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We present the first global computer-aided sequencing algorithm for the de novo determina-
tion of short nucleic acid sequences. The method compares the fragment ion spectra generated
by collision-induced dissociation of multiply charged oligodeoxynucleotide-ions to the m/z
values predicted employing established fragmentation pathways from a known reference
sequence. The closeness of matching between the measured spectrum and the predicted set of
fragment ions is characterized by the fitness, which takes into account the difference between
measured and predicted m/z values, the intensity of the fragment ions, the number of
fragments assigned, and the number of nucleotide positions not covered by fragment ions in
the experimental spectrum. Smaller values for the fitness indicate a closer match between the
measured spectrum and predicted m/z values. In order to find the sequence most closely
matching the experimental spectrum, starting from a given nucleotide composition all possible
oligonucleotide sequences are assembled followed by identification of the correct sequence by
the lowest fitness value. Using this concept, sequences of 5- to 12-mer oligodeoxynucleotides
were successfully de novo determined. High sequence coverage with fragment ions was
essential for obtaining unequivocal sequencing results. Moreover, the collision energy was
shown to have an impact on the interpretability of tandem mass spectra by the de novo
sequencing algorithm. Experiments revealed that the optimal collision energy should be set to
a value just sufficient for complete fragmentation of the precursor ion. (J Am Soc Mass
Spectrom 2004, 15, 32–42) © 2004 American Society for Mass Spectrometry

The hyphenation of liquid chromatography (LC) to
mass spectrometry (MS) is one of the most pow-
erful methods for the characterization of oligonu-

cleotides today [1]. In this context the combination of
ion-pair reversed-phase high-performance liquid chro-
matography and electrospray ionization mass spectro-
metry (ICEMS) has emerged as a versatile tool for the
analysis of single- and double-stranded nucleic acids
ranging in size from a few nucleotides (nt) up to several
hundred base pairs (bp) [2–4]. Although the occurrence
of a sequence variation is predictable on the basis of
molecular mass measurements [5–7], detailed sequenc-
ing information can only be obtained from selective
decomposition of oligonucleotides by tandem mass
spectrometry (MSMS).
The principles of gas-phase collision-induced disso-

ciation (CID) reactions of oligonucleotides have been
studied extensively [8–17] and the resulting product ion

spectra are predictable on the basis of known fragmen-
tation pathways. Consequently, MSMS of oligode-
oxynucleotides has been successfully applied to charac-
terize or confirm structures [11], to detect chemical
modifications [2, 10, 18], and to identify sequence
variations [14, 19–21]. However, the deduction of se-
quence information is time-consuming, highly techni-
cal, lacking strict objectivity due to reliance on human
interpretation, and can be performed only in laborato-
ries with extensive experience in MSMS. Hence, auto-
mation of procedures for interpretation of fragment ion
spectra represents a prerequisite for the applicability of
MSMS in the routine sequence analysis of nucleic acids.
In principle, attempts to develop an automated se-

quencing algorithm can follow either local or global
search paradigms. McCloskey and coworkers showed
that the former approach was highly efficient for the ab
initio determination of unknown oligonucleotide se-
quences at approximately the 20-mer level and below
[13, 22]. The so called simple oligonucleotide sequencer
(SOS) works by extending from both the 5� (a-B-ions)
and 3� (w-ions) ends ion series encoding the complete
DNA sequence. Mass ladders are identified by sequen-
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tially adding each of the four possible nucleotide
masses and searching the spectrum for the best match
of expected ions.
A global strategy was applied by a recently intro-

duced comparative sequencing algorithm called COM-
PAS for the sequence verification as well for the detec-
tion and localization of point mutations in 5 to 51-mer
oligonucleotides [23]. COMPAS is based on the com-
parison of the experimental spectrum to m/z values
predicted by employing established fragmentation
pathways from a known reference sequence. The close-
ness of matching between the measured spectrum and
the predicted set of fragment ions is characterized by
the fitness, which takes into account the difference
between measured and predicted m/z values, the inten-
sity of the fragment ions, the number of fragments
assigned, and the number of nucleotide positions not
covered by fragment ions in the experimental spectrum.
Smaller values for the fitness indicate a closer match
between measured spectrum and predicted m/z values.
In order to substantiate the identity of investigated
sequence and reference sequence, or to identify point
mutations, the reference sequence is systematically per-
mutated by incorporating all four possible nucleotides
A, T, G, and C at each position in the sequence followed
by identification of the correct sequence by the lowest
fitness value. Despite its considerable success for se-
quence verification, the proposed sequencing strategy is
not applicable for de novo sequencing since the bulk of
the sequence has to be known for the unequivocal
detection and localization of dissimilarities.
Therefore, extending this recent communication, we

report here, as far as we know, the first fully automated
global de novo sequencing algorithm for nucleic acids.
Starting from a known nucleotide composition, all
possible nucleic acid sequences and corresponding the-
oretical tandem mass spectra are generated and com-
pared to the experimental spectrum. The degree of
matching is reflected in the fitness value, and the correct
sequence is indicated by the lowest fitness value. Using
this concept, sequences of 5- to 12-mer oligonucleotides
were successfully de novo determined from fragment
ion spectra generated by LC-MSMS experiments. More-
over, the influence of the collision energy and unspe-
cific fragmentation on the sequencing results was inves-
tigated. The algorithm was applied to the unequivocal
identification of a synthetic 9-mer showing abnormal
retention behavior in LC.

Experimental

Chemicals and Oligodeoxynucleotides

Acetonitrile (HPLC gradient-grade) was obtained from
Merck (Darmstadt, Germany). Triethylamine (p.a.) was
purchased from Fluka (Buchs, Switzerland). A stock
solution (0.50 M) of triethylammonium bicarbonate
(TEAB) was prepared by passing carbon dioxide gas
(AGA, Vienna, Austria) through a 0.50 M aqueous

solution of triethylamine at 5° C until pH 8.4 was
reached. For preparation of all solutions, HPLC-grade
water (Merck) was used. The synthetic oligode-
oxynucleotides listed in Table 1 were ordered from
Microsynth (Balgach, Switzerland) and used without
further purification.

Capillary High-Performance Liquid
Chromatography coupled to Electrospray Ionization
Mass Spectrometry

The HPLC system consisted of a low-pressure gradient
micro pump (model Rheos 2000, Flux Instruments,
Basel, Switzerland) controlled by a personal computer,
a vacuum degasser (Knauer, Berlin, Germany), a col-
umn thermostat made from 3.3 mm o.d. copper tubing
which was heated by means of a circulating water bath
(model K 20 KP, Lauda, Lauda-Königshofen, Germany),
and a microinjector (model C4-1004, Valco Instruments
Co. Inc., Houston, TX) with a 500 nL internal sample
loop. ESI-MS was performed on a Finnigan LCQ quad-
rupole ion trap mass spectrometer (Thermo Finnigan,
San Jose, CA) equipped with an electrospray ion source.
The 60 � 0.2 mm i.d. monolithic capillary column was
prepared according to the published protocol [2] and
connected directly to the spray capillary (fused silica, 90
�m o.d., 20 �m i.d., Polymicro Technologies, Phoenix,
AZ) by means of a microtight union (Upchurch Scien-
tific, Oak Harbor, WA). A syringe pump equipped with
a 250 �L glass syringe (Unimetrics, Shorewood, IL) was
used for the post-column addition of a 3.0 �L/min flow
of acetonitrile by means of a tee-piece. For analysis with
pneumatically assisted ESI, an electrospray voltage of
3.4 kV and a nitrogen sheath gas flow of 40 arbitrary
units were employed. The temperature of the heated
capillary was set to 200° C. Total ion chromatograms
and mass spectra were recorded on a personal com-
puter with the Xcalibur software version 1.1 (Finnigan).
Mass calibration and coarse tuning were performed

in the positive ion mode by direct infusion of a solution
of caffeine (Sigma, St. Louis, MO), methionyl-arginyl-
phenylalanyl-alanine (Finnigan), and Ultramark 1621
(Finnigan). Fine tuning for ESI-MS of oligodeoxynucle-
otides in the negative ion mode was performed accord-
ing to reference [24]. For MSMS experiments, the isola-
tion width and the relative collision energy were set to
4.0 mass units and 15–100%, respectively. Zero to 100%

Table 1. Sequences, nucleotide compositions, and molecular
masses Mr of oligodeoxynucleotides (1–6) analyzed in this study

No. Sequence
Nucleotide

composition
Length

[nt] Mr[Da]

1 CTGGC C2G2T1 5 1479.0
2 TTCTGGC C2G2T3 7 2087.4
3 ATTCTGGC A1C2T3 8 2400.6
4 CATTCTGGC A1C3G2T3 9 2689.7
5 GACATTCTGGC A2C3G3T3 11 3332.3
6 AGACATTTCTGGC A3C3G3T3 12 3645.5
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relative collision energy corresponds to a high fre-
quency alternating voltage for resonance excitation
from 0 to 5 V maximum-to-maximum. Helium, present
in the ion trap at a pressure of 0.1 Pa, served as collision
gas.

Computer-Aided Data Interpretation

All calculations were performed on a personal com-
puter under Windows XP operating system (AMD
Athlon 1800 MHz, 256 MB RAM). Measured MSMS
spectra of oligodeoxynucleotides were exported from
the Xcalibur Software (Finnigan) as ASCII files. Auto-
mated comparison of measured and predicted spectra
was performed with a program written in ActivePerl
5.6.1 (Active State Corporation, Vancouver, BC, Can-
ada). A copy of the program for academic use is
available upon request from the corresponding author.
All data were collected, evaluated, and prepared for
final output in Microsoft Excel for Windows XP.

Results and Discussion

De Novo Sequencing Strategy

The starting point of the sequencing strategy relies on
the fact that high accurate molecular mass measure-
ments enable the determination of the nucleotide com-
position of a DNA molecule [11, 25, 26]. In this context,
Russel and coworkers demonstrated that a mass accu-
racy of better than �1 ppm, which can be routinely
achieved on time-of-flight (TOF) and Fourier transform
ion cyclotron resonance (FTICR) instruments, allows
the unequivocal assignment of the composition of 20-
mers [26]. However, the knowledge of the composition
alone is usually not sufficient. In many circumstances
detailed sequence information is of even more impor-
tance.
The golden standard for the determination of DNA

sequences is the fully automated Sanger sequencing
method employing multiplexed capillary electro-
phoretic analysis [27]. Although Sanger sequencing is
reliable and employs read lengths up to 1000 nt, this
method can not be applied for the sequencing of small
oligonucleotides due to the use of sequencing primers,
which need to have a length of at least 15 to 20 nt.
MSMS could close this gap as this method was shown
to be highly suitable for the characterization of small
nucleic acids. For example, the characterization of me-
tabolites of oligonucleotides used as therapeutic agents
for the treatment of cancer was only possible via
tandem mass spectrometric sequencing [28, 29]. How-
ever, the deduction of sequence information from an
MSMS spectrum is time-consuming, highly technical,
lacking strict objectivity due to reliance on human
interpretation, and can be performed only in laborato-
ries with extensive experience in MSMS. Hence, auto-
mation of procedures for interpretation of fragment ion

spectra represents a prerequisite for the applicability of
MSMS in the routine sequence analysis of nucleic acids.
On account of this, we developed a fully automated

global de novo sequencing algorithm, which involves
the comparison of a measured MSMS spectrum to a set
of fragment ion m/z values predicted from a reference
sequence. The closeness of matching between the mea-
sured spectrum and the predicted set of ions is charac-
terized by a value FS for the fitness, which takes into
account the difference � between measured and pre-
dicted m/z values, the relative intensity I % of the
fragment ions, the number K of fragments assigned,
and the number M of nucleotide positions not covered
by fragment ions in the experimental spectrum. The
smaller the value for FS, the closer the match between
measured spectrum and predicted m/z values. In order
to find a sequence most closely matching the experi-
mental spectrum, all possible sequences are assembled
from a given nucleotide composition and the corre-
sponding FS values are determined. The correct se-
quence is identified by the reference sequence having
the lowest FS value.

Development of the Sequencing Algorithm

Figure 1 outlines the procedure for the computer-aided
spectrum interpretation of MSMS spectra of oligode-
oxynucleotides using the de novo sequencing algo-
rithm. The input parameters are the oligonucleotide
composition together with the charge state of the pre-
cursor ion on one side and a list of m/z values and
relative intensities I % of the fragments in the experi-
mental spectrum on the other side. Subsequently, the
computer program generates a sequence i using the
given composition information (Step 1, Figure 1) and
calculates from the Sequence i a list of monoisotopicm/z
values for the a-B- and w-ion series including all
possible charge states from 1- up to the charge state of
the precursor ion (Step 2, Figure 1). Then, the predicted
m/z values and those obtained from the experimental
spectrum are compared (Step 3, Figure 1). The compar-
ison yields the number of fragment ions that could be
assigned to predicted m/z values [K(i)], and the sum of
non-covered a-B- and w-positions [M(i)]. Non-covered
a-B-positions are those in the sequence for which no
a-B-fragment of any possible charge state could be
identified in the spectrum, whereas the non-covered
w-positions are positions in the sequence lacking w-
fragments. In order to be assigned or not the m/z values
must or must not fall within a tolerance of � mass
deviation (�). Values for K(i) and M(i) are determined
for a � value equivalent to 1.0 mass unit.
The next step of the algorithm involves the calcula-

tion of a match factor MF(i) representing the quality of
the assigned m/z signals in terms of mass deviation and
intensity (Step 4, Figure 1). The match factor is defined
as the sum of all quotients of mass deviation � and
intensity I (since the input value for intensity is given in
percent, the value is multiplied by 100), averaged over
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the total number of assignments K(i), using the eq MF(i)
� 1/K(i) � � (100 � �/I %) (Figure 1). In order to find or

exclude alternative sequences showing a better corre-
spondence, the sequence is systematically altered fol-

Figure 1. Outline of the steps involved in comparative sequencing by MSMS.
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lowed by matching the new sequence to the experimen-
tal spectrum. This is done by sequential permutation of
any base with all other nucleobases. Assuming an
oligonucleotide composition AaCcGgTt, the number of
matches n, which have to be performed, can be calcu-
lated using the following eq: n � (a � c � g � t)!/(a! �
c! � g! � t!). Obviously, the number of possible sequences
grows rapidly with the length of the oligonucleotide.
Then the program automatically searches the maxi-

mum values of the three parameters match factor
MFmax, number of assigned fragments Kmax, and num-
ber of non-covered positions Mmax among the calcu-
lated entries (Step 5, Figure 1). The three coefficients
MFmax, Kmax, and Mmax are used to weigh the terms
related to the individual features of the spectrum.
Subsequently, these values together with the sequence
specific match factor MF(i), number of assigned frag-
ments K(i), and number of non-covered positions M(i)
are used to calculate the fitness FS(i) of each sequence
according to the eq FS(i) � MF(i)/MFmax � M(i)/Mmax

	 K(i)/Kmax (Step 6, Figure 1). It is obvious, that the
fitness becomes smaller with smaller mass differences,
higher signal intensities, larger number of assigned
fragments, and lower number of non-covered positions.
The theoretical minimum for the fitness is 	1. This
value is reached if the sum of the non-covered a-B- and
w-positions [M(i)] and the mass deviations (�) of all
assigned fragments were equal to zero and if the
number of assigned fragments K(i) were equal to Kmax.
However, this theoretical minimum cannot be reached
experimentally. Even if complete sequence coverage is
observed the limited accuracy of mass measurements
will be responsible for fitness values larger than 	1.
The final output of the algorithm is a list showing the

FS(i) values of all permutated sequences (Figure 1).
Generally, similar sequences have many fragment ions
in common. For example, the exchange of two neigh-
boring bases yields two nearly identical sequences,
which have all but four fragment ions in common.
However, the slight mass differences of these four
specific fragment ions are sufficient to distinguish the
two sequences and to achieve an unequivocal and
correct sequencing result by applying the sequencing
algorithm. Accordingly, as shown in Figure 1 the lowest
FS value is usually obtained for the true sequence
(sequence 1, Table 1) which provides the best corre-
spondence to the experimental spectrum.

De Novo Sequencing of a 5-Mer
Oligodeoxynucleotide

The success of MSMS sequencing largely depends on
the purity of the sample that is presented to the mass
spectrometer. On-line hyphenation of MSMS to chro-
matographic separation was chosen as sample prepara-
tion method, because it not only efficiently removes
adducted cations and other low molecular mass con-
taminants coming from, e.g., solid-phase oligode-

oxynucleotide synthesis or PCR, but also fractionates
mixtures of nucleic acids prior to their mass spectro-
metric investigation. Separation was accomplished by
ion-pair reversed-phase high-performance liquid chro-
matography (IP-RP-HPLC) in a monolithic, 200 �m i.d.
poly-(styrene-divinylbenzene) capillary column by ap-
plication of gradients of acetonitrile in 25 mM triethyl-
ammonium bicarbonate [2, 30].
Figure 2 illustrates the MSMS spectrum of a 5-mer

(Sequence 1, Table 1). The spectrum was extracted as
the average of 3 scans from the peak eluting at 1.6 min
from the monolithic separation column. With the
knowledge of the entire sequence of the 5-mer the
sequence specific a-B- and w-ions could be easily as-
signed. We believe that diagrams like that shown in
Figure 2 are convenient to illustrate the coverage of a
certain sequence by fragment ions. In the first line the
complete oligonucleotide sequence is denoted. The
presence of fragments that are useful for the identifica-
tion of the nucleotides is indicated by black rectangles
at the corresponding position in the sequence. The
one-unit shift to the left in the numbering of the
a-B-ions with respect to the oligonucleotide sequence
reflects the fact that, due to the loss of the nucleobase at
the position of the backbone cleavage, the fragments
contain sequence information only about the previous
nucleotide in the sequence, and not about the nucleo-
base present exactly at the cleavage position. An a3-B3
fragment, for example, gives information about the
nucleotides at positions 1 and 2 but provides no evi-
dence of the nucleotide at position 3.
Using this diagram, gaps in sequence information

coming from missing fragment ions of both series are
easily spotted. Therefore, full sequence coverage was
only obtained for the w-series, whereas just two a-B-

Figure 2. MSMS spectrum and sequence coverage diagram ex-
tracted from the LC-MSMS analysis of a 5-mer oligodeoxynucle-
otide. Column, monolithic PS-DVB, 60 � 0.20 mm i.d.; mobile
phase, (a) 25 mM TEAB, pH 8.40, (b) 25 mM TEAB, pH 8.40, 20%
acetonitrile; linear gradient, 5–50% B in 10.0 min; flow-rate, 3.0
�L/min; temperature, 50° C; product ions of the 2-charged species
at m/z 738.2, 4.0 u isolation width; 27% relative collision energy;
scan, 200–2000 u; electrospray voltage, 3.4 kV; sheath gas, 40 units;
sheath liquid, 3.0 �l/min acetonitrile; sample, 5-mer (Sequence 1).
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fragment ions were present which partially covered the
sequence of the 5-mer. However, this information is
sufficient for the verification of the complete sequence,
but we believe that even experts would need a consid-
erable amount of time to unequivocally deduce the
sequence de novo from the MSMS spectrum shown in
Figure 2. Sequence information inherited in MSMS
spectra derived frommultiply charged oligonucleotides
is often not obvious from causal inspection due to the
fact that product ion charge states can vary from unity
up to the parent ion charge. Moreover, with increasing
length of the oligonucleotide the number of possible
fragment ions and the likelihood of missing fragments
in the series of a-B- or w-ions increase, which both
complicate and in some cases prevent the successful
manual passage through the whole sequence.
To circumvent the laborious, time-consuming, and

disaffected manual interpretation, we have used a fully
automated de novo sequencing algorithm for the ab
initio sequence determination of the 5-mer. The mass
spectral data served as input for the de novo sequenc-
ing algorithm. The results obtained from the compari-
son of the fragment ion spectrum to all thirty sequences
derived from the oligonucleotide composition C2G2T1
are depicted in Table 2. Obviously the lowest FS value
was obtained for the true sequence (Sequence 1, Table
1). In this example solely the best matching sequence is

characterized by the highest K(i)- and the lowest M(i)-
value. Since this is more likely an exception than the
rule, and since wrong sequences can yield much lower
MF(i)-values than the true sequences (Table 2), in
general only the combination of the three terms into a
comprehensive match factor allows the unequivocal de
novo sequencing of oligonucleotides.

Characterization of 7- to 9-Mer
Oligodeoxynucleotides Showing Abnormal
Retention Behavior

IP-RP-HPLC is a well established and popular tech-
nique for the separation of single- and double-stranded
nucleic acids [31, 32]. The phase system comprises a
hydrophobic stationary phase and a hydroorganic
eluent containing an amphiphilic ion. According to
retention models, the positively-charged amphiphilic
ions are adsorbed at the interface between the station-
ary phase and the mobile phase, resulting in the forma-
tion of a positive surface potential. Retention is mainly
accomplished by the interaction of the surface potential
with the negatively-charged DNA molecules and is
therefore governed by chain length. However, addi-
tional solvophobic interactions between the quite hy-
drophobic nucleobases and the surface of the stationary

Table 2. Results obtained from the comparison of a fragment ion spectrum to all possible sequences derived from the 5-mer
composition C2G2T1

Sequence M(i) MF(i) K(i) M(i)/Mmax MF(i)/MFmax K(i)/Kmax FS(i)

CTGGC 2 244.63 9 0.50 0.556 1.000 	0.194
CTGCG 3 275.16 8 0.375 0.626 0.889 0.112
TCGGC 3 275.20 8 0.375 0.626 0.889 0.112
CGTGC 3 275.24 8 0.375 0.626 0.889 0.112
CTCGG 5 0.77 4 0.625 0.002 0.444 0.182
CGGTC 5 0.93 4 0.625 0.002 0.444 0.183
TCCGG 6 1.00 3 0.750 0.002 0.333 0.419
CGCGT 6 1.10 3 0.750 0.003 0.333 0.419
CGCTG 6 1.10 3 0.750 0.003 0.333 0.419
CGGCT 6 1.10 3 0.750 0.003 0.333 0.419
GCGTC 6 1.21 3 0.750 0.003 0.333 0.419
TGGCC 6 2.64 3 0.750 0.006 0.333 0.423
GTGCC 6 2.64 3 0.750 0.006 0.333 0.423
GGTCC 6 2.64 3 0.750 0.006 0.333 0.423
TCGCG 4 314.46 7 0.500 0.715 0.778 0.437
CGTCG 4 314.50 7 0.500 0.715 0.778 0.438
GCTGC 4 314.54 7 0.500 0.715 0.778 0.438
CCTGG 7 0.12 2 0.87 0.000 0.222 0.653
CCGTG 7 0.12 2 0.875 0.000 0.222 0.653
CCGGT 7 0.12 2 0.87 0.000 0.222 0.653
GGCTC 7 0.28 2 0.875 0.001 0.222 0.653
GCCGT 7 1.60 2 0.875 0.004 0.222 0.656
GCCTG 7 1.60 2 0.875 0.004 0.222 0.656
GCGCT 7 1.60 2 0.875 0.004 0.222 0.656
GTCGC 5 366.46 6 0.625 0.833 0.667 0.792
TGCGC 5 366.46 6 0.625 0.833 0.667 0.792
GCTCG 5 366.90 6 0.625 0.834 0.667 0.793
GGCCT 8 0.15 1 1.000 0.000 0.111 0.889
TGCCG 6 439.67 5 0.750 1.000 0.556 1.194
GTCCG 6 439.67 5 0.750 1.000 0.556 1.194
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phase are observed, which results in a sequence-depen-
dent retention of oligonucleotides [33]. Although this
phenomenon has been known for quite some time, the
retention behavior is still unpredictable on the basis of
the oligonucleotide sequence. Therefore, there is a
strong need for reliable methods like LC-MS or even
better LC–MSMS, which unequivocally prove the iden-
tity of chromatographically separated oligonucleotides.

An example for an oligonucleotide showing abnor-
mal retention behavior is depicted in Figure 3. Three
homologous oligonucleotides, obtained by addition of
one (A) or two nucleotides (CA) to the 5� end of a 7-mer
sequence (Sequences 2–4, Table 1), were analyzed by
IP-RP-HPLC. Surprisingly, the 9-mer oligonucleotide
eluted between the 7- and the 8-mer from the chromato-
graphic column. For the investigation of this phenom-
enon and the identification of the three oligonucleo-
tides, LC-MSMS was applied. The oligonucleotide
mixture was separated using a gradient of 1 to 10%
acetonitrile in 25 mM triethylammonium bicarbonate in
10 min. The three investigated oligonucleotides eluted
from the capillary column at 1.4, 2.4, and 2.9 min,
respectively. The corresponding MSMS spectra origi-
nated from fragmentation of the 2	 charge states at a
relative collision energy of 23%. The mass spectral data
served as input for the de novo sequencing algorithm.
The sequencing results (Table 3) obviously proved that
Sequence 2 and the sequence of the investigated 7-mer
were identical.
The sequences of the 8-mer and 9-mer could not be

unequivocally identified as in both cases the sequences
differing in the order of the final two bases matched the
fragment ion spectrum identically well. This ambiguous
result was caused by the absence of the w1-ions in the
fragment ion spectra (Figure 4). As discussed earlier,
due to the loss of the nucleobase at the position of the
backbone cleavage, a-B-fragments contain sequence in-
formation only about the previous nucleotide in the
sequence, and not about the nucleobase present exactly
at the cleavage position. Consequently, the order of the
final two bases is indefinable using a-B-fragment ions.
The complete nucleotide order can only be deter-

mined based on the sequence information stored in the

Figure 3. LC-MSMS analysis of a mixture of 3 oligodeoxynucle-
otides. Column, monolithic PS-DVB, 60 � 0.20 mm i.d.; mobile
phase, (a) 25 mM TEAB, pH 8.40, (b) 25 mM TEAB, pH 8.40, 20%
acetonitrile; linear gradient, 5–50% B in 10.0 min; flow-rate, 3.0
�L/min; temperature, 50° C; product ions of the 2-charged species
at m/z 1042.1, 1198.5, 1343.6; 4.0 u isolation width; 23% relative
collision energy; scan, 285–2000 u for the 7-mer, 325–2000 u for the
8-mer, 365–2000 u for the 9-mer; electrospray voltage, 3.4 kV;
sheath gas, 40 units; sheath liquid, 3.0 �l/min acetonitrile; sample,
7-mer (Sequence 2), 8-mer (Sequence 3), 9-mer (Sequence 4).

Table 3. De novo sequencing of three synthetic oligonucleotides: (a) 7-mer, (b) 8-mer, (c) 9-mer

(a) Sequence FS(i) (b) Sequence FS(i) (c) Sequence FS(i)

TTCTGGC 	0.585 ATTCTGCG 	0.546 CATTCTGGC 	0.492
TTCTGCG 	0.491 ATTCTGGC 	0.546 CATTCTGCG 	0.492
TCTTGGC 	0.323 TATCTGCG 	0.485 ACTTCTGCG 	0.440
TTTCGGC 	0.247 TATCTGGC 	0.485 ACTTCTGGC 	0.440
CTTTGGC 	0.231 CGTCTGTA 	0.412 CGCTCTGAT 	0.405
TTCGTGC 	0.204 CGTCTGAT 	0.412 CGCTCTGTA 	0.405
TCTTGCG 	0.187 TTACTGCG 	0.361 CCCTGTGAT 	0.338
TTCTCGG 	0.149 TTACTGGC 	0.361 CCCTGTGTA 	0.338
TTGTCGC 	0.148 ATTCGTGC 	0.354 CTATCTGGC 	0.328
TTTCGCG 	0.111 ATTCGTCG 	0.354 CTATCTGCG 	0.328
CTTTGCG 	0.092 ATCTTGCG 	0.301 TACTCTGCG 	0.327
TTCGTCG 	0.071 ATCTTGGC 	0.301 TACTCTGGC 	0.357
TTTGCGC 	0.023 CGCTTGTA 	0.297 ATCTCTGGC 	0.323
TTGTCCG 	0.008 CGCTTGAT 	0.297 ATCTCTGCG 	0.323
TTGCTGC 0.007 TATCGTCG 	0.291 CGTCCTGTA 	0.323
TCTGTGC 0.055 TATCGTGC 	0.291 CGTCCTGAT 	0.323
TTCCTGG 0.068 CGTCTATG 	0.266 TGCCCTGTA 	0.312
TTCGGTC 0.107 CGTCTAGT 	0.289 TGCCCTGAT 	0.312
TTTGCCG 0.119 ATTTCGGC 	0.265 CTCGCTGAT 	0.293
TTCCGTG 0.130 ATTTCGCG 	0.265 CTCGCTGTA 	0.293

etc. etc. etc.
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w-ion series. Under these circumstances, the assign-
ment of the w1-ion is of utmost importance to reveal the
order of the final two bases. For technical reasons, the
settings of the ion trap mass analyzer prevented the
detection of that distinct ion during the MSMS analysis
of the 8-mer and the 9-mer. The parent ion is transla-
tionally excited in the ion trap after mass selection by
applying a supplementary radio frequency voltage to
the end cap electrodes. The product ions resulting from
CID of the excited ions with the helium gas are trapped
and scanned. Depending on the mass-to-charge ratio
(m/z) of the parent ion, fragment ions with m/z values
lower than a characteristic cutoff are not trapped any-
more. Therefore, due to the low-mass cutoffs at 285 for
the 7-mer, at 325 for the 8-mer, and at 365 for the 9-mer,
respectively, the w1-ion with m/z of 306.2 was only
observed for the 7-mer, which allowed the unequivocal
sequence determination exclusively for that distinct
oligonucleotide. However, despite the existing ambigu-
ity of the nucleotide order at the 3�-end, de novo
sequencing testified the conformity of the three se-
quences and corroborated the hypothesis that the inver-
sion in elution is based on differences in the 8- and
9-mer sequences.

Dependence of De Novo Sequencing
on Fragmentation Energy

In the course of investigations about the applicability of
COMPAS to the verification of sequences longer than 20
nucleotides, we found that collision energy had a major
impact on the ability to interpret MSMS spectra [23].
Similarly, the influence of the collision energy on the de
novo sequencing results of small oligonucleotides was
investigated. For this study the 7-mer, 8-mer, and 9-mer

oligonucleotide (Sequences 2–4, Table 1), respectively,
were fragmented by applying collision energies be-
tween 15 and 100%. Afterward, all possible sequences
derived from the composition of the three oligonucleo-
tides were matched to the measured fragment ion
spectra and ranked according to the magnitude of the
calculated match factor. The rank of the correct se-
quence was used as an indicator for the usefulness of a
certain collision energy for the sequencing procedure.
The results summarized in Table 4 clearly revealed

that de novo sequencing is possible by applying a broad
range of collision energies and in particular the results
of the 7-mer and 8-mer suggest that the spectral quality
does not change significantly between 15 and 100%
relative collision energy (Table 4). However, it is impor-
tant to note that at a relative collision energy of 15%, 6
different 7-mer sequences matched the fragment ion
spectrum equally well. Obviously, in this experiment
the collision energy was too low to generate enough
sequence specific fragments, which made the unequiv-
ocal de novo sequence determination impossible. On
the other hand, the failure to interpret the MSMS
spectrum of the 9-mer recorded at collision energies
higher than 27% is most probably due to secondary
and/or alternative fragmentation reactions viable at
higher collision energies giving rise to fragments that
may be misinterpreted as regular a-B- or w-ions. Thus,
the optimum collision energy has to be high enough to
generate fragments covering the sequence as com-
pletely as possible by a-B- and w-ions but low enough
to suppress secondary and/or alternative fragmenta-
tion pathways. For the sequence verification of oligo-
nucleotides by COMPAS, this compromise was empir-
ically found to be in the region of the collision energy
just sufficient for complete fragmentation of the precur-
sor ion [23]. Obviously, this rule is valid in the same
manner for de novo sequencing. However, since MSMS
spectra generated at a broad range of collision energies
were applicable to the sequencing of small oligonucle-
otides, the proper setting of that experimental parame-
ter is not so critical. Certainly, the influence of the

Figure 4. Sequence coverage diagrams extracted from the LC-
MSMS analysis of 3 oligodeoxynucleotides. Same conditions as in
Figure 3.

Table 4. Ranks of the correct 7-mer, 8-mer, and 9-mer
sequences, respectively, by applying the de novo sequencing
algorithm to fragment ion spectra generated at different
collision energies

Relative
collision
energy [%] TTCTGGC

Rank of
sequence

ATTCTGGC CATTCTGGC

15 1 (5)a 1 (1) 2 (1)
17 2 1 (1) 1(1)
20 1 1 (1) 2 (1)
23 1 1 (1) 1 (1)
25 1 1 (1) 3 (1)
27 1 4 (1) 13 (1)
30 1 1 (1) 62 (1)
100 1 1 (1) 14 (1)

aThe numbers of additional sequences yielding the same FS(i)-value
like the investigated sequence are given in brackets.
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collision energy will gain more importance once the
algorithm will be applied to the de novo sequencing of
nucleic acids at the 15-mer level and beyond.
Nevertheless, even by using appropriate energy set-

tings (15 up to 25%) incorrect 9-mer oligonucleotide
sequences matched some fragment ion spectra better
than the correct one (Table 4). Anyhow, concerning the
complete set of applied collision energies, the correct
9-mer sequence yielded the overall best rankings of all
oligonucleotide sequences (Table 5). To illustrate this,
the sequence CCCTGTGAT, which received two first
ranks at 15 and 20% collision energy, respectively,
gained comparably worse rankings than the correct
sequence at the remaining energy levels clearly indicat-
ing the incorrectness of that sequence. Hence, the treat-
ment of a set of fragment ion spectra generated at
different collision energy values is advisable to achieve
the desired unequivocal de novo sequencing results.

Alteration of the de Novo Sequencing Result
of an 11-Mer by Missing Fragments

A general problem of MSMS sequencing is the occur-
rence of missing fragments in the a-B- or w-ion series,
respectively, which prevents the coverage of the com-
plete sequence with sequence specific ions. According
to the literature, fragment formation is site-specific [8,
10, 16, 34]. The first step of the fragmentation process
involves the protonation of a nucleobase, which ini-
tiates the neutral base loss and thereby leads to the
backbone cleavage to form a-B- and w-ions. The pref-
erence for losing G, A, C, or T, respectively, follows the
order of the proton affinities of the nucleobases. There-
fore, in particular the cleavage of the phosphate bond at
the 3�-side next to thymine is disfavored leading to low
signal intensities or to the complete loss of the corre-
sponding fragment ions.
Figure 5a depicts the sequence coverage diagram of

the 11-mer (Sequence 5, Table 1). Obviously, some
nucleotide positions were not covered by fragment ions.
Therefore, the likelihood was high that other sequences
matched the MSMS spectrum equally or even better
than the correct sequence. In Table 6a the de novo
sequencing results of the 11-mer are summarized. As
anticipated, the sequence GACCGTCTGAT yielded a
slightly lower FS(i) value indicating a better match than
the correct sequence GACATTCTGGC. Interestingly,
both sequences can be transferred into each other by

exchanging the two bases at position 4 and 5 with the
final two bases (AT-GC). As the molecular mass of AT
(555.4 Da) differs from GC (556.4 Da) just by 1.0 Da, all
fragment ions, which were long enough to contain a
complete nucleotide pair, could fall within the m/z
tolerance of �1.0, which becomes even more likely
considering higher charge states. Therefore, only the
a6-B6-, the w1-, and the w8-ions, respectively, would
unequivocally distinguish the two sequences based on
molecular mass differences larger than 1.0 Da. Unfor-
tunately, none of these specific fragment ions were
observed matching the correct sequence, but the theo-
retical a6-G-fragment corresponding to the sequence
GACCGTCTGAT was assigned to an unspecific and
low abundant signal in the measured fragment ion
spectrum (Figure 5b). Consequently, the number of
assigned fragments was higher, and the sum of non-
covered a- and w-positions was lower, which yielded
an overall better FS(i)-value for that distinct sequence.
This example clearly proves that a high coverage with
sequence specific fragment ions is a prerequisite for
successful de novo sequencing. Otherwise incorrect
sequences will fit the experimental spectrum equally or
even better than the correct sequence due to assign-
ments of hypothetical fragment ions of wrong se-
quences to unspecific signals in the MSMS spectrum.

Table 5. Rank of different 9-mer sequences by applying the de novo sequencing algorithm to the fragment ion spectra generated
from the oligonucleotide CATTCTGGC at different collision energies

Relative collision energy [%] 15 17 20 23 25

Rank of CATTCTGGC 2 (1)a 1 (1) 2 (1) 1 (1) 3 (1)
Rank of CCCTGTGAT 1 (1) 5 (1) 1 (1) 4 (1) 33 (1)
Rank of CCCTGGTTA 1 (1) 11 (1) 5 (1) 107 (1) 317 (1)
Rank of CGTCCTGTA 9 (23) 37 (11) 4 (1) 8 (1) 1 (1)

aThe numbers of additional sequences yielding the same FS(i)-value like the investigated sequence are given in brackets.

Figure 5. Sequence coverage diagrams for (a) the correct and (b)
the better matching sequence extracted from the LC-MSMS anal-
ysis of an 11-mer oligodeoxynucleotide. Column, monolithic PS-
DVB, 60 � 0.20 mm i.d.; mobile phase, (a) 25 mM TEAB, pH 8.40,
(b) 25 mM TEAB, pH 8.40, 20% acetonitrile; linear gradient, 5–50%
B in 10.0 min; flow-rate, 3.0 �L/min; temperature, 50° C; product
ions of the 2-charged species at m/z 1664.2; 4.0 u isolation width;
23% relative collision energy; scan, 445–2000 u; electrospray
voltage, 3.4 kV; sheath gas, 40 units; sheath liquid, 3.0 �l/min
acetonitrile; sample, 11-mer (Sequence 5).
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Limitations of the De Novo Sequencing Algorithm

Previously established sequencing algorithms like SOS
and COMPAS were shown to be highly suitable for the
sequence verification of nucleic acids up to the 20-mer
[13, 22] or 50-mer [23] level, respectively. However, the
longest sequence, which could be correctly determined
so far using our newly-developed de novo sequencing
algorithm, was the sequence of a 12-mer oligonucleo-
tide (Sequence 6, Table 1).
The 12-mer was purified by using a gradient of 1 to

10% acetonitrile in 25 mM triethylammonium bicarbon-
ate in 10 min. The MSMS spectrum originating from
fragmentation of the 3- charge state at 20% relative
collision energy together with the nucleotide composi-
tion A3C3G3T3 served as input for the de novo sequenc-
ing program. The results are shown in Table 6b. Once
more, apart from the order of the final two bases the
complete oligonucleotide sequence was correctly deter-
mined, which clearly proves the suitability of our
approach for the sequencing of nucleic acids. We be-
lieve that by applying the developed matching proce-
dure the sequencing of even longer oligonucleotides is
feasible. However, due to the rapid increase of the
number of possible sequences with increasing oligonu-
cleotide length the algorithm encountered difficulties at
the 12-mer level, which could not be overcome so far.
Whereas the permutation of the 5-mer sequence yielded
only 30 possible sequences, 369 600 unique combina-
tions were obtained starting from the 12-mer composi-
tion (Table 7). Since the operating expense is directly
connected to the number of possible sequences, calcu-
lation time and occupied disc space increase tremen-
dously with growing oligonucleotide length. Therefore,
due to a sequencing time of 46 h and an occupied disc

space of 11.9 MB (Microsoft Excel was not able to open
the file completely and to show all 369 600 lines of the
calculated list) the determination of the 12-mer se-
quence so far represents the upper limit for the appli-
cability of the sequencing algorithm in its current form.
However, the introduction of some kind of a pruning
technique, which will limit the combinatorial explosion
and therefore reduce calculation time, will extend the
size limit of the algorithm enormously in the future.

Conclusions

Electrospray ionization tandem mass spectrometry un-
der optimized fragmentation conditions in combination
with a computer-aided de novo sequencing algorithm is
applicable to the fully automated sequence analysis of
small nucleic acids. The sequence determination is
based on the comparison of the experimental tandem
mass spectrum with a set of fragment ions predicted
from a reference sequence created by permutation of a
given oligonucleotide composition. Like for any other
de novo sequencing algorithm, unequivocal sequence
determination is restricted by the absence of sequence-
specific fragment ions. At this stage of the study the
applicability of the sequencing algorithm is limited to
the 12-mer level. Due to an exponential increase of the
number of possible sequences with increasing oligonu-
cleotide length, calculation time becomes unacceptably
long for larger nucleic acids. Therefore, future investi-
gations will focus on an extension of the size range by
the introduction of pruning techniques, which will limit
the combinatorial explosion and consequently reduce
sequencing time.
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