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lon Trap/lon Mobility/Quadrupole/Time-of-Flight
Mass Spectrometry for Peptide Mixture Analysis
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An ion trap/ion mobility/quadrupole/time-of-flight mass
spectrometer has been developed for the analysis of
peptide mixtures. In this approach, a mixture of peptides
is electrosprayed into the gas phase. The mixture of ions
that is created is accumulated in an ion trap and periodi-
cally injected into a drift tube where ions separate ac-
cording to differences in gas-phase ion mobilities. Upon
exiting the drift tube, ions enter a quadrupole mass filter
where a specific mass-to-charge (m/z) ratio can be
selected prior to collisional activation in an octopole
collision cell. Parent and fragment ions that exit the
collision cell are analyzed using a reflectron geometry
time-of-flight mass spectrometer. The overall configuration
allows different species to be selected according to their
mobilities and m/z ratios prior to collision-induced dis-
sociation and final MS analysis. A key parameter in these
studies is the pressure of the target gas in the collision
cell. Above a critical pressure, the well-defined mobility
separation degrades. The approach is demonstrated by
examining a mixture of tryptic digest peptides of ubiquitin.

The combination of liquid chromatography (LC) with electro-
spray ionization (ESI)! mass spectrometry (MS) is currently
receiving considerable attention for the analysis of complex
biological samples. The incorporation of multiple stages of MS
(MS/MS) provides direct information about sequence,? especially
when coupled with database search algorithms.® A particularly
important LC-MS/MS configuration involves the combination of
quadrupole (Q) and time-of-flight (TOF) mass spectrometers. In
this configuration, the initial mass filter is used to select a narrow
m/z range, and all fragments formed by collision-induced dis-
sociation (CID) are analyzed by the TOF mass spectrometer. The
dispersive nature of the TOF analysis, compared to the scanning
Q analysis, improves sensitivity and allows rapid acquisition of
complete fragmentation mass spectra.

In this paper we describe the initial development of a related
technique, the combination of ion mobility spectrometry (IMS)

with a Q/TOF spectrometer. We have previously reported an IMS-
TOF approach;* substantial differences in the time scale required
for each separation (milliseconds in the high-pressure drift tube,
compared to microseconds in the evacuated TOF instrument)
allow mobilities and m/z ratios for mixtures of ions to be acquired
in a single experimental sequence. An illustration of a hypothetical
IMS-TOF dataset showing the two-dimensional analysis of a
mixture of ions is shown in Figure 1. The hybrid approach offers
advantages in resolving components of complex samples,® espe-
cially isomers, as illustrated in several recent studies of combi-
natorial peptide libraries.®” Recently, we developed a configuration
that utilizes a gas cell between the IMS and TOF instruments.®
Fragments of mobility-separated ions occur at drift times that are
coincident with their antecedent parents. Figure 1 also shows an
illustration of this approach. Here, fragments generated from a
mixture of ions have drift times that are coincident with their
antecedent precursors, in effect, tagging fragments and parents
such that a mixture can be analyzed in a parallel fashion. The
hypothetical dataset (Figure 1) illustrates a parallel CID experi-
ment that is complicated by the fact that two precursor ions have
identical mobilities. In this case, the fragments that are formed
(for components 3 and 4) cannot be ascribed to a unique
precursor. In this paper, we provide the first illustration of a
method that can overcome this limitation, an IMS-Q/TOF ap-
proach. The initial mass filter can be invoked when multiple ions
in the mixture have overlapping drift times. As illustrated in Figure
1, the combination of mobility and m/z selection allows fragments
to be unambiguously assigned to a specific m/z-selected parent
ion, even when two ions have identical mobilities. Below, we
demonstrate the IMS-Q/TOF approach by analyzing a mixture
of peptides from a tryptic digest of ubiquitin. The results show
that a key parameter in these studies is the dissociation time scale.
If the target gas pressure is above a critical level, ion scattering
in the cell degrades the temporal resolution of the mobility
separation. This is explored by examining bradykinin, a system
that has been characterized extensively.®1
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Figure 1. This plot shows three hypothetical datasets illustrating
several IMS-MS configurations. Part a shows an IMS-TOF analysis
of a mixture containing five components. Note that two of the
components (labeled 3 and 4) have identical mobilities but different
miz ratios. Part b shows an IMS-TOF analysis of the same mixture
when a collision cell has been introduced between the mobility and
TOF instruments. This experimental configuration is analogous to the
one that is described in ref 8. Under these conditions, precursor ions
are separated by differences in their mobilities and then injected into
the collision cell. Fragment ions that are produced in the collision cell
are coincident with their antecedent parents. This configuration allows
components 1, 2, and 5 to be sequenced in parallel. Fragments from
components 3 and 4 are also apparent, but unambiguous assignment
of fragments to precursors is not possible because the mobilities of
these ions are identical. Part ¢c shows the hypothetical dataset that is
obtained using the IMS-Q/TOF configuration. Here, the quadrupole
has been used to select component 3, which allows the origin of
fragment peaks to be unambiguously assigned.

lon mobility techniques!! have traditionally been used to detect
small analytes,'? (e.g., explosives, chemical warfare agents) and
for particle sizing.131* The mobility of an ion through a buffer gas
depends on the shape of the ion, and the recent combination of
mobility measurements with theoretical models for calculating
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mobility™® has led to what is effectively a new form of spectroscopy
that provides information about the geometries of clusters,
synthetic polymers,t” and biomolecular ions.1%18-27 Although the
combination of mobility measurements and calculations cannot
provide detailed atomic information, this approach is currently
the most direct means of assessing the shapes of ions containing
more than a handful of atoms. Linear regression analysis of the
mobilities for large numbers of peptides has provided intrinsic
size parameters for individual amino acid residues. 22 These size
parameters can be combined with sequences to provide an
additional constraint for identifying individual peptides in large
mixtures.?® A number of IMS-MS configurations currently exist,
including several high- and low-resolution IMS-Q and Q-IMS-Q
[including an ion trap (IT) in the front of the drift tube]?*% and
IMS-TOF>% and IT-IMS-TOF.®> Recently, ESI®?% and laser desorp-
tion ion sources®~36 have been coupled to most of these configu-
rations.
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Figure 2. Schematic diagram of the ESl/ion trap/drift tube/quadrupole/collision cell/reflection time-of-flight mass spectrometer. The apparatus

is described in detail in the text.

EXPERIMENTAL SECTION
General. A schematic diagram of the experimental apparatus

is shown in Figure 2. There are six primary components, including
(1) an ESI source, (2) a quadrupole ion trap, (3) an injected-ion
drift tube, (4) a quadrupole mass filter, (5) an octopole collision
cell, and (6) a TOF mass spectrometer. Each component is
described in detail below. A brief description of a typical
experimental sequence is as follows. The continuous beam of
electrosprayed ions is extracted into a high-vacuum region and
accumulated in the quadrupole ion trap. Experiments are initiated
by injecting a short pulse of ions into the drift tube containing
He buffer gas. lons drift through the gas under the influence of
a weak uniform electric field and are separated due to differences
in their mobilities through the gas. The drift force experienced
by the ions is proportional to the charge state such that high-
charge state ions have higher mobilities than low-charge state
ions. For tryptic peptides, we often observe families of ions
corresponding to [M + H]', [M + 2H]?*, and sometimes [M +
3H]®" ions.3” Within a charge-state family, ions with compact
geometries have higher mobilities than those with more open
structures. lons that exit the drift tube are focused into a
quadrupole mass filter that can be set to transmit all ions or to
select specific m/z species. As ions exit the quadrupole, they are
decelerated to a desired kinetic energy and injected into an
octopole collision cell. For CID studies, the collision cell is filled
with a target gas (usually UHP zero-grade argon, Air Products).
Parents and fragments exit the gas cell into a second octopole
that guides ions into the source region of a reflectron geometry
TOF mass spectrometer where flight times are measured.
Sample Preparation and lon Formation. Ubiquitin digests
were prepared by a procedure that is similar to one outlined
previously.®® A 20 mg mL™! solution of ubiquitin (Sigma, bovine
90%) in 0.2 M ammonium bicarbonate (EM Science) was incu-
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D. E J. Am. Soc. Mass Spectrom. 1998, 9, 1213.
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bated at 90° for ~20 min in order to thermally denature the
protein. The denatured state was quenched by rapidly cooling the
solution to 0 °C in an ice water bath. This solution was then
combined with a 0.2 mg mL™ trypsin (Sigma, bovine) solution in
0.2 M ammonium bicarbonate (in ~50-fold excess protein, by
weight) and incubated for 20 h at 37 °C. The trypsin was filtered
from the digest using a microconcentrator (microcon 10, Amicon)
and the peptides that remained were lyophilized.®

Solutions containing 1.0 mg mL™! of the lyophilized peptide
mixture in 49:49:2 (% volume) water:acetonitrile:acetic acid were
electrosprayed at atmospheric pressure into a 5.0-cm-long differ-
entially pumped desolvation region operated at a pressure of ~1
to 10 Torr. Some of the ions exit the differentially pumped cavity
through a 0.012-cm diameter orifice and enter the main vacuum
chamber. This chamber is pumped by two 1SO-250 diffusion
pumps (Edwards, 2000 L sec™?), and the background pressure in
this region during experiments is typically 10~° to 10~ Torr.

lon Accumulation and Mobility Separation. lons from the
source are focused into a low-energy beam and guided into an
ion trap (R. M. Jordan, model C-1251). The ion trap consists of a
center ring (operated at 1.1 MHz and ~2600 V) and two end
caps that are mounted directly to the entrance plate of the drift
tube. The trap contains ~10~* to 1073 Torr of He buffer gas that
is supplied from buffer gas that leaks out of the entrance of the
drift tube (as well as ambient background gas from the main
chamber).?

lons are ejected from the trap into the drift tube by turning
the rf field off and supplying a short dc pulse (0.6 us) to one of
the end caps. An important parameter is the voltage used to inject
ions into the drift tube. In these studies, injection voltages from
60 to 150 V were used. As ions enter the drift tube they undergo
a rapid heating/cooling cycle.*#! Initial collisions with the buffer
gas thermalize the kinetic energy of the ions and excite internal
degrees of freedom; further collisions cool ion internal energies

(39) For a detailed discussion, see: Protein Sequencing: A Practical Approach;
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Analytical Chemistry, Vol. 73, No. 2, January 15, 2001 179



to the temperature of the buffer gas (300 K). For peptides
containing ~8 to 16 residues, [M + 2H]?" ions are favored at low
injection voltages. At higher injection voltages (=100 V), doubly
charged ions often undergo an endothermic proton-transfer
reaction (i.e., [M + 2H]?" — [M + H]" + HeH™), which favors
singly protonated peptides.* These higher injection voltages also
promote fragmentation of peptides at the front of the drift tube.?43
In some cases, we observe multiply charged multimers at low
injection voltages; at higher injection voltages these often dissoci-
ate to produce singly charged monomers.

The drift tube is 53.3 cm long with 0.016-cm diameter entrance
and exit apertures. The body is made of a stainless steel tube
and several copper spacers. Entrance and exit plates are electri-
cally isolated from the drift tube body by ceramic spacers. A
uniform field along the drift axis is created by 42 equally spaced
0.025-cm-thick BeCu rings that are connected in series by 5.00
MQ high-vacuum resistors (Victoreen, +1%). Data were recorded
using ~2 to 3 Torr of 300 K He buffer gas and applied drift fields
of 10—-12 V cm™L.

Quadrupole, Collision Cell, and TOF Regions. lons that
exit the drift tube are focused into the detector chamber that is
segmented into four sections. Each is pumped by an 1SO-160
diffusion pump (Edwards, 700 L s71). The first section houses an
Extrel quadrupole mass spectrometer. Typically the pressure in
this section during experiments is ~10~° Torr. The quadrupole
can be operated in rf-only mode in order to pass all ions or the
system can be used to pass a selected m/z window over a ~10 to
4000 u range.

As ions exit the quadrupole, they are decelerated to a desired
kinetic energy and focused into the second section that contains
the octopole collision cell. The collision cell body is made from a
19.1-cm-long stainless steel tube having a 3.81-cm i.d. lons enter
and exit the cell through 0.635-cm-diam holes centered on
electrically isolated endcaps. Eight stainless steel rods (0.318-cm
diam) that are 19.1 cm long are situated in three macor mounts
that center the rods on a 1.270-cm-diam circle inside the collision
cell body. A port in the collision cell case allows target gases to
be added to the cell; pressures in the cell are controlled by a leak
valve (Granville Phillips, model 203) and monitored by a capaci-
tance manometer (MKS, model 640A, Baratron) that is connected
to a second port in the collision cell case. The pressure of the
collision cell during CID experiments is typically maintained from
~1to4 x 107 Torr.

lons that exit the collision cell are transmitted through a
second 7.62-cm-long octopole ion guide that is maintained at the
background pressure of the octopole section of the chamber (~20
times below the collision cell pressure). In the studies presented
below, a dc bias is applied to the rods of the collision cell (=10 to
—30 V) and to the ion guide (—40 to —60 V). Rf potentials, opposite

(40) Measurements of drift times as a function of injection voltage show that
under the present experimental conditions, this heating—cooling process
must be largely complete during the first few millimeters of the drift tube.
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(42) Previous studies of bradykinin in our ion mobility/ TOF instrument indicate
that at high injection energies, the doubly charged [M + 2H]?" are converted
to [M + H]* via an endothermic proton-transfer process that forms HeH™.
The proton affinity of He is 42.5 kcal mol ™ (see: Lias, S. G.; Liebman, J. F.;
Levin, R. D. J. Phys. Chem. Ref. Data 1984, 13, 695.).
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in phase for adjacent rods (2.2 MHz, 826.4 V), were applied to
both sets of rods.

Upon exiting the second octopole, ions are focused between a
pulsing plate and an extraction grid (Ni mesh, Buckbee-Mears,
90% transmittance) associated with the source region of a reflec-
tron geometry TOF mass spectrometer. The primary ion beam
can be transmitted through this region and focused onto an off-
axis collision dynode/dual-microchannel plate detector. This
detector allows a number of experiments to be performed. First,
on-axis detection allows all instrumental parameters to be varied
in order to optimize the ion signal. Second, the quadrupole mass
spectrometer can be scanned in order to record the m/z ratios of
the ions that are present. Finally, ion mobility distributions can
be collected for all of the ions (by operating the quadrupole in
the rf-only mode) or for specific m/z ions.

The orthogonal TOF mass spectrometer can be activated by
applying high-frequency (10* Hz), high-voltage (500—2000 V)
pulses to the back plate of a two-stage TOF source. Pulses (0.5—
3.0 us) are supplied by a Directed Energy Inc., model GRX-3.0K-H
pulser. The final source grid establishes the flight tube potential
(7 kV in most experiments); the configuration results in a 17.5-
cm-long field-free region. A grid at the back of the flight tube
defines an electrostatic mirror that is generated by applying a
uniform retarding potential field to 20 stainless steel rings.
Reflected ions are detected by a pair of microchannel plates
(Galileo). The resolution (m/Am where Am is defined as the full
width at half-maximum of the peak) of the TOF instrument is
typically 500—1200.

Acquisition of lon Mobility/Time-of-Flight Data. The dif-
ference in time scales of ion drift times (tp) and ion flight times
(tr) allows flight-time distributions to be recorded within individual
time windows of the ion mobility spectrum. We refer to this as a
nested drift(flight) time measurement. Unless otherwise stated,
values of tp(tr) are reported as ms(us). The acquisition method
has been described in detail elsewhere.* Briefly, the initial injection
pulse activates a programmable delay generator (PDG) that
triggers the high-voltage TOF pulser at specified delay times.
Flight times in the mass spectrometer were recorded using a time-
to-digital converter (TDC) that is also initiated by the PDG pulse
sequence. The TDC records the time that ions reach the detector
and can store 128 events during each TOF pulse sequence. The
instrumental electronics and data acquisition system, including
the initial injection pulse, PDG pulse sequence, TDC, and high-
voltage TOF pulser were synchronized by an interface and
controlled by a Pentium computer.

It is often useful to derive mobilities (or collision cross
sections) from the nested datasets. The raw measurement of ions
at the detector will include the time required for ions to drift
through the mobility instrument and travel through the interface
between the drift tube and the TOF mass spectrometer as well
as the flight times of ions. In the case of CID studies, the time
required to traverse the interface depends on the experimental
conditions. The corrections required at high collision cell pres-
sures (=5 x 10 Torr) can be substantial and are not well-defined,;
we generally do not attempt to determine mobilities from
measurements for which substantial corrections are required due
to residence times in the collision cell. This is explored in more
detail below. Unless otherwise stated, values of tp have been
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Figure 3. Nested drift(flight) time distribution for an electrosprayed
mixture of tryptic peptides of ubiquitin. The flight time axis has been
scaled using a standard multipoint calibration of a known ion system.
The octopole collision cell was evacuated during the collection of
these data, and the quadrupole was set to transmit all ions. Peak
labels correspond to sequences that are in agreement with the
experimental results expected from the tryptic digestion. The solid
lines provide visual guides corresponding to the [M + H]™ and [M +
2H]?* charge state families. The TOF mass spectrum shown on the
left was obtained by integrating the two-dimensional data over all drift
times. See text for details.

corrected such that it is possible to derive experimental mobilities
from them.

RESULTS AND DISCUSSION

Nested Drift(Flight) Time Distribution for All lons. Figure
3 shows a nested drift(flight) time distribution for a mixture of
tryptic peptides obtained from ubiquitin. These data are recorded
by setting the quadrupole to pass all ions with the octopole
collision cell evacuated to a base pressure of 3 x 107 Torr. The
plot is similar in appearance to datasets that we have published
previously for this system;>37 peaks fall into two primary families
according to their charge states ([M + H]" and [M + 2H]%").
We previously discussed the analytical advantages of this separa-
tion as well as the origin of slight variations in mobility that occurs
within a charge state family.3 Overall, comparisons of experi-
mental masses to calculated values for expected tryptic peptides
allow us to assign 10 peaks in the [M + H]* family; only three of
the five peaks observed in the [M + 2H]?" family can be assigned
to tryptic fragments (see Figure 3 for assignments). The assign-
ments in the [M + H]* family include one peak at 4.28(33.20,
m/z = 702.3)* that is attributed to AKIQDK, a peptide that arises
from incomplete digestion.

(44) Flight times for peaks were converted to m/z ratios using a standard
calibration. Assignments were made by comparison of experimental m/z
ratios with values from the MSProduct program from Protein Prospector
http://prospector.ucsf.edu.
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Figure 4. Nested drift(flight) time distribution for the same ubiquitin
tryptic mixture as in Figure 3. For these data, 3.8 x 10~* Torr of argon
was added to the octopole collision cell, and the quadrupole was set
to transmit all ions. Fragmentation of the [TITLEVEPSDTIENVK +
2H]%* ion as well as the [TLTGK + H]* ion is apparent. The TOF
mass spectrum shown on the left was obtained by integrating the
two-dimensional data over all drift times. See text for details.

There are a number of prominent peaks in the [M + H]* family
that are not easily assigned. For example, peaks at 6.85(46.15,
m/z = 1359.6), 6.42(43.90, m/z = 1230.2), 5.99(42.16, m/z =
1131.3), 5.67(39.68, m/z = 1002.7), 5.14(36.94, m/z = 867.5), and
4.92(35.19, m/z = 786.6) are clearly present, but m/z ratios that
are derived are not consistent with tryptic fragments, peptides
generated from incomplete digestion, or chymotryptic activity.
Additionally, peaks at 4.01(35.22, m/z = 788.2) and 3.90(34.69,
m/z = 765.2) in the [M + 2H]?* family are not easily assigned.
Although the source of these features is not clear here, the MS/
MS analysis provided below gives a simple means of understand-
ing and assigning these peaks.

Nested Drift(Flight) Time Distributions for All lons with
Gas in the Collision Cell. Figure 4 shows a nested dataset
obtained when 3.8 x 10~ Torr of argon gas is added to the
octopole collision cell. In addition to features observed in Figure
3, a prominent series of peaks at 4.44(46.15, m/z = 1359.6), 4.44-
(43.90, m/z = 1230.2), 4.44(42.16, m/z = 1131.3), 4.44(39.68, m/z
= 1002.7), and 4.44(37.71, m/z = 905.2) is observed. The
coincidence in the drift times of these peaks with that of the
[TLEVEPSDTIENVK + 2H]%" ion at 4.44(37.49, m/z = 894.4)
suggests that the new features arise from fragmentation of this
ion. Indeed, the m/z ratios determined from these flight times
(1359.6, 1230.2, 1131.3, 1002.7, and 905.2) are in good agreement
with calculated values for a series of y-ion fragments® [y, (m/z
= 1359.66), y11 (M/z = 1230.62), y1o (M/z = 1131.55), yg (M/z2 =

(45) Fragment nomenclature is consistent with that described by: (a) Biemann,
K. Biomed. Environ. Mass Spectrom. 1988, 16, 99. (b) Biemann, K. Methods
Enzymol. 1990, 193, 886.
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1002.51), and ys (m/z = 905.46)] that would be expected for
dissociation of the [TLEVEPSDTIENVK + 2H]?** parent.

The coincidence in drift times can also be used to identify
series of other parents and fragments. For example, the [TLTGK
+ H]* ion at 3.79(28.64, m/z = 519.4) undergoes fragmentation
to produce TGKT (the ys ion) at 3.79(22.07, m/z = 305.2). In other
datasets, we observe very small peaks that can be assigned to
fragmentation of other parent ions; under the conditions used to
record the data shown in Figure 4, the fragmentation pathways
for the majority of [M + H]* ions are small.

Another feature of Figure 4 is that some peaks that were
unassigned in Figure 3 [i.e., 6.85(46.15, m/z = 1359.6), 6.42(43.90,
m/z = 1230.2), 5.99(42.16, m/z = 1131.3), 5.67(39.68, m/z =
1002.7) in the [M + H]* family] are clearly apparent and have
flight times that are coincident with the y-series fragments [i.e.,
4.44(46.15, m/z = 1359.6), 4.44(43.90, m/z = 1230.2), 4.44(42.16,
m/z = 1131.3), and 4.44(39.68, m/z = 1002.7), respectively] that
are produced upon addition of the collision gas. The coincidence
in flight times allows the 6.85(46.15, m/z = 1359.6), 6.42(43.90,
m/z = 1230.2), 5.99(42.16, m/z = 1131.3),and 5.67(39.68, m/z =
1002.7) peaks to be assigned to y-series fragments of [TLEVE-
PSDTIENVK + 2H]?"; these fragments must have been formed
during the injection of ions into the drift tube (or during storage
in the ion trap).?4 These ions are then separated in the drift tube
and fall into the [M + H]* family, but are not assignable (in Figure
3) because they do not correspond to expected tryptic peptides.
The comparison of data obtained with and without gas in the
collision cell allows features in the complex dataset, associated
with fragments that are formed upon injection into the drift tube
(or storage of ions in the trap), to be identified. The case in Figures
3 and 4 allows us to quickly see that the unassigned peaks are
due to y-series fragments of [TITLEVEPSDTIENVK + 2H]?',
formed after ionization, rather than unexpected ionization states
of different peptides (such as a metal adduct) or peptides that
have undergone post-translational modification.

Nested Drift(Flight) Time Distributions for Selected-lon
Dissociation. Figure 5 shows a nested dataset that is recorded
with gas in the collision cell using the quadrupole mass filter to
select only m/z = 894 (i.e., the [TLEVEPSDTIENVK + 2H]?*
parent). The y-series of fragment ions that is observed in this
dataset corroborates the assignment of the y-series fragments in
Figure 4. Mass selection removes [QLEDGR + H]*, [AKIQDK
+ H]*, and [LIFAGK + H]*, which have drift times that are near
the 4.44 ms value of the m/z = 894 parent ion, simplifying the
appearance of the two-dimensional dataset.

Collision Cell Pressure Dependence of the Recorded
Arrival Time Distributions. An important issue that arises in
these studies is the influence of the collision gas pressure upon
the ion mobility distributions. The arrival time of ions at the
detector is a composite of the drift time (through the He buffer
gas), the flight time (in the TOF instrument), and the time
required for ions to travel through other portions of the instru-
ment. When the octopole is evacuated, differences between arrival
times and drift times are relatively small, ~120 to 180 us as
compared to the 2—8 ms drift times in these experiments. Addition
of a target gas to the octopole collision cell can substantially
influence the recorded distributions.

182 Analytical Chemistry, Vol. 73, No. 2, January 15, 2001

46 | Yiz kil

44 Yig oo + 1250

42 4 Yio ”’“‘“

40 4 Yy i L 1000

TITLEVEPSDTIENVK?
38 4 y
MH-H, 0% —"% §
~ 36 +

3 é byory,? \_j::
-2 v 34 | b,-H,0 or " - 750 <
{ E LEVEPSD* : g
E 'ED 32 - o
4 =

30
E
3 28 | . I 500
1 25

24 |

22 |

20 . . : . . . 250

intensity 1 2 3 4 5 6 7 8

drift time (ms)

Figure 5. Nested drift(flight) time distribution for the same ubiquitin
tryptic mixture as in Figures 3 and 4. Here, the quadrupole was used
to select the [TITLEVEPDTIENVK + 2H]?* ion (m/z = 849), and 3.8
x 1074 Torr of argon was added to the octopole collision cell. The
TOF mass spectrum shown on the left was obtained by integrating
the two-dimensional data over all drift times. See text for details.

Figure 6 shows changes in the arrival time distributions for
the m/z = 531 and 1061 ions of electrosprayed bradykinin that
are observed upon varying the pressure of argon in the collision
cell from a background pressure of ~3 x 1077 t0 6.0 x 10~ Torr.
These data were recorded by injecting ions into the collision cell
using a 30 V potential drop and a 20 V difference between the
entrance and exit of the cell. Results for studies conducted over
a range of injection voltages (10—60 V) and entrance/exit
conditions (biases of 5—50 V), as well as studies of other ion
systems, appear similar. The only exceptions are associated with
systems that undergo fragmentation to a degree where little or
no parent ion signal remains. At ambient background pressures,
the arrival time distribution for the m/z = 531 ion shows a single
sharp peak corresponding to [M + 2H]?*. We obtain an experi-
mental resolving power of ~30 for this peak. The m/z = 1061
slice shows two peaks: a high mobility peak (at ~5 ms)
corresponding to a doubly protonated dimer, [M, + 2H]?*, and a
lower mobility peak (at ~6 to 7 ms) that corresponds to the singly
protonated monomer, [M + H]".2 The experimental resolving
powers obtained for the high- and low-mobility peaks are ~27 and
~23, respectively. Arrival time distributions recorded at collision
cell pressures of 3 x 1077 to 1 x 10~ Torr show no reproducible
shifts or changes in peak shapes that can be attributed to the
addition of the target gas. From simple considerations of the
collision cross-sections for these ions (Q [M + H]*, ~239 A2 Q
[M + 2H]?", ~240 A% and Q [M, + 2H]?*, ~378 A2 respec-
tively),'° target number densities and collision cell path length,
we estimate that these ions undergo an average of only one to
three collisions at 1 x 10~ Torr. lons with smaller collision cross-
sections will experience fewer collisions (or use of lower target
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Figure 6. Arrival time distributions for the m/z= 531 and 1061 ions
of electrosprayed bradykinin observed upon changing the pressure
of argon in the collision cell. These data were obtained from nested
drift(flight) time distributions by integrating the intensities over specified
time-of-flight windows for the drift times shown. Part a shows drift
time distributions for the [M + 2H]2* ion of bradykinin at (bottom to
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4.9 x 107 Torr, and 6.0 x 107 Torr. Part b shows drift time
distributions for the [M, + 2HJ*" and [M + H]" ions of bradykinin at
the same pressures as in part a. In both cases, the dotted lines
correspond to the drift time distributions of the respective ions when
the collision cell was evacuated and the base pressure was 3 x 107
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pressures in the collision cell). From this, it appears that several
collisions do not significantly influence drift time measurement.
At higher pressures, peaks are shifted to longer times and are
substantially broader than data recorded without target gas. When
3 x 107 Torr of gas is added to the collision cell, peaks for all
three ions are shifted by ~50 us; resolving power estimates
obtained from these peaks are similar to those obtained without
gas. We estimate that the ~239 A2 [M + H]+ and ~240 A? [M +
2H]?* ions experience an average of about five collisions and the
378 A2 [M, + 2H]2* dimer experiences, eight. These conditions
are clearly sufficient to influence the arrival time of the peak;
however, the distribution remains reasonably well-defined.

At higher pressures (~5 to 6 x 107* Torr), the influence of
the buffer gas is pronounced. For example, at 4.9 x 10~ Torr,
peaks for all three ions show substantial shifts: ~160 us for [M
+ 2H]%*, ~215 us for [M, + 2H]?*, and ~160 us for [M + H]*.
Measured resolving powers (t/At, where At corresponds to the
full width at half-maximum of the peak) for these respective peaks
are ~14, ~12, and ~18, which are factors of 2.1, 2.3, and 1.3 times
below the values obtained without a target gas. Peak shifts and
resolving powers for the [M + 2H]?", [M, + 2H]?*" and [M +
H]* ions recorded at 6.0 x 10~* Torr are 270 us (t/At ~7), 430
us (t/At ~9), and 322 us (t/At ~11), respectively. At 6.0 x 10

Torr, peaks exhibit substantial tailing at longer times. From
analysis of several systems as a function of collision gas pressure,
we conclude that in most cases, target pressures of ~8 x 107° to
4 x 10* Torr provide acceptable conditions for generating
fragments while maintaining high-quality mobility separations.

SUMMARY AND OUTLOOK

We have shown that ion mobility techniques can be combined
with a Q-TOF mass spectrometry configuration to provide an initial
separation for a mixture of ions prior to MS/MS analysis. The
IMS separation allows ions having similar m/z ratios (but different
mobilities) to be isolated and injected into a collision cell for
generation of fragmentation patterns and sequence information.
This approach should be especially useful for simplifying CID
mass spectra obtained for ions having nearly identical m/z ratios.
For example, the large differences in mobilities between [M +
H]*" and [M + 2H]?* ions having identical m/z ratios would allow
the different fragmentation patterns of these ions to be easily
distinguished.

An important issue that arises in these studies is the pressure
of the target gas in the collision cell. A systematic study of [M +
2H]%, [M + H]*, and [M;, + 2H]?" ions of bradykinin has been
presented in order to illustrate the general constraints of target
gas pressure upon mobility measurements and experimental
resolving power. The results show that, for the instrumental
configuration developed, target gas pressures of ~8 x 107° to 3
x 107 Torr allow ions to undergo sufficient collisions for
dissociation without substantial loss of resolving power. Under
these conditions, we estimate that this range of ions undergoes
~2 to 8 collisions.

Although the IMS-Q/TOF methodology is at a very early stage
of development, there appear to be several unique advantages.
First, the IMS-MS combination is highly reproducible and selec-
tive. When small differences in buffer gas pressure and temper-
ature are taken into account, any two mobility measurements are
generally reproducible to within 1% (relative uncertainty). High-
resolution mobility instruments yield higher reproducibility.

Second, as noted above, the use of precursor ion mobilities as
labels for fragments generated by CID allows dissociation data
to be acquired for mixtures of ions in parallel® providing a
multichannel advantage.*® The work presented here was carried
out using a low-resolution injected ion drift tube (having a
resolving power of ~25). With this configuration, the total peak
capacity (i.e., the range over which peaks are observed divided
by the peak width at the base) is only ~10 to 15 for the data shown
in Figure 3. A number of groups have developed high-resolution
instruments that are capable of resolving powers of more than
200;54748 peak capacities in excess of 100 should be possible with
this configuration. An important advantage of the higher resolution
IMS separation is that fewer species will have identical mobilities.
This will reduce the frequency with which Q selection is required
(because many fewer peaks will be unresolved in the mobility
dimension).

(46) Spectrochemical Analysis; Ingle, J. D., Jr., Crouch, S. R., Eds.; Prentice-Hall:
New York, 1988; p 160.

(47) Dugourd, P.; Hudgins, R. R.; Clemmer, D. E.; Jarrold, M. F. Rev. Sci. Instrum.
1997, 119, 2240.

(48) Wu, C.; Siems, W. F.; Asbury, G. R.; Hill, H. H. Anal. Chem. 1998, 70,
4929.
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Finally, it is interesting to compare unique features of IMS-
MS/MS with LC-MS/MS methods which are currently exhibiting
extraordinary capabilities for rapid peptide analysis.*® A limiting
factor associated with LC-MS/MS analysis is that data for an
individual component can only be obtained while it is eluting from
the column. In this case, analysis would be delayed until a desired
species elutes; the gas-phase separation (that takes advantage of
high mobilities of ions through a buffer gas) allows mixture
complexity to be reduced quickly such that MS/MS can be
performed as soon as experiments are initiated. Additionally, LC-
MS/MS analysis of very complex mixtures may require that many
components be analyzed over short elution times. In this case,
the mixture composition changes as components elute from the
column. Peak-parking techniques have been developed to extend
timeperiods for analysis of complex mixtures.®® Because the IMS
separation occurs after ionization, the relative amounts of indi-
vidual components in the mixture remains unchanged during

(49) See, for example: (a) Hunt, D. F.; Yates, J. R., l1I; Shabanowitz, J.; Winston,
S.; Hauer, C. R. Proc. Natl. Acad. Sci., U.S.A. 1986, 83, 6233. (b) Hunt, D.
F.; Michel, H.; Dickinson, T. A.; Shabanowitz, J.; Cox, A. L.; Sakaguchi, K;
Appella, E.; Grey, H. M,; Sette, A. Science 1992, 256, 1817. (c) Tong, W.;
Link, A.; Eng, J. K;; Yates, J. R,, Ill. Anal. Chem. 1999, 71, 2270. (d)
Shevchenko, A.; Jensen, O. N.; Podtelejnikov, A. V.; Sagliocco, F.; Wilm,
M.; Vorm, O.; Mortensen, P.; Boucherie H.; Mann, M. Proc. Natl. Acad.
Sci., U.S.A. 1996, 93, 14440. (e) McCormack, A. L.; Schieltz, D. M.; Goode,
B.; Yang, S.; Barnes, G.; Drubin, D.; Yates, J. R, lIl. Anal. Chem. 1997, 69,
767.

(50) Davis, M. T.; Lee, T. D. J. Am. Soc. Mass. Spectrom. 1998, 9, 194.

(51) Kulchania, M.; Valentine, S. J.; Srebalus, C. A.; Clemmer, D. E. work in
progress.
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analysis over indefinite time periods. We expect that upon further
development, the ability to examine complex systems for extended
time scales will allow low-abundance mixture components to be
investigated in detail. This said, we also note that the short time
scale required for mobility separation is suitable for coupling with
LC.5t Hill and co-workers have previously developed IMS methods
as a rapid detection method for GC and LC.5? An instrumental
configuration suitable for LC-IMS—MS/MS is currently under
construction in our laboratory.
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