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Abstract

Peptide and protein sequence analysis using a combination of gas-phase ion–ion chemistry and 

tandem MS is described. Samples are converted to multiply charged ions by ESI and then allowed 

to react with fluoranthene radical anions in a quadrupole linear ion trap mass spectrometer. 

Electron transfer from the radical anion to the multiply charged peptide or protein promotes 

random fragmentation along the amide backbone that is independent of peptide or protein size, 

sequence, or the presence of post-translational modifications. Examples are provided that 

demonstrate the utility of electron-transfer dissociation for characterizing post-translational 

modifications and for identifying proteins in mixtures on a chromatographic timescale (500 ms/

protein).
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Introduction

The traditional method of identifying proteins in complex mixtures by tandem MS involves 

the following steps: (a) enzymatic digestion with trypsin; (b) fractionation of the resulting 

tryptic peptides (usually 10–30 residues in length) by nanoflow HPLC interfaced to a mass 

spectrometer equipped for ESI; (c) fragmentation of individual peptides by collision-

activated dissociation (CAD); and (d) a search of the resulting tandem mass spectra against a 

database of spectra predicted for tryptic peptides of all known proteins. Thousands of 

proteins in cultured cells, tissues and biological fluids have been identified by this approach. 

Unfortunately, the CAD step in the above protocol often promotes the loss of labile post-

translational modifications (PTMs) (i.e. phosphate [1–3] and carbohydrate [4] 

modifications) and provides only limited sequence information from large peptides and 

intact proteins.
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Electron-capture dissociation (ECD), a technique introduced by the McLafferty laboratory in 

1998, overcomes the above limitations [5]. In this method, multiply protonated peptides or 

proteins are confined in the Penning trap of an FT ion cyclotron resonance mass 

spectrometer and allowed to interact with a beam of electrons having thermal or near- 

thermal energies. Capture of a thermal electron by a protonated peptide or protein is 

exothermic by ~6 eV and causes the peptide backbone to fragment by a nonergodic process, 

e.g. one that does not involve intramolecular vibrational energy redistribution. One possible 

pathway for this process (Fig. 1) involves capture of the electron into an amide carbonyl 

group that is hydrogen bonded to the protonated side chain of a basic amino acid. The 

resulting radical anion abstracts a proton and generates a radical site that triggers 

dissociation to produce a complementary pair of fragment ions of type c′ and z′˙. Subtraction 

of the m/z values for the fragments within a given ion series that differ by a single amino 

acid affords the mass and thus the identity of the extra residue in the larger of the two 

fragments. The complete amino acid sequence of a peptide is deduced by extending this 

process to all homologous pairs of fragments within a particular ion series.

Because ECD occurs along the peptide backbone in a size- and sequence-independent 

manner and preserves PTMs, it has become the method of choice for analysis of intact large 

proteins on FT ion cyclotron resonance mass spectrometers [6,7]. Unfortunately, ECD in its 

most efficient form requires that sample ions be immersed in a dense population of near-

thermal electrons. This requirement makes it technically challenging to implement ECD on 

the instruments used most commonly for peptide and protein analysis, those that trap ions by 

radiofrequency electrostatic fields rather than with static magnetic and electric fields. High-

quality ECD spectra often require the averaging of data from large numbers of scans 

acquired over a period of minutes. This latter requirement precludes the widespread use of 

ECD for the analysis of peptides and proteins in complex mixtures by mass spectrometers 

interfaced to a chromatographic technique such as HPLC.

Electron-transfer dissociation (ETD), a technique introduced by the Hunt laboratory in 2004, 

overcomes both of the above limitations [3]. For ETD, radical anions of polyaromatic 

hydrocarbons, such as fluoranthene, are formed under chemical ionization conditions, stored 

in a quadrupole linear ion trap (QLT) mass spectrometer, and then allowed to react with 

multiply protonated peptides and proteins in the gas phase.

In the above ion–ion reaction, the fluoranthene radical anion transfers an electron to the [M 

+ 3H]+3 species and the charge-reduced peptide ion then fragments by the same mechanism 

believed to be responsible for ECD [3,8]. As with ECD, the observed fragmentation along 

the peptide backbone is independent of peptide or protein size, sequence, or the presence of 

PTMs. Because the ion–ion chemistry is highly efficient and requires only milliseconds to 

complete, ETD can easily be performed with femtomole quantities of sample on a timescale 

that is compatible with LC-MS [3].
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Discussed below are examples that illustrate the utility of ETD for assigning sites of PTMs 

and for both identifying and characterizing intact proteins in mixtures on a chromatographic 

timescale.

Identification of PTMs

One of the first research applications demonstrating the value of ETD involves strategies 

employed to analyze the yeast phosphoproteome. Prior to the development of ETD, 

strategies to identify phosphophorylation sites were limited to analysis of tryptic peptides by 

low-energy CAD. In an earlier study, a yeast whole cell lysate was proteolytically digested 

with trypsin, and phosphopeptides were enriched from the sample using immobilized metal 

affinity chromatography and analyzed using nanoflow HPLC interfaced to a QLT mass 

spectrometer (Thermo Electron LTQ, Thermo Scientific, San Jose, CA) [2]. The eluting 

peptides were introduced into the LTQ mass spectrometer via ESI, and CAD was utilitzed 

for tandem MS to assign sites of phosphorylation. We detected > 1000 phosphopeptides but 

defined only 383 sites, largely because the CAD process often promoted elimination of 

phosphoric acid from Ser and Thr residues without breaking amide bonds along the peptide 

backbone. The resulting MS/MS spectra were deficient in the necessary sequence 

information.

In a more recent study, we used endoproteinase LysC as the proteolytic enzyme to produce 

more highly charged, longer peptides, utilized immobilized metal affinity chromatography 

for phosphopeptide enrichment, and employed ETD for peptide fragmentation on an LTQ 

mass spectrometer modified for ETD. From a single nanoflow LC-MS/MS experiment on 20 

µg of cell lysate, we identified 1252 phosphorylation sites on 629 proteins that were 

expressed at levels from < 50 copies per cell to 1.2 × 106 copies per cell [1]. A single 

peptide phosphorylated on His was also sequenced. We concluded that ETD is ideally suited 

for determining sites of phosphorylation.

A second example involves the application of ETD for the identification of PTMs that 

regulate the formation and disassembly of focal adhesions, protein complexes that allow the 

cell to migrate through the extracellular matrix [9]. Proteomics methodologies utilizing ETD 

have been developed for the purpose of mapping phosphorylation sites on migration-related 

proteins. A summary of our findings to date can be found on the website http://

www.cellmigration.org (first select the CMC Activity Center subheading and then select the 

Proteomics link).

One of the proteins of interest to the Cell Migration Consortium is paxillin, a scaffolding 

protein involved in focal adhesions [9]. Shown in Fig. 2 is the ETD spectrum recorded on a 

[M + 8H]+8 ion (m/z 805.5) from a 55 residue tryptic peptide within paxillin [10]. Ions of 

type c′ define the first eight amino acids of the peptide as residues 21–28 in the paxillin 

sequence. The next tryptic cleavage site occurs at Arg75, and the predicted mass of this 

peptide is thus 6073 Da. The measured mass is 363 mass units higher than predicted. Further 

analysis of c′-type ions (singly and doubly charged) indicates that the Tyr residues at 

positions 31 and 40 are both 80 mass units higher in mass than expected and are therefore 

phosphorylated. Analysis of the z′˙-type ions indicates that the Ser residue at position 74 
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carries an extra 203 mass units and is thus modified with an N-acetylglucosamine (O-

GlcNAc) moiety. It should be noted that eight different forms of the 55 residue tryptic 

peptide (unmodified and all possible forms with the above three PTMs) were observed 

during a nanoflow LC-MS/MS analysis of tryptic peptides from paxillin. Forty-five different 

sites of phosphorylation were also identified on this protein.

The detection and location of Ser and Thr residues modified with the O-GlcNAc moiety 

represent a breakthrough in technology, as this modification fails to survive sequence 

analysis by other MS techniques, including low-energy CAD. Discovered by Hart [11], this 

modification is found on proteins in both the nucleus and cytoplasm, is added and removed 

by transferase and O-GlcNAcase enzymes, respectively, and often occurs at sites that are 

known to be phosphorylated [12]. Western blots of cell lysates with O-GlcNAc-specific 

antibodies indicate that several hundred if not thousands of proteins carry this modification 

[13].

The third example is taken from the field of chromatin biology. In this area, ETD-based MS 

has enabled detection and site-mapping of combinatorial modifications on highly basic 

histone proteins [14]. Two copies of each of the four core histones, H2A, H2B, H3, and H4, 

are assembled with DNA to form nucleosomes, which are the building blocks of eukaryotic 

chromatin [15]. A host of PTMs reside on the N-terminal tails of the histones, and this array 

of PTMs has been well documented and includes monomethylation and dimethylation of 

Arg, monomethylation, dimethylation and trimethylation of Lys, acetylation and 

ubiquitination of Lys, and phosphorylation of Ser and Thr [16–18]. Combinations of these 

modifications are suggested to constitute a ‘histone code’ that regulates the binding of 

protein complexes involved in transcription, replication, recombination, DNA damage 

repair, and gene silencing [18,19]. In a recent study, Taverna et al. used ETD to map long-

distance combinations of transcription-associated PTMs on the N-terminus of histone H3 

purified from Tetrahymena thermophila [14]. H3 species containing monomethylation, 

dimethylation and trimethylation of H3K4, marks associated with transcription, were found 

to be acetylated in hierarchical order, with up to five acetyl groups added to K9, K14, K18, 

K23, and K27.

Protein identification on a chromatographic timescale using sequential 

ion–ion reactions and tandem MS

ETD has most recently been utilized for the direct analysis of intact proteins, and ubiquitin 

is a model protein that was initially interrogated via ETD for tandem MS. Shown in Fig. 3A 

is the ETD spectrum that results when the [M + 13H]+13 ion (m/z 659) of the 76 residue 

protein ubiquitin is allowed to react with fluoranthene radical anions for 15 ms [8]. In 

theory, the spectrum contains the 144 predicted fragment ions of type c′ and z′˙ in a variety 

of different charge states ranging from +1 to +12. The result is a mixture of ions that cannot 

be resolved on an LTQ mass spectrometer. Fortunately, the initial ETD spectrum can be 

simplified by sequestering the entire mixture of highly charged c′- and z′˙-type fragment 

ions, and then reacting them with a second anion that functions as a base rather than an 

electron donor. The carboxylate anion of benzoic acid satisfies this requirement and 

deprotonates the multiply charged fragments. This proton transfer charge reduction (PTR) 
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reaction removes excess charge from the diverse population of multiply charged fragment 

ions. As the ion–ion reaction rates increase proportionally with the square of the charge [20] 

(+10 ions react 100 times faster than +1 ions), adjustment of the PTR reaction duration 

allows one to control the charge state of the resulting products. For the spectra in Fig. 3, 

multiple PTR reaction times were employed (50, 100 and 150 ms; Fig. 1B–D). As the 

reaction period is extended, the higher-charged fragments are preferentially concentrated to 

lower charge states. After a reaction time of 150 ms, singly charged products predominate. 

By subtracting m/z values for consecutive c′- and z′˙-type ions within a series, it is usually 

possible to read the amino acid sequence at the N-terminus and C-terminus, respectively, for 

about 17 residues before the observed m/z values exceed the mass range of the benchtop 

LTQ mass spectrometer (2000 Da).

Shown in Fig. 4 are data taken from an experiment that uses the above technology to analyze 

proteins that constitute the Escherichia coli ribosome [21]. Two subunits make up this 2.3 

×106 Da particle [22]. The small 30S, or S, subunit contains 21 proteins involved in mRNA 

binding. The 50S, or L, subunit contains 34 proteins, binds to tRNA, and mediates peptidyl 

transfer. Shown in Fig. 4A is the base peak chromatogram from a 90 min, automated, on-

line LC-MS/MS experiment performed on a benchtop LTQ instrument modified for ETD. 

This instrument was operated in the data-dependent mode and cycled through acquisition of 

a full mass spectrum and ETD/PTR MS/MS spectra on the six most abundant ions every 3 s 

(400–500 ms per spectrum). Throughout the automated LC-MS/MS experiment, the ion–ion 

reaction times for ETD and PTR were set for 35 and 135 ms, respectively. Under these 

conditions, the resulting spectra are dominated by singly charged ions.

Displayed in Fig. 4B is the full MS spectrum recorded on peak I in the base peak ion 

chromatogram. Signals in the observed charge envelope carry 8–13 positive charges and 

correspond to a protein having an average molecular mass of 5382 Da. The ETD/PTR 

MS/MS spectrum recorded on the [M + 11H]+11 ion (m/z 490.3) in this cluster is shown in 

Fig. 4C. Ions of type c′ and z′˙ in the spectrum are labeled as such and define the first 15 and 

last 17 amino acids in the 50S ribosomal protein, L34. The observed sequence coverage for 

this protein is shown above and below the sequence in Fig. 4C. Because the experimental 

and calculated average molecular masses for this protein are in agreement (5382 and 5381 

Da, respectively), we conclude that protein L34 in peak I is not post-translationally 

modified.

Three minutes later in the chromatogram (peak II), the instrument records an ETD/PTR 

MS/MS spectrum (Fig. 4D) on another [M + 11H]+11 ion (m/z 492.9). Ions of type z′˙ in this 

spectrum occur at m/z values that are identical to those in Fig. 4C. This result suggests that 

the protein in peak II is a modified form of the 50S ribosomal protein, L34. All ions of type 

c′ (c′2–c′15) in Fig. 4D occur at m/z values that are 28 Da higher than those in Fig. 4C. We 

conclude that this version of the L34 protein contains either an N-terminus and Lys2 side 

chain that are both monomethylated, or an N-terminus or Lys2 side chain that is either 

formylated or dimethylated. From the observed ion currents, we estimate that modified and 

unmodified versions of the L34 protein are present in a ratio of 1 : 20.
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Analysis of the spectra recorded on the other peaks in the base peak ion chromatogram 

allowed us to detect and identify 46 of the 55 proteins known to make up the E. coli 

ribosome. Under our experimental conditions, the other nine proteins were probably retained 

on the HPLC column. It is of note that the calculated and experimental average molecular 

masses for 42 of the proteins disagreed. The observed differences could be assigned to: 

deletion of the N-terminal Met, truncations at either the N-terminus or C-terminus of the 

protein, and the presence of PTMs such as methylation (14 Da), dimethylation or 

formylation (28 Da), trimethylation or acetylation (42 Da), and glutamylation (multiples of 

129 Da).

Current and future work

Future efforts will involve characterizing the PTMs that regulate the function of biologically 

important proteins. Rev (regulator of expression of virion products) is one such protein. Rev 

is expressed by HIV-1 and mediates the export of unspliced viral RNA from the host cell 

nucleus [23,24]. This is an essential step for the late-stage translation of viral proteins that 

are necessary for viral replication.

Results from a preliminary experiment on recombinant Rev are shown in Fig. 5. In this 

experiment, a 500 fmol sample of Rev was analyzed by on-line LC-MS/MS. The ETD-

enabled LTQ instrument was operated in the data-dependent mode and cycled through 

acquisition of a full mass spectrum and ETD MS/MS spectra on the six most abundant ions 

every 2 s. The reaction time with fluoranthene radical anions was set to 30 ms, and PTR was 

not implemented. Three ETD scans (300 ms each) recorded on the [M + 15H]+15 ion of Rev 

were averaged to produce the spectrum in Fig. 5A. As the PTR reaction was not 

implemented, the observed spectrum contains a large number of multiply charged ions of 

type c′ and z′˙. These are labeled on the spectrum with solid triangles and circles, 

respectively. Charge states for many of these ions were assigned by recording the Rev ETD 

spectra on a high-resolution hybrid LTQ-Orbitrap mass spectrometer (Thermo Electron 

LTQ-Orbitrap, Thermo Scientific, Bremen, Germany). For this experiment, a prototype 

atmospheric pressure chemical ionization source [25] was installed on the front end of the 

LTQ instrument and employed to generate azobenzene radical anions as the electron-transfer 

reagent. As shown in Fig. 5A, the Orbitrap is capable of resolving signals for multiply 

charged ions that differ in mass by 1 Da (replacement of one 12C atom by a single 13C 

atom). For singly charged ions, the separation should be 1 Da. As the separation between 

isotopes is 1/5 Da in Fig. 5B, the charge on both ion types must be +5. Accordingly, the two 

ions are assigned as c′38
+5 and z′˙67

+5, respectively.

Sequence coverage of Rev provided by ions of type c′ and z′˙ is indicated by solid and 

dashed lines, respectively, above and below the sequence in Fig. 5C. Sequence information 

on the N-terminal 45 amino acids is provided by ions of type c′ having charge states up to 

+6. Ions of type z′˙ with charge states of +4 to +6 overlap with this region and extend the 

sequence to residue 50. Unfortunately, Rev lacks multiple basic residues near the C-

terminus of the protein. As a result, the ETD spectrum is devoid of low mass fragments of 

type z′˙ that would provide sequence information at the C-terminus of the protein. Although 

this region is accessed by recording a CAD spectrum on the same precursor (see coverage 
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indicated by dotted lines below the sequence), we are presently exploring chemistry that will 

allow us to introduce charge in regions of the protein that are devoid of basic residues. 

Recording ETD spectra on samples that are both protonated and metalated is one possible 

strategy to accomplish this goal [26]. Still another objective is to extend the sequence 

coverage of intact proteins by implementing ETD on high-resolution instrumentation 

(Orbitrap and FT mass spectrometers) capable of resolving highly charged fragment ions 

and measuring their masses accurately to three or four decimal places. Preliminary data from 

several different approaches to this problem have already been reported [27–29].

ETD is a major breakthrough in the field of proteomics and enables rapid sequencing of 

large peptides and intact proteins on a QLT mass spectrometer. The scan times required for 

direct analysis of proteins using ETD are comparable to the times required for analysis of 

peptides using CAD. In addition, coupling nanoflow LC with our ETD technology increases 

the sensitivity of intact protein analyses, and with ongoing advancements in protein 

chromatographic fractionation, ETD can be extended to larger proteins and protein 

complexes. ETD is a powerful dissociation technique that enables the correlation of protein 

molecular mass with extensive sequence information, allowing identification of PTMs, 

truncations and splice variants of a protein every ~500 ms. For recent publications on the 

topic of ETD, see [30–34].
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Abbreviations

CAD collision-activated dissociation

ECD electron-capture dissociation

ESI electrospray ionization

ETD electron-transfer dissociation

FT Fourier transform

O-GlcNAc N-acetylglucosamine

PTM post-translational modification

PTR proton transfer charge reduction

QLT quadrupole linear ion trap

Rev regulator of expression of virion products
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Fig. 1. 
Fragmentation scheme for production of ions of type c′ and z′˙ by reaction of a low-energy 

electron with a multiply protonated peptide.
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Fig. 2. 
ETD mass spectrum recorded on the [M + 8H]+8 ion (m/z 805.5) from a 55 residue, paxillin, 

tryptic peptide (residues 21–75). Observed fragment ions of type c′ and z′˙ are shown with 

right-angle arrows above and below the sequence, respectively. Singly and multiply charged 

ions are indicated by solid and dashed lines, respectively.
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Fig. 3. 
Tandem mass spectrum of the protein, ubiquitin, generated by sequential ion–ion reactions. 

(A) ETD spectrum of the [M + 13H]+13 ion (m/z 659) after a 15 ms reaction with the radical 

anions of fluoranthene. Note that the spectrum contains several hundred, unresolved signals 

for highly charged fragment ions of type c′ and z′˙. (B–D) Spectra recorded following 

reactions of these ions with even electron benzoate anions for 50 ms (B), 100 ms (C), and 

150 ms (D). Note that this PTR reaction converts the multiply charged ions to a mixture that 

is dominated by singly and doubly charged species after 150 ms. (E) Ubiquitin sequence 

with the observed singly charged ions of type c′ and z′˙ are indicated by angled lines above 

and below the sequence, respectively.
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Fig. 4. 
Analysis of E. coli ribosomal proteins by LC-MS, tandem (ETD/PTR) MS. (A) Base peak 

ion chromatogram observed for gradient eluted ribosomal proteins. (B) Single-scan, full 

(ESI) mass spectrum acquired on the protein eluting under peak I [labeled in (A)] at a 

retention time of 30.8 min. (C) Single-scan, ETD/PTR tandem mass spectrum of protein [M 

+ 11H]+11 ions at m/z 490.3 in (B). The observed ions of type c′ and z′˙ define sequences at 

the N-terminus and C-terminus of the protein, respectively. These sequences match to the 

50S ribosomal protein, L34. Lines above and below the protein sequence indicate the amino 
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acid sequence coverage defined by ions in the spectrum. (D) Single-scan, ETD/PTR tandem 

mass spectrum of [M + 11H]+11 ions (m/z 492.9) from a protein that elutes at 34 min [peak 

II in (A)], ~3 min after peak I. Spectra in (C) and (D) contain an identical set of type z′˙ ions. 

Ions of type c′ in the two spectra differ in mass by 28 Da. These data suggest that the L34 

species in (D) is either monomethylated on the N-terminus and the side chain of Lys2 or is 

dimethylated/formylated on the N-terminus or side chain of Lys2.
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Fig. 5. 
Analysis of recombinant Rev protein by LC-MS, tandem (ETD) MS. (A) Average of three 

300 ms ETD scans recorded on [M + 15H]+15 ions from Rev. For each scan, the reaction 

time with fluoranthene radical anions was 30 ms. Fragment ions of type c′ and z′˙ are 

denoted by solid triangles and circles, respectively. (B) Signals observed in two different 

mass windows from ETD spectra recorded on Rev [M + 15H]+15 ions with the high-

resolution LTQ-Orbitrap instrument. In the spectra recorded with the Orbitrap instrument, 

ion signals are resolved into 12C and 13C isotope peaks separated by 1/5 Da. This indicates 
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that the charge on the ions in both mass windows must be +5 and allows them to be assigned 

to c′38
+5 and z′˙67

+5 ions, respectively. (C) Sequence coverage for Rev assigned from ions of 

type c′ and z′˙ are shown by solid and dashed lines, respectively. Charge states for the 

observed ions are specified at the beginning of each line. Coverage from ions of type y″ 

obtained from a CAD spectrum recorded on the same [M + 15H]+15 ions is shown by dotted 

lines below the Rev sequence.
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