Analytica Chimica Acta 1034 (2018) 102—109

journal homepage: www.elsevier.com/locate/aca

Contents lists available at ScienceDirect

Analytica Chimica Acta

Infrared laser ablation sampling coupled with data independent high N

Check for

resolution UPLC-IM-MS/MS for tissue analysis

Michael E. Pettit %, Fabrizio Donnarumma °, Kermit K. Murray °, Touradj Solouki *

2 Department of Chemistry and Biochemistry, Baylor University, Waco, TX, 76798, USA

b Department of Chemistry, Louisiana State University, Baton Rouge, LA, 70803, USA

HIGHLIGHTS

GRAPHICAL ABSTRACT

e IM/MS analyses of laser ablated tis-
sue samples provide improved pro-
teomics characterization.

e LC, IM, and MS provide analyte spe-

Mirror

cific three-dimensional addresses in Ratbain ~~
an increased data volume. tissue section & Coltection tube
o Data independent high definition MS aZl

(HDMSE) proteomics work flows can
reduce analysis time.

e Combined use of data dependent
analysis (DDA) and HDMSE vyields
improved protein identification.

DDA << HDMSE

Protein list

Microscope slide

ARTICLE INFO ABSTRACT

Article history:

Received 5 April 2018
Received in revised form

22 June 2018

Accepted 24 June 2018
Available online 26 June 2018

Keywords:

Mass spectrometry

Proteomics

Data-dependent acquisition

IM-Enhanced data-independent acquisition
IR laser ablation

Infrared laser ablation microsampling was used with data-dependent acquisition (DDA) and ion
mobility-enhanced data-independent acquisition (HDMSE) for mass spectrometry based bottom-up
proteomics analysis of rat brain tissue. Results from HDMSE and DDA analyses of the 12 laser ablation
sampled tissue sections showed that HDMSF consistently identified approximately seven times more
peptides and four times more proteins than DDA. To evaluate the impact of ultra-performance liquid
chromatography (UPLC) peak congestion on HDMSE and DDA analysis, whole tissue digests from rat
brain were analyzed at six different UPLC separation times. Analogous to results from laser ablated
samples, HDMSE analyses of whole tissue digests yielded about four times more proteins identified than
DDA for all six UPLC separation times.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

High-throughput identification and quantification of the con-
stituent biomolecules in tissue is a significant challenge for bio-
logical mass spectrometry [1]. Compound identification is
particularly difficult in conventional mass spectrometry imaging
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because tissue sampling and ion introduction to the mass spec-
trometer are typically performed concurrently, precluding many
advantageous processing and separation steps. Quantification of
material directly ionized from tissue is challenging because the
desorption and ionization processes are sensitive to sample
morphology [2] and to signal suppression from components in the
complex mixtures of compounds [3,4]. In the case of MALDI im-
aging, there is the additional challenge of homogeneous matrix
addition [5].

Identification and quantification of compounds in tissue can be
improved by sample extraction and subsequent off-line mass
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spectrometry analyses [6—10]. Extraction of material from tissue for
off-line LC-MS and MS/MS analysis can be done with complete
sections [11—13], excised portions of tissue [6,7,14], or by localized
sampling [12]. Tissue sections can be manually dissected, for
example, using a thin plastic film to assist in region of interest (ROI)
selection for compound extraction [6,15,16]. In this technique,
MALDI mass spectrometry is used to identify regions of interest
(ROIs); consecutive sections are subsequently deposited on paraf-
ilm covered glass microscope slides and ROIs are manually excised.
Laser microdissection uses a laser in conjunction with an optical
microscope to select portions of a tissue section for removal
[17—19]. Laser microdissection systems use either an ultraviolet
(UV) laser to cut the tissue or an infrared laser to melt a plastic film
to physically capture the tissue. Microdissected regions can be
analyzed directly using mass spectrometry [20—23] or with liquid
chromatography coupled with mass spectrometry [24—28].

We have developed an infrared laser ablation microsampling
method [32-34] that has advantages of speed and efficiency
compared to laser microdissection, ablation at UV laser wavelengths
[29], and surface sampling [30—31]. Using an IR laser, tissue is ab-
lated and captured in a solvent therefore this sampling method does
not require coated slides or thermal polymer and does not require
cell lysis by sonication or the addition of detergent. Unlike a liquid
microjunction, laser ablation removal does not require surface
contact which can reduce analyte diffusion and memory effects. We
have coupled laser ablation sampling to liquid chromatography and
tandem mass spectrometry for proteomic analysis of tissue [35].

Tandem mass spectrometry has traditionally been performed
using DDA, where the most abundant precursor ions are selected
one at a time for fragmentation [36]. Data independent acquisition
(DIA) is a more recent approach that applies fragmentation to all
ions within a large m/z range [37—45]. With DIA, an entire m/z range
of interest is probed by precursor ion scans (MS1) followed by
product ion scans (MS2) in which all detectable ions are frag-
mented within either sequentially scanned smaller windows
(ranging from ~2.5 Da to ~20 Da) [37,38,40—42,45] or the full m/z
range [39,43,44]. Fragmentation of all ions in a large m/z range can
lead to higher dynamic range, better sensitivity, and better quan-
tification accuracy [24]. The use of alternating low and high
collision-energy in DIA facilitates multiplex detection of precursor
and product ions (analogous to Fellgett's advantage [46]) and can
result in a near 100% duty cycle [24]. Currently, “all ion fragmen-
tation” strategies are licensed by Thermo Scientific as “DIA”, AB
Sciex as “sequential window acquisition of all theoretical spectra”
(SWATH), Agilent as “All lons MS/MS”, and Waters as “MSE”. During
LC-MSE experiments, the full m/z range is probed using continu-
ously alternating MS1 and MS2 scans. lon mobility (IM) [47—50]
with LC-MSE [51] is a recent approach to DIA called HDMSE. Data
acquisition for HDMSE is in three-dimensions: LC retention time, IM
drift time, and m/z. Specifically, in HDMSE, IM drift time and ac-
curate mass and retention time (AMRT) correlation are used to
facilitate assignment of precursor and product ions from the three-
dimensional data [52—55].

In this work, we report on the use of DDA and HDMSE for
analysis of laser ablated tissue samples. Here, we use laser ablation
sample transfer (LAST) for biomolecule extraction from rat brain
tissue sections to compare bottom-up protein identification by DDA
and HDMSF acquisition. Using whole tissue digests from rat brain,
we also examine the effect of UPLC separation time on the number
of peptides and proteins identified by DDA and HDMSE.

2. Materials and methods

Laser ablation sample transfer and trypsin digestions were
performed at Louisiana State University (LSU), and all MS

experiments and data processing were carried out at Baylor Uni-
versity (BU).

2.1. Chemicals, supplies, and solvents

Trimethamine (tris) base was purchased from Bio-Rad (Hercu-
les, CA, USA). DL-dithiothreitol (DTT, 98%), iodoacetamide (IAA,
BioUltra, 99%) and ammonium bicarbonate (ABC, BioUltra, 99.5%)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Tris
(50 mM) and ABC (10 mM) buffers were adjusted to pH values of 8.5
and 7.4, respectively. Sequencing grade modified trypsin was pur-
chased from Promega (Madison, WI, USA).

Ultrapure water with an overall ionic concentration of <0.1 ppb
and resistivity of ~18.2 MQcmat 25°C was produced in-house,
using either a NANOpure ultrapure water system at LSU (Barn-
stead, Van Nuys, CA, USA) or a Direct-Q 3 UV water purification
system at BU (EMD Millipore Corporation, Billerica, MA, USA). Ul-
tracentrifugation cartridges (10 kDa cutoff) were obtained from Pall
(Port Washington, NY, USA). Glass microscope slides (25 x 75 mm)
were obtained from VWR (West Chester, PA, USA). Sodium formate
and [Glu']-fibrinopeptide B were purchased from Waters Corp.
(Milford, MA, USA). Acetic acid, acetonitrile (ACN, >99.9%), formic
acid (FA), and methanol (>99.9%) were purchased from Fisher-
Scientific (Waltham, MA, USA).

2.2. Tissue samples

Tissue samples were obtained from four-week-old breeding rats
at the Louisiana State University School of Veterinary Medicine Di-
vision of Laboratory Animal Medicine (DLAM). All protocols for
animal care and use were approved by the Institutional Animal Care
and Use Committee at LSU, and samples were handled as outlined
by the Department of Environmental Health and Safety at BU. The
animals were sacrificed by CO; (5 psi) exposure. Brain samples were
collected, washed in 50 mM ammonium bicarbonate buffer for 30,
and frozen in liquid nitrogen within 30 min. Frozen samples were
stored at —80 °C. Thin sections were prepared with a Leica CM1850
cryostat (Leica Microsystems, Wetzlar, Germany) directly from the
frozen tissue. Optimal cutting temperature (OCT) solution was used
to fix one side of the sample to the cryostat support. Coronal rat
brain sections were cut at a thickness of 50 um, thaw-mounted on
uncoated microscope slides, and stored at —80 °C.

2.3. Laser ablation sample transfer

Tissue sections were dried under vacuum for 30 min prior to
sampling. Laser ablation and material collection were performed as
previously described [35]. Ablation was conducted on 2 x 2 mm
regions at a laser fluence of 27 kj m~2 using an OPO IR laser (IR
Opolette, OPOTEK, Carlsbad, CA, USA) at 2940 nm wavelength. After
ablation, the microcentrifuge tubes containing the captured sample
(collected in liquid) [35] were vortexed for 30 s and stored at —20°C
until filter aided sample processing.

2.4. Microscopy imaging

Microscopy images were acquired with a fluorescence stereo-
microscope (SteREO Lumar V12, Zeiss) equipped with a
0.8 x Neolumar S objective and a high resolution digital camera
(AxioCam HRc, Zeiss). Images were recorded in bright field mode
and exported using Zen 2012 software (Zeiss).

2.5. Filter aided sample processing

Proteomic sample processing was performed at LSU as
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previously described [35]. Whole tissue samples were collected in
tubes, and after addition of 500 pL of tris buffer (50 mM, pH 8.5),
they were homogenized with a high-power ultrasonic homoge-
nizer (Sonifier S-450, Emerson Electric, St. Louis, MO); LAST sam-
ples were not subjected to ultrasonic homogenization. Protein
disulfide bond reduction was achieved by adding DTT to each tube
to a final concentration of 10 mM. Samples were incubated at 80 °C
for 45min, and after cooling at room temperature for 15 min,
transferred to ultrafiltration cartridges with a molecular weight
cutoff of 10 kDa and centrifuged at 14,000 g for 20 min. Alkylation
was performed by adding 100 pL of a 20 mM IAA solution to each
unit followed by incubation in the dark for 30 min. After incubation,
the samples were centrifuged again at 14,000 g for 10 min. Buffer
exchanges and washing steps were performed by adding 100 uL of
ABC buffer to each tube and centrifugation at 14,000 g for 10 min.
This step was repeated twice, after which filter units were placed in
clean tubes. Enzymatic digestion of the protein material was ach-
ieved using 50 pL of ABC buffer and 1 pL of a 50 ng pL~! trypsin
solution. Samples were incubated at 37 °C overnight and shaken at
200rpm. After digestion, the filter units were centrifuged at
14,000 g for 10 min, 50 pL of ABC buffer were added, and filter units
were centrifuged again. No additional desalting step (e.g., C18 tips)
was used after filter aided sample processing. The filter units were
removed and the tryptic mixtures were vacuum dried. The centri-
fuge tubes containing the dried samples were packaged in dry ice
and shipped to Baylor where they were stored at —40 °C before use.

Prior to MS analyses, dried samples were thawed and re-
suspended in aqueous solutions containing 5% ACN and 0.1% FA.
Based on a previous protocol [35], sample concentrations were
~80ngpuL~! and ~184 ng pL~! for the digested LAST and whole tis-
sue samples, respectively. The re-suspended samples were vor-
texed for 30 s using a vortex mixer (VWR International, Radnor, PA)
and centrifuged at 1000 g for 1 min using a microcentrifuge (Sorvall
Legend Micro 21R, Thermo Scientific, Waltham, MA); the vortex/
centrifuge step was repeated once.

2.6. UPLC-MS/MS

The ultra-performance LC-MS/MS (UPLC-MS/MS) method was
adapted from Geromanos et al. [24]. Separation of tryptic peptides
was performed using a UPLC system (nanoAcquity, Waters Corpo-
ration, Milford, MA) equipped with a Symmetry C18 pre-column
(5um, 20mm x 180 um) and a BEH130C18 analytical reversed-
phase column (1.7 pm, 100 mm x 100 pm). Mobile phase solvents
A and B were water and ACN, respectively (each with 0.1% FA). For
each sample, a 4.0 uL partial loop injection was transferred to the
pre-column for desalting and pre-concentration using 99% solvent
A at a flow rate of 10 uLmin~! for 3 min. The pre-concentrated
peptides were eluted to the analytical column and separated us-
ing a gradient of 5%—45% solvent B at a flow rate of 600 nLmin"'; a
90-min separation was performed unless otherwise stated.
Following separation, the mobile phase was ramped to 99% solvent
B for 5 min and held at 99% solvent B for an additional 5-min. The
mobile phase was ramped to 5% solvent B over 5min, and the
column was re-equilibrated at 5% solvent B for 15 min. Throughout
the separation, the UPLC column temperature was held at 40 °C.
The lock mass compound, [Glu']-fibrinopeptide B at a concentra-
tion of 300 fmoL uL~", was delivered at 500 nL min~! by the auxil-
iary pump of the UPLC system to the reference sprayer of the
NanoLockSpray source of the mass spectrometer. To minimize
disparities, DDA and HDMSE runs were made in alternating order.

MS was performed in positive-ion electrospray ionization (ESI)
mode using a Synapt G2-S HDMS (Waters, Milford, MA) that was set
to sensitivity mode (V mode), with a typical mass resolving power
(M/AM50g%) of ~10,000. The time-of-flight (TOF) analyzer was

externally calibrated with a sodium formate solution from m/z 50 to
2000; all samples were measured in the same m/z range of 50 to
2000. The reference sprayer was sampled every 30 s, and all TOF MS
data were lock mass corrected (post acquisition) using the doubly-
charged monoisotopic ions of [Glu'|-fibrinopeptide B at my/z
785.8426. The IM drift cell was filled with nitrogen gas during
HDMSE experiments at direct measurement readout of ~3.5 mbar
N».

UPLC data-dependent acquisition (UPLC-DDA) was accom-
plished using the “Fast DDA” function of MassLynx (Ver. 4.1, Waters:
Milford, MA) as follows: MS survey scans were acquired for all
detectable ions using a 4V transfer collision-energy for 0.6 s, pre-
cursor ions in the MS survey scans that were measured as 2", 3" or
4% charged ions were selected for MS/MS, and MS/MS data were
obtained for up to three precursor ions detected in each survey
scan. Please note that charge-state restrictions were utilized during
DDA to increase the number of tryptic peptide precursor ions
selected for MS/MS. For each precursor ion selected from the survey
scan, MS/MS data were collected at a scan time of 0.3 s, using a
transfer collision-energy ramp from 15V to 45V. A dynamic
exclusion window of 0.100 Da was set to 60 s to avoid unnecessary
repetition of MS/MS for observed common ions within the 60 s
window periods. Acquisition automatically switched from MS to
MS/MS mode when the base peak intensity exceeded a threshold of
150 counts s~! and returned to MS mode after a maximum of three
MS/MS scans were acquired per selected ion (i.e., maximum of 0.9 s
for one ion); the mass spectrometer also switched from MS/MS
mode to MS mode when the TIC in the MS/MS function exceeded
8,000,000 counts s~ . A 0.01 s inter-scan delay was used and thus
each MS scan and associated MS/MS scans required a minimum of
1.54 s and a maximum of 3.4 s.

UPLC data-independent acquisition (UPLC-HDMSF) was
accomplished using the IM-enhanced “MSE Continuum” function of
MassLynx which utilizes IM separation in conjunction with TOF
detection, using alternating low and high collision-energies. The
acquisition times for the low and high collision-energy scans were
1s each. The low energy scans were collected using a constant 4V
transfer collision-energy. For the high-energy scans, the transfer
collision-energy was ramped from 15V to 45 V during each 1 s data
integration. A 0.015 s inter-scan delay was used and thus a pair of
low and high collision-energy scans was collected every 2.030s.
Although all experimental parameters for HDMSE and DDA were
not identical, both approaches were independently optimized for
realistic comparisons of data.

2.7. Data analysis

Peptide detection from raw DDA and HDMSE datasets was
accomplished with ProteinLynx Global Server (PLGS Ver. 2.5.2;
Waters Corporation, Milford, MA) using the default processing
parameters specific to “Electrospray DDA” and “Electrospray MSE”
in PLGS data modes, respectively. Because precursor ion selection
(i.e., m/z isolation in the quadrupole) is utilized in DDA prior to
collecting MS/MS data, product ions are readily assigned to their
respective precursor ions via PLGS data processing; HDMSE does
not utilize precursor ion selection, therefore, product ions are
correlated to their corresponding precursor ions by PLGS via LC
retention time and IM drift time alignments. Once precursor-
product ion correlations have been generated by PLGS for DDA
and HDMSE datasets, the same algorithm is used for peptide
detection. Peptides identified by PLGS with sequence lengths
greater than 5 amino acids were utilized for a customized BLAST
search against a UniprotKB/Swiss-Prot database [56] that contained
9676 protein entries (8126 proteins and 1641 isoforms) corre-
sponding to the Rattus norvegicus proteome (version 2017_11,
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accessed December 18, 2017). Database searching BLAST command
line tool (PeptideMatchCMD version 1.0) from the Protein Infor-
mation Resource (PIR) [57] was used. The resulting protein matches
were filtered to retain only proteins with at least two matched
peptides and database search results were manually compared
using a spreadsheet. All averaged values are reported as 95% con-
fidence intervals with n=12.

3. Results

Rat brain tissue extracts were obtained from 2 x 2 mm regions
of tissue sections via LAST for DDA and HDMSE analysis. Whole
tissue digests were obtained from the same rat specimen and used
to examine the impact of separation time on DDA and HDMSE
protein identification. The collected material was subjected to
enzymatic digestion prior to bottom-up proteomics analysis.
Duplicate UPLC-DDA and duplicate UPLC-HDMSE experiments
were performed on laser ablated samples such that each sample
obtained via LAST was measured a total of four times. Six UPLC-DDA
and six UPLC-HDMSE experiments, corresponding to separation
times of 15, 30, 60, 90, 120, and 150 min, were performed on ali-
quots of a whole tissue digest sample. Raw UPLC-DDA and UPLC-
HDMSE data were processed and searched as indicated above.

3.1. DDA and HDMSF of brain tissue extracts collected via LAST

Fig. 1 shows an optical microscopy image of a coronal rat brain
tissue section (Section 1) after sample collection via LAST. Each of
the four laser-ablated (2 x 2 mm) regions correspond to a tissue
sampling quadrant and are labeled Q1, Q2, Q3, and Q4. The tissue
sections were 50 pm thick, and an estimated ~2 ug of material was
removed from each quadrant [35]. Three consecutive tissue sec-
tions from the same animal were used to obtain the MS results from
the twelve sampled positions. The samples are identified by
quadrant and section; for example, the sample obtained from
Quadrant 1, Section 1 is identified as Q1S1, and so on. Microscopy
images of S2 and S3 before and after LAST are shown in Supporting
Figure S-1. Please note that equivalent quadrants extracted from
consecutive sections (e.g., Q1S1, Q1S2, and Q1S3) should not be
considered technical replicates because they do not correspond to
the same physical x-, y-, and z-coordinates of the brain.

Fig. 1. Microscopy image of rat brain whole tissue section 1 (S1) after tissue extraction
via LAST. Rat brain tissue was collected from four spatially localized quadrants of the
brain. Sampling quadrants 1 through 4 are indicated by Q1, Q2, Q3, and Q4.

Fig. 2 shows representative base peak chromatograms (BPCs)
and examples of extracted mass spectra (XMS) generated from
UPLC-DDA and UPLC-HDMSE acquisitions of Q1S3. Representative
BPCs from DDA (Fig. 2a) and HDMSE (Fig. 2b) correspond to peptide
elution. Corresponding precursor ion XMS for the indicated
retention times are shown in Fig. 2¢ through 2f. The precursor ion
data was extracted from MS survey scans collected at a collision-
energy of 4V. This energy was selected to minimize unwanted
peptide fragmentation for collection of MS survey scans during
both DDA and HDMSE [58]. The chromatography data span the
retention time interval from 0 to 65 min corresponding to the
gradient of 5%—~34% solvent B. Chromatographic features in
representative BPCs from DDA and HDMSE runs are within ~2.5 s of
each other. The small LC retention time (tgr) difference for replicate
trials is not excessive [59,60] and could be caused by differences in
mobile phase pH [61] from solvent evaporation or ingress of CO,.

Representative precursor ion mass spectra generated from DDA
and HDMSE are shown in Fig. 2c through 2f and correspond to
peptides eluting at 11.4, 29.6, 42.1, and 52.2 min, respectively.
Comparison of mass spectra in Fig. 2¢ through 2f shows that DDA
(left) and HDMSE (right) generate similar precursor ion mass
spectra and this confirms the chromatographic alignment between
the two data sets. For example, in both DDA and HDMSE, the pep-
tide AGFAGDDAPR eluted at tg = 11.4 min (Fig. 2c). Fig. 2d shows the
mass spectra for LLIEMEQR peptide at tg = 29.6 min for UPLC-DDA
and UPLC-HDMSE.  Similarly, chromatographic peaks at
tgr = 42.1 min for AILVDLEPGTMDSVR (Fig. 2e) and at tg = 52.2 min
for LICCDILDVLDK (Fig. 2f) were observed. The reported m/z values
(i.e., 488.72, 516.29, 808.40, and 738.85) are from MassLynx output
prior to PLGS processing and within 50 ppm of their respective
theoretical masses. The peptide LICCDILDVLDK in Fig. 2f was
detected in its modified form with carbamidomethylation of both
cysteines. Corresponding MS/MS spectra for the peptides
AGFAGDDAPR, LLIEMEQR, AILVDLEPGTMDSVR, and LICCDILDVLDK
are shown in Supporting Figure S-2.

The MS peak intensity maxima in the precursor ion scans were
generally lower for DDA than MSE, presumably because of the lower
MS signal averaging in DDA [24]. However, in comparison to MSE
(data not shown), the use of ion mobility in HDMSE reduced ion
transmission by an order of magnitude, which may be due to
scattering collisions between analyte ions and IM drift gas [62,63].
This is reflected in greater intensities in the BPC of DDA compared
to HDMSE (Fig. 2a and b).

Results from UPLC-DDA and UPLC-HDMSFE analyses of the brain
tissue samples collected via LAST are summarized in Table 1. For
each of the twelve LAST samples (Column 1), the number of pro-
teins identified by DDA (Column 2) or HDMSE (Column 3), the total
number of proteins (Column 4, excluding duplicate protein iden-
tification), proteins identified by DDA only (Column 6) or HDMSE
only (Column 7) are reported in Table 1. For all twelve sampling
quadrants HDMSE identified more proteins than DDA. This
enhancement ranged from a factor of about two and a half (Q1S1,
Table 1) to five and a half (Q3S1), and the averaged enhancement
for all twelve quadrants was approximately a factor of four.
Although HDMSE provided more proteins for all twelve laser
ablation samples, some proteins were identified by either DDA only
or HDMSE only (viz., Columns 6 and 7 in Table 1). On average, for all
sampling quadrants, about 2% of the total proteins identified were
found only by DDA analysis; about 73% of the total proteins iden-
tified were found only via HDMSE (~25% were identified by both
techniques).

Protein overlap, in terms of detection of proteins that were
common to multiple sampling quadrants/sections, was expected
due to the presence of highly concentrated, relatively ubiquitous
proteins in tissue (e.g., hemoglobin, albumin, actins, tubulins, etc.).
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Fig. 2. Representative UPLC-DDA and UPLC-HDMSF data from analyses of Q1S3. Base peak chromatograms (BPCs) corresponding to peptide elution from (a) DDA and (b) HDMS®
data acquisition modes. For peaks at 11.4, 29.6, 42.1, and 52.2 min, precursor ion mass spectra are in (c)—(f) for DDA (left) and HDMSF (right). Precursor ion mass spectra of (c)
[AGFAGDDAPR]?* at m/z 488.72, (d) [LLIEMEQR]?* at m/z 516.29, (e) [AILVDLEPGTMDSVR]?** at m/z 808.40, and (f) [LICCDILDVLDK]?** at m/z 738.85. The base peak in each mass
spectra is designated with (*) and corresponds to the named precursor peptide ion.

Table 1

Summary of proteins identified by DDA and HDMSE analyses of the 12 laser ablation sampling positions. For each LAST position (Column 1), the number of proteins identified
by DDA (Column 2) or HDMSE (Column 3), total number of proteins (Column 4, excluding duplicate protein identification), proteins identified by DDA only (Column 6) or
HDMSE only (column 7) are provided.

LAST DDA HDMSE Total - Common to Both DDA Only HDMSE Only
Sample ID
Qi1s1 341 814 847 - 308 33 506
Q1s2 322 1020 1030 - 312 10 708
Q1S3 393 1674 1680 - 387 6 1287
Q251 115 297 306 - 106 9 191
Q2s2 208 835 844 - 199 9 636
Q2s3 379 1723 1738 - 364 15 1359
Q3s1 133 751 755 - 129 4 622
Q3s2 326 1322 1341 - 307 19 1015
Q3s3 319 1139 1173 - 285 34 854
Q4s1 336 1369 1388 - 317 19 1052
Q4s2 365 1575 1589 - 351 14 1224
Q4s3 386 1204 1252 - 338 48 866

Considering 3478 proteins that were identified from the 12 laser
ablation sampling positions, about 6% of the proteins were found in
all 12 sampling positions (Figure S-3). Similarly, we expected that
unique proteins would be identified from each sampling position

because different x-, y-, and z-coordinates were extracted from the
brain. About 33% of proteins identified from laser ablated samples
were found in only 1 of 12 positions. A spreadsheet document is
also included with the Supporting Information (file name: Protein
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Localization and Identification Frequency) that provides details on
the spatial localization of each protein identified from LAST
samples.

In DDA, precursor ions are selected for m/z-isolation and sub-
sequent MS/MS based on their MS signal intensities. Precursor-
product ion correlation is straightforward because product ions
are detected from m/z-isolated precursor ions. Although DDA does
not explicitly use LC retention times for precursor-product ion
correlation, shorter LC separation times can shift elution profiles of
lower abundance peptides to highly congested regions where their
selection for MS/MS may be limited by the instrument duty cycle
(Supporting Figure S-4). Precursor-product ion correlation with
HDMSE requires a distinct “three-dimensional address” such as LC
retention time, IM drift time, and m/z value for each precursor [54].
At shorter LC separation times, there are fewer unique retention
times because there are fewer LC data points. Moreover, peak
congestion at shorter LC separation times can result in more co-
elution. To evaluate the effect of separation speed on protein
identification, we acquired UPLC-DDA and UPLC-HDMSE data at LC
separation times of 15, 30, 60, 90, 120, and 150 min. For these ex-
periments, a whole brain tissue section was freshly prepared as a
~184 ng uL~! tryptic digest.).

Fig. 3 shows the number of peptides (Fig. 3a) and proteins
(Fig. 3b) identified by DDA and HDMSE approaches at six different
UPLC separation times ranging from 15 min to 150 min. As ex-
pected, shorter separation times resulted in (i) greater UPLC peak
congestion (Supporting Figure S-5) and (ii) fewer peptides and
proteins identified by both DDA (open white bars) and HDMSE
(solid black bars) analyses. Switching from the longest (150 min) to
the shortest (15 min) measured UPLC separation times yielded
fewer peptides (by 80%) and proteins (by 77%) identified via DDA;
HDMSE yielded two-thirds fewer identifications for both peptides
and proteins. Moreover, HDMSE outperformed DDA at all measured
UPLC separation times (Fig. 3). For example, HDMSE identified
twice as many peptides and about 10% more proteins from the
15 min separation than DDA from the 150 min separation. Hence,
HDMSE was less sensitive to UPLC congestion than DDA.

4. Discussion

Here, we present the first application of IM enhanced DIA
(HDMSE) for high-throughput MS-based proteomics analyses of
biological tissue extracts obtained via LAST. Results from analyses of
rat brain tissue samples show that the HDMSF approach identified
more peptides and proteins than DDA. We also report the first
comparison of DDA and HDMSE as a function of UPLC separation
time. On average for the twelve LAST samples, 94 + 2% of the pro-
teins identified by DDA were also identified by HDMSE. Addition-
ally, proteins were identified more confidently with HDMSE than
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DDA. Specifically, the average number of peptides detected per
protein identified (from the twelve LAST samples) was 10.4 + 1.4 for
HDMSE and 4.5 + 0.7 for DDA.

The same precursor ions were present in corresponding DDA
and HDMSE datasets (Fig. 2); however, 73 + 4% of the total proteins
identified from each sampling position were not found by DDA. In
DDA, current duty cycle limitations may not allow precursor ion
selection for subsequent MS/MS, even if precursor ion signal in-
tensities are above the user-defined threshold for ion selection (i.e.,
>150 counts s~ ! in this study). Complementary HDMSE data can
reveal locations of these congested UPLC regions (i.e., regions cor-
responding to elution of peptides not selected for MS/MS in DDA).
For instance, as shown in Supporting Figure S-4, we were able to
use complementary HDMSE data to identify four low abundance
peptides (in DDA data that were not selected for MS/MS) with UPLC
retention times between 19.9 and 20.8 min.

Although UPLC-IM-MS data congestion precludes peptide
identification in HDMSE and adversely impacts protein identifica-
tion, enhancing peak capacity in any of the three dimensions (i.e.,
UPLC, MS, or IM) could improve our ability to correlate product ions
with their corresponding precursor ions. For instance, LC conges-
tion can be addressed by using longer UPLC separations; however,
the speed and sensitivity reduction associated with longer LC runs
limit the utility of this approach for high-throughput applications.
Moreover, higher mass resolving power and mass measurement
accuracy can also enhance identification of LC co-eluting isobaric
peptide ions in the m/z dimension. However, LC co-eluting isomers
with the same chemical composition cannot be differentiated by
increasing the peak capacity in the m/z dimension. Alternatively,
higher IM resolving power can expand “data volume” such that LC
co-eluting analytes with indistinguishable m/z values can be
assigned unique three-dimensional addresses. Conventional ap-
proaches to increase IM resolving power include hardware modi-
fication, drift gas selection, and/or post acquisition data processing
strategies. The latter is an attractive approach for improving IM
resolving power because it requires no instrument modifications.
Also, it can be applied to any post-IM tandem MS dataset. For
instance, results in Table 1 for rat brain proteins missed by HDMSE
(identified by DDA only, column 4) suggest that higher IM peak
capacity can increase the total number of identified proteins by 1%—
3%. HDMSF is unable to identify this small percentage of proteins
primarily because of the three-dimensional data convolution of
peptides used for protein identification. Hence, use of IM-MS
deconvolution algorithms, such as automated ion mobility decon-
volution (AIMD) [64], could enhance IM peak capacity and improve
precursor-product ion correlation by allowing extraction of unique
IM profiles, MS, and MS/MS spectra of species that are “hidden” in
convoluted IM-MS datasets.

In addition to providing a more comprehensive overview of the

[]DDA

<

15 30 60 90 120 150
UPLC Separation Time (mins)

Fig. 3. Representation of the number of (a) peptides and (b) proteins identified by DDA (empty white bars) and HDMSE (solid black bars) as a function of separation time. Separation

times of 15, 30, 60, 120, and 150 min were used.
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proteome in each laser ablated sampling quadrant, HDMSF facili-
tated detection of proteins relevant to a broad range of disease
related pathways that were not found by DDA analyses. As an
example, we merged the “HDMSF only” proteins (viz., Table 1) that
were identified from Q1S1, Q1S2, and Q1S3, and then mapped them
to the KEGG pathways database [65,66]. Table S-1 shows the pro-
teins matching the pathways for cancer (Table S-1a, KEGG pathway:
rno05200), Alzheimer's disease (Table S-1b, KEGG pathway:
rno05010), and Parkinson's disease (Table S-1c, KEGG pathway:
rno05012). In total, 63, 44, and 24 proteins, respectively, were
successfully mapped to these pathways. The use of LAST and
HDMSE made it possible to identify proteins such as the ETS-1
transcription factor, which was linked to the invasion mechanism
of malignant melanoma [67,68], and the Pim-1 serine/threonine
kinase, which is part of the PIM family and has been linked to tumor
growth [69,70]. Protein families such as the reticulon family (of
which we detected the members 3 and 4) have been shown to
provide insights in Alzheimer's disease related endoplasmic retic-
ulum structural issues [71], and Parkinsonism associated deglycase
has been long associated with onset and progression of Parkinson's
disease [72].

5. Conclusions

Over four thousand proteins were identified by combined use of
DDA and HDMSE from high-throughput bottom-up proteomics
analyses of rat brain tryptic digests from laser ablated and whole
tissue samples (full list in Supporting Information Table S-2).
Compared to collecting data in series with DDA, collecting ion
fragmentation data in parallel as implemented in HDMSF analysis
resulted in identification of about seven times more peptides and
about four times more proteins. Although more peptides and pro-
teins are identified using HDMSE, inherent differences between the
serial and parallel data collection strategies render DDA and HDMSE
complementary strategies. For example, the combined use of both
techniques increased the numbers of proteins identified by about
1%—3% for all measured samples. Analysis of a whole tissue digest
sample as a function of UPLC separation time (i.e., comparing 150
and 15min separations) demonstrated that chromatographic
overlap reduced the number of proteins identified by about 80% for
DDA and 67% for HDMSE. At all measured times for UPLC separa-
tion, HDMSE identified more peptides and proteins than DDA. The
ability to pinpoint UPLC regions that are congested can provide
crucial information to judiciously improve UPLC separations in a
manner that would enhance MS/MS selection by DDA or decrease
three-dimensional data convolutions in HDMSE.
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