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Abstract
Mass spectrometry has rapidly evolved to become the platform of choice for proteomic analysis.
While CID remains the major fragmentation method for peptide sequencing, electron transfer
dissociation (ETD) is emerging as a complementary method for characterization of peptides and
post-translational modifications (PTMs). Here, we review the evolution of ETD and some of its
newer applications including characterization of PTMs, non-tryptic peptides and intact proteins.
We will also discuss some of the unique features of ETD such as its complementarity with CID
and the use of alternating CID/ETD along with issues pertaining to analysis of ETD data. The
potential of ETD for applications such as multiple reaction monitoring and proteogenomics in the
future will also be discussed.
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1 Introduction
The extensive use of CID in proteomics experiments over the last two decades has
established it as a robust method for MS/MS fragmentation whose characteristics are
relatively well understood from both experimental as well as computational perspectives [1].
In particular, CID is now well optimized for sequencing of small peptides obtained by
protease digestion. However, in the case of modified peptides with labile PTMs such as O-
GlcNAc, CID often fails to localize the site of modification. In 1998, Zubarev et al. reported
electron capture dissociation (ECD) as a novel dissociation method to analyze peptide/
protein structures [2]. Six years later, Syka et al. reported ETD as a new electron-based
dissociation technique for fragmentation of gaseous ions [3]. In both ETD and ECD, an
electron reacts with positively charged peptides followed by rapid neutralization of the
charged site by an electron leading to generation of a radical, which in turn induces
dissociation at the N-Cα bond [3].

In this review, we focus on the evolution of ETD in the context of instrumentation, analysis
of various PTMs using ETD, top-down analysis using ETD and analysis of ETD data.
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Fundamentals of ETD and instrument-related aspects of ETD have been recently covered
well elsewhere and will not be discussed here [4, 5].

2 Evolution of ETD
Chemistry of gaseous ions has long been investigated in the field of physical chemistry and
chemical physics. ETD reactions resulting from electron transfer, a type of ion chemistry,
include several steps, i.e. 1) generation of analyte cation and reagent anion, 2) appropriate
delivery of the cation and the anion into the same space in time, 3) mass analysis of resultant
ions. Each of these steps is discussed below.

2.1 Preparation of radical anions
In ion/ion reactions, electron transfer from an anion to a cation always competes with proton
transfer from a cation to an anion [6, 7]. Thus, radical anions that prefer electron transfer are
the key chemical moieties in ETD and their generation is, therefore, a key step. In the
earliest ETD experiments, anthracene (C14H10) [3] molecules were introduced into the
chemical ionization (CI) source to generate reactive anthracene radical anions (m/z 177 and
m/z 179). Coon et al. also tested several other potential reagents for carrying out ETD
including several polycyclic aromatic hydrocharbon molecules (e.g. fluoranthene) [8–10].
As a result, when reacted with triply charged peptides, some prefer proton transfer, whereas
others are useful for ETD (e.g. fluoranthene radical anion (m/z 202)). Currently,
fluoranthene is preferred because, of the molecules tested thus far, it works best [10],
although the efficiency of electron transfer with fluoranthene is only ~40%. Thus, it is still
desirable for ETD to find additional molecules that have low electron affinity and are
structurally less hindered (e.g., a planar-like shape) to facilitate transfer of an electron to an
analyte cation.

As an alternative, ESI modalities other than the CI, have been employed to generate
precursor reagent molecules with CID for converting them into reagent anions [11]. From
such experiments, among the tested compounds, the most attractive molecule for ETD was
2-(fluoranthene-8-carbonyl) benzoic acid (the efficiency of electron transfer, ~26%). The
advantages of the ESI-based methods to generate reagent anions are that 1) it is relatively
simple, 2) no additional ion source necessary, and 3) efficient and robust compared to CI-
based methods. However, it is a slower method because additional time is required for
polarity switching to and from negative mode, as discussed in the next section.

2.2 Injection of radical anions
The initial setup developed by Don Hunt’s group for ETD employed a linear ion-trap in
which a negative CI source produced reagent anions from the back [3] (refer to as ‘back-
end’). In this back-end method, only a relatively short time (~300 milliseconds (msec)) was
spent to obtain a single ETD spectrum. This time scale fits well with that of liquid
chromatography (LC), implying the feasibility of a high throughput analysis. However, this
earlier back-end configuration was not readily applicable to hybrid instruments (e.g. LTQ-
Orbitrap and quadrupole time-of-flight (QTOF)) owing to the location of high resolution
analyzer at the rear. To circumvent this, a front-end method was introduced, for example, by
utilizing a pulsed nanoESI/APCI, or ESI of precursor reagents and subsequent CID to
generate reactive reagent ions on ion-trap and QTOF mass spectrometers [11–13]. The dual
and pulsed method that used two ESI emitters to generate both analyte cation and reagent
anion was also introduced on an LTQ-Orbitrap. A relative longer time of ~800 msec (~200
msec for anion injection and ~300 msec for each polarity switching) was taken to generate
reagent ions for ETD [14]. Nonetheless, the important achievement of this configuration is
that high resolution (60,000) and high accuracy (~2 ppm) ETD data were generated to better
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understand the performance characteristics of ETD MS. This front-end production of
reagent ions was further improved by developing a dual electrospray ion source on LTQ-
Orbitrap with reduction of the switching time upto ~30 ms [15]. The back-end ion source for
ETD on the hybrid instrument (e.g. LTQ-Orbitrap ETD) has now been introduced with a
systematic optimization for the efficient anion transfer from back to front [16]. The
significant advance of this configuration was that it took only about 4–8 msec to inject a
sufficient amount of uoranthene radical anion to the LTQ in the front from the rear in a
stable and robust manner. As an alternative, reagent anions can be injected in between ion
optics (i.e. rods) prior to ion-trap. This ‘in-between’ method has been implemented into a 3-
D ion-trap (e.g. amaZon).

2.3 Optimization of ETD
Because the inefficiency of ETD is associated, at least in part, with non-specific interactions
between ions produced by ETD, the use of additional energy required to dissociate non-
dissociative charge reduced precursor ions has been evaluated. To increase the dissociation
of non-specifically bound fragment ions, subsequent activation with vibrational collision
energy has been shown to produce an additional set of odd-electron c•- and even-electron z-
type ions (instead of c- and z•-type ions from ETD) from the non-specifically bound ion
complex [17]. However, a 1-Da shift that results from a hydrogen rearrangement from c- to
z-type ions makes the isotopic envelope of a fragment ion more complex [17, 18]. As an
alternative approach, activated ion (AI) ETD methodology, which increases the internal
energy of peptide ions by irradiating them with infrared photons during ion/ion reactions has
been tried [19, 20]. This configuration resembles AI ECD MS [21] that was introduced
earlier for increasing ECD efficiency by loosening secondary structure of a peptide/protein
with increased internal energy by irradiation. The AI ETD method greatly improves the
efficiency of peptide fragmentation, increasing the number of peptide identifications up to
that obtained by combining both CID and ETD [20]. Another advantage of the AI ETD
method is the lack of a requirement for additional time because of simultaneous in-space and
in-time ion/ion reactions.

The instrument that is the most actively developed thus far for ETD is an ion-trap mass
spectrometer while more technical developments with respect to ion/ion chemistry have
been introduced on a QTOF mass spectrometer. It is possible that introduction of
commercially available high accuracy and high resolution hybrid instruments such as QTOF
(e.g. Synapt G2 HDMS) and quadrupole Fourier transformation ion cyclotron resonance
(e.g. solariX) equipped with ETD could open new opportunities in ETD-based researches
including top-down proteomics. The reaction time (~100 msec for small peptides and ~10
msec for larger peptides) for ETD has to be further optimized to minimize unwanted ion/ion
reactions (e.g. the production of internal fragments and/or the neutralization of singly
charged fragments), especially in top-down ETD experiments.

3 Analysis of PTMs by ETD
One of major advantages of ETD in MS-based proteomics is the ability to localize the exact
site of PTMs that can be missed by CID. ETD MS-based PTM analysis has been reviewed
[4, 5, 22]. In this section, we review the application of ETD for analysis of certain PTMs
including phosphorylation, O-GlcNAc, N-linked glycosylation, O-linked glycosylation,
glycation, isoaspartic acid formation, arginine methylation, lysine ubiquitination and ADP-
ribosylation and its application to large-scale analysis. As listed in table 1, there are several
studies that have employed ETD for large-scale PTM analyses such as phosphorylation,
acetylation, methylation and glycosylation.
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3.1 Serine/threonine phosphorylation
Phosphorylation is perhaps the most widely studied PTM in eukaryotes. The low
stoichiometry of phosphopeptides coupled to their being negatively charged makes it
difficult to identify them from very crude mixtures in the positive ion mode. Further,
phosphoserine and phosphothreonine residues are labile under CID fragmentation conditions
while phosphotyrosine is quite stable [23–25]. Fragmentation by ETD allows peptides to
retain the labile phospho moiety on serine and threonine residues, which helps to accurately
localize the phosphorylation sites [24]. Figure 1A shows an example of a phosphoserine
containing peptide where the peptide was identified and the one of the phosphorylation sites
localized by ETD. The MS/MS spectrum of the same peptide (Figure 1B) showed poor
fragmentation using CID and did not lead to identification of the peptide by the search
algorithm. In this instance, manual interpretation of the CID MS/MS spectrum could provide
data on some of the peptide sequence but could still not help in the localization of either of
the two phosphorylation sites. Note that the ETD spectrum (Figure 1A) was processed as
described previously [26, 27].

3.2 Glycosylation
There are three major types of glycosylation: N-linked glycosylation at asparagine, O-linked
glycosylation at serine and threonine and O-GlcNAc at serine and threonine. MS/MS
analysis of N- and O-linked glycopeptides by CID often leads to a loss of the glycan (and
some of its fragments) from the peptide with poor fragmentation of the peptide backbone
[28]. ETD results in a more complete fragmentation of the peptide backbone which helps
localize the site of the glycan attachment [28, 29]. In fact, it has been demonstrated that
using both ETD and CID, it is possible to simultaneously elucidate both the glycan structure
and peptide sequence of N- and O-linked glycopeptides [28–31]. On the other hand, peptides
modified by GlcNAc on serine/threonine/asparagine residues undergo backbone
fragmentation by CID but undergo a loss of GlcNAc as well [32]. In this situation, although
one can discern the peptide sequence, it is still difficult to localize the site of modification as
the loss of GlcNAc moiety does not alter mass of the amino acid residue where GlcNAc is
attached. In many reports [32–35], ETD has been used as the primary fragmentation method
both to identify the peptide sequence and to localize GlcNAc. Figure 2 shows an example of
CID and ETD of a synthetic peptide (TAPTSTIAPG) that was modified by O-GlcNAc on
the serine. ETD of this peptide yields an informative series that lead to correct identification
of O-GlcNAc modification site at the serine residue (Figure 2A). In contrast, loss of GlcNAc
from the peptide is a major fragmentation pathway under CID (Figure 2B), resulting in the
most intense peaks arising from the doubly charged modified peptide, i.e. the singly charged
GlcNAc moiety (m/z 204.1) and the singly charged unmodified peptide TAPTSTIAPG.

3.4 ADP-ribosylation
Mono- or poly-adenosine diphosphate (ADP)-ribosylation is enzyme mediated and can
occur on arginine and lysine. Fragmentation of ADP-ribosylated arginine containing
peptides by CID produces a few backbone fragments with predominant dissociation of the
pyrophosphate bond, resulting in adenosine monophosphate (AMP, m/z 348) and the peptide
ion that lost AMP [36]. ETD of ADP-ribosylated peptides shows a more informative
backbone fragmentation with retention of the intact ADP-ribose moiety [36, 37]. Non-
enzymatic modification of lysine residues (glycation) can also occur by ADP-ribose and is
discussed below.

3.3 Glycation
Glycation is the non-enzymatic glycosylation of free amine groups on proteins and lipids by
simple sugars such as fructose, glucose, ribose etc. Using arrays containing immobilized
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dipeptides, it has been shown that both glucose and fructose are highly reactive to the
primary amino groups (lysine), thiol groups (cysteine), and the imidazolyl group (histidine)
[38]. A complex series of reactions such as Amadori reaction, Schiff base reaction and
Maillard reaction occur following glycation, leading to advanced glycation end products.
For example, the level of glycated hemoglobin (also known as HbA1c) is measured to
monitor how blood sugar levels are maintained in diabetics. ETD of glycated lysine
containing peptides by D-glucose, for example, results in almost complete sequence
coverage, while CID predominantly generates various neutral losses (2H2O, 3H2O, 4H2O,
3H2O+HCHO and C6H10O5) from glycated peptides [39–42]. In addition, fragmentation
patterns of the glycated peptide with ADP-ribose at lysine residue by both CID and ETD
have been observed similarly to that of ADP-ribosylated peptides by CID and ETD [43].

3.5 Isoaspartic acid
Deamidation of asparagine and isomerization of aspartic acid in proteins occurs through a
succinimide intermediate, which in turn, is converted into a mixture of aspartic and
isoaspartic acids. Thus, isoaspartic acid is an isomer of aspartic acid and leads to
lengthening of the protein backbone by one methylene unit. ETD allows differentiation of
isoaspartic acid from aspartic acid using diagnostic ions such as c + 57 and z − 57 peaks [44,
45] that are also observed under ECD (i.e. c + 58 and z − 57) [46, 47]. These diagnostic ions
can define the presence and the location of isoaspartic acid. ETD analysis shows that for
doubly charged peptide ions, supplemental activation is essential to obtain the diagnostic c +
57 or z − 57 ions needed to differentiate aspartic and isoaspartic acids from deamidated,
digested peptide samples [44]. This method has been applied to a large scale analysis of
blood samples from Alzheimer disease patients [48].

3.6 Arginine methylation
Methylation of arginine residues on proteins requires the methyl donor S-adenosyl
methionine that is converted into S-adenosyl homocysteine. Arginine methylation can be
mono-methylation or di-methylation (asymmetric or symmetric) and frequently occurs in an
arginine-rich context such as RGG, GRG, RXR or RG motifs [49]. It has been demonstrated
that arginine methylation containing peptides undergo peptide backbone dissociation by
ETD providing localization information, while characteristic neutral losses (73.064 Da from
monomethylated arginine and 87.087 Da from dimethylated arginines) are predominant
when CID is used [50]. Thus, CID of the methylated arginine containing peptides could be a
useful screen only to identify peptides that are modified, while ETD of the methylated
peptide could provide information regarding the peptide sequence and the type of
modification and its location within the peptide.

3.7 Ubiquitination
Ubiquitination is the attachment of ubiquitin, a 76 amino acid long protein, on proteins. The
linkage occurs between the carboxylic acid of the C-terminal glycine in ubiquitin and the
epsilon amine of lysine in the substrate protein. A characteristic di-glycine moiety on lysine
residue is generated upon digestion of the ubiquitinated protein by trypsin, the standard
protease used in MS–based proteomics. Even though CID is a promising fragmentation
method to identify the di-glycine modified peptides [51–53], it is still desirable to use ETD
as a complementary fragmentation method for these di-glycine modified peptides (which are
higher charged than unmodified tryptic peptides because the modified lysine is not cleaved
by trypsin) [51]. ETD has been used for the analysis of di-glycine containing peptides, while
similarly informative series of fragment ions were produced by CID and ETD [54]. Thus, it
might be a good example for utilizing both complementary fragmentation methods (CID and
ETD) in an alternative acquisition mode. It should be noted that two alkylation moieties
(C4H6N2O2, 114.0429 Da) by iodoacetamide on lysine can give rise to an identical mass tag
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as a di-glycine residue [55]. Thus, researchers might have to pay more attention about this
potential artifact.

3.8 Endogenous peptides
Although trypsin has been widely used as the standard protease in MS-based proteomics,
other enzymes such as Lys-C and Lys-N are also being tried for proteomic applications [56].
However, there are biological situations where endogenous peptides need to be analyzed
without any further protease digestion. For example, substance P (RPKPQQFFGLM-NH2),
one of neuropeptides is an 11 amino acid long peptide containing a C-terminal amide
modification which is structurally unusual. It is very important to elucidate both peptide
sequences and structures of neuropeptides in the field of neuroscience. In addition, there are
peptides (9~12 amino acids) presented by MHC class I/II molecules, to T-lymphocytes.
Discovery of these endogenous immunogenic peptides is an important step in the field of
immunoproteomics. Here, we discuss the use of multiple fragmentation methods for analysis
of endogenous peptides. In this regard, Smith and co-workers have recently described an
alternating fragmentation regimen to identify non-tryptic peptides [57]. As shown in Figure
3, a presenting peptide, FMYSDFHFI, derived from RNA polymerase from the influenza A
virus, was fragmented by CID or ETD. Both patterns of fragments are comparably
informative for identification of the peptide sequence. This example shows cross-validation
of a non-tryptic peptide that was dissociated by two complementary fragmentation methods,
i.e. CID and ETD. Two peaks i.e. m/z 279.1 and m/z 928.4 in Figure 3A are assigned to b2/
y2 and b7/y7, respectively, because the fragment ions were detected on an ion-trap.
However, all assigned fragment ions (c and z-ions) observed under ETD were
distinguishable (Figure 3B), thereby increasing the confidence of identification. Thus, ETD
as an additional fragmentation method or alternative acquisition of CID and ETD spectra
would be of great interest for analysis of endogenous peptides.

4 Top-down proteomics
Currently, the most common pipeline in proteomics is the bottom-up approach in which
protease-digested peptides that are ~7–25 amino acids in length are analyzed by LC-MS/
MS. The top-down approach is slowly gaining popularity because intact proteins as well as
protein complexes can be analyzed, which can lead to better elucidation of protein isoforms
and PTMs. However, the top-down approach ideally requires mass spectrometers with very
high resolution and mass accuracy (e.g. FT-ICR). Most studies to date where top down
analysis has been carried out have employed CID/ECD not ETD [58–60]. In contrast,
although ETD is superior to CID because of the more complete fragmentation and to ECD
because of its compatibility with the LC-time scale, it has not yet been explored for top-
down analysis. In the limited number of studies where ETD was used for a top-down
analysis, only small number of proteins have been identified on a chromatographic time
scale from E. coli samples [61, 62].

Regardless of the method of fragmentation employed, there are still a number of outstanding
issues that limit the widespread applicability of top-down proteomics in a traditional LC-
MS/MS setting. The low signal-to-noise ratio of high mass proteins is one of the main
challenges in top-down proteomics [63]. What is not generally appreciated is that when
intact proteins are analyzed in top-down experiments, a single intact protein, could be
detected as various ion species because it exists as differently modified forms (e.g.
oxidation), various charge species, and multiple isotopes leading to “splitting of the signal”
and thereby lowering the signal-to-noise ratio. Other problems include the complexity of
proteome both in terms of the number of proteins/peptides as well as the enormous dynamic
range (e.g. 10–12 orders of magnitude for serum proteins). Finally, the relative lack of
automated data analysis tools makes top-down analyses even more challenging although
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some dedicated tools have been developed for top-down analysis (for ECD/ETD and PTM
types of analysis) [64]. Figure 4 shows an example of intact protein analysis by ETD. Figure
4A shows how the total signal of intact ubiquitin is distributed among several ion species
(about 10 different charged ions, each of which is composed of ~10 isotopic peaks). Upon
fragmentation of ubiquitin (z = 9) by ETD, a series of c- and z-type ions with non-
dissociated ubiquitin ion species (indicated as +9, +8, +7, and +6) are observed (Figure 4B).
In this case, manual assignment could be used to enrich the sequence information (see
magnified regions of the spectrum) although many of the fragment ions could not be
assigned using commercial software. This example illustrates how ETD-based top-down
analysis is feasible but not yet optimal for automated data interpretation.

5 ETD and CID as complementary technologies
ETD predominantly generates c- and z-type ions, while CID produces b- and y-type ions.
Because of the nature of these fragment ions, the fragmentation data from ETD is
complementary to that derived by CID. However, the two fragmentation methods are biased
with regard to m/z values and amino acids. For example, CID works best for doubly charged
smaller peptides, while ETD does best for higher charged peptides for sequencing analysis.
The peptide bond at the amino-terminal end of proline (i.e. X-P, where X is an any amino
acid) is the preferred dissociation site under CID, whereas the fact that two atomic bonds
have to be broken to generate fragment ions on either side makes the dissociation in X-P
almost impossible under ETD. Although neutral losses such as loss of H2O, NH3 and
phosphate have been described in CID, an unusually large variety of neutral losses have
been observed in ETD [65]. Overall, our predictive ability for fragmentation events,
regardless of the dissociation method used remains poor. This unpredictability, in turn,
makes de novo interpretation quite challenging. Although a statistical correlation of ETD
behavior on peptide bond dissociation has been described [66], a comprehensive analysis of
fragmentation events during ETD/CID by statistical or machine learning methods has not
yet been carried out. Such an analysis has the potential to not only improve our
understanding of the fragmentation process but also our ability to carry out de novo
sequencing.

The orthogonal nature of ETD can be exploited by coupling it to CID in a number of ways.
One can carry out separate CID and ETD experiments or experiments where CID of a given
peptide alternates with ETD of the same peptide. Yet another strategy involves conditional
selection of either ETD or CID during the run based on certain preset parameters related to
physicochemical properties of peptide ions (e.g. choosing ETD for a peptide ion with a high
charge state). In separate CID and ETD or conditional CID/ETD experiments, mass spectral
data is separately processed and then the results are compared [66–68]. However, in
alternating experiments, the same peptide ion is fragmented by CID and ETD in succession
to generate a pair of CID and ETD spectra within the same LC-MS/MS run [27, 57]. Here, it
is possible to process the CID and ETD mass spectral data separately or after merging [27,
69]. Both approaches (conditional CID/ETD and alternating CID/ETD) have been shown to
provide a greater identification than a single fragmentation method (i.e. CID alone or ETD
alone). In the case of alternating CID/ETD method, one can merge both CID and ETD
spectra prior to database searching to take an advantage of complementarity of CID and
ETD [27, 69]. Note that high energy collision dissociation (HCD) [70] that was recently
introduced is also complementary to ETD [68].

As discussed in the examples above, CID and ETD are indeed complementary for deducing
amino acid sequences or PTMs of peptides. Thus, these two are orthogonal datasets of the
same peptide, which can be used to cross-validate the results of a database search making
the identification even more confident. Thus, it is preferable to utilize multiple
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fragmentation methods for a single peptide to produce the maximum information, whenever
analysis time and sample amount are not limiting.

6 Analysis of ETD data
Early studies employing ETD as a fragmentation method mainly relied on manual
interpretation of MS/MS spectra to annotate c- and z-type ions. As discussed below, even
now, the existing search algorithms for analysis of ETD data are not as advanced as they are
for CID. To fully realize the potentials of ETD, it is still desirable to investigate the behavior
of ETD and further, to understand ETD data.

Initial efforts for analysis of ETD data has focused on finding of characteristics of ETD
spectra, resulting in the observation of highly intense charge-reduced precursor peptide ions
and fragment ions associated with either various neutral losses or hydrogen rearrangements.
This complexity of ETD products often diminishes the performance of searches, resulting in
errors and a lower number of identifications [71]. It has been shown that search algorithms
can improve peptide identification by deleting these interfering product ions as well as
fragments associated with neutral losses such as H2O and NH3 affects [26]. Even though
only marginal increase in peptide identification has been achieved by this post-acquisition
data processing, there has been significant improvement in our understanding of the ETD
behavior. It has reported that optimization of database search algorithms for ETD dataset
can improve peptide identification [72]. Overall, it is clear that owing to the peculiarities of
fragmentation induced by ETD, the search algorithms are far from being optimized for
analysis of ETD data. In this regard, it should be pointed out that not all search algorithms
are even capable of handling ETD data. Of the programs that can use ETD data, the
performance is somewhat variable as demonstrated by a recent study [73] comparing
multiple search algorithms such as OMSSA [74], Mascot [75], Spectrum Mill and X!
Tandem [76]. Although Spectrum Mill and Mascot performed best for ETD data of
phosphopeptides, non-phosphorylated peptides and known standard peptides [73], Protein
Prospector, which was not evaluated by the above mentioned study, reported an improved
peptide identification when its scoring system was modified for ETD data by weighting the
precursor ion charge state and peptide sequence [77]. As discussed in the previous section,
hydrogen rearranged fragment ions by supplemental activation after ETD makes spectra
complex. Findings from statistical analyses of the behavior of ETD with supplemental
activation [18, 65] have been implemented into pFind 2.1, which has been shown to perform
slightly better than Mascot for ETD data [18]. Kim et al. have developed MS-GFDB [69],
which employs the generating function approach using MS-GF [78]. A significant increase
in identification of tryptic as well as Lys-N peptides from ETD data was observed in MS-
GFDB over Mascot.

The Lys-N peptides, when fragmented by ETD, led to generation of predominantly c-type
ions [79]. This characteristic tendency to display more c-type ions in ETD spectra of Lys-N
peptides has been implemented into LysNDeNovo [80], an algorithm enabling de novo
sequencing of Lys-N generated peptides fragmented by ETD. One database search algorithm
that was specifically developed for analysis of ETD spectra is Z-core [81]. This algorithm is
based on preprocessing of the data in addition to a probabilistic modeling approach and
reported a minor increase in peptide identification as compared to OMSSA [81].

Although database search (e.g. Z-core, MS-GFDB, pFind 2.1) and de novo algorithms (e.g.
CompNovo, Lys-NDeNovo) have been developed for analysis of ETD data, we feel that
there is still adequate scope for optimizing their performance. One situation that has not
been dealt with adequately pertains to scenarios when consecutive CID and ETD
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fragmentation is employed in an alternating mode for bottom up or top-down analyses [66,
82].

7 Future prospects
As described in the sections above, ETD has matured quite rapidly for MS-based proteomics
analyses. Here, we will discuss the use of ETD in some areas where its potential has not yet
been fully explored.

CID-based MS/MS is now a routine method for targeted analysis by multiple reaction
monitoring (MRM). In these experiments, a certain number of transitions (many
investigators use 3 or more transitions) from more than one unique peptide are considered as
‘requirements’ to characterize and quantify the corresponding proteins of interest. This
poses problems when using the standard CID-based MRM pipeline for identifying and
quantitating peptides/PTMs from complex protein mixtures. For example, it is not feasible
to have multiple proteotypic peptides from every protein. It may also be difficult to generate
three or more useful transitions from every proteotypic peptide. Also, when peptides
containing labile PTMs (e.g. O-GlcNAc) are analyzed by CID, the site of modification is
readily lost. Finally, not all peptides generated by proteases other than trypsin are optimal
candidates for CID. In the above-mentioned scenarios, utilization of ETD should be helpful
for MRM experiments because generation of complementary c- and z-type ions by ETD will
extend the total number of useful transitions and also preserve labile PTMs. In the case of
longer peptides with a high number of charges, ETD is better suited for MRM experiments.
Even though ETD has been restricted to profiling type of experiments in proteomics thus far,
we feel that application of ETD for MRM analysis has great potential and needs to be
explored further.

In proteogenomics, MS-based proteomics data is correlated with genomic and
transcriptomic data to better characterize genomes (for reviews, see [83–85]). For instance,
the results from a proteogenomic analysis can include identification of novel genes that were
missed by gene prediction algorithms. Using data from high resolution and high accuracy
mass spectrometers [86] for searching against a six-frame-translation database [87],
proteogenomics can be used for annotation of genomes. These types of studies rely greatly
on the extent of coverage of the proteins and analyzing samples with both CID and ETD as
orthogonal techniques can be carried out to maximize the sequence coverage obtained. In
addition, the use of the alternating CID and ETD fragmentation in the same LC-MS run can
also provide cross-validation of identified peptides by the two fragmentation methods. Thus,
although CID is the routinely used fragmentation method, we anticipate that ETD will be
employed more routinely for proteogenomic and similar applications in the future.

In typical LC-MS/MS experiments, the emphasis is on protein identification and not
necessarily on the depth or comprehensiveness of the analysis. In a recent study, it was
reported that only ~16% of all ions detected in a mass spectrometer were sampled for MS/
MS (of which only ~50–60% were eventually identified) [88]. Although an increased depth
can be achieved through the use of multiple proteases and fractionation methods, advances
in instrumentation can achieve the same goal without any additional sample manipulation.
This can happen in two different ways: introduction of newer fragmentation methods and
development of newer mass spectrometers capable of multiple traps operating
simultaneously. For example, negative ETD has been demonstrated as a new method in
which a- and x-type ions are produced though free-radical chemistry [89] which is similar to
electron detachment dissociation [90]. Therefore, it is conceivable that a complete set of
complementary fragments (i.e. a, b, c, x, y, and z-type ions) from peptide ions can be
acquired by employing negative ETD along with CID and ETD. Availability of newer types
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of mass spectrometers with multiple traps/analyzers that potentially permit multiple
fragmentation methods in parallel would not only be attractive for increasing the depth of
coverage but also help create new and imaginative solutions for protein/peptide analysis.

With continued advances in instrumentation and software for ETD analysis, we are positive
that ETD will become an essential component of any proteomics platform in the future.
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ETD electron transfer dissociation

ECD electron capture dissociation

CI chemical ionization
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O-GlcNAc O-linked beta-N-acetylglucosamine

QTOF quadrupole time-of-flight

ESI electrospray ionization
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HCD high energy collision dissociation

MRM multiple reaction monitoring
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Figure 1. ETD and CID spectra of a phosphorylated peptide
A doubly phosphorylated peptide was fragmented by ETD (A) or CID (B) on an LTQ-
Orbitrap ETD mass spectrometer. ETD generates a more informative MS/MS spectrum
through a more uniform generation of c- and z-type ions while CID leads to a predominant
neutral loss of phosphate moiety (H3PO4) with few other backbone fragments.
Phosphorylation of serine-3 and either serine-5 or serine-6 was confirmed by ETD, while the
exact phosphorylation sites could not be discerned from the CID spectrum. Note that ‘p(SS)’
indicates phosphorylation of one of the two serine residues within parentheses.
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Figure 2. ETD and CID spectra of an O-GlcNAcylated peptide
A synthetic O-GlcNAcylated peptide, TAPTgSTIAPG, was fragmented by ETD (A) or CID
(B) on a 3D ion-trap mass spectrometer. A series of informative fragments was generated by
ETD enabling localization of the site of modification while loss of the GlcNAc moiety (m/z
204.1) was predominant under CID. ‘gS’ refers to O-GlcNAc modified serine ‘*’ indicates
N2 adduct-containing fluoranthene radical anion.
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Figure 3. ETD and CID spectra of a non-tryptic peptide
A non-tryptic peptide, FMYSDFHFI, was fragmented by ETD (A) or CID (B) on an LTQ-
Orbitrap ETD mass spectrometer. In this example, both fragmentation methods provide
informative patterns of product ions, illustrating cross-validation of a non-tryptic peptide in
an alternating CID/ETD approach.
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Figure 4. Intact ubiquitin analysis
Intact ubiquitin was detected on an Orbitrap mass analyzer at a resolution of 100,000 (A).
The inset in Figure 4A shows the isotopic distribution of a ubiquitin precursor (m/z = 1048;
z = 6) at a mass accuracy of 0.61 ppm. Ubiquitin (m/z 953) was fragmented by ETD (B) and
fragments were detected in the Orbitrap mass analyzer at a resolution of 60,000. A
magnified view of two regions in the spectrum is shown along with manually assigned
fragment ions.
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