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a b s t r a c t

A high-capacity ion trap coupled to a time-of-flight (TOF) mass spectrometer has been developed to
carry out comprehensive linked scan analysis of all stored ions in the ion trap. The approach involves a
novel tapered geometry high-capacity ion trap that can store more than 106 ions (range 800–4000 m/z)
without degrading its performance. Ions are stored and scanned out from the high-capacity ion trap as a
function of m/z, collisionally fragmented and analyzed by TOF. Accurate mass analysis is achieved on both
eywords:
igh-capacity ion trap
apered rod geometry ion trap
ime-of-flight
inked-scan

the precursor and fragment ions of all species ejected from the ion trap. We demonstrate the approach
for comprehensive linked-scan identification of phosphopeptides in mixtures with their corresponding
unphosphorylated peptides.

© 2010 Elsevier B.V. All rights reserved.
osttranslational modifications
andem mass spectrometry

. Introduction

The development of effective ionization methods for analyz-
ng peptides and proteins (i.e., matrix-assisted laser desorption
onization (MALDI) [1] and electrospray ionization [2]) has made

ass spectrometry (MS) an invaluable tool for proteomic research
3]. Even though extremely effective mass spectrometric configu-
ations have been developed for analyzing increasingly complex
roteomic samples (see e.g., [4,5]), it is still not possible to extract
omprehensive information from the samples of interest. Dif-
culties arise because the samples often contain thousands of
roteolytic fragments, which are present in a wide range of abun-
ances, and the components of greatest interest are frequently
hose that are less abundant. In addition, the information must
ften be acquired on a time-scale commensurate with the rapid elu-
ion times of peptides from chromatographic separations. Adding
o the analytical challenge is the desirability of extracting several
ifferent types of information from the sample, including the accu-
ate molecular masses of the peptides, backbone fragmentation
nformation, the presence and locations of posttranslational mod-

fications, and particular fragmentation transitions that identify
nd quantitate proteins of interest or their modifications (so-called
ultiple reaction monitoring (MRM) or hypothesis-driven mass

pectrometry) [6].

∗ Corresponding author.
E-mail address: chait@rockefeller.edu (B.T. Chait).

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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One technique that has proved to be particularly successful for
proteomic studies is data-dependent tandem mass spectrometry
(data-dependent MS/MS) (see e.g., [7,8]). In this strategy, mass
spectra of eluting chromatographic fractions are obtained, rapidly
analyzed in real time, and the resulting information is used to direct
isolation and MS/MS of the detected peptide ions. The real challenge
in this approach is to obtain the information with sufficient sensi-
tivity before the fractions of interest have finished eluting. Here, the
first step is the collection of a single stage mass spectrum, followed
by a sequential series of tandem mass spectra directed by infor-
mation obtained in the first step. Because the strategy follows this
repeating multistep sequence, the process is inherently inefficient
with the efficiency decreasing in proportion to the length of time
needed to collect the single stage mass spectrum and the number
of data dependent tandem mass spectra collected per unit time.
This inefficiency can be ameliorated in cases where the peptides of
interest and their characteristic fragmentation transitions are pos-
tulated prior to the experiment, as in MRM [6]. However, the MRM
approach (i) is highly focused on known protein actors and assumes
that unexpected proteins can be neglected in the biological process
under study; (ii) it involves considerable front-end work on stan-
dard peptides, and (iii) it requires that interferences occurring in
the expected transitions be detected and corrected for. In special

cases, where it is desired to monitor a single type of transition, as
for example in the detection of phosphopeptides via neutral loss
of the elements of phosphoric acid (H3PO4) (reviewed in [9]), it is
not necessary to first collect a single-stage mass spectrum. Rather,
such transitions can be specifically observed without prior knowl-

dx.doi.org/10.1016/j.ijms.2010.09.013
http://www.sciencedirect.com/science/journal/13873806
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dge of the precursor peptide masses, in the so-called “linked-scan
eutral loss experiment”, which are typically performed on triple
uadrupole or related types of mass analyzers [10–13]. By the use
f appropriate instrumentation, such as the quadrupole/time-of-
ight (QTOF), it proves feasible to generalize this experiment to
nalyze many transitions in parallel [14,15]. While such linked-scan
xperiments are highly useful for detecting specific transitions and
herefore specific peptide modifications, this approach suffers from
scanning losses”. The loss in efficiency that arises from these scan-
ing losses is given by �M/M, where �M is the mass window that

s scanned across the mass range of interest, M. Typical efficiencies
or such linked-scan experiments are ∼0.001.

A number of strategies have been explored in attempts to
vercome such efficiency losses in tandem mass spectromet-
ic experiments. These include multiplexed TOF MS/MS [16–23],
ultiplexed ion trap MS/MS [24], multiplexed tandem FTICR by

electing several peptides for simultaneous dissociation [25–27], or
he combination of storage and ion mobility devices with TOF MS
28–32]. In the present work, we explore a new strategy wherein
ons produced in an ion source are first trapped in a high-capacity
on trap, after which they are sequentially ejected as a function of

/z, fragmented and analyzed by orthogonal injection TOF-MS. A
ypical time sequence for this approach involves storage of ions for
s followed by fragmentation and analysis for 1 s, and repetition
f this sequence for as long as is desired. The degree of fragmenta-
ion is tuned to leave a fraction of each of the precursor ion species
ntact, so that both precursor and fragment ions can be measured
or each ejected species at the full resolution and accuracy of the
OF analyzer. In this way, all ion species that are stored in the
on trap are analyzed without scanning losses. The key aspect of
his approach is that there is no need to introduce data-dependent
trategies since the entire collection of trapped ion species is ana-
yzed. Rather, any particular type of information that resides in this
omprehensive data set (e.g., parent ion masses, backbone frag-
entation, neutral losses, MRM transitions etc.) can be extracted

y a computer algorithm after data acquisition is complete, thus
roviding a comprehensive set of information for any particular
ample.

. Experimental

.1. High-capacity ion trap “Qtap”

The high-capacity tapered geometry ion trap (“Qtap”) used in
his work has been discussed in detail previously [33]. Hence, only
brief description will be provided here. As shown in Fig. 1, the ion

rap consists of eight tapered rods held together by a small central
inear ion trap (length 10 mm). The Qtap is filled with helium to a
ressure estimated to be 5 mTorr. The whole ion trap is 31.4 cm long
nd the diameter of each tapered rod (length 152 mm) changes lin-
arly from 7.21 mm to 10.4 mm. In the middle of the linear ion trap
s a slit (7.6 mm × 1 mm) through which stored ions are ejected. The
on trap is driven by an independent RF power supply (RF frequency
33 kHz) and a secondary, low-voltage resonance ejection RF that

s set at 265 kHz. These frequency values were found empirically
ased on the optimal combination of resolution, sensitivity, and
he m/z range of the ion trap [33]. The secondary RF is only applied
o one pair of rods as shown in Fig. 1. The purpose of the tapered
eometry is to create an electric potential that closely approxi-
ates a linear quadrupole at any point along its z axis, with the
eld radius scaling as a function of position on the z axis as previ-
usly described [33]. This geometry results in an effective potential
ell, with steeper walls at the ends of the trap, and shallower well

owards the center, thus forcing the ions towards the center of the
rap when the RF voltages are ramped. Initially during the fill time,
Fig. 1. Schematic diagram of the high-capacity ion trap “Qtap” using tapered geom-
etry rods. The frequencies of the main RF and excitation RF are 333 and 265 kHz,
respectively.

the amplitude of the main RF voltage is maintained at 100 V and the
secondary resonance ejection RF at 2 V for a specified time period,
usually 1 s. During this time the injected ions are stored about the
central axis of the trap. After the fill time, the main and ejection
RF amplitudes are ramped over a period of 1 s to 600 V and 6 V,
respectively. These time-varying potentials cause ions to be ejected
sequentially as a function of mass through a slit in one of the con-
necting quadrupole rods [33]. During the ejection process, lighter
ions at the ends of the trap are swept towards the center first. Under
these conditions, ions will oscillate in the y-axis, which will in turn
increase the motion of the ions towards the z axis-driving the ions
towards the center of the trap. During this process the larger ions
will remain unaffected and will only be excited when sufficiently
high amplitude RF is applied. In this manner, ions are sequentially
compressed towards the center of the trap, according to their m/z
value, where they are eventually ejected through a small slit made
in one of the rods.

2.2. Ion source and laser system

The compact disc ion source has been described in detail pre-
viously [34]. Briefly, ions are produced by short duration (4 ns)
pulses of 337 nm wavelength laser light (nitrogen laser, VSL-337,
Spectra Physics, Mountain View, CA) operating at a repetition rate
of 10–20 Hz. The beam is reflected by a mirror, passed through
a lens (f = 10 cm) and then through a quartz window, reaching
the surface of the compact disc at an angle of incidence of 60◦.
The dimension of the short axis of the elliptical laser spot on the
sample surface is 0.3–0.5 mm. When using the MALDI matrix 2,5-
dihydroxybenzoic acid (DHB), we use a laser power density on the

spot of ∼(1–5) × 107 W/cm2. When using the matrix 4-chloro-�-
cyanocinnamic (4ClCCA) [35], we reduced the power density of the
laser by changing the distance of the lens to the target spot (i.e., the
spot size). The laser spots were monitored by a video camera.
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.3. Configuration I: Qtap-qTOF

In order to induce fragmentation of ions ejected from the Qtap
nd to measure the resulting fragment and residual precursor ions,
e coupled the Qtap to a quadrupole orthogonal geometry TOF MS

Fig. 2a). Experiments with this configuration were carried out as
ollows: ions produced in a MALDI source were introduced into
quadrupole ion guide filled with helium (≈2 × 102 Torr), guided

nto the Qtap (pumped with a 250 L/s turbo pump (Turbo V-250
arian)), stored for 1 second and then scanned out for 1 s. This

imescale was used because it takes a minimum of 1 ms to fragment
n ejected packet of ions, cool these fragments, and pulse them into
mass analyzer without interference from previously ejected ions

i.e., to avoid crosstalk). Thus if it takes 1 ms per ∼3–4 m/z units, we
eed ∼1 s to perform MS/MS experiment over a range of 4000 m/z.
his gives us a duty cycle of 50% [33]. Upon ejection, ions were
ocused into a quadrupole collision cell filled with argon at a few

illitorrs. The quadrupole consists of rods that are 9 mm in diam-
ter and 213 mm length and is pumped by a separate 250 L/s turbo
ump (Turbo V-250 Varian). The collision cell is a quadrupole with
“LINAC” accelerator set at 100 V to assist in the rapid extraction

f precursor and fragment ions from the collision cell. Upon exiting
he collision cell, ions were focused into a reflectron geometry TOF

ass spectrometer (Sciex, Centaur prototype [36]), pumped by a
50 L/s turbo pump (Turbo V-550 Varian). Here, voltage pulses sup-

ig. 2. (a) Schematic of the compact Qtap-qTOF instrument. A LINAC collision cell and an
Qq-TOF instrument. This configuration is similar to the compact version except there a
equence for the one full cycle of fill and scan out time for Qtap and the bottom shows th
ulsed at 5 kHz (200 us).
ss Spectrometry 301 (2011) 211–219 213

plied at 5000 Hz were used to initiate the TOF scans. The TOF scan
times (≈200 �s duration) are much shorter than the Qtap ejection
times for each sequential m/z from the Qtap (a few milliseconds
duration). Thus the TOF analyzer can provide rapid analysis of all
the ions from the ion trap with high mass resolution.

Limitations of the Qtap-q-TOF: this simple configuration has
two main limitations. First, due to the lack of an intermediate cool-
ing/collimating quadrupole, it is not possible to optimally change
the energies of the ions as a function of m/z when they are ejected
from the Qtap into the collision cell. Rather, these energies are
largely set by the corresponding effective potential well deter-
mined by the amplitude of the main RF voltage and, to a lesser
extent, by the helium pressure within the Qtap. Despite this lack of
control over the energies of the ions, we were able to obtain neutral
losses by increasing the excitation amplitude potential of the Qtap
and tuning the amount of argon in the collision cell. The second
limitation results from the insufficient gas isolation between the
argon-filled collision cell and the helium-filled Qtap. Since argon
contamination of the Qtap severely compromises its performance,
it was necessary to limit the argon pressure in the collision cell
to reduce gas crosstalk between the collision cell (7 mm × 3 mm

aperture) and the Qtap cell (7.5 mm × 4.8 mm aperture). Helium
pressure in the Qtap and argon pressure in the quadrupole were
carefully controlled with capillary restriction tubes connected to
pressure regulators [37].

orthogonal TOF are situated right after Qtap. (b) Schematic of the extended Qtap-
re two additional quadrupoles (Qo and Q1) before the collision cell. (c) The pulse
e TOF pulse sequence corresponding to ≈5 ms window in Qtap dimension. TOF is
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.4. Configuration II: QTAP-qQq-TOF

The second configuration (Fig. 2b) is an extended version of the
ompact Qtap-q-TOF shown in Fig. 2a. This setup allows for bet-
er control of the energies of the ions and the pressure in each
egion because the Qtap is decoupled from the collision cell by extra
uadrupoles (Qo and Q1) thus preventing argon contamination of
he Qtap. In addition, the fragmentation energy as a function of m/z
s tunable by changing the potential difference between Qo and the
ntrance lens of the collision cell. Because the energy required for
he ions are proportional to the m/z values, the Qo potential was

odulated by syncing the DC potential of Qo to the Qtap ejection
can. The Qo potential was ramped from 40 to 150 V for a peptide
ixture with m/z ranging from 500 to 4000.
In this configuration, MALDI-generated ions were also stored

or 1 s and then scanned out of the Qtap over a period of 1 s. Upon
jection from the ion trap, ions were focused and cooled in the
F-only Qo and Q1 ion guides before being accelerated into Q2 for

ragmentation. It is important to note that Q1 here is used in RF
nly mode and not as a resolving mass analyzer. The quadrupole
ollision cell Q2 was filled with argon gas to an estimated pressure
f several millitorr. The degree of fragmentation in Q2 was tuned to
eave a portion of the precursor ion unfragmented, whereupon both
he fragment ions and remaining precursor ions were analyzed by
OF with high mass resolution. This approach allows us to obtain
omprehensive MS/MS analysis of all ejected ions.

.5. Pulse sequence and data analysis

A critical feature of the interface between the Qtap and the
OF analyzer is the timescales of the experiment. The Qtap (fill
ime ≈1 s), and subsequent ejection/collisional dissociation (a
ew milliseconds per m/z unit), allow for the use of TOF analysis
200 �s/spectrum) for the measurement of all precursor and
ragment ions with high mass accuracy. Fig. 2c shows the pulse
equence for the storage and ejection process for the Qtap fol-
owed by TOF analysis. Ions are injected and stored for 1 s, then
equentially scanned out of the Qtap in 1 s, and pulsed into a flight
ube at 5 kHz.

Flight times were acquired using a four-channel time-to-digital
onverter (TDCx4, IonWerks, Houston, Texas) from a 4-anode
etector [38,39], and recorded on a Macintosh computer using
he “TOFMA” data acquisition software (TOF laboratory, Univer-
ity of Manitoba, Canada). Data was saved event-by-event, with
ecords of both the Qtap ejection time and the TOF for every ion
hat hit the detector. The data were analyzed post-acquisition using
n-house software that allows us to bin the data by integrating
egions of the Qtap ejection time window. The size of the integra-
ion window was matched to the resolution of the Qtap – usually a
ms window size was used (i.e., 200 regions covering the 1s ejec-

ion time spectrum). Once the dataset was recorded and binned,
he Qtap ejection time was calibrated to the precursor ion m/z.
his process is computationally straightforward because we inten-
ionally leave a significant portion of the precursor ions intact.
ubsequently, all precursor ion masses were determined with high
ccuracy (<10 ppm) by measuring the centroid of peaks in the TOF
pectrum precursor ion isotope cluster. The calibration allows us to
nd the precursor ion m/z within any 5 ms Qtap ejection time win-
ow. Neutral loss scans were extracted by integrating the regions
f the TOF spectra that corresponded to the expected neutral loss.

hese neutral-loss intensities were plotted as a function of Qtap
jection time. We note that both precursor and fragment ions were
etermined with high mass accuracy, so that integration of the neu-
ral loss intensities could be done separately for each isotopic peak,
hus yielding high signal-to-noise ratios.
ss Spectrometry 301 (2011) 211–219

2.6. Sample preparation

The experiments presented here used a combination of
the following samples: (1) standard mixture of unphos-
phorylated peptides: bradykinin fragment 2–9 (903.46 Da,
PPGFSPFR), substance P (1346.7 Da, RPKPQQFFGLM-NH2),
neurotensin (1671.9 Da, pELYENKPRRPYIL), amyloid �-protein
fragment 12–28 (1954.0 Da, VHHQKLVFFAEDVGSNK) or ACTH
fragment 1–16 (1935.9 Da, SYSMEHFRWGKPVGKK), ACTH
fragment 1–24 (2931.6 Da, SYSMEHFRWGKPVGKKRRPVKVYP),
and oxidized insulin �-chain from bovine insulin (3493.6 Da,
FVNQHLC(SO3H)GSHLVEALYLVC(SO3H)GERGFFYTPKA); (2)
phosphorylated peptides: [pS119]CREB327 fragment 113–123
(1467.8 Da, ILSRRPpSYRKI), PKA inhibitor substrate (1573.8 Da,
GRTGRRNpSIHDIL), aquaporin-2 fragment 254–267 (1712.8 Da,
RQSVELHpSPQSLPR), and AKT/PKB/Rac-protein kinase substrate
(1794.8 Da, ARKRERTYpSFGHHA) and one glycosylated peptide
([GalNAc-Ser] erythropoietin fragment 117–131 (1667.8 Da,
EAISPPDAA(GalNac)SAAPLR); (3) a mixture of peptides obtained
from tryptic digestion of ovalbumin (Sigma, St. Louis, MO). All
standard unphosphorylated peptides were obtained from Sigma
(St. Louis, MO) and phosphopeptides were from Anaspec (Fremont,
CA).

Matrix: fresh, saturated solutions of 2,5-dihydroxybenzoic acid,
(DHB, MW = 154.1 Da, Sigma) and 4-chloro-�-cyanocinnamic acid
(4ClCCA, MW = 207.6, Key Organics Ltd., UK) were prepared in 70%
acetonitrile/0.1% TFA (v/v) just prior to measurements. To prepare
DHB samples, a volume of a stock solution (1 pmol/�l per compo-
nent) was diluted by half with an equal volume of the saturated
DHB solution and 2 �l of the resulting solution were spotted on the
CD sample plate. To prepare for 4ClCCA samples, a stock solution
was diluted 10 times with 25% saturated matrix solution to obtain
a final concentration of 100 fmol/�l per component in 70% acetoni-
trile/0.1%TFA (v/v) and 2 �l of the resulting solution were spotted
on the CD plate.

Ovalbumin tryptic peptides: A mixture of tryptic peptides were
prepared from 36 �M of ovalbumin (Chicken egg white, Grade VII,
Sigma, St. Louis, MO) dissolved in 100 mM ammonium bicarbon-
ate solution. To reduce the disulfide bonds the solution of proteins
was treated for 1 h at 57 ◦C with 20 mM dithiothreitol (DTT). The
subsequent S–H bonds were alkylated by adding 50 mM of iodoac-
etamide (in the dark at room temperature for 45 min). The reduced
and alkylated proteins were then digested with sequencing grade
trypsin (Promega) at a trypsin:protein ratio of 1:40 (w:w) overnight
at room temperature. The resulting stock solution (10 pmol/�l) was
diluted with 70% acetonitrile/0.1% TFA just prior to measurement
and used for MALDI analysis.

3. Results

3.1. Qtap peak resolution

To evaluate the peak widths of individual ion species that are
ejected from the Qtap as a function of m/z, we recorded the ejec-
tion time distribution of several peptide ion species (Fig. 3) using
the compact version of the instrument (Fig. 2a). In the portion of
the time spectrum (m/z) shown, three ion species at m/z values
of 1347.736, 1672.918, and 1955.014 are observed at tQtap of 0.07,
0.17, and 0.24 s, respectively. In this setup, ions are scanned out of
the Qtap filled with ≈5 mTorr of helium into a collision cell filled
with a few millitorrs of argon, before being pulsed into an orthog-

onal TOF. The FWHM of the peaks was ≈5 ms (Fig. 3), providing an
effective resolution of ≈200, which corresponds to peak widths of
10–20 Da FWHM. To test whether collisional damping by argon in
the collision cell contributes to this width, we used a LINAC collision
cell [39], wherein the precursor and fragment ions are accelerated
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ig. 3. MALDI Qtap ejection time (mass) spectrum obtained from a 5 peptide
ixture (500 fmol of each component) measured in a single 1-s scan using the Qtap-

TOF instrument. Only a narrow region is shown for 3 out of the 5 peptides. Each of
he peaks has FWHM ≈5 ms.

hrough the collision gas. Such acceleration did not appreciably
educe the peak widths of the ejected ions.
.2. Qtap-qTOF single-stage MS measurements of a peptide
ixture

Fig. 4 (2nd from top panel) shows the time-resolved (i.e.,
ass-resolved) Qtap ejection distribution of a five-peptide mix-

ig. 4. (Top) Schematic diagram of Qtap RF drive timing and (2nd from top) MALDI
tap ejection time (mass) spectrum obtained by filling the Qtap for a period of 1s
nd then scanning the ions out of the Qtap over a period of 1 s. The dataset was
btained from a 5 peptide mixture (100 fmol of each component). (Bottom) Individ-
al TOF mass spectra obtained by integrating the TOF spectra over a narrow time
egion about the solid gray line shown in the Qtap ejection time spectrum. The inset
rovides an expansion of the TOF spectrum of peak a, showing the isotopic distri-
ution with a resolution of ≈6000 FWHM. The bottom spectrum corresponds to the
otal integrated TOF spectrum obtained in 1 s.
ss Spectrometry 301 (2011) 211–219 215

ture (100 fmol of each component) obtained in a single 1-s scan
from the Qtap-qTOF instrument (Fig. 2a). The MALDI generated
ions are cooled by collisions with helium gas in the post-ion source
quadrupole ion guide and then enter the Qtap, operating in the
fill mode where the amplitude of the main RF and the secondary
resonance ejection RF is 100 V and 2 V, respectively. Subsequent
to the 1-s fill, ions are scanned out by ramping the amplitudes of
the main and secondary resonance ejection RF voltages at rates of
≈500 V/s and ≈5 V/s, respectively. This scan results in ions being
ejected from the Qtap from low to high m/z values. The ejected
ions enter the quadrupole collision cell (filled with helium gas for
cooling so that no fragmentation occurs), which acts in this case as
a simple ion guide. The cooled and collimated ions are guided into
an orthogonal geometry TOF for mass measurement. The middle
five panels show the TOF MS obtained by integrating the data from
narrow time slices (�t = 10–20 ms) about each of the five peaks
(a–e), providing mass spectra for each peptide ion species ejected
from the Qtap. The full TOF mass spectrum obtained by integrat-
ing the data across the whole ejection scan is shown at the bottom
of Fig. 4. Despite the modest Qtap resolution (RFWHM ≈ 200), the
peptide masses are measured in the TOF analyzer at its full mass
resolution (RFWHM ≈ 6000), as shown by the isotopic distribution of
the first peptide peak in the inset of Fig. 4.

3.3. Utility of Qtap-qTOF as a linked-scan instrument

The linked scan technique is useful for detecting the pres-
ence of post-translational modifications (e.g., phosphorylation) via
detection of the loss of the elements of phosphoric acid (H3PO4,
– 97.976 Da) [40,41]. This technique is often implemented in
triple quadrupole mass analyzers, where the first and the last
quadrupoles are scanned in synchrony to detect the loss of a spe-
cific neutral fragment. In the present Qtap-qTOF instrument, we
perform such neutral loss analyses using a computer algorithm
that we implement subsequent to data acquisition (see Section 2.5).
Because all ions ejected from the Qtap and fragmented are analyzed,
a major benefit of this approach is to eliminate the need for scan-
ning a small window of ions through the quadrupoles, and hence
eliminate the loss of efficiency due to the ion selection/rejection
steps involved in scanning. For this experiment, we used the setup
shown in Fig. 2a with a few millitorrs of argon in the collision cell
to induce dissociation and dampening of ion motion prior to their
injection into the TOF analyzer. Here, all ejected ions are subjected
to fragmentation with no precursor ion selection and subsequently
all the resulting fragment ions and remaining precursor ions are
detected in the TOF analyzer. The translational energy gained by
ions during the ejection process [33] yielded sufficiently energetic
collisions with the argon atoms in the collision cell to induce loss
of H3PO4 (∼98 Da) from the phosphopeptides. In the case shown,
we analyzed a mixture containing 6 unphosphorylated, 4 phospho-
rylated, and 1 glycosylated peptides (250 fmol of each component)
introduced from the MALDI ion source. The top panel of Fig. 5a
shows the Qtap ejection time (mass) spectrum of this mixture. The
most intense peaks arise from the unphosphorylated peptide com-
ponents. Shown in the next panels are TOF spectra of Qtap ejection
time slices labeled a–d, which show the phosphopeptide precursors
together with signature losses of 98 Da. To obtain the equivalent
H3PO4 neutral loss linked-scan spectrum, the intensities of neutral
losses of 97.976 Da for all the spectra were plotted as a function
of Qtap ejection time (see Section 2.5). As shown in Fig. 5b (mid-
dle panel), this procedure allows us to readily extract the signature

97.976 Da neutral loss peaks for all the phosphopeptides in the mix-
ture. In a similar manner, we were able to detect the presence of
the single glycopeptide by detecting its GalNac signature loss of
203.079 Da (Fig. 5b, bottom panel). Although the glycosylated pep-
tide was not resolved from an unphosphorylated peptide in the
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Fig. 5. (a) (Top) Schematic diagram of Qtap RF drive timing and (2nd from top) Qtap ejection time (mass) spectrum of MALDI ions from a peptide mixture containing
unmodified, phosphorylated, and glycosylated peptides (250 fmol of each component). (Middle) Individual MS/MS spectrum obtained by integrating a narrow region along
the gray solid line shown in the Qtap ejection time spectrum. Each of the MS/MS spectra corresponds to one of the four phosphopeptides in the mixture with the characteristic
l m. (b)
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oss of 98 Da from the phosphoric acid. (Bottom) Total integrated MS/MS TOF spectru
oss of 98 Da (phosphoric acid elimination) for the four phosphopeptides in the mixt
eptide in the mixture, extracted post-data acquisition.

tap time spectrum (because their masses are only 2 Da apart), only
he glycosylated peptide was picked in our post-collection linked-
can analysis because only the glycosylated precursor ion loses
recisely 203.079 Da. This experiment illustrates how the present
tap-qTOF instrument can be utilized as a versatile detection sys-

em for specific neutral loss detection that yields data equivalent to
hat obtained from linked scan experiments. In addition, because all
he analysis is carried out post-data acquisition, no data-dependent
cquisition is required and no prior knowledge of which modifica-
ions are present in the sample is needed.

.4. Dynamic range measurements

We tested the dynamic range of the Qtap-qTOF instrument by
aking MALDI spectra of a 4 peptide mixture (250 fmol of each
eptide) spiked with a single phosphopeptide at various concentra-
ions. The spiked phosphopeptide is indicated by the arrow in the
tap time (mass) spectrum shown in Fig. 6a (left panel). Three rep-

esentative Qtap ejection time (mass) spectra are shown: 250 fmol
f unphosphorylated peptides with 250 fmol, 100 fmol, and 25 fmol

f the single phosphopeptide. The dominant peaks in each of the
tap ejection time (mass) spectra correspond to unphosphorylated
eptides. The right hand panels of Fig. 6a show the H3PO4 neutral

oss linked-scan spectra from these three spiked samples, showing
hat we can readily detect by our post-data acquisition neutral loss
(Top) Qtap ejection time (mass) spectrum for the peptide mixture. (Middle) Neutral
tracted post-data acquisition. (Bottom) Neutral loss of 203 Da for the single GalNac

scan analysis 25 fmol of phosphopeptide spiked into 250 fmol of
unphosphorylated peptides.

3.5. Detecting a phosphopeptide in a proteolytic digest

We also performed our post-data acquisition neutral loss scan
analysis on a tryptic digest of the well studied phosphoprotein,
chicken egg white ovalbumin. The majority of the ions in the
total integrated mass spectrum correspond to unphosphorylated
peptides from ovalbumin (Fig. 6b, top left), with only a single
phosphopeptide present in this preparation (indicated by the star).
By extracting the narrow region of the Qtap ejection time (mass)
spectrum indicated with the star (Fig. 6b, top right), only the phos-
phopeptide MS/MS spectrum was obtained. Despite the obviously
inefficient fragmentation in this particular case (Fig. 6b, bottom
left), we were able to detect the loss of 97.976 Da from the phos-
phorylated precursor peptide FDKLPGFGDpSIEAQCGTSVNVHSSLR
as shown with the neutral loss scan in the bottom right hand panel
of Fig. 6b.
3.6. Qtap-qQq-TOF configuration

We also tested out the properties of the more extended Qtap-
qQq-TOF configuration shown in Fig. 2b. To do this, we simply
coupled the Qtap to an existing qQq-TOF mass analyzer (Sciex,
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Fig. 6. (a) Left, shows the Qtap ejection time (mass) spectrum of a mixture of peptides (250 fmol of each component) containing four unmodified peptides: Bradykinin
fragment 2–9 [m/z 904.468, PPGFSPFR], Substance P [m/z 1347.737, RPKPQQFFGLM-NH2], neurotensin [m/z 1672.916, pELYENKPRRPYIL], and ACTH fragment 1–16 [m/z
1936.985, SYSMEHFRWGKPVGKK] mixed with a single phosphopeptide ([pS119]CREB327 fragment 113–123 [m/z 1468.823, ILSRRPpSYRKI]) at 250 fmol, 100 fmol, and
25 fmol concentrations. Right, shows the neutral loss of 98 Da Qtap ejection time (mass) spectra obtained for each dataset shown to the left. See text for more detail. (b) Left,
top is the full integrated mass spectrum obtained from a 250 fmol ovalbumin digest. The majority of the ions in the spectrum correspond to unphosphorylated peptides,
with the single phosphopeptide (m/z 2901.247, FDKLPGFGDpSIEAQCGTSVNVHSSLR) in the mixture indicated by a star. Left, bottom is the individual TOF MS/MS spectrum
o spect
e eptide
l ptide

C
(
Q
fi
c
m
d
v
a
f
d
c
e
t

btained for the phosphopeptide by integrating a narrow region in the Qtap time
jection time (mass) spectrum from the ovalbumin digest with the single phosphop
oss of 98 Da Qtap ejection time (mass) spectrum. As expected, only one phosphope

entaur prototype). In contrast to the Qtap-qTOF configuration
Fig. 2a), in this second configuration (Fig. 2b) the helium-filled
tap is decoupled with respect to gas exchange from the argon-
lled quadrupole collision cell. This is advantageous because argon
ontamination of the helium in the Qtap adversely affects its perfor-
ance (data not shown). In 3-D ion traps such adverse performance

ue to heavy impurity gases within the helium buffer gas has pre-
iously been attributed to the increase in ion scattering [42]. As
result, commercial 3-D and linear ion traps are well isolated
rom heavy gas contamination by the incorporation of efficient
ifferential pumping and ion guides. Furthermore, this extended
onfiguration allows us to better control the energies of the ions
ntering the collision cell – in this case determined by the poten-
ial difference between Qo and the entrance lens of the collision
rum during which the phosphopeptide is ejected. Right, top shows the total Qtap
in the mixture indicated by a star. Right, bottom shows the corresponding neutral

is detected in the mixture.

cell, Q2 (Fig. 2b). Fig. 7(top) shows a Qtap ejection time (mass)
spectrum for a 5 peptide mixture obtained with this configuration.
We have found previously that the collision energy for optimal
fragmentation scales linearly with m/z [43]. Therefore, the colli-
sion energy was varied in proportion to the m/z of the ejected
ions by ramping the potential on Qo, from 40 to 100 V, in sync
with the Qtap RF scan. At the same time, the collision energy was
kept sufficiently low to ensure survival of a portion of the pre-
cursor ion from each peptide species. Despite the relatively low

collision energy used for the singly charged ions of interest, we
were able to assign a number of the fragment ions in the indi-
vidual MS/MS spectrum as well as observe the neutral loss of
98 Da from the single phosphopeptide in the mixture, as shown in
Fig. 7.



218 S. Myung et al. / International Journal of Ma

Fig. 7. (Top) MALDI ions from a 1-s fill and 1-s scan out shown in the Qtap ejec-
tion time dimension. The dataset was obtained from a 5 peptide mixture (500 fmol
o
r
m
s
t

4

c
s
o
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p
c
o
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s
t
t
f
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Q
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f each component). (Below) TOF MS/MS spectra obtained by integrating narrow
egions about the gray solid lines (a–e) in the Qtap ejection time distribution. Frag-
ents were generated by ramping the DC Bias on Qo (see Fig. 2b) from 40 to 100 V in

ync with the Qtap ejection scan. (Bottom) Total integrated MS/MS spectrum from
he entire dataset.

. Discussion and conclusion

Here, we have demonstrated the feasibility of coupling a high-
apacity ion trap (Qtap) to a TOF analyzer for comprehensive linked
cans with no scanning losses. Our experiments show that we can
btain MS/MS information from all components in a mixture of
eptides, and that it is feasible to extract multiple neutral loss infor-
ation from a single experiment. Although the samples used in the

resent work are fairly simple, straightforward modifications of our
urrent setup should allow us to study more complex samples. In
ur present study, two different variations of the instrument were
ested – (I) Qtap-qTOF and (II) Qtap-qQqTOF. Based on the results
hown, we have found that the extended configuration II is the bet-
er choice. There are two main reasons why this is the case: First,
he additional quadrupoles (Qo and Q1 in Fig. 2b) decouple the Qtap
rom the collision cell and therefore sufficiently high pressures of
rgon can be used in the collision cell to induce collisional dissoci-
tion without significant argon contamination of the Qtap. Second,
o and Q1 cool and focus the ejected ion beam prior to ion injec-

ion into the collision cell (Fig. 2b). Based on previous calculations,
e estimate that ions are ejected with a considerable amount of

inetic energy from the Qtap (e.g., ≈100 eV for m/z 1673 ion [33]).
y cooling the ions before the collision cell we minimize the ion
osses to the rods from ions having too much kinetic energy. The
xtra quadrupoles also allow us to control the translational col-
isional energies of the ions as a function of m/z to elicit optimal
ollision induced dissociation.
ss Spectrometry 301 (2011) 211–219

Current limitations: While we have shown that our overall strat-
egy works and have demonstrated that we can fragment all the ion
species that are trapped in the Qtap, there are a number of factors
that currently limit the performance of our prototype instruments.
First, the overall ion transmission is low. In the compact configu-
ration I, we lose a large portion of the ions in the source due to
insufficient cooling of the MALDI ions as well as after ion ejection
from the Qtap. This should be readily improved by incorporating an
additional collisional cooling device in the source region and using
additional collisional cooling post-ion ejection from the Qtap (as in
the extended configuration II). In the ion source region, an addi-
tional ion guide can be incorporated to decouple the high-capacity
ion trap from the source region, thus allowing us to use nitrogen to
cool the MALDI-generated ions (as is now standard in commercial
MALDI-QTOF and vMALDI-ion trap instruments). Another improve-
ment can be made by going to a higher repetition rate orthogonal
TOF analyzer, which produces a much higher number of spectra
per second than we use in the present configuration. Currently
there are benchtop TOF devices [44] that are able to produce spec-
tra every 33 �s. This is approximately seven times faster than the
200 �s duration TOF spectra that we are currently using. Finally, we
are using a relatively low acceleration potential (4 kV) in the TOF.
Considerable improvement in ion detection and transmission can
be achieved by increasing this acceleration potential. We estimate
that by increasing the signal transmission with the additional cool-
ing ion guides, increasing the TOF ion energy, and going to higher
repetition rate TOF devices we should gain more than 2 orders of
magnitude in signal.

Although, our prototype instruments use MALDI-generated
ions, it should be straightforward to couple an electrospray
ionization source to these devices, allowing the use of liquid chro-
matography for additional separation prior to MS and MS/MS
analysis. Indeed, it should be straightforward to couple the ESI
source at one entrance to the Qtap and MALDI at the opposite
entrance, allowing for rapidly switchable ionization modes. The
timescale of Qtap ion filling and subsequent ejection into the TOF
analyzer is in the range 1–2 s, making it compatible with typical LC
peak separation times of the order of a few to tens of seconds.

In summary, we have explored the properties of a novel proto-
type instrument that is capable of collecting MS/MS of all stored
ion species with no prior mass selection. The significant advan-
tage of this approach is that no prior knowledge of the sample
is required before the experiment is performed because maximal
information about the sample is collected, allowing comprehen-
sive data analysis post-acquisition. This is achieved by sequentially
ejecting all ions from a high-capacity ion trap (Qtap), collision-
ally fragmenting them upon ejection, and subsequently analyzing
them by TOF MS. By recording TOF of all ions, we can acquire
comprehensive MS/MS spectra of all fragment and precursor ions
with high mass resolution and accuracy, after which the desired
information can be extracted. This strategy will allow us to obtain
comprehensive information from a particular sample in a sin-
gle experiment, including accurate molecular masses, backbone
fragmentation, the presence and location of posttranslational mod-
ifications, and particular fragmentation transitions that identify
and quantitate particular peptides and peptide modifications – and
hence advance the frontiers of proteomic research.
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