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Abstract
Mass spectrometry has played an integral role in the identification of proteins and their post-
translational modifications (PTM). However, analysis of some PTMs, such as phosphorylation,
sulfonation, and glycosylation, is difficult with collision-activated dissociation (CAD) since the
modification is labile and preferentially lost over peptide backbone fragmentation, resulting in little
to no peptide sequence information. The presence of multiple basic residues also makes peptides
exceptionally difficult to sequence by conventional CAD mass spectrometry. Here we review the
utility of electron transfer dissociation (ETD) mass spectrometry for sequence analysis of post-
translationally modified and/or highly basic peptides. Phosphorylated, sulfonated, glycosylated,
nitrosylated, disulfide bonded, methylated, acetylated, and highly basic peptides have been analyzed
by CAD and ETD mass spectrometry. CAD fragmentation typically produced spectra showing
limited peptide backbone fragmentation. However, when these peptides were fragmented using ETD,
peptide backbone fragmentation produced a complete or almost complete series of ions and thus
extensive peptide sequence information. In addition, labile PTMs remained intact. These examples
illustrate the utility of ETD as an advantageous tool in proteomic research by readily identifying
peptides resistant to analysis by CAD. A further benefit is the ability to analyze larger, non-tryptic
peptides, allowing for the detection of multiple PTMs within the context of one another.
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Introduction
Transcription of DNA to RNA and subsequent translation of RNA into protein does not
necessarily result in a final protein product. A variety of covalent protein modifications can
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take place during or after protein synthesis. Protein modifications result from the chemical
modification of amino acid side chains as well as the amine and carboxy terminus of the protein.
Modifications on eukaryotic proteins tend to be widespread. These modifications are needed
for normal cellular function, while alterations in the regulation of these modifications can lead
to diseases such as Alzheimer Disease (AD) [1], cancer [2] and erectile dysfunction [3].

Protein modifications can enhance/decrease protein activity, allow interaction with other
proteins, localize protein to a specific place in the cell, and affect folding. For example, post-
translational modifications (PTM) such as phosphorylation, acetylation, and methylation are
used as chemical switches to activate/inactive the histone regulation of gene transcription,
DNA replication, and DNA damage repair [4]. In the ubiquitin-proteasome pathway,
phosphorylation [5,6] and O-linked N-acetylglucosamine (O-GlcNAc) modifications [7,8]
play a major role in the degradation process of intracellular proteins. Tyrosine sulfonation has
been implicated in the mediation of inflammation, leukocyte adhesion, chemokine receptor
signaling, and modulation of the blood coagulation cascade. However, O-sulfonation of serine
and threonine has only been recently described and implicated in protein assembly and signal
transduction [9]. S-nitrosylation is the covalent attachment of a nitrogen monoxide group to
the thiol side chain of cysteine. S-nitrosylation is a broad based PTM with roles in cellular
signal transduction, regulation of redox state, and regulation of enzyme activity (reviewed in
[10]).

Identifying such PTMs is essential as it leads to insights into the function and role of the protein
in the biological system. The analysis of proteins and their post-translational modifications is
particularly important for the study of many diseases including cancer, diabetes, cardiovascular
disease, and neurodegenerative disorders such as Alzheimer Disease.

A common technique to analyze protein(s) by mass spectrometry is to digest the proteins into
smaller peptides with an enzyme, separate the peptides by reverse phase chromatography, and
introduce the peptides into a mass spectrometer by electrospray ionization (ESI) to obtain
sequence information by tandem mass spectrometry (MS/MS). The enzyme typically utilized
to digest proteins into smaller peptides is trypsin, which cleaves C-terminal to Arg or Lys. This
produces a complex mixture of peptides containing one basic amino acid residue per peptide.
These peptides ionize via ESI to low charge states (generally +3 or less, with the +1 and +2
charge states most favored), which are optimal for collision-activated dissociation (CAD) mass
spectrometry.

Low-energy CAD tandem mass spectrometry has been, by far, the most common method used
to dissociate peptide ions for subsequent sequence analysis. Typically, the preferred sites of
cleavage, in a gas-phase peptide ion, are the amide bonds of the peptide backbone. Upon
collisional activation, the amide bond of the peptide backbone will fragment to produce, ideally,
a homologous series of b and y-type fragment ions (Figure 1) (please refer to [11,12] for a
more detailed description of the mechanism of peptide fragmentation). Successful peptide
sequence analysis, regardless of the dissociation method, requires the production of fragment
ions corresponding to a complete or near-complete set of the possible backbone bond cleavages
of the precursor.

Depending on the protein sequence, sometimes trypsin can generate peptides that are too small
or too large for analysis. Missed cleavages due to post translational modifications or other
effects, can generate larger tryptic peptides containing more than one basic amino acid. The
presence of multiple basic residues prevents random protonation along the peptide backbone
and upon collisional activation, directs the backbone bond dissociation to specific sites and
therefore often inhibits the production of a sufficiently diverse set of sequence ions to enable
sequence analysis. In this regard, CAD is most effective for short, low-charged (tryptic)
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peptides. This widely used approach to identify proteins in order to understand their biological
function limits investigators to the analysis of small peptides (approximately 20 residues or
less). This can also prevent the detection of multiple PTMs within the context of one another
and the understanding of the interaction of various PTMs with each other.

While CAD MS/MS is a very powerful technique, it does impose some limitations on
investigators in their efforts to identify proteins and understand their biological function. Due
to splice variation during transcription and post translational modifications, proteins often are
present in biological systems in multiple forms and these different forms have different
biological functions or activity. The biological activity and function of any protein is
substantially determined by its sequence and structure including the aggregate of its PTMs.
The functional effect of particular PTM at a particular amino acid may well depend on the type,
presence or absence of other PTMs at other relatively remote sites on the protein. Digestion of
proteins into peptides inherently makes it problematic to observe correlated PTMs that are not
proximate when more than one variant of the protein is in the original sample. PTMs may only
be jointly observed when they occur in close enough proximity such that there is not an
intervening site for enzymatic cleavage. Otherwise, the PTMs will be retained on different
peptides and thus cannot be associated as jointly belonging to any particular variant of the
protein. The peptide type and size limitations (tryptic peptides of less than ∼20 residues)
effectively imposed by using CAD generally allows only the type and sites of modifications
to be identified without much information regarding the relationship between them. Only
modifications very closely located to each other can be observed simultaneously.

Further, chemical modifications (or PTMs) of certain residues of the peptide can alter, or,
redirect the sites of preferred cleavage during CAD (often cleaving the modifying moiety,
leaving the peptide backbone intact). For example, peptide ions containing phosphorylated
serine (Ser) or threonine (Thr) residues, the phosphate group competes with the peptide
backbone as the preferred site of cleavage. Collisional-activation of these peptides readily
displaces phosphoric acid from the peptide, and frequently results in the peptide’s backbone
bonds remaining intact. The resultant spectra, because of the preferential loss of the labile PTM
over peptide backbone cleavage, tend to contain minimal peptide sequence information and
may not allow for unambiguous peptide sequence assignment. The yield of such product ions
with the phosphoric acid moiety intact can be very low.

While phosphorylation of serine and threonine residues is arguably the most well-known and
widely documented of "MS/MS labile" chemical modifications, other PTMs such as
glycosylation [13], sulfonation [13], and nitrosylation [14] are also firmly seated in this
category . Loss of these labile PTMs during CAD tandem mass spectrometry, regardless of the
mechanism that defines these preferential cleavages or of the specifics of the CAD
implementation, results in product ion spectra that are frequently devoid of consecutive peptide
backbone cleavage product ions that retain the labile PTM moiety. Since sequential peptide
backbone fragments are necessary if peptide sequence identification is to be successfully
performed, thus results in reduced success rates in sequence determination.

Even with this limitation, the methodology of proteolytic digestion followed by CAD MS/MS
has successfully provided sequence identifications (including PTM locations) of thousands of
peptides with labile PTMs. Many thousands of peptides with labile PTMs have had enough
sequence information in their CAD spectrum to determine their amino acid sequence and
location of PTM. For example, 2,000 phosphorylated peptides were identified from the nuclear
fraction of HeLa cells [15]. However, it has been estimated that >100,000 potential
phosphorylation sites occur in the human proteome, and only a few thousand are currently
known [16].
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An alternative method for peptide dissociation (electron capture dissociation, ECD) was
introduced by McLafferty and co-workers eight years ago [17]. In that work, low energy
electrons were reacted with peptide cations in the magnetic field of a Fourier transform ion
cyclotron resonance mass spectrometer (FT-ICR-MS). The reaction resulted in the attachment
of electrons to the protonated peptides producing peptide cations containing an additional
electron. The odd-electron peptide then undergoes rearrangement with subsequent
dissociation. Peptide backbone cleavage by ECD is relatively indifferent to either peptide
sequence or length. Unlike CAD, ECD does not cleave chemical modifications from the
peptide, but rather induces random breakage of the peptide backbone. With ECD, labile
modifications such as phosphorylation [18,19], N- and O-glycosylation [20,21], sulfonation
[22], as well as other labile PTMs remain intact. However, ECD requires an FT-ICR mass
spectrometer, instruments that are not readily available to many in the proteomics field.

Electron transfer dissociation (ETD) is a new method to fragment peptides that utilizes ion/ion
chemistry [12,23-25]. ETD fragments peptides by transferring an electron from a radical anion
to a protonated peptide. This induces fragmentation of the peptide backbone, causing cleavage
of the Cα-N bond (Figure 2) just as ECD does. This creates complementary c and z-type ions
instead of the typical b and y-type ions observed in CAD (Figure 1). Although the exact
mechanism of ECD and ETD are debated, ETD preserves PTMs that are labile by CAD and
sequence information on the peptide can be obtained. ETD uses a RF quadrupole ion trapping
device instead of an FT-ICR-MS for ion trapping and detection [12]. RF ion trap mass
spectrometers are low-cost, low-maintenance, and widely accessible as compared to the FT-
ICR-MS. In this review, we illustrate that ETD fragmentation produces many more product
ions amenable to peptide interpretation than the CAD fragmentation methodology.

Phosphorylation
Phosphorylation regulates many critical cellular processes including cell cycle progression,
signal transduction, cell migration, gene expression, and apoptosis [26-28]. Phosphate is added
in an ATP dependent manner to the side chain of Ser, Thr, or Tyr amino acids in proteins via
protein kinases. The most common method to identify these sites of phosphorylation is by
tandem mass spectrometry. As described above, when phosphorylated peptides are fragmented
by CAD, a single peak corresponding to the loss of phosphoric acid (H3PO4 - loss of 98 Da)
from the parent mass is what is typically observed (Reviewed in [29]).

More than a thousand phosphorylated peptides have been analyzed in our laboratory from a
variety of samples by both CAD and ETD on an ion trap mass spectrometer ([12,23,30],
manuscripts in preparation, and unpublished data). Many have demonstrated that
phosphorylated peptides primarily show a strong neutral loss of phosphoric acid by CAD.
However, we observe that phosphorylated peptides fragment completely along the peptide
backbone by ETD. As an example, the peptide ERpSLpSRER from an immobilized metal
affinity chromatography (IMAC) enriched tryptic digest of human nuclear proteins analyzed
by CAD and ETD during a data-dependent nHPLC-μESI-MS/MS analysis is shown in Figure
3 [12].

The CAD spectrum of (M+3H)+3 at m/z 412 of this doubly phosphorylated peptide is shown
in Figure 3A. The majority of the signal in this CAD spectrum corresponds to the loss of one
and two phosphoric acid molecules. Additional losses of water or methanol are also seen.
Minimal peptide backbone fragmentation is observed. Conversely, the ETD spectrum of the
same peptide, shown in Figure 3B, reveals peptide backbone cleavage generating a near
complete c and z-type ion series which is more than sufficient to identify the peptide. In the
ETD spectrum, no loss of phosphoric acid is observed.
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Sulfonation
O-sulfonation has been implicated in protein assembly and signal transduction [9] and is an
important PTM to study as little is known about it. Analysis of sulfonated peptides by CAD
often results in the loss of SO3 [9]. An example of a sulfonated peptide, GRLGsSRAGR,
(Mikesh et al., unpublished data) fragmented by CAD is shown in Figure 4A. The spectrum
contains one major ion at m/z 310 corresponding to the neutral loss of SO3 from the (M
+3H)+3 precursor ion at m/z 337. As seen in the figure, no other product ions are detectable in
the spectrum. When the spectrum is magnified by a factor of 50, the only observable product
ion is the loss of NH3 from m/z 310 and possibly y +2

7 as shown in Figure 4B. When
GRLGsSRAGR was fragmented by ETD, a complete c and z-type ion series was observed
with no detectable loss of SO3 from the precursor or product ions (Figure 4C). The peptide
MGPRRRsSRKPE with carboxylic acids converted to methyl esters, shows similar behavior
(data not shown). To differentiate the isobaric modifications, sulfonation from
phosphorylation, our ETD modified LTQ can perform sequential CAD-ETD analysis. These
two modifications can usually be differentiated the by their different CAD neutral loss patterns
(80 amu vs. 98 amu).

O- and N-linked Glycosylation
Addition of a single O-GlcNAc moiety to serine or threonine residues is proposed to act as a
dynamic modification reciprocal to phosphorylation. O-GlcNAc is thought to regulate protein
stability, subcellular localization and protein-protein interactions as well as modify
transcription factors [31]. However, currently, only 80-100 O-GlcNAc modified proteins have
been identified [32,33]. This may be due to the labile nature of the O-GlcNAc modification
and the limitations of the analytical methodologies currently available. Improved
methodologies for the identification of O-linked glycosylation, such as ETD, would facilitate
a more global understanding of the regulatory role of this PTM.

We demonstrate that O-linked glycosylation is retained by ETD during fragmentation (Mikesh
et al., unpublished data). Using synthetic O-GlcNAc modified peptides (gift from Gerald Hart,
Johns Hopkins University) such as, KKFELLPgTPPLSPSRR, the (M+4H)+4 ion at m/z 518
was dissociated. In Figure 5A, the CAD spectrum from the O-GlcNAc modified peptide shows
ions at m/z 204, which corresponds to the O-GlcNAc oxonium ion, and the corresponding
charge reduced (M+3H)+3 product ion with a loss of 203 amu (GlcNAc) at m/z 623. The rest
of the CAD spectrum is composed of a total of three b and y-type ions (b6 +2, b14 +2, and
y10 +2), none of which are more than 20% of the abundance of the (M+3H-GlcNAc)+3 product
ion. In the ETD spectrum of KKFELLPgTPPLSPSRR shown in Figure 5B, an almost complete
c and z-type ion series for the peptide is observed. The only c and z-type ions not observed
corresponds to bonds adjacent to a proline residue. In ETD, because the amine bond is broken
corresponding to c and z-type ions, this peptide is still intact due to the N-C ring structure of
proline (see Figure 1). In the ETD spectrum of this synthetic peptide, there is no observable
loss of GlcNAc.

In a study to identify sites of protein post translational modifications in paxillin, ETD was used
to identify a site of glycosylation from a tryptic digest of this protein. The ETD spectrum from
a 55 amino acid tryptic peptide provided the necessary fragment ions to assign Ser 74 of paxillin
as being modified by 203 amu, corresponding to the mass of GlcNAc [34]. The CAD spectrum
of this peptide produced highly charged fragment ions with a loss of 203 amu. Neither the site
of modification nor the peptide sequence could be readily identified by CAD.

In addition to O-linked glycosylation, N-linked glycosylation is an important and common post
translational modification. N-glycosylation is the attachment of polysaccharide chains to the
amide nitrogen of the asparagine side chain. This modification is typically found in membrane
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and secreted proteins and can be required for proper protein folding. Glycosylation may also
be involved in cell adhesion, embryonic development, immune function, and cell division. N-
linked glycopeptide analysis using typical low-energy CAD is difficult as it generally yields
only glycan, but not peptide, structural information. The observation of oxonium ions such as
m/z 204 (HexNAc), 163 (Hexose), 292 (sialic acid), and 366 (Hexose-HexNAc) can identify
these peptides as glycopeptides (for a more detailed review on the analysis of glycoproteins
by mass spectrometry see [35]).

Hogan et al. reports the application of ETD on a 3D ion trap to an N-linked glycopeptide from
a fractionated tryptic digest of the Erythina cristagalli (coral tree) lectin. The average mass of
the corresponding glycopeptide is 3002 Da with the following known glycan structure Manα3
(Manα6)(Xylβ2)Manβ4GlcNAcβ4(Fucα3)GlcNAc [36] (Figure 6). The CAD spectrum for
this triply charged glycopeptide ion contains information about the glycan structure, however,
there is no fragmentation of the peptide backbone (Figure 6A). In contrast, the ETD spectrum
of this glycopeptide shows multiple z-type ions corresponding to the dissociation of the peptide
backbone (Figure 6B). Again, no loss of the glycan structure was observed (glycan structure
fragments in the spectrum are thought to arise during resonance ejection of the triply and doubly
charged ions) [37]. Although a near complete z-type ion series was observed, the
complementary c-type ions normally produced by ETD are missing from this spectrum. The
authors note this may be a characteristic of the glycopeptide selected for study or due to the
structural nature of the large sugar moiety [37]. Others have also reported that gas-phase protein
conformation can affect the generation/observation of fragment ions using ECD [38].

Nitrosylation
Nitrosylation is a very labile PTM, making analysis difficult [14,39]. We analyzed nitrosylated
bovine insulin beta chain as a model of this type of PTM (Mikesh et al., unpublished data).
The majority of the signal in the CAD spectrum of the (M+5H)+5 of
FVNQHLnCGSHLVEALYLVnCGERGFFYTPKA corresponds to the neutral loss of both
NO groups on the cysteine residues (M+5H-2NO)+5. Minimal peptide backbone fragmentation
is obtained as only a few product ions are observed above 5% relative abundance (y y +2, -NO
b +2 +2 13 , -NO b +2 16 , 17-NO , and b24-NO ) (Figure 7A). In the ETD spectrum of the
same peptide, the following charge reduced (electron transfer without fragmentation) species
with and without losses of NO are observed: (M+4H-NO)+4(may also be z ), (M+3H)+3, (M
+3H-NO)+3, (M+3H-2NO)+3, (M+2H)+27 ,(M+2H-NO)+2, and (M+2H-2NO)+2. The loss of
NO from the charged reduced species may be acting as its own proton transfer reagent directing
mostly charge reduction of the nitrosylated insulin as opposed to fragmentation. However, 6-7
low level (2% or less of the largest ion in the spectrum) c and z-type ions are observed (Figure
7B). Three of these c-type ions demonstrate the retention of NO on the insulin product ions
after ETD.

Disulfide Linkage
Another common post-translational modification important to protein folding, structure, and
function, is the disulfide linkage of two cysteine residues in proteins/peptides. Disulfide bonds
are not typically fragmented by CAD [40], but it has been previously shown that disulfide
bonds can be broken by ECD [41] and ETD [42]. In Chrisman et al., two polypeptide chains
held together by disulfide bonds were analyzed by ETD in a three-dimensional quadrupole ion
trap mass spectrometer using SO -2· as the reagent anion. When the intra chain disulfide
containing peptide, Arg8-conopressin G (Cys-Phe-Ile-Arg-Asn-Cys-Pro-Arg) is digested with
trypsin, it produces an alpha chain composed of the first half of the peptide, Cys-Phe-Ile-Arg
now linked by an inter chain disulfide bond to the beta chain composed of the second half of
the peptide, Asn-Cys-Pro-Arg. The major ETD products from this trypsin digested peptide are
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the alpha and beta chain product ions resulting from the cleavage of the disulfide bond.
Although there are c- and z-type ions resulting in the cleavage of the peptide backbone as well,
the disulfide bond appears to be cleaved preferentially over the peptide backbone [42]. With
disulfide bonded peptides, it is also suspected that noncovalent bonding between the chains
may hold the two peptide chains together after disulfide bond cleavage [43].

Modified Peptides Containing Multiple Basic Residues
In addition to labile PTMs, ETD is useful for sequence analysis of peptides with multiple basic
residues such as the N-terminal tail (approximately amino acids 1-50) of histones (involved in
chromatin mediated processes, i.e. gene regulation), small nuclear ribonucleoprotein
polypeptides (SMD2 or SMD3) (involved in RNA binding), or certain peptides associated with
the major histocompatibility complex (related to immune system recognition/function).

For example, PTMs on histones are difficult to analyze by CAD tandem mass spectrometry
for a variety of reasons. The N-terminal tail of histones contain 30% basic residues. Because
of the abundant number of Arg and Lys residues in histones, most of the peptide fragments
generated from a trypsin digest would be too small for analysis. An advantage of ETD is that
it is not restricted to low charged peptides generated from trypsin digests. With ETD, a variety
of enzymes that produce potentially longer peptides with higher charge states can be utilized
to digest biological samples.

As an example of the fragmentation pattern of modified peptides containing multiple basic
amino acids, synthetic peptides from histone H3, TARKSTGGKAPRKQL, (amino acid 6-20
or 6-19) with a variety of PTMs were analyzed (Mikesh et al., unpublished data) (Table 1).
Results from one of the histone H3 peptides is illustrated in Figure 8, however, results are
typical for all histone peptides analyzed, independent of their modification status. The CAD
spectrum from the (M+4H)+4 molecule from histone H3 (6-20), TAR(acK)STGGKAPRKQL,
is illustrated in Figure 8A. The spectrum consists of a product ion corresponding to the neutral
loss of water (M+4H-2H O)+42 . Limited peptide backbone fragmentation is obtained as only
nine product ions are observed (b5, b +3, y , y , y +2, y +310 , y +2, y +3 +2 14 5 6 9 11 13 ,
and a5-NH3 ). In the corresponding ETD spectra, an almost complete c and z-type ion series
for the peptides are observed (Figure 8B). The only fragment ions not observed are those N-
terminal to proline (due to the ring structure of proline), z-type ions where there is no amino
acid residue to be protonated at the C-terminus (z1), and c1.

Larger peptides/proteins
In addition, we have previously shown ETD can be utilized to fragment peptides larger than
20 amino acids as well as whole proteins [30]. In this type of experiment, proteins were gradient
eluted into the mass spectrometer where they are isolated and reacted with the radical anion,
fluoranthene. Next, the resulting highly charged product ions are reacted with even electron
anions of benzoic acid to reduce the various charge states of the c and z-type product ions into
predominantly singly charged species, simplifying the spectrum. Proton transfer reduction
(PTR) along with ETD is needed to reduce the complexity of the spectra generated from these
highly charged (z>10) species. Electron transfer dissociation followed by proton transfer of
larger peptides and proteins typically only generate the first 15-40 amino acids at both the N-
and C-termini, constrained by the m/z range of the mass spectrometer. The hybridization of
ETD capable linear ion traps to other types of mass spectrometers is expected to relieve this
m/z restriction. Nonetheless, information from current ETD mass spectrometers is more than
sufficient to identify the protein. Shown in Figure 9, is the tandem mass spectrum of ubiquitin
(8.5 kDa) generated by sequential ion/ion reactions. Shown in Figure 9A is the ETD spectrum
of ubiquitin with several hundred highly charged c and z-type ions. In Figure 9B-9D are the
sequential PTR reactions of these product ions for 50ms, 100ms, and 150ms respectively.
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Illustrated by these figures is the gradual reduction in charge state of the product ions to
predominately the doubly and singly charge state (Figure 9D-150ms). This makes spectral
interpretation easier and allows for the identification of c and z-type ions corresponding to
almost the entire N-terminus (17 amino acids) and C-terminus (16 amino acids). In addition
to ubiquitin, cytochrome C (∼12 kDa), several histones (∼13 kDa), and albumin (66 kDa)
have also been analyzed by ETD followed by PTR on a chromatographic time scale [30].

ETD followed by PTR allows for the sequence analysis of mixtures of highly modified large
peptides. Detecting post translational modifications on the N-terminal tail of histones in context
of one another is invaluable information in deciphering the histone code. From Coon et al.,
histone H3.1 (residue 1-50) from asynchronous human cells was isolated and analyzed on a
chromatographic time scale with ETD-PTR mass spectrometry. Shown in Figure 10A is a near
complete series of c-type ions of the first ten amino acids of the N-terminus of histone H3.1
demonstrating monomethylation and dimethylation on K4 and K9 respectively. In addition, the
z-type ions from the C-terminus indicate K36 is dimethylated. In Figure 10B of histone H3.1
(residue 1-50) is a peptide eluting six seconds later than the peptide shown in Figure 10A,
which is composed of a slightly different modification pattern. In the later eluting peptide, the
N terminus of this peptide is modified identically to the previous species, however, an m/z shift
of 14 U of the z 14 ion confirms a monomethylated K37. A shift in the higher mass z-type ions
confirms an unmodified K36 residue [30].

Conclusions
This review illustrates that dissociation by ETD produces product ions from peptides
containing common post translational modifications, peptides with multiple basic residues,
and intact proteins amenable to peptide interpretation. Peptides with labile modifications
typically produced an abundant loss of phosphoric acid, SO3, glycan, or NO when dissociated
by CAD. However, when phosphorylated, sulfonated and N- and O-glycosylated peptides were
dissociated using ETD, fragmentation occurred before the bond with the lowest energy was
localized and preferentially broken (i.e. the labile modification). ETD can also readily fragment
peptides with multiple basic residues or peptides containing disulfide bonds. In these examples,
ETD produced a complete or near complete c and z-ion series. On our ETD mass spectrometer,
ETD adds only about a 100msec/scan premium over CAD. Depending on ion abundance (lower
femtomole range) and ion injection time, we can obtain about three ETD spectrum/second vs.
about four CAD spectrum/second, which is compatible with a chromatographic timescale. For
peptides, one microscan per spectrum is typical, while some spectral averaging is desirable for
proteins. The application of ETD in proteomic research will be useful in studies involving
disease, cancer, drug discovery, as well as characterizing cellular function and signaling. ETD
will expand current analysis to include more basic, non-tryptic peptides and proteins which
will enable the identification of various post translational modifications within the context of
each other as well as potentially identify new protein isoforms [30].
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Abbreviations used
acK, acetylated lysine; AD, Alzheimer Disease; CAD, collision activated dissociation; diK,
dimethylated lysine; ECD, electron capture dissociation; ESI, electrospray ionization; ETD,
electron transfer dissociation; FT-ICR-MS, Fourier transform ion cyclotron resonance mass
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nC, nitrosylated cysteine; PTM, post translational modification; PTR, proton transfer
reduction; sS, sulfonated serine; pS, phosphorylated serine; gT-O, GlcNAc modified threonine;
TFA, trifluoroacetic acid; triK, trimethylated lysine.
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Figure 1.
Roepstorff Nomenclature Scheme
Illustration of fragment ions formed from the backbone cleavage of protonated peptides.
Fragment ions retaining the positive charge on the amino terminus are termed a-, b-, or c-type
ions. Fragment ions retaining the positive charge on the carboxy terminus are termed x-, y-, or
z-type ions.
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Figure 2.
ETD fragmentation scheme
Fragmentation scheme of a multiply protonated peptide after reaction with a low energy
electron to produce c- and z-type ions [12] Copyright (2004) National Academy of Sciences,
USA. Reprinted with permission.
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Figure 3.
Comparison of CAD vs. ETD spectrum of a phosphorylated peptide
Consecutive single-scan CAD vs. ETD mass spectrum comparison of phosphorylated peptides
generated from a tryptic digest of human nuclear proteins recorded during a data-dependent
analysis (nHPLC-μESI-MS/MS). All peptides were converted to methyl esters and enriched
for phosphorylated peptides by immobilized metal affinity chromatography before analysis.
(A) CAD spectrum dominated by fragment ions corresponding to the loss of phosphoric acid
and either methanol or water. (B) ETD spectrum containing a near complete series of c- and
z-type product ions. Note that the spectrum is devoid of fragment ions corresponding to the
loss of phosphoric acid [12] Copyright (2004) National Academy of Sciences, USA. Reprinted
with permission.
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Figure 4.
Comparison of CAD vs. ETD spectrum of a sulfonated peptide
Sulfonation of peptides was achieved by reacting the peptide with 5% chlorosulfonic acid in
neat trifluoroacetic acid (TFA) for 20 minutes at room temperature. The reaction was
terminated by the addition of water and was purified by RP-HPLC. Mass spectrometry analysis
before and after sulfonation confirmed reaction. Sulfonated peptides (1pmol/ul) were infused
at a flow rate of 60 nl/min into a ThermoElectron LTQ ion trap mass spectrometer modified
to perform ETD. (A) The CAD spectrum of the illustrated sulfonated peptide contains one
major ion corresponding to the neutral loss of SO3 from the (M+3H)+3 precursor ion. (B)
Magnification of the spectrum shown in A by 50X. (C) Fragmentation of the sulfonated peptide
by ETD where a complete c and z-type ion series was observed with no detectable loss of
SO3 from the precursor ion or the peptide backbone.
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Figure 5.
Comparison of CAD vs. ETD spectrum of O-GlcNAc containing peptide
O-GlcNAc containing peptides (1pmol/ul) donated by Gerry Hart were infused at a flow rate
of 60 nl/min into a ThermoElectron LTQ ion trap mass spectrometer modified to perform ETD.
(A) The CAD spectrum of a synthetic O-GlcNAc modified peptide illustrates the loss of an O-
GlcNAc oxoniom ion at m/z 204 and the corresponding charge reduced (M+3H)+3 product ion
with a loss of 203 (GlcNAc). (B) The ETD spectrum of the O-GlcNAc modified peptide
illustrates an almost complete c and z-type ion series. The only c and z-type ions not observed
corresponds to bonds adjacent to a proline residue. In the ETD spectrum of this synthetic
peptide, there is no observable loss of GlcNAc.
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Figure 6.
Comparison of CAD vs. ETD spectrum of an N-linked glycosylated peptide
Spectrum of the N-linked glycopeptide generated from a tryptic digest of the Erythina
cristagalli (coral tree) lectin. The average mass of the corresponding glycopeptide is 3002 Da
with the following N-linked glycan structure Manα3(Manα6)(Xylβ2)Manβ4GlcNAcβ4
(Fucα3)GlcNAc. (A) CAD spectrum of the (M+3H)+3 glycopeptide ion. Note fragmentation
is of the glycan structure. (B) ETD spectrum of the (M+3H)+3 glycopeptide. Sulfur dioxide
was used as the anion. Note that most fragmentation occurs along the peptide backbone [37]
Copyright (2005) American Chemical Society. Reprinted with permission.
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Figure 7.
Comparison of CAD vs. ETD spectrum of a nitrosylated peptide
The beta chain of insulin containing two cysteine residues was S-nitrosylated using S-Nitroso-
N-acetylpenicillamine (SNAP). The resulting nitrosylated polypeptide was analyzed by
nanoflow RP-HPLC interfaced to a ThermoElectron LTQ ion trap mass spectrometer modified
to perform ETD. (A) CAD spectrum of the (M+5H)+5 nitrosylated insulin beta chain is mostly
composed of the neutral loss of both NO groups on the cysteine residues of insulin. Minimal
peptide backbone fragmentation is observed. (B) ETD spectrum of nitrosylated insulin beta
chain illustrates a charge reduced (electron transfer without fragmentation) species with and
without losses of NO. However, a few low level c and z-type ions demonstrate the retention
of NO on some product ions after ETD.
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Figure 8.
Comparison of CAD vs. ETD spectrum of histone H3 peptides
Human histone H3 peptides (amino acids 6-20 or 6-19) were synthesized on an AMS 422
multiple peptide synthesizer (Gilson Medical Electronics, Middletown, WI) by standard solid-
phase 9-fluorenylmethoxycarbonyl (Fmoc) chemistry using Wang resins. Novabiochem Fmoc
protected amino acids, modified amino acids (phosphorylated, acetylated, and methylated),
and resins were used for peptide synthesis. Synthetic histone peptides (1pmol/ul) were infused
at a flow rate of 60 nl/min into a ThermoElectron LTQ ion trap mass spectrometer modified
to perform ETD. (A) The CAD spectrum from histone H3 (6-20), TAR(acK)
STGGKAPRKQL, is illustrated. The spectrum consists of a product ion corresponding to the
neutral loss of water with minimal peptide backbone fragmentation. (B) The corresponding
ETD spectrum illustrates an almost complete c and z-type ion series for the peptide. The only
fragment ions not observed are those N-terminal to proline (due to the ring structure of proline),
z-type ions where there is no amino acid residue to be protonated at the C-terminus (z1), and
c1.
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Figure 9.
Tandem mass spectrum of ubiquitin generated by sequential ion/ion reactions
(A) Spectrum illustrating whole protein dissociation of ubiquitin, a 8.5 kDa protein (+13, m/z
659), after a 15-ms reaction with the radical anion of fluoranthene. Several hundred highly
charged unresolved c- and z-type fragment ions dominate the spectrum. (B-D) Sequestering
the entire mixture of highly charged product ions and reacting them with a second anion,
deprotonated benzoic acid, simplified this mixture. Note the gradual degradation of multiply
charged products when reacted with even-electron anions of benzoic acid for 50 (B), 100 (C),
and 150 (D) ms., leaving predominately doubly and singly charged fragments after 150 ms.
(E) The resulting sequence coverage considering only singly charged product ions. Each
spectrum is the average of ∼50 spectra (∼30-s acquisition), and the y axis indicates the relative
ion abundance [30] Copyright (2005) National Academy of Sciences, USA. Reprinted with
permission.
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Figure 10.
Sequencing highly modified, large peptides by ETD
Online chromatographic separation of large peptides (residues 1-50 from histone H3.1)
followed by automated sequential ion/ion reactions of 15-ms ETD followed by 150-ms PTR.
(A) The tandem mass spectrum from early eluting histone H3.1 peptide. Note the c- and z-type
ion series allows interpretation of the N- and C-termini and demonstrates that K and K 4 9 are
modified with monomethyl and dimethyl groups respectively. (B) The tandem mass spectrum
generated from a histone H3.1 peptide eluting 6 seconds later. Here the c-type ion series
indicates the N terminus is modified identical to the peptide shown in (A); however, the C
terminus is monomethylated at K37, as opposed to being dimethylated at K36. Note the spectrum
shown in (B) contains fragment ions derived from both species (co-elution) [30] Copyright
(2005) National Academy of Sciences, USA. Reprinted with permission.
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Table 1

Sequence of Modified Human Histone H3 Synthetic Peptides (6-20) or (6-19)

TAR(acK)STGGKAPRKQL
TAR(acK)STGG(triK)APRKQL
TAR(diK)STGG(triK)APRKQL
TAR(triK)pSTGGKAPRKQL
TAR(diK)pSTGG(acK)APRKQ

tri=trimethylation

di=dimethylation

ac=acetylation

p=phosphorylated

bold indicates data shown (Figure 8)
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