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a b s t r a c t

Fragmentation of phosphorylated peptide ions via interaction with electronically excited metastable argon
atoms was studied in a linear trap—time-of-flight mass spectrometer. Doubly charged ions of phospho-
rylated peptides from an Enolase digest were produced by electrospray ionization and subjected to a
metastable atom beam in the linear trap. The metastable argon atoms were generated using a glow-
discharge source. An intensive series of c- and z-ions were observed in all cases, with the phosphorylation
group intact. The formation of molecular radical cations with reduced charge indicated that an electron
transfer from a highly excited metastable state of argon to the peptide cation occurred. Additionally, singly
Time-of-flight
Fragmentation
Phosphorylation
M

charged Bradykinin, Substance P and Fibrinopeptide A molecular ions were fragmented via interaction
with electronically excited metastable helium atoms. The fragmentation mechanism was different in this
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. Introduction

Mass spectrometry (MS) is now widely used in protein biochem-
stry and in proteomics for the identification and characterization
f proteins [1]. Collision induced dissociation (CID) is the most com-
only used approach to derive structural information from peptide

nd protein ions through collisions with neutral gas molecules [2].
n this process, which generally leads to cleavage of the peptide
ackbone amide bond to produce b-type and y-type sequence ions,
eptides are kinetically excited and undergo multiple collisions
ith neutral gas molecules. Energy acquired in each collision is

apidly distributed throughout all covalent bonds. Fragment ions
re formed when the internal energy exceeds the activation bar-
ier required for a particular bond cleavage. The drawbacks of CID
nclude the facile losses of labile groups involved in many impor-
ant posttranslational modifications, such as phosphorylation and
lycosylation, and in many cases incomplete backbone fragmenta-
ion [3]. Therefore, developing alternative peptide fragmentation

ethods is of a considerable interest.
McLafferty and co-workers introduced a new technique, called
lectron capture dissociation (ECD), which has been shown to
omplement the information obtained with CID of multiply pro-
onated peptide cations [4]. Capture of a thermal electron by

protonated peptide is exothermic by ≈6 eV and causes frag-
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entation of N–C� bonds, yielding N-terminal c- and C-terminal
-fragments [5,6]. In contrast to collision-induced dissociation, ECD
s believed to be non-ergodic [4], i.e., the cleavage happens prior to
ny intramolecular energy redistribution. As a result, labile mod-
fication groups are preserved. ECD generally results in cleavage
f a wider range of peptide backbone bonds than CID with less
ependence on peptide composition [7]. However, to this day ECD
as only been successfully realized in FT-ICR mass spectrometers,
here the electric field is very weak and the strong magnetic
eld confines electrons. The presence of strong (100–1000 V of
mplitude) radio frequency (RF) electric fields in 3D and linear
uadrupole ion traps hampers the introduction of low energy
lectrons to the area where ions are located. Recent attempts to
mplement ECD into radiofrequency ion traps revealed diminished
ragmentation efficiency and sensitivity (as compared to FT-ICR)
8,9].

A new fragmentation technique—electron transfer dissociation
ETD), overcoming the technical challenges of introducing low
nergy electrons into strong oscillating RF fields, was recently pro-
osed [10–12]. In ETD a singly charged anion transfer an electron to
he multiply protonated peptide and induces fragmentation of the
eptide backbone along pathways that are similar to those observed

n electron capture dissociation. Simultaneous trapping of cations

nd anions is readily accomplished by the RF quadrupole field.
owever, it has been noted, that the peptide structural informa-

ion that can be obtained using ETD is charge-state dependent [13].
he doubly-charged peptide cations give much poorer sequence
overage, than triply protonated cations, with fragmentation often

http://www.sciencedirect.com/science/journal/13873806
mailto:vberkout@apmaldi.com
dx.doi.org/10.1016/j.ijms.2008.04.019
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imited to one or both ends of the peptide. It was also demonstrated
hat the efficiency of electron transfer dissociation decreases with
eptide size [14].

Another recently introduced fragmentation technique, similar
o ECD, is based on the electron transfer from metastable, electron-
cally excited atoms [15,16]. The peptide cations are stored in the
F ion trap and irradiated by a beam of particles generated by a

ast atom bombardment (FAB) gun [15] or by a beam of metastable
toms produced in a glow discharge [16]. Since the beam is neutral,
roblems inherent to the charge capacity limitations of ion traps
re not encountered. Fragmentation spectra of common peptides
ere similar to the spectra observed using ECD [16]. In this study
e present further development of this fragmentation technique

or analysis of phosphorylated peptides and singly charged peptide
ons (which cannot be fragmented using ECD/ETD techniques).

. Experimental

.1. Reagents

Solutions of peptides were prepared in molecular biology
rade water (Cambrex Bio Science, Rockland, ME), reagent grade
ethanol, and glacial acetic acid (Sigma–Aldrich, St. Louis, MO)

1% in 1/1 water/methanol). Substance P, Bradykinin and Fib-
inopeptide A were purchased from Sigma–Aldrich (St. Louis, MO).
hosphopeptide standard was purchased from Waters (Milford,
A) and was used without further purification. Helium (ultra high

urity grade) and argon (research grade) were supplied by Airgas
Radnor, PA).

.2. Mass spectrometry
The time-of-flight mass spectrometer with orthogonal acceler-
tion used in the present study has been described previously [16].
he schematic illustration of the instrument is shown in Fig. 1. Ions
ere produced in an electrospray source and transferred into the
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Fig. 1. Schematic view of an orth
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ass spectrometer through an atmospheric pressure (AP) interface.
he AP interface consists of a heated capillary (0.4 mm i.d.) and a
uadrupole ion guide (6.35-mm rod diameter) operated at ∼1 Torr
ressure in the RF-only mode.

The octopole ion guide (3.2 mm rod diameter), located after the
uadrupole, was differentially pumped by a small turbomolecular
ump to a pressure of ∼0.1 Torr. Both the quadrupole and octopole
ere driven by an RF generator, built in-house, according to the
esign described in Ref. [17]. A capacitive divider allowed the appli-
ation of different RF amplitudes to the quadrupole and octopole
on guides, respectively. The quadrupole and octopole rods were
ffset to DC potential, applied through decoupling capacitors.

In contrast to the instrument described earlier [16], a mass
esolving quadrupole was placed in a separate differentially
umped chamber. This allowed operating it at pressures of
10−5 Torr in typical experimental conditions, thus providing bet-

er precursor selection in comparison with the previous design
here it operated at a few mTorr. In the initial experiments the
ass resolving quadrupole was driven by a SRS (Sunnyvale, CA)
odel DS340 sine-wave signal generator coupled through an ENI

Rochester, NY) Model 240L broadband RF power amplifier. An
F coupling transformer, built in-house, gave an output voltage
–500 V0–p (zero-to-peak and pole to ground voltage) in the fre-
uency range of 100 kHz to 5 MHz. The transformer also provided
he required 180◦ phase difference between the rod pairs. Later, the

ass resolving quadrupole was driven by an Extrel (Pittsburgh, PA)
odel 150-QC RF/DC power supply, which provided better precur-

or ion mass selection.
The last quadrupole was operated in a trapping mode. The

C voltages, applied to the entrance and exit apertures of the
ast quadrupole, were changed by NAND gate integrated circuitry
N74LS03 with open collector outputs (Texas Instruments, Dallas,

X) controlled by SRS (Sunnyvale, CA) Model DG535 digital sig-
al generator. A beam of metastable electronically excited argon
toms was produced in a glow-discharge source and introduced
etween the quadrupole rods. The glow-discharge source used in
he present study has been described previously [16]. One of its

o-TOF mass spectrometer.
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and 3P2 of Ar are equal to 11.72 and 11.55 eV, respectively [21]. The
energies of the two most populated metastable states 1S2 and 3S1
of He are equal to 20.61 and 19.82 eV, respectively [21]. The ioniza-
tion potentials of nitrogen and ammonia are equal to 15.58 eV, and
52 V.D. Berkout, V.M. Doroshenko / International

eatures is an asymmetrical electric field between a radially sep-
rated cathode and anode. The asymmetrical field allows better
eparation of the neutral metastable atoms and the charged par-
icles. A tapered rod (1.5 mm dia.) made from oxygen free copper,
ocated in the high-pressure discharge chamber, serves as the cath-
de. The anode is planar and is located off-axis immediately after
he aperture separating the discharge and quadrupole chambers.
he use of a planar electrode for the anode increases stability of
he discharge (by providing a larger surface to collect electrons).
he discharge (I ≈ 2–10 mA, V ≈ 300 V) was initiated by applying
igh voltage through a limiting 1.0 M� resistor. A negative poten-
ial was applied to the cathode, while the anode was grounded.
he high-pressure chamber has a 0.5 mm dia. exit aperture. The
ressure in the discharge chamber (where the cathode is located)
as 10–25 Torr, while the pressure in the quadrupole region was
–10 mTorr. Two lenses, located downstream, are covered by nickel
rids (BuckbeeMears, St. Paul, MN). To prevent penetration of any
emaining electrons into the quadrupole region, the lenses were
eld at a few hundred volts of negative potential. The gas, supplied
o the source (argon or helium), created an expanding flow which
arried metastable atoms into the quadrupole ion guide. This low
inetic energy beam of metastable atoms interacted with peptide
ons collimated along the central axis of the quadrupole ion guide,
ausing their fragmentation.

After ejection from the linear quadrupole ion trap the ions were
ocused by an Einzel lens into the pulser region of the time-of-flight

ass analyzer. The time-of-flight analyzer chamber was pumped
own by two Leybold (Export, PA) Model Turbovac 361 350 l/s
urbomolecular pumps to a pressure of the order of 10−7 Torr.
eflection plates shield the low energy ion beam from the high
oltages applied to the accelerator column, and also make a final
djustment of the beam. Initially, the electric field in the gap of
he pulser region is negligible. The last grid of the extraction plates
s held at a small positive potential (typically 6–12 V) to prevent
eld penetration [18] from the accelerator column into the pulser
egion. When the pulser region is filled with ions, both push-out and
raw-out voltage pulses are applied simultaneously to the extrac-
ion plates. The intermediate plate is kept at ground potential. The
xtraction pulses, produced by Behlke (Kronberg, Germany) Model
TS 31GSM high voltage push–pull switches, have typical ampli-

udes of about 460 V, a rise time of 30 ns, and duration of 3 �s.
he duration of the pulse is chosen to guarantee that the heaviest
ons have enough time to leave the pulser region. After leaving the
ulser region, ions are accelerated to energies of about 7 keV by a
niform DC field in the acceleration column. The ions then move
ith constant velocities in the field free drift region. The lengths

f the pulser, acceleration and field free regions are 0.9, 4.6 and
8 cm, respectively. In order to keep the ion source and ion pulser
otentials close to the ground, the drift region is floated at a high
oltage potential. A perforated metal cover prevents penetration of
he ground potential of the vacuum chamber into the drift region,
hile allowing effective pumping of the inner volume. Having tra-

ersed the drift region, ions enter a single-stage electrostatic mirror,
hich was tuned together with a dual-stage accelerator to provide
second-order space focusing on the initial ion position [19,20].

he field free region is separated from the accelerator column and
he electrostatic mirror by BuckbeeMears (St. Paul, MN) grids with
14 wires/in. having a transmission of 88.6%.

The reflected ions pass back through the drift region before strik-
ng a detector. The detector was assembled using a Hamamatsu

Bridgewater, NJ) resistance matched pair of microchannel plates
12 �m channel diameter, 12◦ bias angle). The front plate of the
etector was maintained at the same potential as the drift region
−7 kV). The data acquisition system was decoupled from the high
oltage on the detector anode by a ferrite transformer. The signal
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as amplified by an ORTEC (Oak Ridge, TN) Model 9326 1-GHz
mplifier and recorded by a digital signal averager (ORTEC Model
astFlight-2). Voltages for the pulsers, drift region and ion mirror
ere provided by Applied Kilovolts (Sussex, UK) Models HP10 and
P5 stable, low noise, high voltage power supplies.

. Results and discussion

.1. Interaction of metastable atoms with different gases

To prove that the above described source generates substantially
eutral gas flow with the electronically excited metastable atoms,
he entrance capillary was closed and different gases (nitrogen,
mmonia) were supplied into the resolving quadrupole section.
his created a gas flow along the quadrupoles axis. The result-
ng pressure in the section of the vacuum chamber, where the
uadrupole linear trap and the discharge source are located, was
bout 0.2 mTorr (background pressure in this section was less than
× 10−6 Torr).

The frequency and amplitude of the RF voltage applied to the
uadrupole ion guide was tuned to transmit low m/z ions. Spectra,
veraged over 10 s, are shown in Fig. 2.

The energies of the two most populated metastable states 3P0
ig. 2. Ionization spectra of ammonia produced in interaction with metastable elec-
ronically excited argon atoms (a) and nitrogen with electronically excited helium
toms (b).
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ig. 3. Fragmentation spectrum of doubly charged phosphorylated T19 peptide fr
nassigned peaks).

0.07 eV, respectively [21]. The ionization potential of nitrogen is
igher than the energy of the argon metastable levels. No ionization
f nitrogen was observed with argon flowing through the discharge
ource (data not shown). The ionization potential of ammonia is
bout 1.5 eV lower than the argon 3P0 and 3P2 metastable levels. A
trong molecular radical cation, produced via Penning ionization,
as recorded when ammonia was supplied (Fig. 2a). The energy
f the helium metastable states is greater than the nitrogen ion-
zation potential. A strong N2

+and N+ signal was observed when
elium was flowing through the discharge source (Fig. 2b). This

ndicates that the beam entering the quadrupole ion guide con-
ists mainly of neutral particles and contains substantial amounts

f metastable electronically excited atoms. Small amounts of argon
r helium ions, initially present in the beam, are ejected from the
uadrupole ion guide in peptide fragmentation experiments due to
low m/z cut-off set to m/z ∼ 250 in these experiments.

t
a
o
T

ig. 4. Fragmentation spectrum of doubly charged phosphorylated T18 peptide from an
nassigned peaks).
Enolase digest obtained via interaction with metastable argon atoms (* denotes

.2. Fragmentation of phosphorylated peptides

Peptide ions were trapped in the last quadrupole for 200 ms
o increase the interaction time with metastable, electronically
xcited argon beam. A mixture of 5 �M phosphorylated peptides
rom Enolase digest was supplied at a flow rate of 0.5 �l/min
nto the electrospray ion source. A doubly charged molecular ion
as selected in the mass resolving quadrupole. A home made
F/DC power supply was used in the following experiments, which
id not provide a steep cutoff from the heavier mass side. Injec-
ion time into the quadrupole linear trap was 2–5 ms. Argon
as was flowing through the source during the experiments and

he presence of metastable electronically excited atoms in the
rgon beam was controlled by turning the discharge on and
ff. Typically, data were acquired for 30 s. The spectrum of the
19 peptide (phosphorylated at serine), fragmented in interaction

Enolase digest obtained via interaction with metastable argon atoms (* denotes
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ig. 5. Fragmentation spectrum of doubly charged phosphorylated T43 peptide (V
toms (* denotes unassigned peaks).

ith a low kinetic energy metastable argon beam, is shown in
ig. 3.

The spectrum contains a complete series of c- and z-type
z• according to Biemann nomenclature) fragment ions for the
ecorded mass range. No loss of the phosphate group or phosphoric
cid from molecular ion or fragment ions was observed. Ion sig-
als at m/z = 469.5(2+), 482.2, 791.3, 804.3 have not been identified.
he isotopic structure of singly charged molecular ions is shown in
he inset. The intensity of the second isotope is larger than a nor-
al isotopic distribution (see inset). This indicates the presence
f molecular radical [M+2H]•+ cations produced via the electron
ransfer from electronically excited argon atoms. The second ion is
radical [M+2H−NH3]•+ (see inset), since its mass is 1 Da larger

han [M+H−NH3]+.
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ig. 6. Fragmentation spectrum of doubly charged doubly phosphorylated T43 peptide (V
rgon atoms (* denotes unassigned peaks).
pTLSESIK) from an Enolase digest obtained via interaction with metastable argon

The spectrum of the T18 peptide from an Enolase digest (phos-
horylated at tyrosine), fragmented in interaction with metastable
rgon atoms, is shown in Fig. 4.

Due to the poor mass isolation and the significantly higher inten-
ity of T19 peptide ion signal compared to T18 peptide, the ion signal
rom the doubly charged T19 phosphorylated peptide and some of
ts strong fragments are also observed in the presented spectrum.
he spectrum of phosphorylated T18 peptide shows c- and z-type
ons, along with wa3 , wa4 and y4. The phosphorylation group at

yrosine remains intact during fragmentation, as in the previous
ase.

The spectrum of a T43 peptide from an Enolase digest (phospho-
ylated at threonine), fragmented in interaction with metastable
rgon atoms, is shown in Fig. 5.

NQIGTLpSEpSIK) from an Enolase digest obtained via interaction with metastable
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Fig. 7. Fragmentation spectrum of singly charged Bradykinin

The spectrum contains a nearly complete series of c- and z-type
ragment ions. The wa4 , a4, b4, y4, wa5 , y5, y7, y8, and y9 fragment
ons were also recorded. No loss of the phosphate group or phos-

horic acid from the molecular ion or fragment ions was observed.
strong doubly charged ion signal appearing at m/z = 657.8 (which

s equal to the m/z of T43 doubly charged molecular ion minus
7) was not identified. Contrary to the cases of the two pre-

p
w

a

Fig. 8. Fragmentation spectrum of singly charged Substance P obtai
ed via interaction with a beam of metastable helium atoms.

ious phosphorylated peptides, no molecular radical cation was
bserved.

The spectrum of T43 peptide from an Enolase digest (doubly

hosphorylated at two serine residues), fragmented in interaction
ith metastable argon atoms, is shown in Fig. 6.

Formation of c-, z- and y-type ions is observed for this peptide,
lbeit of weak intensity. Some loss of phosphoric acid from doubly

ned via interaction with a beam of metastable helium atoms.
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Fig. 9. Fragmentation spectrum of singly charged Fibrinopeptide

harged molecular ion and y-type fragments is also seen in this
pectrum.

As a whole, this data, along with the data presented elsewhere
22], demonstrate the applicability of this new fragmentation tech-
ique for studying protein posttranslational modifications.

.3. Fragmentation of singly charged peptides

Singly charged peptides were produced in an electrospray ion
ource from methanol/water solutions (no acetic acid was added).
ass selection was performed in a resolving quadrupole using

xtrel RF/DC power supply, which provides a mass selection win-
ow of a few Da. Selected singly charged ions were trapped in
he linear ion trap for 100 ms. With the discharge turned off (no
lectronically excited metastable atoms in the beam crossing the
inear trap) only the parent ion was observed. With argon flowing
hrough the discharge source and discharge on, no fragmentation
as observed for Bradykinin singly charged molecular ions (data
ot shown). The picture changed, when helium was used instead
f argon (Fig. 7).

The fragmentation mass spectrum is dominated by a series of
-type ions, which result from a backbone cleavage between the
-carbon and the carbonyl group carbon, with the charge retained
n the N-terminal fragment. Some weak x-type ions, which result
rom the same bond cleavage, but with the charge retained on the
-terminal, are also observed. Several of the a-type ions (denoted
y *) revealed the presence of (a + 1)• radical ion (see inset). It is an
dd-electron ion, which forms through a homolytic radical cleavage
f the �-carbon carbonyl-carbon bond. Some y-, b-, c-, and z-type
ragments are also observed. The electron transfer from a highly
xcited metastable state of helium cannot be invoked to explain this

ragmentation pattern because it will neutralize the singly charged
ation.

Fragmentation spectrum of a singly charged Substance P reveals
hat fragmentation proceeds via Penning ionization, as shown in
ig. 8.

i
m
c
m
e

tained via interaction with a beam of metastable helium atoms.

A strong [M+H]•2+ ion signal is observed in this spectrum, which
s formed via Penning ionization of the [M+H]+ions. A strong dou-
ly charged ion at m/z = 636.8 (which equals to m/z of doubly
harged radical molecular ion minus 37), was not identified. A
early complete series of a-type fragment ions is observed, which

s consistent with charge retention on the N-terminal (where argi-
ine is located). No radical (a + 1)• ions are recorded, contrary to
he fragmentation pattern of a singly charged Bradykinin. A num-
er of d-type fragments, which corresponds to a side-chain loss
rom a ions, are also observed. Several b- and c-type fragment ions
re also present in this spectrum.

The fragmentation spectrum of singly charged Fibrinopeptide A,
aving a C-terminal arginine residue, is shown in Fig. 9.

In this spectrum a backbone cleavage between the �-carbon and
arbonyl carbon leads to a formation of x-type ions (charge retained
n C-terminal). A [M+H]•2+ ion signal is observed along with a dou-
ly charged ion at m/z = 746.3 (which is equal to the m/z of a doubly
harged radical molecular ion minus 22). A nearly complete series
f y- and z-type ions are also observed. Several w-type fragment
ons, which correspond to a side-chain loss, are also present in the
pectrum.

. Conclusions

The application of a new fragmentation method, based on
he interaction of peptide cations with electronically excited

etastable rare gas atoms, was extended for studying post-
ranslational modifications. Fragmentation of doubly charged
hosphorylated peptides from Enolase digest with one phospho-
ylation group generated mainly c- and z-type peptide fragment

on series. No loss of the phosphate group or phosphoric acid from

olecular ion or fragment ions was observed. The formation of a
harge-reduced molecular radical cation indicates that the frag-
entation mechanism includes the electron transfer from a highly

xcited metastable state to a peptide cation.
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Fragmentation of singly charged peptide cations was performed
sing electronically excited metastable helium atoms. The forma-
ion of a- or x-type fragment ions, depending on the location of
rginine residue in peptide sequence, was observed. Several frag-
ent ions corresponding to a side-chain loss were also observed.

he fragmentation mechanism in this case involves Penning ion-
zation of the peptide molecular cation. This feature provides an
dvantage over ECD/ETD fragmentation techniques, which are not
pplicable for fragmentation of singly charged peptide cations.
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