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Abstract. Mass spectrometry is among the most widely used technolo-
gies in proteomics and metabolomics. For metabolites, de novo interpre-
tation of spectra is even more important than for protein data, because
metabolite spectra databases cover only a small fraction of naturally
occurring metabolites. In this work, we analyze a method for fully auto-
mated de novo identification of metabolites from tandem mass spectra.
Mass spectrometry data is usually assumed to be insufficient for iden-
tification of molecular structures, so we want to estimate the molecular
formula of the unknown metabolite, a crucial step for its identification.
This is achieved by calculating the possible formulas of the fragment
peaks and then reconstructing the most likely fragmentation tree from
this information. We present tests on real mass spectra showing that
our algorithms solve the reconstruction problem suitably fast and pro-
vide excellent results: For all 32 test compounds the correct solution was
among the top five suggestions, for 26 compounds the first suggestion of
the exact algorithm was correct.

Keywords. Tandem mass spectrometry, metabolomics, de novo inter-
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1 Introduction

When analyzing the metabolome of an organism, mass spectrometry in combina-
tion with liquid or gas chromatography is the most widely used high-throughput
technique [1]. Since the manual interpretation of mass spectra is tedious and
time-consuming, methods for an automated analysis are required. For metabo-
lite identification, most established methods rely on a database of reference
mass spectra. But de novo identification of metabolites is highly sought: Today,
metabolite databases contain primary metabolites directly relevant for growth,
development, and reproduction of a cell. In contrast, most of the metabolites
not directly involved in the aforementioned functions remain unknown. These
secondary metabolites are especially abundant in plants.

In this work, we evaluate a method for the automated de novo identification
of metabolites from quadrupole time-of-flight tandem mass spectra recently pre-
sented in [2]. Mass accuracy of these instruments is approximately 20 ppm. The
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2 S. Böcker, F. Rasche

metabolite is fragmented using collision-induced dissociation (CID) [3], and sev-
eral mass spectra are recorded for different fragmentation energies. We use this
fragmentation information to identify the molecular formula of the metabolite.
Mass spectra in our test dataset do not contain isotope peaks, so our method does
not use isotopic pattern to identify the molecular formula. Such information can
be easily integrated into the method and will further increase its identification
accuracy.

We have developed a model for the fragmentation process resulting in a graph
theoretical problem called Maximum Colorful Subtree problem [2]. Unfor-
tunately, we can show that this problem is NP-hard. Despite this negative result,
we developed several exact and heuristic algorithms for its solution. One of these
exact algorithms is fixed-parameter tractable (FPT) [4]. The FPT algorithm and
the heuristics show good performance in practice both with respect to identifi-
cation accuracy and running times, as our tests on real spectra reveal: We use a
test dataset containing tandem mass spectra of 32 non-trivial metabolites, five of
them with a mass over 400 Da. In all cases, the correct solution was among the
top five candidates computed by our algorithms. For 26 compounds (81 %), the
first suggestion of the exact algorithm was correct. Unexpectedly, one heuristic
shows a systematic error that even improves the results. Each algorithm needs
about 1.5 minutes to process all mass spectra.

2 Empirical Results

We compare four exact algorithms and two heuristics presented in [2]. First, we
tried a branch and bound approach, which can solve the problem exactly, but is
very slow. The brute force algorithm splits the problem into many MST prob-
lems, what works well for small instances. The dynamic programming approach,
which is fixed parameter tractable, worked best for large instances. But it gen-
erates too much overhead for small instances, therefore we tested a combined
algorithm using brute-force for small molecules and dynamic programming for
the larger ones. Two heuristics are also evaluated. They differ in the order in
which they select fragments into the calculated fragmentation tree. The heuris-
tics slightly improve running times.

We implemented all six algorithms in Java 1.5. Running times were measured
on an Intel Pentium IV, 1.8 GHz with 512 MB memory. As test data we used 150
tandem mass spectra of 32 metabolites (unpublished). These metabolites were
either commercially available reference compounds or extracted from the seed
of Arabidopsis thaliana plants. The test set contained the biogenic amino acids
and many complex choline derivatives. Separation was done using a capillary
HPLC system. The spectra were measured on an API QSTAR Pulsar Hybrid
Quadrupole TOF instrument by Applied Biosystems. Raw data were prepro-
cessed using the AnalystQS software supplied with the instrument. A more de-
tailed description of the experimental setup can be found in [1]. The test set was
analyzed with the following options: Masses were decomposed using a relative
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Table 1. The identification rates of the exact algorithm, the greedy heuristic,
and the top-down heuristic.

Mass range # comp. Exact and Top-down heuristic

greedy heuristic

Top 1 Top 2 Top 5 Top 1 Top 2 Top 5

100–200 Da 15 100% 100% 100% 100% 100% 100%

200–300 Da 10 70% 80% 100% 80% 90% 100%

300–400 Da 2 50% 100% 100% 50% 100% 100%

400–500 Da 5 60% 80% 100% 100% 100% 100%

Table 2. The total running times of the algorithms.

Algorithm Running time

Branch and bound 1560 min

Brute force 5.2 min

Dynamic programming 72.6 min

Combination DP + BF 1.5 min

Greedy heuristic 1.5 min

Top-down heuristic 1.2 min

mass error of 20 ppm over the standard CHNOPS-alphabet containing the six
elements most abundant in living organisms.

Identification results can be found in Table 1. The exact algorithms excel-
lently identify metabolite molecular formulas. For the majority of compounds
the correct molecular formula is ranked first, even for such large compounds as
4-hexosylvanilloyl choline (416 Da). All correct formulas can be found among
the first five solutions, enabling researchers to restrict further analysis to the top
five candidates.

Fig. 1 shows two hypothetical fragmentation trees calculated from the spectra
of hexosyloxycinnamoyl choline. The tree on the left uses the correct sum formula
as root, whereas the right tree is based on a wrong candidate. They exhibit a
non-linear branching of the fragmentation process which we find in most of
the analyzed compounds. This suggests that it is indeed necessary to search
for trees and not only linear structures. The trees also illustrate that higher
scoring candidates often share fragmentation cascades: Two fragmentation steps
at the lower right are completely identical for both candidates. The reason for the
correct candidate to receive a significantly higher score is that hexose (C6H10O5)
is separated in the fragmentation process of the correct molecular formula. The
results of the greedy heuristic are identical to those of the exact algorithm. The
scores calculated by the heuristics are suboptimal, but they produce a systematic
error resulting in the same ranks. Unexpectedly, using the top-down heuristic
even improves the results. Further tests on other data need to show whether this
is generally the case. We cannot yet provide an explanation for this finding.
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C20H30NO8
412.197 Da
+0.003 Da

25 eV

C10H20NO6
250.129 Da
-0.004 Da

25 eV

C10H10O2
162.068 Da

 Score: 0.169

C17H21O8
353.124 Da
+0.001 Da

25 eV

C3H9N
59.073 Da

   Score: 1.030

C9H7O2
147.045 Da
+0.002 Da
40, 55 eV

C8H7O
119.050 Da
+0.001 Da

55 eV

CO
27.995 Da

 Score: 3.106

C11H11O3
191.071 Da
+0.001 Da

25, 40, 55 eV

C2H4O
44.026 Da

 Score: 24.804

C6H10O5
162.053 Da

 Score: 16.086

C15H21N4O4S
353.129 Da
+0.006 Da

25 eV

C13H20N3S
250.138 Da
+0.004 Da

25 eV

C2HNO4
102.991 Da

 Score: 0.195

C11H11O3
191.071 Da
+0.001 Da

25, 40, 55 eV

C4H10N4OS
162.058 Da

 Score: 7.944

C9H7O2
147.045 Da
+0.002 Da
40, 55 eV

C8H7O
119.050 Da
+0.001 Da

55 eV

CO
27.995 Da

 Score: 3.106

C2H4O
44.026 Da

 Score: 24.804

C18H30N5O4S
412.202 Da
+0.007 Da

25 eV

C3H9N
59.073 Da

 Score: 1.031

Fig. 1. Two fragmentation trees calculated from the spectra of hexosyloxycin-
namoyl choline. Left: Fragmentation tree of the correct molecular formula ranked
at first position. Right: Fragmentation tree of an incorrect molecular formula
ranked at seventh position.

Running times of the different approaches can be found in Table 2. The speed
of both heuristics and the DP+BF exact algorithm is sufficient to analyze data
on the fly. It takes around 3 seconds to identify one compound on a standard
PC, which is significantly faster than measuring the spectra. We stress that the
brute force algorithm significantly slows down for metabolites above 400 Da,
which severely limits its use for even larger molecules.

3 Conclusion

We have presented an evaluation of an approach for the automated de novo
identification of metabolites using tandem mass spectra [2]. We analyze an exact
FPT-algorithm as well as two heuristics to solve the problem. Experiments on
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real mass spectra show that all algorithms achieve very good identification results
in application.
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