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Abstract
The remarkable advancement of top-down proteomics in the past decade is driven by the technological
development in separation, mass spectrometry (MS) instrumentation, novel fragmentation, and bioinformatics. However, the accurate identification and quantification of proteoforms, all clearly-defined molecular forms of protein products from a single gene, remain a challenging computational task. This is in part
due to the complicated mass spectra from intact proteoforms when compared to those from the digested
peptides. Herein, pTop 2.0 is developed to fill in the gap between the large-scale complex top-down MS
data and the shortage of high-accuracy bioinformatic tools. Compared with pTop 1.0, the first version,
pTop 2.0 concentrates mainly on the identification of the proteoforms with unexpected modifications or a
terminal truncation. The quantitation based on isotopic labeling is also a new function, which can be carried
out by the convenient and user-friendly “one-key operation,” integrated together with the qualitative
identifications. The accuracy and running speed of pTop 2.0 is significantly improved on the test data sets.
This chapter will introduce the main features, step-by-step running operations, and algorithmic developments of pTop 2.0 in order to push the identification and quantitation of intact proteoforms to a higheraccuracy level in top-down proteomics.
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Introduction
The past decade has witnessed the increasing technological and
application-oriented progresses in top-down proteomics (TDP),
which is the study of all proteins from a cell or an organism on
the proteoform level [1–14]. The term “proteoform” designates all
of the different molecular forms in which the protein product of a
single gene can be found, including all forms of genetic variations,
alternative splicing of RNA transcripts, and posttranslational modifications (PTMs) [15]. The latest research reveals that the number
of all human proteoforms is estimated to be much larger than the
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number of the protein-coding genes due to the high-level complexity of the biological processes from the genes to the proteins
[1, 2]. The development of sensitive and high-throughput analytical techniques has been the current hotspot to achieve identifying
and quantifying all human proteoforms. So far, intact proteoforms
are not measured individually one-by-one, but in mixtures by TDP,
utilizing a combination of separations such as high-performance
liquid chromatography (LC) and high-resolution mass spectrometry (MS). The resulting MS and MS/MS data are then analyzed by
bioinformatics tools for intact protein identification and quantitation. Therefore, the analysis of proteoforms in TDP necessitates the
use of unique approaches for separation, high-resolution mass
spectrometers, and novel data analysis algorithms and tools
[14]. The great advances in protein separation and mass spectrometry in the past decade make the software tools dealing with largescale mass spectra become an urgent need.
Large-scale MS-based proteomic experiments generate a large
amount of very complex data, and how to identify and quantify
proteoforms from these mass spectra is what bioinformatics needs
to address. Because top-down mass spectra are of high complexity,
they are often firstly simplified by several deconvolution algorithms
such as THRASH [16], DeconMSn [17], MS-Deconv [18], and
pParseTD [19], all of which can convert fragment ion peak clusters
into a list of single-charged or neutral monoisotopic masses. The
subsequent deconvoluted data then serve as the input of top-down
search engines such as ProSight [20, 21], MS-Align+ [22], MSAlign-E [23], pTop [19], TopPIC [24], and Informed-Proteomics
[25], which deal with the qualitative and quantitative analysis of
intact proteins. The community of TDP has contributed more on
sample preparation, MS analysis, and designation of proteoforms in
recent years [6–8]. However, there is currently no such a similar
standard protocol published on how to process the mass spectral
data from large-scale intact proteoforms.
Database searching is currently the dominant approach to proteoform identification in TDP. Most search engines could be
divided into two categories according to the databases they search.
One is those searching the shotgun-annotated protein database
(e.g., ProSightPC [20, 21]) and the other is those searching protein sequence database (e.g., TopPIC [24] and pTop [19]). As the
first top-down software, ProSightPC searches spectra against a
shotgun-annotated protein database, which is generated by considering all potential PTMs and variations. However, this kind of
shotgun-annotated protein database is much larger in size than
the original protein database. This will be essentially difficult to
scale up. ProSightPC can also identify some (but not all) proteins
with unexpected PTMs using the optional “biomarker” search
mode, where a big mass tolerance (e.g., 2000Da) is used for
precursor mass tolerance, but it is not originally designed to
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identify truncated proteins with PTMs that are not represented in
the shotgun-annotated database.
MS-Align+ is another popular tool which searches the protein
sequence database. Based on a spectral alignment algorithm from
MS-TopDown, MS-Align+ could identify proteoforms with at
most two unknown mass shifts. It treats all primary structure
alterations (PSAs) including genetic variations, alternative splicing,
and PTMs, as unknown mass shifts except for fixed PTMs and
N-terminal PTMs. MS-Align-E enables to identify proteoforms
with variable PTMs, but not those with terminal truncations. TopPIC is an improved version of MS-Align+ with reduced memory
and running time. The recently published TopPG is capable of
identifying proteoforms with genetic alterations and alternative
splicing events [12]. pTop 1.0 supports the identification of proteoforms with both fixed and variable PTMs, but not those with
terminal truncations and unexpected PTMs. Moreover, all the
above-mentioned software tools do not contain a comprehensive
workflow including quantitative analysis for intact proteins.
Although several programs exist to do various pieces of top-down
data analysis, there is a dearth of software that is capable of handling
deconvolution, identification, and quantification within one
program.
In this chapter, we present an updated version of pTop 1.0,
namely, pTop 2.0, providing a suite of comprehensive analysis tools
for TDP, with deconvolution, identification, quantitation modules
integrated together. Based on the tag-index process of pTop 1.0,
we propose a novel algorithm to identify terminal truncations using
the mass deviations of the flanking mass of sequence tags. pTop 2.0
enables the search with variable modifications as well as one
unknown modification through a mass index of common modifications. An ion-index process is designed in pTop 2.0 to act as a
secondary-search module to further improve the identification
rate of MS/MS data. The semi-supervised machine learning
approach is introduced to re-rank the search results of pTop 2.0,
thus improving the sensitivity of the engine significantly. Tests on
both simple and complex sample data sets show that pTop 2.0
could identify much more spectra than pTop 1.0 and other software
tools. With multithreading to accelerate the searching process,
pTop 2.0 is now a more accurate and efficient software tool for
both identification and quantitation of high-throughput intact
proteins on the proteoform level.
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Materials
The top-down MS/MS data analysis pipeline of pTop 2.0 is summarized in Fig. 1, which includes four main procedures.

2.1 General
Workflow of pTop 2.0

1. Preprocessing the raw or extracted data.
2. Searching and scoring for each MS2 spectrum.
3. Re-ranking all proteoform-spectrum matches (PrSMs) and filtering to generate the result report.
4. Quantifying identified proteins based on the MS data if needed.
pTop 2.0 integrates pQuant [26], pXtract [27], and pParseTD
[19] as its data preprocessing module. pXtract converts RAW data
files from Thermo’s instruments to .ms1 and .ms2 files with centroided peaks. Then pParseTD is employed to detect potential
precursors and extract a list of monoisotopic masses with a single
charge for each top-down MS/MS spectrum. These two-step processing will greatly simplify the subsequent matching process
between an MS/MS spectrum and its candidate proteins. With
the incorporation of pQuant, pTop 2.0 can automatically search
multiplex-labeled data to achieve accurate quantification. The
PrSMs output by pTop 2.0 can be viewed by pLabel, one of our
in-house-developed visualization programs.
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Fig. 1 The workflow of pTop 2.0
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2.2 Step-by-Step
Running Operations of
pTop 2.0

In this section, we will briefly introduce the installation, activation,
interface, configuration of PTMs, searching parameters, and results
files of pTop 2.0.

2.2.1 Installation and
Activation of pTop 2.0

Hardware Requirements
4GB or higher recommended memory.
Software Requirements
Windows 7 or above, microsoft. NET Framework 4.5 or above,
MSFileReader 2.2(From Thermo Scientific) or higher version.
The Windows setup package of pTop 2.0 can be downloaded
from the website http://pfind.ict.ac.cn/software/pTop/index.
html.
After downloading pTop 2.0, the installation step can be done
according to the guidance as shown in Fig. 2. All users are required
to go through a software activation process to use pTop2.0. A
license wizard will guide users for the activation process when the
first time pTop2.0 is launched.

2.2.2 The Main Interface
of pTop 2.0

There are four main sub-pages of pTop 2.0: MS data, Identification, Quantification, and Summary (Fig. 3). The format of MS data
includes Thermo’s .RAW and generic .mgf files. MS fragmentation
includes HCD, CID, ETD, EThcD, ETciD, and UVPD (Fig. 3a).

Fig. 2 The installation of pTop 2.0.
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Fig. 3 The interface of pTop 2.0
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Fig. 4 Edit modification information

The database and searching parameter settings are shown on Identification page (Fig. 3b), which includes the precursor and fragment
mass tolerances, max truncated mass, max PTM positions, number
of unexpected PTMs, and the fixed and variable PTM selection.
Figure 3c is the quantification page, which supports 15N, dimethyl,
and SILAC methods. All settings of pTop 2.0 are summarized in
Fig. 3d.
2.2.3 Configuration of
New Modifications

When searching the protein database with modifications, if a new
modification which is not contained in the list is required to be set,
pTop 2.0 in Fig. 4 provides the function to define new modifications or edit the old ones. After completing the edition, press the
save button to save the information into the modification.ini file.

2.2.4 Parameters in
Identification

The detailed illustration for each parameter in identification is listed
in Table 1.

2.2.5 Searching Results
of pTop 2.0

In the output path, you can find your task folder containing all the
results (Fig. 5). The “pTopTask” folder with time stamp is the
symbol of a pTop new task. The “param” folder contains the
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Table 1
Parameters in identification
Parameter

Description

Database

Protein sequence database to be searched, required

Precursor
tolerance

Error tolerance for precursor mass in Dalton. The default value is 5.2 Da.

Fragment
tolerance

Error tolerance for fragment ions in ppm. The default value is 15

Max truncated
mass

Max mass allowed to be truncated on the N/C terminus. The default value is 20,000

Search mode

The two search modes in pTop 2.0 are tag-index mode and ion-index mode. Tag-index
mode gets candidate proteins through tag-index, while ion-index mode acquires
candidate proteins through ion-index. When ion-index mode is used, the precursor
tolerance can be set as the most, e.g., 50,000

Second search

Once tag-index mode is selected, a second search switch could be turned on. Second
search flow use ion index to search those spectra missed by tag index, which may take
a little longer time

Max PTM
positions

The maximum modification sites (including variable and unexpected) allowed on each
protein. The default value is 3

Max Mod. Mass Maximum absolute value of the mass shift (in Dalton) of a modification. Default value:
500
Unexpected
PTMs

Maximum number of unexpected modifications in a proteoform. Default value: 0

Fixed Mods.

Fixed modifications which are certain to occur on the proteins

Variable Mods.

Variable modifications which may occur on some proteins

FDR

The threshold of false discovery rate (FDR). The default value is 0.01

Separate
filtering

Whether to calculate FDR and filter the search results for each input file individually. If
the switch is turned off, the search results of all the input files will be merged; then,
estimate FDR and filter out the results above the FDR threshold

parameter files of this task. There is a folder for each input data file.
In the “summary.txt” file, you can find all results about the number
of total MS/MS, the identification rate for each input file. In the
“out.log” file, you can find the running log of pTop. The “.cfg” file
is also a copy of the search parameters. The “pTop.spectra” file
contains all search results and the “pTop_filtered.spectra” file contains all identification results above the FDR threshold set
previously.
If quantification analysis is done, there will be more files including 1.aa/2.aa and 1.mod/2.mod containing the information of
amino acids and modifications under different labels. “pQuant.
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Fig. 5 Output files of pTop 2.0

Fig. 6 An identified MS/MS annotated by pLabel program (below is the mass deviations of matched
peaks, unit: ppm)

cfg” is a copy of pQuant’s parameter file. The “pQuant.protein” file
and the “pQuant.protein.list” file contain information of quantified
proteins, while the “pQuant.spectra” file and the “pQuant.spectra.
list” file contain information of quantified PrSMs.
All identified MS/MS spectra can be visualized by pLabel. One
example is shown in Fig. 6.
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Methods

3.1 Method of TagBased Identification of
Truncated Proteins

In the main search flow (Fig. 1), pTop 2.0 employs a tag-index
method [19] to speed up the retrieval of candidate proteins. For
each deconvoluted mass spectrum, we first extract its sequence tags
and search these tags against the protein sequence database
through the pre-established index of sequence tags. As each tag
has a score related to its matching errors and matched peaks intensity, the score of a candidate protein is the sum of scores of the
sequence tags it contains. Then all the candidate proteins are sorted
by their scores and the top 100 remain for further checking.
With the help of the tag information, the identification of
proteoforms with terminal truncations becomes feasible. During
the extraction of sequence tags from a spectrum, we record not only
the sequences and scores of the tag, but also its two flanking masses.
Let [p1, p2, p3, p4, p5] be the five peaks that generate the sequence
tag HYTK, then the left flanking mass of HYTK is mass( p1) and the
right flanking mass of HYTK is PrecursorMass  Water _ Mass  mass( p5). For each candidate protein, we sort its tags by their start
positions in the protein sequence, and then we could use the left
flanking mass difference of the left-most tag to check the
N-terminal truncation and the right flanking mass difference of
the right-most tag to check the C-terminal truncation. For example, the protein in Fig. 7 has four tags: HYTK, TKRV, AVRL, and
VRLL. The left flanking mass of the left-most tag HYTK in the
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Fig. 7 Identification of terminal truncations. The protein has four tags: HYTK, TKRV, AVRL, and VRLL. The left
flanking mass of the left-most tag HYTK in the spectrum is 184, but the left flanking mass of the tag in the
protein sequence is 315(MLA), and the mass difference is the mass of “M” (184  315 ¼ 131). The right
flanking mass of the right-most tag VRLL in the spectrum is 395, but the right flanking mass of the tag in the
protein sequence is 583(LPGKMG), and the mass difference is the mass of “MG” (395  583 ¼ 188).
Therefore, the truncated protein sequence is LAHYTK. . .VRLLLPGK
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spectrum is 184, but the left flanking mass of the tag in the protein
sequence is 315 (the mass of “MLA”), and the mass difference is
exactly for the mass of “M” (184  315 ¼  131). The right
flanking mass of the right-most tag VRLL in the spectrum is
395, but the right flanking mass of the tag in the protein sequence
is 583 (the mass of “LPGKMG”), and the mass difference is exactly
for the mass of “MG” (395  583 ¼  188).
Not all spectra contain sequence tags whose lengths are above a
fixed number, such as 4 or 5 (pTop 2.0 uses 4-tag and 5-tag to
create index). For those spectra without adequate sequence tags, a
large mass tolerance, such as 500 Da, will be used for searching
the candidate proteins. If the mass difference between the precursor
ion and the candidate protein is negative, we cut several amino acids
from the N-terminus of the protein sequence to make it positive
and add the N-terminus-truncated protein sequence to the candidate set. In the similar fashion, we can also add the C-terminustruncated protein sequence to the candidate set. Finally, we may get
hundreds of candidate protein sequences for a specific spectrum.
pTop 2.0 employs a rough score to filter the candidate protein
sequences and remains the top 100 for later identification of
proteoforms.
3.2 Identification
and Characterization
of Proteoforms

Given the spectrum S and the candidate protein P, we could use the
mass difference between the precursor mass of S and the mass of
P to retrieve the candidate modifications through a pre-established
PTMs index. There are two components in the PTMs index: one is
mass index for user-specified variable modifications (variable PTMs
index) and the other is mass index for modification combinations
with at least one unexpected modification (unexpected PTMs
index). We select 460 common modifications from Unimod [28]
as candidate unexpected modifications. To identify proteoforms
with both variable modifications and unexpected modifications,
we take a two-step search strategy. We first retrieve the variable
PTMs index to get variable PTM combinations. For each combination, we use a graph-based method [19] to locate the modifications
and get the candidate proteoforms. Then each proteoform is scored
by the following formula:



n 
X
ð1 þ b ÞI i
j Toli j π
Score ¼
0:5 þ cos
ð1Þ
b þ Ii
2FragTol
i¼1
In Eq. 1, Ii is the absolute intensity of a matched peak, the
parameter b is well-tuned as 0.03. FragTol refers to the user-defined
matching mass tolerance of fragment ions, e.g., 20 ppm. Toli refers
to the mass tolerance of a matched fragment ion ranging from –
FragTol to +FragTol.
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For the spectrum S, we sort its candidate proteoforms by their
scores. If the top score is below a threshold, e.g. 18, we then
retrieve the unexpected PTMs index to get unexpected PTM combinations and then use the same method to locate the PTMs and
score the candidate proteoforms. The mass index of PTMs and the
two-step search strategy has substantially improved the search efficiency of pTop 2.0.
3.3 Re-ranking and
Filtering

In addition to the matching error and intensity which are considered during the refined scoring, we need another normalized score
to re-rank all the PrSMs and ensure that a large fraction of the true
positive identifications are retained. We implemented the
re-ranking module based on Percolator’s semi-supervised learning
algorithm, and thus improved significantly pTop 2.0’s sensitivity.
To establish a machine learning model, the feature extraction
and training samples selection should be of prime importance. We
extract 11 features, including nine intra-spectra features and two
inter-spectra features. The intra-spectra features are mainly
extracted from the matching process between the spectra and proteoforms while the inter-spectra features are from the statistical
information of the samples. The SVM score of the last round is
one of the intra-spectra features. To select proper training samples,
we employ the target-decoy strategy to estimate FDR, then we
choose the target identifications within FDR  0.5% as positive
samples. All decoy identifications are negative samples. We use
these 11 features to iteratively train an SVM model and predict
the SVM score for 10 times and yield a better normalized score for
each spectrum. The workflow of Percolator in pTop 2.0 is shown in
Fig. 8. In each iteration, training samples would be reselected and
features would be updated.
The SVM package we used is LibLinear [29], a widely used
library for large linear classification. To improve the precision of the
model and speed up the convergence of gradient descent, we
perform feature scaling on both training set and testing set with
min-max normalization. For the convenience of comparison, we
normalize the predicted score with function y ¼ 1/(1 + e10x) as the
final score in place of E-value. The test results have shown that
sensitivities are improved after re-ranking on two complex sample
data sets compared with ranking with E-value.

3.4 Protein
Quantitation

We integrate pQuant [26] into pTop 2.0 as the quantitation module, which makes it possible to accurately quantify intact proteoforms based on MS data. pQuant detects interference signals and
identifies for each peptide/protein a pair of least interfered isotopic
chromatograms—one for the light isotope-labeled and the other
for the heavy isotope-labeled peptide/protein. Based on the isotopic pairs, pQuant calculates the relative heavy/light peptide/protein ratios. pTop 2.0 could search both the light isotope-labeled
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Fig. 8 Workflow of Percolator in pTop2.0

and the heavy isotope-labeled tandem mass spectrometry data,
merge the result together, and finally use pQuant to quantify each
identified PrSM and estimate the ratios of proteoforms. For those
PrSMs, whose light or heavy signals are missing or very low in MS
scans, pQuant outputs “NaN” (Not a Number) ratios. The proportion of NaN in all identified PrSMs can be used to evaluate the
accuracy of the search engine’s FDR.

4
4.1

Results of pTop 2.0 on Three Test Data Sets
Data Sets

The performance of pTop 2.0 was tested on three data sets. The
first data set containing 11,378 CID spectra was generated from
the human histone H2A, H2B, H3, and H4 proteins by LTQ
Orbitrap Velos mass spectrometer [30]. The second data set is a
much more complex one from E. coli intact proteome generated on
Q Exactive with three technical replicates [31]. The total numbers
of HCD spectra were 16,573, 16,533, and 16,591, respectively.
The third data set is a mixture of 14N-labeled fission yeast (Schizosaccharomyces pombe) and 15N-labeled yeast with a mixing ratio of 1:
1 generated on Q Exactive HF (unpublished). The fission yeast
sample was fractionated into discrete molecular weight
(MW) ranges by use of GELFrEE. GELFrEE fractions C-G were
collected from three technical replicates with a resolution of
120,000 for MS spectra and 60,000 for MS/MS spectra (at mass
200 Da), and a total of 23,837 HCD spectra were acquired.
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The first data set was searched against a small database containing only target proteins. The second data set was searched against
UniProt E. coli database and the third data set was searched against
Uniprot yeast database. We first tested the performance of pTop 2.0
on the first two data sets and compared it with pTop 1.2 and
TopPIC in terms of sensitivity and accuracy. Here, the sensitivity
of the search engine is mainly measured by the identification rate of
the spectra and the number of identified PrSMs while filtered with
FDR  1% at the spectra level. The accuracy of the search engine is
measured by the ratio/count of matched fragment ions and the
ratio of matched peaks intensity of the identified PrSMs. To compare fairly, all the top-down MS/MS spectra were deconvoluted by
pParseTD and searched against the target-decoy concatenated
database. Then, we tested the quantitation performance of pTop
2.0 on the 15N-labeled yeast data set. We proposed here, for the
first time, the idea of validating the FDR of large-scale identification
results by using quantification information of 15N-labeled data in
top-down proteomics. We also assessed the accuracy and stability of
FDR estimates on the 15N-labeled yeast data set by using a sample
and entrapment database.
4.2 Proteoform
Identifications on the
Human Histone Data
Set

The human histone data set was searched by pTop 1.2, TopPIC,
and pTop 2.0, respectively. Two different searching modes of pTop
2.0 were tested in this study. The first mode is searching without
unexpected modifications (referred to as pTop 2.0 (uPTM ¼ 0))
which has the same parameters as pTop 1.2. The second mode is
searching with one unexpected modification as well as user-defined
variable modifications. TopPIC was tested with similar parameters,
such as two unexpected modifications.
The identification rates as well as the number of identified
PrSMs and proteoforms of pTop 1.2, pTop 2.0, and TopPIC are
shown in Table 2. pParseTD may export more than one precursor
for some MS/MS scan, and that is the reason why the number of
PrSMs is larger than the number of MS/MS scans. When searching
without unexpected modifications, pTop 2.0 yielded an identification rate of 51.9%, which is 6.4% higher than that of pTop 1.2
(45.5%) and 11.9% higher than that of TopPIC (40%). pTop 2.0
(uPTM ¼ 0) identified 2025 more PrSMs with at least 20 matched
ions and 890 more proteoforms than pTop 1.2. When searching
with one unexpected modification, the identification rate was
increased by about 3% and 631 more PrSMs with at least
20 matched ions were identified comparing with “uPTM ¼ 0”
mode. As modification sites cannot be accurately determined with
deficient fragment ions, they are not considered when calculating
the number of proteoforms. That is to say, we count two proteoforms as one when both their protein sequences and modification
combinations are same. pTop 2.0 could identify more proteoforms
than pTop 1.2 (Table 2).
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Table 2
Identification results of pTop 1.2, pTop 2.0, and TopPIC

Software

ID Ratea

# ID PrSMsb

# ID PrSMs with at least
20 matched ions

# Proteoformsc

pTop 1.2

45.5%

21,096

14,546

792

pTop 2.0(uPTM ¼ 0)

51.9%

25,052

16,571

1682

pTop 2.0(uPTM ¼ 1)

54.8%

27,202

17,202

2454

TopPIC

40%

17,322

14,496

*

ID Rate ¼ identified scan number/total scan number
As pParseTD could export co-eluted spectra, one scan may correspond to several spectra and each spectrum corresponds
to a PrSM
c
Modification sites are not considered when counting proteoforms here, and the number of proteoforms identified by
TopPIC cannot be counted exactly because it does not provide full modification information for some unknown mass
shifts(*)
a

b

The consistency between pTop 2.0 and pTop 1.2 is shown in
Fig. 9a. pTop 2.0 could cover 67.7% of PrSMs identified by pTop
1.2, and the percentages of results individually identified by pTop
2.0 and pTop 1.2 were 43.0% and 32.3%, respectively (two PrSMs
are considered consistent if and only if the protein sequences are
identical in spite of the modification types for the same spectrum).
To assess the accuracy and reliability of the identifications, the ratios
of matched fragment ions (referred to as Matched_Ion_Ratio,
defined as the proportion of matched fragment ions in all the
theoretical fragment ions) and the ratios of matched peaks intensity
(referred to as Matched_Intensity_Ratio, defined as the proportion
of matched peaks’ intensity in all the peaks’ intensity) are analyzed.
The statistical analysis of matched intensity ratio and matched ion
ratio in the consensus and individual parts is shown in Fig. 9b. The
ratios of matched intensity and matched ions in pTop 2.0’s individual identifications tend to be larger than those in pTop 1.2, indicating that the reliability of individual identifications of pTop 2.0 is
higher than that of pTop 1.2 to some extent. Among the 10,780
PrSMs identified individually by pTop 2.0, ~68% were truncated
either in the N terminal or C terminal. Figure 9c shows the
top-score proteoform with terminal truncations.
The consistency between pTop 2.0 and TopPIC and the
matched fragment ions of the two engines were also analyzed.
pTop 2.0 could cover 99.5% of spectra identified by TopPIC and
identify 57% more spectra than TopPIC. For all 17,228 spectra
identified by both pTop 2.0 and TopPIC or the individual identifications of the two engines, proteoforms reported by pTop 2.0
tend to match more fragment ions than those reported by TopPIC
(data not shown).
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Fig. 9 Comparisons of results between pTop 1.2 and pTop 2.0(uPTM ¼ 0) on human histone data set. (a) Venn
diagram showing the PrSMs identified by pTop 1.2 and pTop 2.0. 14,272 PrSMs were identified by both pTop
1.2 and pTop 2.0 indicating that the protein sequences are identical for the same spectrum. (b) A comparison
of matched intensity ratio and matched ion ratio between the intersection and subtraction. “Intersection”
means the same spectrum with the same protein sequence, the 14,272 PrSMs identified by both pTop 1.2 and
pTop 2.0; “pTop 1.2” represents the 6824 PrSMs identified only by pTop 1.2; “pTop 2.0” represents the
10,780 PrSMs identified only by pTop 2.0. (c) A proteoform with N-terminal truncation (32 amino acids are
removed) and C-terminal truncation (8 amino acids are removed) identified by pTop 2.0

4.3 Proteoform
Identifications on the
E. coli Data Set

To test the performance of pTop 2.0 over complex sample data sets,
the E. coli intact proteome data including three technical replicates
were searched by pTop 1.2 and pTop 2.0. Similar analysis and
comparison were performed over the two engines. Table 3 shows
the identification rates as well as the number of proteins and proteoforms. On all of the three data sets, pTop 2.0 yielded an identification rate of 37.4–41.4%, which is about 8% on average higher
than that of pTop 1.2. On the overall data set, pTop 2.0 identified
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Table 3
Identification results of pTop 1.2 and pTop 2.0 on E. coli data set
pTop 1.2

pTop 2.0

Raw

ID Rate

# Proteins

# Proteoforms

ID Rate

# Proteins

# Proteoforms

E.coli_rep1

28.73%

152

980

37.38%

213

1285

E.coli_rep2

32.59%

166

1122

38.53%

209

1716

E.coli_rep3

31.55%

155

1081

41.41%

233

1520

Overall

30.96%

242

2075

39.11%

401

3124

401 proteins and 3124 proteoforms, which is 159 more proteins
and 1049 more proteoforms than pTop 1.2.
The consistency of PrSMs identified by pTop 2.0 and pTop 1.2
is shown in Fig. 10. About 75% of the results reported by pTop 1.2
can also be obtained by pTop 2.0 and the individual part of pTop
2.0 takes 45% of its own results. As shown in Fig. 9b, the matched
intensity ratios and matched ion ratios of the consensus part tend to
be higher than those of the individual parts. In terms of the individual identification results, PrSMs identified only by pTop 2.0
tend to have higher matched intensity ratio and matched ion ratio
than PrSMs identified only by pTop 1.2. Among the 18,302 PrSMs
identified individually by pTop 2.0, ~66% were those with terminal
truncations, and the top-score one was shown in Fig. 10c.
As shown above, pTop 2.0 could identify more spectra and
proteoforms on both simple data and complex data. What is
more, the PrSMs identified by pTop 2.0 tend to match more
fragment ions and high-intensity peaks than those identified by
pTop 1.2 and TopPIC.
4.4 Quantitative
Analysis on the Yeast
Data Set

pTop 2.0 completed the identification and quantitation of the
15
N-labeled yeast proteome data set in the user-friendly “one-key
operation.” A total of 14,121 scans (59%), 460 proteins, and 2391
proteoforms (without consideration of modification sites) were
quantified. The ratios of the spectra are concentrated around 1:1
whose log base 2 is 0. The mean, median, and standard deviation of
spectra ratios are 1.02, 1.01, and 1.03, respectively. We took the
median of the spectra ratios as the ratio of the proteoform on
condition that the spectra identified the same proteoform. The
mean, median, and standard deviation of spectra ratios are 1.06,
1.03, and 2.04, respectively. Thus the ratios of proteoforms are
more diverse than those of spectra but still concentrated around 1:1
(data not shown).
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>sp|P75694|YAHO_ECOLI
MKIISKMLVGALALAVTNVYAAELMTKAEFEKVESQYEKIGDISTSNEMSTADAKEDLIKKADEKGADVLVLTSGQTDN
KIHGTANIYKKK

Fig. 10 Comparison of results between pTop 1.2 and pTop 2.0 on E. coli data set. (a) Venn diagram showing
the PrSMs identified by pTop 1.2 and pTop 2.0. 22,298 PrSMs were identified by both pTop 1.2 and pTop 2.0
indicating that the protein sequence and modification types are identical for the same spectrum. (b) A
comparison of matched intensity ratio and matched ion ratio between the intersection and subtraction.
“Intersection” means same spectrum with same protein sequence, that is the 22,298 PrSMs identified by both
pTop 1.2 and pTop 2.0; “pTop 1.2” represents the 7269 PrSMs identified only by pTop 1.2; “pTop 2.0”
represents the 18,302 PrSMs identified only by pTop 2.0. (c) A proteoform with N-terminal truncation
(21 amino acids are removed) identified by pTop 2.0
4.5 Validation of FDR
Estimates

The most commonly used target-decoy approach (TDA) is
employed in pTop to estimate the false discovery rate (FDR). We
then used pQuant to quantify the PrSMs filtered by FDR  1% at
spectra level. The “NaN” ratios reported by pQuant on the above
15
N-labeled yeast data set were used to validate the FDR estimates
of pTop 2.0. Those PrSMs with “NaN” ratios, whose light or heavy
signals are missing or very low in MS spectra, are most possibly the
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Table 4
The number of “NaN” ratios of pTop 1.2 and pTop 2.0 on
pTop 1.2

15

N-labeled yeast data sets
pTop 2.0

Data set

# ID spectra

# NaN (Ratio)

# ID spectra

# NaN (ratio)

U+15N

4369

28 (0.64%)

6721

36 (0.54%)

U+15N_rep1

3197

17 (0.53%)

4831

20 (0.41%)

U+15N_rep2

4376

42 (0.96%)

6564

47 (0.72%)

Overall

11,942

87 (0.73%)

18,116

103 (0.57%)

wrong identifications. Therefore, the proportion of “NaN” ratios
in all the identified PrSMs can be used for an independent merit to
estimate the error rates on the isotopic labeled datasets. The number of identified spectra and “NaN” ratios of the three technical
replicates are shown in Table 4. Both pTop 1.2 and pTop 2.0 have
less than 1% “NaN” ratios on the three technical replicates, i.e.,
most of their results can be assigned with expected quantitation
ratios. What is more, pTop 2.0 reported less “NaN” ratios than
pTop 1.2 which indicates that the error rate of pTop 2.0 is lower
than that of pTop 1.2.
To further assess the accuracy and stability of FDR estimates of
pTop 2.0, we searched the three technical replicates of yeast proteome against a big target-decoy concatenated database. The target
database was a concatenation of the sample database containing
5149 target proteins and the entrapment database containing
91,464 human proteins. The decoy database was constructed by
connecting the reversed sequence of the first half and the second
half of the protein sequences in the target database. We still used
the target-decoy strategy to estimate the FDR and report the
identification results at 1% spectra-level FDR. Assuming that any
match to the sample database is a true positive and any match to the
entrapment database is a false positive, the percentage of identifications from the entrapment database can reflect relatively the error
rate and also act as another validation of the FDR estimates. The
number of identified spectra and those from the entrapment database are shown in Table 5. Except for the error rate of the first
technical replicate being 1.06%, both the other two replicates have
an error rate of less than 1%, and the overall error rate under the
entrapment strategy is 0.75%, indicating that the 1% spectra-level
FDR of pTop 2.0 is of high accuracy.
4.6 Analysis of the
Running Time

The running time of pTop 1.2, pTop 2.0, and TopPIC on human
histone H2A data set is listed in Table 6. While pTop 1.2 does not
support multi-threading, its single-threaded speed is the fastest,
even faster than pTop 2.0 with three threads and TopPIC with six

Accurate Proteoform Identification and Quantitation Using pTop 2.0

Table 5
The number of identified spectra from entrapment database on
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15

N-labeled yeast data sets

Data set

# ID spectra

# ID spectra of entrapment (ratio)

U+15N

5823

62 (1.06%)

U+15N_rep1

4116

18 (0.44%)

U+15N_rep2

5837

39 (0.67%)

Overall

15,776

119 (0.75%)

Table 6
Running time of pTop 1.2, pTop 2.0, and TopPIC on H2A (unit: min)
pTop 1.2

pTop 2.0 (uPTM ¼ 0)

pTop 2.0 (uPTM ¼ 1)

TopPIC

Threads ¼ 1

17.5

68.5

73.1

421.3

Threads ¼ 3

*

25.1

26.6

372.4

Threads ¼ 6

*

14.2

16.5

259.9

All of the running time tests were performed on the same PC (AMD Opteron(tm) Processor 6320, 2.80GHz, 128GB
Memory).
*Multiple threads function was not supported in pTop 1.2.

threads. The main reason is that it cannot identify truncated proteins and unknown modifications. Thus, its search space is smaller
than pTop 2.0 and TopPIC. As shown in Table 6, even if one
unexpected modification is allowed, the search time of pTop 2.0
does not increase too much, especially with three or more threads,
consuming only 2 more minutes.
We also tested the running time of pTop 2.0 and TopPIC with
8, 12, 16, and 20 threads on H2A data set. The running time and
speedup ratio of pTop 2.0 and TopPIC with multi-threading are
shown in Fig. 11. For single thread, the speed of pTop 2.0 searching with ten variable modifications and one unexpected modification is about 5 times faster than TopPIC searching with two
unexpected modifications. For eight and twenty threads, the
speed of pTop 2.0 is about 20 and 42 times faster than TopPIC,
respectively. When the number of threads increases from 3 to
20, the speedup of pTop 2.0 varies from 2.7 to 11.9 with its
efficiency decreasing from 91% to 60%, and the speedup of TopPIC
varies from 1.1 to 1.7 with its efficiency decreasing from 38% to 8%.
In summary, the speed of pTop 2.0 with six threads is comparable
to that of pTop 1.2 with single thread. In multi-threading mode,
the speedup as well as the efficiency of pTop 2.0 is higher than that
of TopPIC.
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Fig. 11 Running time and speed-up ratio of pTop 2.0 and TopPIC with multi-threading on H2A data

5

Conclusion and Discussions
In this study, we presented a novel software tool pTop 2.0, which
can more accurately identify and quantify complex proteoforms
with primary structure alterations such as amino acid mutations,
terminal truncations, and posttranslational modifications. The
semi-supervised machine learning approach is introduced in TDP
to re-rank the search results of pTop 2.0, thus improving the
sensitivity of the engine significantly. Tests on both simple and
complex sample data sets showed that pTop 2.0 can identify more
spectra and proteoforms with more matched fragment ions and
higher matched peaks. Compared with pTop 1.2, pTop 2.0 could
identify truncated proteins and one unknown modification besides
variable modifications, which makes its search space much larger.
And for spectra which cannot be identified by tag-based process,
pTop 2.0 would search them a second time with ion-index process.
TopPIC could search with at most two unknown modifications
whose advantage is to identify unknown modifications that are
not in Unimod.
pTop 2.0 integrated pQuant as the quantitation module, which
enables it to accurately quantify intact proteoforms based on the
MS data. Test on 15N-labeled yeast data set showed that pTop2.0
could automatically search multiplex-labeled data and call pQuant
to compute relative quantitation ratios.
The isotopic labeling strategy and entrapment strategy, which
both indicated that the quality control of pTop 2.0 was relatively
strict and more accurate, thus have provided a new insight on how
to assess and validate the spectra-level FDR of a search engine.
However, the accurate estimation and validation of FDR of identified proteoforms and modifications is still a challenging open
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problem. As for proteoform-level FDR estimation, a variety of PSAs
may have happened on the identified proteoforms compared with
the database protein sequences, making it hard to generate decoy
proteoforms.
To improve the performance of pTop 2.0, we also investigated
the fragmentation patterns of large-scale proteoforms using the
data set from ref. [32]. Our result shows that the quality of
PrSMs depends heavily on the sequence characteristics [33]. We
will in future incorporate these new features into pTop. For the
identification of truncated proteins, it has attracted more and more
attentions in the pharmaceutical industry [34–36]. We will improve
the performance of pTop 2.0 to identify more truncations, such as
more complex species in its future versions.
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