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Current proteomic approaches include both broad dis-
covery measurements and quantitative targeted analyses.
In many cases, discovery measurements are initially used
to identify potentially important proteins (e.g. candidate
biomarkers) and then targeted studies are employed to
quantify a limited number of selected proteins. Both ap-
proaches, however, suffer from limitations. Discovery
measurements aim to sample the whole proteome but
have lower sensitivity, accuracy, and quantitation preci-
sion than targeted approaches, whereas targeted meas-
urements are significantly more sensitive but only sample
a limited portion of the proteome. Herein, we describe a
new approach that performs both discovery and targeted
monitoring (DTM) in a single analysis by combining liquid
chromatography, ion mobility spectrometry and mass
spectrometry (LC-IMS-MS). In DTM, heavy labeled target
peptides are spiked into tryptic digests and both the
labeled and unlabeled peptides are detected using
LC-IMS-MS instrumentation. Compared with the broad
LC-MS discovery measurements, DTM yields greater pep-
tide/protein coverage and detects lower abundance spe-
cies. DTM also achieved detection limits similar to se-
lected reaction monitoring (SRM) indicating its potential
for combined high quality discovery and targeted analy-
ses, which is a significant step toward the convergence of
discovery and targeted approaches. Molecular & Cellu-
lar Proteomics 15: 10.1074/mcp.M116.061143, 3694-3705,
2016.

The application of both discovery and targeted proteomics
approaches is increasingly important across many areas of
biological research, such as elucidating molecular mechanism
of disease progression and increasing the utility of clinical
applications to facilitate early detection and prognostic clas-
sification (1, 2). Currently discovery and targeted ap-
proaches are performed separately, limiting sample through-
put and requiring more material for thorough analyses. In the
prevalent discovery-based shotgun approach (3-6), proteins
are digested into peptides, separated by liquid chromatogra-
phy (LC)', and detected by mass spectrometry (MS), where
specific peptides are further selected (typically by abundance)
for successive tandem MS/MS for identification. The resulting
spectra are then mapped to peptide or protein sequences
using highly-evolved database search algorithms with results
normally obtained for thousands of unique proteins. However,
the large numbers of coeluting peptides and use of MS/MS
inevitably limit proteomic measurement effectiveness by at
least one of three key metrics: throughput, sensitivity, and
proteome coverage. To increase proteome coverage addi-
tional fractionation steps and/or extended LC separations are
often applied. Although this is advantageous for increasing
the comprehensiveness and sensitivity of measurements, the
reduced throughput greatly restricts the ability to account for
both measurement and biological variability. Additionally,
these broad discovery measurements still suffer deficiencies
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Fic. 1. A schematic representation of the SRM (A), PRM (B), and DTM (C) measurement approaches. In SRM, each product ion
transition (fragment) is monitored individually (normally 1 to 5) and then combined for quantitation. In PRM, all product ion transitions and
possible product ions are analyzed in concert with high resolution and mass accuracy. DTM allows all product ions to be analyzed concurrently
with the heavy and light pairs having the same LC elution times and IMS drift times. High mass accuracy is also possible from the QTOF for
ease of peptide identification. The light and heavy pairs are circled in drift cell and on the 2D IMS-MS nested spectrum. Q1 and Q8 refer to
the first and third mass-resolving quadrupoles and Q2 to the quadrupole (or cell) where fragmentation is performed.

in the detection and precise quantification of low abundance
proteins, such as transcription factors, signaling intermediar-
ies or novel protein products of genomic alterations.

The limitations of discovery approaches have driven the
development of targeted proteomics approaches such as
selected reaction monitoring (SRM, also known as MRM -
multiple reaction monitoring) (7—11) and parallel reaction mon-
itoring (PRM) (12, 13). SRM is typically performed with a triple
quadrupole mass spectrometer and provides significantly im-
proved reproducibility, sensitivity and quantitation accuracy
for targeted species compared with discovery measurements.
In SRM, the peptide of interest is selected, fragmented, and
typically a few fragment transitions are monitored individually
and combined for quantitation (Fig. 1A). Numerous studies
have successfully employed SRM measurements for both
absolute and relative quantitation of peptide analytes in ap-
plications ranging from clinical diagnostics to fundamental
studies of biological systems. SRM measurements however
are time consuming to develop and can require significant
effort to determine the best transitions and measurement
parameters for each protein of interest (7-11). These limita-
tions have prompted more interest in PRM where the third
quadrupole of a triple quadrupole analyzer is substituted with
either a quadrupole time-of-flight (QTOF) or Orbitrap mass

analyzer for detection of the precursor and all fragment ions
simultaneously and with high mass resolution (Fig. 1B). In
addition to reducing the upfront method development time
and facilitating automated data analysis, PRM has yielded
quantitative dynamic range and linearity that approaches
SRM, but often with better selectivity because of the high
resolution mass analyzer and greater number of transitions
monitored (12). However, challenges remain for both SRM
and PRM, including the selection of effective dissociation
conditions and especially the limitation on the number of
target proteins studied, which essentially removes all other
peptides/proteins from possible future data analyses.
Ongoing technology developments in targeted and discov-
ery-based approaches continue to provide improved pro-
teomic measurements, but still remain far from a true conver-
gence of the benefits of both. To this end, we have coupled an
ion mobility spectrometry (IMS) separations (14, 15) between
LC and MS stages (LC-IMS-MS) and explored the potential of
this multi-dimensional platform for combining the benefits of
both discovery and targeted approaches. The added IMS
stage has the attraction of very fast structural separations
(milliseconds) and high reproducibility of separation times
(<0.5% drift time deviation). We have previously shown that
LC-IMS-MS measurements can provide better coverage than
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other discovery-based LC-MS platforms, increasing the over-
all measurement peak capacity and thus providing the
enhanced selectivity needed to enable more confident iden-
tifications (16-18). Utilizing this capability LC-IMS-MS meas-
urements offer great potential for sufficient selectivity, ena-
bling broad and sensitive peptide identifications (16-20).
Further, light and heavy labeled isotope pairs have the same
LC elution time and IMS drift time, so they can easily be
added to samples to both provide more confident identifica-
tions as well as for more precise quantification by the QTOF
analyzer (21-23). Because the LC-IMS-MS platform is already
analyzing highly complex samples (with tens to hundreds of
thousands of peptides), the addition of hundreds to thou-
sands of additional heavy labeled peptides does not signifi-
cantly impact analyses. Herein, we explore the potential of
simultaneous proteomic discovery and targeted monitoring
(DTM) using the LC-IMS-MS platform (Fig. 1C) in the context of
a well characterized patient-derived xenograft (PDX) breast can-
cer tumor sample as an example of the possible future appli-
cations of the platform. We further investigated the potential of
the sensitive DTM approach to both broaden discovery efforts
as well as improve quantification of targeted proteins of interest
by adding heavy labeled peptides into the sample.

EXPERIMENTAL PROCEDURES

Patient-derived Xenograft Tumor Selection and Sample Process-
ing—The PDX tumor sample explored in this works was from the
established luminal B (WHIM16) breast cancer subtype raised
subcutaneously in an 8-week-old NOD.Cg-Prkdcs® [I2rg™"il/SzJ
mouse (Jackson Labs, Bar Harbor, Maine) (24). The tumor was har-
vested by surgical excision at ~1.5 cm® with minimal ischemia time
because of immediate immersion in a liquid nitrogen bath. Histo-
pathological review classified these PDX tumors as ER positive, PR
positive, and HER2 negative. The tumor tissue was then placed in
precooled tubes on dry ice and stored at —80 °C until cryopulverized
in a Covaris CP02 Cryoprep device. Powdered tissue was decanted
to a precooled aluminum weigh dish (VWR #1131-436; VWR Labo-
ratory Supplies, Radnor, PA) and the tissue was thoroughly mixed
with a metal spatula precooled in liquid nitrogen before partitioning
~100 mg aliquots into cryovials (Corning #430487; Corning Inc.,
Corning, NY). All procedures were carried out on dry ice to ensure
thawing of the tissue did not occur.

Approximately 100 mg of the frozen, pulverized PDX tissue was
homogenized in 600 ul of ice cold lysis buffer (8 M Urea, 0.1% Nonidet
P-40, 0.5% Sodium deoxycholate, 10 mm NaF, SIGMA phosphatase
inhibitor mixture 2 (Sigma, P 5726; Sigma Aldrich, St. Louis, MO) and
SIGMA phosphatase inhibitor mixture 3 (Sigma, P 0044) in 100 mm
ammonium bicarbonate, pH 8), shaken in a Thermomixer R for 3 min
at 1200 rpm, followed by 3 min sonication in a water bath with ice. The
lysate was precleared by centrifugation at 16,500 X g for 5minat 4 °C
and protein concentrations were determined by BCA assay (Pierce;
Thermo Fisher Scientific, San Jose, CA). Following the assay, proteins
were reduced with 5 mm dithiothreitol for 1 h at 37 °C, and subse-
quently alkylated with 10 mm iodoacetamide for 1 h at RT in the dark
with constant shaking at 1200 rpm in Thermomixer R. The sample
was diluted by 1:2 with 50 mm NH,HCO,, 1 mm CaCl, and digested
with sequencing grade modified trypsin protease (Promega, V5113
(Promega, Madison, WI)) at 1:50 enzyme-to-substrate ratio. After 4 h
of digestion at 37 °C, the sample was further diluted by 1:4 with the
same buffers and another aliquot of trypsin was for further incubated

at RT overnight (~16 h). The digested sample was then acidified with
10% trifluoroacetic acid to ~pH 2 and transferred into a fresh vial
after 20 min at 4000 X g centrifugation in a Sorval centrifuge. The
digested sample was desalted using a four-probe positive pressure
Gilson GX-274 ASPEC™ system (Gilson Inc., Middleton, WI), first with
a Discovery SCX 100 mg/1 ml solid phase extraction tube (Supelco,
St. Louis, MO) and second with a Discovery C18 100 mg/1 ml solid
phase extraction tube (Supelco). Sample elution from the C18 column
used 2 ml 80% ACN and then concentrated down to 200 ul in a
SpeedVac SC250 Express (ThermoSavant) before a final BCA to
determine the peptide concentration. 800 ng of the sample was used
for RP high pH HPLC fractionation. The sample was diluted to a
volume of 900 wl with 10 mm ammonium formate buffer (pH 10.0),
and resolved on a XBridge C18 250 X 4.6 mm, 5 um with 4.6 X 20 mm
guard column (Waters, Milford, MA) using an Agilent 1200 series
HPLC system (Agilent Technologies, Santa Clara, CA) equipped with
a quaternary pump, degasser, diode array detector, peltier-cooled
autosampler, and fraction collector (set at 4 °C). The mobile phases
used were (A) 10 mM Ammonium Formate, pH 10.0 and (B) 10 mm
Ammonium Formate, pH 10.0/acetonitrile (10:90). After sample load-
ing and an initial 35 min wash with mobile phase A, the gradient
applied was (min:%B); 0:0, 10:5, 70:35, 85:70, 95:70, 105:0, 120:0.
Fractions were collected every 65 s from 15 min to 120 min of the
gradient, resulting in 96 fractions. The plate was dried in a SpeedVac
and each fraction was reconstituted in 100 ul of 50% ACN, 0.1% TFA
before being combined into a total of 48 samples. The fractions were
then completely dried down again and reconstituted in 50 ul of
nanopure water and final peptide concentrations for each fraction
were determined by BCA assay. Fractions were then divided into two
aliquots for the Q Exactive and IMS-MS instrumental analyses.

Heavy Labeled Peptides—Target heavy labeled peptide standards
were purchased from Thermo Fisher Scientific (San Jose, CA) and the
last residue of the sequence (Arg or Lys) was modified as either '*Cg
and "°N, or "*Cg and "°N,.

Experimental Design and Statistical Rational: LC-MS and LC-
IMS-MS Analyses—Analyses were performed using Thermo Fisher
Scientific Q Exactive and Orbitrap Velos instruments, as well as an
in-house built IMS-MS instrument that couples a 1-m IMS drift cell
with an Agilent 6538 QTOF MS (Agilent Technologies, Santa Clara,
CA), providing low ppm mass error and resolution of ~38,000 (25, 26).

The LC system used for the experiments was custom built using
two Agilent 1200 nanoflow pumps and one Agilent 1200 cap pump
(Agilent Technologies, Santa Clara, CA), Valco valves (Valco Instru-
ments Co., Houston, TX), and a PAL autosampler (Leap Technologies,
Carrboro, NC) (16). Full automation was provided by custom software
that allows parallel event coordination and therefore near 100% MS
duty cycle through use of two trapping and analytical columns. RP
columns were slurry packed in-house with 3 um Jupiter C,g (Phe-
nomenex, Torrence, CA) into fused silica columns that were 40 cm
long X 360 um o.d. X 75 um i.d. (Polymicro Technologies Inc.,
Phoenix, AZ) with a 1-cm sol-gel frit at the end for media retention.
Trapping columns were prepared similarly by slurry packing 5-um
Jupiter C, 5 into fused silica columns that were 4-cm length X 360 um
0.d. X 150 um i.d. and fritted on both ends. Mobile phases consisted
of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile
(B) and a 100-min gradient profile operated at 300 nL/min flow rate as
follows (min:%B); 0:5, 2:8, 20:12, 75:35, 97:60, 100:85. Sample in-
jections of 5 ul were trapped and washed onto the trapping columns
at 3 pl/min for 20 min prior to alignment with the analytical columns.
Data acquisition lagged the gradient start and end times by 15 min to
account for column dead volume allowing for the highest throughput
when running in two-column operation mode, so that the columns
could to be washed (shortened gradients) and re-generated off-line
without any cost to the duty cycle.
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The Q Exactive analyses used 2.3 kV applied at the liquid junction
for ESI and the MS inlet was maintained at a temperature of 325 °C.
Data was collected in data dependent analysis mode and a primary
survey scan was performed in the m/z range of 400 to 2000 at a
resolution of 70,000 (at m/z 200) and an automatic gain control (AGC)
setting of 1 X 108 charges. The top 10 highest intensity ions from the
survey scan were selected by a quadrupole mass filter for high energy
collision dissociation (HCD) with nitrogen and then mass analyzed by
the Orbitrap at a resolution of 17,500. A window of 2 m/z was used for
HCD isolation and a normalized collision energy of 30% (a Thermo
nomenclature for ion energy for dissociating ions by collision) was
applied with an AGC setting of 1 X 10° charges. Mass spectra were
recorded for 100 min by repeating this process with a dynamic
exclusion of previously selected ions for 30 s. The Velos MS data
were collected from 400-2000 m/z at a resolution of 60,000 (AGC:
1 X 10° charges) followed by data dependent ion trap MS/MS spectra
(AGC: 1 X 10* charges) of the 10 most abundant ions using a collision
energy setting of 35%. A dynamic exclusion time of 60 s was used to
discriminate against previously analyzed ions. IMS-MS data were
collected from 100-3200 m/z with a cycle time of 3 s/spectra to
increase the signal of low abundance species. lon dissociation (i.e.
MS/MS) was not performed in these analyses, and the peptide pre-
cursor detected features were compared with an accurate mass and
time (AMT) tag databases for identification. We note that MS/MS
analysis in both data dependent or independent acquisition mode is
feasible with this platform, if desired, but at the cost of decreased
spectrum acquisition rate and/or detection sensitivity depending
upon experimental details.

Identification and quantification of the detected peptide peaks
were performed using the AMT tag approach (17, 27, 28). Both Q
Exactive and IMS-MS analyses were utilized to populate the database
with LC elution times, IMS drift times and accurate mass information
for each peptide tag (Fig. 2A). Briefly, Q Exactive MS/MS spectra from
the 48 high-pH fractions were searched by MS-GF+, v10072 (6/30/
2014) (29), filtered to a false discovery rate (based on MS-GF+ decoy
searches) of =0.01%, and an observation count =2 (the number of
MS/MS spectra for a peptide across all data sets). The NCBI’'s Homo
sapiens database (build 37, released December 2, 2011) was com-
bined with NCBI’s Mus musculus database (build 37, released De-
cember 2, 2011) for a total of 62,433 proteins. The protease searched
was trypsin with no limit of missed cleavages, but a maximum peptide
length of 50 residues; and fixed alkylation of cysteine (carbamidom-
ethyl) and variable oxidation of methionine modifications were con-
sidered. Finally, mass tolerances and parameters for precursor and
fragment ions were = 20 ppm precursor tolerance with a MS-GF+
high resolution and HCD scoring model.

The 48 fractions were then analyzed with the LC-IMS-MS platform
to determine IMS drift times for each database feature. Peptides
observed in each instrument were compared, and only those agreeing
with high mass accuracy (within 2 ppm) and LC elution time (<0.5%)
were populated with IMS drift times in the PDX tumor database used
in this work (28). The LC-MS and LC-IMS-MS raw data were pro-
cessed using in-house developed informatics tools (publicly available
at https://omics.pnl.gov/software) with algorithms for peak-picking
and determining isotopic distributions and charge states for feature
definition (30). The detected features were then correlated (i.e.
aligned) with the PDX tumor AMT tag database (28). Further down-
stream data analysis incorporated all possible detected peptides into
the VIPER visualization program to associate LC-MS features and the
peptide identifications in the AMT tag database (31). VIPER provided
an intensity report for all detected features, normalized LC elution
times via alignment to the database, and performed feature identifi-
cation. Although Skyline software (32) was not used in the LC-
IMS-MS data analyses in this manuscript, we note that its recent

ability to analyze data sets having an IMS dimension will allow its use
in future analyses.

SRM Assay Development and Analyses—The SRM analyses used a
nanoACQUITY UPLC® system (Waters Corporation) coupled online
to a TSQ Vantage triple quadrupole mass spectrometer (Thermo
Fisher Scientific). The UPLC® system was equipped with an AC-
QUITY UPLC BEH 1.7 um C18 column (100 wm i.d. X 10 cm) and the
mobile phases were (A) 0.1% formic acid in water and (B) 0.1% formic
acid in 90% acetonitrile. Four microliters of sample were loaded onto
the column and separated at a flow rate of 500 nL/min using a 50-min
gradient profile as follows (min:%B); 0:0.5, 11:0.5, 13.5:10, 17:15,
38:25, 49:38.5, 50:95. The TSQ Vantage triple quadrupole mass spec-
trometer was operated with ion spray voltages of 2400 = 100 V, a
capillary offset voltage of 35 V, a skimmer offset voltage of 5 V, and
a capillary inlet temperature of 220 °C. Tube lens voltages were
obtained from automatic tuning and calibration without further opti-
mization. Both Q1 and Q3 were set at unit resolution of 0.7 FWHM
and Q2 gas pressure was optimized at 1.5 mTorr.

Twenty proteotypic peptides were selected for targeted analyses
because of their biological activities and concentration levels of in-
terest. For each peptide, six to eight transitions and corresponding
optimal collision energy (CE) values were obtained from direct infu-
sion experiments. These SRM transitions were further validated for
optimal detection of the target peptides in the PDX sample matrix
using LC-SRM analyses. The relative intensity ratios for each given
transition were used to assess potential interferences as previously
reported (33) and three optimal transitions per peptide were used for
the final SRM assay. A reverse calibration curve was built by spiking
different concentration of heavy peptides into the same PDX sample
matrix (0.125, 0.25, 0.5, 1, 2.5, 5, 5, and 7.5 nm) and compared with
light signals for ratio calculation. For endogenous peptide quantifica-
tion, the sample was prepared with 0.5 nm heavy peptides causing the
final peptide matrix concentration to be 0.1875 ug/ul. LC-SRM anal-
yses were performed in triplicate using a scheduled mode with 10 min
windows to analyze all peptides and a duty cycle of 1 s.

Skyline software was used to analyze the SRM data (32). The raw
data were initially imported into Skyline software for visualization of
target peptide chromatograms and to determine which were de-
tected. The best transition for each peptide was used for quantifica-
tion. Two criteria were used to determine the peak detection and
integration: (1) same LC retention time and (2) approximately the
same relative SRM peak intensity ratios across multiple transitions
between the light peptides and heavy peptide standards. Standard
deviation (S.D.) and coefficient of variation (CV) were obtained from
three replicates for each sample. All data were manually inspected to
ensure correct peak detection and accurate integration. Signal to
noise ratios (S/N) were calculated by the peak apex intensity over the
highest background noise in a retention time region of +15s for the
target peptides and for surrogate endogenous peptides a S/N of >9
was required for confident quantification. The endogenous level of
each peptide in the tissue sample (fmol/ng of total protein) was
calculated by the following equation: (fmol/ul concentration of endog-
enous target peptide calculated based on calibration curve)/(ug/ul
digested sample concentration loading on column).

Repository—All data has been submitted to ProteomeXchange
(accession PXD004569) and the CPTAC Data Portal.

RESULTS

Discovery-based measurements often use sample fraction-
ation to increase proteome coverage, however, this effectively
turns each sample into many samples, significantly lowering
analysis throughput and adding challenges for quantitation.
Our goal in this work was to increase sample throughput of
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Fic. 2. The workflow of experiments performed in this manuscript to A, create the AMT tag database for the PDX tumor sample and
B, perform discovery-based, DTM and SRM instrumental analyses.

discovery-based measurements while also achieving high
proteomic coverage and providing absolute quantitation for
targeted proteins with DTM. DTM was compared with con-
ventional discovery and targeted proteomic approaches using
an unfractionated PDX tumor digest from a well-established
luminal breast cancer subtype (24) to evaluate its perform-
ance. For broad detection, DTM with a LC-IMS-MS platform
was assessed against two conventional discovery-based
platforms (Orbitrap Velos MS and Q Exactive MS) using the
same optimized 100-min LC gradient. For targeted quanti-
tation, DTM was compared to a triple quadrupole performing
SRM analyses. These analyses allowed an evaluation of DTMs
effectiveness for achieving higher sample throughput, pro-
teomic coverage, and accurate quantitation, while reducing
sample size requirements.

AMT Tag Creation and Target Protein Selection—To com-
pare the results for each of the discovery-based platforms, an

extensive accurate mass and time (AMT) tag database con-
sisting of highly confident peptide identifications and provid-
ing broad protein coverage was created for the PDX tumor
sample (27) (Fig. 2A). To construct the AMT tag database, 48
high pH LC peptide fractions were analyzed with the Q Exac-
tive platform to obtain MS/MS-based identifications, and the
IMS-MS platform to acquire drift time for each tag. The re-
sulting information from both platforms was then used to
provide LC elution times, IMS drift times and accurate masses
for the peptides identified from the PDX tumor proteins (28). Q
Exactive spectra were searched by MS-GF+ (29) and filtered
to a false discovery rate (based on MS-GF+ decoy searches)
of = 0.01% for high confidence matching, where only pep-
tides with =2 MS/MS spectra across all data sets were used
to correlate with those from the IMS-MS instrument. Peptides
observed in each instrument were compared and only those
within tight mass accuracy (within 2 ppm) and LC elution time
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TABLE |
SRM and DTM concentrations (fmol/ug) and CVs for target peptides

Sone, SO, SpM o, om prusew oA
R.TTILQSTGK.N Parafibromin CDC73 0.36 0.19 0.96 0.19 0.66 0.64
R.IEDILEVIEK.E Kynureninase isoform b KYNU 0.76 0.03 1.49 0.09 1.12 0.46
R.SAPLEIGLQR.S Parafibromin CDC73 0.83 0.09 215 0.1 1.49 0.63
R.LSASTASELSPK.S MAP7 domain-containing protein 1 MAP7D1 2.04 0.16 128 0.22 1.66 0.32
R.EIFSVLDLMK.V T-complex protein 11-like protein 1 TCP11L1 1.28 0.02 2.66 0.08 1.97 0.50
K.TYLEEELDKWAK.I Kynureninase isoform b KYNU 434 0.1 2.09 0.12 3.21 0.49
R.GLATFCLDKDALR.D Membrane-associated progesterone receptor PGRMC2 2.70 0.13 4.44 0.10 3.57 0.35
component 2
R.TPETLLPFAEAEAFLKK.A MAP7 domain-containing protein 1 MAP7D1 456 0.03 2.75 0.19 3.65 0.35
K.ETLLSFLLPGHTR.L T-complex protein 11-like protein 1 TCP11L1 2.65 0.03 6.47 0.08 4.56 0.59
R.CLLETLALAPHEEYIQR.H Transmembrane and TPR repeat-containing protein 3 TMTC3 4.05 0.04 9.61 0.11 6.83 0.58
R.DFTPAELR.R Membrane-associated progesterone receptor PGRMCH1 13.05 0.03 10.23 0.1 11.64 0.17
component 1
K.TIQEVAGYVLIALNTVER.I Epidermal growth factor receptor isoform a precursor EGFR 12.82 0.36 10.49 0.10 11.66 0.14
K.ALPILEELLR.Y Transmembrane and TPR repeat-containing protein 3 TMTC3 10.31  0.09 16.40 0.07 13.36 0.32
R.GLGAGAGAGEESPATSLPR.M Membrane-associated progesterone receptor PGRMC2 12.25 0.16 17.91  0.06 15.08 0.27
component 2
R.VFDKDGNGYISAAELR.H Calmodulin CALM2 2214 0.04 29.39 0.07 25.76 0.20
K.FYGPEGPYGVFAGR.D Membrane-associated progesterone receptor PGRMC1 24.44 0.08 32.01 0.06 28.22 0.19
component 1
R.DVVICPDASLEDAKK.E Protein DJ-1 PARK7 30.83 0.17 32.64 0.06 31.73 0.04
K.LTQLGTFEDHFLSLQR.M Epidermal growth factor receptor isoform a precursor EGRF NA NA 32.42 0.06 32.42 NA
K.VTVAGLAGKDPVQCSR.D Protein DJ-1 PARK7 40.87 0.08 43.06 0.07 41.97 0.04
K.EAFSLFDKDGDGTITTK.E Calmodulin CALM2 113.46 0.06 126.28 0.03 119.87 0.08

The concentration (fmol/ug) and CV values observed for each peptide by 2SRM and PDTM analyses. °The average concentration and error

for both analyses were also computed to understand differences.

(<0.5%) tolerances were populated with IMS drift times and
used in the PDX tumor AMT tag database (28). Although
creation of this database does take time, it can be applied to
all samples having the same characteristics, whereas SRM
methods must be redone anytime the peptides of interest
change.

MS/MS spectral count information from the fraction data
sets was then used to select a subset of 10 target proteins
ranging in abundance and biological activity for analysis in the
targeted studies (Table I). Two moderately abundant proteins,
DJ-1 and calmodulin, were selected first because they had
>500 spectral counts in the fractions and should be easily
observed in all analyses. Next, four lower concentration pro-
teins (~100 spectral counts) were chosen based on their
function. Membrane-associated progesterone receptor com-
ponent 1, membrane-associated progesterone receptor com-
ponent 2, and epidermal growth factor receptor isoform a
precursor, were chosen as receptors in breast cancer tumor
cells and kynureninase isoform b is overexpressed in the
luminal subtype. The final four proteins (transmembrane and
TPR repeat-containing protein 3, MAP7 domain-containing
protein 1, parafibromin, and T-complex protein 11-like protein
1) were selected because they are known to be low abun-
dance proteins in this sample and expected to be difficult to
detect in the unfractionated parent sample. Spectral counts
from the fractionated studies were again used to select two
target peptides for each of the moderately and low abun-
dance proteins. Each peptide chosen for the moderately
abundant proteins had >20 spectral counts each whereas

those selected for the lowest concentrations had ~4 spectral
counts each. The 20 heavy labeled peptides corresponding to
the light peptides were then purchased from Thermo Fisher
Scientific.

Prior to spiking the heavy labeled peptides into the tumor
sample, the peptides were mixed together in an aqueous
solution and analyzed with the LC-IMS-MS platform using the
same conditions as would be applied to the PDX sample. This
provided specific LC elution times and IMS drift times (and
CCS values) for the heavy labeled target peptides, as well as
confirmation of their purity, expected charge states, and
monoisotopic masses. Because both light and heavy la-
beled peptides have the same LC elution time and IMS drift
times (21-23), this analysis also shows where the endoge-
nous species will occur in the complex proteome digests
(and potentially reveals other species that may be difficult to
distinguish). Upon completion, the heavy labeled peptides
were then spiked into the PDX sample digest at four differ-
ent concentrations (2, 10, 20 and 40 fmol/ug), which were
selected to mimic the range of endogenous peptides in the
sample.

DTM with LC-IMS-MS Compared with LC-MS and LC-
MS/MS Approaches—Triplicate analyses of the unfraction-
ated PDX peptides with 2 fmol/ug spiked heavy peptides
were obtained for the Orbitrap Velos, Q Exactive, and IMS-MS
using the same 100-min LC separation conditions (Fig. 2B).
Each data set was then aligned to the PDX tissue AMT tag
database as described (27, 34), providing identifications for
29,551 human and mouse peptides (Fig. 3A and supplemental
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Fic. 3. A comparison of the pep-
tides and proteins detected with the
discovery-based measurements. A,
The peptide identifications for each of
the three discovery platforms illustrat-
ing the overlap and uniqueness of
each. B, The abundance of the 8055
unique DTM peptide identifications was
found to be less than those for the 9832
peptides detected by all platforms, and
primarily attributed to more effective
detection of low abundance species. C,
The protein overlap and unique identi-
fications for each discovery based plat-
form. D, The number of peptides for
each of the 1855 proteins observed in
all platforms. The sequence coverage
for the DTM approach was higher than
the others with more proteins having
=4 peptides/protein.

Table S1) across all platforms. Of these, 9832 peptides were
detected by all platforms, and 2511 peptides were uniquely
detected in the Q Exactive data, 2012 in the Velos data, and
8055 in the DTM data, respectively. The 8055 peptides
uniquely detected with DTM exhibited a significantly lower
average relative abundance (peak area) compared with the
9832 peptides detected across all platforms (Fig. 3B), indicat-
ing higher sensitivity than other discovery platforms. Consist-
ent with this observation, none of the heavy peptides spiked
at 2 fmol/ug were observed by the Orbitrap Velos or Q Exac-
tive platforms, but all were observed with DTM. Previously,
this increased sensitivity has been correlated with the extra
dimension added by the IMS separation in conjunction with
the constraints on charge capacity for Orbitrap-based plat-
forms. The automated gain control restricts the accumulation
times in congested TIC areas or where high abundance spe-
cies are present, limiting the time needed for low abundance
species to collect enough to be detected (16-18). This phe-
nomenon results in a lower level of detection with such plat-
forms, which we refer to as “ion suppression” (as opposed to
“ionization suppression,” which occurs because of the pres-
ence of high concentrations of competing species during
ESI). We note that when using MS/MS instead of the AMT
tag approach, the Q Exactive had 19,096 identifications with
<1% FDR (similar to the AMT tag approach with the ex-
tremely tight database), whereas the Velos only had 11,105
identifications, primarily attributed to its slower MS/MS
speed.

(B)
03 8,055 peptides detected
only by DTM
0.2
3
B
3
D 9,832 peptides detected
04 /by Q Exaciive, Velos & DTM
0.0
10 15 20 25
log2 abundance
(D)
# of Peptides/Protein Q Exactive ~ Velos DTM
1 245 308 161
2 317 299 230
3 259 240 252
>4 1,034 1,008 1,212

To explore the protein overlap from the different platforms,
the peptides were “rolled up” into protein (or protein group)
identifications (17) as illustrated in Fig. 3C (supplemental Ta-
ble S1). In the case of a single peptide matching multiple
proteins (typically protein isoforms), a representative protein
was chosen, therefore, each reported peptide matches back
to a single nonredundant protein. Fig. 3C depicts the 2665
nonredundant human proteins identified by at least 2 peptides
in one of the three platforms, illustrating that 1855 proteins
were common to all three datatypes and 319 proteins were
uniquely detected with the DTM approach. The 1855 common
proteins where further explored in Fig. 3D to understand
protein coverage for each platform. DTM displayed the best
average protein sequence coverage with both the highest
number of proteins having =4 peptide identifications and the
least number of proteins with =<2 peptide identifications. Both
the higher sensitivity and sequence coverage illustrated the
utility of DTM in discovery measurements.

DTM Compared with SRM Results—To evaluate the simul-
taneous use of DTM for targeted measurements, the 20 en-
dogenous PDX peptides in Table | were quantitatively meas-
ured with both SRM and DTM. As noted above for the DTM
measurements, the 20 heavy peptides were initially mixed
together and analyzed with the LC-IMS-MS platform to de-
termine their LC elution times, IMS drift times and observed
charge states. Because light and heavy peptides have the
same elution and drift times, the pairs can typically be readily
discerned in complex biological matrices. The heavy peptides
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FiG. 4. A comparison of the peptides monitored for absolute quantitation in the targeted measurements. A, The DTM log/log linear
response curves of four different spiking levels (2, 10, 20 and 40 fmol/ug) for each heavy peptide. Only 10 heavy peptides are shown for clarity
and error bars are given for each point. B, The DTM versus SRM calculated concentrations for each of the 20 target peptides and the error bars
associated with each measurement, and showing a good linear correlation between the measurements.

were then spiked into the PDX sample at concentrations of 2,
10, 20, and 40 fmol/ug, and a linear response was observed
for the triplicate DTM heavy peptide measurements (Fig. 4A).
Even though the PDX sample is unfractionated, all twenty
endogenous peptides were confidently detected. Additionally,
the nontargeted peptides identified using DTM with the 2
fmol/ug spiked heavy peptides were used to compare the Q
Exactive and Orbitrap Velos discovery-based platforms
(above discussion) and we note that similar numbers of non-
target peptides were observed using the three other higher
spiking levels. Thus, there was no trade off observed using
DTM for targeted detection. The concentration for each target
peptide was determined based on their light versus heavy
peak area ratios and specific spiking amounts (Table | and
Fig. 4B). The unfractionated separation with DTM and light
and heavy peptide pairs with different endogenous peptide
concentrations are shown in Figs. 5A, 5B, and 5C. The same
LC elution time and IMS drift time were observed for each
pair (Figs. 5B and 5C) and the measurements had high mass
accuracy. The multiple dimensions provided separation
from most all peptides in the solution. However, in certain
cases, peptides with similar or identical masses to the
heavy or light precursor coeluted, making identifications
difficult, and highlighting the potential utility of more sophis-
ticated feature definition software. Alternatively, these
cases also illustrate the utility of having even higher IMS
resolving power than presently achieved for improved se-
lectivity and separation, in order to avoid false positives or
degraded quantitation.

For the SRM analyses, the three best transitions were se-
lected for each peptide and a reverse calibration curve was
built by spiking different concentrations of the heavy peptides
into the PDX sample (Fig. 2B). To determine the endogenous
peptide values, 0.5 nm of the heavy peptides were spiked into
the PDX sample with a tissue concentration of 0.185 ug/pul.
The resulting values were then matched back to the calibra-

tion curve for concentration determination (Table I). Nineteen
of the 20 peptides could be quantified with SRM, whereas one
had an interfering endogenous signal possibly because of the
shorter LC gradient. When the endogenous concentrations of
the SRM and DTM results were compared (Fig. 4B), a linear
relationship was observed for the measurements (coefficient
of determination (r?) = 0.88) indicating a high degree of cor-
relation between the instrumental platforms. Four peptides
had slightly less agreement than the others, as shown in Table
I, an observation that we attribute to the use of features that
incorporate some signal contributions from nontarget pep-
tides. The instrument-to-instrument CVs showed the best
agreement at higher concentrations as expected and interest-
ingly, the CVs for the DTM measurements dropped with in-
creasing concentrations, whereas those for SRM did not drop
as drastically possibly because of partial interferences in cer-
tain transitions (Fig. 4B), consistent with the above specula-
tion. Most importantly, the high sensitivity provided by the
DTM measurements was confirmed by agreement with the
SRM results, thus showing the utility of DTM for targeted
measurements while extending the information provided with
the addition of broad discovery analyses.

Benefits of Additional Coverage from DTM Analyses—To
illustrate the benefit of simultaneous discovery and targeted
measurements, we further analyzed the proteins observed
only in the DTM analyses and compared them to the Human
Protein Atlas (HPA) breast cancer stains (supplemental Table
S1). The HPA contains protein expression data derived from
antibody-based protein profiling using immunohistochemistry
where the data is presented as pathology-based annotation of
protein expression levels denoted as low, medium and high
(85). Of the 319 proteins uniquely observed in the DTM anal-
yses, 49 ranked as “high” in at least 25% of HPA breast
cancer stains. Twenty five of these unique proteins further
ranked as high in at least 50% of HPA breast cancer stains
and when investigated were found to localize to distinct sub-
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Fic. 5. An example of the DTM measurements possible when analyzing complex samples with a LC-IMS-MS platform. A, The LC and
extracted IMS-MS nested spectra (summed for 1-s) illustrating the complexity of the PDX tissue sample. The XICs and IMS-MS nested spectra
for target peptides for the B, kynureninase and C, transmembrane proteins. The XICs were extracted using both mass and drift time to eliminate
any contributions from interfering peaks. Because the kynureninase peptide was observed at a low concentration its IMS-MS nested spectra is
illustrated with the 2 fmol/ug heavy spiking level while the transmembrane peptide was detected at a higher concentration so the 20 fmol/ug spiking
level is shown. The IMS-MS nested spectra for the DTM measurements with no heavy spiking are shown to the right to illustrate the lack of

interference in the heavy region because of the IMS separation.

cellular regions and have diverse functional roles in cancer
progression including transport, transcription and transcrip-
tion regulation, host-virus interaction, DNA replication and
repair, catabolic and anabolic metabolism, and tissue remod-
eling (Fig. 6). Of significant interest was the detection of
MEPCE, FAP and APLP2, which in addition to ranking high
in at least 50% of HPA breast cancer stains, have been
positively correlated with invasive and metastatic potential.
RNA methyltransferase (MEPCE - 7SK snRNA methylphos-
phate capping enzyme) has been found to be overex-
pressed in highly tumorigenic breast cancer stem cells (36,
37), prolyl endopeptidase FAP (FAP) is a cell surface glyco-
protein serine protease that participates in malignant cell

invasiveness by degrading the extracellular matrix (38) and
amyloid-like protein 2 (APLP2) has higher expression within
invasive breast cancer because it promotes rearrangement
of the actin cytoskeleton by increasing cortical actin (39,
40). Detection of these proteins illustrates the power of DTM
analyses for finding new information in a high throughput
unfractionated approach while simultaneously targeting
specific proteins. DTM also provides the option to target
these proteins in future studies by purchasing heavy labeled
peptides for each and adding them to different sample
types for their quantification while also discovering other
novel proteins. This capability further illustrates the poten-
tial of DTM in targeting and quantitating thousands of pep-
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FAP Prolyl endopeptidase FAP GOSR2
SLC39A14  Zinc transporter ZIP14 ATP2C1 DCAF8
STRN Striatin FAP CASCA FKBP5
SLC9A3R2  Na(+)/H(+) exchange regulatory cofactor NHE-RF2 SLC39A14 GM2A EIF2B2
APLP2 Amyloid-like protein 2
; APLP2
RBM26 CTCL tumor antigen se70-2 SLC9A3R2
VPS16 Vacuolar protein sorting-associated protein 16 homolog
ATP2C1 Calcium-transporting ATPase type 2C member 1 STRN
. . MEPCE Lysome

GOSR2 Golgi SNAP receptor complex member 2 (isoform C) XRCC
GOSR2 Golgi SNAP receptor complex member 2 (isoform A) HATT
CASC4 Cancer susceptibility candidate gene 4 protein SITM
NFS1 Cysteine desulfurase

- ; FOXK1
GM2A Ganglioside GM2 activator CSTE
EIF2B2 Translation initiation factor elF-2B subunit beta REM ) VPS16
MAVS Mitochondrial antiviral-signaling protein o
NUP214 Nuclear pore complex protein Nup214 Complex KPNA2 MAVS
KPNA2 Importin subunit alpha-1 NUP214 NFS1
DCAF8 DDB1- and CUL4-associated factor 8
FKBPS peptidyl-prolyl cis-trans isomerase FKBP5
SLT™ SAFB-like transcription modulator
FOXK1 Forkhead box protein K1
CSTF1 Cleavage stimulation factor subunit 1 Transcription, Transcription regulation DNA replication and repair
MEPCE 75K snRNA methylphosphate capping enzyme Transport Catabolic/Anabolic metabolism
XRCC1 DNA repair protein XRCC1 Host-virus interaction Tissue remodeling
HAT1 Histone acetyltransferase type B catalytic subunit

Fic. 6. A schematic illustrating the distinct sub-cellular localization of the 25 unique proteins found by DTM and ranked as ‘high’ in
at least 50% of HPA breast cancer stains. The diverse functional roles necessary for cancer progression including transport, transcription
and transcription regulation, host-virus interaction, DNA replication and repair, catabolic and anabolic metabolism, and tissue remodeling are
color coded for each and gene symbol and description are given by the table on the left.

tides (which is difficult to do with SRM currently), while
performing discovery-based analyses to learn more about
novel protein changes.

DISCUSSION

In this manuscript we report a new DTM approach for the
simultaneous acquisition of discovery and targeted measure-
ments based upon a LC-IMS-MS platform. When compared
with other discovery-based platforms, the high sensitivity
DTM measurements were capable of detecting lower concen-
tration peptides while also providing absolute quantification of
specific targeted endogenous peptides. Comparison to SRM
analyses illustrated that DTM results required less upfront
method development, proved highly reproducible quantitation
values, and correlated well with detected SRM concentra-
tions. Moreover, by combining the targeted and discovery
analyses, important biological information was attained that
would normally be discarded by SRM alone. These high
throughput, high sensitivity and quantitative capabilities make
DTM extremely attractive for large scale applications, such as
patient screening, where thousands of peptides could be
spiked into biological samples to obtain information on their
abundances in a variety of control and disease conditions.
Because this type of targeting is difficult for current SRM
platforms, DTM could be an attractive future clinical approach
combining high quality discovery and targeted analyses,

which is a significant step toward the convergence of these
methods. DTM also has other advantages and capabilities
that were not fully explored in this work. First, the presence of
labeled peptides provides a basis for their use as “anchors”
for more precise quantitation of the other detected peptides.
Second, the QTOF in the LC-IMS-MS platform could be uti-
lized in either a data independent or dependent acquisition
mode for the acquisition of corresponding MS/MS informa-
tion. However, using the 3-dimensional AMT tag databases
developed with MS/MS spectra, allows less reliance on
MS/MS information acquired for each sample and becomes
increasingly effective as the IMS and LC peak capacities, as
well as the MS accuracies increase. Third, DTM could be
applied to fractionated samples to achieve even greater depth
of coverage than with unfractionated samples (as used in this
work), especially because thousands of heavy labeled pep-
tides could be spiked into the samples prior to fractionation
for extended quantitation. Finally, we note that future DTM
measurements have even greater potential because the dy-
namic range of IMS-QTOF MS platform results in the detec-
tion of many more features than other platforms, and im-
proved separation stages are expected to increase the feature
numbers even higher. In this regard, we are presently pursu-
ing much higher IMS separation power using long path length
ion mobility separations in Structures for Lossless lon Manip-

Molecular & Cellular Proteomics 15.12

3703



Discovery and Targeted Monitoring using LC-IMS-MS

ulations (41, 42) and the initial results look very promising for
enhancing future DTM measurements.
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