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The confidence in peptide (and protein) identifications with ion mobility spectrometry time-of-flight
mass spectrometry (IMS-TOFMS) is expected to drastically improve with the addition of information from
an efficient ion dissociation step prior to MS detection. High throughput IMS-TOFMS analysis imposes
a strong need for multiplexed ion dissociation approaches where multiple precursor ions yield complex
sets of fragment ions that are often intermingled with each other in both the drift time and m/z domains.
We have developed and evaluated an approach for collision-induced dissociation (CID) using IMS-TOFMS
instrument. It has been shown that precursor ions activated inside an rf-device with an axial dc-electric
field produce abundant fragmentions which are radially confined with the rf-field and collisionally cooled
at an elevated pressure, resulting in high CID efficiencies comparable or higher than those measured in
triple-quadrupole instruments. We have also developed an algorithm for deconvoluting these complex
multiplexed tandem MS spectra by clustering both the precursor and fragment ions into matching drift
time profiles and by utilizing the high mass measurement accuracy achievable with TOFMS. In a single
IMS separation from direct infusion of tryptic digest of bovine serum albumin (BSA), we have reliably
identified 20 unique peptides using a multiplexed CID approach downstream of the IMS separation.
Peptides were identified based upon the correlation between the precursor and fragment drift time
profiles and by matching the profile representative masses to those of in silico BSA tryptic peptides and
their fragments. The false discovery rate (FDR) of peptide identifications from multiplexed MS/MS spectra
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was less than 1%.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In a typical “bottom-up” proteomics approach, proteins are
enzymatically digested to a mixture of peptides, and subjected to
a condensed phase separation, such as reverse-phase liquid chro-
matography (RPLC) [1]. Species eluting off the chromatographic
column are, typically, ionized by electrospray ionization (ESI) and
analyzed with tandem mass spectrometry. The latter involves isola-
tion of a single precursor ion species followed by its fragmentation.
These fragmentation products are then used to obtain sequence
related information for identification of the peptide precursor ion.
Different techniques have been used to induce ion fragmentation.
Notably, collision-induced dissociation (CID) [2], electron capture
dissociation (ECD) [3,4] and electron transfer dissociation (ETD)
[5,6] have been widely employed in proteomics. However, as the
number of precursor candidates increases, the “one-at-a-time” pre-
cursor ion activation in the course of a fast RPLC separation results
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in the “under sampling”, i.e., only a limited set of candidate pre-
cursor ions can be targeted for sequence elucidation in tandem
MS experiments. Two possible solutions to the under sampling
issue include i) increasing the RPLC gradient time to provide slower
separation and ii) increasing the rate of ion activation for a given
RPLC separation. Increasing the RPLC gradient time increases sam-
ple size requirement and decreases the analysis throughput and is
most useful only for a limited applications, including generation of
an accurate time and mass (AMT) tag database [7]. Increasing the
rate of ion activation ultimately requires a brighter ion source and
higher fragmentation efficiency. Alternatively, multiplexed MS/MS
approach has been proposed to address these challenges. In the
multiplexed MS/MS approach, all candidate precursor ion species
are subjected to concurrent activation and the corresponding prod-
ucts and their precursor ions are detected and identified in a single
spectrum.

One of the main challenges of the multiplexed MS/MS approach
is interpreting the complex fragmentation spectra due to the
convolution of fragment species from different precursor ions.
Experimental approaches to correlate fragment species to their
precursors in the multiplexed MS/MS studies have included using
high resolution and high mass measurement accuracy (MMA) of
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FTICR MS [8-10], LC retention time [11-13], the inherent mass bias
during variable accumulation times in ion trap [14], or using ion
mobility [15-19]. Utilizing the high MMA and resolution of FT-ICR
for both precursors and fragments, Masselon et al. [8,9] and Li et
al. [10] were able to reduce the number of false identifications by
matching the multiplexed MS/MS spectra to a large database. It was
emphasized that the high mass accuracy and resolving powers were
of importance and that additional constraints might be needed
for lower resolution instruments, such as TOFMS, to reduce false
identifications to acceptable levels. It is noteworthy that accurate
mass information was sufficient for assignment of the multiplexed
MS/MS spectra in FTICR experiments [8-10]. Alternatively, align-
ment of RPLC retention time profiles for both the precursors and
their fragments was invoked to establish the correlation between
precursors and their fragments [12,13,20]. This approach is based
upon the observation that retention time profiles of the fragments
resemble those of their precursors, and if more than one precursor
co-elute a correlation can be drawn between each precursor and its
fragments, provided the retention profiles are distinguishable [20].
Geromanos et al. demonstrated the advantage of the multiplexed
MS/MS over conventional data-dependent MS/MS for identifying
peptides in the presence of a complex matrix [13,21].

The correlation between precursors and their fragments can be
also established using ion mobility spectrometry (IMS). In IMS, ions
are separated according to differences in their gas phase mobilities
[22] while traveling in an inert buffer gas (e.g., helium or nitrogen)
under the influence of a weak electric field. When IMS is coupled
to TOFMS, ions spend most of their drift time inside an IMS drift
tube, while the time needed to traverse a mass spectrometer is
considerably shorter. Therefore, when mobility-separated ions are
subjected to fragmentation at the interface between the drift tube
and the mass spectrometer, the fragments would have arrival time
distributions similar to that of their precursor. This fragmentation
approach will be referred to as IMS-CID-MS for the remainder
of this manuscript [23]. Alignment of the drift time profiles of
fragments ions with their precursor establishes an important cor-
relation that could be used in interpretation of the multiplexed
MS/MS data. Alignment of the drift time profiles of fragments ions
with their precursor establishes an important correlation that could
be used in interpretation of the multiplexed MS/MS data. Though
grouping of precursor and their fragment ions was mentioned [24]
as a potential effective label in IMS-CID-MS, actual peptide identi-
fications from a single protein digest were performed with the use
of m/z values and some correlation in the drift time domain corre-
sponding to the maximum of precursor ion profile. Neither mass
accuracy nor false discovery rates (FDR) were reported, and anno-
tation of IMS-CID-MS spectra were performed only for precursor
species resolved in the drift time domain [24]. In complex sample
analysis, correlation of drift time profiles would be superior over
single-point correlation for minimizing FDR. Importantly, drift time
profiles of fragment ions could only be recorded at increased sensi-
tivity, which inextricably couples instrument’s limit of detection in
MS/MS mode with confidence in peptide identifications. Other con-
straints impeding the practical use of IMS-CID-MS can include low
sensitivity due to inefficient ion trapping prior to IMS separation
and poor collection efficiency for both precursor and fragment ions
in the IMS-MS interface region. Whether CID is performed down-
stream of IMS separation in an orifice-skimmer cone region [25]
or in a split-field modulated region coupled to a conical lens [24],
confinement of spatially dispersed ion packets represents a major
challenge. Additional fragment ion scattering upon collisional acti-
vation can further degrade sensitivity.

Recently released commercial hybrid quadrupole-IMS-TOFMS
instrument (Synapt and Synapt G2, Waters Corp., Manchester, UK)
employs a traveling wave ion guide (TWIG) for IMS separation and
is capable of performing CID before and after IMS [26]. Detailed

description of ion transport principles through the TWIG has been
reported elsewhere [27]. Synapt has recently been employed for
targeted CID of species mobility-separated in the TWIG [28,29]
and high-quality CID spectra were reported after summation over
1 min experiments [29]. However, to the best of our knowledge,
no identifications from IMS-multiplexed CID experiments (e.g.,
MS/MS-based peptide identifications from overlapping ion mobil-
ity peaks) and no CID efficiencies were reported. In general, little or
no information on the efficiency of IMS-CID-MS platforms is avail-
able in the literature compared to other instruments, such as triple
quadrupole mass spectrometers.

In this work, we have addressed the aforementioned short-
comings of the IMS-CID-MS approach. Specifically, we have i)
developed and evaluated a novel CID approach inside an rf-
quadrupole operating at an elevated pressure of ~200 mTorr and
employing an axial dc-electric field; ii) developed an algorithm for
deconvolution of intermingled multiplexed MS/MS spectra, and iii)
rigorously evaluated CID efficiencies in two different configurations
and determined a false discovery rate for identification of peptides
from complex proteolytic digests.

2. Experimental arrangement

Experiments were performed with a home-built ESI-IMS instru-
ment (Fig. 1a) coupled to an Agilent 6210 TOFMS instrument
(Agilent Technologies, Santa Clara, CA, USA). Briefly, ions were
generated by an ESI source and transferred through 64 mm long
500 pmi.d. stainless steel inlet capillary heated to 150 °C. Ions exit-
ing the heated capillary entered an ion funnel trap [30,31] where
they were initially focused in the ion funnel section and then trans-
ferred into the trap section. Inside the trap, ions were accumulated
for a predetermined interval (~4 ms) by applying a stopping voltage
toadual grid [31] and then released from the trap into the drift tube
as ion packets by lowering the voltage on the dual grid for 200 ps.
After being ejected from the trap, ion packets were focused radi-
ally by the converging section of the ion funnel trap before being
released into the drift tube. The voltages applied to the ESI source,
inlet capillary and the ion funnel trap were biased relative to the
drift tube entrance voltage.

The drift tube was 88 cm long and was filled with nitrogen gas
at a pressure of 4 Torr at a temperature of 23 °C. A small counter
pressure gradient (~40 mTorr) was established between the drift
tube and the ion funnel trap regions to minimize contamination
of the drift tube by neutrals from the ESI source. lon packets trav-
eled along the drift tube under the influence of a weak electric field
of 17 V/cm. lons of different mobilities were separated according to
their collision cross sections, which in turn depend on their masses,
charges and tertiary structures. Dispersed ion packets were colli-
mated at the IMS drift tube exit with an electrodynamic ion funnel
[32]. The rear ion funnel is 86-mm long with a 51 mm acceptance
orifice i.d. and linearly decreasing ring electrodes i.d. to an exit ori-
fice electrode i.d. of 2.5 mm. The ion funnel electrodes were 0.5 mm
thick and separated by 0.5 mm Teflon washers [33]. An rf amplitude
of 80V (peak-to-peak) at a frequency of 500 kHz was applied to the
rear funnel using a home-built rf power supply. The dc-electric field
for the rear funnel was adjusted to match the electric field within
the IMS drift cell.

Ions exiting the rear ion funnel were transmitted through
a differentially pumped segmented quadrupole evacuated to
200 mTorr, which was separated from the rear ion funnel with
a dc-only conductance limiting orifice of 2.5mm i.d. The seg-
mented quadrupole consisted of four rods (6.4mm diameter,
2.8 mm inscribed radius) sectioned into six segments each (Fig. 1b).
Each segment was 11.7 mm long and separated by 0.5 mm PEEK
washers nested in between the segments so not to be exposed
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Fig. 1. (a) Schematic diagram of the ESI-IMS-TOFMS instrument. (b) Schematic diagram of the segmented quadrupole. Only two quadrupole rods are shown for clarity.

to the ion beam. A voltage drop of ~5V/segment was applied to
the segmented quadrupole to reduce ions residence time and thus
minimize any effect on ion mobility resolving power. As shown in
Fig. 1b, two independent resistor chains were used to control the
dc gradient of the first four segments (section 1) and the last two
segments (section 2). An rf amplitude of 220V (peak-to-peak) and
a frequency of 800 kHz was applied to the segmented quadrupole
using a home-built rf power supply. A dc-only conductance limiting
orifice (2.2mm i.d.,, 1.4mm from segmented quadrupole) sepa-
rated the segmented quadrupole from a subsequent differentially
pumped octopole which constituted the first component of a com-
mercial time-of-flight mass spectrometer (Agilent Technologies,
Santa Clara, CA). The dc bias voltages of the segmented quadrupole
and the conductance limiting orifice were kept close (~3-5 V) to the
octopole dc-bias for optimum sensitivity. Signal from the Agilent
TOFMS detector was fed into a 1 GS/s 8-bit AP240 analog-to-digital
converter (ADC) board (Acqiris, Geneva, Switzerland). A custom
C# code was developed to incorporate the ADC board into the
IMS-TOFMS data acquisition system. A typical IMS-TOF experi-
ment involves accumulating ions in the ion funnel trap for a few
ms (below trap saturation) and releasing them into the drift tube
in 200 s pulses followed by an IMS separation. In the IMS experi-
ment, 600 TOF spectra were collected sequentially to form a 60-ms
long IMS separation, thus forming a nested IMS-TOF 2D map. In the
current setup 300 nested IMS-TOF maps were added to form one
IMS-TOF frame.

Ion fragmentation was performed by collision-induced disso-
ciation (CID) whose efficiency was evaluated in two regions. The
first region was inside the segmented quadrupole, and ion activa-
tion was accomplished by raising the bias voltage of the first four
segments of the quadrupole (section 1) relative to the bias of the
last two segments (section 2). The second region was in between
the segmented quadrupole exit (exit of section 2 in Fig. 1b) and
the following conductance limiting orifice (CL). The region between
an rf-only quadrupole operating at a pressure of ~170 mTorr and
the following conductance limit was previously examined for ion
fragmentation in IMS-CID-TOFMS experiments [17] and we have
compared this approach to the collisional activation inside the seg-
mented quadrupole. Attempts were also made to fragment ions at
the entrance of the first octopole of the Agilent TOFMS (i.e., between
the conductance limit orifice and the octopole entrance) and at
the entrance to the segmented quadrupole. In the former case, a
pronounced loss of ions transmission was observed at increased
voltage gradients, while in the latter case the higher density col-
lision gas emanating from the IMS drift tube at elevated pressure
(~4Torr) caused reduced fragmentation efficiency.

Note that collision energies (C.E., eV) for IMS-CID-TOF experi-
ments are reported in terms of collision voltage gradient (V,, V/mm)

CE.=zexVgxd (1)

where z is the charge state of the ions and d is the distance upon
which the voltage gradient was applied.
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The CID efficiencies of the IMS-CID-TOF platform were also com-
pared to those obtained from a triple-quadrupole instrument (TSQ
Quantum Ultra, Thermo Scientific, San Jose, CA). In order to calcu-
late the CID efficiency, the detector gain was kept constant between
the precursor and MS/MS spectra. The precursor ion intensity was
obtained by operating Q1 in the MS scan mode, no gas in the col-
lision gas and Q3 in the transmission mode. MS/MS spectra were
obtained by selecting the precursor of interest in Q1; inducing CID
in the collision cell at an Ar pressure of 1.5 mTorr, and then scanning
Q3 to identify the fragmentation products. The collision energy was
varied to determine the optimum fragmentation and CID efficien-
cies for each peptide studied. Q1 and Q3 were operated with a peak
width of 0.7 amu.

3. Samples

Neurotensin, fibrinopeptide A, leucine enkephalin and methion-
ine enkephalin were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used without further purification. Samples were diluted
in 49.5:49.5:1 methanol/water/acetic acid solution to a concentra-
tion of 1 wM each. Proteolytic digestions of bovine serum albumin
(BSA; Pierce Biotechnology, Rockford, IL, USA) were conducted
using sequencing grade trypsin (Promega, Madison, WI, USA) and
previously described procedures [34]. The resulting solution was
then diluted to 0.05 g/l in 49.5:49.5:1 methanol/water/acetic
acid buffer. All samples were ionized in positive ESI mode and
infused at a flow rate of 500 nl/min.

4. Data processing

A flow-chart diagram for data processing pipeline is shown in
the Supplementary Materials section. In brief, candidate precursors
were identified from a low energy (no-CID) spectrum followed by
searching for their fragments in the CID spectra using precursor
sequences, drift times and mass accuracy information. The raw data
were acquired in a 3D format which contained ions’ time-of-flight
(in nanoseconds), ion mobility scan number (IMS drift time =IMS
scan number x TOF scan length) and intensity. The TOF axis was
converted from the raw data to m/z using a calibration proce-
dure. A list of peaks was then generated for each mass spectrum
using Decon2LS software developed in-house [35,36]. Deconl2LS
converts isotopic envelops to monoisotopic masses using THRASH
algorithm [37]. The processed data represent a list of peaks along
with their monoisotopic masses, charge states, intensities, TOF scan
numbers, signal-to-noise ratios (S/N) and isotopic envelope match-
ing fit parameters.

The list of peptides from in silico digestion of bovine serum
albumin (BSA) was generated using Protein Digestion Simula-
tor software [38]. The FASTA file of BSA (P02769|ALBU_BOVIN)
was obtained from Universal Protein Resource (UniProt) database
(http://www.uniprot.org). Protein Digestion Simulator performs in
silico protein digestion using different enzymes (e.g., trypsin) and
digestion rules (e.g., full), and generates a list of peptides sequences
along with their monoisotopic masses. Fully tryptic rules (R or K
except before P) with a maximum of three missed cleavages were
chosen to generate 302 peptides for BSA. To evaluate the false dis-
covery rate, glycogen phosphorylase (P00489|PYGM_RABIT) was in
silico digested to provide 389 entries for a decoy database. Iden-
tifications of peptides observed in IMS-multiplexed CID-TOFMS
experiments were accomplished using a custom C++ code. Can-
didate precursors were determined by matching the masses of
peptides from the BSA in silico digest to those of the experimental
IMS-TOFMS features. Candidate precursor features were clustered
to precursor drift time profiles using observations from consecu-
tive TOFMS spectra. Only the precursors observed in at least three

consecutive TOF spectra (forming an IMS drift time profile) and
exhibiting a mass measurement accuracy of better than 15 ppm
were considered. Each precursor drift time profile is characterized
by a profile representative (or unique precursor) that is the precur-
sor species at the maximum intensity of the drift time profile. The
masses of profile representatives were matched to those of in silico
digested peptides at an MMA of +15 ppm to generate a list of unique
candidate precursors. A list of theoretical candidate fragments (b, y,
a, x) was then generated from the list of the unique candidate pre-
cursors. For the experimental fragment species, IMS-multiplexed
CID-TOFMS features were grouped into fragment drift time pro-
files, a procedure identical to that employed for the clustering
of precursor IMS-TOFMS features. Three consecutive TOF spectra
and a mass measurement accuracy of 15 ppm were typically used
for combining IMS-CID-TOFMS features into fragment drift time
profiles. Each fragment drift time profile was represented by a sin-
gle deisotoped feature (a profile representative), using the same
routine as that employed for treating precursors. The masses of
fragment profile representatives were matched against the masses
of theoretical fragments at a MMA of +15 ppm to yield a list of can-
didate fragment identifications. A matched fragment profile was
considered “unique” if satisfied the following constraints: (a) MMA
of £15 ppm; (b) the fragment species is observed in, at least, three
consecutive TOF spectra; (c) the charge state of the fragment, z;, is
less than that of the precursor, zp (zr<zp) and (d) drift time profile
of the fragment aligns with and is enclosed in the drift time profile
of the precursor as follows:

Precursorscan_start < fragmentscan_start

fragmentscan,end = precursOrscan_end

where scan_start and scan_end indices denote the beginning and the
end of the IMS drift profile. A combination of the unique candidate
precursor and a minimum of three unique candidate fragments was
set as a criterion to confidently identify a unique peptide. If identi-
fied with more than one charge state, a unique peptide was counted
only once.

5. Results
5.1. Collection, fragmentation and CID efficiencies

The IMS-CID-TOFMS approach was assessed using the figures
of merits for the CID efficiency and the contributing factors. A CID
experiment is characterized by the collection, fragmentation and
CID efficiencies as follows [39,40]:
P+> fi

Po

collection efficiency : E. =

(2)

o fi
P+>f; 3)

2 f;
- (4)

where Py is the intensity of the precursor ion (obtained from the
precursor mass spectrum under conditions optimum for the trans-
mission of the precursor), P is the surviving precursor ion intensity
in the CID spectrum, %f; is the sum of all fragment intensities in
the CID spectrum. E. accounts for the losses due to ion scatter-
ing/defocusing during the collision process, Esreflects the efficiency
of producing fragment ions and E¢yp is the overall CID efficiency,
which incorporate both the fragmentation and collection efficiency.
Note that in the triple-quadrupole platform E. accounts for the ion
losses at the entrance of the collision cell (Q2) and due to transmis-
sion through Q3 in the mass resolving mode.

fragmentation efficiency : Ef =

CID efficiency : Ecp = Ec x Ef =
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Fig. 2. 2D display of the IMS-CID-TOF spectra of methionine enkephalin.

A characteristic feature of the IMS-CID-TOFMS approach is that
the fragments drift time profiles match that of their precursor.
Though a precursor and its fragments are separated in the m/z
domain, their drift times are similar, enabling a correlation between
the precursor and fragment ions. This is illustrated in Fig. 2 for IMS-
CID-TOF 2D display of methionine enkephalin where the fragments
are evident as vertically aligned horizontal bands. Each band rep-
resents a drift time profile projected onto the IMS-TOF 2D map. A
slight shift (~200 ws) in drift time profiles between the fragment
of the lowest m/z and their precursor was noticed. The observed
shift is due to the fact that fragments continue to drift in the last
two segments of the quadrupole. This slight shift is negligible com-
pared to ion drift time in our drift tube and minimally, if not at all,
affecting our fragments assignments and our developed software
allow for controlled shift in drift time profiles.

To evaluate the CID efficiency, we have examined CID spec-
tra of a number of peptides. Fig. 3a shows a comparison of the
summed mass spectra for the doubly charged fibrinopeptide A
ions (768.8498 m/z) collisionally activated inside the segmented
quadrupole (SQ) and at the conductance limiting orifice, as was
previously reported [17]. The spectra in Fig. 3a were generated
by summing 20 TOF mass spectra in the IMS drift time range
of 24.0-26.0ms. While only 6 lower intensity fragments were
observed in experiment with the CL approach, inducing dissoci-
ation inside the SQ resulted in detection of 21 higher intensity
fragments. Not only was the number of fragments markedly dif-
ferent, but also m/z distribution was found to be broader for the
collisional activation inside the SQ. This drastic difference in the
number and m/z distribution of observed fragments as well as their
intensities reflect, mainly, the difference in the fragment collection
efficiencies.

To find the optimum CID efficiency for both the CL and SQ
approaches, we varied the collision energy by adjusting the elec-
tric field strength in the corresponding regions of ion activation
(to be referred to as collision voltage gradient). Table 1 shows
comparison of the E, E; and E¢pp efficiencies between the CL and
SQ methods for fibrinopeptide A 2+ ions at different voltage set-
tings. Although the fragmentation efficiencies (Ef) were found to
be comparable between the CL and SQ approaches, the collection
efficiencies (E.) were not. Higher collection efficiency of the SQ
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Fig. 3. (a) Comparison between the CID spectra of fibrinopeptide A inside the
segmented quadrupole (SQ, 90 V/mm) and at the conducting limiting orifice (CL,
60V/mm). The spectra shown are the sum of TOF spectra for fibrinopeptide A
(24.0-26.0 ms). (b) Mass measurement accuracy for the CID products performed
at CL and in SQ.

technique is ascribed to better ion confinement in the segmented
quadrupole following the collision process. At low collision voltage
gradient (and low collision energy) the losses due to ion defocusing
and scattering are low, leading to high collection efficiency of the
SQ approach (0.75). The SQ collection efficiency decreases to 0.60
at a higher acceleration voltage gradient of 110V/mm, while the
collection efficiency of the CL approach remained limited to ~0.1.
As a result, the CID efficiency (Eqp) of the SQ approach (0.61) was
higher than that of the CL approach by a factor of ~6. Another obser-
vation is that CID products in the CL activation (Fig. 3a) are shifted
toward the low m/z end of a mass spectrum while those observed

Table 1
CID efficiencies of fibrinopeptide A (2+) and neurotensin 3+ inside the segmented
quadrupole (SQ).

Segmented quadrupole Conductance limit orifice

\% E. Ef Ecp |4 E. Ef Ecp

fibrinopeptide A 2+
74 0.75 037 0.27 44 0.10 0.37 0.04
78 0.74 0.47 0.35 50 0.08 0.67 0.05
80 0.73 0.55 0.40 54 0.07 0.84 0.06
84 0.67 0.64 0.43 60 0.10 0.96 0.09
90 0.62 0.84 0.52 64 0.08 0.98 0.08
94 0.64 0.92 0.59 70 0.09 1.00 0.09

100 0.63 0.97 0.61

110 0.60 1.00 0.60

neurotensin 3+
80 0.64 0.94 0.60 60 0.02 0.94 0.02

V: collision voltage gradient, V/mm,; E: collection efficiency; E;: fragmentation effi-
ciency; Eqp: CID efficiency.
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with the SQ approach are distributed across a broader m/z range,
producing rich informational content. The MMAs for the fragment
signals acquired under the optimum conditions for both the CL and
SQ methods are shown in Fig. 3b. These results indicate an MMA of
+10 ppm, limited mainly by the ion statistics. As shown later in the
manuscript, higher MMA of both precursor and fragment species is
key for high confidence peptide identifications.

Experiments with triply protonated neurotensin have also
demonstrated SQ superior performance, as reflected in the CID
spectraincluded in the Supporting Materials section. Using an MMA
of £10 ppm, a total of 22 fragments were confidently identified
with the SQ approach, while only 6 fragments were matched in
the CL method. Table 1 reports Egp of 0.60 and 0.02 for the SQ
and CL approaches under the optimum conditions. Similar CID effi-
ciency trends have been observed for number of other peptides,
including leucine enkephalin, methionine enkephalin, bradykinin
and angiotensin I. Experiments with singly charged methionine
enkephalin and leucine enkephalin in SQ revealed a CID efficiency
of 39% and 36%, respectively. Since ions are confined radially in
the segmented quadrupole, ion losses can likely be attributed to
ion defocusing in the acceleration field region that could not be
mitigated by the quadrupole effective potential. This argument
is supported by the observation that triply charged neurotensin
ions exhibit higher collection efficiency than singly charged leucine
enkephalin ions at similar collision energies. The effective poten-
tial is proportional to the charge state squared which leads to
better confinement of multiply charged species. Higher effective
potential is expected to improve the collection efficiency inside
the segmented quadrupole. The difference in E¢p between mul-
tiply charged and singly charged species can be also attributed to
the ion multiplication [40]. Since charges can be located on various
sites along the peptide backbone each multiply charged precur-
sor ion can fragment into two or more ions while singly charged
ions fragment into an ion and a neutral. Accordingly, ion multipli-
cation results in higher collection efficiency for multiply charged
species.

A plausible explanation for ion losses at the conductance limit
is that the fragments retain part of their kinetic energy in the TOF
interface (due to low number of collisions at reduced pressure
between quadrupole exit and CL) that increases their velocity com-
ponent perpendicular to the TOF axis in the TOF extraction region.
An increase in the initial velocity of ions entering the TOFMS leads
to an increase in the incident angle in the TOF flight tube and is
accompanied by the loss of sensitivity, as reflected in the lower
collection efficiency of the CL approach.

The CID efficiencies of IMS-CID-TOF for singly charged
species were comparable to those obtained from the triple-
quadrupole instrument. The CID efficiency for singly charged
leucine enkephalin (m/z 556) in the triple-quadrupole instrument
was measured as 36% which is similar to 36% obtained from IMS-
CID-TOF and is comparable to the 34% efficiency for ions at m/z 500,
as reported by Thomson et al. [40]. A notable difference between
MS/MS spectra from the triple-quadrupole and that from IMS-CID-
TOF is the reduction in the number of internal fragments in the
spectrum obtained with the latter (see Fig. S2 in the supplementary
materials).

The difference in Eqp between the triple-quadrupole and IMS-
CID-TOF approaches becomes more pronounced when comparing
multiply charged species such as doubly charged fibrinopeptide A
and triple-charged neurotensin. An optimum E¢p of 17% and 10%
were obtained for the double-charged fibrinopeptide A and triply
charged neurotensin ions, respectively, with the triple-quadrupole
instrument. These E¢jp values are lower than those obtained in the
IMS-CID-TOF instrument by factors of 3.6 and 6, respectively (see
Table 1). These data demonstrate the advantages of inducing ion
fragmentation at the higher pressures (~200 mTorr) inside the seg-

mented quadrupole which is characterized by more effective radial
confinement of both the precursor and fragment ions.

5.2. Analysis of a bovine serum albumin digest

To further validate the SQ approach, a BSA tryptic digest has
been examined in direct infusion experiments with the IMS-TOFMS
instrument. BSA tryptic digest was used to mimic the complex-
ity of a single IMS-TOFMS frame typically acquired in the course
of LC-IMS-TOFMS studies with biological fluids. BSA was also
commonly used for method development, evaluation of plat-
form performance and false discovery rate in comparative studies
[41-46]. Fig. 4a shows a 2D display of the IMS-TOFMS map for
the BSA tryptic digest acquired at low collision energy condition
(no CID). Matching of the deisotoped IMS-TOFMS features against
the in silico BSA tryptic peptides at an MMA of +50 ppm resulted
in a histogram with a full width at half magnitude (fwhm) of
15.8 ppm, as shown in Fig. 4b. Searching against the in silico digest
within +£15 ppm gave rise to 37 putative matches in the precur-
sor IMS-TOFMS frame. It is noteworthy that all unique precursor
species and their fragments were matched against in silico BSA
peptides and their fragments in a fully automated fashion using
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dates of BSA peptides (+50 ppm) from the precursor ion spectrum across all IMS
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Fig. 5. 2D display of the IMS-MS/MS-TOF spectra for a BSA tryptic digest sample
under collision voltage gradient of 56 V/mm inside SQ.

the algorithm developed for the deconvolution of complex multi-
plexed IMS-TOFMS and IMS-multiplexed CID-TOFMS signals. The
same algorithm was then used to evaluate the false discovery rate
of peptide identifications. Fig. 5 shows an example of IMS-CID-
TOFMS frame at collision voltage gradient of 56 V/mm inside the
segmented quadrupole. The vertical streaks in the 2D display rep-
resent concurrent fragmentation of multiple peptides at IMS drift
times of 19-23 ms. The collision voltage gradient was varied from
28 to 140 V/mm to determine the optimum conditions for all ions
in IMS-TOFMS separation. As shown later in the manuscript, a col-
lision energy ramp may not be required to efficiently fragment
peptide ions, since many of these species are present as multiple
charged ions and efficiently fragment at the same collision energy.
Instead, dissociation of all ions exiting the IMS stage can be attained
at two or three different collision energies.

To illustrate identification of peptides with IMS-multiplexed
CID-TOFMS approach, we now focus on one of the BSA peptides.
Fig. 6a shows the monoisotopic masses of RHPEYAVSVLLR peptide
and its fragments as a function of the TOF spectrum number (also
referred to as IMS scan number) at a collision voltage gradient of
56 V/mm. Although RHPEYAVSVLLR peptide has 2+ and 3+ charge
states (labeled precursors in Fig. 6a), only 3+ ions (IMS scan number
~200) fragmented at this voltage gradient, while the 2+ ions (IMS
scan number ~260) needed higher voltage gradient to induce dis-
sociation. Fig. 6a illustrates that fragments are aligned with their
precursor in the IMS domain (see vertical streaks), so that ions
located outside of the dashed rectangle in Fig. 6a should be disre-
garded. Accordingly, the deisotoped clusters at IMS scan numbers of
~240 and ~232, and monoisotopic masses of 1287 and 773, respec-
tively, were excluded from consideration. Fragments with MMA
worse than 15 ppm were also discarded. The fragment at an IMS
scan number of 208 and a monoisotopic mass of 1038.5 was also
disregarded because it was observed in less than three consecutive
scans which does not constitute a drift time profile. The summed
mass spectrum for the drift time range within the rectangle in
Fig. 6a is shown in Fig. 6b. The mass spectrum also displays frag-
ments from other multiple precursors along with labeled fragments
of RHPEYAVSVLLR precursor. A total of 25 fragments (a2, a4-8,
b2-9,y2-11,x6,x11) were identified for the RHPEYAVSVLLR precur-
sor. Another illustration for the utility of the developed algorithm
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Fig. 6. (a) Plot of monoisotopic mass vs. IMS scan number for the identified frag-
ments of RHPEYAVSVLLR. The circles size is scaled to reflect the ions’ monoisotopic
peak intensity. The colors denote the observed charge state (1+, red; 2+ green; 3+,
blue). (b) MS/MS spectra (sum of IMS scans 185-205) for BSA at acceleration volt-
age gradient of 56 V/mm. For clarity, annotations for some of the fragments are not
shown. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

in deconvoluting data for peptides which overlap in the IMS dimen-
sionis shown in Fig. 7. The doubly charged ions of the two identified
peptides, HLVDEPQNLIK and FKDLGEEHFK, are partially overlapped
in the IMS dimension as shown by the extracted IMS profiles of each
peptide. As mentioned in the data processing section, the first step
involve the identification of each peptide sequence based on the
matching of monoisotopic mass of each profile representative to a
list of candidates masses within a mass accuracy tolerance. Since
the two peptides profiles shown in Fig. 7 have different masses, the
profiles representatives are readily assigned despite the overlap in
the IMS dimension. In cases of complete overlap of IMS profiles,
the algorithm will still be able to assign the profile representative
as long as the monoisotopic masses of the overlapped ions differ by
greater than the mass accuracy tolerance. The profile representa-
tives for the IMS-aligned fragments are also determined similar to
the precursors. Finally, only the fragments of monoisotopic masses
that match the theoretical list of candidate fragment generated
based upon the precursor sequences and within the mass tolerance
are considered.

Mass errors of all candidate fragments identified within
+50ppm from all IMS scans, at all collision energies and using
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+15 ppm for precursors ions were composed to a histogram whose
fwhm was found to be 18.5 ppm (Fig. S3 in the Supplementary Infor-
mation section). This indicates that collisional activation in the
segmented quadrupole at relatively high pressure (~200 mTorr)
has negligible effect on the mass error distribution of the frag-
ments as compared to the precursors (see Fig. 4), implying that the
fragments are thermalized and have narrow energy distribution
before exiting the quadrupole into the TOFMS. Searching for frag-
ment matches within +15 ppm and considering only the unique
precursors with at least three unique fragments, we have identi-
fied 283 unique fragments that belonged to 20 unique peptides
of the initial 37 candidate precursors. Masselon et al. reported
that a minimum of three fragments per precursor was required
to reduce the false positives [9]. As described in the Experimental
section, the term “unique” refers to the representatives of the frag-
ment/precursor drift time profiles that passed all the constraints.
In this initial evaluation, we have employed stringent matching
criteria and considered only a, x, b and y fragments types. In the
future, the multiplexed IMS approach will be extended to account
for post-translational modifications and neutral losses, such as H,O
and NH3. Fig. 8 shows the number of fragments matched per unique
peptide. The number of matches ranged from 3 to 31 fragments
with an average of 14 fragments per unique peptide which indi-
cates a high level of confidence in identifications of peptides in
IMS-multiplexed CID-TOFMS experiment.

Fig. 9a shows the trend in peptide identifications as a func-
tion of the collision energies. With an increase in the collision
energy, the number of unique precursors increases, levels off and
then decreases at high collision energies. The maximum num-
ber of unique peptides identified at the optimum collision energy
was 22. As indicated in Fig. 9a, many of the precursors were
identified from different charge states which fragmented at dif-
ferent collision energies. Shown in Fig. 9b, the number of unique
fragments followed the similar trend observed in Fig. 9a for the
unique precursors. The number of matched unique fragments ini-
tially increases, mainly due to fragmentation of the higher charge
state ions. The number of unique fragments was then found to

be nearly constant (~110 unique fragments) over wide range of
collision energies followed by a decrease at high collision ener-
gies due to over fragmentation (internal fragments). The maximum
number of BSA unique fragments identified at any acceleration
voltage was 123. Fig. 9b is further analyzed according to the dif-
ferent precursors charge states and is shown in Fig. 9c. Fig. 9c
indicates that, generally, doubly charged ions have optimum col-
lision voltages higher than triply charged species. There were
not enough data points for the quadruply charged ions to visu-
alize a trend. It should be noted that a peptide having multiple
charge states could be identified at different collision voltage gra-
dients. Since the collision energy in the center-of-mass reference
frame is proportional to the analyte charge state and inversely
proportional to the analyte mass, higher charge state ions read-
ily fragment at lower collision voltage gradients, while higher
collision voltage gradients are needed to decompose their singly
charged counterparts. Although a range of collision voltages were
used in this study we found that two or three voltage was needed
to cover 100% of those BSA peptides identified at all voltages.
Table S1 (supplementary Materials) list all BSA peptides identified
with different charge states at all collision voltages ranges. Also
reported in Table S1 those BSA peptides identifies at low and mod-
erately higher collision voltage (40 and 96 V/mm). As indicated in
Table S1 all peptides can be identified at those two points. Given
the limited complexity of BSA digest it seems that three rather
than two collision voltages are sufficient for more complex mix-
ture.

Finally, the dynamic range of the identified peptide from the
direct infusion of BSA digest (as obtained from the mass spectra
peak intensities) spanned two orders of magnitude (see Fig. S4 in
supplementary materials) and extends to a factor of 25 when con-
sidering fragments. The dynamicrange of this experiment is limited
by ADC acquisition system, the mode of analysis (i.e., direct infusion
versus LC) and the sample complexity. Approaches to extend the
ADC-limited dynamic range involve data-dependent accumulation
in the trap [47] in addition to using multiplexed ion mobility-TOF
approach [41,48].
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5.3. Estimate of false discovery rate

To evaluate the confidence in peptides identifications with
IMS-multiplexed CID-TOFMS, we have determined the false dis-
covery rate using a decoy database. Glycogen phosphorylase
(PO0489|PYGM_RABIT, 843 amino acids) was chosen for this study.
Using the same digestion rules (R and K but not before P) and
three missed cleavages, in silico PYGM digest yielded 388 peptides
while that of BSA had 302. No overlap in sequences for the PYGM
and BSA tryptic peptides with masses above 400 Da exists. Simi-
larly, within £15 ppm there is no overlap in monoisotopic masses
between BSA and PYGM tryptic peptides. Therefore, IMS-TOFMS
features obtained in the analysis of the BSA sample would repre-
sent only the random matches against PYGM tryptic peptides. Using
both the precursor and fragment ion information, 20 unique fea-
tures were confidently identified as BSA tryptic peptides and only
one feature was matched against PYGM sequence, resulting in an
FDR of 0.6%. The FDR was calculated as a ratio of the number of
unique features matching PYGM to that of the identified BSA tryp-
tic peptides at all collision energies studied. Importantly, this high
confidence in peptide identifications results from a combination of
both the precursor and fragment ion mobility information derived
in the IMS-multiplexed CID-TOFMS analysis as well as MMA. Alter-
natively, relying only on the MMA of +15 ppm and allowing all the
IMS-TOFMS features to be counted as a valid match irrespective of
the IMS drift time profiles resulted in an FDR of 35.3%. Using only the
MMA of 15 ppm and the constraint of three fragments per peptide
while discarding the IMS information, brought about an FDR of 8.8%.
Therefore, a combination of physical constraints, such as drift time
information for the precursors and fragments, high MMA, and the
requirement to detect, at least, three unique fragments per peptide
reduced the FDR by a factor of >35 in IMS-multiplexed CID-TOFMS
experiments with complex proteolytic digests. We have also eval-
uated the confidence in identification of BSA peptide using much
larger decoy database (>156,000 entries) which incorporated all
possible peptides (no cleavage rules) of six proteins (horse myo-
globin, haptoglobin, carbonic anhydrase, glycogen phosphorylase,
transferrin, phosphorylase b). Interestingly, the FDR remained <1%
when the requirement of four unique fragments per peptide was
employed for peptide identifications.

To further illustrate the importance of ion mobility we show
the case where two fragments having masses of 711.4209 and
711.4267 amu, which are separated only by 8 ppm, and their profile
representatives were observed at IMS scans of 193 and 237, respec-
tively. However, based upon drift-times information the fragment
of 711.4209 amu was matched to a7 of KVPQVSTPTLVEVSR peptide
whose IMS profile spans IMS scans 190-230 while the fragment of
711.4267 amu was matched to x6 of HPEYAVSVLLR peptide whose
IMS profile spans IMS scans 236-246. These results indicate that
the developed IMS-multiplexed CID-TOFMS approach can be suc-
cessfully utilized in the course of capillary LC separation of protein
digests from biological fluids. Importantly, this peptide sequencing
technology can be now extended to the analysis of LC-IMS-MS fea-
tures which are separated only in the IMS domain, while having the
same retention time and mass as the species identified in the con-
ventional LC-MS/MS experiments. Reliable identification of these
LC-IMS-TOFMS features uniquely position IMS-TOFMS technology
to augment the proteomics research.

6. Conclusions

We have evaluated multiplexed collision-induced dissociation
(CID) in the interface between an ion mobility spectrometer (IMS)
and a time-of-flight mass spectrometer (TOFMS). To deconvolute
the IMS-multiplexed CID-TOFMS raw data, informatics approaches

effectively using information on the precursor and fragment drift
profiles and mass measurement accuracy have been developed. It
was shown that radial confinement of ion packets inside an rf-
only segmented quadrupole operating at a pressure of ~200 mTorr
and having an axial dc-electric field minimizes ion losses due to
defocusing and scattering, resulting in high abundance fragment
ions which span a broad m/z range. Efficient dissociation at high
pressure (~200mTorr) and high ion collection efficiency inside
the segmented quadrupole resulted in CID efficiencies of singly
charged ions that are comparable to those reported with triple
quadrupole mass spectrometers. The modulation of an axial dc-
electric field strength inside the segmented quadrupole can be used
either to induce or to prevent multiplexed ion fragmentation. In
addition, the axial electric field ensures ion transmission through
the quadrupole at velocities which do not affect the quality of IMS
separation. Importantly, both the precursor and fragment ions were
acquired at good MMA (<20 ppm). The IMS-multiplexed CID TOFMS
approach was validated using a mixture of peptides and a tryptic
digest of BSA. Combining alignment of the precursor and fragment
ion drift time profiles, an MMA of £15 ppm for the precursors and
fragments, and the requirement of having greater than 3 unique
fragments per unique precursor, we have confidently identified 20
unique BSA tryptic peptides in a single IMS separation. On aver-
age, each peptide sequence was corroborated with an average of 14
unique fragments. The peptide level false discovery rate of <1% was
determined when matching IMS-multiplexed CID-TOFMS features
against a decoy database composed of the tryptic peptides of glyco-
gen phosphorylase (PYGM) without use of liquid phase separation
(e.g., LC). It was also found that incorporating IMS information for
the precursors and fragments as well as high MMA for fragments
decreased the FDR by a factor of >35 as compared to that obtained
using the MMA only. We have shown that the developed algorithm
was able to identify peptides whose IMS profiles overlapped. The
algorithm utilized a combination of constraints provided by the ion
mobility as well as the time-of-flight mass spectrometer mass accu-
racy. A modest mass accuracy (<15 ppm) was crucial to the success
of the approach so improving mass accuracy is expected to help
reduce the false discovery rate specially with more complex mix-
tures than BSA. This approach relies also on the knowledge of can-
didate peptides (in silico digestion) as well as candidate fragments
(generated using common cleavage rules) and was not evaluated
for de novo sequencing which may require better mass accuracy in
addition to ion mobility to reduce false identifications. Finally, the
developed IMS-multiplexed CID-TOFMS approach has been shown
to provide high throughput, high confidence identifications of pep-
tides from complex mixtures and, in the following work, will be
applied to identification of the LC-IMS-TOFMS features which can
only be detected due to separation in the IMS drift time domain.
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