
ECD of Tyrosine Phosphorylation in a Triple Quadrupole Mass 
Spectrometer with a Radio-Frequency-Free Electromagnetostatic Cell

Voinov, V. G., Bennett, S. E., Beckman, J. S., & Barofsky, D. F. (2014). ECD of 
Tyrosine Phosphorylation in a Triple Quadrupole Mass Spectrometer with a 
Radio-Frequency-Free Electromagnetostatic Cell. Journal of The American 
Society for Mass Spectrometry, 25(10), 1730-1738. 
doi:10.1007/s13361-014-0956-2

10.1007/s13361-014-0956-2

Springer

Accepted Manuscript

http://cdss.library.oregonstate.edu/sa-termsofuse

http://survey.az1.qualtrics.com/SE/?SID=SV_8Io4d9aAYR1VgGx
http://cdss.library.oregonstate.edu/sa-termsofuse


ECD of Tyrosine Phosphorylation in a Triple Quadrupole Mass Spectrometer 
with a Radio-Frequency-Free Electromagnetostatic Cell 

Valery G. Voinov,1,4 Samuel E. Bennett,2 Joseph S. Beckman,3 and Douglas F. Barofsky1 

1 Department of Chemistry, 2Department of Environmental & Molecular Toxicology, 3Department of 
Biochemistry and Biophysics, Oregon State University, Corvallis, Oregon, USA 

4 Pacific Institute of Bioorganic Chemistry, Vladivostok, Russia 

ABSTRACT 

A radio frequency-free electromagnetostatic (EMS) cell devised for electron-capture dissociation 

(ECD) of ions has been retrofitted into the collision-induced dissociation (CID) section of a triple 

quadrupole mass spectrometer to enable recording of ECD product-ion mass spectra and 

simultaneous recording of ECD-CID product-ion mass spectra.  This modified instrument can be used 

to produce easily interpretable ECD and ECD-CID product-ion mass spectra of tyrosine-

phosphorylated peptides that cover over 50% of their respective amino-acid sequences and readily 

identify their respective sites of phosphorylation.  ECD fragmentation of doubly protonated, tyrosine-

phosphorylated peptides, which was difficult to observe with FT-ICR instruments, occurs efficiently in 

the EMS cell. 

INTRODUCTION 

In modern proteomic applications of tandem mass spectrometry (MS/MS), proteins and peptides 

can be induced to fragment by a number of physicochemical processes, the most common in use 

being collision-induced dissociation (CID) [1], electron-transfer dissociation (ETD) [2], and electron-

capture dissociation (ECD)  [3-4]. Each of these latter three forms of dissociation has its advantages 

and disadvantages.  CID is broadly applicable and operationally robust, but it frequently leaves gaps 

in the sequence-data and generally causes peptides to fragment excessively, destroying information 

about modifications in the process.  ETD and ECD by contrast exhibit little selectivity for any 

particular amino acids (proline and amino acids associated with disulfide bonds are the outstanding 

exceptions) and generally preserve labile post-translational modifications, e.g., phosphorylation, O-

glycosylation, and N-glycosylation, thereby making it possible to reliably determine the sites and 

nature of such modifications [3-4].  ETD and ECD are not as broadly applicable as CID, but both have 

been commercialized and are used as complements to CID.  The only commercial access to ECD, 

however, remains on FT-ICR mass spectrometers, and in this form, its use in proteomics studies has 

to date been relatively limited. 

Barely less than a decade ago, three groups of investigators independently succeeded in 

observing ECD in a linear ion trap [5-6], a three dimensional (3D) ion trap [7], and a digital 3D ion trap 

[8] respectively.  In all three approaches, it was necessary to use He as a moderating gas either to 
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convert some of the translational energy of the electrons into rotational energy about the magnetic 

field lines, to compensate for the unavoidable transfer of energy from the radiofrequency (RF) field to 

the electrons, or both. In the two 3D ion-trap demonstrations [7-8], ECD occurred in the analyzer 

itself, whereas, in the linear ion-trap demonstration [5-6], it took place in a custom-designed cell. 

In 2008, the present authors described an electromagnetostatic (EMS), electron-inducing 

dissociation cell that can be retrofitted into virtually any existing type of mass spectrometer [9].  When 

installed in a triple quadrupole (QqQ) [9-11] or a hybrid quadrupole/time-of-flight (QqTOF) [12] mass 

spectrometer, this device makes it possible to record ECD product-ion spectra of authentic, 

unmodified peptides without the aid of cooling gas or phase-specific electron injection into the cell.  

Additionally, ECD can be induced in these modified instruments simultaneously with CID to produce 

ECD-CID product-ion spectra exhibiting golden complementary pairs [13] of peptide fragments 

[10,12].  The authors have also shown that electron ionization dissociation (EID) [14-15] can be 

induced with an EMS cell retrofitted into a QqTOF [12].  Disregarding the obvious loss in resolution, 

mass spectra recorded in all of the preceding experiments exhibit fragmentation patterns that are 

practically identical to those exhibited in corresponding mass spectra produced with Fourier transform 

ion cyclotron resonance (FT-ICR) instruments.  When ECD-based sequencing of phosphopeptides is 

performed in an FT-ICR mass spectrometer, no loss of phosphoric acid, phosphate, or water from the 

precursor or fragment ions is observed, thus, allowing direct assignment of phosphorylation sites [16].  

In this report, the authors demonstrate that, as in its FT-ICR counterpart, phosphorylation is 

preserved when tyrosine-phosphorylated peptides undergo ECD in the EMS cell, a capability that had 

not been previously evaluated. 

EXPERIMENTAL DETAILS 

Materials and Sample Preparation. Peptide standards tyrosine kinase peptide 3 [Arg-Arg-Leu-Ile-

Glu-Asp-Ala-Glu-Tyr-Ala-Ala-Arg-Gly-NH2], MW = 1518; phosphorylated tyrosine kinase peptide 3 

[Arg-Arg-Leu-Ile-Glu-Asp-Ala-Glu-Tyr(PO3H2)-Ala-Ala-Arg-Gly-NH2], MW = 1598; p60 c-src (521-533) 

[Thr-Ser-Glu-Pro-Gln-Tyr-Gln-Pro-Gly-Glu-Asn-Leu], MW = 1463; and Pp60 c-src (521-533) [Thr-Ser-

Glu-Pro-Gln-Tyr(PO3H2)-Gln-Pro-Gly-Glu-Asn-Leu], MW = 1543 were purchased from American 

Peptide Co.  (Sunnyvale, CA, USA).  The peptide standards were each dissolved in 50% MeOH 

containing 0.1% formic acid to a final concentration of 20-50 μg/mL. 

Mass spectrometry. Mass spectra were recorded using a commercial, electrospray ionization 

(ESI), QqQ mass spectrometer system (Agilent G6460: Agilent Technologies, Santa Clara, CA, 

U.S.A.).  The QqQ was modified by shortening the original RF hexapole CID cell by 40 mm and 
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inserting the radio-frequency-free (RFF) EMS ECD cell described in the succeeding subsection into 

the space created between the first quadrupole and the shortened CID cell (Figure 1A).  A solution of 

each of the peptide standards was electrosprayed at a flow rate of 10 μL/min.  Precursor ions 

selected by the first quadrupole mass analyzer were transferred through the EMS ECD cell wherein 

they merged with low energy electrons.  Ions exiting the EMS cell passed through the shortened CID 

cell, which in this study was operated in both transmission only and CID modes; Ar instead of N2 was 

used as the collision gas in the CID cell as a conservative precaution against burning out the EMS 

cell’s electron emitter.  By minimally heating, the temperature of the filament was raised just enough 

during the experiments reported here to provide recordable ECD spectra.  Consequently, the original 

filament has not burned out despite hundreds of hours of operation, and its lifetime expectancy 

remains to be determined.  The second quadrupole mass analyzer was tuned to operate with a 

resolving power of ~2,500 FWHM, which allowed good ion transmission and unit-resolution mass 

spectra of essentially all of the ECD fragments and nondissociated precursors to be recorded. 

FT-ICR ECD product-ion mass spectra shown in this report were produced from two aliquots of 

the phosphorylated tyrosine kinase peptide 3 taken from the supply purchased for this study.  One 

aliquot was sent to the University of California – Los Angeles (UCLA) Molecular Instrumentation 

Center to be analyzed using its Bruker 15T SolariX FT mass spectrometer system, and the other was 

given to the Oregon State University Organic Mass Spectrometry Facility to be analyzed using its 

Thermo-Finnigan 7T LTQ FT Ultra linear ion trap mass spectrometer system. 

EMS ECD Cell. The EMS cell used in this study comprised in the following order from entrance to 

exit: an electrostatic lens, a permanent magnet followed by an electromagnet, and a heated filament 

within a holder that also served as an electrostatic lens (Figure 1B).  The electromagnet was spooled 

on a bobbin with an outer diameter of 70 mm, an inner diameter of 6.0 mm, and width of 15 mm.  The 

bobbin and lenses were machined from titanium to avoid perturbing the magnetic field used to control 

and confine the electrons emitted from the heated filament.  The permanent magnet was an axially 

polarized, Sm2Co17 disc-magnet (25.4 mm, 1.0 mm thick, 3.0 mm aperture on center) with an 

operating temperature up to 350°C (grade SM2435, Chino Magnetism Co., Fairfield, NJ, USA).  The 

filament, which served as the ECD cell’s source of electrons, was a loop (~1.0 mm diameter) of 

tungsten-rhenium wire (Figure 1B, insert) similar to filaments described in previous reports [9-10].  

The emitter and its titanium holder were located concentric with the axis of the cell at the ions’ exit.  

For this study, the filament and permanent magnet potentials were set at +15 V, the potential on the 

first electrostatic lens at -15 V, the potential on the electromagnet at +21 V, and the potential on the 

last electrostatic lens at +10 V. 
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RESULTS AND DISCUSSION 

While traversing an EMS cell, ions must pass through a hot, transmissive electron emitter (~3,000 

ºC) located either at the cell’s entrance [10-11], center [12] or exit (Figure 1).  Hence in passing 

through an EMS cell, the ions are briefly exposed to thermal radiation similar to that sometimes used 

to induce or at least facilitate peptide dissociation in FT-ICR cells.  Although authentic, unmodified 

peptides clearly survive this in-flight passage through the an EMS cell to produce analytically useful 

ECD product-ion spectra [9-12], there has been no demonstration that tyrosine phosphorylation or 

other peptide modifications survive passage through an EMS ECD cell intact. 

ECD products of the [M+2H]2+ precursors of tyrosine kinase peptide 3 (p1518) and 

phosphorylated tyrosine kinase peptide 3 (Pp1598) were easily produced in the EMS ECD cell 

retrofitted into the Agilent G6460 (Figures 2A and 2B); the product-ion spectra exhibit signals 

corresponding to the reduced precursor ion [M+2H]+· and almost exclusively to a series of c-

fragments comprising doublets of cx and cx
• ions [17] (Figure 2B, unit resolution insert).  The [M+2H]2+ 

precursor of Pp1598 proved refractory to ECD in the Bruker and Thermo-Finnigan ICR cells, and 

therefore, extra effort was required to acquire the ECD product-ion spectra of this particular peptide 

(Figures 2C and S1 in Supplemental Materials) with these two instruments.  Assignments of the 

fragment ions was based on the G6460’s mass accuracy at unit resolution; subsequently, they were 

confirmed by comparison to highly mass-accurate spectra recorded respectively on the Bruker 15T 

SolariX FT and Thermo-Finnigan 7T LTQ FT systems (Figure 2C plus Figure S1 and Table S1 in 

Supplemental Materials).  For clarity, only b, c, y, and z fragment ions and reduced precursor ions are 

labeled in the spectra and tables. 

Signals corresponding to z11 and z12 are present in the p1518 spectrum (Figure 2A), and a signal 

for z12 is present in the Pp1598 spectrum (Figure 2B).  The additional 80 u in nominal mass evident 

between the c8 and c9 signals in the Pp1598 spectra over the 163 u between these two signals in the 

p1518 spectrum unambiguously points to phosphorylation on the tyrosine at position 9.  As is usually 

the case for ECD, these product-ion spectra exhibit easily interpretable series of c and z fragment 

peaks and almost no extraneous background signals.  The scaling factors in Figures 2A-B indicate 

that the ECD efficiencies for the EMS ECD and the FT ICR cells are comparable for this peptide and 

are both on the order of 1%.  The relative signal intensities of the c2 and c7 through c11 fragments in 

the QqQ ECD product-ion mass spectrum of Pp1598 (Figure 2B) are similar to those observed in the 

ECD product-ion spectrum of this same peptide produced in the ICR cell of the Bruker 15T SolariX FT 

mass spectrometer (Figure 2C).  The two mass spectra do, however, display noticeable differences in 

relative signal intensities for the c3 through c5, c12, and z12 fragments, and moreover, there are 
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peaks in the FT ICR spectrum (Figure 2C and Table S1 in Supplemental materials) that do not 

appear in the QqQ spectrum (Figure 2B).  The intense peak that appears nominally at m/z 399 in the 

FT ICR spectrum (labeled ω2 in Figure 2C) is not an ECD fragment but, rather, a second harmonic of 

the doubly protonated precursor generated in the FT ICR cell.  The relative intensities of the assigned 

fragments in the ECD product-ion mass spectrum of the doubly protonated Pp1598 produced by the 

Thermo-Finnigan 7T LTQ FT (Figure S1 in Supplemental Materials) differ from those produced by the 

Bruker 15T SolariX FT (Figure 2C) and, thus, even more from those produced by the modified Agilent 

QqQ (Figure 2B).  The interested reader can refer to Supplemental materials to assign structures to 

signals not assigned in Figures 2C. 

The CID product-ion spectrum of the [M+2H]2+ precursor of Pp1598 recorded with the Agilent 

G6460 (Figure 2D) displays, as is typical of CID product-ion spectra of peptides, a relatively large 

number of fragment signals (≳ 100) with intensities well above background; the majority of these 

signals are not readily interpretable and as such compose the chemical background that 

characterizes CID peptide-product-ion spectra in general and can confound extraction of amino-acid 

sequence information.  In this particular instance, the CID spectrum accounts for less coverage of the 

peptide’s amino-acid sequence than do the ECD spectra but, because it exhibits y4 and y5, still 

reveals the peptide’s site of phosphorylation. 

ECD product-ion mass spectra of the [M+3H]3+ precursor of Pp1598 were easily produced with the 

EMS ECD cell mounted in the Agilent G6460 (Figure 3A) as well as with both the Bruker 15T SolariX 

FT and Thermo-Finnigan 7T LTQ FT (Figures 3B and S2 in Supplemental Materials).  These product-

ion spectra are more similar in appearance than are the product-ion mass spectra produced by these 

two instrument types from the doubly protonated precursor of Pp1598 (Figures 2B, 2C, and S1).  For 

this particular peptide, the ECD spectra of [M+3H]3+ from both types of instrument display a series of 

z-ions that ranges from z4 to z12 as well as the series of c-ions seen in the doubly protonated spectra 

that, save for one residue, spans Pp1598’s entire sequence.  Consequently, the presence of the 

phosphorylated tyrosine can be readily discerned not only by the m/z-separation between the c8 and 

c9 peaks but also by that between the z4 and z5 peaks.  Aside from the obvious differences in 

resolution and mass accuracy, the principal feature that distinguishes the triply protonated spectrum 

recorded by the Bruker FT ICR mass spectrometer from that recorded by the Q(EMS)qQ instrument 

is the much larger abundance of C11 in the FT ICR spectrum (Figure 3B) relative to that in the 

Q(EMS)qQ spectrum (Figure 3A).  The differences in relative intensities are somewhat greater 

between the Q(EMS)qQ and the Thermo-Finnigan FT ICR product-ion spectra of the triply protonated 

precursor of Pp1598 (Figures 3A and S2). 
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The FT ICR spectra contains more unidentified peaks than spectra from the Q(EMS)qQ, while the 

relative intensities of the c- and z-ions in the FT ICR product-ion spectra differ for the corresponding 

ions in the Q(EMS)qQ ECD product-ion spectra. Evidence in the literature supports these differences 

could arise from the distinct experimental conditions producing the two sets of data.  In the FT-ICR 

cell, electrons, precursor ions, and many ECD product-ions circulate together for periods of at least a 

millisecond or more, during which time some ECD fragments can be formed through a radical 

cascade mechanism that renders their signal intensities very dependent on experimental time scale 

[18].  By contrast, ions pass through a small volume of high electron density for a fraction of a 

microsecond in the EMS ECD device [11].  Following their brief exposure (at least three orders of 

magnitude less than in an FT ICR cell) to electrons in the EMS cell, precursors decay much as do 

metastable ions, and the ECD fragment abundances depend strongly on flight time to the detector [9].  

In addition, precursor and fragment ions are exposed to thermal radiation as they pass through the 

hot zone (2500-3000 °C) created by the electron emitter located at the exit of the EMS cell (Figure 

1B).  Despite these substantial differences in experimental conditions, the ECD product-ion spectra 

for the expected c and z ions produced by the two types of instruments are remarkably similar and 

both preserve labile tyrosine phosphorylation. 

As mentioned in the second paragraph of this section, the ECD product-ion spectrum of Pp1598’s 

[M+2H]2+ precursor (Figure 2B) was produced without difficulty on the Q(EMS)qQ instrument whereas 

the corresponding spectra of this same precursor (Figures 2C and S1) were produced with difficulty 

on the Bruker and Thermo-Finnigan FT ICR instruments.  This contrasting behavior of doubly 

protonated Pp1598 in the two types of ECD cell might be a consequence of salt-bridges [19], which 

could form in Pp1598 between the phosphogroup and a protonated arginine, hindering dissociation of 

the c/z-complexes produced by the N–Cα cleavages of this peptide.  It has long been known that prior 

to unimolecular decomposition of certain isolated organic ions, the incipient ion and neutral fragments 

can remain associated for an extensive length of time [20].  The occurrence of this phenomenon in 

the particular case of ECD of doubly protonated phosphorylated peptides in ICR cells reduces 

efficiency of dissociation; the latter can be improved by performing ECD on triply charged precursor 

ions or by an input of external energy [19].  The Bruker and Thermo-Finnigan ECD product-ion 

spectra of the doubly and triply protonated Pp1598 seem to be an example of this phenomenon. The 

higher dissociation efficiency of the Q(EMS)qQ ECD product-ion spectra of the doubly protonated 

Pp1598 suggests that the complementary c/z-fragments are acquiring extra energy before they exit 

the EMS cell, very likely from the thermal radiation given off by the electron emitter at the cell’s exit 

(Figure 1B).  This latter possibility is supported by the fact that, upon turning the EMS cell around 
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180° so that the ECD products exited the cell without passing through the electron emitter, efficiency 

of dissociation decreased.  If systematic investigation bears this effect out, ECD analyses carried out 

in an EMS cell would gain an additional benefit. 

The product-ion spectra of the [M+2H]2+ precursors of the nonphosphorylated p60 c-src (Figure 

4A) and its phosphorylated analogue Pp60 c-src (Figure 4B) display peaks corresponding to the 

reduced precursor ion [M+2H]+· and partial series of c and z fragments; the site of phosphorylation on 

the tyrosine at position 7 is clearly indicated by the 80-u increase in mass between c6 and c7 in the 

spectrum of Pp60 c-src (Figure 4B).  Between them, the c- and z-fragments in these two product-ion 

spectra cover nearly all of the two peptides’ sequences.  The cyclic structure of the prolines at 

positions 5 and 9 block N–Cα cleavage of the glutamic acid–proline and glutamine–proline bonds 

respectively [18,21-22].  Consequently, peaks corresponding to c8 and z9 are absent in the spectra of 

both of the c-src peptides, and the peak corresponding to c9 has relatively low intensity.  Weak 

signals for b7, b8, y5, y6, and y9 are present in the ECD spectra of both peptides (Figures 4A and 

4B).  These peaks may be evidence of the proline effect [23-25] wherein protonated, proline-

containing peptides are labile to fragmentation N-terminal to the proline residues.  During operation of 

the Q(EMS)qQ in the ECD-only mode, a minimal amount of gas (Ar in this instance) is fed into the 

CID cell to boost transmission; in order to avoid CID under this condition, the energy of the ions is 

lowered below the normal threshold for onset of CID.  Nevertheless, appearance of the minor b and y 

ions in the ECD product-ion spectra of the proline containing p60 and Pp60 c-src ions would seem to 

indicate that the ions still had sufficient energy in this particular case to induce CID of the labile bonds 

N-terminal to the proline residues in these peptides. 

Retrofitting an EMS cell into a mass spectrometer preserves its original CID capability while 

enabling combined ECD/CID analyses either by using the EMS cell for ECD and high-energy CID 

[10,12] or by using the EMS cell for ECD and the shortened collision/cooling cell for CID.  The latter 

combination was used in this study to record an ECD/CID spectrum of Pp60 c-src (Figure 4C).  

Increasing the precursors’ kinetic energy through the CID cell while maintaining ECD conditions in the 

EMS cell, which is upstream of the CID cell (Figure 1A), amplified the signals corresponding to the 

two b and three y ions seen in ECD-only spectra (Figures 4A and 4B) and produced a new signal 

corresponding to b11.  These CID fragments complement the ECD fragments whose signals remain 

essentially unaltered in the simultaneously recorded spectrum (Figure 4C).  The strong y9 peak and 

even more intense b8 and y5 peaks result respectively from cleavage of the peptide’s glutamic acid-

proline and glutamine-proline bonds.  These bonds, which are known to be refractory to ECD [18, 21-

22], cleave readily under CID due to the proline effect [23-25].  The combined ECD/CID spectrum 
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(Figure 4C) thus accounts for nearly the entire sequence (10 out of a total of 12 possible cleavages) 

of Pp60 c-src.  Incidentally, the b7/c7 and b11/c11 fragment-ion pairs present in this spectrum are 

simultaneously recorded CID/ECD golden complementary pairs [13].  This combined spectrum 

demonstrates, as have previously reported ECD/CID product-ion spectra [10,12], that ECD produced 

by an EMS cell retrofitted into a QqQ or QTOF retains the CID functionality of the original instrument, 

thereby making it possible to produce complementary sequence information that can enhance the 

specificity of peptide identifications. 

CONCLUSION 

The data presented in this report clearly demonstrate that tyrosine phosphorylation remains intact 

during the passage of the peptide’s doubly and triply protonated precursors through an EMS ECD cell 

retrofitted into a commercial QqQ despite brief exposure to the radiation emitted by the hot (~3,000 

°C) filament used as the source of electrons.  In fact, ECD fragmentation of a doubly protonated, 

tyrosine-phosphorylated peptide was more efficient in the EMS cell than in the two FT-ICR cells used 

in this study suggesting that the electron emitter’s radiation might assist dissociation of the c/z-

complexes produced by N–Cα cleavages.  Furthermore except for mass resolution and mass 

accuracy, the ECD product-ion spectra recorded with the modified QqQ exhibit as much qualitative 

information as contained in those produced from the same peptides by commercial FT ICR mass 

spectrometers.  Those qualitative differences that where observed as well as the differences in 

relative signal intensities evident in the ECD spectra produced by the EMS and ICR cells and 

additional ion signals evident in the ICR ECD spectra are attributed to substantial differences in the 

experimental conditions that prevail in the two types of cells. 

As is widely acknowledged and demonstrated directly in this report by the example of Pp1598, the 

lower fragmentation efficiency of ECD is generally compensated in its product-ion spectra by higher 

or more readily retrievable informational content relative to that in CID product-ion spectra, stressing 

therefore that the two fragmentation processes should be viewed as complementary.  The fact that 

ECD and CID can be performed simultaneously in a Q(EMS)qQ, such as the one used in this study, 

adds emphasis to this latter observation.  In the particular example presented in this report, the ECD 

produces information that confirms the presence of tyrosine phosphorylation but provides only partial 

amino-acid sequence information due to suppressed bond cleavages at the proline residues, whereas 

the CID, which yields scant information about the phosphorylation, supplies the proline-sequence 

information missed by the ECD – widespread availability of a capability such as this would increase 

the specificity of tandem mass analyses of peptides. 
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The experimental results presented in this report also raise the possibility of performing targeted 

multiple reaction monitoring (MRM) of peptides with triple quadrupole mass spectrometers based on 

ECD transitions or combined ECD/CID transitions.  This capability could have widespread 

applicability in pharmaceutical and clinical analyses.  Recent reports indicate that MRM-based mass-

spectrometric techniques have the sensitivity, specificity, and capability for rapid, reproducible, 

multiplexed quantification of proteins in clinical assays [26-27].  Combing the capability of ECD-based 

sequencing with existing CID-based sequencing in MRM analyses could significantly increase the 

specificity and thereby increase the utility of targeted tandem mass spectrometry in proteomics. 
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FIGURE LEGENDS 

1. (A) Schematic of the EMS ECD cell retrofitted into the Agilent G6460 QqQ mass spectrometer 
used in this study; (B) enlarged schematic of the EMS ECD cell. 

2. ECD product-ion mass spectra of the [M+2H]2+ precursors of (A) nonphosphorylated p1518 and (B) 
phosphorylated Pp1598 produced with the EMS cell retrofitted into the Agilent G6460 QqQ mass 
spectrometer.  (C) ECD product-ion mass spectrum of the [M+2H]2+ precursor of phosphorylated 
Pp1598 produced with the Bruker 15T SolariX FT mass spectrometer.  (D) CID product-ion 
spectrum of the [M+2H]2+ precursor of phosphorylated Pp1598 produced with the shortened CID 
cell retrofitted into the Agilent G6460 QqQ. 

3. ECD product-ion mass spectra of the [M+3H]3+ precursor of phosphorylated Pp1598 produced with 
(A) the EMS cell retrofitted into the Agilent G6460 QqQ mass spectrometer and (B) the Bruker 15T 
SolariX FT mass spectrometer. 

4. ECD product-ion mass spectra of (A) nonphosphorylated p60 c-src and (B) phosphorylated Pp60 
c-src; (C) combined ECD/CID spectrum of phosphorylated Pp60 c-src. 
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Figure 2. 
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Supplemental information for paper by Voinov et al. entitled ECD of Tyrosine Phosphorylation in a 
Triple Quadrupole Mass Spectrometer with a Radio-Frequency-Free Electromagnetostatic Cell: 

 

 

Table S1. Observed ions in ECD of 2+ RRLIEDAEpYAARG spectrum (unassigned and assigned) 

 

Observed Mass actual m/z observed abundance charge assignment 
theoretical 
mass ppm 

274.89479 274.89479 4058665 1+       

296.18302 296.18302 11498593 1+ b2-NH3 296.1829 0.41

313.20948 313.20948 4917777 1+ b2 313.2095 -0.06

329.22815 329.22815 3838415 1+       

330.23595 330.23595 6327803 1+ c2 330.236 -0.15

357.21188 357.21188 5528713 1+ z4 357.2119 -0.06

443.32018 443.32018 3777480 1+ c3 443.3201 0.18

469.32454 469.32454 4051738 1+     

511.38288 511.38288 3472318 1+ a4 511.3827 0.35

529.34537 529.34537 3689003 1+     

536.29405 536.29405 6732212 1+     

556.40404 556.40404 13205770 1+ c4 556.4042 -0.29

598.36638 598.36638 6950279 1+     

625.80918 625.80918 7594179 1+     

637.30519 637.30519 18781479 1+     

647.32563 647.32563 9073814 1+     

659.28722 659.28722 11355263 1+     

667.43612 667.43612 6160137 1+     

668.42027 668.42027 7340623 1+     

685.44700 685.447 24164512 1+ c5 685.4468 0.29
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745.22293 745.22293 9401898 1+     

747.21943 747.21943 5326335 1+     

790.24612 790.24612 7379443 1+     

791.87865 791.87865 5154653 1+     

792.59494 792.59494 6844582 1+     

793.40855 793.43403 29217750 1+     

795.20208 795.20208 6366332 1+     

795.54359 795.54359 5215429 1+     

797.16016 797.16016 28959734 1+     

803.47463 803.47463 6583237 1+     

804.26164 804.26164 57859852 1+     

806.25893 806.25893 17241041 1+     

809.44415 809.44415 17248589 1+     

816.33925 816.33925 10293971 1+ y7 816.34 -0.92

871.51025 871.51025 6569708 1+ c7 871.5108 -0.63

1000.55158 1000.55158 10894514 1+ c8 1000.5534 -1.82

1108.79120 554.89924 4061181 2+     

1242.57485 1242.57485 11474177 1+ c9(dot) 1242.5753 -0.36

1313.61086 1313.61086 8532950 1+ c10(dot) 1313.6124 -1.17

1384.64755 1384.64755 12129192 1+ c11(dot) 1384.6495 -1.41

1426.65789 1426.65789 21129995 1+ z12 1426.66 -1.48

1469.66213 1469.66213 9254708 1+ x12+1 1469.6653 -2.14

1483.77509 1483.77509 5714475 1+     

1498.69233 1498.69233 6937413 1+     

1500.80200 750.90472 13161648 2+     

  1500.80179 8592369 1+     

1527.76373 1527.76373 17336382 1+     

1539.76409 1539.76409 67184162 1+     
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1553.78184 777.39456 3355724 2+     

1554.75109 1554.75109 20544279 1+     

1556.75179 1556.75179 16487341 1+     

1565.73099 1565.73099 8382616 1+     

1571.78949 1571.78949 30646596 1+     

1580.76860 790.88794 14214241 2+     

1582.75796 1582.75796 87291252 1+     

1598.77945 1598.78143 58440564 1+ M+H 1598.7799 -0.28

  799.89335 22662918144 2+     

  533.59841 10566155 3+     

1599.78647 1599.78647 331436800 1+ [M+2H]+(dot) 1599.78718 -0.44

1602.75704 801.88216 158596275 2+     

1605.18965 803.09846 6815262 2+     

1612.79561 806.90145 989464186 2+     

1613.79951 1613.79951 12722543 1+     

1620.75960 810.88344 452944953 2+ M+Na 1620.76238 -1.72

1621.76214 1621.76214 8796101 1+     

1660.69072 830.849 6058327 2+       
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Table S2. Observed ions in ECD of 3+ RRLIEDAEpYAARG spectrum (unassigned and assigned) 

 

Observed Mass actual m/z observed abundance charge assignment theoretical mass ppm 

157.90142 157.90142 3717431 1+     

215.13742 215.13742 4721474 1+ z2 215.1377 -1.30

286.17439 286.17439 2158782 1+ z3 286.1748 -1.43

330.23559 330.23559 8094208 1+ c2 330.236 -1.24

357.21138 357.21138 5900124 1+ z4 357.2119 -1.46

443.31928 443.31928 1304351 1+ c3 443.3201 -1.85

527.59268 527.59268 3497062 1+     

529.40641 529.40641 10235357 1+     

531.38572 531.38572 208972848 1+     

535.39587 535.39587 10223707 1+     

536.36251 536.36251 41103027 1+     

538.29451 538.29451 3809417 1+     

556.40297 556.40297 4565556 1+ c4 556.4042 -2.21

600.23999 600.2398 13758388 1+ z5 600.2416 -2.68

616.25834 616.25834 5198080 1+ y5 616.2603 -3.18

641.43268 641.43268 1679882 1+     

670.26908 670.26908 1799054 1+     

685.44512 685.44512 17461443 1+ c5 685.4468 -2.45

729.28229 729.28151 12436059 1+ z6 729.2842 -2.62

783.44578 392.22653 1580193 2+ b6 783.4472 -1.81

800.31891 800.31829 8020139 1+ z7 800.3213 -2.99

800.47149 800.47149 10275166 1+ c6 800.4737 -2.76

816.33777 816.33777 18537452 1+ y7 816.34 -2.73

854.48283 427.74506 2300700 2+ y7 854.4843 -1.72

871.51025 871.50825 22855340 1+ c7 871.5108 -0.63
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915.34506 915.34506 5989526 1+ z8 915.3482 -3.43

931.36328 931.36328 3785091 1+ y8 931.3669 -3.89

956.53649 956.53649 1889660 1+ a8+1 956.53928 -2.92

983.52510 492.26619 2373074 2+ b8 983.5269 -1.83

1000.55025 1000.55025 13576490 1+ c8 1000.5534 -3.15

1044.38722 1044.38722 2280608 1+ z9 1044.3908 -3.43

1057.58954 529.29841 1439302 2+     

1058.79328 529.90028 4649307 2+     

1074.61590 537.81159 5592150 2+     

1226.55241 613.77984 3565884 2+ b6 1226.5565 -3.33

1227.49911 1227.49911 4072490 1+     

1228.54932 614.7783 1375542 2+     

1243.57825 1243.57825 6313066 1+ c9 1243.5831 -3.90

1270.55370 1270.5537 4223343 1+ z11 1270.5589 -4.09

1286.57043 1286.57043 1129134 1+ y11 1286.5777 -5.65

1314.61490 1314.6149 3920799 1+ c10 1314.6202 -4.03

1385.65103 1385.65103 21211421 1+ c11 1385.6573 -4.52

1426.65262 1426.65262 1755575 1+ z12 1426.66 -5.17

1482.70567 741.85647 1189848 2+     

1497.74117 749.37422 1650585 2+ a12+1 1497.74428 -2.08

1500.79983 500.93813 1175044 3+     

1510.73654 755.87191 2581596 2+     

1526.69485 763.85107 1557857 2+     

1540.73131 1540.73131 2770224 1+     

1541.75486 771.38107 14030478 2+ c12 1541.7584 -2.30

1556.75442 778.88085 3495613 2+     

1565.72997 783.36862 1490944 2+     

1582.75742 791.88235 20013147 2+     
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1598.77730 533.59729 1275846272 3+ M+H 1598.7799 -1.63

  799.89174 16589939 2+     

1612.79294 538.26916 66345443 3+       
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Figure S1.  ECD product-ion mass spectra of the [M+2H]2+ precursor of phosphorylated Pp1598 produced with 
the ThermoFisher 7T FT mass spectrometer. No zoom (A) and zoom x100 (B). 
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Figure S2.  ECD product-ion mass spectrum of the [M+3H]3+ precursor of phosphorylated Pp1598 produced 
with the ThermoFisher 7T FT mass spectrometer.  

 

 

 

 




