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Keywords:
 A high-throughput approach for biomolecule analysis is demonstrated for a mixture of
peptides from tryptic digest of four proteins as well as a tryptic digests of human plasma. In
this method a chip based electrospray autosampler coupled to a hybrid ion mobility (IMS)
mass spectrometer (MS) is utilized to achieve rapid sample analysis. This high-throughput
measurement is realized by exploiting the direct infusion capability of the chip based
electrospray with its rapid sample manipulating capability as well as a high sensitive IMS–
MS with a recently developed IMS–IMS separation technique that can be multiplexed to
provide greater throughput. From replicate IMS–MS runs of known mixtures, the average
uncertainty of peak intensities is determined to be ±7% (relative standard deviation), and a
detection limit in the low attomole range is established. The method is illustrated by
analyzing 124 human plasma protein samples in duplicate, a measurement that required
16.5 h. Current limitations as well as implications of the high-throughput approach for
complex biological sample analysis are discussed.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Rapid sample analysis is central to many areas, including the
emerging field of proteomics [1–5]. This is especially true for
molecular profiling experiments where many measurements
are required to ascertain normal abundance variabilities within
sample cohorts. Mass spectrometry (MS) based platforms have
attracted considerable attention because of the intrinsic speed
and sensitivity of these methods. The current preferred
approach for analyzing complex biological protein samples
consists ofmultiple stepsof sample separationmethodsprior to
MS analysis. Although these separations provide detailed
coverage for complex samples, they are still relatively time-
consuming [6]. For example, ina recent studywehaveexamined
5 human plasma samples in triplicate using two-dimensional
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(2D) chromatography coupled with ion mobility spectrometry
(IMS) andMSanalysis; thisexperiment requiredmore than500h
of instrument analysis time [7].

Analternative tomultidimensional separationmethods is to
sacrifice protein coverage in order to analyze many samples
rapidly. One approach for doing this is to eliminate the time-
intensive chromatography steps and analyze the sample by
direct infusion into the mass spectrometer [8]. The character-
ization of complex biological samples by direct infusion
electrospray ionization (ESI)-MS is limited due to considerable
chemical noise as well as the phenomenon of ionization
suppression [9–12]. Although mass spectrometry is a highly
sensitive approach, an inherent limitation is the relatively small
dynamic range that can be achieved with current technology
which is often much smaller than the analyte concentration
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range in proteomics studies [13]. The problems of chemical
noise and ion suppression which are associated with the
simultaneous analysis of all mixture components exacerbate
this technological weakness.

Besides the use of time-consuming separation steps, several
MS instrumentation techniques have been developed to miti-
gate the effects of chemical noise. Suchmethods includemodes
of operation in which high-abundance ions are discriminated
against based on mass-to-charge (m/z) selection. Dynamic
range enhancement applied to mass spectrometry (DREAMS)
approach is used with Fourier Transform MS and multiple
reaction monitoring (MRM) is used extensively in tandem MS
instrumentation [14–19]. We have demonstrated a different
approach that combines a gas-phase separation, ion mobility
spectrometry (IMS) [20–25], with time-of-flight (TOF) MS [26,27].
Here, the initial separation of ions according to their mobilities
reduces spectral congestion associatedwithchemical noise [28].
Thus incorporation of an IMS separation step prior to MS
analysis provides a means of increasing coverage and sensitiv-
ity while maintaining high analysis speeds [29–31]. This is a
distinguishing feature of the IMS–MS approach; the former
methods are limited because they involve an ion selection
process.

Recently IMS–MS techniques have been extended to two
IMS dimensions that take advantage of the ability to alter the
structures (and thus the mobilities) of ions inside sequential
drift tubes [32–35]. The 2D approach has exhibited relatively
large peak capacities and has recently been demonstrated in a
multiplexing mode (described below) improving the overall
experimental duty cycle and diminishing the effects of
mobility selection of ions. Here we describe the coupling of
an ESI chip-based autosampler device with the IMS–IMS–MS
instrumentation. Figures of merit for the analysis of tryptic
Fig. 1 –Schematic diagram showing the coupling of the NanoMate
can be operated in several modes such as IMS–MS, IMS–IMS–MS
performed at the back of the drift tube for MS/MS analysis. Show
instrument. See text for detail.
digest mixtures are reported in terms of sensitivity, detection
limits, reproducibility, and protein/peptide coverage. Addi-
tionally, an example application of high-throughput molecu-
lar profiling is presented. Finally, the limitations of the
technique are discussed and future directions for develop-
ment and application are proposed.
2. Experimental

2.1. General

The instrumentation used in the current studies involves the
coupling of a NanoMate (Advion Biosystems, Ithaca, NY)
autosampler with an IMS–MS instrument as shown in Fig. 1.
The details of the IMS–MS instrumentation have been
published elsewhere [9,28,36–41] as well as the descriptions
of the NanoMate device and its capabilities [42–47]. Only a brief
introduction to the current instrumentation and method is
presented here. Briefly, tryptic digests of protein sampleswere
loaded onto the 96-well tray of the autosampler. The
NanoMate was positioned at the front of the IMS–MS instru-
ment such that the electrospray nozzle was aligned with the
ESI source orifice of the instrument. Sample was drawn from a
single well and electrosprayed using the 400 nozzle nanospray
chip. Electrosprayed ions were accumulated at the back of the
ion funnel in the source chamber and were subsequently
pulsed into the drift tube for mobility separation. The ions
inside the drift tube separate according to their mobilities
through an inert buffer gas under the influence of a weak
electric field [48,49]. The mobility-separated ions were then
detected using an orthogonally pulsed reflectron geometry
TOFmass analyzer. The instrument was primarily operated in
autosampler to the IMS–TOFMS instrument. This instrument
, and Multiplexed IMS–IMS–MS. Also, parallel CID can be
n below is the timing diagram for the operation of the
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two modes; two-dimensional IMS–MS mode and multiplexed
three-dimensional IMS–IMS–MS mode. These operational
modes will be discussed in detail below.

2.2. Preparation of standard four protein digest samples

Four yeast protein samples (alcohol dehydrogenase, enolase,
glutathione reductase and hexokinase) were purchased from a
commercial vendor (Michrom Bioresources, Auburn, CA) as
dried peptides in amounts of 500 pmoles of total protein
sample. These protein samples were digested to completion
resulting in 500 pmoles of each peptide. The dried samples
were dissolved in 200 µL of HPLC grade (EMD Chemicals,
Gibbstown, NJ) distilled water to obtain 5 pmol∙µL−1 stock
solution. Using stock solutions, a mixture of four proteins was
prepared in H2O/methanol/acetic acid (49:49:2%). The concen-
trations used for each protein in the solution were as follows:
alcohol dehydrogenase (5 pmol∙µL−1), enolase (0.5 pmol∙µL−1),
glutathione reductase (0.05 pmol∙µL− 1), and hexokinase
(0.005 pmol∙µL−1). The solution described above was used to
Fig. 2 –Nested drift (flight) time [tD(tF)] 2D plot obtained for Yeast ph
on a false color map where red color represents the most intense
The drift distribution is shown above the 2D plot. Drift distribution
The mass spectrum shown here is obtained by integrating the in
direct infusion IMS–MSmode. A representation of [M+H]+, [M+2H
are labeled on the graph. Charge state lines have been labeled a
experiment is 0.2 pmoles. A total of 33 peptides are identified wh
obtained for this experiment is 46.8%.
obtain sequence coverage for each protein by infusing 3.75 µL
of total sample volume. The detection limit study was carried
out by using a sample that is 103 times more dilute than the
four protein sample mentioned above.

2.3. Sample preparation for reproducibility study

For the reproducibility experiment, a tryptic digest of phos-
phoglucose isomerase (Michrom Bioresources, Auburn, CA)
protein was used. The sample was purchased as 500 pmole of
dried tryptic peptides. A stock solutionwith a concentration of
5 pmol∙µL−1 was prepared in HPLC grade distilled water. The
final sample solution was prepared in H2O/methanol/acetic
acid (49:49:2%) with a peptide concentration of 0.5 pmol∙µL−1.

2.4. Acquisition of plasma samples

Whole blood (~4 mL) was drawn by trained health care
professionals using standard venipuncture techniques as
proscribed by a protocol approved by an institutional review
osphoglucose isomerase protein digest. The 2Dplot is shown
peaks and dark blue color represents the least intense peaks.
is obtained by integrating the intensity across allm/z values.
tensity across all drift times. The instrument is operated in
]2+ and [M+3H]3+ ions identified in this 2min data acquisition
s dotted lines. The total amount of sample used for this
ich correspond to 25 unique peptides. The sequence coverage
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board. Blood was collected in a tube containing the antic-
oagulant lithium heparin (BD vacutainer). To obtain platelet
poor plasma, the blood sample was centrifuged at 4000 rpm.
Subsequently, 30 µL of protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO) was added to each sample. Next, the
samples were centrifuged at 12,000 g to obtain platelet free
plasma. Then sample aliquots (1 mL) were stored in a −86 °C
freezer until sample workup is performed.

2.5. Depletion of abundant proteins

The Agilent High Capacity Multiple Affinity Removal System
(MARS, Agilent Technologies, Inc., Palo Alto, CA) was used to
remove the top six proteins (albumin, IgG, IgA, transferring,
haptoglobin, and antitrypsin). A 90 μL aliquot from each
sample was diluted with 270 μL of binding buffer (A). The
mixture was then filtered (0.22 μm spin filter, Agilent) to
remove particulates. The entire filtrate was injected onto the
MARS column. Abundant protein removal was carried out
using a HPLC system (600 series pump and 2487 dual λ
detector, Waters) as follows: 1) 100% buffer A (0.5mL∙min−1 for
Table 1 – Reproducibility of peak intensities across ten runs usi

Iona K0(m/z)b

Run 1 Run 2 Run 3 Run 4 Run

[A456-K467+3H]3+ 5.3E-4(379.88) 410 299 316 377 4
[A106R113+2H]2+ 4.6E-4(465.28) 1971 2074 2077 2045 18
[A106-R113+3H]3+ 5.7E-4(310.52) 335 308 262 303 3
[A106-R115+2H]2+ 4.0E-4(600.35) 99 110 139 125
[D41-K47+2H]2+ 4.8E-4(447.75) 1211 1203 1261 1225 12
[D41-K47+H]+ 2.5E-4(894.49) 126 151 116 130 1
[E83-R90+2H]2+ 4.9E-4(430.74) 1349 1296 1279 1266 13
[E83-R90+H]+ 2.7E-4(860.47) 115 116 123 129 1
[F265-K270+H]+ 3.1E-4(681.37) 286 286 327 304 3
[H251-K264+2H]2+ 3.3E-4(759.89) 551 518 547 555 5
[H137-K139+H]+ 3.8E-4(416.22) 844 812 871 775 7
[I60-K66+2H]2+ 4.9E-4(443.74) 932 904 956 943 9
[I60-K66+H]+ 2.5E-4(886.48) 196 208 193 211 1
[I24-K30+2H]2+ 5.3E-4(413.22) 625 593 545 598 6
[I24-K30+H]+ 2.6E-4(825.42) 74 73 67 80
[L11-K20+2H]2+ 4.3E-4(558.81) 1842 1908 1905 1866 16
[L410-K428+2H]2+ 2.7E-4(1054.57) 137 170 130 144 1
[Q36-K40+H]+ 3.1E-4(680.35) 692 730 739 684 7
[T51-K59+2H]2+ 4.6E-4(517.24) 876 803 810 921 9
[T220-K234+2H]2+ 3.4E-4(792.90) 279 291 261 299 3
[T241-K250+2H]2+ 4.6E-4(520.77) 786 763 753 858 8
[T31-K35+2H]2+ 6.6E-4(274.68) 515 399 403 445 5
[T31-K35+H]+ 3.3E-4(548.35) 277 288 320 275 2
[V468-K482+2H]2+ 3.2E-4(810.45) 636 724 620 704 7
[V468-K482+3H]3+ 4.5E-4(540.64) 446 424 433 430 5
[V521-K524+H]+ 3.6E-4(431.31) 237 295 283 242 2
[V521-K528+H]+ 2.9E-4(828.58) 688 770 768 696 5
[V206-K219+2H]2+ 3.5E-4(767.44) 517 516 502 566 4

aAmino acid sequence for each peptide is reported starting with the N-term
by the C-terminus one letter code with its position number. The position
bReduced mobility (K0) is given in units of m2∙s−1∙V−1, and the reduced mo
reported here is based on the theoretical value for the monoisotopic mass
with a tolerance better than ±0.5 Da.
cThe intensity of each peak is reported as the peak height (total ion coun
dThe average (avg) peak intensities and the standard deviation (S.D.) are
eThe relative standard deviation (RSD) is reported as a percentage value.
10min) and, 2) 100% B (1.0mL-min−1 for 7min). Buffers A and B
are proprietary buffers (composition unknown) provided by
Agilent for MARS. The second step served to elute the bound
fraction containing abundant proteins. Typically, the flow-
through fraction (lower abundance proteins) elutes at 1.5 to
7 min. Between runs, the column was equilibrated with buffer
A (1.0 mL∙min−1 for 11 min). The elution of the bound and
unbound protein fractions was monitored at λ=280 nm.

2.6. Enzymatic digestion of the plasma proteins to create
mixtures of peptides

Plasma proteins were digested with trypsin according to the
procedure outlined below. Briefly, the bottom-up approach was
used to allow for the generation of ions that will produce
useful precursor-ion and fragment-ion datasets necessary for
peptide/protein identification. The flow-through fraction
(~5 mL) from the MARS column was concentrated (~200 to
300 µL) using a 5 KDa MWCO membrane concentrator (4.0 mL
Vivaspin, Agilent). From previous studies that utilized a
subsequent Bradford assay, it was estimated that each sample
ng tryptic digest of phosphoglucose isomerase

Peak intensityc

5 Run 6 Run 7 Run 8 Run 9 Run 10 avgd+S.D. RSDe

22 367 436 333 416 329 371±49 13
93 2059 1960 2028 1931 2173 2021±83 4
45 283 337 266 332 300 307±30 10
97 108 102 119 98 125 112±14 13
34 1222 1161 1229 1219 1265 1222±30 2
48 146 173 150 141 129 141±16 12
28 1306 1304 1296 1291 1289 1300±24 2
28 112 134 124 135 116 123±8 7
02 287 283 295 293 276 293±14 5
69 568 653 579 575 523 563±38 7
92 791 797 853 796 784 811±33 4
19 965 940 923 937 975 939±22 2
97 214 216 205 201 215 205±9 4
55 624 627 578 631 519 599±42 7
75 76 82 81 75 64 75±6 8
98 1939 1810 1914 1839 1998 1872±82 4
32 141 133 154 140 150 143±12 8
54 681 707 727 756 684 715±30 4
34 919 923 884 931 878 888±48 5
09 294 330 314 304 275 295±20 7
89 866 832 840 901 801 829±51 6
25 460 517 448 492 419 462±48 10
81 275 294 326 314 313 296±20 7
01 701 707 691 669 656 681±34 5
14 406 455 452 452 378 439±36 8
44 275 265 247 257 259 260±19 7
93 671 511 680 633 714 672±78 12
81 522 515 496 465 506 508±27 5

inus one letter code with its position number in the protein followed
number is reported as a subscript next to the amino acid.
bility values reported here are for non-activated species. The m/z value
. All identified peptides are matched to theoretical monoisotopic mass

ts) measured at the center of the peak (for 2 min acquisition time).
calculated based on the results from ten individual runs.
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contains ~1 mg of total protein. The sample was then diluted
(~2 mL) with ammonium bicarbonate buffer (200 mM, pH=8.0)
containing 6M urea. Dithiothreitol (DTT) was added using a
40:1 molar ratio (DTT:protein) and the sample was incubated
at 37 °C (2 h) to reduce disulfide bonds. The sample was then
cooled to 0 °C. Next, iodoacetamide (IAM) was added to the
sample at a 80:1 molar ratio (IAM:protein). The reaction
occurred for 2 h in darkness. Subsequently, cysteine (40:1
molar ratio) was added to react with residual DTT and IAM.
This step was carried out for 30 min at room temperature.
Then ~4 mL of ammonium bicarbonate buffer was added to
drop the urea concentration to ~2 M. Finally, TPCK-treated
trypsin (Sigma-Aldrich) was added to the sample (1:50 wt/wt
ratio) and digestion proceeded at 37 °C for 24 h. Tryptic
peptides were desalted (Oasis HLB cartridge, Waters) and
subsequently dried on a centrifugal concentrator (Labconco).
Fig. 3 –Nested drift (flight) time [tD(tF)] 2D plot obtained for a tryp
performed in direct infusion multiplexed IMS–IMS–MS method.
represents the most intense peaks and dark blue color represen
dehydrogenase, enolase, glutathione reductase and hexokinase
0.5 fmol∙µL−1 respectively. The dotted lines correspond to the drift
plot shown here is the third comb out of five total combs. The drif
integrating the intensity across allm/z values. Themass spectrum
drift times. Peak positions for three representative peptides from
2.7. IMS–MS instrumentation

The IMS–MS instrumentused for these experimentswas similar
to an instrument described previously [29,50]. A brief introduc-
tion describing somemodifications to the original instrument is
provided here. The ESI source ion funnel employed in this
instrument was modified to improve the trapping efficiency to
enhance the overall sensitivity of themeasurement. The funnel
consisted of 100 stacked brass electrostatic lenses. Each lens
was ~0.50 mm thick and the spacing between adjacent lenses
was ~0.75mm. Funnel Lenseswere held together with two zero
insertion force (ZIF) sockets (3M, Austin, TX) in a stacked
arrangement. The inner diameter (ID) of the first funnel lens
was 2.54 cm. The following lenses had progressively smaller
inner diameters until reaching 0.254 cmaround 3/4 of the length
of the funnel. The back section of the funnel gradually opened
tic digestion of four proteins from Yeast. This experiment is
This 2D pot is shown on a false color map where red color
ts the least intense peaks. The four proteins used are alcohol
with 0.5 pmol∙µL−1, 0.05 pmol∙µL−1, 0.005 pmol∙µL−1 and
timeswhere the selections aremade (tooth positions). The 2D
t distribution is shown above the 2D plot and it is obtained by
show here is obtained by integrating the intensity across all
alcohol dehydrogenase have been labeled on the 2D plot.
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up to 1.68 cm ID. The first ninety eight lenseswere connected to
each other using 5 MΩ resisters (1% tolerance). The last two
lenses were not connected to the resister chain allowing the
potential of these two lenses to be controlled independently;
they were used as the trap and the extraction lens regions,
respectively. Also, these last two lenses were not connected to
the capacitor series, thereby keeping them free of rf potential.
The trap lens contains a 90% transmission Ni mesh grid
(Buckbee-Mears, St. Paul, MN) to facilitate ion trapping. The dc
potential for this funnel was applied as two separate sections
which can be adjusted independently. The front section
consisted of the first 88 electrostatic lenses while the back
section consisted of the last 10 lenses. The first region was
Table 2 – Sequence coverage for four protein digest using a sam

Alcohol dehydrogenase Enolase

Iona K0(m/z)b Ion K0(m/z)

[A300-R303+2H]2+ 6.1E-4(232.12) [A235-K241+2H]2+ 5.5E-4(328.67)
[A300-R311+2H]2+ 3.3E-4(706.86) [A235-K243+ 2H]2+ 4.2E-4(442.25)
[A162-K164+H]+ 4.4E-4(332.24) [D51-K54+H]+ 3.9E-4(435.20)
[A193-R197+H]+ 3.2E-4(598.29) [G16-K28+2H]2+ 3.5E-4(709.37)
[A31-K39+2H]2+ 4.0E-4(507.81) [G29-R32+2H]2+ 5.3E-4(240.15)
[A262-K276+2H]2+ 3.6E-4(694.38) [G61-K67+2H]2+ 4.8E-4(362.73)
[A235-R258+3H]3+ 3.6E-4(771.72) [I331-K337+2H]2+ 4.9E-4(373.73)
[C277-K287+2H]2+ 2.8E-4(678.81) [I331-K338+2H]2+ 4.5E-4(437.78)
[D23-K30+3H]3+ 5.6E-4(298.86) [I331-K338+3H]3+ 5.3E-4(292.19)
[D23-K30+2H]2+ 4.3E-4(447.78) [I244-K255+2H]2+ 3.4E-4(687.83)
[D227-K234+2H]2+ 4.6E-4(408.26) [I186-K195+2H]2+ 3.8E-4(580.81)
[E304-R311+2H]2+ 4.2E-4(485.25) [K338-K346+2H]2+ 4.1E-4(472.31)
[E208-R212+2H]2+ 5.3E-4(347.69) [L106-R120+2H]2+ 3.3E-4(707.42)
[E225-K234+3H]3+ 5.2E-4(358.22) [L410-R415+2H]2+ 4.5E-4(379.24)
[E225-K234+2H]2+ 4.1E-4(536.83) [M1-K5+3H]3+ 5.6E-4(179.44)
[G336-R341+2H]2+ 5.5E-4(315.69) [N68-K79+2H]2+ 3.6E-4(644.36)
[G9-K18+3H]3+ 5.2E-4(379.87) [R330-K337+2H]2+ 4.4E-4(451.78)
[G9-K18+2H]2+ 3.9E-4(569.29) [S376-R392+2H]2+ 3.0E-4(911.97)
[G82-K84+H]+ 3.4E-4(391.22) [S55-K60+2H]2+ 5.6E-4(369.20)
[I85-K92+2H]2+ 4.6E-4(419.23) [S196-R201+H]+ 2.6E-4(733.48)
[L61-K81+3H]3+ 4.0E-4(674.03) [S10-R15+2H]2+ 5.0E-4(364.18)
[M1-K8+2H]2+ 3.9E-4(467.74) [T179-R185+2H]2+ 4.6E-4(404.73)
[S213-K224+2H]2+ 3.7E-4(657.35) [T398-R403+2H]2+ 5.0E-4(287.17)
[S288-R299+2H]2+ 3.7E-4(626.84) [V347-K358+2H]2+ 3.7E-4(645.36)
[S316-K319+2H]2+ 6.2E-4(223.15) [V6-R9+H]+ 3.9E-4(509.30)
[V198-K207+2H]2+ 4.4E-4(473.26) [Y259-K264+2H]2+ 4.0E-4(401.20)
[V198-R212+2H]2+ 2.9E-4(810.43)
[V320-K332+2H]2+ 3.3E-4(724.91)
[Y259-R261+2H]2+ 6.1E-4(219.63)
[Y259-R261+H]+ 3.9E-4(438.26)
[Y259-K276+3H]3+ 3.9E-4(602.67)
[Y342-K348+2H]2+ 4.7E-4(406.72)
[E304-K319+2H]2+ 3.0E-4(896.52)
[G312-K315+2H]2+ 6.1E-4(209.15)
[G336-R341+H]+ 3.0E-4(630.38)
[S213-K226+3H]3+ 3.5E-4(524.28)
[S316-K319+H]+ 3.7E-4(445.29)
[V198-K207+H]+ 2.4E-4(945.51)
[V320-K332+3H]3+ 3.6E-4(483.61)

aPeptides arising from tryptic digest of four proteinmixture. Amino acid se
letter code with its position number in the protein followed by the C-term
reported as a subscript next to the amino acid. Two missed cleavages are
glutathione reductase and hexokinase are 0.5 pmol∙µL−1, 0.05 pmol∙µL−1,
bReducedmobility (K0) is given in units of m2∙s−1∙V−1, and the reducedmobi
here are for the theoretical monoisotopic peaks. All peptide masses are m
Only the unique peaks are reported as identified peptides.
typically operated at 12 V∙cm−1 dc field, whereas the back region
wasoperated at 0.05–0.1 V∙cm−1 dc field. This very lowdc field at
the back of the funnel helped to reduce the velocity of the ions
and thereby improved the trapping efficiency. When the ion
funnel was in trapping mode, the voltage at the gate was only
15 V above the previous ring electrode (funnel last lens). This
created a trapping potential where the ions were trapped closer
to the center of the last funnel lens. Due to the positive voltage
gradient throughout the funnel (even though small at the back
of the funnel) the ionswere believed to be accumulated closer to
the last funnel lens. When the funnel was in the ion extraction
mode, the field between the gate lens and the funnel last lens
was maintained at 228 V∙cm−1. The distance between the gate
ple with a concentration range of three orders of magnitude

Glutathione reductase Hexokinase

Ion K0(m/z) Ion K0(m/z)

[A42-K48+2H]2+ 5.0E-4(334.68) [G14-K21+2H]2+ 5.2E-4(403.20)
[A42-K48+H]+ 2.8E-4(668.35) [G408-K423+3H]3+ 3.3E-4(561.29)
[E251-K257+2H]2+ 5.1E-4(399.22) [I166-K176+2H]2+ 3.7E-4(679.89)
[F408-R423+3H]3+ 3.5E-4(632.98) [Q338-R349+2H]2+ 3.6E-4(721.85)
[I275-K281+2H]2+ 4.9E-4(423.21) [R383-R394+2H]2+ 3.6E-4(708.90)
[L119-K125+H]+ 2.5E-4(836.48) [S479-A485+H]+ 3.0E-4(631.39)
[L119-K125+2H]2+ 4.8E-4(418.74) [Y424-K433+2H]2+ 4.0E-4(541.79)
[L352-R355+H]+ 3.6E-4(490.29)
[Q110-R112+H]+ 3.6E-4(432.28)
[Q7-R10+2H]2+ 5.0E-4(276.65)
[Q7-R10+H]+ 3.3E-4(552.30)
[S11-K22+2H]2+ 3.6E-4(690.87)
[V264-K272+2H]2+ 3.3E-4(531.78)
[Y424-K434+3H]3+ 4.0E-4(427.22)

quence for each peptide is reported starting with the N-terminus one
inus one letter code with its position number. The position number is
allowed. The concentrations of alcohol dehydrogenase, enolase,

0.005 pmol∙µL−1 and 0.5 fmol∙µL−1 respectively.
lity values reported here are for non-activated species.m/z values given
atched to the theoretical masses with a tolerance better than ±0.5 Da.
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lens and the funnel last lenswas 0.131 cm. The region right after
the gate lens (0.211 cm) called the extraction region was kept at
47 V∙cm−1 field during the ion extraction period. The higher
electric fields used during extraction seem to help extract the
ions during the short ion ejection time.

Also, a jet disrupter was placed 1.5 cm from the front lens of
the funnel [51,52]. The jet disrupter reduced the air flow into the
funnel and improved the flowdynamics in the funnel. This also
reduced the pumping load and helped to keep the drift tube
pressure low for higher ion transmission through the drift tube
via shorter transmissiontimes (less loss todiffusion). The rf field
throughout the funnel wasmaintained at an amplitude of ~160
Vp−p using a frequency between 390 and 420 kHz.

2.8. IMS–MS and multiplexed IMS–IMS–MS experiments

The current generation of IMS instrumentation can be operated
in a variety of modes [31]. Briefly, it can be operated as an IMS–
MS instrument where the electrosprayed ions are separated in
the drift tube and detected at the back of the instrument with a
mass analyzer. In thismethod, the 2 drift tube sections are used
as a combined single drift tube. Second, this instrument can be
used to mobility select certain ions at the back of the first drift
tube and allow that ion packet to separate in the second drift
tube. Third, the mobility selected ions can be activated by
Fig. 4 –Nested drift (flight) time [tD(tF)] 2D plot obtained for a tryp
performed in direct infusion multiplexed IMS–IMS–MS method.
represents the most intense peaks and dark blue color represen
dehydrogenase, enolase, glutathione reductase and hexokinase
0.5 amol∙µL−1 respectively. Peak labels A, B, C, D, E and F corresp
[SIGGEVFIDFTK+2H]2+, [VNQIGTLSESIK+2]2+, [ANELLINVK+2H]2+

respectively. Peptides A, B, D and E are from alcohol dehydrogena
for each peptide show the isotopic peak distribution which enab
applying a relatively high field before they are introduced into
the second drift tube. Under favorable conditions, the applied
high field can cause structural changes to the selected ions thus
separating ions whose structures are similar prior to the
mobility selection and activation. This IMS–IMS technique
increased the peak capacity of the drift dimension compared
to the IMS–MS mode of operation. Finally, the mobility-
separated ions canbesubjected to collision induceddissociation
(CID) at the back of the drift tube to perform IMS–CID–MS
experiments. This parallel dissociation can be employed with
any of the first three operational methods described above.

The instrument used for this work consisted of two drift
tube sections which allowed performing two-dimensional IMS
(IMS–IMS) experiments. The first drift tube section (D1) is
79.7 cm long and was connected through a regular ion funnel
(F2, 12.7 cm long) to the second drift tube section (D2) which
was 76.2 cm long. The D1 and D2 regions were operated at
9 V∙cm−1 drift field while the funnels were operated at
10 V∙cm−1 dc field. The drift tube and the funnels were filled
with He buffer gas at a pressure of 2.59 Torr. The operating
temperature for the drift tube was 298 K. An ion gate was
employed at the end of the first drift tube which was used to
select mobility-separated ions. The ion gate consisted of two
adjacent lenses both containing 90% transmission Ni mesh
grids. The distance between the two lenses was 0.32 cm. Drift
tic digestion of four proteins from Yeast. This experiment is
This 2D plot is shown on a false color map where red color
ts the least intense peaks. The four proteins used are alcohol
with 0.5 fmol∙µL−1, 0.05 fmol∙µL−1, 0.005 fmol∙µL−1 and
ond to [ATDGGAHGVINVSVSEAAIEASTR+3H]3+,
, [IGDYAGIK+2H]2+ and [TFAEALR+2H]2+ peptide ions
se while peptides C and F are from enolase. Themass spectra
led the confirmation of the charge state.
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tube funnels were constructed with 0.23 cm thick stainless
steel ring electrodes and 0.32 cm thick Teflon spacers. When
the instrument was operated in IMS–IMS mode, a negative
step wave (~3.5 Vp−p) was applied to the gate lens (second lens
with the mesh grid) to select ions with a particular drift time
range. The potential of the gate lens was maintained at a high
value (~1.5 V above preceding lens) to block those ions of
unwanted mobilities. Periodically it was lowered to let the
selected ions pass to the next drift tube section. The gated ions
enter the F2 funnel and can be activated (~200 V∙cm−1) or
fragmented (N300 V∙cm−1) at the back of the funnel. Lower
activation voltages can be used to transmit precursor ions
without activation. At the back of D2, another funnel (F3) was
employed to focus the radially diffused ion cloud. At the end of
this third funnel, a split-field drift tube design was employed
to facilitate efficient extraction of ions as well as parallel
fragmentation of precursor ions [40]. Ions exiting the drift tube
traverse a differentially pumped region and were focused into
the source of themass analyzer using an einzel/dc quadrupole
lens assembly. The mass analyzer was placed orthogonally to
the ion beam axis and consisted of a two stage reflectron. A
Table 3 – Detection limits for peptides arising from a four prote

Protein Iona t

Alcohol dehydrogenase [A300-R303+2H]2+ 10.
[A300-R311+2H]2+ 18.
[A31-K39+2H]2+ 15.
[A235-R258+3H]3+ 17.
[D23-K30+2H]2+ 13.
[D23-K30+3H]3+ 11.
[D227-K234+2H]2+ 13.
[E304-R311+2H]2+ 14.
[E208-R212+2H]2+ 11.
[E225-K234+2H]2+ 15.
[E225-K234+3H]3+ 12.
[G336-R341+2H]2+ 11.
[G9-K18+2H]2+ 15.
[G9-K18+3H]3+ 11.
[I85-K92+2H]2+ 12.
[S213-K224+2H]2+ 16.
[S288-R299+2H]2+ 16.
[A300-R303+2H]2+ 10.
[V198-K207+2H]2+ 13.
[V320-K332+2H]2+ 18.
[Y342-K348+2H]2+ 12.

enolase [G61-K67+2H]2+ 12.
[I331-K338+2H]2+ 13.
[L410-R415+2H]2+ 12.
[S10-R15+2H]2+ 11.
[T179-R185+2H]2+ 12.
[V347-K358+2H]2+ 17.

aPeptides arising from tryptic digest of four proteinmixture. Amino acid se
letter code with its position number in the protein followed by the C-term
reported as a subscript next to the amino acid. Two missed cleavages are
glutathione reductase and hexokinase are 0.5 fmol∙µL−1, 0.05 fmol∙µL−1, 0
bThe drift time is reported for both non-activated species (tD1) and activat
out by applying a 65 V potential to the activation region of the F2 funnel.
masses.
cSignal to noise ratio (S/N) calculations and standard deviation (S.D.) valu
three runs. See text for detail.
dThe detection limit (DL) is given in attomoles and the value correspond
Detection limits are calculated based on DL=peak intensity (at S/N=3)×t
bipolar TOF detector (Burle Electro-Optics, Sturbridge, MA) with
a 25mmmicrochannel plate was employed as the ion detector.

Previous IMS–IMS experiments were relatively inefficient
due to the mobility selection and activation process. For
example, the instrument used for this experiment produced
an effective drift range of ~10 ms for the D1 region. If the
selectionpulsewidthwas150µs, approximately 67 experiments
were needed to be carried out to cover the entire drift rage.
Although this method produced more information, it took 67
times longer to perform the experiment. A recently developed
multiplexed scanning method significantly improved the
efficiency of this method [32]. The multiplexed scanning
method coined as combing-IMS utilized a series of pulses to
select multiple ion packets in a given experiment. The series of
pulses used for one scanwas called a comb, and each pulse was
called a tooth. For successive scans, the starting time of the
initial pulse was incrementally varied such that eventually the
mobility selection covered the entire drift rage of the experi-
ment. Furthermore, these multiplexed IMS–IMS experiments
can be carried out in a single run, thereby increasing the
throughput of the technique. The combing-IMSmethod utilized
in tryptic digest

D1(m/z)→tD2
b S/N±S.D.c DL(amol)d

32(232.12) 10.32 41±6 18.0
60(706.86) 19.38 87±18 7.9
06(507.81) 15.90 415±119 1.7
34(771.72) 17.28 574±217 1.1
80(447.78) 14.64 107±33 6.2
40(298.86) 11.16 56±11 12.0
08(408.26) 13.80 121±13 6.3
10(485.25) 15.00 124±25 5.5
94(347.69) 11.94 26±8 25.7
18(536.83) 15.48 69±7 11.1
12(358.22) 12.12 14±2 47.4
52(315.69) 11.52 112±23 6.3
42(569.29) 16.02 197±27 3.6
40(379.87) 12.06 64±23 8.8
84(419.23) 13.56 396±59 1.9
80(657.35) 17.22 810±150 0.8
62(626.84) 17.22 144±29 5.0
20(223.15) 10.20 42±8 17.0
80(473.26) 14.40 57±15 11.7
30(724.91) 18.96 521±216 1.2
30(406.72) 13.44 79±10 9.7
54(362.73) 13.20 6±1 11.3
50(437.78) 14.16 29±4 2.6
42(379.24) 13.92 26±8 2.2
82(364.18) 12.66 19±3 3.6
72(404.73) 13.80 30±2 1.6
16(645.36) 17.11 56±6 1.4

quence for each peptide is reported starting with the N-terminus one
inus one letter code with its position number. The position number is
allowed. The concentrations of alcohol dehydrogenase, enolase,

.005 fmol∙µL−1 and 0.5 amol∙µL−1 respectively.
ed species (tD2) and given in milliseconds (ms). The activation is carried
The m/z values reported here are based on theoretical monoisotopic

es are based on average signal from ten runs and average noise from

to the amount of consumed sample that is required to produce S/N=3.
otal amount of peptide consumed/peak intensity.
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in this study employed a ~150–250 µs wide selection pulse and
the pulse period is varied for different experiments (~900–
1000 µs).

2.9. Coupling of chip based electrospray autosampler to
the IMS–MS instrument

The autosampler was positioned directly in front of the ESI
source by mounting it on a translation stage which can be
Fig. 5 –Nesteddrift (flight) time2Dplots for trypticdigestsofplasma
number for [ATEHLSTLSEK+H]2+ peptide from apolipoprotein A1. A
and tD=13.5–18.3 ms) which includes the [ATEHLSTLSEK+H]2+ pep
corresponding to the sequence they are analyzed. LC-tandem mas
identity of the peptide. For this experiment 124 Human plasma sam
total time for the experiment is 16.5 h.
moved in all three dimensions. The maximum ESI voltage
setting for the electrospray was 2000 V, and for the IMS–MS
experiments the source chamber voltage can be as high as
~2600 V. Under these conditions, electrosprayed positive ions
must travel against the electric field created by the potential
difference between the chip based electrospray and the ESI
source chamber to enter themass spectrometer. This problem
was solved by biasing the autosampler with the source
chamber voltage of the IMS–MS instrument. The autosampler
samples fromtwo individualsand thepeak intensityvs. sample
small section from the 2D plot is shown here (m/z=~585–633

tide peak. Sample numbers given here are arbitrary numbers
s spectrometry experiments have been used to confirm the
ples are used and each sample has been run in duplicate. The



327J O U R N A L O F P R O T E O M I C S 7 1 ( 2 0 0 8 ) 3 1 8 – 3 3 1
was controlled by a dedicated computer system which was
connected through a controller unit. Since the computer
system cannot be biased with the same high voltage, it was
electrically isolated using a model 9PFLST fiber optics modem
(B & B Electronics, Ottawa, IL) from other components.
Additionally, the communication between the controller unit
and the data acquisition system was achieved through a fiber
optics system constructed in house. The pneumatic pressure
required by the instrument to manipulate the solvents and
samples was obtained through a regular compressed air outlet
operating at maximum pressure of 80 psi. Amoisture trap was
employed between the autosampler and the air outlet to
prevent any electrical leakage into the plumbing system
through the gas connections.

The schematic timing diagram for the operation of the
autosampler device is shown in Fig. 1. The chip based
electrospray generated a contact closure signal after it started
electrospraying the sample. A short delay (typically 5–15 s) was
employed between the start of the electrospray and the
generation of the contact closure signal. This contact closure
signal triggered the start of the acquisition system. Two
algorithms (in house written) controlled the automated data
acquisition and file storage. A pulse timing program controlled
the duration, frequency, level, and timing of each pulse utilized
in the experiment. Pulse diagrams for typical IMS experiments
have been published elsewhere [31]. After each run the program
waited for the next contact closure signal from the autosampler
to initiate the next run. The spray time for the chip base
electrospraywascalculatedsuchthat therewasa short timegap
between the end of the data acquisition and the actual end of
thesample spray, typically 5–15s.Additionally, theautosampler
required about 30 s to switch between samples. Therefore, the
total time for each run consisted of data acquisition time, delay
times employed at the beginning and the end of each run and
the sample switching time.

2.10. Instrumental conditions for reproducibility and
detection limit studies

Tryptic digest of phosphoglucose isomerase protein was
directly infused into the IMS–MS instrument using chip
based electrospray. The electrosprayed ions were subjected
to IMS separation and analyzed by MS. For this experiment,
5 µL of peptide sample was loaded into each of the 10 wells of
the 96 well plate. The electrospray was operated at 1500 V ESI
potential and 0.3 Torr gas pressure. At these pressure settings
and the sample solution conditions, the calculated flow rate
was approximately 200 nL∙min−1. The data acquisition time
for each run was 2 min. For this experiment each drift scan
was 32 ms long. Therefore, during a 2 min run a total of 3750
scanswere accumulated. For this experiment the autosampler
was programmed to pick 3 µL from the sample well and
discard the excess sample after each run.

For the detection limit study, the four protein tryptic digest
mixturewas directly infused into the ESI source of the IMS–IMS–
MS instrument using the autosampler running at the same
conditions as above. The datawas acquired inmultiplexed IMS–
IMS mode. For this experiment five combs were used with a
900 µs tooth spacing between two pulses. Each tooth was 180 µs
wide, which gated the ions into the next drift tube. For each
successive scan, starting position of the first tooth was shifted
by 180 µs until the entire drift space was scanned.

2.11. IMS–IMS–MS analysis of plasma samples

Dried sampleswere resuspendedwith 200 µL ofwater. The final
working samples were prepared by 1:1 dilution of the above
stock solution with methanol (with 4% acetic acid) to obtain
H2O/methanol/acetic acid solution (49:49:2%). Also to each
sample, two internal standards (bradykinin and angiotensin 1
each 5×10−3 mg × mL−1) were added. Samples were worked up
in batches of 24 (12 separate samples run in duplicate). The
volume of each sample loaded on to the autosampler well plate
was 40 µL. The adhesive foil covering was used to minimize
solvent evaporation during data acquisition. Samples were
electrosprayed directly into the IMS instrument as described
previously. The IMS–IMS–MS instrument was operated such
that the selection pulses were 250 µs wide with a periodicity of
1ms. Thus there were a total of 4 comb pulse settings. We have
recorded each comb pulse setting for 45 s which led to the
overall experimental time of 3 min.

Few representative plasma samples were analyzed using
reversed phase (RP) liquid chromatography and tandem mass
spectrometry to obtain protein identifications for these sam-
ples. The peak assignments were made based on a data base
obtained by running the same samples using LC-Tandemmass
spectrometry methods. The gradient elution for the chromato-
graphic separation was carried out using the Ultimate 3000 LC
pump with an autosampler (Dionex, Bannockburn, IL). The
tandemMSanalysiswasperformedusinga LTQFThybrid linear
ion trap fourier transform ion cyclotron resonance mass
spectrometer (Thermo Scientific, Waltham, MA). The peak
assignments were also verified by cross referencing the data
base obtained from LC–IMS–CID–MS experiments for 5 human
plasma samples.
3. Results and discussion

3.1. Reproducibility of IMS–MS measurements

The ability to reliably reproduce peak intensities for a given
sample is of utmost importance in quantitative proteomics.
Generally, mass spectrometry data are reasonably reproducible
(CVs of 5 to 10%) if the electrospray ionization remains stable.
For IMS–MS, the temperature and pressure fluctuation inside
the drift tube ormass spectrometer does not usually change the
signal intensity considerably. For comparative proteomics
studies that utilize an IMS–MS instrument, one needs to
determine the reproducibility in both the peak intensity as
well as the position of the peak (e.g., drift time and m/z value).
Ideally, peak intensity variation should be minimal to obtain a
reasonablequantitative analysis. Peakposition variation should
be at aminimum to be able to compare peaks between samples.
Here, we have studied both the peak intensity and the peak
position for multiple ions across ten individual runs.

Fig. 2 shows a nested drift (flight) time distribution for
peptides arising from a tryptic digest of phosphoglucose
isomerase. The acquisition time for this run is 2 min and the
total sample used for each run is 0.2 pmoles. This experiment
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is carried out using IMS–MS method. Here ions are allowed to
separate using the whole drift tube followed bymass analysis.
This figure also shows the integrated signal intensity for the
drift dimension across the entire mass range. The mass
spectrum shown is obtained by integrating the signal intensity
across the whole drift range. This figure clearly depicts the
considerable separation achieved in the drift dimension. The
peaks are identified using the peptide mass finger print
technique. An in silico digestion of the phosphoglucose
isomerase is used to obtain the peptide database. This
database consisted of [M+H]+, [M+2H]2+, and [M+3H]3+ pep-
tide ions as well as up to two missed cleavages. Monoisotopic
masses of peptides are used, and post-translational modifica-
tions are not considered when preparing this database. The
mass tolerance used for the peak picking is ±0.5 Da. A wide
mass tolerance is used for this experiment due to the fact that
this is a single protein digest with a relatively low sample
complexity. However, the average mass tolerance for picked
peaks is ±0.17 Da. A program developed in house is used to
pick peaks from the dataset and record the m/z, drift and
intensity (peak height) values for each peak. Once the peak list
is obtained, another program aligns the database peaks which
contained the peptide identity, charge state and m/z informa-
tion with the picked peak information. After obtaining the
peak assignments, each peak is manually checked to verify
the assigned charge state to eliminate false assignments.

It is important to note that for these studies, each protein is
individually electrosprayed into the instrument and the identi-
fied peaks (peptidemass fingerprint) are included in a database.
These peptides are identified basedon them/z value and charge
state. Additionally, identified peptides are associated with a
drift time. These database entries for individual proteins are
used to identify the peptides from the proteinmixture. Here we
note thatwith theadditionof drift timealignment, the identities
of the peptides are of higher confidence than those that would
be obtained with a peptide mass fingerprint alone. As men-
tioned earlier, if two ormore peptides have the samem/z value,
charge state, as well as drift time, they are not included in the
final peptide list to avoid ambiguous assignments.

As described previously separation of charge state families
according to mobilities is observed (Fig. 2). Singly-charged
peptides have relatively low mobility compared to the doubly
and triply-charged ionswith the samem/zvalue (e.g. [TLSVK+H]+

vs [LATELPAWSK+2H]2+). Among the peaks that have been
identified across all ten runs, the average intensities vary from
75 (for [IYESQGK+H]+) to 2021 (for [AVYHVALR+2H]2+). For these
2-min runs a total of 33 peaks are identified corresponding to 25
unique peptides. The sequence coverage obtained for this protein
is 48.6% using 0.5 pmol∙µL−1 sample. The flow rate for direct
infusion is 0.2 µL∙min−1. Thus total sample used for each run is
0.2 pmoles. Thenesteddrift (flight) timedistribution showsmany
more peaks than we were able to assign. In part this may be
explainedas features frompeptidescontainingpost-translational
modifications or those arising from non-specific enzymatic
cleavage.

Typically the peak position in the drift dimension is very
reproducible and the variation from run to run is b1.0%RSD. For
this experiment the average variation in drift time across all
peaks is 0.034 ms which corresponds to a RSD of 0.15%. The
pressure is not normalized when calculating the RSD of drift
times. However, the pressure fluctuations during these experi-
ments are typically less than 1% over the course of multiple
experimental runs. The mass resolving power of this instru-
ment is ~6000–8000 under optimum conditions, but a resolving
power of ~3500–5000 can be achieved on a regular basis. The
native time resolution for theTOFanalyzer is 0.1nsand the total
flight time is 60 µs. The raw data from this instrument is binned
to 4 ns time resolution for data processing. This instrument
produces highly reproducible peak positions for both the drift
and mass dimensions allowing one to use this information
reliably for high-throughput qualitative analysis. This is espe-
cially advantageous when performing high-throughput com-
parative studies where peak intensities from multiple samples
are evaluated.

Table 1 shows the reproducibility of peak intensities for
peptides arising from a tryptic digestion of phosphoglucose
isomerase. The experiment is repeated 10 times and the peak
heights for 28 different ions are reported here. The intensities
(ion counts per 2 min run) for those 28 peaks range from 75±6
to 2021±83. A peak picking threshold of 25 counts is used for
this analysis. Since this experiment is performed using the
IMS–MS method, low intensity peaks (b25 counts) are often
surrounded by signal noise making it difficult to unambigu-
ously assign the charge state. The peak intensities reported
here are normalized to themaximumsumof all peaks from all
ten runs. The peak heights range from 2% to 13% RSD, while
the average is 7%. The standard deviation is highest when the
signal intensity is low. Therefore, this fluctuation in peak
intensities between runs can be attributed to the sampling
variations arising from low intensity signals.

3.2. Multiplexed IMS–IMS–MS technique for analyzing
complex peptide mixtures

Fig. 3 shows a typical drift(flight) time distribution for a
multiplexed IMS–IMS separation. For this experiment, the total
drift time for D1 is ~12.7ms and five combs are usedwith 900 µs
tooth spacing. The gatingpulsewidth is 180 µs. The sampleused
here is a four protein tryptic digest with peptides having a
concentration range of three orders of magnitude. The concen-
trations of aldehyde dehydrogenase, enolase, glutathione
reductase and hexokinase peptides are 0.5 pmol∙µL− 1,
0.05 pmol∙µL−1, 0.005 pmol∙µL−1 and 0.5 fmol∙µL−1 respectively.
For this experiment, data is collected for a total of 15 min
where the duration of each comb is 3 min. The total sample
volume used for a single run is 3 µL. Therefore, the total
amount of sample used for aldehyde dehydrogenase, eno-
lase, glutathione reductase and hexokinase are 1.5 pmoles,
0.15 pmoles, 0.015 pmoles and 1.5 fmoles respectively. For
this instrument each drift section gives a drift resolving
power of ~40–60. If the two drift tube sections are used as a
single drift tube, the overall drift resolving power is ~70–90
[29]. The two-dimensional peak capacity for this instrument
is estimated to be ~400–600 [40–60×10 (average estimated
shift in drift for a drift tube typical of this resolving power and
the type of sample used) [29]]. The dotted line on Fig. 3
corresponds to the drift time where mobility selections are
performed. The drift spectrum above the plot shows sharp
peaks where the selections are made. Also peaks can be seen
in between selection times, which are due to activated and
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drift shifted ions. When the activation voltage (~65 V) is
not applied during the experiment the space between
dotted lines shows significantly fewer peaks. The peaks
labeled as [VVGLSTLPEIYEK+2H]2+, [EALDFFAR+2H]2+ and
[EELFR+2H]2+ correspond to peptides from the protein alco-
hol dehydrogenase.

Table 2 lists the peptides identified from each protein and
their tD (m/z) values. The drift times reported here are for the
non-activated species and the m/z values are the theoretical
monoisotopic values. All peptide masses are matched to the
theoretical masses with a tolerance better than ±0.5 Da. For the
results presented in Table 2, the following mass accuracies are
obtained; alcohol dehydrogenase ±0.22 Da, enolase ±0.19 Da,
glutathione reductase ±0.18 and hexokinase ±0.23 Da which
correspond to 220, 190, 180 and 230 ppm mass errors respec-
tively at m/z 500 (z=2). The sequence coverage obtained for
aldehyde dehydrogenase, enolase, glutathione reductase and
hexokinase are 62.9%, 50.6%, 19.0% and 16.5% respectively.

3.3. Sensitivity of the IMS–IMS–MS instrument

One of the major considerations in a high-throughput mass
spectrometry analysis is the sensitivity of the instrument used.
We have studied the sensitivity of this instrument using a four
protein tryptic digest. The concentration range used is
0.5 fmol∙µL–0.5 amol∙µL. This sample is similar to the four
protein digest used in the previous experiment, but the
concentration is lowered by three orders of magnitude. This
peptide mixture is run in multiplexed IMS–IMS mode to asses
the detection limits. For this experiment data is collected for
total of 15 min where the duration of each comb is 3 min. Each
drift scan is 32 ms and therefore 5624 total scans are
accumulated during this 3 min acquisition time for each run.
The total sample volume used for a single run is 3 µL. This
experiment is repeated ten timesand theaverage signal tonoise
ratio (S/N) is calculated. Fig. 4 shows thenested drift (flight) time
2D plot for the third comb from the second run. The mass
spectra labeledA–F showthe isotopicdistributionand thesignal
intensity for the [ATDGGAHGVINVSVSEAAIEASTR+3H]3+, [SIG-
GEVFIDFTK+2H]2+, [VNQIGTLSESIK+2]2+, [ANELLINVK+2H]2+,
[IGDYAGIK+2H]2+ and [TFAEALR+2H]2+ peptide ions respec-
tively. Peptides A, B, D and E are from alcohol dehydrogenase
and peptides C and F are from enolase. To determine the noise
associated with each peak, a solvent samples is electrosprayed
without the analyte. To obtain the integrated intensity for a
given peak the ion counts for an integration box size of 20% full
width at base in the drift dimension and 20% full width at base
for the monoisotopic peak in the mass dimension are used. For
each peak identified in the sample, an area with the same
dimensions and the same position is integrated in the blank
sample to obtain the noise for that peak. Three blank runs are
performed and the average noise is obtained for each peak. The
detection limits are calculated by extrapolating the S/N for a
given peptide to the S/N=3 threshold. Table 3 lists the peaks
identified from alcohol dehydrogenase and enolase, and the
detection limits for those peptides. Peptides from the other two
proteins, glutathione reductase (5.0 amol∙µL−1) and hexokinase
(0.5 amol∙µL−1) are not identified. Although the detection limits
listed in Table 3 appear to be relatively low, it is important to
discuss them in the context of the sample. That is, detection
limits are impacted by sample matrix effects. Two examples of
such effects include ionization efficiency (see below) as well as
chemical noise. Thus a true measure of detection limits is
sample and analyte dependent and the best method for
determining suchvalues is to spike inserial dilutionsofanalytes
of interest. Limits of detection are then determined from
concentration levels corresponding to dataset featuresobserved
with an S/Nvalue of 3. Currentlywe are evaluating thedetection
limits for peptides spiked intohumanplasmadigestsaspartof a
comparative proteomics study (see below).

For the current study we have chosen to use the extrapola-
tionmethod.Althoughserial dilutionsof analyteshavenot been
spiked into the sample, an estimate of the detection limits can
be obtained from the existing data. Overall, the best detection
limit obtained using extrapolation is determined to be 0.8 atto-
moles for the peptide ion [SIGGEVFIDFTK+2H]2+ from the
protein alcohol dehydrogenase (Fig. 4D). Another dataset
feature providing the lowest (6±1) S/N (i.e., the value closest to
S/N=3) is observed. This feature is obtained from a peptidewith
an upper limit concentration of 30 attomoles (an extrapolated
detection limit of 11.3—Table 3). Therefore, having analyzed a
relatively simplesample,weestimate thedetection limit for this
instrumentation to be in the lowattomole region. Asmentioned
before, detection limits for peptides from a three-dimensional
experiment such as described here highly depend on the noise
around each peak. For example, the average integrated signal
intensity for peak E in Fig. 4 is 1386 and average noise is 3.5
counts. The calculated detection limit for this peptide is
1.9 attomoles. But for peak B which gave a detection limit of
0.8 attomoles, the average integrated intensity is 810 counts and
the noise averaged 1 count.

3.4. Human plasma sample analysis

To illustrate one application of this method, human plasma
samples from 124 different individuals have been analyzed in
duplicate runs constituting an experiment that required a total
of 16.5 h (8 min per sample). Fig. 5 shows nested drift(flight)
time distributions for two plasma samples (top) and the
variation of intensities among individual samples (bottom)
for the peptide ion [ATEHLSTLSEK+H]2+ from the protein
apolipoprotein A1. The experiment has been performed on
two different days and the data corresponding to those two
days are labeled as experiment 1 and 2. Here we note that the
plots in Fig. 5 represent rawdata; that is, peak normalization to
account for variation in instrument performance has not been
performed. The data processing steps of dataset normalization
and alignment have been performed for a number (72—limited
by current algorithms) of the 124 samples as part of a separate
comparative proteomics study (Culbertson AW, Williams WB,
Kurulugama RT, Clemmer DE, March K, Naylor S, Valentine SJ,
unpublished data). It is noteworthy that the maximum
variation in normalized peak intensities for the peptide
mentioned above is at least 4 fold.

Assignments for features observed in the IMS combing
experiments are obtained from comparisons with data from
LC–MS/MS analyses of the same samples. Here assignments are
made based on matches to m/z values. A threshold of 0.07 Da
has been used for the comparison; therefore, m/z values from
the 2 experiments must be within 0.07 Da to be considered a
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match. Matches are confirmed based on charge state determi-
nations fromamass spectrum.Typically, for each4-minsample
collection, ~100 to 250 features are assigned in this fashion.

As noted above, a concern is the problem of ion suppres-
sion as it relates to experimental sensitivity and overall
molecular coverage. This is especially problematic for com-
parative plasma proteomics where the samples contain a very
large number of interfering species. To better understand the
role of ion suppression in these IMS combing experiments,
analyses of serial dilutions of two known peptides doped into
the plasma digest matrix have been performed. Examination
of ion signals for the triply-charged angiotensin 1 and singly-
charged leucine enkephalin peptides has revealed a dynamic
range approaching 3 decades with limits of detection reaching
200 attomoles (Culbertson AW, Williams WB, Zhang X,
Kurulugama RT, Clemmer DE, Naylor S, Valentine SJ, unpub-
lished data). One explanation for these remarkable figures of
merit is that the relatively high resolving power of the IMS–
IMS–MS approachhelps tomitigate the ion suppression effects
of coexisting species. That is, the 2 dimensions of mobility
dispersion help to remove interfering species allowing the
detection of many different peptide ions.

To evaluate the utility of the IMS combing technique for
comparative proteomics, the throughput and coverage
obtained with conventional technology should be considered.
A current study indicates a relatively high degree of overlap
between identified species obtained from LC–MS/MS analyses
and observed peptide ions in the IMS combing studies. Here
identical plasma digest samples have been subjected to each
analysis. On average, 524±29 peptide ions corresponding to 83
±6 proteins are identified from LC–MS/MS analyses of the
multiple samples. The estimated false positive rate obtained
from numerous reverse protein database searches is 1 to 2%
(Culbertson AW, Williams WB, Kurulugama RT, Clemmer DE,
March K, Naylor S, Valentine SJ, unpublished data). On average,
a significant percentage of the peptide ion (~50%) and protein
(~75%) assignments are matched to those in the IMS combing
datasets (m/z and zmatch). At this time it is difficult to estimate
the number of false matches. It is worth noting that the
identified features from the LC–MS/MS are from higher-signal
species because of the process used in data dependent
experimental techniques. Therefore, it is likely that higher-
signal species from the LC runs correlate to higher-signal (or
observable) species for the IMS combing experiments as well.
Additionally, to reduce the number of false matches, a tighter
m/z match tolerance has been used (0.07 Da).

The limitations of such a comparison should be noted. First,
the comparison is between all peaks observed from the IMS
combing experiments and the identified features from the LC–
MS/MS analysis. Clearly many dataset features from the latter
technique are not comparedwith peaks observed in the former.
Additionally, the fact that onlyhalf of the identified peptides are
matched to dataset features in the IMS combing experiments
may indicate the effects of ion suppression; that is, there is a
clear benefit to sequentially introducing different species to the
ionization source. Having said that, the fact that so many
matches to identified species can be obtained on such a short
experimental timescale (30 to 40 times faster than the LC–MS/
MS experiment) raises the question of whether or not the
resolution of the combing technique is sufficient to distinguish
sample populations in comparative proteomics studies. Pre-
liminary comparisons of the data reported here (depicted in
Fig. 5) with that for samples from cardiovascular compromised
patients has revealed the ability to distinguish the two sample
cohorts. (Culbertson AW, Williams WB, Kurulugama RT, Clem-
merDE,MarchK, Naylor S, Valentine SJ, unpublished data) Here
we note that the true utility of IMS combing for comparative
proteomics remains to be determined; however, these pre-
liminary studies suggest that further investigation iswarranted.
4. Conclusion

This work shows the use of chip based electrospray coupled to
a high sensitive IMS–IMS–MS instrument to achieve high-
throughput analysis of complex protein samples. The key
components of this method are the use of an autosampler
with its capability of direct infusion and high-throughput
sample handling and the high sensitive mass spectrometer
with the capability to perform IMS–IMS experiments. The
average reproducibility of peak intensities is ±7% RSD, thus
qualitative experiments can be carried out for comparative
proteomics. The sensitivity of the instrument is in the low
attomole range making it possible to study dilute samples, or
use very small amounts of samples. Assignments of peaks are
currently carried out by manually scrutinizing the isotopic
distribution of the assigned peaks and also comparing peak
positions with other data that utilized more rigorous assign-
ments. This is tedious and time-consuming. However, algo-
rithms for automation are under development.

Asmentioned above one disadvantage of thismethod is the
difficulty to perform CID–MS to identify peptides. Although
peaks are separated in drift time, for complex samples often
multiple peaks are observed at similar drift times even when a
two-dimensional IMS separation is employed. In such cases
the use of parallel fragmentation is complicated because
fragment ions may arise from multiple parent ions. Due to
the inability to use CID information in direct infusion experi-
ments, we have employed separate experiments to confirm
the identity of individual components in the sample. But once
the constituents of the samples have been identified, high-
throughput experiments can be carried out for a large
population of samples.
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