











Open MS/MS spectral library search

were co-eluted spectra and their identifications by the two engines
caught different components. Supplementary Figure S1 gives a
typical example of a co-eluted spectrum. Unlike the conventional
search where the two engines showed over 80% overlap between
their results, in the open search, as revealed by Figure 3b, only <40%
of the pMatch’s identifications could be found in SpectraST’s results,
although the 13 disagreements all came from co-eluted spectra also.

Fig. 2. FDR curves for pMatch (solid lines) and SpectraST (dashed lines)
search engines. The x-axis denotes the FDR value and the y-axis denotes the
number of identified spectra. The thin and thick lines represent the results of
the conventional and the open searches, respectively.

Fig. 3. Venn diagrams of the number of identified spectra at 1% FDR from
pMatch and SpectraST in the conventional (a) and open (b) search modes.
The ashen regions denote the spectra with inconsistent identifications from
the two engines.

As is discussed previously, each identification has the precursor
ion AM as the potential PTM mass in the open search. The
histograms of the AM values detected by the two engines are
exhibited in Figure 4. As shown, some intensive AM detected by
pMatch were not or rarely detected by SpectraST, for example,
—128Da (lysine loss), 22 Da (sodium adduct), 38 Da (calcium
adduct) and 152 Da (carbamidomethylDTT). The crucial reasons
should be that some modified spectra have a considerable percent
of the observed peaks with their m/z values shifted and that
some special PTMs might largely vary the fragmentation pattern
of a peptide (see Supplementary Figure S2 for a spectrum with
a sodium adduct and Supplementary Figure S3 for the influence
of the ‘budding’ strategy on PTM detecting). However, neither did
SpectraST consider the mass shifts caused by unanticipated PTMs
during peak matching, nor made use of the sequence information
to tolerate the peptide fragmentation pattern variations. On the
contrary, SpectraST identified more spectra with very small absolute
AM values (within £5 Da), which mainly resulted from duplicate
spectra, co-eluted spectra and spectra from deamidated peptides.

Then, we concentrated on the abundant AM (with >20 spectra for
either engine) and manually validated some representative spectra.
Nearly all of the abundant AM were explained (see Supplementary
Table S1 for their frequencies and explanations). Among these AM,
many PTMs were found (shown in Table 1); for example, a disulfide
bridge was detected (shown in Figure 5). Additionally, some AM
were caused by amino acid substitutions, or missed cleavages, or
semi-digestions, while some corresponded to the combinations of
two or more other AM values. Only two AM were not explained
using our current knowledge. One of them had evidence supporting
that there was indeed something happened on the peptides (see
Supplementary Figure S4), while the other one might be a false
positive.

In addition to those abundant AM, low-abundance ones also
provided a wealth of information. Some of them corresponded to
important PTMs, such as phosphorylation. pMatch and SpectraST
identified 13 and eight spectra, respectively, with AM of 79.97 Da.
These spectra are supposed to be derived from phosphorylated
peptides. Figure 6 gives an example of such spectra.

Fig. 4. Histograms of AM detected by pMatch (top) and SpectraST (bottom). The intensive peaks are annotated by their AM values in integer accuracy.
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Table 1. The open search results of pMatch on all datasets

Dataset Total Identified spectra Identification rate raised  Abundant modifications (Da)
MS/MS by Spec Lib
Seq DB Spec Lib
ISB-18mix 40376 12032 +8025 29.80% — 49.68% —116 (a disulfide bridge); —18 (dehydration); —17 (ammonia loss);
—16 (ammonia loss and deamidation); 1 (deamidation);
2 (two deamidations); 16 (oxidation); 22 (sodium);
23 (sodium and deamidation); 26 (acetaldehyde +26);
38 (calcium); 39 (calcium and deamidation);
152 (carbamidomethylDTT);
153 (carbamidomethylDTT and deamidatoin);
174 (carbamidomethylDTT and sodium)
TAP-PSD95 36387 3575 +1882 9.82% — 15.00% —18 (dehydration); —17 (ammonia loss); 1 (deamidation);
14 (methylation); 16 (oxidation); 22 (sodium);
26 (acetaldehyde +26); 28 (formylation); 32 (dioxidation);
42 (acetylation); 54 (acetaldehyde +26 and formylation);
70 (formylation and acetylation); 80 (phosphorylation)
HUPO-14 15221 7281 +2418 47.84% — 63.72% —17 (ammonia loss); 1 (deamidation);
12 (formaldehyde induced modification);
71 (propionamide); 26 (acetaldehyde +26); 42 (acetylation)
Haas-Data 56599 9172 +2558 16.21% — 20.74% —17 (ammonia loss); 1 (deamidation); 43 (carbamylation);
171 (carbamylation and lysine added)
Gygi-Qstar 46 195 9255 +4357 20.03% — 29.40% 1 (deamidation); 12 (formaldehyde induced modification);
22 (sodium); 28 (formylation)
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Fig. 5. An example of a disulfide bridge. (a and b) are the tandem mass spectra of a same peptide sequence IVSNASCTTNCLAPLAK, but the former
one is with two carbamidomethylated cysteines, while the latter one has a disulfide bridge across the two cysteines. The spectrum in (a) has several product
ions indicating the CID fragmentations between the two cysteines, while in (b) no noticeable ions supporting such fragmentations can be found in the query
spectrum identified with the AM of —116.06 Da. Most of intensive peaks are explained with low m/z errors.
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Fig. 6. A spectrum from a phosphorylated peptide. This triply charged spectrum was identified to have the peptide sequence of
TGKPDYVTDSAASATAWSTGVK, with a AM of 79.97 Da that implies a phosphorylation. The modified site is the 10th amino acid residue (the first
serine) from the N-term. The neutral loss peaks of precursor ions by masses of —98 and —116 Da are obvious, and there are also many neutral loss peaks of
product ions by —98 Da. These features are typical for spectra of phosphorylated peptides. Most of intensive peaks are explained with low m/z errors.

3.3 Results on four additional datasets

For further validations, four additional published datasets were
analyzed by pMatch in the open search mode, obeying the same
workflow as above. The detailed search parameters are listed in
Supplementary Table S2. To explore how much in the end pMatch
could help to increase the spectral identification rate, here we used
the separate filtration rule for FDR estimation. Table 1 shows the
analysis results. For completeness, the result of the ISB-18mix
dataset is also listed. We can see that the spectral identification
rates significantly grew after library search and some interesting
modifications were detected. For example, the AM of 12 Da detected
in two datasets all occurred on peptide N-terms or basic amino
acids. This modification is induced by formaldehyde (Toews et al.,
2008), and has been recently detected in other datasets (Menschaert
et al., 2009). Other detected PTMs include formylation (28 Da),
acetylation (42 Da), methylation (14 Da), etc. Interestingly, in the
Gygi-Qstar dataset, a number of spectra are identified with AM
distributed from —20 to —3 Da. Many of them show no mass shift
in product ions, compared with their matched library spectra (see
Supplementary Figure S5), indicating that their precursor ion masses
might have been incorrectly judged.

4 CONCLUSION

We have presented a novel spectral library search tool, pMatch,
deliberately designed for the open search mode. Its ability to identify
spectra with unanticipated PTMs was demonstrated on several
datasets. In cooperation with traditional sequence database search,
pMatch is able to push up the spectral identification rate to a large
extent. The key points to contributing the success of this method lie
in three aspects: the consideration of accurate mass shifts for peak
matching; the use of full peptide sequence information for consensus
spectral optimization; a new scoring function that combines the
general intensity-based dot-product with a probabilistic model of
peak matching.
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