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A drift tube mass spectrometer that utilizes back-to-back ion mobility regions separated by a colli-
sional activation zone and new autosampling [R.T. Kurulugama, S.J. Valentine, R.A. Sowell, D.E. Clemmer,
Development of a high-throughput IMS-IMS-MS approach for analyzing mixtures of biomolecules, J. Pro-
teomics 71 (3) (2008) 318-331] and data acquisition techniques [S. Trimpin, D.E. Clemmer, lon mobility
spectrometry/mass spectrometry snapshots for assessing the molecular compositions of complex poly-
meric systems, Anal. Chem. 80 (23)(2008) 9073-9083; C. Becker, K.N. Qian, D.H. Russell, Molecular weight

{:’zvggg;}t spectrometr distributions of asphaltenes and deasphaltened oils studied by laser desorption ionization and ion mobil-
Proteomicsy v ity mass spectrometry, Anal. Chem. 80(22)(2008) 8592-8597; S.I. Merenbloom, S.L. Koeniger, B.C. Bohrer,

SJ. Valentine, D.E. Clemmer, Improving the efficiency of IMS-IMS by a combing technique, Anal. Chem.
80 (6) (2008) 1918-1927; M.E. Belov, B.H. Clowers, D.C. Prior, W.F. Danielson III, A.V. Liyu, B.O. Petritis,
R.D. Smith, Dynamically multiplexed ion mobility time-of-flight mass spectrometry, Anal. Chem. 80 (15)
(2008) 5873-5883] is used to analyze tryptic peptides from proteins obtained from 70 individual human
plasma samples. The combination of methods allows ions to be efficiently separated in an initial drift
region (based on differences in mobilities that arise from initial conformations), activated (in order to
alter conformations), and then separated again in a second drift region, prior to detection in a mass spec-
trometer. The two-dimensional ion mobility separation makes it possible to create a large analytical peak
capacity for the complex mixture. Additionally, the mobility distributions of the ions in different states
(precursor and post-activation) provide a signature that is valuable in verifying that the same ions are
being examined across the distribution of individuals. Finally, because this characterization is carried out
in the gas phase it is possible to obtain information in a high-throughput fashion. Here, we develop and
assess an analysis that requires ~4 min per sample. While this prototype approach is at a very early stage
several thousand peaks can be resolved and detected for each sample. From a comparison of 15 plasma
samples analyzed with IMS-IMS-MS and LC-MS/MS techniques we find that an average of 262 + 54 (10)
unique peptides assigned in the latter analyses are also observed in the former. On average, these assigned
peptides represent 63 & 9 proteins. The utility of the approach as a means of characterizing physiologies
in a state-to-state fashion is discussed.

Multidimensional IMS

© 2009 Published by Elsevier B.V.

1. Introduction

In 1991 Kemper and Bowers separated different electronic states
of transition metals in a drift tube based on differences in their
mobilities through He buffer gas [1-3]. They went on to propose
that under certain conditions it is possible to follow transitions,
from one electronic state to another using this technique [3]. Sub-

* Corresponding authors.
E-mail address: clemmer@indiana.edu (D.E. Clemmer).

1387-3806/$ - see front matter © 2009 Published by Elsevier B.V.
doi:10.1016/j.ijms.2009.02.030

sequently, reliable methods for calculating mobilities [4-7] for
atomic coordinates generated by theory were developed to pro-
vide direct structural information for a range of different systems,
such as metal coordination complexes [8-12], synthetic polymers
[9,11,13-19], clusters [20-25], and biopolymers [8,10,26-37], The
structural insight accessible from this approach attracted consid-
erable attention. An early example was the family of rings and
fullerenes that were produced upon laser vaporization of carbon
rods [38-41]. This noted structural determination is only one of
many uses for drift tubes. These instruments are well suited for
studying gas-phase chemical reactivity under thermal conditions
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[39,2,20,42] as well as state-to-state studies that involve non-
reactive changes in structure [43,44] that can be resolved as a
difference in mobility. Currently, the techniques are employed for a
range of different studies, from understanding how electrons rear-
range in atoms [ 3], to assessing how peptides aggregate [45-47], as
well as how protein complexes assemble and dissociate [48-51];
and this list does not include more traditional applications (e.g.,
particle sizing [52] and chemical warfare agent and explosives
detection [53,54]).

Recently our group coupled two- and three-dimensional ion
mobility spectrometry (IMS-IMS and IMS-IMS-IMS) techniques
with time-of-flight mass spectrometry (MS) in order to realize large
analytical peak capacities that would facilitate separation of large
mixtures of molecules as they emerge from an ion source [55-58].
In this approach, we separate ions in a first drift region, expose
them to energizing collisions in order to induce structural changes,
and then separate the mixture again based on the new struc-
tures that are formed. IMS-IMS and IMS-IMS-IMS techniques also
are suitable for following changes in conformations of ions—from
defined precursor states (i.e., a distribution of ions with identi-
cal mobilities), through selected intermediates to product states
[43,44].

The longer term goal of the work to develop this technol-
ogy has been the possibility of using the large peak capacities
and defined signatures associated with transitions generated by
very-high-throughput gas-phase ion techniques for state-to-state
measurements at a physiological scale on living organisms. For
example, consider the data in Fig. 1, which illustrate early attempts
to characterize the proteome of Drosophila melanogaster (the fruit
fly) as the population evolves over its lifetime [59]. Two examples of
proteins are shown: paramyosin, which remains at a relatively con-
stant concentration across lifespan; and prophenyloxidase which
decreases dramatically in concentration as the organism ages.
Prophenyloxidase (as well as other proteins) is known to be
involved in the immune response mechanism for this animal. The
relative concentration of this protein reflects the animals’ ages, and
can be used to predict the remaining lifetime of a synchronized
population. Also shown are population lifespan data obtained upon
deletion of this gene; the average lifespan is reduced. In other stud-
ies, single gene changes, related to diseased states suggest that
cascades of events occur at the level of the proteome. For example,
a Parkinson’s disease mutant (A30P) of human a-synuclein protein
expressed in flies leads to dramatic changes in structural proteins
such as actin-associated proteins compared with control animals
[60]. Using IMS-MS measurements, Bowers and his collaborators
have suggested that spermine, a polyamine involved in metabolic
processes, induces a structural transition in a-synuclein and the
related A30P and A53T a-synuclein mutants [49]. The transition
they observed involves the collapse of extended conformations to
form highly compact structures which are believed to form aggre-
gates and lead to disease onset.

At the heart of the push towards state-to-state measurements at
the physiological level is a tremendous barrier—the time required
to do the experiments. The fruit fly experiments described above
required several years to complete, and still many issues are unre-
solved. Commercially available, state-of-the-art techniques are by
nature time consuming (e.g., gels may require weeks for a sin-
gle separation and identifications may add substantially to the
total time of the experiment; chromatographic separations usu-
ally require hrs to carry out). Moreover, limitations in run-to-run
and lab-to-lab measurement reproducibility (with current tech-
nologies), requires that many replicate experiments be done in
order to make definitive conclusions. In the last decade many new
approaches that utilize the highly controlled environment of the
gas phase for rapid and sensitive analysis of complex mixtures have
emerged.
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Fig. 1. The top two plots show relative protein concentrations as a function of age
obtained from LC-MS/MS analyses of Drosophila melanogaster heads. Traces for the
protein paramyosin (top plot) and for the protein prophenyloxidase (middle plot)
are shown for duplicate analyses. The first data trace (solid symbols) is obtained
using LC-MS/MS analyses and relative protein concentration is obtained using the
peptide ion hits technique. The second data trace (open symbols) is obtained using
LC-IMS-MS analyses of the same samples and relative protein concentration is
obtained using peptide ion intensities. For details see Ref. [59]. The bottom plot
shows survival curves for three different D. melanogaster genotype populations.
Two heterozygous control populations are shown as open symbols while a homozy-
gous population which lacks prophenyloxidase activity is shown as solid symbols.
The population age corresponding to ~50% survival is shown for the two different
genotype populations.

The experiments presented below benefit from and expand
upon previous efforts to improve analytical peak capacities for
complex mixture analysis using ion mobility techniques [61-67]
including recent work aimed at coupling mobility separation steps
[55-58,68,69,34,70]. The work described here represents the first
step towards developing multiplexed IMS-IMS protocols (IMS
combing)[58] for high-throughput analysis. Below, we examine the
plasma proteome from 70 individuals. Because plasma is in contact
(either directly or indirectly) with all of the 10'#-10'> human cells
in our bodies [and perhaps as many non-human cells (e.g., those
from bacteria or fungi)] [71,72] analyses before and after applied
perturbations may provide insight into why various changes occur.
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Fig. 2. Schematic of the IMS-IMS-MS instrument used in these experiments (top). Timing pulse sequence used in the IMS-IMS-MS experiments (bottom). Shown are the
timing pulses applied to the instrument gates (G1 and G2), the data acquisition system, and the TOF high-voltage pulser. It is important to note that the delay times tp; and

tpz have the relationship tp; > tpq. Pulse widths and periods are provided.

This is the first report of the use of IMS-IMS techniques for assess-
ing the proteome of a large number of samples; we note that
one large IMS-MS study of glycans from human plasma has been
presented [73]. Our primary focus is to examine how many pro-
teins could be followed using this approach when operated in a
very-high-throughput mode. Here, the total time for analysis was
chosen to be 4 min/sample.

2. Experimental
2.1. General

Fig. 2 shows a schematic of the instrument used to character-
ize the plasma samples. Descriptions of IMS-MS measurements
[74-77], instrumentation [78-95], and theory [74,96-101] have
been provided elsewhere including a recent description of the cou-
pling of the NanoMate autosampler to an IMS-IMS-MS instrument
[102]. Only a brief description of the measurement as it pertains to
plasma digest analysis is presented here. A 15 L aliquot of plasma
digest sample (see below) was drawn into a new NanoMate tip and
delivered to the ESI nanospray chip containing 400 nozzles. Volt-
age was then applied to the chip and ions were electrosprayed into
the entrance orifice of the IMS instrument shown in Fig. 2. lons
were accumulated in the exit region of the first ion funnel prior to
periodic extraction into the first drift region of the IMS instrument.
In the drift tube ions were separated based on difference in their
mobilities through an inert buffer gas (He) under the influence of an
applied electric field. Ions exiting the drift tube were focused into
the source region of a time-of-flight (TOF) mass spectrometer and
subsequently mass analyzed. The instrument was operated using
two sequential mobility separations; this method is described in
detail below.

2.2. Plasma samples

Plasma samples were obtained from recruited subjects under
the direction of an IRB-approved protocol.! Approximately 6 mL of
plasma were drawn into sample tubes containing lithium heparin
(Vacutainer, BD). Samples were immediately centrifuged (3000 x g
at 5min) to obtain plasma. The plasma was decanted into transfer
tubes and stored on ice for transfer to the laboratory. Upon arrival, a
protease inhibitor cocktail (Sigma-Aldrich) was introduced to each
plasma sample and samples were subsequently stored at —80°C
until further analysis.

2.3. Abundant protein removal

The six most abundant proteins (albumin, IgG, IgA, serotransfer-
rin, haptoglobin, and antitrypsin) were removed from each plasma
sample using the Multiple Affinity Removal System (MARS) LC
column (Agilent). Briefly, a 90-pL aliquot from each sample was
diluted with Buffer A (Buffers A and B are proprietary buffers
from Agilent) and subsequently filtered using a 0.22 pm spin filter
(Agilent) to remove particulate matter in the plasma. The filtrate
was then loaded onto the MARS LC column using a high-pressure
LC (600 series pump; 2487 dual A detector, Waters). The LC sys-
tem was operated as follows: 100% Buffer A (0.5mLmin~') for
10min and 100% B (1.0mLmin~!) for 7min. The flow-through
fraction containing the lower abundance proteins was collected
while washing the column with Buffer A. This fraction eluted from
~2-~5min after start of the washing step. The bound fraction
(higher abundance proteins) was collected over an elution time

! Study number 05-10163, Indiana University Institutional Review Board.
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range of ~14-~16 min. The column was regenerated by equilibrat-
ing with Buffer A for 11 min prior to the next sample injection. The
flow-through fraction was subsequently concentrated to ~300 L
using a 4.0 mL Vivaspin 5 kDa molecular weight cutoff filter (Agi-
lent) and centrifugation. Samples were then stored at ~4°C until
protein digestion.

2.4. Plasma protein digestion

Each plasma sample (~300 p.L) was diluted to 2 mL with 200 mM
ammonium bicarbonate buffer (pH ~8.0) containing 6 M urea. After
the denaturation step, plasma samples were reduced using a dithio-
threitol stock solution (1 M in 200 mM ammonium bicarbonate) at
a molar ratio of 1:40 (protein:DTT). This reaction was carried out at
37 °C. After reducing the disulfide bonds, samples were placed on
ice and proteins were alkylated using iodoacetamide stock solution
(1M in 200 mM ammonium bicarbonate) at a molar ratio of 1:80
(protein:iodoacetamide). This reaction proceeded in darkness for
2 h. Next, excess Cysteine (40-fold from a 1M in 200 mM ammo-
nium bicarbonate stock solution) was added to the mixture to
remove remaining reagent. This reaction proceeded at room tem-
perature for 30 min Finally, the samples were diluted with 4.0 mL of
200 mM ammonium bicarbonate solution and TPCK-treated trypsin
(Sigma-Aldrich) was added to the mixture (2%, wt/wt). Protein
digestion was allowed to proceed for 24 h at 37°C. The resulting
tryptic peptides were desalted using Oasis HLB cartridges (Waters)
and finally dried using a centrifugal concentrator (Labconco).

2.5. Electrospray solutions

Peptide digests were resuspended in 200 pL of ESI solution
(49:49:2 water:methanol:acetic acid). This was accomplished by
first adding 100 L of ESI solution followed by extensive vortexing.
Next the remaining 100 L was added to each sample followed by
further vortexing. Next 40 L of each sample was introduced into a
single well of the 96-well sample plate. ESI samples were batch pro-
cessed in groups of 12 prior to analysis in order to maintain sample
integrity. Aluminum foil with adhesive (Advion) was applied to the
96-well plate to prevent sample solution evaporation.

To each sample, 10 wL of a peptide mixture of angiotensin I and
bradykinin (each 5 x 10-3mgmL-! in ESI solution) was added to
provide internal standards for comparative analyses. These two
peptides provide ideal internal standards for these mixtures. At
the concentrations used for the studies reported here, three charge
states (+1, +2, +3) are observed for both peptides. Because, colli-
sion cross sections for the respective charge states are different
for the two peptides, a significant portion of the drift time range
contains one of the respective peptide ions. In fact, each IMS-IMS
dataset frame contains at least one of the ions. Although the selected
peptide ions exist in human plasma, circulating concentrations
are expected to be quite low (pgmL-!) [103-105], that is, below
detectable levels in this experiment where all mixture components
are electrosprayed simultaneously. For a number of sensitivity stud-
ies where plasma digests have been spiked with serial dilutions
of each peptide, at the detection limits (~200 attomoles), internal
standard peaks are barely distinguished from the noise and working
curves indicated the inability to detect the peptides below this level.
Internal standard concentrations are relatively high such that any
endogenous level appears to not affect the normalization step as
further evidenced by the fact that normalization to total ion inten-
sities provides similar results. That said, because sensitivity studies
were not carried out for each sample, the possibility of endogenous
peptides affecting the relative quantitation measurements cannot
be ruled out. Future studies will utilize a tryptic digest of a non-
native protein such as soybean trypsin inhibitor [106].

2.6. Multiplexed IMS-IMS-MS measurements

Two-dimensional IMS measurements can only be achieved by
altering the mobility of the ion between sequential measurements.
In the analysis of the plasma digest samples this was accomplished
using two sequential drift regions which contain an ion selection
(gate)and ion activation interface region. Fig. 2 shows a pulse timing
diagram demonstrating the procedure for IMS-IMS-MS measure-
ments. Periodically, ion packets from the first ion funnel were
extracted into the first drift region for mobility separation. After a
predetermined delay time (Fig. 2), the arrival times of ions (drift and
TOF) were recorded with the data acquisition system. After a sec-
ond predetermined delay time equal to or greater than the first, ions
of a specific mobility were selected using the ion gate G2 (Fig. 2).
Immediately afterward, ions were activated in the second activa-
tion region (IA2 in Fig. 2) to alter their structures. The activation
conditions employed here were optimized to produce maximum
structural changes in the +2 and +3 charge states of peptide ions
while causing minimal ion fragmentation. Following activation, the
ions internal temperature rapidly re-equilibrates to the buffer gas
temperature and the new structures are then separated in the sec-
ond drift region prior to MS analysis.

This activation process can be operated in a multiplexed fashion,
referred to as combing, as described previously [58]. This is accom-
plished by employing multiple mobility selections within a single
experimental sequence. In the present experiments, each mobility
selection is 250 s wide and spaced apart by 1 ms (referred to as the
IMS comb teeth, Fig. 2) for each packet of ions introduced into the
first drift region. After collecting data for a specified period of time
(45s in this case), the mobility selections were shifted by 250 s
to characterize ions of different mobilities within the original ion
packet originating in the first funnel (F1 in Fig. 2). This process was
repeated three times for each sample in order to examine all ions
with mobiliities between the original mobility selection settings.
Thus, each sample dataset contained four data frames. The first con-
tained the mobility, m/z, and intensity information for all features
observed using the original set of mobility selections. The second
contained the same information for the second set of mobility selec-
tions and the same with the third and fourth data frames. A fifth
data frame is not required as these mobility selections would be a
repeat of the first selections (albeit shifted by 1 ms). For these stud-
ies, each data frame was collected for 45 s leading to a total time
of 3 min for data collection per sample. The process of saving the
data and switching samples required an additional minute and so
the experimental time required for each sample was 4 min.

The TOF mass spectrometer used in the current studies has a
resolving power of ~5000-~7000 for ions with mass-to-charge
(m/z) of 500. This is accomplished using a TOF bin resolution of
100 ps. However, for data manipulation (peak picking, normaliza-
tion, and peak alignment) the TOF resolution is decreased due
to time binning (to 4ns). This reduces the resolving power to
~2500-~3000 at the same m/z value. Determining the mass accu-
racy for singly charged bradykinin standard in the plasma digest
mixtures suggests that the mass accuracy for the measurement is
~70-~100 ppm (m/z~ 1060).

2.7. Autosampling setup

The instrument is equipped with a commercially available
autosampler (NanoMate, Advion Biosytems, Ithaca, NY). This
autosampler was positioned directly in front of the entrance orifice
on the ESI source. It was mounted using an x-, y-, z-translation stage
to provide for ion sensitivity optimization. Because of the high volt-
age applied to the front of the drift tube device and the ESI source
region of the instrument, it is necessary to bias the autosampler
with the voltage applied to the front of the ESI source. A dedicated
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computer, used to control the NanoMate, was also isolated from the
controller through an optical isolate device, as described previously
(see reference [102]). The NanoMate computer was triggered using
the data acquisition software. Briefly, every ~4 min (3 min of data
acquisition and ~1 min for data archival and sample switchover),
the NanoMate was triggered to deliver new sample to the nanospray
chip. For each analysis the NanoMate would draw up 15 L of sam-
ple and deliver it to the nanospray chip. Backing pressures (typically
0.2-0.6 PSI) and ESI voltages (typically 1800 kV) were maintained
to provide a flow-rate of ~250 nLmin~!, as determined by analy-
ses of bradykinin and angiotensin I ESI solutions. System control
allowed the use of up to four different nanospray chip nozzles for
each sample. This was accomplished using an ion current threshold
of 20 nA.

2.8. LC-MS/MS analysis

Detailed analysis of 15 plasma samples was also carried out
using an LTQ-FT Mass Spectrometer (Thermo Electron) instrument.
This was done in order to provide a detailed understanding of what
peptides were routinely observed in each of the samples. Briefly,
plasma digests were separated with a nano-flow, reversed-phase
separation step using a Dionex 3000 Ultimate nano-LC system
and a pulled-tip nanocolumn (150 mm x 75 pwm i.d.) as well as a
PepMap300 C18 cartridge (5 wm, 300 A, Dionex). The nanocolumn
is packed with a methanol slurry of 5pm, 200A Magic C18AQ
(Microm BioResources Inc., Auburn, CA) at a constant pressure
(1000 psi). The LC solvent system consists of Solvent A (97% H,0,
3% ACN, and 0.1% formic acid) and Solvent B (3% H,0, 97% ACN, and
0.1% formic acid). Separations are achieved using the following gra-
dient: Solvent B is increased from 0% to 35% over 150 min at a flow
rate of 250 nL min~!. Between sample injections, both the trapping
column and separation column were subjected to a washing step.
This involved the injection of a blank and washing of both columns
with 85% acetonitrile aqueous mobile phase for 45 min. Then they
were preconditioned with 10% acetonitrile aqueous mobile phase
for 10 min prior to the next sample injection. This washing step
insured no sample carryover, as suggested by the failure to iden-
tify peptides from the tandem mass spectra generated during the
washing step.

MS/MS experiments were performed using a single precur-
sor scan (from m/z 400 to 2000 at a mass resolution of 15,000)
to allow selection of the five most abundant dataset features (2
m/z isolation width) for collision-induced dissociation (CID) and
MS characterization. The total cycle (six scans) takes less than
1s and is continually repeated for the entire LC-MS run under
data-dependent conditions with dynamic exclusion. A normal-
ized collision energy of 35% was employed for the analysis. By
performing MS scanning in the LTQ-FT MS, accurate charge state
assignments and high-mass accuracy can be achieved (5 ppm). Tan-
dem mass spectra were used for protein database searches of the
Swiss Prot database using the MASCOT (Matrix Science) suite of
programs. Identification criteria included peptide ion homology
scores >30 corresponding to p <0.05 (better than 5% false discov-
ery rate from reverse protein database searches) and at least two
separate peptide ions from a given protein are required for protein
identification.

2.9. Peptide ion assignments

Peak picking for IMS-IMS-MS datasets was performed using an
algorithm developed in house. Here a user-defined number of drift
bins is utilized to create multiple integrated mass spectra across
the entire drift time distribution. Peaks in each mass spectrum are
obtained using a second-derivative determination and are linked
to drift times at the bin resolution defined by the user. Addition-

ally the algorithm performs an exhaustive search of the peak lists
to determine whether or not peaks should be merged based on
proximity in drift time and 2D frame space. Peak intensities are
normalized using total ion counts for each dataset. The end result
is a list of peaks containing IMS-IMS frame (comb pulse setting),
drift time, m/z, and normalized intensity. Peptide ion assignments
are obtained by comparison of m/z values for dataset features to
those obtained from LC-MS/MS analysis of the same plasma digest
samples. Assignments are made using a threshold of 1 TOF bin (4 ns
or ~0.07 Da at m/z 500).

A total of 15 samples have been compared to LC-MS/MS datasets
to determine peptide ion identification capabilities as well as to
estimate overall proteome coverage. This limited number of plasma
samples was analyzed with the LTQ-FT instrument because such
samples (immunoaffinity depleted plasma digests) have been char-
acterized extensively in the past with IMS-MS techniques [107];
in that sense, the LC-MS/MS analysis served to confirm previous
peptide assignments thereby validating the sample workup pro-
cedure. Additionally, the significant similarity in high-confidence
protein assignments obtained from the analysis of the 15 plasma
samples suggested that analysis of all 70 was not necessary. That
is, the abbreviated analysis resulted in a list of consensus pep-
tide sequences that was sufficient for the identification method
(mapping based on m/z matches, see below) used for this proof-
of-principle study. An advantage of the IMS-IMS-MS approach is
that the use of multiple drift time measurements in addition to
m/z values enhances data alignment capabilities facilitating rapid
comparisons of dataset features for multiple samples. That said,
future work will focus on improving the overall identification and
comparison process.

3. Results
3.1. Plasma digest datasets

Fig. 3 shows an example of a single frame (one comb pulse
setting) collected as described above. For this frame, the centers
of the mobility selections are spaced approximately 2.6 ms apart
being observed at 12.3, 14.9, 17.5, 20.1, 22.7, and 25.3ms (see
Fig. 3). Here it is noted that the final separation (~2.6 ms) is greater
than the mobility selection separation (1 ms) because the former
represents the total drift times of the ions while the latter only
represents the drift time separation at G2 (Fig. 2). Between the
mobility selection centers there are lower-intensity regions. Many
features that are selected in the initial region will shift into the
lower-intensity region upon ion activation (and therefore many
new peaks are resolved). This can be observed in Fig. 3 as the
many peaks observed between the mobility selections. Thus, a rel-
atively large number of features is observed in each dataset. The
total number of features (across all four frames) with intensities of
>4% (roughly 40 ion counts) of the base peak height is ~3500 on
average.

3.2. Plasma proteome digest coverage

As mentioned above, by comparing m/z values for features
observed in the IMS combing experiments with those reported for
assigned peptide ions obtained from LC-MS/MS experiments (data
not shown), it is possible to obtain tentative assignments for
mobility-dispersed ions. For example, peaks at drift times of 15.1,
18.1, and 19.9 ms having m/z values of 523.81, 694.35, and 807.05
have been assigned to the peptide ions [FEVQVTVPK+2H]?* (alpha-
2-macroglobulin), [HTFMGVVSLGSPSGEVSHPR+3H]?** (alpha-2-
HS-glycoprotein), and [EVDLKDYEDQQKQLEQVIAK+3H]3* (fibrino-
gen), respectively as shown in Fig. 3.



154

S.J. Valentine et al. / International Journal of Mass Spectrometry 283 (2009) 149-160

[HTFMGVVSLGSPSGEVSHPR+3HP*
alpha-2-HS-glycoprotein |
1

' f
[EVDLKDYEDQQKQLEQVIAK+3H]*
fibrinogen

1

£

.
= .

1

flat 2

Z
@
c
3
£
I
p!asma i
digest
1037 I
668.02
N [FEVQVTVPK+2H]**
- alpha-2-macroglobulin
1S 1
372.19
149.52

intensity

£

up

flat 5 flat 6

]
1
1
1
I
1
1
1
o
e
1
1
1
I
1
I
1
I
I
1
I
1
I
1
1
1
1
1
'

I flat3
1 | e
tooth 4 tooth §

20.7

'
tooth 2 tooth 3
16.3

drift time (ms)

tooth 6

Fig. 3. Two-dimensional drift time (m/z) dot plot obtained from the analysis of a typical plasma digest sample. Dashed lines indicate the mobility selections employed
using G2 (Fig. 1). The centers of the mobility selection regions are indicated as IMS comb teeth; regions between the selections are referred to as flat regions. A total
ion drift time distribution obtained by integrating all m/z values for given drift times is shown above the 2D plot. A total ion mass spectrum obtained by integrating
all drift time bins for given m/z values is shown to the left of the 2D plot. Three features with drift times of 15.1, 18.1, and 19.9 ms and having m/z values of 523.81,
694.35, and 807.05 have been assigned to the peptide ions [FEVQVTVPK+2H]?* (alpha-2-macroglobulin), [HTFMGVVSLGSPSGEVSHPR+3H]?* (alpha-2-HS-glycoprotein), and

[EVDLKDYEDQQKQLEQVIAK+3H]?* (fibrinogen), respectively.

Using this m/z matching approach, the numbers of assigned pep-
tide ions and proteins observed in IMS combing experiments have
been determined for 15 plasma samples. Table 1 shows the num-
bers of assigned peptides and proteins as well as the percentages of
those obtained from protein database searches. In general, approx-
imately 1/2 and 3/4 of the peptide ions and proteins, respectively,
assigned from LC-MS/MS studies are matched to IMS-IMS-MS
dataset features. Overall there is evidence for 114 proteins from

Table 1

Numbers of assigned peptide ions and proteins from the 2DI MS-MS datasets.
Individual Peptides? Proteins®
1 218(46.7) 59(80.8)
2 215(41.6) 48(60.8)
3 239(46.1) 59(72.0)
4 198(36.6) 53(04.6)
5 214(39.6) 58(67.4)
6 233(42.4) 63(74.1)
7 243(43.4) 62(78.5)
8 353(67.6) 73(93.6)
9 238(44.4) 66(72.5)
10 290(56.4) 59(76.6)
11 343(66.8) 71(91.0)
12 359(64.7) 79(90.8)
13 218(41.9) 53(60.2)
14 290(53.4) 62(80.5)
15 264(45.4) 75(78.9)
Average®© 262+54 63+9

2 Peptide ion assignments based on m/z matching to data from LC-MS/MS anal-
yses. The percentage of total assignments from the LC-MS/MS analysis is given
parenthetically.

b Protein assignments obtained for the matched peptide ions. Pepdtide and pro-
tein assignments were obtained from a protein database search using the MASCOT
suite of programs. The percentage of total assignments from the LC-MS/MS analysis
is given parenthetically.

¢ The average number of peptide ion and protein assignments from the
IMS-IMS-MS analyses. The error represents one standard deviation about the mean.

the IMS-IMS-MS analysis of the 15 plasma samples. Of these, 96
have been observed in at least 2 individual samples. Sixty-one pro-
teins have been observed in roughly 1/2 (7) of the samples and
38 proteins have been observed in all samples. A complete list of
assigned proteins from the IMS-IMS datasets along with the num-
ber of assigned peptides for each is found in the supplementary
information as a table.

3.3. Experimental and instrumental reproducibility

To determine the experimental and instrumental reproducibil-
ity, a single plasma digest sample was worked up four separate
times as described above. All of these samples were analyzed using
the IMS-IMS-MS approach to determine the overall experimental
reproducibility; one sample was analyzed four separate times to
obtain the instrumental reproducibility. By comparing the intensi-
ties of 20 features across the four samples, an average coefficient of
variation (CV) was determined to be ~15% for the complete exper-
iment (i.e., from sample workup to analysis). The CV determined
for the intensity variation associated with instrumentation perfor-
mance (a measure of the run-to-run reproducibility of the same
sample—no differences in sample workup) was determined to be
~4% on average.

3.4. Comparison of mobility distribution intensities between
individuals

Peptide ion intensities from species assigned to the same protein
can be compared for different individuals. Fig. 4 shows a com-
parison of normalized drift time distributions for three different
peptides from the protein Apolipoprotein A1l. The selected peptide
jons include [VSFLSALEEYTK+2H]?*, [LLDNWDSVTSTFSK+2H]2*,
and [DYVSQFEGSALGK+2H]?*. The IMS distributions, obtained by
integrating values across the mono-isotopic mass spectral peak at
each drift time, are shown for individuals 13 and 58. Peak inte-
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Fig.4. lon mobility distributions for the peptide ions [VSFLSALEEYTK+2H]?* (A), [LLDNWDSVTSTFSK+2H]?* (B), and [DYVSQFEGSALGK+2H]?* (C) from the protein Apolipopro-
tein Al. Features with drift times of 17.3, 19.2, and 16.9 ms, correspond to the respective peptide ions. For each peptide ion, mobility distributions are plotted for individual
13 (top trace) and individual 58 (bottom trace). The intensities reflected in the mobility distributions have been normalized with respect to total ion counts.

gration resulting in the one-dimensional projection is restricted to
the mono-isotopic peak to minimize effects of overlapping dataset
features. Mobility distributions for each of the peptide ions are
dominated by single features at 17.3, 19.2, and 16.9 ms, respectively.
The peptide intensity ratios (individual 13/individual 58) for the
peptide ions [VSFLSALEEYTK+2H]?*, [LLDNWDSVTSTFSK+2H]|?*,
and [DYVSQFEGSALGK+2H]?* are 0.29, 0.33, and 0.33, respectively.
Clearly these differences are well outside the established experi-
mental error (see above) and thus represent differences in protein
concentration between the two individuals.

3.5. Variation in peptide ion intensity

The variability of peptide ion intensities across the 70 plasma
sample cohort can be examined by plotting the normalized inten-
sities for features observed in specific dataset regions. For example,
the feature exhibiting a m/z value of 693.86 and a drift time of
17.3 ms has been assigned to the peptide ion [VSFLSALEEYTK+2H]2*
from the protein Apolipoprotein A1 and by integrating this region of
each dataset, intensities can be compared for all individuals. Fig. 5
shows the normalized intensities for this peptide ion. Overall, the

[VSFLSALEEYTK+2H)*
Apaclipoprotein A1
7500 1

TR PO -
Hjﬂ i ﬂ# %Mﬁ %ﬁﬂ%:m:ﬁﬁhil*‘“

Fig. 5. Plot of normalized peptide ion intensities for the peptide ion
[VSFLSALEEYTK+2H]?* from the protein Apolipoprotein Al. Intensities are
plotted as a function of individual sample. Error bars represent a standard 15%
experimental error obtained by working up a single sample four different times
(see text for details).

values span a ~5-fold range (1250-6421) in normalized intensi-
ties. Using all measurements, the average intensity is determined
to be 4030+ 882 (21.9% relative error) while the average range
(expressed as a percentage of the mean) of each duplicate mea-
surement was determined to be 10+ 10%. Peptide ion intensities
for several individuals are well outside the range of the one stan-
dard deviation about the mean. For example, the intensity for the
feature corresponding to the peptide ion [VSFLSALEEYTK+2H]%* in
the dataset obtained from individual 3 is 1250. This is significantly
lower than the lower bound of 3148 representing one standard
deviation below the mean.

3.6. Peptide ion intensity comparisons for a second protein

Some mobility distributions exhibit multiple features. A
comparison of three different peptide ions which display
this behavior is shown in Fig. 6. The comparison of the
selected peptides [VGFYESDVMGR+2H]?*, [FEVQVTVPK+2H]?*, and
[NQGNTWLTAFVLK+2H]?* from the protein alpha-2-macroglobulin
is shown for two individuals (5 and 27). Again, the IMS dis-
tributions are obtained by integrating intensity values across
the mono-isotopic peak at each drift time. The peptide ion
[VGFYESDVMGR+2H]%* exhibits three major peaks at 15.1, 16.1,
and 17.4ms in both individual samples. The ratio (individual
27/individual 5) of normalized intensities for this peptide ion is
determined to be 0.38. A prominent dataset feature is observed at
14.7 ms in the mobility distribution obtained for the peptide ion
[FEVQVTVPK+2H]?*. This feature is observed for both individual 27
and individual 5. A much smaller feature is observed at 15.8 ms in
the sample for individual 5. The ratio of normalized intensities for
this peptide ion is determined to be 0.24. lon mobility distributions
for the peptide ion [NQGNTWLTAFVLK+2H]2* show the presence of
two major peaks at 16.1 and 18.7 ms with a value of 0.29 for the
ratio of normalized intensities described above.

The variation in peptide ion intensity (for all 70 plasma digest
samples) for the IMS-IMS-MS dataset feature having a m/z value
of 630.29 and a drift time of 16.1 ms and corresponding to the pep-
tide ion [VGFYESDVMGR+2H]?* (alpha-2-macroglobulin) is shown
in Fig. 7. The range of normalized intensities for this peptide ion
spans an ~4.3-fold range (1920-8221). Using all measurements for
the individual samples, the average normalized intensity is deter-
mined to be 5026 + 1155 (23.0% relative error). The average range
of each duplicate measurement expressed as a percentage of the
average intensity value is 5.3 +5.3%.
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Fig. 6. lon mobility distributions for the peptide ions [VGFYESDVMGR+2H]?* (A), [FEVQVTVPK+2H]?* (B), and [NQGNTWLTAFVLK+2H]?* (C) from the protein alpha-2-
macroglobulin. Dominant features of the respective peptide ion mobility distributions have drift times of 16.1, 14.7, and 16.1 ms. For each peptide ion, mobility distributions
are plotted for individual 27 (top trace) and individual 5 (bottom trace). The intensities reflected in the mobility distributions have been normalized with respect to total ion

counts.

4. Discussion

Currently the best commercial techniques for these types of
studies require hours of time for sample workup and provide
information about only a handful of molecules (hundreds at best)
[72,108-110]. In the case of plasma, an analysis of six individuals
(in triplicate) using a combination of two liquid chromatography
dimensions with IMS-MS detection yielded evidence for 2928 dif-
ferent proteins (high-confidence assignments based on a statistical
modeling approach using a bracketed false discovery rate of 10%
- from reverse protein database searches - to a worst-case esti-
mate of 30%) [107]. However, the total analysis time (for data
acquisition only) required >500 h. Here, without conventional chro-
matographies, we anticipate many fewer proteins; however, it will
be possible to examine many more samples.

4.1. Peptide ion assignments
As mentioned above, features from the IMS combing datasets are
assigned based on a comparison of m/z values. It can be argued that

such assignments cannot be assured without MS/MS data from the
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Fig. 7. Plot of normalized peptide ion intensities for the peptide ion
[VGFYESDVMGR+2H]?* from the protein alpha-2-macroglobulin. Intensities
are plotted as a function of individual sample. Error bars represent a standard 15%
experimental error obtained by working up a single sample four different times
(see text for details).

IMS combing experiments. For this reason, such assignments are
here described as tentative. Having said that, it is noted that the
LC-MS/MS analyses favors the identification of the most intense
dataset features because they are those selected for MS/MS analysis.
Thus, it can be argued that many of the assignments are likely to
be correct based on the fact that the most intense features are also
those observed from the direct electrospray of the plasma digest
sample. Therefore the estimated numbers of assigned peptides and
proteins (Table 1) are likely to be reasonably reliable. However, it is
noted that definitive assignments in the IMS combing datasets will
require the use of parallel CID-MS sequencing techniques [85] in
the future. Although the instrumentation is capable of performing
such a measurement, a problem is the degree of mobility overlap
(not so unlike m/z overlap in conventional LC-MS experiments).

Having noted a limitation of the approach for obtaining posi-
tive peptide ion assignments, it is instructive to consider several
advantages. One goal for high-throughput comparative proteomics
is to develop a mapping approach whereby a limited number
of LC-MS/MS and IMS-IMS-CID-MS experiments are required to
determine the identities of peptide ions. Because of the high dimen-
sionality of the IMS-IMS-MS experiment, a comparison of the
two drift time measurements, m/z, and z value may be all that is
required for dataset feature assignment and alignment in compar-
ative studies. An interesting consideration is the use of ion mobility
distributions as signatures for specific peptide ions. For exam-
ple, Fig. 6 shows several mobility distributions exhibiting multiple
peaks for given peptide ions. Because of the high reproducibility
of IMS measurements, it may be possible to use such variable dis-
tributions (number of peaks and intensities) to positively identify
specific peptide ions.

4.2. Corroboration of peptide ion assignments

The data presented in Figs. 4 and 6 serve to corroborate pep-
tide ion assignments. As mentioned above, peptide ion assignments
are described as tentative because the assignment is based solely
upon a match of m/z values. The mobility distributions presented
here (Figs. 4 and 6) represent a test of consistency with respect to
peptide ion intensity. Because of the extreme sample complexity,
it can be argued that the relative ionization efficiency for a given
peptide ion should be the same in all individual samples. There-
fore, the ratio of peptide ion intensities from a given protein should
reflect differences in protein concentration. And, multiple peptides
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from the same protein should exhibit similar intensity ratios. The
average difference between the intensity ratios for the mobility dis-
tributions shown in Fig. 4 is 0.32 & 0.02 (~6%). The small error in the
ratio measurement provides evidence that the peptide ion assign-
ments are correct. For the data shown in Fig. 7, the average peptide
ion intensity ratio is 0.31+0.06 (~19.4%). The error for this com-
parison is still relatively small considering the propagation of error
(using the experimental error of 15%) for a ratio.

The above analysis relies on the assumption that relative ion-
ization efficiencies are constant because of the complexity of the
sample. For example, for highly complex samples, peptide ions
with mid-level ionization efficiencies would remain in their rel-
ative ordering even for different samples because similar amounts
of high- and low-ionizing species would be present in all sam-
ples. Here we note that not only does the current work support the
assumption for constancy of relative ionization efficiencies but also
other studies suggest that to some degree this must be true. Perhaps
the best-known example comes from semi-quantitative analyses
that rely on the peptide hits (and similar work) technique [111-117]
in order to infer relative protein abundances in proteomics stud-
ies. If sample-to-sample variability did not correlate to changes
in protein concentration, such a technique could not be used for
comparative proteomics analyses.

4.3. Plasma proteome coverage

From the thousands of dataset features observed in IMS comb-
ing datasets, it is possible to obtain matches to approximately half
of the peptide ions identified from LC-MS/MS analyses. This is quite
remarkable considering the latter experiment requires more than
an order of magnitude more time to complete. This comparison
should be treated cautiously. Clearly there exist many dataset fea-
tures in the LC-MS/MS experiments that are not identified or are
not selected for MS/MS analysis. This comparison is not presented
to demonstrate a resolution superiority of the approach (although
peak capacity arguments can be invoked to suggest an equivalency).
Rather, the comparison is presented to provide an understanding
of the level of confidence in comparative proteomic analyses with
respect to achievable proteome assignments and coverage. Con-
sider for example a case where future studies suggest the presence
of a peptide ion from a lower abundance protein. Any knowledge
of the dynamic range and limits of detection of the approach may
help to rule such an assignment as false.

Peptide ions assigned in the IMS-IMS-MS datasets correspond
largely to housekeeping plasma proteins. Many of these proteins
are observed in the mgdL-! range in concentration.2 Lower con-
centration proteins are not observed in these studies. This results
in part because of the limitation in assignment capabilities of tradi-
tional LC-MS/MS techniques. However, the fact that not all assigned
peptides from the LC-MS/MS experiments are observed in the
IMS-IMS-MS work, suggests that the rapid analysis currently is lim-
ited to observation of the most abundant proteins. An advantage is
that appropriate expectations can be set for comparative molecular
profiling such as the approach may be limited to the comparison
of the top 50-100 proteins from any given sample (proteome or
subproteome).

At first glance, the analysis of the top 50-100 proteins may
appear quite restrictive for comparative proteomics analyses espe-
cially in light of the fact that many biomarker candidates exist at
extremely low concentrations in plasma. The prevailing wisdom
here does not take into account the fact that currently many high-
abundance proteins are measured in the clinic for assessing the

2 Plasma protein concentrations can be obtained from The Specialty Labs at
http://www.specialtylabs.com.

health of individuals (see footnote 2). It should also be noted that
the numbers of proteins accessible by this high-throughput tech-
nique are not that far removed from those that can be obtained with
high-throughput LC-MS techniques [72,108-110]. That said, it is
instructive to consider the utility of high-throughput IMS-IMS-MS
profiling efforts in terms of targeted analyses. For example, the
4-min analysis might find extensive application for the monitor-
ing of families of proteins such as the apolipoprotein family or
specific classes of enzymes. The high-throughput characteriza-
tion of protein complexes may be another use for the technology.
For such experiments, protein classes or complexes would be
enriched (viaimmunoaffinity capture or size-exclusion chromatog-
raphy for example), digested, and subsequently analyzed with rapid
IMS-IMS-MS techniques.

Having described comparisons between IMS-IMS-MS features
and LC-MS/MS assignments, it is important to stress that the pro-
teome coverage mentioned above may also represent alower bound
to the capacity of the IMS-IMS-MS approach. The fact that only
a few of the thousands of features observed in these datasets are
assigned, suggests that the proteome coverage may be significantly
higher. Many of the peptide ions not assigned from the LC-MS/MS
experiments may exist as a different charge state in the mobility-
based analysis. Similarly, the mobility dispersion may allow the
observance of peptide ions that would otherwise be masked by
overlapping high-abundance plasma digest components. However,
because of the limitation in the ability to assign specific peptide
ions, a first approach is to assume the coverage described above.

4.4. Assessing individual variability

Because sample workup was only performed once for each sam-
ple, a question arises as to whether the variability observed in the
datasets results from that associated with the experiment or from
true inter-individual differences in protein concentration. The repli-
cate analyses aimed at determining experimental and instrumental
variation (see above) suggest that much of the scatter in Figs. 5 and 7
results from inter-individual differences in protein concentration.
Using an estimated error of 15% obtained from these studies and the
fact that the range in duplicate analyses is similar to the error asso-
ciated with the instrumental performance (~4%), clear differences
in peptide ion intensities are observed. Some of these differences
are substantial (3-5-fold in size).

Such large ranges in plasma concentration might be indicative
of significant phenotypic variation in the sample population. A goal
in comparative proteomics is to obtain the “best” control sample.
In the case of disease studies, it can be argued that the ideal control
would be the pre-disease individuals themselves. Because this is
not possible, a winnowing of individual samples based on the best
matches (e.g., gender, age, and specific environmental matching) is
required. However, this process creates more problems as the vari-
ability of such tighter sample sub-groups must now be established.
High-throughput techniques such as the one described here will
have advantages for performing the large-scale population studies
that are required for true state-to-state physiological characteriza-
tions.

4.5. Limitations and future directions

As mentioned above, peptide identification is problematic
because the IMS-IMS-MS method does not employ precursor
ion fragmentation and protein database searching to deduce
peptide ion sequence. Currently it is possible to fragment mobility-
dispersed ions in the exit region of the drift tube. Fragment ions
can be linked to precursors based on a match of drift times to pro-
duce CID-MS datasets for protein database searches as described
in previous proteomics studies [110,107]. Such an approach can
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be employed to identify specific peptide ions or to confirm the
identities of many species that have been obtained from separate
LC-MS/MS experiments. Additionally, in the future it may be pos-
sible to combine mobility information with molecular modeling
techniques to aid peptide ion identification [118].

Having said this, because peptide ion identification efforts
are time consuming, the current experiments used a mapping
approach, where a few detailed experiments are carried out and
then large numbers of samples are followed from these assign-
ments. Once assignments from the few experiments are mapped to
drift times (and drift time distributions), m/z, and z values, compar-
ative analyses can proceed using only precursor ions. We anticipate
that the accuracy of these types of studies will also be improved
by utilizing techniques to reduce the sample complexity such as
protein selection and isolation methods. In fact, the use of a com-
bination of such techniques could provide the coverage necessary
to begin to address differences in plasma phenotypes without sig-
nificantly compromising throughput. For example, five separate
analyses for separate protein selection/isolation steps would only
require 20 min per sample. Additionally, having determined a lower
bound for proteome coverage, selection techniques can be tailored
to maximize the efficiency of the IMS-IMS-MS analysis. For exam-
ple, selections of families or classes of proteins containing 50-100
constituents can be employed. It is also important to note that this
work is not limited to proteomics; metabolomics samples could
also be analyzed to provide an integrative biology approach for
physiological state characterization.

5. Summary

A new multidimensional mobility-based approach has been
developed for the high-throughput characterization of the plasma
proteome. To demonstrate the high-throughput approach, dupli-
cate analyses for 70 plasma digest samples have been performed
in a single day. This demonstration was limited by the number
of available plasma samples as dictated by the approved protocol
(see footnote 1); however, the automated analysis described here
would be able to analyze 180 samples (in duplicate) over a 24-h
period. Initial results indicate a proteome coverage of 60-70 pro-
teins per sample from a 4-min experiment. Although at an early
stage, the ability to track protein concentration changes for 50-100
proteins across a large population begins to lay the groundwork for
physiological state characterization.
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