 nucleotides. Mass spectrometric and tandem mass spectrometric experiments were performed on a
quadrupole-quadrupole-time-of-flight instrument. Accurate molecular mass measurements were used
to determine the nucleotide compositions of the oligonucleotides. For the majority of tested oligonu-
cleotides two different charge states were selected as precursor ions. Each precursor ion was fragmented
applying several different collision voltages. Overall 107 fragment ion mass spectra were acquired. The
nucleotide compositions together with the tandem mass spectral information represented the input for
the de novo sequencing algorithm. Sequences of oligonucleotides as large as 22-mers were correctly
determined in more than 90% of cases. The optimal sequence was retrieved within 1-2 min. Fragment
ion mass spectra of larger oligonucleotides were inappropriate for de novo sequencing. The occurrence
of extensive internal fragmentation causing low sequence coverage paired with a high probability of
assigning fragment ions to wrong sequences gave rise to incorrect results.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Synthetic oligonucleotides have become important tools in
molecular biology and molecular diagnostics. They are used as
primers and probes in many different molecular biological assays,
the most prominent ones being the polymerase chain reaction [1]
and sequencing [2]. Moreover, synthetic oligonucleotides are used
as antisense reagents. This type of therapeutics comprises anti-
sense oligonucleotides, ribozymes, DNAzymes, as well as small
interfering RNAs (siRNAs) [3-6]. All these species are designed to
specifically modulate or even prevent the transfer of the genetic
information to the protein.

Synthetic oligonucleotides are wusually single-stranded
oligo(deoxy)nucleotides consisting of 10-50 nucleotides. Ver-
ification of the sequence of the synthetic oligonucleotides is an
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essential part of quality control. Modifications and short lengths
hamper the sequence determination with conventional tech-
niques. For the characterization of nucleic acid species hardly
amenable to Sanger sequencing, mass spectrometry (MS) has
become the method of choice [7-10]. Principally, mass spectro-
metric sequencing is based on the measurement of characteristic
mass differences between sequence ladders. These informative
ladders can either be produced prior to the mass spectrometric
analysis via chemical or enzymatic reactions [11-21] or in the
course of tandem mass spectrometric experiments via gas-phase
fragmentation of oligonucleotide ions [22-32]. The principles of
tandem mass spectrometry (MS/MS) of oligonucleotides have
been extensively studied and reviewed [33]. Collision induced
dissociation (CID) is the most commonly applied technique to
produce fragment ions. For oligodeoxyribonucleotides, CID typ-
ically produces a;-By- and wj,-type fragment ions whereas for
oligoribonucleotides c,- and y,-type ions dominate [34-36].

A distinct advantage of tandem mass spectrometric sequenc-
ing is its inherent speed of data generation. Fragment ion mass
spectra can be obtained very rapidly in a time frame of several
seconds upon fragmentation and subsequent mass analysis of the
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Table 1
Summary of oligodeoxynucleotides analyzed in this study.

Sequence Length (nt) Charge state: collision voltage range (V)

5-mer-1 5'-ACGTA-3’ 5 2-:20-45
5-mer_2 5-CCGAT-3’ 5 2—:20-45
5-mer_-3 5'-TTAGC-3’ 5 2-:20-45
10-mer-1 5'-CGTATTAGCC-3’ 10 3-:20-45
10-mer_2 5-ATTTGTACGT-3' 10 3-:20-45
10-mer_3 5'-GCTCGGAATC-3’ 10 3-:20-45
15-mer-1 5'-CGTATTAGCCACGTA-3’ 15 3-:20-45

4—:20-45
15-mer_2 5'-ATAGCAGTCCGATTC-3’ 15 3-:20-45

4—:20-45
15-mer_3 5'-ACGCATTACGGCGGT-3’ 15 3-:20-45

4—:20-45
20-mer-1 5'-GCACCCATTACCCGAATAAA-3' 20 4—:20-45

5-:20-45
20-mer._2 5-TGCACTCCAGCCTGGGCAAC-3’ 20 4—:20-45

5-:20-45
22-mer 5'-TTGGTGCACCCATTACCCGAAT-3' 22 5-:20-45
24-mer 5-TCCAGAGACAGACTAATAGGAGGT-3’ 24 5—:20-45

fragments directly in a mass spectrometer. Data interpretation,
however, still represents a bottleneck. The complexity of fragment
ion mass spectrum interpretation increases with the length of the
precursor ion rendering “manual” interpretation of MS/MS spectra
adifficultand time-consuming task [37]. To overcome this problem,
computational data interpretation routines have been developed
[30,38-42].

Automated de novo sequencing of oligonucleotides can follow
either local or global search paradigms. Rosenski and McCloskey
have introduced a local search algorithm called “Simple Oligonu-
cleotide Sequencer” (SOS) [38], which represents an efficient
sequencing algorithm for the ab initio determination of unknown
oligonucleotide sequences at approximately the 20-mer level and
below. We have presented a global sequencing strategy [43]. Start-
ing from a known nucleotide composition, all possible nucleic acid
sequences and corresponding theoretical tandem mass spectra are
generated and compared to the experimental spectrum. The correct
sequence is indicated by showing the highest similarity between
the simulated spectrum and the measured spectrum. Using this
concept, sequences of 5-12-mer oligonucleotides were success-
fully de novo determined. A major limitation for the widespread use
of this sequencing strategy arose from the exponential increase of
the number of possible sequences with increasing oligonucleotide
length. Accordingly, calculation times become unacceptably long
even for rather small oligonucleotides (9-12-mers). The sequenc-
ing effort and time can be reduced via the application of some kind
of stochastic optimization technique which is capable to find the
optimal sequence by testing only a subset of all possible configura-
tions. Herein, we introduce simulated annealing [44] as stochastic
optimization method for fast and automated de novo sequencing
of oligonucleotides. The possibilities and limitations of the de novo
sequencing strategy have been evaluated with a set of 107 tan-
dem mass spectra obtained from CID of synthetic oligonucleotides
consisting of 5-24 nts on a quadrupole-quadrupole-time-of-flight
(QqTOF) mass spectrometer.

2. Materials and methods
2.1. Chemicals and oligodeoxynucleotides

Acetonitrile (HPLC gradient-grade) was obtained from
Sigma-Aldrich (St. Louis, MO, USA). A stock solution (1.0M)
of cyclohexyldimethylammonium acetate (CycHDMAA) was pre-
pared by the titration of a cyclohexyldimethylamine solution
(Fluka, Buchs, Switzerland) with acetic acid (Fluka) at 5 °C until pH
8.3 was reached. HPLC-grade water was from Merck (Darmstadt,

Germany). Synthetic oligodeoxynucleotides were obtained from
Sigma-Aldrich. The sequences were randomly selected and are
summarized in Table 1.

2.2. Mass spectrometric measurements

ESI-MS and -MS/MS experiments were performed on a QSTAR
XL mass spectrometer (AB Sciex, Foster City, CA, USA). A modified
TurbolonSpray source was used for all experiments. The modifi-
cations included the replacements of the Peek tubing transfer line
and of the stainless steel sprayer capillary by fused silica capillar-
ies (transfer line: 375 wm o.d., 20 pm i.d., sprayer capillary: 90 pm
0.d., 20 pm i.d., Polymicro Technologies, Phoenix, AZ, USA) [45,46].
Oligodeoxynucleotides were analyzed in the negative ion mode
by continuous infusion of 5-20 pmol/p.L solutions in 25 mM aque-
ous CycHDMAA containing 50% acetonitrile (v/v) at a flow rate of
2.0 pL/min. Cations present in the sample solutions were removed
by on-line cation-exchange using a 20 mm x 0.50 mm i.d. cation-
exchange microcolumn packed with 38-75 wm Dowex 50 WX8
particles (Serva, Heidelberg, Germany) [47]. The spray voltage was
set to 3.9 kV. Gas flows of 10-15 arbitrary units for the nebulizer gas
and 40 arbitrary units for the turbo gas were employed. The tem-
perature of the turbo gas was adjusted to 200 °C. For MS/MS, the
Q1 resolution was set to unit resolution. The collision gas (N5 ) flow
was set to 5 arbitrary units. The collision energy was changed by
varying the voltage applied to the collision cell (Table 1). The accu-
mulation time was set to 1s. Mass spectra collected over a period of
1.0-2.0 min were averaged. Mass spectra were recorded on a per-
sonal computer with the Analyst QS software (service pack 8 and
Bioanalyst extension, Applied Biosystems).

2.3. Data processing

Measured MS/MS spectra were exported from the Analyst soft-
ware as text files. Each file contained a list of the centroided
fragment ion m/z-values and the corresponding relative signal
intensities. To improve sequencing efficiency, files were processed
[42]. Data treatment was accomplished fully automatically using
a program written in ActivePerl 5.6.1%® (Active State Corporation,
Vancouver, BC, Canada) and started with the deletion of all signals
detected within a range of +5 mass units around the m/z of the pre-
cursor ion. Furthermore, all signals having either a signal intensity
smaller than 1.0% of the intensity of the most intense fragment ion
or which were identified as isotopic peaks were deleted.
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2.4. De novo sequencing

The nucleotide compositions of the oligonucleotides were
deduced from accurate molecular mass measurements and were
used to generate starting sequences as input for the optimization
process.

The similarity between any sequence and the sequence of the
fragmented oligonucleotide was specified using routines part of the
comparative sequencing algorithm (COMPAS) [40-42,48]. Briefly,
the algorithm involves the comparison of a measured MS/MS spec-
trum to a set of fragment ion m/z-values predicted from a given
sequence. The closeness of matching between the measured spec-
trum and the predicted set of ions is characterized by a value called
fitness (FS). FS determination starts with the generation of a list
of monoisotopic m/z-values representing all theoretically possible
ap-By- and wy-ions for the given reference sequence. Then, the
predicted m/z-values and those obtained from the experimental
spectrum are compared and FS is calculated. The maximum tolera-
ble mass deviation for matching predicted and calculated fragment
ions was fixed at 0.1. FS takes into account the difference between
measured and predicted m/z-values, the relative intensity of the
fragment ions, the number of matched fragment ions, and the num-
ber of nucleotide positions not covered by fragment ions in the
experimental spectrum. The larger the value for FS, the closer the
match between the measured and the predicted spectra.

For finding the sequence showing the highest correlation
between the predicted fragmentation pattern and the measured
spectrum (=optimal sequence), a simulated annealing algorithm
was applied. The iterative improvement of the sequence involves
random generation of new sequences and consecutive calculation
of the corresponding FS-value. The sequence generator inter-
changes nucleotides at two randomly selected positions within the
sequence. The permutation is accepted if the FS-value of the new
sequence (FS2)is larger than the FS-value of the previous sequence
(FS1). The new sequence is the starting point of the next step. The
case AFS<0, meaning decline of the similarity, is treated prob-
abilistically: the probability that the configuration is accepted is
P(AFS)=exp(AFS/FS1/T). If P(AFS) is larger than a random num-
ber in the interval {0,1} the new sequence is retained; if not, the
original sequence is used to start the next step. Within the proba-
bility function T is a global parameter which is called temperature.
Initially Tis set to 0.5 and is decreased after every 50 cycles by 10%.
After 800 cycles and after 1600 cycles T is set back to 0.5. Overall
2400 optimization steps are performed to find the best matching
sequence.

All calculations were performed on a personal computer under
Windows XP™ operating system (1.7 GHz Pentium, 1.0 GB RAM).
Automated de novo sequencing was performed with a program
written in ActivePerl 5.6.1® (Active State Corporation). A copy of
the program for academic use is available upon request from the
corresponding author.

3. Results and discussion
3.1. The de novo sequencing strategy

The developed de novo sequencing approach consists of
three steps (Fig. 1). Firstly, the molecular mass of the oligonu-
cleotide is determined (Fig. 1a). Depending on the accuracy
of the mass spectrometric measurement a certain number of
nucleotide compositions will be retrieved [49,50]. Secondly, tan-
dem mass spectrometric experiments are performed (Fig. 1b). Ions
representing a charge state of the oligonucleotide are isolated
and fragmented. Thirdly, the measured tandem mass spectrum
together with all possible nucleotide compositions are used as
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Fig. 1. Outline of the steps involved in de novo sequencing of oligonucleotides.

input for computer-assisted de novo sequencing to find the
sequence showing the highest probability to represent the true
sequence of the oligonucleotide (Fig. 1c). The similarity between
any sequence and the sequence of the fragmented oligonucleotide
is specified using routines part of COMPAS [40-42,48]. The true
sequence should retrieve the highest FS-value.

In global de novo sequencing principally all possible sequences
need to be tested to find the optimal sequence. Starting from a
given nucleotide composition oligonucleotide sequences can be
assembled by changing the nucleotide order. The length and the
nucleotide composition define the number of possible permuta-
tions. For an oligonucleotide having the composition A;CcGgT; the
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Fig. 2. Estimation of the maximum number of possible sequences for oligonu-
cleotides consisting of different numbers of nucleotides.
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Table 2
De novo sequencing of 15-mer_2. The tandem mass spectrum was obtained from
fragmentation of the quadruply charged ion (CE=140eV).

Composition Cycles Best matching sequence Fitness value (FS)
AgC2GoTy 800 5'-ATATAAAAAACATTC-3' 510.8
1600 5'-ATATAAAAAACATTC-3' 510.8
2400 5'-ATATAAAAAACATTC-3 510.8
800 5'-ATATAAAAAACATTC-3’ 510.8
1600 5'-ATATAAAAAACATTC-3' 510.8
2400 5'-ATATAAAAAACATTC-3 510.8
800 5'-ATATAAAAAACATTC-3’ 510.8
1600 5'-ATATAAAAAACATTC-3' 510.8
2400 5'-ATATAAAAAACATTC-3' 510.8
A4C4G3Ty 800 5'-ATAGCAGTCCGATTC-3' 5462.9
1600 5'-ATAGCAGTCCGATTC-3' 5462.9
2400 5'-ATAGCAGTCCGATTC-3' 5462.9
800 5'-ATAGCAGTCCGATTC-3' 5462.9
1600 5'-ATAGCAGTCCGATTC-3' 5462.9
2400 5'-ATAGCAGTCCGATTC-3' 5462.9
800 5'-ATAGCAGTCCGATTC-3' 5462.9
1600 5'-ATAGCAGTCCGATTC-3' 5462.9
2400 5'-ATAGCAGTCCGATTC-3' 5462.9

number of permutations can be calculated using the following
equation:

(a+c+g+1t)!

number of permutations =
alclg!t!

The number of possible sequences increases exponentially with
increasing oligonucleotide length (Fig. 2). The exponential explo-
sion has a severe impact on computing effort; only for very small
oligonucleotides all possible permutations can be tested within sec-
onds or minutes [41]. To overcome this problem and to extend
the size range for the applicability of the global de novo sequenc-
ing strategy, we used a stochastic search approach to come to a
sequence that is hoped to be the true sequence. Stochastic opti-
mization refers to minimization or maximization of a function in
the presence of randomness in the optimization process. The goal
is to find the global minimum/maximum of a function that may
possess several local minima/maxima by testing only a subset of
all possible configurations. Stochastic search techniques are used
when the structure of a space is not well understood or is not
smooth. The stochastic optimization method that we have selected
for de novo sequencing of oligonucleotides was simulated annealing
[44]. Simulated annealing works by emulating the physical pro-
cess whereby a solid, initially at high temperature and disordered,
is slowly cooled so that when eventually its structure is frozen a
state of minimum internal energy is reached. The role of temper-
ature is to allow the configurations to reach higher energy states
with a probability given by the Boltzmann’s exponential law, so
that they can overcome energy barriers that would otherwise force
them into local minima. Any simulated annealing algorithm needs
four ingredients: (1) a concise description of a configuration of the
system; (2) a random generator of rearrangements of the elements
in a configuration; (3) a quantitative objective function; and (4)
an annealing schedule of the temperature and length of time for
which the system is to be evolved. We have adapted the simulated
annealing procedure to find a sequence whose simulated tan-
dem mass spectrum shows the highest degree of similarity to the
measured spectrum. The start configuration 5-a(A)c(C)g(G)t(T)-
3’ was generated from a given nucleotide composition A;CcGgT:.
Rearrangements were introduced into the sequence by randomly
changing the positions of two nucleotides. For each new configura-
tion the FS-value was determined. The permutation was accepted
if the FS-value of the new sequence (FS2) was larger than the FS-
value of the previous sequence (FS1) and the new sequence was the
starting point of the next step. The case AFS<0, meaning decline
of the similarity, was treated probabilistically: the probability that

(@) [sequence [A[T[A[AJAJAJA]A[A]A]C]A]T[T]C

n= 2(3]4|5|6|7(8]9(10(11|12(13[14

5'>3" a,-B, - -

3>5" w,

m= 14113|12(11|10|9 |8 |7 |6 |5 |4 |3 |2 |1
(b) [sequence [A[TJAJc[c[AJa]|T[c[c]G[A]T[T]C

n= 2|13|4|5|6|7|8|9|10]11|12|13|14

553" a,-B,

3I>5" w,
m=

Fig. 3. Sequence coverage diagrams for two sequences matched to 15-mer_2. The
tandem mass spectrum was obtained from fragmentation of the quadruply charged
ion (CE=140eV).

the configuration was accepted was P(AFS)=exp(AFS/FS1/T). If
P(AFS) was larger than a random number in the interval [0,1]
the new sequence was retained; if not, the original sequence was
used to start the next step. Within the probability function T is a
global parameter which is called temperature. The temperature
distinguishes classes of rearrangements, so that rearrangements
causing large changes in FS occur at high temperatures, while the
small changes are deferred until low temperatures. Sufficient effi-
ciency in finding the best matching sequence was obtained by
initially setting T to 0.5 and decreasing it after every 50 cycles
by 10%. After 800 cycles and after 1600 cycles T was set back
to 0.5. Overall 2400 optimization steps were performed to find
the best matching sequence, and these were accomplished within
1-2 min. The number of optimization steps was nearly equal to
the maximum number of permutations for an 8-mer oligonu-
cleotide (2520, Fig. 2). Thus, for very small oligonucleotides (nts < 8)
no improvement in calculation time with the simulated anneal-
ing approach was obtained. For larger oligonucleotides, however,
the simulated annealing approach significantly reduced calculation
time and effort.

3.2. De novo sequencing of a 15-mer oligonucleotide

De novo sequencing of an oligonucleotide is exemplified by
sequencing of 15-mer_2 (Fig. 1). The monoisotopic mass of 15-
mer_2 was 4549.80. The mass deviation for a QqTOF instrument
is typically below 50 ppm [46]. Under these constraints only two
nucleotide compositions are possible: A4C4G3T4 and AgC,GoTy4. The
tandem mass spectrum was obtained from the quadruply charged
ion (CE=140eV). Using 5-AAAAAAAAACCTTTT-3' as starting
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Fig. 4. Oligonucleotide length dependence of correct sequencing results.
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Table 3

Comparison of the true and the optimal sequence for incorrect de novo sequencing results.

True sequence

Charge state,
Collision voltage (V)

Optimal sequence

15-mer-1 5'-CGTATTAGCCACGTA-3’
15-mer_2 5'-ATAGCAGTCCGATTC-3’
15-mer_3 5-ACGCATTACGGCGGT-3’
20-mer-1 5'-GCACCCATTACCCGAATAAA-3'
20-mer_2 5'-TGCACTCCAGCCTGGGCAAC-3’
22-mer 5'-TTGGTGCACCCATTACCCGAAT-3'

4-,40 5'-GCTATTAGCCACGTA-3’

4-,45 5'-TATTACGGCCACGTA-3’

4-,40 5'-TAAGCAGTCCGATTC-3'

4-,45 5'-TAAGCAGTCCGATTC-3'

4-,45 5'-GCACATTACGGCGGT-3’

4-,20 5'-GCACCCTTAACCCGAATAAA-3’
5-,20 5'-GCACCCATTACCCGAAATAA-3’
5-,25 5'-TGCACTCCAGCCTGGCGAAC-3’
5-,45 5'-TCCGATCCAGCCTGGGCAAC-3’
5-,45 5'-TGTGTGCACCCATTACCCGAAT-3'

configuration, optimization resulted in 5-ATATAAAAAACATTC-3'
(Table 2). The corresponding FS-value was 510.8. In Fig. 3a the
sequence coverage diagram is shown. The sequence coverage (26%)
is rather low which suggests that there might be an alternative
sequence corresponding to the second composition that might
fit best. For 5'-AAAACCCCGGGTTTT-3/, 5'-ATAGCAGTCCGATTC-3'
was obtained as sequencing result (Table 2). The corresponding
FS-value was 5462.9. The sequence coverage was 93% (Fig. 3b).
De novo sequencing was repeated two more times. In all cases
the same sequence was retrieved as sequencing result (Table 2),
which in fact was equal to the true sequence of 15-mer.2 (5'-
ATAGCAGTCCGATTC-3').

3.3. Performance of the de novo sequencing approach

The performance of the developed de novo sequencing approach
was evaluated by sequencing 13 synthetic oligodeoxynucleotides
ranging in length from 5 to 24 nts (Table 1). For the majority of
tested oligonucleotides two different charge states were selected
as precursor ions. Each precursor ion was fragmented at several
different collision voltages. According to a recently published rule
of thumb [42], collision voltages ranging from 20 to 45V were
applied for the fragmentation of precursor ions carrying at least
one charged nucleotide per 7 nts to ensure the generation of a suffi-
cient amount of sequence-specific fragment ions. Utmost sequence
coverage is of importance for unequivocal and correct de novo
sequencing. Altogether 107 tandem mass spectra were acquired.
The filtered spectra together with the nucleotide compositions
were used as inputs for automated de novo sequencing. Optimized
sequences were compared with the true sequences to evaluate
the performance of the de novo sequencing algorithm (Fig. 4).
Up to the 22-mer the true sequence was retrieved as optimal
sequence in the majority of cases. On average correct results were
obtained in 90.1% of cases. The sequences of the 5- and 10-mer
oligonucleotides were correctly determined in 100% of cases. For
the other oligonucleotides the percentage of correct results was
always larger than 82%. The incorrect sequencing results are sum-
marized in Table 3. Difficulties were mainly encountered at high
collision energies, where more extensive fragmentation leading to
smaller fragment ions was observed. Extensive fragmentation is
connected with areduction of sequence coverage particularly at the
ends of the oligonucleotide sequences. Interestingly, at high colli-
sion energy settings sequencing of the 5-end was more affected
than sequencing of the 3’-end, which suggests that loss of coverage
with long-chain wy-type ions was more likely than loss of cov-
erage with long-chain a,-Bp-type ions. For 20-mer_1, a collision
voltage of 20V was too low to enable sufficient sequence coverage.
Thus, permutations of the true sequence showing reversed orders
of A and T were obtained as sequencing results. For the 24-mer
all sequencing results were incorrect. This was due, presumably,
to an increased amount of unspecific fragmentation for long-chain

oligonucleotides (Fig. 5 in Ref. [42]). As demonstrated recently (Fig.
6b in Ref. [42]), the amount of internal fragments seems to rise
for oligonucleotides exceeding a length of 20-22 nts by using a
QqTOF instrument for CID. Unspecific fragmentation has a nega-
tive effect on sequence coverage and therefore reduces the FS of the
true sequence. The probability that an alternative sequence might
become the optimal sequence is further increased due to the fact
that unspecific fragment ions can match to simulated ions corre-
sponding to incorrect sequences. These unwanted matches give rise
to FS-values exceeding the FS of the true sequence.

4. Conclusions

Tandem mass spectrometric sequencing represents a valuable
tool for the sequence elucidation of small oligonucleotides. By
applying CID on a QqTOF instrument, tandem mass spectra exhibit-
ing sufficiently high sequence coverage for de novo sequence are
obtained up to approximately the 20-mer level. Tandem mass
spectrometric sequencing of larger oligonucleotides is severely
hampered by secondary fragmentation. Extension of the size range
to or beyond the 40-mer level might be accomplished by using
alternative instrumental platforms or activation methods for frag-
mentation. Particularly ion trap instruments in combination with
high-performance orbitrap or Fourier-transform ion cyclotron res-
onance mass analyzers seem to represent appropriate platforms for
nucleic acids sequencing.

For de novo sequencing a global search paradigm was used
which is based on finding the sequence, whose simulated tan-
dem mass spectrum shows the highest degree of similarity to the
measured spectrum. A major limitation for the application of this
strategy to the sequencing of larger oligonucleotides arises from
the exponential increase of the number of possible sequences with
increasing oligonucleotide length. To reduce sequencing effort and
time, simulated annealing was introduced as stochastic optimiza-
tion technique, which has been shown to represent a reliable, fast
and automated approach for tandem mass spectrometric de novo
sequencing of small oligodeoxyribonucleotides consisting of the
four naturally occurring DNA bases. By allowing the occurrence
of modifications particularly at the bases as well as alternative
fragmentation pathways (e.g. c- and y-type fragmentation) the
applicability of the de novo sequencing approach can be extended
to the sequencing of oligoribonucleotides, the characterization of
DNA adduct formation, or the metabolic profiling of nucleic acids
used as pharmaceuticals.
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