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Abstract

Stable isotope dilution-multiple reaction monitoring-mass spectrometry (SID-MRM-MS) has
emerged as a promising platform for verification of serological candidate biomarkers. However,
cost and time needed to synthesize and evaluate stable isotope peptides, optimize spike-in assays,
and generate standard curves, quickly becomes unattractive when testing many candidate
biomarkers. In this study, we demonstrate that label-free multiplexed MRM-MS coupled with
major protein depletion and 1-D gel separation is a time-efficient, cost-effective initial biomarker
verification strategy requiring less than 100 pl serum. Furthermore, SDS gel fractionation can
resolve different molecular weight forms of targeted proteins with potential diagnostic value.
Because fractionation is at the protein level, consistency of peptide quantitation profiles across
fractions permits rapid detection of quantitation problems for specific peptides from a given
protein. Despite the lack of internal standards, the entire workflow can be highly reproducible, and
long-term reproducibility of relative protein abundance can be obtained using different mass
spectrometers and LC methods with external reference standards. Quantitation down to ~200 pg/
mL could be achieved using this workflow. Hence, the label-free GeLC-MRM workflow enables
rapid, sensitive, and economical initial screening of large numbers of candidate biomarkers prior
to setting up SID-MRM assays or immunoassays for the most promising candidate biomarkers.
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Introduction

Mass spectrometry-based proteomics strategies often are used in the discovery of putative
disease biomarkers. Extensive sample prefractionation and the use of high-performance
mass spectrometers have facilitated in-depth analysis of many highly complex human
proteomes, particularly serum or plasma proteomes.1=3 As a result of the sensitivity of
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current proteomics methods, up to a hundred or more candidate biomarkers can be identified
readily for diverse diseases either using model systems or small numbers of patient samples

or pools of samples.*~" In addition, large numbers of additional biomarkers can be obtained

readily by surveying the scientific literature.®

However, verification and laboratory-scale initial validation of large numbers of candidate
biomarkers in human serum or plasma are quite challenging and have become rate-limiting
steps in the biomarker pipeline.”- 9 Sandwich enzyme-linked immunosorbent assays
(ELISA) can be highly specific and capable of detecting blood proteins at the low pg/mL
range with high throughput. However, appropriate ELISA assays are not available for many
candidate biomarkers and these assays can be difficult to multiplex. Furthermore, preparing
specific antibodies and developing sandwich ELISAs for novel target proteins are lengthy
and costly processes. Based on recent experience in the field, it is reasonable to expect that
only a modest portion of candidate biomarkers discovered using proteomics ultimately will
prove to be clinically useful. As a result, cost- and time-effective methods are needed to
quickly screen large numbers of candidate biomarkers to identify those proteins worth
investing the resources required to develop sandwich ELISAs or equivalent higher
throughput assays.

In recent years, MRM-MS has emerged as an attractive targeted MS technique for
biomarker verification and initial validation.1% 11 High selectivity of MRM is achieved by
isolating a specific peptide parent ion and a high-yield fragment ion (an MRM transition) in
a triple quadrupole mass spectrometer, and extensive multiplexing can be achieved where
many peptides are monitored in a single run.10- 12 MRM assays typically are coupled with
stable isotope dilution (SID) using chemically identical synthesized peptides to achieve
absolute and reproducible quantitation.13-16 SID-MRM, coupled with peptide fractionation
or specific enrichment, has been shown to detect proteins in plasma or serum in the low ng/
mL range with a broad dynamic range of up to five orders of magnitude.12 17-19 Ag
expected, SID-MRM quantitation is highly reproducible, even if the measurements are
carried out in different laboratories.20 Since stable labeled peptides have identical retention
times as targeted peptides, unambiguous confirmation of the targeted peptides can be
achieved even in the presence of closely co-eluting peptides which are commonly
encountered in MRM analyses of complex proteomes such as serum or plasma. Interferences
can also be easily detected by monitoring multiple MRM transitions of the stable labeled
peptides and comparing the transition intensity ratios with the ratios from targeted peptides.
However, the cost and lead time for synthesizing, purifying, and evaluating stable isotope
standard peptides for absolute quantitation, as well as setting up spike-in experiments and
standard curves, can be substantial, especially at the verification and early-stage validation
steps where screening of a large number of putative candidate biomarkers may be of interest.

Alternative strategies have been explored to generate labeled peptides in a more cost-
effective manner. This includes expression of a synthetic gene in medium containing labeled
amino acids to generate isotope-labeled, concatenated peptides or full-length proteins that
can be purified and trypsin digested to produce stable isotope standard peptides.10: 21-23
Chemical modification techniques such as mTRAQ and 180-labeling also can be used to
incorporate isotopic labels into peptides.24 25 However, all these methods involve additional
costs, time, and expertise. In addition, difficulties in expression of certain synthetic
constructs have been encountered, and the release of concatenated tryptic peptides may
differ from the natural protein.2

Despite the high selectivity of MRM, accurate quantitation of proteins in human serum can
be compromised due to serum’s complexity and wide dynamic range of protein abundances,
which span more than 10 orders of magnitude.”- 27 As a result, co-eluting ions may suppress
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desired peptide signals or incompletely resolved ions may interfere with specific MRM
transitions.10: 17. 28 |n addition, a protein can contain multiple isoforms or may undergo
proteolytic processing or post-translational modifications that are physiologically relevant to
a disease state but may not be apparent at the peptide level. Therefore, MRM quantitation
strategies that could minimize or easily detect interferences and provide quantitation
information on various forms of a protein are highly desirable.

In this study, we explored the use of label-free MRM quantitation of SDS gel-fractionated
serum proteins (GeLC-MRM) as a rapid, first-level biomarker verification strategy. Label-
free quantitation of ion peak areas recently has emerged as a promising strategy in discovery
proteomics because it is simple to implement and allows relative quantitative comparisons
across multiple samples in diverse experimental systems.2%-33 However, label-free
quantitation has only been used for LC-MRM assays in a few cases.10: 3435 More
importantly, long-term reproducibility of label-free MRM analysis has not been
demonstrated in previous studies. In this study, we observed that relative quantitation using
label-free MRM is sufficiently reproducible and more appropriate as a first-level
quantitation when screening large numbers of candidate biomarkers. By rigorously
controlling experimental parameters, highly reproducible major protein immunodepletion, 1-
D gel fractionation, and LC-MRM analysis could be achieved. Furthermore, GeLC-MRM
could distinguish and quantitate different molecular forms of a protein, and reanalysis of the
same sample on a different mass spectrometer yielded consistent results.

Materials and Methods

Reagents and Chemicals

Molecular biology-grade ethanol (200 proof) and iodoacetamide were purchased from
Sigma-Aldrich (St. Louis, MO). Sodium dodecyl sulfate (SDS) and Tris were purchased
from Bio-Rad (Hercules, CA). Dithiothreitol (DTT) was obtained from GE Healthcare
(Piscataway, NJ). HPLC-grade acetonitrile was purchased from Thomas Scientific
(Swedesboro, NJ). Sequencing-grade modified trypsin was purchased from Promega
(Madison, WI). Yeast enolase MassPREP™ digestion standard was obtained from Waters
(Milford, MA). All heavy label peptides, quantitated by amino acid analysis, were purchased
from Sigma-Aldrich.

Abundant Protein Depletion

Human serum samples were processed as previously described.33 Briefly, samples were
depleted of 20 abundant serum proteins using a ProteoPrep® 20 Immunodepletion Column
(Sigma-Aldrich) on an AKTA, fast-performance liquid chromatography system (FPLC; GE
Healthcare). Typically, 100 uL of diluted serum was filtered through a 0.22 um
microcentrifuge filter and injected onto the column. The flow-through fractions containing
unbound proteins were collected, pooled, and precipitated with nine volumes of 200-proof
ethanol, pre-chilled to —20 °C. Ethanol supernatants were removed carefully, and protein
pellets were frozen and stored at —20 °C until use.

SDS-PAGE/In-Gel Trypsin Digestion

SDS-PAGE and in-gel trypsin digestion were performed as previously described.36 Briefly,
depleted, ethanol-precipitated serum samples were resuspended in 50 mM Tris-Cl, 1% SDS,
pH 8.5, reduced with 20 mM DTT for 1 h at 37 °C, and alkylated with 60 mM
iodoacetamide, pH 8.5 for 1 h at 37 °C. For each sample, triplicate aliquots representing 10
pL of original serum were loaded into 10-well 12% NuPAGE mini-gels (Invitrogen,
Carlsbad, CA) and separated using MES running buffer. Samples were electrophoresed until
the tracking dye had migrated either 2 or 4 cm into the gel. Gels were stained with Colloidal
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Blue (Invitrogen), and each lane was subsequently sliced into uniform 1 mm slices.
Corresponding slices from three replicate lanes for each depleted serum sample were
combined in single wells of a 96-well pierced plate (Biomachines, Inc., Carrboro, NC) and
digested with 0.02 ng/uL modified trypsin. This optimized trypsin digestion protocol allows
a single person to easily and rapidly perform up to 384 tryptic in-gel digests (4 x 96-well
plates) in parallel. Approximately 50 uL of peptide solution, which is equivalent to 30 pL of
original serum, was recovered for each digest. In most cases, five ul of tryptic digests were
injected for MRM analysis. In the spike-in, stable-label peptide experiment, one pl of tryptic
digests were injected. In some cases, samples were pooled by combining aliquots of
corresponding fractions from individual patients or controls. These pools and the remainder
of individual sample digests were aliquoted and stored at —20 °C until use.

Western Blot

Cathepsin D (CTSD) protein levels were verified using Western blots.3” One pg of lysate
from the 1205LU metastatic melanoma cell line and ~100 ng of depleted human serum
derived from a pool of nine individual serum samples were separated on 12% Bis-Tris
NUPAGE gels. Proteins were transferred to Immobilon-P PVDF membranes (Millipore,
Billerica, MA) and blocked with non-fat dry milk or BSA prior to incubation with the anti-
Cathepsin D mAb (C0715; Sigma-Aldrich) primary antibody. The antigen-antibody
complex was detected with HRP (horseradish peroxidase)-labeled secondary antibodies and
SuperSignal® West Pico Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL).

Label-free Multiple Reaction Monitoring

MRM experiments were performed on a 4000 QTRAP® or a 5500 QTRAP hybrid triple
quadrupole/linear ion trap mass spectrometer (AB Sciex, Foster City, CA) interfaced with a
nanoACQUITY UPLC® system. Tryptic digests were injected using the partial loop
injection mode onto a UPLC Symmetry trap column (180 pum i.d. x 2 cm packed with 5 um
C18 resin; Waters) and then separated by RP-HPLC on a PicoFrit® column (75-um i.d., 15-
um tip opening; New Objective, Woburn, MA) packed in-house with 25 cm of Magic C18
3-um reversed-phase resin (Michrom Bioresources, Auburn, CA). Chromatography was
performed with Solvent A (Milli-Q water with 0.1% formic acid) and Solvent B (acetonitrile
with 0.1% formic acid). Three different gradients were used in the current study. For the 73
min gradient, peptides were eluted at 200 nL/min for 5-28% B over 42 min, 28-50% B over
26 min, 50-80% B over 5 min, 80% B for 4.5 min before returning to 5% B over 0.5 min.
For the 20-min gradient, peptides were eluted at 300 nL/min for 5-35% B over 15 min, 35—
70% B over 5 min, 70% B for 5 min before returning to 5% B in 0.5 min. For the 24-min
gradient, peptides were eluted at 400 nL/min for 5-35% B over 24 min, 35% B for 3 min
before returning to 5% B in 0.5 min. To minimize sample carryover, a short blank was run
between each sample. For duplicate analysis, the first set of samples was completely
acquired before running the duplicate set.

MRM transitions used in this study were derived from experimental MS/MS data obtained
using an LTQ Orbitrap XL or the 4000 QTRAP mass spectrometer. MRM data on the 4000
QTRAP mass spectrometer were acquired with a spray voltage of 2,800 V, curtain gas of 20
p.s.i., nebulizer gas of 10 p.s.i., interface heater temperature of 150 °C, and a pause time of 5
ms. For the 5500 QTRAP mass spectrometer, spray voltage of 2,300 V, nebulizer gas of 8
p.s.i., and a pause time of 3 ms were used. Multiple MRM transitions were monitored using
unit resolution in both Q1 and Q3 quadrupoles to maximize specificity. Each MRM
transition had a minimum dwell time of 15 s. Scheduled MRM also was used to reduce the
number of concurrent transitions and to maximize the dwell time for each transition. The
detection window was set at 4 min and target scan time was set at 1 s. Data analysis and
signal-to-noise (S/N) ratio were performed using MultiQuant™ version 1.1 software (AB
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Sciex). The most abundant transition for each peptide was used for quantitation unless
interference from the matrix was observed. In these cases, another transition free of
interference was chosen for quantitation.

Results and Discussion

Overview of the Label-free GeLC-MRM Strategy

A tiered strategy for rapid verification of candidate biomarkers in human plasma or serum is
shown in Figure 1A. Biomarker discovery using various proteomics techniques and
experimental models often results in identification of a relatively large number of candidate
biomarkers that need to be verified in human plasma or serum samples. After prioritization
of these candidates based on available information, the first step in the verification process
involves setting up a multiplexed MRM assay using a pool of patient samples expected to be
positive for the candidate biomarkers. The serum sample is immunodepleted of abundant
proteins, fractionated on 1-D gels, and digested with trypsin prior to MRM analysis (Figure
1B). Most clinically useful disease biomarkers are expected to be present in serum or plasma
at low ng/mL or less,2’- 38 but MRM studies using non-fractionated plasma samples were
not very successful in quantifying proteins lower than the ug/mL level 1013
Immunodepletion of major plasma proteins allowed quantitation down to about 25 to 50 ng/
mL levels.10 17 However, this limit is still significantly higher than the mid to low pg/mL
level of most well-developed ELISA assays. Limit of quantitation (LOQ) in the range of low
to sub-ng/mL previously was achieved with depletion of 12 abundant proteins combined
with strong cation exchange (SCX) chromatography, or by targeted enrichment.12: 17,18
Consistent with our results, these earlier studies indicate that at least two levels of sample
fractionation are necessary for reliable low ng/mL MRM quantitation of plasma proteins,
unless target-specific immunoenrichment is used.

Following MRM method development, biomarker verification is completed using the
abundant protein depletion/GeLC-MRM strategy to rapidly screen a modest-sized set of
individual patient and control serum samples or a small number of pools of patient and
control sera to determine the levels of targeted proteins. Proteins with significant differences
in their expression levels between patients and controls will be carried forward to the next
level analysis (laboratory-scale validation), which involves synthesis of stable isotope
standard peptides followed by quantitative comparisons of larger numbers of patient and
control plasma or serum. For the laboratory-scale validation, stable isotope-labeled peptides
can be introduced readily into the samples after trypsin digestion using the same GeLC-
MRM pipeline as used for the label-free verification step. Alternative analytical strategies
could utilize in-solution trypsin digestion of the abundant protein-depleted sample followed
by addition of the stable-isotope labeled internal standards and subsequent peptide
fractionation by strong cation exchange, Off-Gel electrophoresis, etc. If a peptide
fractionation method is used instead of SDS gels for the laboratory validation step, it will be
important to ensure that a sufficient number of peptides for each protein of interest will
provide reliable quantitative results in the new analysis method. This will include
monitoring for potential differences in peptide recoveries between methods and new
interferences in the LC-MRM analysis due to changes in sample composition resulting from
peptide level rather than protein level separation. Alternatively, if an ELISA or related
immunoassay is available, it can be tested on the same sera used for the initial MRM
analyses and, if results are consistent, the immunoassay can be used for analyzing larger
patient cohorts. We have applied this latter strategy to verify ADAM12, a disintegrin and
metalloprotease domain-containing protein, as a novel biomarker for the diagnosis of
ectopic pregnancy (see below).33: 39
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We used SDS-PAGE instead of SCX fractionation of depleted serum because the 1-D gels
offer rapid, reproducible, protein-size-based separations that can be multiplexed. SDS-
PAGE also provides a convenient method for sample clean-up prior to trypsin digestion. We
generally perform gel separation for 2-, 3-, or 4-cm, which takes less than 25 min for one
person to simultaneously separate up to 10 samples. Gel lanes were cut precisely into 1 mm
slices and efficiently digested with trypsin in batch-mode using 96-well pierced plates.3° It
is important to note that only the series of gel slices bracketing the migration positions on
the 1-D gels of the targeted candidate proteins need to be analyzed by MRM. The GeLC-
MRM method is especially attractive if the preceding biomarker discovery strategy utilized
1-D gels as a sample prefractionation step, thereby defining the locations of candidate
biomarkers on SDS gels. For example, we have observed that most cancer biomarker
candidates have observed molecular weights between 20 and 90 kDa. Using a 2-cm gel
separation, as described in our recent ectopic pregnancy (EP) biomarker discovery study,33
only eight gel slices need to be analyzed to cover the 25-90 kDa range; that is, eight MRM
runs per serum sample. Alternatively, multiple gel slices can be combined to increase the
throughput of the analysis, especially if a longer gel separation is performed. For example,
we found no loss in MS detection sensitivity in comparing a 2 cm gel with 20 X 1 mm
fractions versus an equivalent 4 cm gel with 20 x 2 mm fractions. Overall, the throughput of
our GeLC-MRM strategy is comparable with recent sensitive SID-MRM methods for
quantifying low-abundant proteins.1’- 19 These SID-MRM methods utilized major protein
depletion followed by SCX fractionation and pooling (n<10) from ~ 40 total collected
fractions. A unique advantage of GeLC-MRM, compared with methods using peptide
fractionation immediately prior to LC-MS/MS analysis, is that quantitation profiles across
fractions are obtained for each peptide and all profiles for a given protein should be similar.
This enables ready identification of quantitative errors due to interference and other factors,
thereby reducing the need for technical replicates and, in turn, further increasing throughput
(see below).

Increased Throughput and Sensitivity with Short LC Gradients and Scheduled MRM

Discovery-based proteomics strategies typically use long, shallow LC gradients (more than
60 min) during MS/MS analyses to maximize peptide separation and therefore achieve
greater proteome coverage. However, shorter gradients will increase throughput and
generally should increase peak heights in MRM analyses, and long gradients may not be
needed if interference from the greater complexity is not limiting. Here, we investigated the
use of a shorter, steeper LC-MRM gradient and its effect on peptide detection and
quantitation. Comparison of an enolase digest analyzed using a 73 min vs. a 20 min gradient
showed that the shorter gradient produced more intense peaks with improved overall
sensitivity of the MRM analysis (Supplemental Figure 1A). For example, the extracted ion
chromatogram (XIC) of the 400.7/637.3 transition for the peptide YDLDFK is 6.0-fold more
intense in the short gradient while displaying only a 1.4-fold increase in area (Figure 2).
Examination of 15 enolase peptides showed an average intensity increase of 2.9-fold, with
only minor changes in peak area (average 1.2-fold increase). The gain in intensity is due to
narrower peak widths with the short gradient (average full-width at half-maximum [FWHM]
of 4.6 sec) compared to an average FWHM of 11.0 sec for the long gradient, which
improves the S/N for most peaks and results in lower LOQ for most peptides. However, the
very narrow peak widths resulted in less data points across the peak, which can result in less
reliable quantitation. With a dwell time of 15 msec and 134 transitions, the cycle time of 2.7
sec resulted in less than eight data points for most of the peaks. Scheduled MRM,12 which
measures MRM transitions over specific time windows, was therefore used to increase
sampling across the narrower peaks and to permit analysis of more transitions when shorter
gradients were used. With scheduled MRM, most peaks have more than 12 data points
resulting in adequate data for smooth peak shapes and more reliable quantitation (Figure 2).
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In addition to smoother peak shapes, we also observed some changes in relative intensities
for some peptide transitions when scheduled MRM was used. For example in the peptide
YDLDFK, the relative intensities of the y3 and y4 transitions were reversed when analyzed
using scheduled MRM (Figure 2). This is most likely due to the difference in the dwell time
used. The dwell time for the unscheduled MRM analysis is fixed at 15 msec, but the dwell
time used by the scheduled MRM is dependent on the number of concurrent transitions. Due
to a low number of concurrent transitions, the estimated dwell time for peptide YDLDFK is
200 msec for a scheduled MRM using a target scan time of 1 sec. Even though relatively
minor differences in transition intensity ratios were occasionally observed when comparing
unscheduled and scheduled MRM analyses, these intensity ratios appeared to be consistent
within each method, and therefore will not affect the reliability of quantitation as long as a
consistent MRM method is used.

While the use of a shorter gradient increases throughput and sensitivity of the MRM assay, it
could potentially increase matrix interference due to the shorter separation distance.
However, the immunodepletion of 20 abundant proteins and the 1-D gel separation have
greatly reduced sample complexity and lowered the possibility of matrix interference. For
example, GeLC-MRM analysis of an intrauterine pregnancy (IUP) pooled serum sample for
20 peptides (117 transitions) from ADAM12, CGA, CGB, and PAEP did not show any
significant co-eluting interference when analyzed using the 20 min gradient (Supplemental
Figure 1B). In some of the XICs, additional peaks were observed at a different retention
time but were recognized easily as spurious based on greater-than-expected retention time
shifts and/or changes in the pattern of co-eluting transitions for a given peptide and/or
variations in relative yields across gel slices for multiple peptides derived from the same
protein. However, it is possible that interference may become a significant problem at low
detection limits for some peptides when short gradients are used. To test this, we recently
compared the quantitation of EP candidate biomarkers in a small series of IUP and EP
patient samples using label-free LC-MS/MS performed with the 73 min gradient on an
Orbitrap versus LC-MRM quantitation on a 4000 QTRAP with the 20 min gradient.33 Both
quantitation methods yielded similar relative amounts of the candidate biomarkers across the
analyzed samples, indicating that shortening the gradient time to 20 min had no deleterious
effect on the quantitation. In cases where greater increases in sample complexity/
interference are encountered, the gradient slope can be adjusted to achieve greater separation
without increasing the run time. In many cases, it also is possible to use another
interference-free MRM transition should an interfering peak be encountered with
appreciable frequency. Finally, if interference persists, a longer gradient can be used with
the trade-off that throughput will be somewhat decreased.

GeLC-MRM Quantitation Profile

The utility of GeLC-MRM is demonstrated by the quantitation of Prdx6 in a series of human
serum samples. Prdx6 is a bifunctional 1-Cys peroxiredoxin that plays important
physiological roles in antioxidant defense and phospholipid turnover.4? Prdx6 also has been
hypothesized to promote cancer growth and invasiveness, and increased expression has been
observed in various malignancies.?%-42 In these analyses, serum samples from five
individuals were immunodepleted and subjected to 1-D gel separation for 4 cm. Scheduled
MRM was set up to monitor three Prdx6 peptides with three transitions per peptide. The
most intense transition was used for the quantitation of each peptide. Analysis of tryptic
digests from a series of gel slices corresponding to the 24 to 40 kDa regions of the gel
showed that Prdx6 was primarily in gel slices 21 and 22 (~25 to 30 kDa), which agrees well
with the calculated size of 25 kDa (Figure 3A). Slight variations in gel slicing or gel
separation cause minor, non-detrimental shifts in the distribution across gel slices between
samples. Most importantly, all three Prdx6 peptides showed identical gel slice distributions
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for a given specimen. This is an extremely useful indicator that confirms the three peptides
used for quantitation are derived from the same protein, and shows that quantitation is not
affected by any matrix-interfering signal or spray instability during chromatographic
separation. Any substantial problem during the chromatographic separation, such as spray
instability, would likely perturb the quantitation profile of only a single peptide due to the
different retention times of each peptide. Similarly, matrix interference experienced by a
peptide will result in an easily noticeable change to the quantitation profile across gel slices.
This ability to easily recognize quantitation problems with the GeLC-MRM method should
reduce the need for technical replicates, as problematic runs can be accurately identified and
reanalyzed. Peptide-level sample fractionation methods, such as the commonly used SCX,
do not have this advantage because the peptides of a protein will not track together. Of
course, acquiring multiple transitions per peptide and monitoring their ratios is a good
method that is usually used to identify matrix interferences,1” but the gel fraction protein
distribution profiles provide an independent check. Furthermore, multiple strong transitions
are not always obtained for every peptide, particularly low-abundance peptides, thereby
limiting the utility of using transition ratios as the sole method for identifying interference.

To compare Prdx6 levels across serum samples, the total amount of protein in each sample
was determined by first summing each peptide’s peak area across all gel slices analyzed
(Figure 3B, top panel). The summed area for each sample then was normalized by dividing
it by the average value for that peptide in all samples (Figure 3B, bottom panel). Finally, the
protein amount in each sample was determined by taking the average of the three
normalized peptide values (Figure 3C). The reproducibility of the quantitation is apparent
from the similarity in the relative abundance among different samples for each peptide
(Figure 3B, bottom panel), with a coefficient of variation (CV) of less than 10% for the
normalized peptide values. Therefore, the GeLC-MRM method provides quantitation
profiles at both the gel-slice level and the peptide level that help ensure that the correct
peptides for a targeted protein have been quantitated and the observed changes in abundance
are consistent.

Importance of Gel Fractionation

There are a number of alternative methods of fractionating serum proteins after major
protein depletion, including peptide SCX, peptide Off-Gel electrophoresis, protein Off-Gel
electrophoresis, and protein solution IEF. However, fractionation of intact proteins by 1-D
SDS gels is simplest to perform and preserves information about protein size, thereby
providing insights into some size changes associated with proteolytic processing, extensive
post-translational modification, or alternatively spliced isoforms that are more likely to be
missed by alternative fractionation methods.

The advantages of gel separation for MRM analysis is illustrated by quantitation of CTSD, a
multifunctional lysosomal aspartic endopeptidase. CTSD is synthesized as an inactive pre-
proenzyme that is cleaved and glycosylated into a 52 kDa procathepsin D. The N-terminal
propeptide subsequently is removed to produce a 48 kDa single-chain, intermediate, active
form, which is processed further to yield a mature active form comprised of a 34 kDa heavy
chain and a 14 kDa light chain.*3 We previously identified CTSD as one of the proteins
implicated in melanoma metastatic potential3’ and therefore set up MRM assays to
quantitate CTSD in human sera. Western blot using C0715 monoclonal anti-CTSD antibody
that is specific to the heavy chain showed a band at ~30 kDa in the metastatic melanoma
1205L.U cell extract (Figure 4A, left lane). However, GeLC-MRM analysis of CTSD in a
major protein-depleted human serum sample revealed the presence of two forms: a dominant
form at ~ 52 kDa and a minor form at ~ 30 kDa (Figure 4B) that was not readily detected in
the Western blot of the serum sample. The two targeted CTSD peptides showed a similar
relative abundance level for each gel slice analyzed except for slices 22 and 23, indicating a
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problem with the MRM-based quantitation in these two fractions. Further investigation
revealed that the MRM transition pattern for the QVFGEATK peptide is altered in slices 22
and 23 compared to the rest of the slices analyzed, indicating the presence of co-eluting
interferences in these two fractions (Supplemental Figure 2). However, accurate quantitation
based on the QVFGEATK peptide was not significantly affected because the CTSD amount
in gel slice 22 is only 3.7% of the total amount based on the quantitation profile of the
VGFAEAAR peptide. These results clearly demonstrate the utility of GeLC-MRM in
identifying quantitation errors in selected fractions due to interference by using peptide
quantitation profiles across gel slices.

Subsequent Western blot analysis of the identical depleted human serum confirmed the
presence of the ~52 kDa species (Figure 4A, right lane), which is consistent with prior
reports that the 52 kDa procathepsin D is indeed the major form present in human serum.*4
Interestingly, the 52 kDa proenzyme has been reported to be over-expressed and secreted by
numerous cancer cell lines.43: 45 In addition, a serological immunoassay specific for
procathepsin D was found to be superior to immunoassays for total cathepsin D in detecting
increased levels of the protein in serum of patients with metastatic breast carcinoma.*6

It is not uncommon for serum proteins to be present in multiple forms or to be variably
proteolytically processed, and it is likely that, at least in some cases, specific forms of a
protein will provide a better biomarker assay than assays that do not distinguish proteolytic
fragments or homologous proteins or spliceforms. In addition to CTSD, we previously
detected and quantitated two forms of ADAM12, a novel EP candidate biomarker, in serum
using the GeL.C-MRM strategy.32 With prior detailed knowledge of any targeted protein or
protein fragment, appropriate MRM assays could be designed to target most forms of a
protein, although isoform-specific peptides may not always be proteotypic and detectable.
Knowing the presence of and having the ability to quantitate various forms of a protein as
provided by the GeLC-MRM analysis are invaluable for accurate correlation of expression
levels with a disease condition, because a disease-relevant change may be molecular-form
specific, which might not be apparent from quantitation of the total protein level.

Reproducibility of the Depletion and GeLC-MRM Method

As noted above, due to current limitations of MS instrument sensitivity and dynamic range,
multiple sample fractionation steps are required to permit quantitation of serum proteins in
the low ng/mL range.1”- 19 However, fractionation steps prior to LC-MRM have the
potential of introducing noise and reducing the reproducibility of label-free quantitation. In
the analysis strategy used here, variability could be introduced during any of the steps from
major protein depletion to MS analysis. To assess the reproducibility of the overall label-
free GeLC-MRM method, replicate fractionations pooled EP and IUP sera were performed
and three putative EP biomarkers, ADAM12, PAEP, and CGB,33 were quantified using
label-free MRM. Separate pooled serum samples were prepared by combining serum from
nine individuals with EP and nine individuals with IUP. Replicate 100 ul aliquots of pooled
serum samples were immunodepleted on separate days. The depleted IUP and EP samples
were run on short 1-D gels and digested with trypsin (Figure 5; Depletions 1 and 2). Tryptic
digests for gel slices 12 to 15 then were analyzed using duplicate injections of each tryptic
digest on a 4000 QTRAP mass spectrometer for each depletion. To maximize any potential
variability, the replicate injections (Run 2) were performed only after all fractions from the
first set (Run 1) of samples were analyzed. Quantitative comparison of all the peptides
showed good reproducibility of the overall analytical pipeline, including major protein
depletions, gels, trypsin digests, and the MRM analyses with consistent recovery of the
proteins in technical replicates (Figure 5). At the peptide level, most of the replicates had
CVs of less than 15%, while three replicates had CVs between 20 and 26% for CGB. At the
protein level, the CVs for CGB were 12.9% (IUP) and 16.2% (EP), whereas the protein level
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CVs for ADAM12 and PAEP were < 10% for all replicates of both samples. In addition, the
observed fold change between IUP and EP was similar for the three peptides in their
respective protein group, that is, 14.2+0.8 fold for ADAM12, 2.3+0.1 fold for PAEP, and
4.0+0.1 fold for CGB, indicating high technical reproducibility for multiple samples at both
the peptide and protein levels.

In agreement with our results, good reproducibility in replicate Top-6 protein depletions and
in-solution trypsin digestions have previously been reported in the quantitation of plasma
proteins.10 In a related study, we used dissociation-enhanced lanthanide fluoroimmunoassay
(DELFIA) to determine the level of ADAM12 in a larger group of 199 patients and found
that median ADAM12 concentration was 18.6 ng/mL in IUP versus 2.5 ng/mL in EP.39
Considering that the immunoassay used a much larger, different cohort of patients from the
smaller pools analyzed above, the 7.4-fold change in IUP/EP level as measured by DELFIA
is in good agreement with our 14.2-fold change determined above using MRM.
Furthermore, the ADAM12 MRM assay was more sensitive than the DELFIA
immunoassay. In the latter assay, the majority (69%) of EP patients had ADAM12 levels
below the 2.5 ng/mL lower limit of detection by DELFIA,3° and this minimum value was
therefore assigned to these patients rather than zero, indicating the IUP/EP fold change
measured by DELFIA would actually be higher if the DELFIA assay were more sensitive.
Taken together, these data show that GeLC-MRM with major protein depletion can
reproducibly quantitate serum ADAM12 in the low ng/mL or lower range.

Previously, a comparison of Top-7 versus Top-12 protein depletion showed that better S/N,
LOQ, and CVs were obtained when a larger number of major proteins were depleted.1’
Hence, it is very likely that our depletion of 20 major proteins would expose more low-
abundance targets for quantitation and improve quantitation of target proteins due to the
removal of potential co-eluting interferences. However, there is always the potential of non-
specific antibody binding or complex formation between the depleted major proteins and
some low-abundant proteins, resulting in the loss or variable recovery of some desired low-
abundant proteins. So far, we have not obtained clear evidence of this potential complication
for any candidate biomarkers tested, which suggests that such occurrences are likely to be
relatively rare.

Reproducibility of Label-free GeLC-MRM Quantitation over Extended Time Periods

Major benefits of using stable-isotope internal standard peptides for MRM quantitation
include greater assay consistency over long time periods and portability of assays between
laboratories. To evaluate the long-term reproducibility of the label-free GeLC-MRM assay,
we monitored the quantitation of an external quality control reference interspersed between
experimental samples. Ten femtomoles of an enolase standard digest were injected in
duplicate at various intervals during a label-free GeLC-MRM analysis of a series of depleted
serum samples. A total of 206 injections, including 22 enolase runs, were performed over a
period of 12 days on a 4000 QTRAP using the 20 min UPLC gradient. The values for five
representative enolase peptides over the entire experiment are shown in Figure 6 and the
CVs from these standard runs were determined for 16 enolase peptides that had average
intensities ranging from 1.7E+3 to 2.4E+5 cps (Table 1). The majority of the peptides (75%)
have a CV of < 16%, demonstrating very good long-term reproducibility for label-free LC-
MRM quantitation. Only three peptides, eluting either at the beginning or end of the
gradient, displayed a CV greater than 20%.

One of the major challenges in MRM-MS using nanospray ionization is maintaining good
spray stability throughout the chromatographic gradient. On our system, we noticed greater
spray instability near the beginning and the end of the chromatographic gradient. Therefore,
the quantitation of very hydrophilic and hydrophaobic peptides is most likely to be affected
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by the unstable spray, and this is probably the major factor in the observed greater
variability of the early- and late-eluting enolase peptides. Switching to higher flow rates or
modifying the gradient usually will improve quantitation of such peptides affected by spray
instability, but unless such peptides are indispensible for the quantitation of desired proteins,
it is easier to select alternate peptides eluting at regions not affected by spray instability.

The results in this experiment indicate that most of the tested enolase peptides are suitable
for monitoring long-term reproducibility of label-free MRM assays as an external standard.
However, aside from the very hydrophilic and hydrophobic peptides, a small number of
peptides such as the NVPLYK peptide were found to have variable ion intensity
(CV=18.4%) even between duplicate injections (Figure 6). This variability could be caused
by spray instability at the elution time, influence of co-eluting ions or ionization
characteristics of the peptide. This result indicates that, as expected, not all peptides of a
protein will behave well in MRM analysis. Similar observations have been reported for a
number of peptides from more abundant plasma proteins.10 Therefore, peptide
hydrophobicity and reproducibility across multiple replicate runs are two additional
parameters that should be taken into consideration when selecting the best peptides for
MRM quantitation of a protein of interest.

Long-term reproducibility of quantitation relies on a properly maintained MS instrument.
With regular cleaning of the nanospray interface and QO, the 4000 QTRAP used in this
experiment could be run continuously for at least five months before degradation of signal
intensity due to charging or contamination of Q1 was observed. With the more sensitive
5500 QTRAP, a higher incidence of Q1 charging was observed, presumably due to its larger
orifice. Hence, when using label-free MRM, it is important to periodically evaluate an
external standard such as the enolase digest as a quality control for the entire LC-MRM
system.

Reproducible quantitation also requires a stable HPLC system at nL/min flow rates. The
Waters nanoACQUITY UPLC system used in this study was observed to be quite robust and
yielded reproducible chromatographic elution times for all the enolase peptides (Table 1). A
standard deviation of + 0.1 min, which is equivalent to CVs of 0.4 to 0.6%, was observed for
elution times of all the peptides. This reproducibility is especially important when
performing scheduled MRM, because use of narrower time segments will permit monitoring
of a larger number of MRM transitions.

Reproducibility of Label-free Quantitation on Different MS Instruments

To simulate portability of label-free quantitation between laboratories and to further evaluate
the long-term reproducibility of label-free MRM quantitation, GeLC-MRM quantitation of
ADAM12 in 18 depleted serum samples using a 4000 QTRAP mass spectrometer and the 20
min gradient33 was repeated on a 5500 QTRAP mass spectrometer. The four gel slices
(numbers 12 to 15) containing ADAM12 were analyzed for each sample. To further
challenge the label-free quantitation, the reanalysis was performed on a different column
with a shallower 24 min LC gradient, as described in Materials and Methods. In addition,
the reanalysis was performed 16 months later and the samples have undergone one
additional freeze-thaw cycle.

Duplicate runs were performed in the 4000 QTRAP analysis, where the first set of runs (72
total sample injections, excluding standards) was completed before starting the replicate
runs (Figure 7A, left panels). The duplicate quantitation of each peptide in all the samples
produced an average CV of 8% (n=54). Most of the duplicate measurements (70%) have a
CV of < 10%, further demonstrating the reproducibility of label-free MRM quantitation.
When compared to the 5500 QTRAP reanalysis, very similar relative quantitative patterns

J Proteome Res. Author manuscript; available in PMC 2012 September 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tang et al.

Page 12

for the three targeted ADAM12 peptides were obtained (Figure 7A, right panels). As
expected, stronger signals generally were observed for the 5500 QTRAP analysis due to its
greater sensitivity. Generally, an approximately five-fold increase in sensitivity was
observed on the 5500 QTRAP instrument.

Due to the different sensitivities of the two instruments, the data were normalized to allow
direct comparison of the two datasets. The peptide area for each sample was first normalized
by dividing by the averaged area of each peptide group. This normalization was performed
separately for the 4000 QTRAP and 5500 QTRAP datasets. The protein amount in each
sample was then determined from the average of the three normalized peptide values for
each dataset (Figure 7B). Comparison of the normalized datasets showed good
reproducibility for most samples. The median CV for all 18 samples was 17.2%. Five
samples: EP1, EP2, EP3, IUP5, and IUP9, had CVs greater than 20% between instruments
due to the low levels of ADAM12 that resulted in very low quantifiable signals (< 5,000
peak area counts) for at least one of the three peptides in both instruments (Figure 7A).
Exclusion of these five, low-level samples resulted in an average CV of 12%, which is
comparable to commonly reported CVs using SID-MRM.10. 17. 19 However as noted above,
SID-MRM has the additional benefit of clearly identifying targeted peptides from potential
interferences, and provides a more direct method for comparing results obtained from
different MS instruments.

We also explored two other methods of normalizing the datasets. In the first alternate
method, the 5500 QTRAP dataset was normalized to the average of all [UP samples at the
peptide level. A 4000 QTRAP/5500 QTRAP response ratio then was obtained for each
peptide and applied to all the 5500 QTRAP samples. The second alternate method utilized
an IUP/EP pooled reference sample that also was analyzed as a quality control interspersed
among the sample runs. For each peptide, an average area was determined from five IUP/EP
pooled reference runs in each dataset. A 4000 QTRAP/5500 QTRAP response ratio was
determined for each peptide and applied to each 5500 QTRAP sample. These two alternate
methods of normalization resulted in a median CV of 18.9% and 17.2%, respectively, for all
18 samples. Hence, all three normalization methods produced very similar results with no
clear advantage for any specific method. These results demonstrate that samples processed
at different times, and even on different instruments using label-free GeLC-MRM, can be
compared after normalization to either an external reference or a common set of samples.
The ability to compare label-free datasets generated at different times with different
instruments will permit inclusion of additional samples for expanded comparison, as long as
a common reference sample is available for normalization.

Sensitivity of Label-free GeLC-MRM Quantitation

A major challenge of MRM is the quantitation of low-abundant proteins that are potential
clinically relevant and are usually present in serum or plasma in the low ng/mL range or
below. Two lines of evidence indicate that the GeLC-MRM analysis of depleted serum
samples is able to quantify serum proteins in this range. First, as mentioned above,
ADAM12 could not be quantitated in 69% of EP patients using DELFIA with a 2.5 ng/mL
lower limit of detection.3? In contrast, MRM performed on the 4000 QTRAP could not
detect ADAM12 in only two of the nine EP samples (22%). In all other EP samples, at least
one ADAM12 peptide could be detected with a minimum peak area of 11,000 counts. With
the more sensitive 5500 QTRAP, only one EP sample did not have any ADAM12 peptide
with a minimum peak area of 11,000 counts (Figure 7A).

Second, GeLC-MRM using the 4000 QTRAP easily could detect CTSD that has a reported
concentration of ~16 ng/mL in serum.*8: 49 To further examine the sensitivity of the GeL.C-
MRM method, we synthesized two heavy isotope-labeled internal standard peptides for
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CTSD and spiked them at 3 amol to 4 fmol (equivalent to 0.2 to 288 ng/mL proCTSD) into a
representative 25-60 kDa pool of tryptic digests of depleted and gel fractionated human
serum. Duplicate runs were performed for each concentration point using the more sensitive
5500 QTRAP mass spectrometer, with the replicate measurement only acquired after
completion of the first set of runs. As shown in Figure 8, a linear response was observed for
both spiked peptides from at least 8 amol to 4 fmol. The heavy QVFGEATK peptide was
not reliably detected at 3 amol, with a signal detected only in one of the duplicate set of runs
at ~ 250 cps. However, the more intense response from the heavy VGFAEAAR peptide
resulted in reliable quantitation at 3 amol level. Therefore, a LOQ of 0.2 ng/mL can be
achieved for serum CTSD using the GeLC-MRM method described here.

Since an identical depleted serum fraction was used as matrix background in the spike-in
experiment, the endogenous levels of VGFAEAAR and QVFGEATK should have been
constant in all 16 runs (data not shown). The peak area of unlabeled VGFAEAAR
(410.7/517.3) showed an average of 6.9E+4 counts with a CV of 6.1%, whereas the peak
area of unlabeled QVFGEATK (440.2/505.3) exhibited an average of 3.2E+4 counts with a
CV of 6.3% (n=16). The CVs described here represent an example of the reproducibility that
can be achieved with short-term, label-free MRM quantitation. Similar reproducibility has
been reported for short-term, label-free MRM quantitation, where 60% of 137 MRMs
targeting high- and medium-abundant plasma proteins had CVs less than 10%.10

The LOQ for a protein is dependent on the peptide being quantitated and the specific
measured transitions. Peptides that do not ionize well will have higher LOQs, whereas
peptides with strong response will achieve lower LOQs. For example, a spike-in experiment
using heavy isotope-labeled versions of the three Prdx6 peptides described in Figure 3
yielded intensities of around 4E+3 cps, with S/N ranging from 50 to 105 at the 3 amol level,
which corresponded to a serum concentration of 100 pm/mL. These intensities were at least
four-fold more intense than the CTSD peptides at the same level. Therefore, with a limit of
quantitation at the low attomole level for most peptides, the GeLC-MRM fractionation and
analysis strategy is able to quantitate proteins in serum down to the 100-200 pg/mL level.

Conclusion

Technological advances in proteomics and other omics discovery strategies have led to a
flood of candidate biomarkers for cancers, other diseases, and clinical disorders such as EP.
However, the success rate for translating candidates into clinical assays has been extremely
low. To improve the probability of success, we have developed a tiered verification/
validation strategy that allows large numbers of candidates to be quickly screened at low
cost and with reasonable throughput in the first stage of screening. This first-tier analysis
uses label-free GeLC-MRM quantitation, which we demonstrate is a robust method that
provides relative quantitation of biomarkers in the low ng/mL to sub ng/ml range from less
than 100 pl of serum or plasma. It has the added capability of distinguishing various
molecular weight-forms of proteins that often are not distinguished using alternative
proteome fractionation strategies and may not be distinguished by some immunoassays. The
throughput of the method is comparable to alternative existing methods capable of
quantitating low-abundant proteins without immunoenrichment of the targeted proteins.1’- 19
But in contrast to these alternative methods, expensive, stable-isotope standards or specific
antibodies are not required. We have successfully applied the GeLC-MRM strategy to
validate a number of EP candidate biomarkers and subsequently confirmed one of the low-
abundant proteins using higher throughput immunoassays on a larger patient sample

set.33: 39 Therefore, the method described here offers a cost-effective strategy to rapidly
distinguish the most promising candidate biomarkers as a prelude to subsequent larger-scale
SID-MRM or immunoassays.
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A. Biomarker Discovery and Tiered Verification/Validation Strategy
BIOMARKER VERIFICATION

BIOMARKER DISCOVERY I SET UP MRM METHODS LABEL-FREE GelLC-MRM : LAB BIOMARKER VALIDATION
+ Diverse experimental s * 20-100 candidates + 20-100 candidates * MRM with internal standards
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+ 20-100 candidates . pool + 10-20 plasma samples I + ~100 plasma samples
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B. Label-free GeLC-MRM Method
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Figure 1.

Overview of the tiered label-free GeLC-MRM biomarker verification/validation strategy and
method. (A) Summary of workflow for discovery, efficient verification, and laboratory-scale
validation of candidate biomarkers using a tiered strategy. (B) Summary of the label-free
GeLC-MRM method.
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Figure 2.

Comparison of UPLC gradients for LC-MRM assays. XIC of MRM transitions for the
enolase peptide YDLDFK from the 73 and 20 min gradients, and a 20 min gradient with
scheduled MRM enabled. For scheduled MRM, the detection window was set at 2 min, and
target scan time was 1 s. The intensities, areas, and peak widths of the most intense y5
transition (400.69/637.32, black line) are indicated. Other transitions are y4 (400.69/522.29,
green line), y3 (400.69/409.21, blue line), and b4 (400.69/507.21, red line). The time axes

are shown using the same scale.
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GeLC-MRM quantitation profiles of Prdx6 across gel slices. (A) MRM quantitation of three

Prdx6 peptides in tryptic digests of gel slices #19 to 23 (24-40 kDa region) from five
depleted serum samples. The peptide sequences together with the MRM transition used for
quantitation are indicated. (B) The amount of peptide in each serum sample was determined

by summing the signal of the strongest transition across all gel slices. The bottom chart

shows peptide amounts after normalizing against the average value for each peptide. (C) The

relative Prdx6 protein level in each sample calculated from the average of the normalized
peptide values. The %CV was determined from the three normalized peptide values and is
indicated on the top of each bar.
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Serum

Gel (410.71721.4) (440.2/505.3)
kDa slice VGFAEAAR QVFGEATK
60— 14
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22 E

B+
25— 24
0 | 1e5 = 2e5  3e4  6ed

Area, counts

Detection and quantitation of different forms of CTSD. (A) Western blot of CTSD in a
melanoma 1205LU cell extract and major protein depleted human serum using C0715
monoclonal anti-cathepsin D antibody. (B) GeLC-MRM quantitation of CTSD in the major
protein depleted human serum. MRM assays were run on the 20-70 kDa region of the gels.
The CTSD peptide sequences and the MRM transitions are indicated at the top of the panel.
Grey bars represent quantitation values from a co-eluting interference with similar ratios for
two of the three monitored MRM transitions as the targeted peptide (see Supplemental
Figure 2). Error bars indicate standard deviations from duplicate injections.
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Reproducibility of the label-free MRM analysis using major protein depletion and 1-D SDS
fractionation. MRM data for ADAM12, PAEP, and CGB are shown. Three peptides for each
protein were quantitated. Depletions 1 and 2 are replicate Top-20 depletions of EP and IUP
serum samples performed on different days. Run 1 and Run 2 are duplicate injections of
tryptic digests onto a 4000 QTRAP mass spectrometer. Bars indicate areas of the strongest
MRM transition for each peptide, summed for gel slices 12-15. The % CV of all replicate
runs is indicated above each sample.
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Figure 6.

Reproducibility of label-free LC-MRM quantitation over a large number of runs.
Quantitation of five representative enolase peptides from duplicate injections of 10
femtomoles of enolase tryptic peptides interspersed over a total of 206 MRM runs. MRM
transitions used are listed in Table 1. Error bars indicate standard deviations from duplicate
injections.
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Figure 7.

Reproducibility of the label-free MRM quantitation on different MS instruments. (A) Label-
free GeLC-MRM quantitation of three ADAM12 peptides from nine EP and nine IUP serum
samples, initially analyzed in duplicate on a 4000 QTRAP (left panels) and reanalyzed 16
months later on a 5500 QTRAP using a shallower 24 min UPLC gradient (right panels).
Error bars indicate standard deviations. (B) Comparison of normalized ADAM12 protein
quantitation from the two MS instruments for the 18 serum samples. The %CV for the
instrument comparisons is indicated above the bars for each sample.
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Figure 8.

GeLC-MRM gquantitation of two, heavy, isotope-labeled CTSD peptides using a 5500
QTRAP mass spectrometer. Heavy peptides were spiked at 3, 8, 20, 51, 128, 320, 800, and
4000 amol into a tryptic digest of a fraction of depleted human serum after 1-D gel
separation. (A) Standard curve of transition 415.7/527.3 for the (13Cg 15N,) VGFAEAAR
peptide. (B) Standard curve of transition 444.2/513.3 for the (13C¢ 1°N5) QVFGEATK
peptide. Inserts, expanded views of the lower regions of the standard curves. Error bars are
standard deviations from duplicate injections. The most intense transition of each peptide
was used in the standard curve plots. XICs for the peptides are shown in Supplemental
Figure 3.
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