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In recent years, electron transfer dissociation (ETD) has enjoyed widespread applications from
sequencing of peptides with or without post-translational modifications to top-down analysis of intact
proteins. However, peptide identification rates from ETD spectra compare poorly with those from
collision induced dissociation (CID) spectra, especially for doubly charged precursors. This is in part
due to an insufficient understanding of the characteristics of ETD and consequently a failure of database
search engines to make use of the rich information contained in the ETD spectra. In this study, we
statistically characterized ETD fragmentation patterns from a collection of 461 440 spectra and
subsequently implemented our findings into pFind, a database search engine developed earlier for
CID data. From ETD spectra of doubly charged precursors, pFind 2.1 identified 63—122% more unique
peptides than Mascot 2.2 under the same 1% false discovery rate. For higher charged peptides as well
as phosphopeptides, pFind 2.1 also consistently obtained more identifications. Of the features built
into pFind 2.1, the following two greatly enhanced its performance: (1) refined automatic detection
and removal of high-intensity peaks belonging to the precursor, charge-reduced precursor, or related
neutral loss species, whose presence often set spectral matching askew; (2) a thorough consideration
of hydrogen-rearranged fragment ions such as z + H and ¢ — H for peptide precursors of different
charge states. Our study has revealed that different charge states of precursors result in different
hydrogen rearrangement patterns. For a fragment ion, its propensity of gaining or losing a hydrogen
depends on (1) the ion type (c or z) and (2) the size of the fragment relative to the precursor, and both
dependencies are affected by (3) the charge state of the precursor. In addition, we discovered ETD
characteristics that are unique for certain types of amino acids (AAs), such as a prominent neutral loss
of SCH,CONH,; (90.0014 Da) from zions with a carbamidomethylated cysteine at the N-terminus and a
neutral loss of histidine side chain C4N,Hs (81.0453 Da) from precursor ions containing histidine. The
comprehensive list of ETD characteristics summarized in this paper should be valuable for automated
database search, de novo peptide sequencing, and manual spectral validation.
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Introduction

Mass spectrometry-based protein identifications rely on
fragmentation spectra of peptides or intact proteins using either
the bottom-up or the top-down strategy. As the most widely
used fragmentation method, collision induced dissociation
(CID) has played a central role in shotgun proteomics,®'° but
in recent years electron capture dissociation (ECD)'! and
electron transfer dissociation (ETD)'? have attracted much
attention.
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The popularity of ETD stems from its technical robustness
and commercial availability as offered by various types of ion
trap mass spectrometers, such as LTQ,'? LTQ-Orbitrap,'®'*
Agilent 6340, and HCT Ultra.'”'® On these instruments, it
has been demonstrated that ETD is complementary to CID and
is favored over CID to analyze large peptides, proteins, and
labile post-translational modifications (PTMs).'>~23 The past
few years have seen a rapid increase of proteomic applications
employing ETD, such as analysis of phosphorylation,*?®
glycosylation,”®?” quantification,?®* or top-down proteomics.

In contrast to the rapid advancement of instrumentation and
application, the informatics research on ETD has lagged
behind, impeding its full potential.*® Although there are a few
algorithms focused on ETD,**%* important spectral character-
istics of ETD are ignored or underutilized in popular database
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Table 1. Ten ETD/ECD Data Sets Analyzed in This Paper

research articles

MS2 digestion  precursor charge
no data set #spectra  resolution instrument species enzyme states reference
1 WORM-A 58 424 Normal® LTQ-Orbitrap with ETD C. elegans Trypsin  +2, +3 This manuscript
2  WORM-B 60 585
3  WORM-C 56 525
4  WORM-H 22258 High?
5 YEAST-B1 52 5209 Normal® S. cerevisiae Lys-C +2, +3, +4, +5 ref 36
6  YEAST-B2R1 59 485
7  YEAST-B2R2 59 007¢
8  YEAST-ETcaD 56 019“
9  SwedECD 11491” High® LTQ-FT with ECD Human and E. coli Trypsin +2 ref 38
10 PhosphoETD 36 617 Normal® LTQ-Orbitrap with ETD C. elegans Trypsin  +2, +3 This manuscript

“Number of acquired MS2 ETD spectra. ” Number of identified MS2 ECD spectra. © Fragments measured in LTQ. ¢ Fragments measured in Orbitrap.
¢ Fragments measured in the ICR cell. Data sets WORM-A, -B -and -C were generated under the same conditions with supplemental activation turned on
for ETD. The YEAST-B1, -B2R1, -B2R2, and -ETcaD conditions were the same, except that supplemental activation was turned on only in YEAST-ETcaD.

Wherever a cell in this table is left blank, it means the same as above.

search algorithms, such as Mascot,”> SEQUEST,* OMSSA,*® or
XITANDEM.** For example, high intensity peaks from the unre-
acted precursor, charge-reduced precursor(s) and their neutral
loss species often dominate an ETD spectrum. They can greatly
interfere with the matches between theoretical and experimental
fragment ions, particularly for doubly charged peptides. Another
feature of ETD is the ample presence of hydrogen-rearranged ions,
whose masses are typically one Dalton less or more than regular
c- or z-type ions.* These hydrogen-rearranged ions increase the
complexity of the ETD spectra, especially for doubly protonated
precursors, sometime to the extent that they result in misidenti-
fication of peptides.'®'6182336 In sum, none of the database
search algorithms currently available for ETD is sufficiently op-
timized.??

Demonstrating the inadequacy of the current database
search algorithms for ETD, a recent study evaluating Mascot,
OMSSA, XITANDEM and Spectrum Mill revealed that only 1/6
of 17 000 identified ETD spectra (false discovery rate, FDR is
5%) were assigned with the same sequences by all four
algorithms, while for CID it was reported to be nearly a half.®
Developing a search algorithm thoroughly optimized for ETD
has become a crucial issue in the proteomics field in order to
encourage further applications of ETD and explore its full
potential.>*

In this study, we focus on improving the peptide identifica-
tion algorithm by comprehensively characterizing ETD frag-
mentation patterns of peptides based on multiple proteomics-
scale data sets. Previously, preliminary processing of ETD
spectra was based on the assumption that fragmentation
patterns of ETD are the same as those of ECD. In reality, it is
unknown whether the techniques based on characteristics of
ECD can be directly applied to ETD data. For instance,
hydrogen rearrangement (HR) of fragment ions from doubly
charged peptides was characterized using two model peptides®”
and proteomics-scale ECD spectra.*®*° However, for higher
charged precursors, such as +3, +4, or +5, no HR patterns have
been reported for either ECD or ETD. In this work, we analyzed
461 440 ETD spectra collected by us and others, and for
comparison, 11 491 high resolution ECD spectra from Swed-
ECD?? (see Table 1 for these data details). This is the largest
and most comprehensive data collection employed so far for
comparative studies of ETD spectra. From this analysis, we find
that the removal of high-intensity precursor-related peaks in
ETD greatly benefits peptide identification. In addition, we find
that HR patterns of doubly charged peptides are different from
those of higher charged peptides, such as +3, +4, and +5. For

example, although ¢ — H ions are typical in ETD spectra derived
from doubly charged peptides, they are seldom observed from
triply or quadruply charged peptides.

We then implemented our findings into a search engine,
pFind,' ~* which emphasizes the importance of continuous ion
series in spectral matching by a kernel function.! Adapting the
algorithm to distinct HR patterns of +2, +3, and =+4 precur-
sors, we designed in pFind 2.1 a strategy to maximize peptide
identifications for all charge states of interest. Furthermore,
based on the recognition of charge-reduced precursor ions and
associated neutral loss peaks characteristic of ETD, a prepro-
cessing step named pRazor was developed to detect and
remove these high-intensity interference peaks. Both the
preprocessing step and a thorough consideration of HR im-
proved peptide identification substantially. As such, pFind
outperformed Mascot and OMSSA by a large margin. For
example, pFind identified 63—122% more unique peptides than
Mascot for doubly charged precursors at 1% FDR cutoff. For
peptides of higher charge states or phosphopeptides, pFind also
outperformed Mascot.

In addition, we discovered ETD characteristics that are
unique for certain types of amino acids. In Table 2, we
summarize our findings and the characteristics reported previ-
ously for ETD and ECD. Our results, based on statistical analysis
of hundreds of thousands of ETD spectra, should be useful to
others in developing algorithms for database search or de novo
sequencing, and for manual inspection of ETD spectra.

Experimental Procedures

MudPIT Sample Preparation. Peptide mixtures generated
from Caenorhabditis elegans lysates: The wide type C. elegans
strain N2 was cultured and maintained as described previ-
ously.*® Adult worms were collected from NGM plates and
washed with M9 buffer three times and then with lysis buffer
[20 mM HEPES, pH 7.6, 10 mM KCl, 1.5 mM MgCl,, 1 mM DTT,
and 2x EDTA-free proteinase inhibitors cocktail (Roche)] three
times. The worm pellet was resuspended with an equal volume
of lysis buffer, frozen in liquid nitrogen and stored away at —80
°C until use. A thawed worm sample was homogenized using
3 volumes of 0.5 mm diameter glass beads (e.g., 300 uL of glass
beads for 100 L. worm suspension) in a FastPrep-24 homog-
enizer (MP Biomedicals) at 6.5 m/s, 20 s/pulse, for a total of 4
pulses with 5 min of sample cooling on ice between pulses.
The homogenate was centrifuged at 4 °C at 14 000 rpm for 30
min and proteins in the supernatant were precipitated by
methanol/chloroform.*! The protein pellet was solubilized in
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Table 2. Characteristics of Peptide ECD and ETD Spectra
items ECD reference ETD reference

Backbone fragmentation

Cleavage N-terminal to
Proline

Charge-reduced
precursors and related
neutral loss species

Side chain loss of
Histidine-containing
peptide precursors

w and u ions due to side
chain loss of amino acid
Leu, Ile, Glu, Met, or

GIn
Side chain loss of

fragment ions
containing alkylated
Cysteine

Harmonic peaks

HR of c and z ions from
+2 peptides

HR of c and z ions from
+3, +4, or +5 peptides

Main ion types are the

A prominent side chain

11, 12
radical z' and ¢ with

minor @ and y ions.
Suppressed due to the 11
cyclic side chain of
Proline.
Prevalent, often of higher
intensities than
fragment ions.

46, 47

49
loss of 81.0453 Da
(C4H5N)

Observed in Hot-ECD 47

Side chain loss of 90.0014
Da (°SCH,CONH,) or
91.0092 Da
(¢SCH,COOH) from z
ions containing a
Carbamidomethyl
Cysteine or
Carboxymethyl Cysteine

48

Peaks at 1/2, 1/3, ... to
even 1/6 of the

precursor m/z
47% occurrence

frequency for HR z ions.

50

37 (the first report of HR
based on two model
peptides); 38 (Statistics
of HR of z ions based
on 11 491 ECD spectra.)

Not reported N/A

Main ion types are the 12
radical z* and ¢ with

minor @ and y ions.
Suppressed due to the 12

cyclic side chain of
Proline.

Prevalent, often of higher
intensities than
fragment ions. ETcaD or
SA can convert some of
the charge-reduced
species into z and ¢
ions.

A prominent side chain
loss of 81.0453 Da
(C4H5Ny)

Rarely observed

Detailed analysis not
reported

This manuscript

This manuscript

A prominent z — 90
fragment instead of the
z fragment was
observed for a z ion
containing a
Carbamidomethylated
Cysteine at its very N
terminus, due to the
loss of e SCH,CONH,

(90.0014 Da)
Not observed

This manuscript

50

(1) SA can increase the
yield of z and c ions
with the propensity to
produce more HR ions;
(2) A higher proportion
of ¢ — H in ETD than in
ECD (Figures S11b and
S11d). Both z+ H and ¢
— H ions are readily
observed; (3) The larger
the z ion, the lower the
propensity of the z ion

to abstract a hydrogen.
(1) z+ H ions are still

abundant although the
occurrence frequency
decreases when
compared with +2
peptides; (2) The c — H
population has
disappeared; (3) The
larger the z ion, the
higher the propensity of
the z ion to abstract a
hydrogen. This is
opposite to the HR
pattern of z ions from
+2 peptides.

35; This manuscript

58; This manuscript

100 mM Tris pH 8.5 containing 8 M urea, reduced with 5 mM
TCEP for 20 min, and alkylated with 10 mM iodoacetamide for
30 min. Then the sample was diluted with 3 volumes of 100
mM Tris, pH 8.5, supplemented with CaCl, to 1 mM and
methylamine to 20 mM, and digested with trypsin at 1:50

(enzyme: substrate) ratio at 37 °C for 16 h. After digestion,
peptides were acidified with formic acid to a final concentration
of 5%.

C. elegans phosphopeptides enriched by IMAC: Phospho-
peptides were prepared based on a method described before.>®
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Table 3. Comparison of pFind and Mascot on WORM ETD Spectra

research articles

#ETD Mascot pFind MascotnpFind? Mascot pFind MascotnpFind”
data set spectra identifications (charge: +2) (charge: +2) (+2) (charge: +3) (charge: +3) (+3)
WORM-A 58 424 #spectra 3285 9293 (182.99) 3111 (94.7) 1726 1869 (8.39) 1601 (92.8)
#peptides 1073 2380 (121.8) 1004 (93.6) 604 644 (6.6) 573 (94.9)
#proteins 842 1444 (71.5) 801(95.0) 554 606 (9.4) 517 (93.3)
WORM-B 60 585 #spectra 4987 10,608 (112.7) 4707 (94.4) 2565 2805 (9.4) 2418 (94.3)
#peptides 1750 2853 (63.0) 1616 (92.3) 672 742 (10.4) 646 (96.1)
#proteins 1092 1595 (46.1) 1009 (92.4) 630 668 (6.0) 590 (93.7)
WORM-C 56 525 #spectra 3173 7693 (142.5) 2984 (94.0) 1779 1954 (9.8) 1663 (93.5)
#peptides 1364 2544 (86.5) 1266 (92.8) 511 556 (8.8) 477 (93.3)
#proteins 971 1415 (45.7) 903 (93.0) 456 499 (9.4) 430 (94.3)

@ Percentage of improvement of pFind over Mascot. ” Number of overlapping results between Mascot and pFind. The overlap as a percentage of the

Mascot result is shown in parentheses.

Table 4. Comparison of pFind and Mascot on WORM CID Data

#CID Mascot pFind MascotnpFind? Mascot pFind MascotnpFind?
data set spectra identifications (charge: +2) (charge: +2) (+2) (charge: +3) (charge: +3) (+3)
WORM-A 58 424 #spectra 16 911 19,241 (13.89) 15,829 (93.6) 4975 5289 (6.39) 4808 (96.6)
#peptides 3270 3434 (5.0) 3033 (92.8) 1043 1077 (3.3) 980 (94.0)
#proteins 1641 1792 (9.2) 1522 (92.7) 834 879 (5.4) 759 (91.0)
WORM-B 60 585 #spectra 17 977 20,075 (11.7) 16,901 (94.0) 6277 6616 (5.4) 6106 (97.3)
#peptides 3808 4042 (6.1) 3599 (94.5) 1222 1267 (3.7) 1177 (96.3)
#proteins 1714 1860 (8.5) 1587 (92.6) 978 1017 (4.0) 910 (93.0)
WORM-C 56 525 #spectra 15117 17,249 (14.1) 14,113 (93.4) 5484 5800 (5.8) 5268 (96.1)
#peptides 3525 3800 (7.8) 3333 (94.6) 1000 1030 (3.0) 949 (94.9)
#proteins 1664 1841 (10.6) 1552 (93.3) 802 824 (2.7) 737 (91.9)

@ Percentage of improvement of pFind over Mascot. ” Number of overlapping results between Mascot and pFind. The overlap as a percentage of the

Mascot result is shown in parentheses.

C. elegans tryptic peptides were generated from lysates as
described above. This peptide mixture was desalted by reverse-
phase HPLC (Eclipse XDB-C18 column from Agilent) and
separated using a strong cation exchange column (PolySUL-
FOETHYL A from PolyLC Inc.) into six fractions. Each fraction
was desalted using 100 mg of tC18 SepPak solid-phase extrac-
tion cartridges (Waters). Phosphopeptides from each fraction
were enriched separately using a Gallium-IMAC spin column
(Pierce) according to the manufacturer’s instructions.
MudPIT Analysis. For C. elegans peptides without IMAC
enrichment: MudPIT analysis of digested C. elegans proteins
(80 ug each time) was performed in triplicates on an LTQ-
Orbitrap with ETD mass spectrometer (Thermo Scientific)
equipped with an Agilent 1200 quaternary pump. MudPIT
conditions were adapted from what had been described
before?? with the following modifications. A 250 yum (ID) x 2
cm (length) desalting column was packed with 5 um, 125 A
Aqua C18 resin (Phenomenex). The analytical reverse phase
column was 100 yum (ID) x 9 cm (length) with a pulled tip,
packed with 3 um, 125 A Aqua C18 resin (Phenomenex).
Between the desalting column and the analytical column is a
strong cation exchange column (SCX), 250 yum (ID) by 2 cm
(length), containing 5 um, 120 A Partisphere SCX material
(Whatman). The salt pulses of these 9-step MudPIT experi-
ments were set at 0, 10, 20, 30, 40, 60, 80, 100, and 100,
expressed as the percentage of buffer C. MS2 spectra were
acquired in data-dependent mode. Full scans (300—2000 m/z)
were performed in the Orbitrap (R = 100 000), and each full
scan was followed by 5 sets of CID-ETD double play MS2 in
LTQ for top 5 peaks. Dynamic exclusion was set to repeat count
of 2, repeat duration of 30 s, exclusion list of 300, and exclusion
duration of 30 s. Minimal signal threshold for MS2 was 5000.
The AGC targets were 2e5 for FTMS full scan, 2e4 for LTQ MS2,

and 1e5 for reagent ion. For ETD, supplemental activation (SA)
was turned on and the reaction time was 100 ms.

For C. elegans phosphopeptides enriched by IMAC: After
Enrichment, phosphopeptides from each of the six SCX frac-
tions were pooled together and one-third of it was analyzed
using the same MudPIT method as described above except that
the very last step was omitted (i.e., the salt pulses were 0, 10,
20, 30, 40, 60, 80, and 100% of buffer C).

Data Analysis. All CID and ETD tandem mass spectra
acquired from the whole-cell worm lysate were extracted from
Xcalibur 2.0.7 .RAW files. The peak list .ms2 files, including CID
and ETD spectra were generated using RawXtractor 1.9.7
(Developed by the research group of Dr. John Yates, III, http://
fields.scripps.edu/). Then CID and ETD spectra were separated
by an in-house software SeparateCIDETD. 175,534 CID-ETD-
pair were derived by triplicate analysis (Data sets WORM-A,
WORM-B and WORM-C in Table 1). Tables 3 and 4 list the
number of spectra for each analysis and their identifications
by pFind 2.1 and Mascot 2.2 at FDR 1%.

These CID and ETD spectra were searched in parallel against
the concatenated forward and reversed worm database, worm-
pep201 (March 26, 2009, 23 993 proteins, downloaded from
http://www.sanger.ac.uk/Projects/C_elegans/). We searched all
spectra by both pFind 2.1 and Mascot 2.2 and then integrated
their results together to get a highly confident ETD data set.
The precursor mass tolerance was set to =1.1 Da. The fragment
mass tolerance was +0.5 Da for normal resolution spectra and
+0.02 Da for high resolution spectra. Two missed cleavage sites
were allowed for the enzyme trypsin. All cysteines were
considered carbamidomethylated (fixed modification). For
phosphopeptide data, phosphorylation on S, T or Y was
additionally set to variable modifications. The filtering of the
search results was performed by pBuild, an in-house software
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Triplicate Analysis

MS and MS/MS

AR

CID ETD
ﬂ ﬂ pRazorﬂ ﬂ
pFind(5%) Mascot(5%) pFind(1%)  Mascot({1%)
N 1 7
Consensus
Peptides

ETD Pattern

Figure 1. Workflow for worm CID and ETD spectra acquisition and analysis. A trypsin digested Caenorhabditis elegans lysate was
analyzed by LC—MS/MS on an LTQ-Orbitrap XL with ETD. Three replicate experiments generated 58 424, 60 585, and 56 525 ETD spectra,
each accompanied by a cognate CID. CID spectra were analyzed by pFind 2.1 and Mascot 2.2 (FDR = 5%). ETD spectra were searched
using pFind 2.1 (after preprocessed using pRazor) and Mascot (FDR = 1%). The ETD results were further filtered by requiring that, for
each ETD spectrum, its cognate CID spectrum must be assigned the same sequence by both Mascot and pFind.

for analyzing and combining the results of search engines, such
as pFind, Mascot or SEQUEST (http://pfind.ict.ac.cn). Any
peptide containing less than 7 amino acids or with a mass of
less than 700 Da was excluded from further analysis. FDR was
computed according to the target-decoy strategy.*®> % Con-
sidering isotopic peaks, mass deviation within the interval of
[—4 ppm, 1.02 Da] was allowed under the desired FDR cutoff,
1% or 5%.

We compared pFind and Mascot on CID and ETD under the
same level of FDR, such as 1%, at the spectrum and peptide
levels. Our comparison was also based on the receiver operating
characteristic (ROC) curves, which can quantitatively evaluate
the performance of these two search engines.

In addition to the normal resolution worm ETD data stated
above, we also generated 22 258 high resolution MS2 ETD
spectra (Data set WORM-H in Table 1), that is, fragment m/z
was measured in Orbitrap (resolution 7500 at m/z = 400). The
high accuracy afforded by Orbitrap can help probe ETD’s
behaviors more precisely, such as the mass deviations of
hydrogen-rearranged ions. For comparative analysis of the
characteristics of high resolution ETD spectra, we also analyzed
11 491 ECD spectra from the database of SwedECD.?®

6358 Journal of Proteome Research ¢ Vol. 9, No. 12, 2010

Results

Optimizing Instrument Parameters of LTQ-Orbitrap to
Improve Data Collection. CID-ETD double play data were
generated on LTQ-Orbitrap XL with ETD (Thermo Scientific).
A digested C. elegans lysate sample was analyzed three times
using a nine-step MudPIT method. To make sure the data are
of high quality, we optimized experimental parameters such
as automatic gain control (AGC) targets for LTQ MSn, FT MSn
and reagent ion using a standard sample-a mixture of eight
proteins digested with trypsin (details in Supplementary Text
and Supplementary Table S1, Supporting Information). We
chose the best setting obtained from the test experiments (Set2,
AGC targets: 2e4 for LTQ MS2, 2e5 for FT MS1, and 1e5 for
reagent ions) to perform MudPIT analysis of worm lysates by
CID and ETD. Additional MudPIT experiments were carried out
to collect high resolution CID and ETD MS2 spectra using the
same worm lysate sample.

Obtaining a High-Quality ETD Data Set to Characterize
Peptide Fragmentation. In order to select peptide ETD spectra
with highly confident sequence identifications from the trip-
licate analyses of the C. elegans lysate sample, we require that
each ETD spectrum in this collection be assigned a peptide
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sequence by pFind 2.1 at 1% FDR using the reversed database
as a decoy. In addition, for each ETD spectrum in this data
set, its cognate CID spectrum must be assigned the same
sequence by both Mascot (FDR = 5%) and pFind (FDR = 5%)
as shown in Figure 1. Mascot was also used to analyze the ETD
spectra as it was previously reported to be one of the best
search engines for ETD.'® However, for our ETD data the
number of spectra identified by Mascot was far less than that
by pFind (details in Table 3). So, we did not use the results
from the Mascot ETD search. Out of a total of 175 534 spectra
from the triplicate analyses (data sets WORM-A, WORM-B, and
WORM-C in Table 1), we obtained 23 649 high-confidence ETD
spectra (mass accuracy with +6 mDa and E-values <0.001, see
Supplementary Figure S1, Supporting Information) for doubly
charged peptides. If a peptide had more than one copy of
spectrum, the one with the best score was kept to represent
the sequence. As such, we obtained 3471 high-quality ETD
spectra corresponding to unique peptides for further study.

Our ETD spectra were generated with supplemental activa-
tion (electron transfer and collisionally activated dissociation,
or ETcaD) from a C. elegans lysate. To guard against possible
sample- or lab-originated bias, we also analyzed four additional
sets of published ETD data of the yeast proteome from the
Coon lab,?® one of which was also generated with ETcaD and
the other three were collected without supplemental activation
(data sets Nos. 5—8 in Table 1). For comparison, the SwedECD
data containing 11 491 high resolution ECD spectra were
examined in parallel.®® We also generated a set of high
resolution ETD spectra on LTQ-Orbitrap to confirm some of
the features detected in normal resolution ETD spectra. Lastly,
we produced a phosphopeptide data set with sequential
acquisition of CID and ETD spectra for each precursor in LTQ.
In total, we analyzed 10 proteome-scale data sets, details of
which are shown in Table 1.

Statistical Characterization of ETD Peptide Fragmentation.
High-intensity precursors, charge-reduced (CR) precursors, and
their neutral-loss peaks dominate peptide ETD spectra. We
analyzed the peaks near the precursors and CR precursors and
found that precursor neutral loss is rare (Figure 2a), whereas CR
precursors have an abundance of neutral loss peaks spreading to
as far as —35 Da relative to the CR precursor masses. Most of the
high-intensity neutral loss peaks are concentrated at —17 & 3 Da
and a minor fraction at —28 Da (Figure 2b). The neutral loss peaks
may be accounted for by loss of NH;, H,O, or CO with or without
hydrogen rearrangement.*%*

For histidine-containing peptides, we noticed a prominent
peak about 81 Da lower than the charge-reduced precursor (An
example is shown in Figure S2, Supporting Information). To
further probe the phenomenon, we divided the 3471 unique
peptides from WORM-A, -B, and -C ETD data sets into two
classes, one containing histidine, and the other not. We then
plotted the relative intensities of the peaks near the 81 Da
neutral loss region of CR precursors (Figure 3a). The result
clearly shows that this neutral loss is specific for peptides
containing histidine. Moreover, the intensity of this neutral loss
is higher for peptides containing two or more histidines than
those with only one (Figure 3b). This neutral loss is probably
due to a loss of C4;N,H5 (81.0453 Da) from the histidine side
chain in conjunction with the gain or loss of a hydrogen. The
high-resolution high-mass accuracy SwedECD data confirmed
our result (Figure 3c). This highly specific side chain loss of
histidine-containing peptides can be used to validate sequence
identifications.
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Figure 2. Characteristic distribution of peaks around unreacted
precursors and CR precursors in ETD spectra. (a) Neutral loss
peaks are seldom observed around the unreacted precursors. (b)
Neutral loss peaks associated the CR precursors display a
characteristic distribution. Each point corresponds to a peak in
one of the 3471 high-quality ETD spectra (see Results).

Hydrogen rearrangement (HR) or hydrogen transfer is a
common phenomenon in ECD.3"*® Unlike ECD, ETD is often
performed with supplemental activation, which is a very low
energy CID aimed at CR precursors in order to dissociate
fragment ions held together by noncovalent interactions. It was
pointed out that SA could increase the proportion of hydrogen-
rearranged ions.®® Hydrogen-rearranged z ions usually have a
mass addition of about one Dalton to regular z ions, whereas
masses of hydrogen-rearranged c ions are usually one Dalton
less than regular c ions (Supplementary Figure S3, Supporting
Information). However, systematic analysis of HR based on
large-scale ETD data has not been reported. Here we examined
the HR patterns of +2, +3, +4, and +5 ETD spectra separately
and found that fragment ions of +2 peptides exhibit a different
HR pattern from those of +3, +4 or +5. For example, analysis
of both WORM-ETcaD and YEAST-ETcaD data revealed that
in +2 ETD spectra HR manifests itself through zion gaining a
hydrogen and cion losing a hydrogen. As shown in Figure 4a,
z+ 1 are more abundant than z ions whereas z — 1 are close
to nonexistent. This is accompanied by a large number of ¢
and ¢ — 1 ions, but not ¢ + 1 ions (Figure 4b). Although in our
normal resolution ETD data, zions gaining a hydrogen cannot
be distinguished from isotopic peaks containing one *C or 1N
atom, we can estimate the interference of isotopic peaks by
examining b and y ions in CID spectra because the isotope
composition of b and y ions should be nearly identical to that
of matching ¢ and z ions. Our analysis indicated that the
interference from isotopic peaks is less than 5% (Figure 4c and
d). In sharp contrast, triply charged peptides exhibit a sub-
stantial decrease in the occurrence of z + 1 ions in the ETD
spectra whereas ¢ — 1 ions diminish almost completely (Figure
4e and f). A recent publication by Chalkley et al. comparing
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Figure 3. Peptides containing histidine residues have a prominent side chain losses of ~81 Da from the charge-reduced precursors. (a)
Relative intensities of peaks found in the region —83 to —79 Da away from the CR precursors for peptides with or without histidine.
The results are based on the WORM-A, -B, and -C data sets. (b) Box plot of the relative intensities of peaks around —81 Da in (a). (c)
Analysis of the SwedECD data shows in high resolution the same histidine side chain loss from the CR precursors as observed in (a).

only +2 and +3 ETD spectra reported a similar observa-
tion.*®° Lys-C peptides from the YEAST-ETcaD data display
a similar HR pattern as trypsin peptides from the WORM data
(Figure S4, Supporting Information), in despite of a higher
proportion of +3, +4 and +5 peptides. In Figure S4 (Supporting
Information), the percentages of z + 1 ions over all z ions in
+2, +3, +4 and +5 ETD spectra are 58.5, 22.2, 48.0, and 51.6%,
respectively. Only in +2 ETD spectra did we observe a
significant population of ¢ — 1 ions, which accounted for 45.8%
of all c ions. Figure S5 (Supporting Information) showed this
analysis of y and b ions of +2, +3, +4, and +5 CID spectra.
In addition to analyzing HR of z ions as a whole, we also
examined the relationship between the propensity of HR and
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the zion size. We normalized the length of each z ion against
the length of its precursor peptide. The normalized length
(NL) of a zion is its amino acid length divided by that of its
precursor peptide. We found that in +2 ETD spectra, little
HR is observed for z ions when their NL values are close to
1 (Figure 5a and b). In contrast, in +3 and +4 ETD spectra,
singly charged larger z ions (NL > 0.8) have a higher
propensity of abstracting a hydrogen than smaller ones (NL
below 0.4) (Figure 5c and d). This is the first report that HR
of a z-ion is differentially affected by its relative size and
the charge state of its precursor peptide.

Neutral loss off fragment ions is common in CID spectra,
mostly in the form of an ammonia or water loss off b or y
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ions.® 8 In contrast, ECD or ETD spectra exhibit no obvious
ammonia or water loss off ¢ or z ions, although ammonia or
water loss of CR precursor are clearly seen (see above and
Figure 2). However, we did find a very specific neutral loss of
~90 Da from z fragments starting with a carbamidomethylated
cysteine; for example, in Figure S6a (Supporting Information),
z7 was missing while z4, z5, z6, and z8 were readily observed
for the peptide THCFEWTAK. This started with our observation
that a z ion starting with a carbamidomethylated cysteine is
always missing in an otherwise contiguous ion series. Closer
inspection found that the missing peak was almost always
accompanied by the appearance of another peak ~90 Da
smaller than the expected z ion. This corresponds to the loss
of -SCH,CONHj, from the side chain of carbamidomethylated
cysteine when it is the most N-terminal residue of a z ion. A
previous study on ECD spectra of standard proteins containing
carboxymethylated or carbamidomethylated cysteine confirms

this interpretation.’® This should provide a useful clue to de
novo sequencing of cysteine-containing peptides using ETD.

Collectively, our statistical analysis of multiple large-scale
ETD data sets revealed that ETD spectra are information-rich.
Many features of peptide ETD spectra are different from those
of CID. For example, HR is common in ECD and ETD.
Abstraction of a hydrogen from c ions occurs frequently in +2
ETD spectra, but not in +3 or +4 spectra. We also find that
HR of a z ion is differentially affected by its relative size and
the charge state of its precursor peptide. Furthermore, neutral
loss of CR precursors is prevalent while that of fragment ions
is rare. Lastly, we have observed a highly specific neutral loss
of ~81 Da (theoretical mass 81.0453 Da) from histidine-
containing peptides. This can be utilized to validate sequence
identifications. A detailed summary of our statistical results of
peptide ETD spectra is listed in Table 2, along with the
characteristics of ETD or ECD spectra of peptides learnt from
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previously studies.*®° In this paper, we have employed many
of these characteristics in our search engine pFind 2.1 to
improve peptide identification from ETD data.

Taking into Consideration Characteristics of ETD Spectra
Greatly Enhances the Performance of pFind. We implemented
our findings about peptide ETD fragmentation patterns into
pFind, a database search engine we developed six years ago.!
The result is striking. The new version, pFind 2.1, identified
63—122% more unique peptides than Mascot 2.2° from three
ETD data sets (121.8, 63.0, and 86.5% in Table 3). For phos-
phopeptide ETD spectra, pFind identified 74.4% more phos-
phopeptides than Mascot (351—612 in Table 6). Because most
of the increase comes from doubly charged peptides, and
60—75% tryptic peptides are doubly charged, pFind 2.1 would
make a big difference for ETD data analysis of tryptic samples.
Trypsin is the most commonly used protease in mass spectro-
metric sample preparation owing to its high specificity and low
cost. We believe that pFind 2.1 would be helpful for many
proteomic studies. Of the features built into pFind 2.1, data
preprocessing and a thorough consideration of HR fragments
are the most important. We discuss the details of these two
features in the following sections.

pRazor, a Highly Effective Preprocessing Step for ETD
Data Analysis. As described above, ETD spectra are typically
dominated by intense peaks of leftover precursors, CR precur-
sors and related neutral loss species (Figure 2). A representative
spectrum is shown in Figure S7. On one hand, such peaks can
be used to determine the charge states of peptide precursors;>!>?
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on the other, they increase the chance of random match with
wrong sequences. To eliminate this undesirable effect, we
designed an efficient preprocessing algorithm, pRazor, to find
such peaks and remove them. For +2 peptides, before the
spectra are searched against a protein database, pRazor
removes the peaks within a £ 3 Da region surrounding the
precursor and from another region (—20 Da to +5 Da) flanking
the +1 CR precursor. For peptides of higher charge states such
as +3 or +4, pRazor removes all CR precursors (+2 or +2 and
+3, and so on) and their neutral loss peaks using the same
mass windows. Compared to previous algorithms,*®>” pRazor
uses a narrower window in order to prevent or reduce ac-
cidental removal of fragment ions.

To verify the effectiveness of the pRazor algorithm, we tested
it with the WORM-A data set which contains 58 424 spectra
(Table 1). As shown in Figure 6, data preprocessing using
pRazor dramatically increases the number of pFind identifica-
tions on the spectral and peptide levels (FDR fixed at 1%). This
improvement is well pronounced regardless of how HR frag-
ment ions are handled by the algorithm (to be discussed later).
For example, pRazor boosts peptide identifications from a mere
55 to 971 when HR is ignored. Similarly, when ¢ and zion HRs
are both taken into consideration, pRazor again increases
peptide identifications by a thousand, from 1376 to 2380 (Figure
6b). The ROC curves comparing the data analysis results with
or without pRazor are shown in Figure S8 (Supporting Infor-
mation).
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To further test the effectiveness of pRazor, we submitted ETD
spectra preprocessed by pRazor to Mascot and compared the
identification results to those from unpreprocessed ones.
Similar to the effect on pFind, pRazor increased Mascot
identifications by 32% on the spectral level and 28% on the
peptide level for doubly charge peptides (Figure S9a, Support-
ing Information). Mascot scores for most ETD spectra were also
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improved after they were preprocessed by pRazor (Figure S9b,
Supporting Information).

Utilization of HR Patterns Greatly Enhances pFind 2.1.
Fragment ions that have undergone HR possess distorted
isotopic peak clusters, making it difficult to determine the
monoisotopic masses of the fragments.>” This may mislead
database search engines into assigning a wrong or low-
confidence sequence to the ETD spectrum. Currently, most
database search algorithms do not, or not thoroughly, consider
HR in ETD or ECD data analysis. This might compromise the
confidence level of search results.'>1618:2336 [n this study we
show that indeed a full consideration of HR in a precursor
charge state-specific manner is crucial for successful peptide
identification.

As described above, in +2 ETD spectra, there are many ¢ —
H ions and z + H ions besides regular ¢ and z ions, and no z
— H or ¢ + H ions (Figure 4a and b). In contrast, in +3, +4,
and +5 ETD spectra most of the fragment ions are regular ¢
and z type ones, although z + H ions are still visible (Figure
S4, Supporting Information). Consistent with these statistical
results, we found that for +2 peptides inclusion of both z + H
and ¢ — H peaks in the pFind scoring algorithm gave the best
identification result (Figure 6, Figure S8 and Figure S10a,
Supporting Information). Specifically, twice as many peptides
were identified if z + H ions were considered (from 993 to 2160,
comparing “z + H” to “c — H” with preprocessing in Figure
6b). On top of this, adding ¢ — Hions (“c — H, z+ H”) increased
identification by another 15% for spectra and 10% for peptides
(comparing “c — H, z+ H” and “z + H” with preprocessing in
Figures 6a and 6b). In contrast, for peptides carrying three or
more positive charges, the best performance was achieved with
only z + H ions added to regular c and z ions (Figure S10b—d,
Supporting Information). Similar results were obtained from
analysis of high resolution ETD or ECD data. We also tested
other features such as y ions, but their effect on peptide
identification was not significant due to their low intensity in
ETD spectra.

pFind 2.1 Outperforms Mascot and OMSSA in ETD Data
Analysis by a Large Margin. We systematically compared the
performance of pFind with Mascot and OMSSA on ETD and
CID data. pFind 2.1 outperformed Mascot in both ETD and
CID data analysis (Table 3, Table 4, Table 6 and Figure 7). At
1% FDR, pFind 2.1 identified from worm ETD data (doubly

=== pFind-CID-WORM-A
w=== Mascot-CID-WORM-A
m== pFind-ETD-WORM-A
=== Mascot-ETD-WORM-A

#Positive spectra

4 5 6
False discovery rate [%]
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Figure 7. ROC curves of pFind and Mascot on WORM-A CID and ETD data sets. pFind identified 14% more CID spectra and 183% more

ETD spectra than Mascot under at FDR 1%.
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Table 5. Comparison of pFind, Mascot, and OMSSA on Four YEAST ETD Data Sets

Sun et al.

data set (#spectra) identifications  OMSSA (%% Mascot (%% pFind (%) MascotnpFind” (%) pFind-Mascot (%) pFind-OMSSA (%%
YEAST-B1 (52 520) #spectra 5603 (10.7) 3613 (6.9) 6388 (12.2) 3537 (97.9) 76.8 14.0
#peptides 3951 2602 4130 2538 (97.5) 58.7 4.5
#proteins 1472 1205 1592 1166 (96.8) 32.1 8.2
YEAST-B2R1 (59 485) #spectra 12 193 (20.5) 10124 (17.0) 17 040 (28.6) 9944 (98.2) 68.3 39.8
#peptides 4962 3765 5723 3666 (97.4) 52.0 15.3
#proteins 1648 1518 1983 1465 (96.5) 30.6 20.3
YEAST-B2R2 (59 007) #spectra 11 906(20.2) 10160 (17.2) 16 638 (28.2) 9984 (98.3) 63.8 39.7
#peptides 4895 3822 5612 3712 (97.1) 46.8 14.7
#proteins 1604 1554 1939 1482 (95.4) 20.9 20.9
YEAST-EtcaD (56 019)  #spectra 11470 (20.5) 11 647 (20.8) 18578 (33.2) 11 360 (97.5) 59.5 62.0
#peptides 4585 4376 6325 4230 (96.7) 44.5 38.0
#proteins 1582 1598 1999 1525 (95.4) 25.1 26.4

@ Percentage of identified ETD spectra. ” Number of overlapping results between Mascot and pFind. The overlap as a percentage of the Mascot result is
shown in parentheses. € Difference between the number of pFind IDs and Mascot IDs, divided by the number of Mascot IDs. ¢ Difference between the
number of pFind IDs and OMSSA IDs, divided by the number of OMSSA IDs.
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3133 1500 8620 {3350 | 5328
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1146 312 891
57
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Figure 8. Venn diagrams showing the overlap of identified ETD
spectra by pFind and Mascot. The number of identified ETD
spectra of +2, +3, +4 or +5 peptides from the YEAST-ETcaD data
are plotted separately.

charged tryptic peptides) twice to thrice as many spectra as
Mascot, corresponding to an increase of 63—122% more
peptides. Between the pFind and Mascot results, the overlap
is 93—95% on either the spectrum, peptide or protein level
(Table 3). When tested on the yeast ETD data (Lys-C peptides),
pFind again outperformed Mascot with 45—59% more unique
peptides as detailed in Table 5. The Venn diagrams in Figure 8
show that independent of the precursor charge state, the pFind
results nearly contain all the Mascot results (overlap is ~98%
in the column “pFindNMascot” of Table 5 on the spectral level),
and pFind identified many more additional ETD spectra (Table
5). With respect to CID data analysis, pFind 2.1 also performed
better than Mascot (Table 4 and Figure 7).

We further compared the performance of pFind with OMSSA
on ETD data analysis. pFind 2.1 showed a markedly better
performance than OMSSA on the YEAST-ETcaD data by
identifying 6325 peptides compared to 4585 by OMSSA, cor-
responding to a 38% increase (Table 5). On other YEAST ETD
data sets, pFind 2.1 identified 5—15% more peptides over
OMSSA (Table 5).

ETD is often used in analysis of peptides with “labile” PTMs
such as phosphorylation at Ser or Thr residues, so we tested
the performance of pFind 2.1 on phosphopeptides. For the
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Table 6. Comparison of pFind and Mascot on
Phosphopeptide ETD data

identifications MascotN Mascotn

(FDR=1%) Mascot pFind pFind® EpFind”
Phosphopeptides  #spectra 596 1581 560 1622
#peptides 351 612 329 637
#proteins 516 792 481 827

“Number of overlapping results between Mascot and pFind.

® Number of combined results of Mascot with pFind.

phosphopeptide data set (Table 6), pFind identified 1581
phosphopeptide ETD spectra for 612 phosphopeptides while
Mascot identified 596 phosphopeptide ETD spectra, corre-
sponding to 351 phosphopeptides. Of the 612 phosphopeptides
identified by pFind from ETD spectra, 527 (86.1%) were also
confidently identified by pFind from their cognate CID spectra.
This result argues for a high degree of reliability of phospho-
peptide identification by pFind.

All these comparisons have shown that pFind 2.1 is a highly
effective search engine for both ETD and CID data analysis,
especially with ETcaD spectra of tryptic peptides. Much of the
performance enhancement of pFind 2.1 comes from data
preprocessing and taking into consideration the effects of
precursor charge states on HR. This work shows for the first
time that the HR patterns of ETD spectra can be used to
effectively improve peptide identification.

In a previous study, ETcaD and ETD data from the same
sample were analyzed using OMSSA and no improvement of
ETcaD was found over ETD alone (without supplemental
activation).*® OMSSA identified very few doubly charged pep-
tides although +2 ETD spectra accounted for 39.2% of the
data.®® Analyzing the same data using pFind and Mascot, we
find that ETcaD resulted in many more peptide identifications
than ETD alone, including 2,393 doubly charged peptides by
pFind and 1,209 by Mascot. We think that this discrepancy has
to do with how HR ions are taken into consideration in these
search engines. OMSSA ignores HR ions while Mascot considers
z+ H but not ¢ — H ions. pFind considers both z + H and ¢ —
H ions in a precursor charge state-dependent manner, resulting
in a significant improvement over both OMSSA and Mascot
(Table 5 and Figure 8). Coon predicted that “newer search
engines built around ETD fragmentation patterns.. .will further
improve ETD performance”.*® Our work has shown that this
prediction is true and the newer search engine envisioned
previously has been realized through pFind.
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Discussion

Although ETD is now in widespread use in proteomics, the
lack of an effective search engine has limited its application
and further technology development. Let us take, as an
example, the worm data acquired by CID/ETD double play
(Table 1, WORM-A, -B, and -C). From a total of 175 534 pairs
of CID/ETD spectra, Mascot identified on average 38.0% of the
CID spectra and a mere 9.7% of the ETD spectra (calculated
from Table 4 and Table 3, including both +2 and +3 peptides).
With an identification rate almost one-fourth of that for CID,
ETD makes itself a difficult choice for shotgun proteomics. Even
for applications capitalizing on the unique advantages of ETD
such as analysis of labile post-translational modifications, it is
a pity to lose valuable information that is already acquired in
the spectra. With pFind 2.1, we have doubled the identification
rate of ETD spectra over that by Mascot. From the same 175 534
pairs of CID/ETD spectra, pFind2.1 identified on average 42.3%
of the CID spectra and 19.4% of the ETD spectra (calculated
from Table 4 and Table 3, including both +2 and +3 peptides).
The identification rate of ETD spectra is still lower than that
of CID. This difference might be due to a lower fragmentation
efficiency of ETD than CID. In a CID spectrum, the precursor
is almost completely fragmented. In an ETD spectrum, only a
fraction of the precursor signal is converted to informative
fragment ion signal while much is left in the form of an intact
precursor or charge-reduced precursors, both of which make
little contribution to peptide identification. So, we anticipate
that additional improvement may come from increasing pep-
tide fragmentation efficiency of ETD, better ionization, better
ion transmission, or all of the above. From the informatics side,
the region of CR precursors might be used to validate sequence
identifications or flag the presence of a spectrum containing
two or more precursors and trigger subsequent analysis.

Searching ETD Data with a Large Fragment Mass Toler-
ance is Not an Optimal Way to Utilize HR Information. A
recent study recommended that a larger fragment tolerance
window should be used to search ETD data compared to that
used for CID, for example, 1.1 Da with Mascot'® and +1.2
Da with Protein Prospector.?® Such large mass tolerance
windows increase the identification rate of ETD spectra,
compared with the common setting such as +0.5 Da. We think
that the reason why a large fragment mass tolerance window
can improve identification rate is that it allows HR ions (e.g., z
+ H and ¢ — H) to be included for spectral matching. Mascot
considers z + H ions but it ignores ¢ — H ions. We manually
examined a subset of ETD spectra that were either missed or
identified with a low confidence score by Mascot but whose
cognate CID spectra had positive identifications by both Mascot
and pFind. If we let pFind consider ¢ — H ions besides ¢, z,
and z + H ions, these spectra were then identified with high
confidence (data not shown).

Our results indicate that a larger fragment tolerance window
is not the optimal solution to searching ETD spectra. If we do
not let pFind consider z + H and ¢ — H ions (only z and cions
matched), a fragment mass tolerance of +£1.4 Da gives a better
result than other smaller or larger tolerance windows (Figure
9). However, a fragment mass tolerance of £0.5 Da along with
the inclusion of z+ H and ¢ — H ions increased the number of
identified spectra by 45.6% (9293 to 6382) over a 1.4 Da mass
tolerance window (Figure 9). We think that although a larger
mass tolerance can include HR ions in spectral matching, it is
a compromised solution because it simultaneously increases
random matches. Thus, we recommend searching ETD data
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Figure 9. Effect of fragment mass tolerance on ETD or CID peptide
identification. Doubly charged ETD or CID spectra from the
WORM-A data set were searched repeatedly using pFind 2.1
while the fragment mass tolerance window was varied from +0.1
to £2.0 Da. The false discovery rates were no more than 1%.

generated by ion trap instruments with a mass tolerance
window of +0.5 Da along with the inclusion of z + H and ¢ —
H ions in a precursor charge state-dependent manner.

Abbreviations: CID, Collision induced dissociation; ECD,
Electron capture dissociation; ETD, Electron transfer dissocia-
tion; ETcaD, Electron transfer and collisionally activated dis-
sociation; SA, Supplemental activation; HR, Hydrogen rear-
rangement; LTQ, Linear ion trap; AGC, Automatic gain control;
MS1, Parent scan mass spectra; MS2, Tandem mass spectra;
AA, Amino acid; FDR, False discovery rate; ROC, Receiver
operating characteristic.
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