1duosnuely Joyiny 1duosnuey Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

WEALTH 4
% %,

SERVICE

%,
o
Yeyvaaa

5.4

HHS Public Access

Author manuscript
J Proteome Res. Author manuscript; available in PMC 2020 July 05.

Published in final edited form as:
J Proteome Res. 2019 July 05; 18(7): 2896—2902. doi:10.1021/acs.jproteome.9b00203.

DecoyDeveloper: An On-Demand, De Novo Decoy Glycopeptide
Generator

Joshua T. Shipmanl, Xiaomeng Su?l, David Hual, Heather Desairel”

1Department of Chemistry, University of Kansas, Lawrence, Kansas 66045, United States

Abstract

Glycopeptide analysis is a growing field that is struggling to adopt effective, automated tools.
Many creative workflows and software apps have emerged recently that offer promising
capabilities for assigning glycopeptides to MS data in an automated fashion. The effectiveness of
these tools is best measured and improved by determining how often they would select a
glycopeptide decoy as a spectral match, instead of its correct assignment, yet generating the
appropriate number and type of glycopeptide decoys can be challenging. To address this need, we
have designed DecoyDeveloper, an on-demand decoy glycopeptide generator that can produce a
high volume of decoys with low mass differences. DecoyDeveloper has a simple user interface and
is capable of producing large sets of decoys containing complete, biologically relevant glycan and
peptide sequences. We demonstrate the tool’s efficiency by applying it to a set of 80 glycopeptide
targets. This tool is freely available and can be found at http://glycopro.chem.ku.edu/J1.php
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DecoyDeveloper_Workbook.xlsx. Excel workbook including: amino acid masses and example calculations described in
DecoyDeveloper_Algorithm.docx (Sheet S1), list of 245 decoy glycans used for DGLY (Sheet S2), characteristics of amino acid
distributions used to construct PEP1 (Sheet S3), list of 4,252 tetrapeptides used for PEP2 (Sheet S4), 80 target glycopeptides (Decoy
Set 1) used for software testing (Sheet S5), 80 target glycopeptides (Decoy Set 2) used for software validation (Sheet S6).
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INTRODUCTION

Protein glycosylation is the most common post translational modification (PTM) and a vital
biological process that impacts processes such as protein folding? and immune response.23
Aberrant protein glycosylation can be indicative of disease, and glycoproteins serve as
biomarkers for a number of cancers.*>

Mass spectrometry is a fast and sensitive method that provides information en masse about
the glycoproteome; glycopeptide analysis following a proteolytic digest is particularly useful
as it provides information down to the level of site-specific glycan occupancy.® However,
due to the heterogeneity of protein glycosylation, data generated from MS/MS experiments
is complex, and the analysis of the data is laborious. The need for a tool that can aid
researchers by reducing the number of hours spent on time-consuming, manual analysis has
led to the development of software that assigns glycopeptide spectra from MS/MS data.

At least 30 different algorithms for assigning glycopeptides have been described in the last
12 years,”36 put little has been done to compare their efficacy, and validation in some cases
is insufficient. For example, when SpectraST-MassAnalyzer was described, validation data
on a single protein with a total of two glycosylation sites was included.! The validation
protocol for gFinder was not described; instead, the authors declared that the software output
“seemed accurate.”? By contrast, some groupsi®1” manually assign hundreds of spectra for
software validation, increasing confidence that their algorithms work as designed. This
laborious manual validation approach requires significant effort and expertise, which is
likely why it is not broadly adopted.

A better way forward, for assessing existing and emerging glycopeptide software tools’
output, is to perform automated testing by challenging the tools’ assignments with large
panels of decoy glycopeptides and calculating accurate false discovery rates (FDRs).37:38
The FDR is found by analyzing a known set of targets mixed together with a set of decoys; it
is calculated by dividing the number of false positives (incorrect assignments) by total
assignments, giving the rate that a scoring algorithm incorrectly assigns spectra. In
proteomics studies a 1:1 ratio of targets and decoys is commonly used; however, the same
target-decoy approach is not well suited to evaluate the quality of automated glycopeptide
tools. When a 1:1 ratio of decoys is used with existing and emerging glycoproteomics tools,
and assignments are manually evaluated, the assignment accuracy is significantly worse than
what is predicted by the FDR.3940 Other studies have shown that using 1:1 target-decoy
based approaches can fail to identify deficiencies in scoring algorithms that are revealed
using a higher decoy:target ratio.?? One solution has been to increase the ratio of decoy
glycopeptides in the data above the typical 1:1 ratio, as findings from Zhu et a/indicate that
the FDR is more accurately reflected with a higher decoy:target ratio.3” Identifying
deficiencies in automated software using these methods can guide researchers to specific
areas of scoring algorithms that need improvement.#!

Constructing decoy sequences can be done through simple processes such as the reversal or
shuffling of peptide sequences.1518.24.29.36 The number of decoys that can be generated per
target using these approaches is limited, and this approach does not address the glycan
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component of the glycopeptide, since scrambling the peptide does not allow for any change
to the glycan mass. Constructing whole glycopeptide sequences de novo would allow
analysts to create as many decoys as needed. Unfortunately, doing so is computationally
challenging because of the need to balance the mass changes between the glycan and peptide
components. Approaches have been used where either a glycan or peptide sequence is
computationally generated or selected from a large database while the other component is
treated as a static mass.3740 Using a static mass is a computationally efficient method to
balance decoy glycopeptide masses with their respective targets; however, this strategy limits
decoy sets to fragmentation techniques where only one portion of the glycopeptide is
expected to be fragmented in MS/MS spectra. As hybrid fragmentation techniques such as
Al-ETD,*2 ETheD,3 and stepped HCD*# continue to emerge, which generate information
about peptide and glycan components in a single spectrum, automated software tools
adapted for these techniques need to be evaluated and improved. A tool that generates
multiple decoy glycopeptide sequences with single digit PPM mass-error, comparable to the
mass accuracy achieved by high resolution mass spectrometers, does not currently exist, yet
it will be vital in improving automated glycopeptide analysis. Herein, we provide this tool
with DecoyDeveloper, an online software tool that generates decoy glycopeptides consisting
of full glycan and peptide sequences. We use DecoyDeveloper to generate a large number of
decoys for two sets of 80 N-linked glycopeptides, showing the capability of this powerful
new aid in the analysis of glycoproteomics software. In addition to its valuable use as a
stand-alone product, DecoyDeveloper is open-source and may be incorporated into new or
existing tools that require glycopeptide decoys to properly assess the FDR of glycopeptide
assignments.

EXPERIMENTAL

The software uses a database of 245 biologically relevant glycans for the glycan portion of
the glycopeptide decoy; these are provided in the excel file found in the Supporting
Information on Sheet S2. Decoy peptide sequences were composed of two parts: PEP1, a
variable length peptide sequence generated from amino acid distributions containing
differing relative abundances of amino acids, and PEP2, a tetrapeptide selected from a list of
4,252 tetrapeptides. The distributions used to generate PEP1 (Sheet S3) and the list of
tetrapeptides (Sheet S4) can also be found in Supporting Information. Also found in
Supporting Information is a detailed algorithm that describes the logic used to build the
software. The tool is freely available at: http://glycopro.chem.ku.edu/J1.php

To test the software, 80 glycopeptides were selected as targets. These targets are provided in
Supplemental Information on Sheet S5. Two sets of 1,600 decoys, 20 for each target
glycopeptide, were generated. In one set of decoys, PEP1 was generated using variable
amino acid frequencies, in the second set, all amino acids frequencies were equal in PEP1.
The two sets of decoys were compared to measure the efficiency of generating PEP1 when
using the custom-tailored amino acid distributions. The settings for “Target N,” the number
of times a randomized glycan is used in an attempt to generate a decoy, and “Error
Threshold,” the tolerated mass error for successfully generated decoys (in PPM), during
decoy generation were 2 and 10, respectively. The number of successful and rejected
attempts at decoy generation were then recorded and used to calculate the efficiency of the
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software. To validate that the software’s output was repeatable, a second set of 80
glycopeptide targets was used to generate an additional 1,600 decoys, and the computational
efficiency between the two datasets was compared.

RESULTS AND DISCUSSION

User interface overview.

DecoyDeveloper is a new tool that generates glycopeptide decoy sequences de novo,
providing a simple means to create large libraries of decoys for the assessment and
improvement of scoring algorithms used in automated software tools. Figure 1 shows the
user interface; this tool is free to access at http://glycopro.chem.ku.edu/J1.php. To generate a
decoy, the peptide and glycan sequences of a target glycopeptide are entered along with
Target N and the mass error threshold (in PPM). The efficiency of the software will
generally increase with a lower value for Target N and a higher error threshold.

Once all sequences and settings are entered, the software can be run, and a decoy will be
generated; the algorithm for generating decoys will automatically repeat itself until a decoy
is successfully generated; the decoy will then appear in the top (green) portion of the output
menu. Rejected decoys are stored at the bottom of the output menu (red). Once a decoy is
generated the “run” button will read “Done. Press to run again.” The algorithm can be re-run
as many times as needed to create a sufficiently large set of decoys.

Workflow for Decoy Generation.

Figure 2 shows the workflow that DecoyDeveloper uses to create decoy glycopeptides. The
algorithm assembles decoys by generating three components: a glycan (DGLY) and two
separate peptide components (PEP1 and PEP2). Splitting the peptide into two components,
(PEP1 and PEP2) allows most of the mass of the decoy to be generated with a randomly-
generated peptide; the remainder of the mass is obtained from a small database of peptides.
Had the entire peptide been selected from a database, instead of mostly generated randomly,
the database would need to be enormous (>10%° entries) to account for the large range of
possible masses.

The first step in decoy generation is the random selection of a glycan from a database of 245
N-linked, biologically-relevant glycans. The structures in this database contain all of the
glycans that were identified in a large-scale glycopeptide analysis reported previously.#® In
addition to the previously reported glycans, additional sialylated and fucosylated forms were
added to further increase the glycan diversity. The glycans are distributed across a wide
range of masses, and the three classes of N-linked glycan: high-mannose, complex, and
hybrid, are represented. The number of N-glycan structures in the database is comparable to
the number of glycans previously reported in a comprehensive glycomics study.46

After selection of the glycan from the database, the target mass of the decoy is adjusted by
subtracting the glycan mass. Next a peptide sequence must be derived that matches the
remainder of the mass. In order to reproducibly generate peptide sequences with the
necessary low mass error, peptide generation is split into two steps: first, a randomly
generated peptide sequence that varies in length decreases the remaining mass into a small,
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searchable space (PEP1), and then a tetrapeptide that is likely to exist within this space
(PEP2) is identified.

The primary objective in generating PEP1 is to consume all the mass needed for the decoy
peptide, minus the amount that could be made up by a four amino-acid peptide, which can
be selected from a database of tetrapeptides. Two values, the mass and the mass defect, must
be considered when generating the sequence for PEP1. The relative rate that the mass defect
and mass must decrease depends on the target glycopeptide and decoy glycan already
selected; if the mass defect to mass ratio is not adjusted on a case-to-case basis, there will be
a high failure rate for some decoys because the mass following PEP1 generation will exist in
a space where little to no tetrapeptide solutions exist. This concept is illustrated in Figure 3.
To consume the target mass and mass defect at the correct proportion, the software sorts
decoys into one of four amino acid distributions for PEP1 generation; for each distribution
amino acid frequencies have been weighted so the generated sequences will have a ratio of
mass defect to mass closely resembling the target mass. A graphical representation showing
the principal behind these distributions, and their importance in PEP1 generation, can be
seen in Figure 3.

Following PEP1 generation the remaining mass is balanced with a tetrapeptide. The
database of tetrapeptides contains 4,252 entries, representing all possible tetrapeptide
masses. (While there are 160,000 possible tetrapeptide sequences that could be generated
from 20 amino acids, many of these are isomers, and only a single entity per mass was
selected for the database.) The database of 4,252 tetrapeptides represents a computationally
efficient set of solutions for the final component needed to construct the decoy. In our
workflow the remaining mass (after selection of glycan and PEP1) is compared to the
masses in the tetrapeptide database and the last four amino acids, PEP2, are selected. The
mass of PEP1, PEP2, and the DGLY are combined, and the algorithm checks to determine if
the total mass is within the mass error threshold specified by the user. If the mass error is too
high, the decoy is rejected; and the algorithm will recalculate another decoy, either by
generating PEP1 again or re-selecting DGLY. The number of times that the algorithm
attempts to use the same DGLY is specified by the “Target N” setting in the user interface.

Evaluation of Software Performance.

In preliminary testing, DecoyDeveloper was used to successfully generate decoys for a very
broad range of glycopeptides; and almost all attempts were successful. After initial testing
verified that the tool worked as designed, we asked the question: What advantage does using
the custom amino-acid distributions for generating PEP1 provide to the algorithm? Note, we
focused attention on the selection of PEP1 because DGLY and PEP2 are selected from rather
small curated lists; therefore, the efficiency of the algorithm relies on PEP1 being
consistently generated such that the mass remainder is within the ranges of mass and mass
defect present in the tetrapeptide masses used for PEP2.

To test the efficiency of the algorithm, 80 glycopeptides were used as targets for decoy
generation. For each target, 20 decoys were generated using: 1) the optimized algorithm,
which contains the four sets of amino acid frequencies for PEP1 shown in Figure 2B, which
are tailored to match different mass defect/mass ratios; (henceforth referred to as the custom
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distributions) and 2) a distribution of amino acid frequencies for PEP1 where all amino acids
were in the same abundance, henceforth referred to as the equal distribution. By comparing
the results for the custom distributions to the results for the equal distribution, the effect of
varying the frequencies of amino acids used to generate PEP1 based on the ratio of mass
defect to mass can be measured, showing the importance of generating different peptide
sequences for different subsets of target glycopeptides.

Using custom distributions in the algorithm yielded successful decoys more frequently than
using equivalent distributions, the former requiring 3.9 computations per decoy generated,
and the latter, 11.9. The results are shown in Table 1. When the algorithm built peptides
whose mass and mass defect placed them in distributions two and three, a marginal increase
in efficiency was observed for searches using the custom distributions, requiring 2.5 and 2.7
calculations per success, respectively, compared to 2.6 and 3.4 calculations per success when
using the equivalent distribution. When the algorithm built peptides whose mass and mass
defect placed them in distributions one and four, a pronounced increase in efficiency was
observed when the custom distributions were used. Peptides that fell into distribution one
required 3.1 calculations per success for the custom distribution compared to 8.6
calculations per success for the equivalent distribution. For peptides in distribution four, the
calculations per success were 8.0 compared to 66.3 for the custom and equivalent
distributions, respectively. Peptides in distributions one and four encompass cases where the
mass defect to mass ratio is farther from the average values of the equivalent distribution, so
it is not surprising that these cases benefit the most from using custom distributions.

While 1600 decoys were generated in the above experiment, it is theoretically possible that
testing a larger set of decoys would uncover inefficiencies in the algorithm. To assess this
possibility, the experimental dataset was doubled. A total of 1600 new decoys were
generated, starting with a completely different set of 80 glycopeptide targets, In this case, the
80 glycopeptide targets were systematically chosen from identified glycopeptides described
in reference 45, and they can be found in the supporting information on Sheet S6. The
number of computations per successfully generated decoy was comparable for each of the
four amino acid distributions; in fact the algorithm was marginally more efficient at
generating decoys for the second dataset. The validation test reiterates the point that the
algorithm can efficiently generate decoys. A comparison between the algorithm’s efficiency
for the first and second set of decoys can be found in the supplemental information (Table
S1).

CONCLUSION

The number of fragmentation techniques and software tools available to researchers
assigning glycopeptide spectra continues to grow in number and diversity. Detecting
deficiencies in scoring algorithms can be done using a high ratio of decoy glycopeptides to
target glycopeptides:40 however, the ability to generate the necessary number of decoys
using full glycan and peptide sequences is currently lacking. DecoyDeveloper is an online
software tool presented and tested herein that provides decoy glycopeptides on demand. The
workflow allows for the efficient production of high decoy:target ratios, a vital tool for
researchers interested in testing and improving automated software. The algorithm used to
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ild the tool is provided in Supplemental Data, and it can be incorporated into any new or
isting glycopeptide analysis tool that uses decoys in assigning an FDR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

User interface for DecoyDeveloper. Peptide and glycan sequences are entered at the top of
the page, and the software automatically generates decoys with the specified mass tolerance.
Successfully generated decoys appear in the green portion of the output section while
rejected decoys are logged in the red portion. Rejected decoys are those that the algorithm
computed but do not satisfy the mass accuracy threshold that the user selected.
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Figure 2:

(A) Workflow for decoy generation. A decoy is created for a glycopeptide target in four
steps: selection of a decoy glycan (1), generation of a variable length peptide sequence (2),
selection of a tetrapeptide closest to the remaining mass (3), and checking that the mass of
the decoy glycopeptide is within the specified tolerance of the target (4).

(B) Custom distributions of amino acid frequencies used to generate PEP1. Amino acids are
ordered based on their ratio of mass defect to mass; the area of the circles is proportional to
their respective abundances in the four distributions.

(C) Equivalent distribution of amino acid frequencies, used for testing purposes only.
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Remaining Peptide Mass Defect

Remaining Peptide Mass

Figure 3:
Conceptual illustration showing why the amino acid frequencies in PEP1 should vary for

different target peptide masses. All peptide sequences exist within the two orange lines on
the graph. Peptides larger than four amino acids appear on the right side of the circle, which
contains all possible tetrapeptides. The decoy’s total peptide mass is represented by the blue
dotted line. This mass will be comprised of PEP1, which is a randomly generated peptide,
and PEP2, which is a tetrapeptide in the circle. By changing the amino acid frequencies used
to generate PEP1 sequences based on the initial position along the dotted line, the mass-
defect-to-mass ratio of PEP1 can be varied so that the remaining mass reaches the PEP2
search space. Two examples, where different amino acid frequencies are used to generate
PEP1, are shown by the two green regions. If all the amino acids have an equal probability
of being used to generate PEP1, then the generated PEP1 sequences will have a much wider
distribution on the graph (purple region), and it is less likely that PEP1 could be paired with
a tetrapeptide partner to successfully generate a decoy.
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Table 1:

Comparison of decoy generation efficiency using custom amino acid distributions vs using an equivalent
amino acid distribution for PEP1 sequences.

Distribution Distribution |\ 1 104D | Successful | Rejected | Calculations per
set groupa Decoys Decoys Success®

1| <3.97 262 540 3.1

2 | >3.97-4.67 351 521 25

Custom Distribution 3 | >4.67-5.70 616 1044 2.7

4 | >5.70 371 2586 8.0

Total 1600 4691 3.9

1] <38.97 233 1760 8.6

2 | >3.97-4.67 394 634 2.6

Equivalent Distribution 3 | >4.67-5.70 771 1851 3.4

4 | >5.70 202 13193 66.3

Total 1600 17438 11.9

aPrior to the generation of PEP1 sequences, decoys are sorted into one of four groups depending on the ratio of mass defect to mass required for the
decoy peptide. For the “Custom Distribution” set, the frequencies of amino acids in PEP1 were variable depending on the distribution group, as
shown in Figure 2B. For the “Equivalent Distribution” set, the frequencies of amino acids were constant and equal for each of the four distribution
groups, as shown in Figure 2C.

MD/M is the range of mass defect to mass ratios sorted into a given distribution.

c . . . .
Calculations per success is equal to the sum of rejected and successful decoys divided by the number of successful decoys.
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