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Abstract 
 

Recently, we introduced Probability Profile 
Method (PPM), which utilizes neutral-loss 
neighborhoods around each peak in MS/MS spectrum 
to “label” it: to assign a probability that the peak in 
question belongs to one of the specific categories 
(such as b- or y-ion peaks). Here we present the 
PPM-chain program – a PPM-based tool for de novo 
protein tag identification. De novo peptide 
identification involves finding a connected sequence 
of ion peaks separated by amino acid mass intervals, 
corresponding to a tag - partial peptide of the source 
protein. In the existing approaches the number of the 
possible connected sequences may run into hundreds 
of thousands, and it increases exponentially with the 
desired length of the tag. PPM can be used to locate 
high probability islands, containing very pure sets of 
b- and y-ion peaks, thereby reducing computational 
complexity and sharply increasing precision of 
tagging. In addition, the obtained tags can be reliably 
ranked using PPM-derived probabilities assigned to 
the connected peaks. The value of peptide tags was 
demonstrated on a large database of ~20,000 spectra. 
With the additional flanking mass constraints PPM-
chain shows precision and coverage similar to the 
field industrial-power standard – Sequest program, 
while providing a set of novel unique capabilities and 
significantly outperforming Sequest in speed. 
 
 

1. Introduction 
 

Tandem mass spectrometry has become the major 
tool in proteomics for the identification of proteins. In 
the past decade several algorithms and software tools 
have been created to open an age of automated, high-
throughput use of MS/MS. The most powerful and 
popular (such as Sequest [1] and Mascot [2]) use a 

database of proteins to create theoretical mass spectra, 
and then directly compare the uninterrupted 
experimental spectra to find the best corresponding 
peptide in the database. This has an immediate 
disadvantage when attempting to identify spectra 
from proteins outside of the database, or proteins that 
may have been modified. Common modifications can 
be dealt with, but in a limited capacity. This and other 
issues have led to the push for de novo-based 
approaches, which use only the information from the 
spectrum to identify peptides. 

In recent years, many automated de novo 
algorithms have been devised. The approach is 
generally made from a graph-theoretical stand-point 
(Lutefisk [3], SHERENGA [4]), in which ion peaks 
are nodes that are connected by edges corresponding 
to the masses of amino acid combinations. Results 
have generally been limited by the complexity of the 
problem, due to such factors as noise, unknown 
identities of ion peaks, incomplete peptide 
fragmentation, and high connectivity between peaks 
from different categories (e.g. abundance of cases 
when b-ion can be connected by precise amino acid 
mass to y-ion). Furthermore, the latest methods 
(SeqMS [5], Popitam [6], PEAKS [7]) are generally 
intended for very high-resolution MS/MS data.  

The major problems with automated de novo of 
low-resolution data are the misidentification of ion 
peak types and the abundance of high intensity peaks 
(isotopes and neutral-loss peaks) that can distract the 
de novo process. The recently developed Probability 
Profile Method (PPM) can address these problems. 
This method uses the neutral-loss neighborhood 
around an ion peak to assign probabilities for 
belonging to several peak categories. It has been 
shown not only to reliably separate the b-ion and y-
ion peaks from the rest of the spectrum, but to even 
discriminate between the ion types themselves. These 
probabilities reliably reflect actual probabilities, and 
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can be effectively used to filter most of the 
nonessential peaks, leaving the true b-ion and y-ion 
peaks for de novo searching. 

We have developed a new de novo peptide 
identification approach based on PPM – PPM-Chain. 
The new approach opens new opportunities in peptide 
identification. It has very strong self-verification 
features built-in and may be especially powerful when 
the target protein database contains various types of 
modifications. 
 
2. Method 
 

The set of tandem mass spectra was produced from 
experiments during the characterization of the 54 
ribosomal proteins of the R. palustris bacteria [8]. A 
2D LC-MS-MS experiment was performed, with a 
total of ~20,000 MS/MS spectra produced from runs 
using 14 different mixture injections. Sequest was 
used to produce the initial identifications, using the 
entire R. palustris proteome as the database. A non-
specific digest was assumed, and other Sequest 
parameters were left as default.  For the reported 
results we have used only spectra identified as tryptic 
charge +2 peptides. 

The PPM model used for this data incorporates the 
major neutral losses (H2O, NH3, and CO), isotopic 
peaks, and complementary ion information to 
compute probabilities for three categories: b-ions - B, 
y-ions- Y, and R category the rest of the peaks. 
Probabilities (PB, PY, and PR) were computed for the 
most intense peaks in the 6 groups based on the 
estimated length of the parent ion. Lower intensity 
peaks were not predicted. A data set of 1585 spectra 
obtained on a standard protein mixture [9] was used 
as PPM training set.  
 
3. Algorithm 
 

In the first stage, each spectrum is processed in the 
following manner, in order to reduce complexity of 
the de novo process. All ion peaks with PR above 
certain threshold (0.6 for our test) are removed from 
consideration, so that only peaks most likely to be b-
ion or y-ion peaks are retained. This threshold can be 
increased if more confidence in peak selection is 
desired. The remaining peaks are then examined for 
the existence of a complementary peak, based on the 
parent ion mass. If a complement does not exist for a 
given peak, it is mirrored (i.e., a new peak is created), 
with probabilities assigned from the original peak 
(exchanging PB and PY scores). This step allows the 
algorithm to reduce the effect of missing or low 

intensity ion peaks. This resulting set of peaks is then 
is passed to the second stage of the de novo algorithm. 

In the second stage, we create a “chain” (graph), 
connecting peaks whose mass difference is 
approximately equal (within 0.4 Da for ion trap data) 
to a single amino acid or an amino acid pair. The 
addition of amino acid pairs in the construction of the 
graph further reduces the effect of missing ion peaks. 
Using a modified depth first search, all paths and sub-
paths are extracted from the graph. These peak chains 
are assigned scores for the three peak categories based 
on the product of the probability scores of the peaks 
that compose the chain. Finally, the chains are sorted 
by length, and within equal length are sorted by PB 
scores. This list of proposed b-ion chains is the list of 
potential partial peptides – peptide de novo tags. 

For the database search, the chains are processed 
starting with the longest (and highest-scoring). Each 
chain is converted to a mass-sequence-mass motif tag 
construct (Fig 1). 

Figure 1: In addition to the sequence tag, a 
candidate peptide must match the left (ML) 
and right (MR) flanking masses of the tag. 

 
 The left mass corresponds to the flanking amino 

acid residues in positions before the peak chain, and 
the right mass to positions after the sequence motif. 
The database is searched for all peptides (with options 
for specific or non-specific digestion) within specific 
tolerances for left and right masses. If no site satisfies 
all three conditions for the current chain, the search is 
continued with the next. If a chain matches more than 
one peptide in the database, the peptides are sorted by 
the number of ions matched in the spectrum. 

Several other parameter choices are available for 
the database search. Two principal ones are threshold 
of the PR probabilities and the minimum tag length 
(e.g., length 3 tags require connecting at least 4 
peaks). It should be noted that performance of the 
algorithm is affected by these parameters.  When we 
allow more peaks to be considered, the calculation 
times and rate of mistakes grow, but lower quality 
spectra can be used for de novo tag construction.  The 
effects of decreasing the minimum tag length are 
similar. 
 
4. Results and Discussion 

 
We start the with a general discussion of the 

properties and advantages of de novo identification 

MR ML 
ATAG 
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methods based on our experience with PPM-chain, 
report preliminary results of PPM-chain 
identifications in comparison to Sequest and conclude 
with a summary that also reflects our future 
development plans. 

First, de novo solutions have very strong “self-
verification” properties. Consider, for example, a de 
novo peptide tag of 5 amino acids. Not only the tag 
sequence should be matched to the database, but also 
left and right masses should be satisfied (Fig. 1).  Yet 
for tags of such length a sequence match may be a 
unique position in the bacterial genome.  Under such 
condition left and right masses represent independent 
constraints; the mass conditions are independently 
supporting or rejecting already uniquely identified 
position. 

Second, de novo identification has inherent 
flexibility in regard to the results, which is not 
possible in database look-up programs. For a given 
spectrum and given specifications for a de novo chain 
(e.g. 3 residues are set as a minimum length) PPM-
Chain has three possible outcomes: (1) “no chain” – 
no satisfactory de novo tag could be constructed for 
the spectrum; (2) “no answer” – there are good de 
novo tags, but they do not conform to the available 
database; (3) “answer” – a satisfactory de novo tag is 
found and mapped to a protein in the database. In 
contrast, database look-up programs return the best 
match with an attached score, which slowly decrease 
from the confidently identified spectra toward definite 
identification failures. For these cases, the bad quality 
of the match (e.g., due to database error or 
inadequacy) is hard to distinguish from the mediocre 
informational content of the spectrum (e.g., due to 
poor fragmentation). This leads to “grey” area 
situations, where valuable information – often about 
unusual or interesting cases – can be irrecoverably 
lost. 

Third, some of the algorithmic coups could be 
relatively straightforward for de novo methods, but 
are virtually impossible for the traditional approaches.  
Consider identification of the peptide containing an 
unknown post-translational modification. In the 
traditional way, one would have to test for 200 or 
more feasible modification compounds – hardly a 
productive approach as the sequence search space 
would expand on several orders of magnitude.  In a de 
novo framework the unknown PTM could be 
potentially located using the “constraint excess” 
property of the constructed tags. 

Consider a peptide containing an unexpected PTM 
(Fig. 2), where the constructed de novo tag does not 
include the PTM site. An attempt to match this tag to 

the database likely will not return answer, as the 
computations of the “left” mass will not include PTM 
correction.  But we still can use the tag itself and 
“right” mass to narrow down list of possible locations 
Depending on the tag length, it could be even a 
unique solution. Then the investigation of the left 
mass “deficit” at those few locations may provide a 
good guess for the unexpected PTM, especially if the 
given PTM is used more than once in the investigated 
proteome. 

Figure 2: The asterisk represents a site of 
an unknown PTM. Matching the tag and right 
mass may lead to identification of such sites. 

 
Finally, computational performance of the de novo 

identification methods is governed by principles that 
are very different from the traditional identification 
algorithms. The laborious comparison between 
theoretical spectra and experimental spectra is the 
heart of the database look-up algorithms, and the 
performance typically scales linearly with the size of 
the search space. The disadvantage of this is that the 
search space grows exponentially in many situations 
(e.g., with the number of PTMs considered for each 
peptide). In a de novo approach, almost all work is 
done initially on the experimental spectra: peak 
labeling, forming the chains, chain scoring, etc. The 
need for the database comes very late in the process, 
involves extremely simple procedures, and could be 
skipped all together for spectra with too little (no 
chain) or too much (direct de novo identification) 
informational content.  

We have explored results of de novo peptide 
identification for three separate spectral sets separated 
by the initial Sequest identification: high confidence 
(>3.2 X-correlation value), medium (between 2.2 and 
3.2) and low (<2.2). For the high confidence subset, 
“no chain” outcome was obtained only for 21 spectra 
(1.4%) and out of 1263 “answer” spectra Sequest 
identification was confirmed for 1262 (99.9% 
precision of Sequest high confidence result 
reproduction).  “No answer” outcome was observed 
for 216 cases (14%), and this fraction increases as  we 
move to medium and low confidence subsets: 38% of 
“no answer” cases were recorded for both subsets.  At 
the same time “answer” outcomes continued to be 
excellently aligned with Sequest identifications. The 
corresponding precision numbers were 99% and 96% 
for these two data subsets, respectively. The fraction 
of “no chain” cases grows sharply: 18% for medium 

* ATAG 
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and 57% for low confidence sets, reflecting an 
absence of the differentiating information in many 
spectra belonging to these two categories. 

As an example of the worth of the “no answer” 
results, our data set contained four spectra, which 
were matched by Sequest to the charge +2 peptide 
NNIHIVDLTQTVPLLHR from the 30S subunit of the 
ribosome. In two of the spectra, however, PPM-Chain 
discover a b-ion chain of 9 peaks that was mass-
shifted by +1 Da. Due to the mass shift, these spectra 
were not matched to any protein, but they were 
marked for review. Under manual examination it 
became clear that the spectra contained a modification 
of asparagine to aspartic acid. 

In summary, we conclude: 
• With the existing technology, PPM-Chain tags 

can be constructed for a large majority of MS/MS 
spectra – and virtually for all high quality 
spectra. 

• When de novo solution is compatible with the 
database, it is almost always the same as provided 
by Sequest. This conclusion confirms the high 
quality of the Sequest identifications in the cases 
when the expected peptides are present in the 
protein database. 

• There is a significant fraction of spectra (~33% 
for medium X-correlation values, ~50% low X-
correlation values) where PPM-Chain finds good 
de novo tags not compatible with anything in the 
target database.  Some of these tags definitely 
reflect complex and interesting cases, where 
PTMs and point mutations are blocking the 
possibility of finding the right answers in the 
“plain vanilla” database searches. 

• De novo identification methods have unique 
capabilities and far more potential for further 
algorithmic development than mature database 
look-up programs.  In coming years de novo 
approaches will play an increasingly important 
role in the large-scale proteomic efforts. 
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