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Abstract
Simultaneous transmission mode collision-induced dissociation (CID) and ion/ion proton transfer
reactions have been implemented on a quadrupole/time-of-flight (TOF) tandem mass spectrometer.
Reagent anions were trapped in a pressurized quadrupole collision cell by applying appropriate DC
voltages while multiply protonated protein precursor ions were injected into the collision cell at
energies sufficient to give rise to CID. Intact precursor ions as well as fragment ions underwent ion/
ion proton transfer reactions during their passage through the collision cell and on to an orthogonal
acceleration TOF mass analyzer. The resulting product ion spectrum was then submitted to
deconvolution to yield a “zero-charge” spectrum, which was then matched against in silico produced
spectra derived from a protein database. Dramatic improvements in the scores associated with correct
matches were obtained relative to CID data without benefit of ion/ion reactions for proteins as large
as carbonic anhydrase (29 kDa). The parameters that most affect the extent of ion/ion proton transfer
during transmission through the instrument include the number of anions stored in the collision cell,
the amplitude of the radio-frequency trapping voltage, the voltage of the LINAC potential associated
with the collision cell, and the collision gas pressure. This work demonstrates that it is possible to
effect whole protein tandem mass spectrometry with simultaneous CID, ion/ion reactions, and mass
analysis for high duty cycle top-down protein characterization.
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Introduction
Protein identification and characterization via tandem mass spectrometry play central roles in
modern proteome research. The strategies used in protein identification and characterization
can be generally categorized into either “bottom-up” or “top-down” approaches; the former of
which involves enzymatic or chemical digestion of a protein sample before examination of the
digestion products by mass spectrometry while the latter involves direct interrogation of an
intact protein.1-8 While bottom-up approaches are very powerful and are generally much more
mature than top-down approaches, they suffer from loss of intact protein mass information,
often poor sequence representation from the identified peptides, and possible losses of
information regarding the identities and locations of post-translational modifications (PTMs).
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Top-down protein characterization, on the other hand, directly connects molecular weight
information of a protein with its primary structure information from tandem mass spectrometry,
which makes it particularly valuable in the characterization of protein PTMs. Despite their
potential advantages, however, top-down approaches can benefit from further development in
virtually all aspects of the overall experiment, which includes protein separation, ionization,
dissociation, and detection. For example, dissociation of whole proteins in excess of 100 kDa
has been found to be particularly difficult.9 Traditional approaches for whole protein
dissociation include ion trap collision-induced dissociation (CID),10 infra-red multi-photon
dissociation (IRMPD),11 collisional activation by sustained off-resonance irradiation,12 etc.
Dissociation techniques based on cation/electron interactions, such as electron capture
dissocation (ECD)13 and electron transfer dissociation (ETD)14, 15, have also been found to
be very useful in providing structural information16 that is often complementary to that
obtained from traditional activation approaches.17 Recently, interest has been directed to high-
energy collisional activation of whole proteins and peptides using beam-type (BT) CID18,
19 to access higher energies and to sample higher rate dissociation processes.

Issues that must be addressed for any top-down approach that interrogates multiply-charged
precursor ions are product ion charge state ambiguity and potentially severe product ion peak
overlap, which can be particularly problematic in the mass-to-charge region surrounding that
of the precursor ion. High resolving powers can address these problems by resolving the
isotopes of the product ions for charge state assignments and by minimizing peak overlap. The
capability for very high resolving powers is a major reason why Fourier transform ion cyclotron
resonance (FT-ICR), and recently Orbitrap,20, 21 mass spectrometers are commonly used in
top-down proteomics studies. Alternatively, ion/ion reactions can be coupled with a
dissociation experiment to generate a product ion spectrum with reduced complexity by
increasing the informing power of a mass analyzer of low-to-moderate mass resolution.22 In
general, product ions derived from an intact protein are reduced via ion/ion reactions to largely
singly charged ions. Strategies have been implemented whereby either all of the product ions
are subsequently subjected to mass analysis or only the low mass product ions are mass
analyzed.23-25 A disadvantage associated with charge reduction of product ions into singly
charged ions is a reduction in the detection efficiencies of high mass ions as the charge
decreases.26 However, this problem can be ameliorated by converting a partially charge
reduced CID spectrum into a “zero-charge” spectrum by use of a deconvolution algorithm.
27 With the fragment ion mass information, obtained either directly from a product ion mass
spectrum or after the deconvolution of the product ion spectrum, protein identification can
usually be made by comparing the product ions observed experimentally with predicted
fragment ions dissociated in silico from database candidate proteins.28-31

Ion/ion reactions of CID product ions derived from a dissociation experiment have been
implemented in either mutual storage mode32 or transmission mode,33, 34 the latter requiring
the storage of ions of only one polarity. In either case, the dissociation process was temporally
separated from the ion/ion reaction, typically by an ion cooling step. In this study, we evaluated
the possibility of combining the CID step with the ion/ion reaction step while continuously
collecting the product ion mass spectrum. Relative to a purely ion trapping approach, in which
separate steps would be required for CID, ion/ion reactions, and mass analysis, the
simultaneous CID, ion/ion reaction, mass analysis approach promises significant
improvements in duty cycle. This concept has been implemented with beam-type CID and ion/
ion reactions on a quadrupole/TOF tandem mass spectrometer platform. Parameters affecting
the extent of ion/ion reaction in such an experiment were systematically investigated. The use
of a deconvolution algorithm to convert product ion spectra after partial charge state reduction
to “zero-charge” spectra prior to database search was also explored. The overall approach has
proved to be effective for proteins as large as 29 kDa.
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Experimental Section
Materials

Bovine ubiquitin, horse heart myoglobin, and carbonic anhydrase from bovine erythrocytes
were obtained from Sigma-Aldrich (St. Louis, MO). Pentadecafluoro-1-octanol (PFO)
(CF3(CF2)6CH2OH) was purchased from Sigma-Aldrich (Milwaukee, WI). All materials were
used without further purification. For positive electrospray ionization (ESI), proteins were
dissolved in methanol/water/acetic acid (50/50/1) with a final concentration of 10 μM, while
PFO was subjected to negative ESI from 1% ammonium hydroxide methanol solution with a
final concentration of 400 μM.

Mass Spectrometer
All experiments were performed on a commercial quadrupole/time-of-flight (TOF) tandem
mass spectrometer (QSTAR XL, Applied Biosystems/MDS Sciex, Concord, ON, Canada)
modified to allow for ion/ion reactions.35 A home-built dual ESI source36 was directly coupled
to the interface of the instrument for positive and negative ion formation, which is shown in
Scheme 1 along with a typical experiment scan function created from Daetalyst 3.14, a version
of research software developed by MDS Sciex.

In the simultaneous transmission mode CID and ion/ion reaction experiment, both dissociation
and ion/ion reaction occur in the Q2 collision cell/linear ion trap (LIT) as protein cations of
relatively high kinetic energy, under the influence of a LINAC protential,37, 38 pass through
the anion population pre-trapped in the Q2 LIT. A typical scan function for such experiments
consists of the following steps: anion injection into the Q2 LIT with Q1 isolation, anion cool
in Q2 LIT, and cation injection and transmission through Q2 LIT into the orthogonal reflectron
TOF for mass measurement. Specifically, a negative high voltage (∼ -1 kV) was first applied
to one of the nano-ESI emitters to generate proton transfer reagent anions, which were
subsequently injected into Q2 LIT with Q1 quadrupole array operated in mass resolving mode
to allow only PFO dimers (i.e., [(PFO)2-H]-) to be accumulated in the Q2 LIT. The isolated
anions were cooled in Q2 for 10 ms with nitrogen as buffer gas at a pressure of ∼ 8 mTorr,
which is adjustable via the Daetalyst software, during which time the negative high voltage
was turned off. After the cooling step, a positive high voltage (∼ 1.5 kV) applied to the other
nano-ESI emitter was pulsed on to generate protein cations, which were sampled and
transferred into the mass spectrometer with Q1 operated in mass resolving mode to isolate the
precursor ions of interest. In the case of carbonic anhydrase, injected protein ions were
accumulated and cooled in Q0 by applying a positive DC voltage of 200 V on the end lens
between Q0 and Q1 before transferring into Q2 to increase the transmission efficiency.39
During the transmission, the difference between the DC offset potentials of the Q0 quadrupole
array and Q2 LIT was adjusted to control the kinetic energies of the protein precursor ions
injected into the Q2 LIT. The potentials on the other ion optics were also adjusted so that the
cations in Q2 LIT, either product ions or surviving precursor ions, continued to move through
the Q2 LIT and on to the TOF for mass analysis. The spectra collected here were typically
averages of 200 repetitions of the experiment (i.e. 200 cycles of the scan function).

Database Search
For the ubiqutin and apomyoglobin experiments, ProSight PTM40, 41 Retriever was used in
its absolute mass search mode as a top-down database search engine against the “human test
db” database (28929 basic sequences, 527357 protein forms), which also includes three protein
standards, i.e. apomyoglobin (horse heart), bovine ubiquitin, and bovine apocytochrome c.
However, ProSightPTM 2.042 was used for the database search for bovine carbonic anhydrase,
because of the inclusion of the sequence of this protein in its Bos taurus database (14706 basic
sequences, 2869593 protein forms). Input data to the search engine was a product ion list
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selected using the Origin 6.0 (OriginLab, Northampton, MA) ‘pick peaks’ function from a
‘zero-charge’ mass spectrum, which was constructed from the charge reduced CID spectrum
using the “Peak Score Reconstruct” tool in the Analyst 1.4.2 software with BioAnalyst
extention (Applied Biosystems/MDS Sciex, Concord, ON, Canada). The primary settings in
the “Peak Score Reconstruct” were the “mass-to-charge ratio tolerance” for charge series
identification for a multiply charged ion, which was typically set to m/z 0.5, and the “minimum
intensity” of a peak subjected to deconvolution, which was typically set to be 0.5% of the base
peak in the charge reduced CID spectrum. The “zero-charge” product ion masses selected by
the Origin program were searched as average masses against the protein database with an intact
protein mass window of 2,000 Da and product ion mass tolerance of 1.5 Da.

Results and Discussion
Simultaneous Transmission Mode Collision-induced Dissociation and Ion/Ion Reactions in
Q2 LIT

When a population of multiply charged protein cations passes through the Q2 LIT filled with
a mixture of neutral inert gas (e.g. nitrogen) and proton transfer reagent anions, both ion/ion
and ion/neutral interactions take place. Ion/ion proton transfer reactions lead to the charge state
reduction of peptide precursor and product ions. Ion/neutral collisions, on the other hand, can
lead to ion activation, ion deactivation, ion scattering, and/or ion focusing with the relative
contributions of each depending largely upon pressure and the kinetic energies of the ions as
they enter Q2. Previous studies of cation transmission mode proton transfer and electron
transfer reactions have indicated that the use of relatively low ion injection energies gives rise
to no or minor contributions from CID.33, 34 The major role of ion/neutral collisions in this
particular case is to improve the ion/ion reaction efficiency by reducing the relative ion
velocities and focusing ions to the center of the trap to increase the spatial overlap of the ions
of opposite polarities. On the other hand, if the isolated precursor ion enters the Q2 LIT at
relatively high kinetic energy, the initial collisions are likely to lead to a significant extent of
ion activation sufficient to drive ion dissociation to rates comparable to or faster than the ion/
ion reaction rates. Under these conditions, CID and proton transfer reactions can take place
more or less in parallel such that the resulting spectrum reflects products formed via
dissociation and charge reduction in various sequences. However, since ion/ion reactions are
favored at low relative velocities43, the likelihood for ion/ion reactions is expected to be highest
after much of the initial ion kinetic energy has been lost. Hence, most of the CID products are
likely to be formed from precursor ions close in charge to the ions initially injected into Q2.
For this reason, spectra obtained via simultaneous transmission CID and proton transfer
reaction appear to be similar to results obtained via beam-type CID in the absence of anions
with a subsequent ion/ion proton transfer step (data not shown).

Bovine ubiquitin was used as a model system to optimize conditions for the simultaneous beam-
type CID and ion/ion reaction experiment. The major experimental parameters affecting the
extent of ion/ion reactions during the course of cation transmission were found to be the number
of anions, which is determined by the anion injection time, low mass cut off (LMCO) of the
Q2 LIT, buffer gas pressure, and the LINAC potentials. Although the transmission time
(typically on the millisecond time scale) of the cation passing through Q2 LIT is expected to
play an important role in the extent of ion/ion reaction, it cannot be precisely controlled
independently of other variables. Hence, the effects noted for the experimental parameters
discussed above may also reflect differences in cation transmission times. The extent of the
ion/ion reaction in a simultaneous transmission mode CID and ion/ion reaction experiment can
be evaluated in a quantitative way using a figure-of-merit, the average m/z of the spectrum

, which can be defined as:
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where (m/z)n is the mass-to-charge ratio of the nth ion in the spectrum with an abundance of
An. The extent of ion/ion reaction of the transmitted cation population can also be reflected by
the degree of charge reduction of the precursor ion, an indicator of which is the average charge
state of the residual precursor ion in the spectrum (z ̄) which can be calculated as a weighted
average as shown below:

where z is the charge state of a ubiquitin precursor ion with an abundance of Az and m is the
highest charge state of the precursor observable in the spectrum. While z ̄ reflects only the extent
of the charge reduction of the precursor ion, the value of  indicates the degree of charge
reduction of the fragments as well.

Effects of anion injection time on the extent of ion/ion reaction—The overall ion/
ion reaction rate is strongly influenced by the number of anions in the LIT, which, for a fixed
set of anion formation conditions, is determined by the anion injection time. The effect of anion
injection time on the extent of ion/ion reaction is illustrated in Figure 1 with other major
parameters fixed during the experiments (i.e. Q2 LMCO = 300, nitrogen gas pressure = 8.8
mTorr, LINAC = +10 V, cation KE = 387.8 eV). Compared to the spectrum derived from beam
type CID of ubiquitin [M+7H]7+ without ion/ion reactions (Fig. 1(a)), the distribution of
products shifts to higher values of mass-to-charge with increasing anion injection time. The
ubiquitin ion population can be reduced to largely singly and doubly charged ions when it
passes through the Q2 LIT after anions were admitted into the Q2 LIT for 30 ms (Fig. 1(d)).

The progressive shift of peak distribution to the high m/z region of the spectrum with increased
anion injection time is evident in Figure 2(a), which shows the weighted average m/z of the
cation population that exits from the Q2 LIT. Consistent with the increase in the average m/z
of the ions, the average precursor ion charge state follows an exponential decay with anion
injection time (Fig. 2(b)). These results are consistent with the charge-squared dependence of
the ion/ion proton transfer reaction kinetics on the reactant ions, in which the rate determining
step is assumed to be the formation of a stable ion/ion orbiting complex44. For example, z ̄
decreases from +5.6 to +2.1 when the anion injection time increased from 5 ms to 15 ms, while
z ̄ decreased from +2.1 to only +1.9 when the injection time increased from 15 ms to 30 ms.
Although a long anion injection time reduces the cation charge state to a large extent, and thus
provides a simplified spectrum with less peak overlap, there is a sacrifice in total signal (see
Fig. 2(c)) due mostly to a reduction in detector efficiency at lower charge states and, to a lesser
extent, complete neutralization of the cations.26 Therefore, if sensitivity is a primary concern,
a relatively short anion injection time would be a better choice for the reaction when the
fragment ion information can be extracted by some means (vide infra) from a partially charge-
reduced fragment ion spectrum. Note that the cation injection time has an opposite effect in
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terms of the extent of ion/ion reactions and the sensitivity, which is not detailed here. That is,
at longer cation injection times, more anions are required for the same relative extent of charge
state reduction. Furthermore, at sufficiently long cation injection/transmission times (or with
very intense cation beams) the anion population can be substantially or essentially completely
depleted.

Collision gas pressure effects on the extent of ion/ion reaction—The Q2 LIT/
collision cell is normally pressurized with a neutral inert gas of 5-10 mTorr to collisionally
cool the ions to the central axis of the LIT to improve the ion transmission efficiency.45 The
extent of ion/ion proton transfer in this transmission mode experiment is also sensitive to the
pressure of the buffer gas. For example, at a low CID gas pressure of 4.5 mTorr nitrogen,
essentially no proton transfer was noted. However, when the gas pressure was increased, a
nearly linear increase in the average m/z of the spectrum was noted (see Figure 3(a)), which
was mirrored by the continuous decrease of z ̄ (see Fig. 3(b)). The increase of ion/ion reaction
efficiency with gas pressure likely arises from both an increase in the overlap of the oppositely
charged ion populations as well as a reduction in relative ion velocities. However, the use of
a high gas pressure comes at a cost in ion signal (Fig 3(c)) due to scattering losses, in addition
to signal loss due to lower detector response for low charge states. For example, the total ion
signal with the use of 11.1 mTorr Nitrogen is about five times smaller than that using a 4.5
mTorr gas (Fig 3(c)).

Effects of the LINAC potential on the extent of ion/ion reaction—The Q2 LIT used
in this study has been equipped with a LINAC function, which is used to create an axial electric
field along the central axis of the Q2 rods to allow for a measure of control of the ion movement
along the axis of the high pressure LIT. The voltages applied to the LINAC tapered electrodes
generate a DC potential drop along the axial direction of the rod set of approximately 1% of
the applied voltages. Although the use of a positive LINAC voltage can significantly improve
the transmission of the ions through the high pressure Q2 LIT, ion acceleration is expected to
reduce ion/ion reaction rates, due both to shorter cation residence times and higher ion/ion
relative velocities. Figure 4 summarizes the observations made as a function of LINAC
potential. It is apparent from Figures 4(a) and 4(b) that increasing the LINAC voltage decreases
the extent of charge state reduction, although the effect is not dramatic. For example, z ̄ increases
gradually from 3.2 to 4.6 when the LINAC voltage is increased from -5 V to +20 V (Fig. 4(b)).
Despite its negative impact on the ion/ion reaction, an increase in signal is also observed with
increasing LINAC potential. For example, an increase of nearly a factor of two in total cation
signal was observed when the LINAC increased from -5 V to +20 V.

Effects of Q2 LMCO on the extent of ion/ion reaction—One of the most effective
means to improve the transmission mode ion/ion reaction efficiency is to increase the spatial
overlap of the two ion polarities, as demonstrated in the use of a high CID gas pressure discussed
above. Similar effects can also be obtained by increasing the pseuso-potential well-depths of
the reactant ions46, 47 by increasing the amplitudes of the rf voltages applied to the Q2
quadrupole array. This amplitude is expressed here in terms of the low mass cut off (LMCO)
of the Q2 LIT. The use of relatively high rf amplitudes is facilitated by the selection of the PFO
dimer anion (m/z = 799) as the proton transfer reagent. With other parameters fixed (cation
KE of 387.8 eV, CID gas pressure of 8.8 mTorr, LINAC of +10 V, and anion injection time
of 60 ms), an increase of Q2 LMCO from m/z 100 to 600 leads to an increase of average
spectrum m/z value from about 1056 to 2259 and a decrease of average precursor ion charge
state from +6.2 to +2.9, as illustrated by Figures 5(a) and 5(b), respectively. Similar to the other
parameters, improvement in the ion/ion reaction efficiency from the use of a higher Q2 LMCO
is accompanied by a decrease in total ion signal (see Fig. 5(c)). At least some of the total ion
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loss can be attributed to the losses of ions with m/z values below the Q2 LMCO limit and the
decreased detection efficiency for the high mass ions of low charge state.

Combining the CID and ion/ion reaction steps in a transmission mode experiment improves
the duty cycle relative to an experiment that employs a mutual ion storage period. The relative
improvement can be determined by comparing the time associated with data accumulation (i.e.,
the collection of the MS/MS spectrum) divided by the total time of the experiment:

where tspectrum acquisition is the time the time-of-flight mass analyzer collects product ions and
ttotal is the total time for a given experimental cycle, which, in addition to spectrum acquisition,
includes reagent ion formation and trapping. For example, a typical trapping experiment for
ion/ion reactions of product ions derived from ion trap CID, which includes steps of cation
injection (200 ms), ion collisional activation (200 ms), anion injection (60 ms), ion/ion proton
transfer reactions (300 ms), ion mass analysis (50 ms), and three steps of ion cooling (15 ms/
step), yields a duty cycle of 0.25. This duty cycle can vary with the times used for the various
steps, depending upon ionization yields for the reagent and analyte ions. Using the same analyte
(200 ms) and reagent ion (60 ms) injection times, a duty cycle of ∼ 0.73 can be achieved with
simultaneous transmission mode CID and ion/ion reaction. The improvement in duty cycle
derives from performing the analyte ion accumulation, CID, ion/ion reaction, and mass analysis
steps in parallel, as opposed to in series, and from eliminating some cooling steps. The anion
injection time is the major factor affecting the duty cycle in the simultaneous CID and ion/ion
reaction approach. This time is determined by the achievable beam currents of analyte ions
and the minimum extent to which charge state reduction is needed to enable confident product
ion assignments.

Protein Identification/Characterization via Database Search of Deconvoluted Post-Ion/Ion
Reaction Product Ion Spectra with Limited Charge Reduction

The preceding section indicates that it is possible to drive the product ions to very low charge
states with an appropriate set of conditions (e.g., long anion injection time, high pressure, and
high LMCO). However, it may not be necessary or desirable to do so if the product ion spectrum
is sufficiently resolved for a deconvolution algorithm to be effective in converting the product
ion spectrum to a zero-charge spectrum. Spectrum deconvolution has been observed to be
effective in converting post ion/ion CID spectra with limited charge state reduction into zero-
charge spectra.27 Given the potential advantages that could be realized, the incorporation of
deconvolution of spectra resulting from partial charge reduction has been investigated for
protein identification.

The effectiveness of protein identification via a database search of a deconvoluted spectrum
from simultaneous transmission mode beam-type CID and limited charge reduction was
evaluated using spectra like those shown in Figure 1, which were collected as a function of
anion injection time. From the database search results, which are summarized in Figure 6(a),
all searches listed ubiquitin as the top possibility but with different scores. A quantitative
measure of the quality of a match is provided by an expectation value, E,48 which is the product
of the number of proteins in the search window multiplied by the probability score, P.31 The
probability score reflects the likelihood of a random protein match. A value P = 0.05 or lower
is considered to be statistically significant. For the ubiquitin search using a precursor mass
window of 2000 Da, 4373 proteins were included in the determination of the expectation value.
Figure 6 indicates that a short anion injection time can significantly improve the database
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search, as indicated by the increased pE (i.e., -log E) scores relative to a search based on the
product ion spectrum without ion/ion reactions. Relative to the control experiment without ion/
ion reaction, an almost fifteen order of magnitude improvement in the expectation value is
observed with 8 ms anion injection time, which is due in part to a significant reduction of the
peak overlap in the CID spectrum. A less obvious but also important consequence of the use
of limited charge state reduction is that the process tends to generate several charge states from
product ions, many of which are often formed in only a single charge state. The fidelity of the
zero-charge spectrum is improved when several charge states of a given molecule or fragment
are present because the deconvolution algorithm is designed to recognize charge state patterns.
A further increase in the anion injection time to 15 or 30 ms does not lead to a significant
improvement in the search confidence. Provided the peaks in the product ion spectrum are
resolved, as is the case for the 8 ms anion accumulation time, further charge state reduction is
expected to provide little improvement in the fidelity of the zero-charge spectrum.

Considering the important roles played by protein charge state and ion internal energy in
dissociation,18, 49, 50 it is of interest to study the effects of the cation charge state and KE on
the database search of a partially charge reduced CID spectrum. Figure 6(b) shows a plot of
pE versus precursor ion kinetic energy upon injection into Q2 for three charge states of
ubiquitin. As expected, each charge state shows a broad maximum in pE versus precursor ion
kinetic energy. At low kinetic energies, pE values are low because the extents of fragmentation
are low whereas at high kinetic energies, pE values decrease due to increasing contributions
from sequential fragmentation, the products from which tend not to match the expected
products from in silico protein fragmentation, which are restricted to first generation cleavages.
The products from higher generation fragmentation processes, therefore, either lead to no
matches or mismatches in the database search. Fortunately, the range over which useful scores
are generated is relatively wide such that fine tuning of the ion injection energy is not necessary.

The magnitude of the pE value is also charge state dependent (see Figure 6(b)), as expected
based on the known variation in fragmentation patterns with protein precursor ion charge states.
49, 50 A maximum value of pE is observed from ubiquitin [M+7H]7+, an intermediate charge
state of ubiquitin derived from ESI. This result is consistent with the general observation that
the greatest extent of sequence information from fragmentation is noted at intermediate charge
states, which has also been noted previously for ubiquitin.51 17 b-type ions and 29 y-type ions
were identified by ProSight PTM from the fragment ion list of ubiquitin [M+7H]7+ (KE =
378.8 eV) subjected to database search, which gave a sequence coverage of ∼ 47 %.

The simultaneous beam-type CID and ion/ion reaction approach has also been evaluated in its
application to proteins larger than ubiquitin. For example, when horse heart apomyoglobin (∼
17 kDa) [M+15H]15+ was subjected to transmission CID without ion/ion reactions (Figure 7
(a)), the database search of the deconvoluted CID spectrum yielded an incorrect protein,
DSR9_HUMAN, as the most probable assignment with a poor expectation value of E = 0.773
(pE = 0.112, 13314 proteins in the search window of 2000 Da). However, when the myoglobin
[M+15H]15+ ion was subjected to simultaneous transmission mode CID with partial reduction
of the products (see Figure 7(b)), the database search of the deconvoluted spectrum (Figure 7
(c)) yielded myoglobin as the most probable match with a pE value of 11.9, an obvious dramatic
improvement in specificity compared to the search of the deconvoluted CID spectrum without
charge reduction. The fragmentation pattern of myoglobin [M+15H]15+ (KE = 591 eV)
constructed by the product ions identified by ProSight PTM is illustrated in Figure 7(d), where
10 b-type ions and 35 y-type ions were obtained with a sequence coverage of ∼ 26 %.

Precursor ions derived from carbonic anhydrase (∼ 29 kDa) were also subjected to beam-type
CID with simultaneous transmission mode ion/ion reactions. The results for the [M+32H]32+

precursor ion are summarized in Figure 8. Figure 8(a) shows the beam-type CID product ion
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spectrum without ion/ion reactions. When this spectrum was subjected to deconvolution and
the peak picking program with the results searched against the protein database, carbonic
anhydrase was the highest ranked protein in the selected protein mass window. However, the
expectation value was E=0.113 (75129 proteins in the search window of 2000 Da), which is a
very poor score. The expectation value listed in ProSighPTM 2.0 was E=4.3×104, which was
based on a search window of the entire Bos Tauras database of 2869593 protein forms. Figure
8(b) shows the product ion spectrum collected when anions were present in Q2 and Figure 8
(c) shows the zero-charge spectrum that resulted from deconvolution of the spectrum of 8(b).
The database search again ranked carbonic anhydrase highest with E=3.67×10-9. The
expectation value listed in ProSighPTM 2.0 was E=1.4×10-7 on the basis of a search window
of the entire Bos Taurus database. Based on the matched ions, evidence for cleavage of roughly
19% of the amide bonds in the protein are represented in the zero-charge spectrum. Clearly,
the simultaneous CID and ion/ion reaction experiment leads to a dramatically improved protein
identification specificity for this 29 kDa protein.

Conclusions
Simultaneous transmission mode CID and ion/ion reactions have been implemented and
characterized on a quadrupole/TOF tandem mass spectrometer platform for “top-down”
protein identification/characterization. In this implementation, reagent anions were trapped in
the Q2 LIT using static DC potentials applied to the end lenses while multiply charged protein
cations were injected into Q2 at kinetic energies sufficiently high to induce dissociation.
Surviving precursor ions as well as product ions formed via beam-type CID could then undergo
ion/ion reactions with the anions stored in the Q2 LIT prior to passage from Q2 and on to the
TOF for mass analysis. The main factors that affect the extent of ion/ion reactions are the
intensity of the cation beam injected into Q2, anion injection time, Q2 LMCO, collision gas
pressure, and LINAC potential. Because of the relatively short ion/ion reaction time available
to the cations during their transmission through the Q2 LIT, a limited extent of charge reduction
is typically observed under most experimental conditions. However, deconvolution of a
partially charge reduced CID spectrum to generate a zero-charge spectrum followed by
database search gave correct protein identifications with high confidence. In terms of
probability scores, the simultaneous CID-ion/ion reaction results yielded scores orders of
magnitude better compared with deconvoluted CID data obtained without benefit from ion/ion
reactions. The approach has been demonstrated to be effective for proteins as large as 29 kDa.
Because of the continuity in the ion movement of the cation population along the ion path of
the instrument, significant improvements in duty cycle are expected for rapid protein analysis,
relative to a typical ion trapping based approach that would involve separate CID, ion/ion
reaction, and mass analysis steps.
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Figure 1.
Spectra of ubiquitin [M+7H]7+ derived from (a) beam-type CID only (KE: 387.8 eV) and
simultaneous transmission mode CID and ion/ion reactions with (b) 5 ms, (c) 8 ms, and (d) 30
ms anion injection time. (‘*’ denotes the ubiquitin +7 precursor whose reduced species are
labeled with numbers indicating their charge states.)
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Figure 2.
Effects of anion injection time on the simultaneous BT CID and ion/ion reaction of ubiquitin
+7 in terms of (a) average spectrum m/z , (b) average residual precursor ion charge state
(z ̄), and (c) total ion counts in the spectrum.
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Figure 3.
Effects of collision gas pressure on the simultaneous BT CID and ion/ion reaction of ubiquitin
+7 in terms of (a) average spectrum m/z , (b) average residual precursor ion charge state,
and (c) total ion counts in the spectrum. Data collected with cation KE of 378.8 eV, LINAC
potential of +10 V, Q2 LMCO of m/z 300, and anion injection time of 60 ms.
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Figure 4.
Effects of LINAC potential on the simultaneous BT CID and ion/ion reaction of ubiquitin +7
in terms of (a) average spectrum m/z , (b) average residual precursor ion charge state, and
(c) total ion counts in the spectrum. Data collected with cation KE of 387.8 eV, CID gas pressure
of 8.8 mTorr, Q2 LMCO of m/z 300, and anion injection time of 60 ms.
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Figure 5.
Effects of Q2 LMCO on the simultaneous BT CID and ion/ion reaction of ubiquitin +7 in terms
of (a) average spectrum m/z , (b) average precursor ion charge state, and (c) total ion
counts in the spectrum.
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Figure 6.
Effects of (a) anion accumulation time, and (b) cation charge state and kinetic energy on the
expectation values derived from database search of deconvoluted post ion/ion beam type CID
spectra.
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Figure 7.
Spectra of myoglobin [M+15]15+ derived from (a) beam-type CID only (KE: 591 eV), (b)
simultaneous transmission mode CID and ion/ion reactions (Cation KE = 591 eV, CID gas
pressure = 8.8 mTorr, LINAC = +20 V, and anion injection time = 200 ms), and (c)
deconvolution of the spectrum shown in (b) with peaks labeled with red crosses being selected
with Origin program for subsequent database search. (Note that the longer anion accumulation
time used for this experiment is due to lower reagent ion currents associated with this
experiment, relative to those for ubiquitin.) Panel (d) shows the fragmentation pattern in
spectrum (b) identified by ProSight PTM. (‘*’in (a) represents signal from the residual
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myoglobin [M+15]15+ precursor ion. The numbers in (b) represent charge states of the residual
precursor ion that have resulted from ion/ion proton transfer reactions.)
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Figure 8.
(a): Beam-type CID of carbonic anhydrase [M+32H]32 (KE=588.8 eV, Q2 LMCO = 600) (b):
Simultaneous beam-type CID and ion/ion reaction (anion injection time = 100 ms) (c):
Deconvoluted spectrum of (b). Peaks selected by the peak picking program are indicated by
red crosses. Panel (d) shows the fragmentation pattern in spectrum (b) identified by ProSight
PTM 2.0. (‘*’in (a) represents signal from the residual carbonic anhydrase [M+32]32+ precursor
ion. The numbers in (b) represent charge states of the residual precursor ion that have resulted
from ion/ion proton transfer reactions.)
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Scheme 1.
Schematic of a QqTOF tandem mass spectrometer equipped with a home-made pulsed dual
nano-ESI source. The plots on the bottom show the typical potentials along the instrument axis
at different steps.
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