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Abstract

An ion mobility/time-of-flight mass spectrometer (IMS/TOF MS) platform that allows for

resonant excitation collision induced dissociation (CID) is presented. Highly efficient, mass-

resolved fragmentation without additional excitation of product ions was accomplished and over-

fragmentation common in beam-type CID experiments was alleviated. A quadrupole ion guide

was modified to apply a dipolar AC signal across a pair of rods for resonant excitation. The

method was characterized with singly protonated methionine enkephalin and triply protonated

peptide angiotensin I, yielding maximum CID efficiencies of 44% and 84%, respectively. The

Mathieu qx,y parameter was set at 0.707 for these experiments to maximize pseudopotential well

depths and CID efficiencies. Resonant excitation CID was compared to beam-type CID for the

peptide mixture. The ability to apply resonant waveforms in mobility-resolved windows is

demonstrated with a peptide mixture yielding fragmentation over a range of mass-to-charge (m/z)

ratios within a single IMS-MS analysis.
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Introduction

Collision induced dissociation (CID), the “gold standard” of ion fragmentation in mass

spectrometry (MS), has been universally applied to a range of analytical chemistry

applications due to its efficiency, ease of implementation, and instrument control [1]. In the

CID process, ions are electronically and/or vibrationally excited through energetic collisions

with an inert neutral target gas [2]. Multiple MS platforms have been employed for

structural analysis by CID, including sector [3], triple quadrupole [4], quadrupole ion trap

[5], quadrupole time-of-flight (qTOF) [6], time-of-flight/time-of-flight (TOF/TOF) [7], and

Fourier transform-ion cyclotron resonance (FT-ICR) [8] instruments. The implementation of

CID generally falls into one of two approaches: i.) axial excitation or ii.) radial excitation.

CID via axial excitation is accomplished by accelerating ions along the axis of a beam
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geometry instrument into a collision cell containing the target gas [2]. This is typically

accomplished by establishing a DC potential gradient through the acceleration region and is

amenable to sector, triple quadrupole, qTOF, or TOF/TOF instruments. The advantages of

this method include the wide range of energies available with different instrument

geometries (eV-keV) and ease of implementation (viz. increasing a DC bias voltage) [3–4,

6–7]. Radial excitation by RF heating is implemented by displacing ions close to a RF

multipole ion guide or ion trapping instrument, increasing the amplitude of ion micromotion

by energy absorption from the RF field [9]. RF heating can be implemented in a broadband

fashion by using DC potentials [10–14] or low frequency AC [15] in the radial axis or in a

mass selective fashion by applying a dipolar waveform in resonance with the fundamental

secular frequency of ion motion in the RF multipole ion guide[16–17]. Dipolar AC resonant

excitation CID enjoys the advantage of only exciting ions over a limited mass-to-charge

(m/z) ratio range without need for precursor ion isolation as the secular frequency is m/z

dependent. In addition, product ions are generally no longer in resonance with the excitation

signal, effectively eliminating over-fragmentation while also allowing very high efficiency.

Over the past several decades, “low energy” (<100 eV translational energy) CID has been

applied extensively to structural studies of biologically-relevant macromolecules owing to

broad effectiveness and applicability of “soft” ionization methods [18–19]. An important

application of low energy CID is to peptide identification using tandem MS analysis

(MS/MS) [20]. The tandem MS/MS technique, often coupled with a reversed-phase liquid

chromatography (RPLC) separation, has been effectively applied to “bottom-up” proteomics

in which proteins are enzymatically digested and identified by the sequence identification of

all the substituent peptides [21]. There are challenges with the “bottom-up” approach. The

first challenge is coelution of peptides. Complex mixtures contain a multitude of peptides,

leading to complex mass spectra even after LC separation. The second challenge arises from

the first. The traditional “bottom-up” approach utilizes tandem MS for peptide identification,

but the selection of single peptides for tandem MS analysis suffers from low duty cycles, as

peptides that coelute with the chosen peptide are not analyzed. The result is limited coverage

of digested proteins, leading to far less peptide and protein identifications. Multiplexed

MS/MS methods have been developed that allow for fragmentation of all coeluting peptide

ions throughout the “bottom-up” experiment to increase ion utilization duty cycles [22–27].

However, there are fundamental difficulties in the implementation of multiplexed methods

as well. The product ions of coeluting peptides are convoluted, making it difficult to assign

the fragment ions to their corresponding peptides. Another inherent issue with multiplexed

methods is the choice of a collision energy that is effective for the fragmentation of all the

coeluting peptides, as over or under-fragmentation of peptide ions can result in a loss of

sequence information and instrument sensitivity for the identification [28].

Ion mobility/collision induced dissociation/mass spectrometry (IMS/CID/MS) approaches

have been developed for peptide fragmentation and are particularly well suited to combat the

deficiencies of multiplexed MS/MS methods. IMS relies upon the effects of the collisional

cross sections of ions, travelling via an electric field in a drift cell containing a background

gas, upon their velocities [29–32]. IMS can be performed in a lossless fashion, allowing for

greater proteomic coverage by reducing the complexity of mass spectra, owing to
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orthogonality of IMS to LC and MS analyses [33–39]. By fragmenting ions after IM

separation, both precursor and product ions have essentially the same drift times, allowing

for product ions to be matched to their corresponding precursors [40] to increase the number

of peptide identifications. In addition, the over and under-fragmentation problems have been

somewhat alleviated by matching different CID energies to different drift times [41]. The

optimal CID energy has been shown to be linearly related to drift time in previous studies

that employed ramping the CID energy with increasing drift times [42]. Unfortunately,

initial attempts at variable collision energy IMS/CID/MS yielded low fragmentation

efficiencies (~30% for multiply charged ions of bovine serum albumin) [42]. The

implementation of a segmented quadrupole operated at 200 mTorr helped increase

efficiency, but in that implementation, CID energies were not related to ion drift times [43],

not allowing for efficient fragmentation for complex mixtures covering a broad m/z range.

Thus, the ability to relate CID energy with drift time while maintaining high fragmentation

efficiency is desired.

The current implementation of multiplexed IMS/CID/MS utilizes variable energy dipolar

AC resonant excitation CID in a quadrupole ion guide after IM separation of ions for mass

and mobility-resolved excitation with high efficiency. The benefits of the approach includes

the ability to apply drift time resolved CID energies over an m/z range that is relevant to

bottom-up proteomics measurements (e.g. m/z ~300–1200). In addition peptides are

fragmented without the need for precursor ion isolation, greatly improving duty cycle, and

the fragmentation is done in a fashion mitigating over-fragmentation due to further

excitation of fragment ions. The purpose of this study is to explore the efficiency of dipolar

resonant excitation applied in mobility-resolved windows for model peptides and to evaluate

fragmentation using a mixture of peptide ions.

Experimental

Methods

Experiments were performed on a home-built nanoelectrospray (nanoESI)-IMS-QTOF MS

instrument that has been described previously in the literature (Fig. 1) [43]. Briefly, ions are

formed in the nanoESI source by 300 nL/min direct infusion at an applied potential of 4.3

kV. The source and drift tube regions of the instrument are floated to 1.8 kV. Ions are

sampled by a stainless steel heated capillary operated at 120 °C into a dual-ion funnel

interface [44–46]. The first ion funnel is operated at 12 Torr and is offset by a few mm from

the entrance aperture of the second funnel, an ion funnel trap operated at 3.95 Torr [47–48].

The ions are trapped for ~5 ms and pulsed out of the trap for ~0.5 ms. The drift tube is

operated at 4 Torr N2 with an electric field of 17 V/cm. Maintaining a slightly positive

pressure of 50 mTorr between the IMS drift cell and the ion funnel trap helps to minimize

gas dynamics effects and prevent neutrals from entering the drift tube. Ions are sampled at

the end of the drift tube by a third ion funnel and focused into the exit optics; viz. a short

quadrupole, operated at a driving RF frequency of 1.3 MHz and amplitude of 125 Vp-p, and

a collision quadrupole, operated at variable RF frequencies and amplitudes. Pressure in the

short quadrupole was kept at ~400 mTorr and the collision quadrupole was operated at ~80

mTorr. Both quadrupoles had inscribed radii of r0 = 2.8 mm. The collision cell utilized vane
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electrodes running longitudally along the quadrupole between each pair of rods to allow for

a DC potential gradient to be established in the axial direction to avoid broadening the

arrival time distribution through the collision cell (Fig. 2(a)). A DC gradient of 35 V was

used between the last electrode of the rear ion funnel and the exit orifice plate after the

collision quadrupole. Each of the four vane electrodes was divided into 6 segments, each

11.58 mm long, spaced by 0.51 mm between consecutive segments. The first four segments

and the final two segments were each resistively coupled, yielding two separate vane

sections controlled by four DC power supplies. The home-built portion of the instrument

was directly coupled to an Agilent 6538 QTOF MS (Agilent, Santa Clara, CA, USA)

utilizing a 1.5 m flight tube. The standard ESI source was removed and collision quadrupole

exit plate was mated to the entrance octopole ion guide of the QTOF.

The resonant excitation waveforms were superimposed on the main RF of the collision

quadrupole (Fig. 2(b)). One pair of rods received a single phase of RF with the rods

electrically coupled, while the other pair contained electrically isolated rods. The waveforms

were applied to the primary coil of a toroidal transformer, wound in a turn ratio of 10:40:40

with two secondary coils. The second phase of the drive RF was applied to both secondary

coils, and the outputs were wired to the second pair of rods. Waveforms were generated by a

NI PXI-5412 arbitrary waveform generator (National Instruments Corporation, Austin, TX,

USA). Software written in C# was developed in-house to apply waveforms in variable time

windows during each IMS separation to match the arrival times of ions in the collision

quadrupole. Waveforms applied were the sums of individual sine waves calculated for the

secular frequencies of particular ions of interest. Secular frequencies (ω) were calculated by

the following equation for ion motion in a purely quadrupolar RF field

(1)

where β refers to the iso-βr lines from the Mathieu stability diagram and Ω is the frequency

of quadrupolar RF. β is calculated from the approximation

(2)

where qx,y represents the Mathieu stability parameter in the radial dimension, given by

(3)

The previous approximation holds for low values of qx,y <0.2 but nevertheless provided

secular frequencies that were experimentally validated for inducing fragmentation [17].

Materials

Angiotensin I human acetate salt hydrate, [Met5]enkephalin acetate salt hydrate,

neurotensin, substance P acetate salt hydrate, and melittin from honey bee venom were

purchased from Sigma-Aldrich (St. Louis, MO, USA). Solutions of angiotensin I and
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methionine enkephalin were used in concentrations of 1 µM. A four peptide mixture solution

was made from 1 µM each angiotensin I, neurotensin, substance P, and melittin. Each

solution was made in a matrix of 50:50:1 methanol:water:acetic acid and samples were used

without further purification.

Results and Discussion

Methionine Enkephalin

The initial characterization of the dipolar AC excitation method was performed utilizing the

singly protonated peptide methionine enkephalin (YGGFM, m/z 574.2). A dipolar AC

resonant excitation waveform of 338 kHz, 8 Vp-p was applied across a pair of rods with the

main RF set to 1.35 MHz, 1188 Vp-p. The dipolar waveform was applied from time 29–34

ms determined by the observed drift time distribution of the precursor methionine

enkephalin ion. The CID amplitude, 8 Vp-p, is much higher than CID voltages used in

typical ion trap CID experiments [17]. Higher amplitudes are necessary due to the much

shorter residence times of the ions in the collision quadrupole (~0.1 – 1 ms) than that in ion

traps (~10–100 ms). The operating drive main RF amplitude yields a Mathieu qz,y value of

0.707, placing the ion in the deepest pseudopotential well depth[17]. The pseudopotential

well depth model gives an estimation of well depth in a quadrupole by the following relation

[17]

(4)

The well depth for methionine enkephalin under the given main RF is 105 eV.

The resonant excitation CID product ion spectrum of methionine enkephalin is shown in

Figure 3 (a) as a nested IMS/MS spectrum with drift time as the x-axis, m/z as the y-axis,

and abundance given by color contours. For comparison, the nested IMS/MS spectrum for

methionine enkephalin without the application of dipolar AC is given in Supplemental

Figure 1. Figure 3 (a) shows that the fragment ions retain the same drift time as the

precursor ion since fragmentation occurs after drift time separation and the flight time of the

ions after the drift tube and before arrival at the TOF detector is short (~1.2 ms for the

pressures used) compared to drift times (~20–30 ms) [40, 42–43]. The largest shift in drift

time observed was 163 µs, between the abundance maxima of the smallest fragment (F

immonium ion) and a m/z 574.2 precursor. This is comparable to the shift in drift times

observed for methionine enkephalin and its products from a previous study [43]. Such shifts

occur due to the slight difference in flight times between the smallest and largest ions after

dissociation in the collision quadrupole before reaching the TOF detector. The observed

fragment ions are annotated in the mass spectrum of the experiment (Fig. 3 (b)). Several

observations can be made from the product ion spectrum. First, the a4 to b4 abundance ratio

favors a4 (1.5:1), typical for CID of protonated enkephalin ions [49]. The a4 and b4 ions are

typically the favored dissociation pathways since these fragmentation channels have the

smallest activation barriers. Second, the third most abundant ion is b3, commonly observed

since it has the next lowest reaction barrier. Third, the y2 and y3 ions are the major C-

terminal fragments observed, with a smaller fraction of y4. Other observed fragments
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include y1, b2, the C-terminal immonium ion F, the N-terminal immonium ion Y, and the

internal fragments GF and GGF. An important feature is the ability to transfer and detect

low mass fragments. For example, the calculated qx,y parameter for F (m/z 120.1) under the

conditions used is 3.38, far beyond the region of stability for transmittable ions through the

collision cell ending with a qx,y value of 0.908. The calculated low mass cutoff for the

collision cell under the given RF is m/z 447.1. Therefore, though the ions gain kinetic energy

in the collision cell during dipolar excitation, the short ion residence times in the quadrupole

largely delays fragmentation (or loss of fragments) until after exiting the collision cell. The

results are similar to pulsed-q dissociation or high-amplitude short-time excitation (HASTE)

physically separated in two separate ion guides rather than temporally separated within an

ion trap [50–52], which excite ions in a ~100 µs to a few ms timescale. The observed

sequence ions provide 100% sequence coverage of methionine enkephalin.

Fragmentation (Ef), collection (Ec), and CID (ECID) efficiencies were measured for dipolar

excitation CID of methionine enkephalin (Table 1 (a)) as additional figures of merit. These

quantities are calculated in the following fashion [53–54]:

(5)

(6)

(7)

P0 refers to the initial abundance of precursor ion, P is the remaining precursor ion

abundance after fragmentation, and Σf is the sum of the fragment ion abundances. The data

in Table 1 show the effects of the applied dipolar excitation amplitude on efficiency.

Amplitudes below 7.2 Vp-p have the highest collection efficiencies, but much lower

fragmentation efficiencies. This is due to under-fragmentation as a result of many ions not

reaching high enough internal energies to fragment with the amplitudes used. The CID

efficiency is highest at 7.2 Vp-p at 44%, which compares favorably to triple quadrupole and

other beam CID experiments on singly charged peptide ions[43]. Increasing the CID

amplitude above 7.2 Vp-p does give higher fragmentation efficiencies but at the cost of

significantly lower collection efficiencies. One explanation for the observed reduction in

collection efficiency at higher amplitudes is resonant ejection of the precursor ions.

However, the fragmentation efficiency decreases at the highest CID amplitude,

corresponding to product ion loss either due to low mass cutoff issues or losses at the exit

aperture of the collision cell or entrance to the octopole. The former explanation is not likely

as the low mass cutoff remains constant throughout the experiment and the (a4 + b4) to (F +

Y) intensity ratios actually decreases from activation amplitudes of 8.8 Vp-p to 9.6 Vp-p,

with ratios of 5.41:1 for 8.8 Vp-p and 2.406:1 for 9.6 Vp-p, respectively. (Supplemental Fig.

2).
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Angiotensin I

The nested IMS/MS product ion spectrum of the [M + 3H]3+ charge state of angiotensin I is

shown in Figure 4 (a). Angiotensin I ([M + 3H]3+) was used as a model multiply charged

peptide ion. The Mathieu qx,y parameter was set to 0.707 by utilizing a main RF of 1.35

MHz and an amplitude of 895 Vp-p. The precursor ion IMS/MS spectrum is given in

Supplemental Figure 3. CID was performed by applying a 336 kHz, 8.8 Vp-p waveform from

drift time 21 to 26 ms. The largest deviation in drift time is 488 µs, between the maxima of

the [M+3H]3+ (m/z 432.9) precursor ion and b9
2+ (m/z 583.3) product ion. The fragment ion

peaks from the IMS/CID/MS experiment are labeled in the mass spectrum in Figure 4 (b).

The most dominant dissociation pathway is cleavage N-terminal to the proline residue

yielding the y4/b6
2+ and y4

2+/b6 fragment ion pairs as is expected from the so-called

“proline effect” [55–60]. Combined with the other observed a, b, and y fragments, ~55%

sequence coverage is achieved. The fragmentation, collection, and CID efficiencies were

tabulated in Table 1 (b) as a function of excitation amplitude. Fragmentation efficiencies

increase as excitation amplitudes increase until all precursor is depleted at 8.8 Vp-p. The

collection efficiencies remain similar until they start to decrease dramatically at 8.8 Vp-p.

These two observations point to the loss of precursor before 8.8 Vp-p is reached by resonant

ejection instead of fragmentation. The highest CID efficiency observed was 84% using an

excitation amplitude of 8.32 Vp-p, beyond which point resonant ejection of the precursor

begins to occur. The increase in CID efficiency for angiotensin I over methionine

enkephalin is due to the effects of multiple charging on ion counting [54]. Multiply charged

precursor ions can fragment into two or more product ions, whereas singly charged ions

fragment into an ion and a neutral, causing an increase in measured signal and thus apparent

collection efficiency.

Peptide Mixture

Resonance excitation was performed on an equimolar mixture of angiotensin I, neurotensin,

substance P, and melittin to illustrate the utility of the method for fragmentation of a mixture

of mobility-resolved peptides (Figure 5). The primary RF was set such that the smallest

precursor, angiotensin I [M + 3H]3+, was at qx,y = 0.707 (1.35 MHz, 895 Vp-p) for the best

fragmentation. The primary RF was not changed throughout the experiment. The CID

waveform used for the experiment was designed by calculating the secular frequencies for

each peptide ion (angiotensin I [M + 3H]3+, m/z 432.9; neurotensin [M + 3H]3+, m/z 558.3;

substance P [M + 2H]2+, m/z 674.3; melittin [M + 4H]4+, m/z 712.14) by Equation 1 applied

over the measured drift time for each of the precursors (Figure 5(a)). Excitation amplitudes

were experimentally determined to observe the greatest number of fragments for each of the

peptides (Table 2). Extensive fragmentation occurs across the range of precursor mobilities

(Figure 5(b)). The results of the dipolar excitation experiment are compared to beam-type

CID in Figure 5(c). Beam-type CID was performed by raising the bias of the short

quadrupole exit orifice as well as the preceding elements to create a 30 V acceleration

potential into the collision cell. With beam-type CID, neurotensin shows extensive

fragmentation similar to with dipolar excitation. However, the amplitude necessary for

fragmentation causes over-fragmentation of angiotensin I to the extent that the precursor and

product ions are no longer observed. With acceleration potentials lower than 30V, no

Webb et al. Page 7

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2014 July 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



fragmentation was observed. This illustrates the utility of resonantly exciting specific m/z’s

with different excitation amplitudes in contrast to broadband application of uniform

excitation amplitude. Another observation is of low mass fragments not present with beam-

type CID. This is evidence that the low mass cutoff of the collision quadrupole affects the

observed fragment ion spectra in the beam-type vs. resonant excitation CID.

The product ion mass spectrum for neurotensin is extracted from Figure 5(b) and displayed

in Figure 6 to exemplify de novo sequencing of peptides by multiplexed IMS/dipolar

excitation CID. Peaks that did not match the arrival time distribution of the neurotensin 3+

precursor or that had inappropriately high charge states (e.g. 3+ greater than m/z 558) were

removed during data processing to isolate only neurotensin and its fragments. The product

ion spectrum shows mainly y-type fragments due to the increased basicity of the C-terminal

portion of the peptide from the arginine residues. 50% sequence coverage is attained,

comparable to the results for angiotensin I. Low mass immonium ions (viz. P, I/L, Y) are

observed, showing that activation at high qx,y values does not cause loss via low mass

cutoff.

Conclusions

A method for multiplexed IMS/CID/MS has been demonstrated by implementing dipolar

resonant excitation in a quadrupolar collision cell at ~80 mTorr. CID efficiencies of 44% for

singly charged ions have been demonstrated by using an increased Mathieu qx,y stability

parameter to allow for faster deposition of internal energy without ion losses. The axial

velocity of the ions through the system allows for excitation to occur in a short collision cell

after which fragmentation can occur, yielding fragment ions over a broad m/z range. This

phenomenon is analogous to pulsed-q dissociation or HASTE performed in a beam

instrument instead of an ion trap. Efficiencies of up to 84% were observed for multiply

charged ions. Reductions in CID efficiency were due to a reduction in fragmentation

efficiency with lower AC amplitudes and a reduction in collection efficiency with higher AC

amplitudes. Reductions in collection efficiency may be indicative of ion loss due resonant

ejection of precursor ions. Finally, the ability to apply resonant excitation in drift time

resolved windows was demonstrated with a mixture of peptides. The method performed

favorably in comparison with single energy beam-type CID, owing to the ability to tune

excitation conditions for each m/z. This allowed for extensive fragmentation to be observed

for the entire m/z range without losing the lower m/z peptides. IMS multiplexed resonant

excitation CID provides for the ability to obtain extended sequence coverage over a range of

m/z for peptides in a mobility-resolved complex mixture.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Illustration of the IMS/qTOF MS instrument used in this work.
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Figure 2.
(a) Illustration showing a single segmented vane divided into two resistively coupled

sections, and (b) approach used for the superposition of dipolar AC onto the drive RF for

resonant excitation.
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Figure 3.
(a) Nested IMS/MS product ion spectrum of methionine enkephalin. 1.35 MHz, 1188 Vp-p

main RF; 338 kHz, 4.0 Vp-p applied resonant excitation waveform, applied from time 29–34

ms. (b) Mass spectrum under the same conditions as (a). Known fragment ions are labeled.
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Figure 4.
(a) Nested IMS/MS product ion spectrum of angiotensin I 3+. 1.35 MHz, 890 Vp-p main RF;

336 kHz, 8.8 Vp-p applied resonant excitation waveform, applied from time 21–26 ms. (b)

Mass spectrum under the same conditions as (a). Known fragment ions are labeled.
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Figure 5.
(a) Precursor IMS/MS spectrum of the 4 peptide mixture. Precursor identities are labeled.

(b) Resonance excitation CID of the 4 peptide mixture using the waveform detailed in Table

2. (c) Single energy beam-type CID of the 4 peptide mixture. CID was performed by

creating a 30 V potential between the conductance limiting orifice after the short quadrupole

and the input voltage of the first segment of the vane in the collision cell. Main RF was 1.35

MHz, 895 Vp-p for all experiments.
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Figure 6.
Extracted mass spectrum for neurotensin 3+ and its fragments. Ions with unaligned drift

times and inappropriately high charge states have been removed.
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Table 2

Resonant excitation waveform for 4 peptide mix, representing a sum of sine waves. Main RF: 1.35 MHz, 895

Vp-p.

Peptide Amplitude, Vp-p Frequency,
kHz

Time, ms

Angiotensin I, 3+ 8 337 21.8 – 24

Neurotensin, 3+ 11.2 – 12 262 22.8 – 27

Substance P, 2+ 4.8 217 27.3 – 30

Melittin, 4+ 11.2 205 26.5 – 28.5
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