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SUMMARY
Dynamic range compression (DRC) by hexapeptide libraries increases MS/MS-based
identification of lower-abundance proteins in complex mixtures. However, two unanswered
questions impede fully realizing DRC’s potential in shotgun proteomics. First, does DRC enhance
identification of post-translationally modified proteins? Second, can DRC be incorporated into a
workflow enabling relative protein abundance profiling? We sought to answer both questions
analyzing human whole saliva. Addressing question one, we coupled DRC with covalent
glycopeptide enrichment and MS/MS. With DRC we identified ~2 times more N-linked
glycoproteins and their glycosylation sites than without DRC, dramatically increasing the known
salivary glycoprotein catalog. Addressing question two, we compared differentially stable isotope-
labeled saliva samples pooled from healthy and metastatic breast cancer women using a
multidimensional peptide fractionation-based workflow, analyzing in parallel one sample portion
with DRC and one portion without. Our workflow categorizes proteins with higher absolute
abundance, whose relative abundance ratios are altered by DRC, from proteins of lower absolute
abundance detected only after DRC. Within each of these salivary protein categories we identified
novel abundance changes putatively associated with breast cancer, demonstrating feasibility and
benefits of DRC for relative abundance profiling. Collectively, our results bring us closer to
realizing the full potential of DRC for proteomic studies.

INTRODUCTION
Combinatorial chemistry derived hexapeptide libraries, ProteoMiner (PM) and its
carboxylated derivative, Library-2 (LIB2) have been used to effectively compress the
dynamic range of protein abundances in complex protein mixtures, thus enabling increased
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mass spectrometric detection of lower abundance proteins1–4. In this dynamic range
compression (DRC) method, millions of hexapeptide sequences act as affinity “baits”, with
each hexapeptide putatively having high binding affinity for one/few related proteins within
the complex protein mixture. Most proteins present at lower-abundance levels are
effectively fully bound by their hexapeptide baits. Simultaneously, very high abundance
proteins quickly saturate their hexapeptide baits, such that a significant proportion of these
proteins does not bind (i.e., is depleted) and removed in the flow-through. Upon elution of
bound proteins from the hexapeptide bead library, the resultant complex mixture is
compressed for dynamic range owing to the “partial depletion” of higher abundance proteins
and “enrichment” of lower-abundance proteins. After DRC, the complex sample can be
further resolved at the protein level5 or integrated with advanced peptide fractionation
schemes6, to result in significantly increased protein identifications by mass spectrometry.

Despite the demonstrated effectiveness of DRC in increasing protein identifications within
complex protein mixtures, important questions remain about its effectiveness in other
contexts important to proteomic studies. One question pertains to the potential of DRC for
enhancing identification of protein post-translational modifications (PTMs)- information
that is often critical to understanding a protein’s functional state or potential role in disease.
It remains unknown whether the presence of PTMs might affect overall protein capture
efficiencies by hexapeptide libraries as PTMs can significantly modify physicochemical
properties of targeted proteins, or if the existing diversity of hexapeptides within libraries is
able to account for these potential modifications. Glycosylation is a prominent candidate
PTM, wherein relatively large and chemically complex carbohydrate structures are added to
modified proteins7–9.

A second question pertains to the incorporation of DRC in quantitative proteomic studies
measuring relative protein abundance levels between samples via stable isotope labeling.
Incorporation of DRC into quantitative proteomic studies has the potential to expand the
sensitivity of such analyses. However, this is not without challenges. It has been shown2 that
proteins of higher absolute abundance do not retain their quantitative accuracy subsequent to
hexapeptide library treatment; these saturate their peptide binding partners, resulting in a
loss of the unbound portion of the protein. In contrast, proteins present at lower absolute
abundance retain their quantitative accuracy subsequent to treatment with hexapeptide
libraries, since these do not saturate their peptide binding partners and are fully captured2, 5,
10, 11. These studies all relied either on “spike-in” of single proteins or whole proteomes at
known molar amounts in order to determine the absolute concentrations within which
proteins retained their quantitative accuracy subsequent to treatment with hexapeptide
libraries.

However, in the practical application of DRC (e.g., differential analysis of clinical samples
or cellular lysates), distinguishing a priori proteins of higher absolute abundance from
proteins of lower absolute abundance is not possible. Thus, it is also not possible to
discriminate those relative abundance ratios which are most likely accurate (derived from
proteins with lower absolute abundance) and those that are most likely altered from DRC
treatment (derived mostly from proteins with higher absolute abundance). This information
is critical when prioritizing proteins based on relative abundance differences between
samples (e.g., healthy versus disease states or cellular functional states) for further
validation. Therefore, a workflow that facilitates such discrimination is needed for
incorporating the enhanced sensitivity offered by DRC in quantitative proteomic studies.

In this work, we sought to answer the two questions above using the proteome of human
whole saliva as a model sample. Whole saliva, with its non-invasive and easy collection, is
gaining appreciation as a fluid rich in protein content6 for the potential clinical detection of
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systemic disease12–14. In addressing the first question, we targeted protein glycosylation,
known to be a key PTM for salivary protein function15–19, and providing a suitable example
to test the effects of DRC on PTM identification. We found that DRC provides a significant
increase in the number of N-linked salivary glycoproteins identified, greatly expanding the
known catalog of N-glycosylated proteins in this fluid. In addressing the second question,
we evaluated a workflow that incorporated DRC into relative protein abundance profiling of
pooled saliva samples from healthy women and women with metastatic breast cancer. Our
results suggest that a workflow using multidimensional peptide fractionation and parallel
sample analysis with and without DRC treatment allows for categorization of proteins with
putatively higher absolute abundance (i.e. detected without the need for DRC treatment)
from those with putatively lower absolute abundance (i.e. only detected with DRC
treatment). Importantly this workflow retains the enhanced sensitivity offered by DRC
enabling us to identify abundance differences that are putatively associated with breast
cancer from each of the above categories (higher- and lower-abundance proteins). Taken
together, our results extend the use of DRC via hexapeptide libraries for proteomic studies.

EXPERIMENTAL PROCEDURES
Whole saliva collection and processing for glycoprotein analysis

Prior to saliva collection, 14 healthy human volunteers (8 male, 6 female) did not eat or
drink for 90 min, and lightly rinsed their mouth with water. Fresh, unstimulated saliva was
collected via drooling into 50 mL falcon tubes that were chilled on ice. The saliva was
pooled, clarified by centrifugation twice at 12 000 g at 4°C and supplemented with protease
inhibitors (Roche Complete EDTA-free). 10 mL of pooled, clarified saliva was boiled in
equal volume of 100mM Tris-Cl, pH 6.8, 4% SDS, 10% mercaptoethanol, and 20% glycerol
and labeled as “Untreated saliva” prior to being stored at −20°C.

Treatment of whole saliva for DRC prior to glycoprotein identification analysis
Two different methods were used for DRC of ~250 mL of the remaining amount of pooled
saliva. In the first method (DRCstd saliva), 100 mL of pooled saliva was incubated with 200
μl pre-washed PM beads (Bio-Rad Inc., Hercules, CA) at room temperature with tumbling
for 18 hours. PM beads were washed three times with PBS and flow through fraction was
subsequently treated with 200 μl of LIB2 beads (identically as done for PM treatment). LIB2
beads were similarly washed with PBS three times. Protein was eluted from PM and
LIB2beads by boiling in elution buffer (100 mM Tris-Cl, pH 6.8, 4% SDS, 10%
mercaptoethanol, and 20% glycerol) prior to being stored at −20°C. These eluates were
designated as either PMstd or LIB2std. In a second DRC method performed in parallel
(DRCpH4_7_9 saliva), pooled saliva was split into three aliquots (45 mL each), and buffered
to three different pH values before treatment with hexapeptide libraries. pH of saliva was
adjusted by addition of 10X buffer concentrates (1.5M sodium chloride buffered with either
250 mM acetate pH 4.0, 250 mM phosphate pH 7.4 or 250 mM Tris-HCl pH 9.0) to clarified
saliva to a final concentration of 1X buffer (and the final pH of saliva was measured at 4.0,
7.4 and 9.0, respectively). Each pool of pH adjusted saliva (50 mL) was separately incubated
with 100μL PM beads at room temperature with tumbling for 18 hours. Beads were washed
three times with 1X buffer at same pH as the incubation conditions and flow through
fractions from each of the PM treatments were subsequently incubated with LIB2 beads.
LIB2 incubation was performed identically as for PM treatment and subsequently the beads
were washed three times at the same pH as the incubation conditions. Protein elution of each
treatment was done as before with boiling of PM or LIB2 beads in elution buffer (100 mM
Tris-Cl, pH 6.8, 4% SDS, 10% mercaptoethanol, and 20% glycerol). Eluates from PM beads
incubated with saliva at three pH values (4.0, 7.4 and 9.0) were pooled and designated as
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PMpH4_7_9 saliva, while eluates from LIB2 beads were pooled and designated as
LIB2pH4_7_9 saliva and stored at −20°C.

Sample processing for trypsin digestion, SDS-PAGE and glycoprotein/phosphoprotein
staining

Untreated saliva, PMstd saliva, LIB2std saliva, PMpH4_7_9 saliva and LIB2pH4_7_9 saliva
were acetone precipitated (4 volumes of ice-cold acetone per volume of protein sample)
overnight at −20°C, and the protein pellets washed twice in ice-cold acetone prior to
dissolving in 50 mM Tris pH 8.0, 5 mM EDTA, 0.5% SDS. Protein amount per sample was
determined by BCA protein assay. For trypsin digestion, dissolved protein pellets were
diluted 10-fold in 50 mM Tris, pH 8.0, 5 mM EDTA, pH 8.0, without SDS to bring total
SDS levels to 0.05%. DTT was added to a final concentration of 5 mM followed by
treatment of protein samples at 60°C for 1 hour. After cooling samples to room temperature,
trypsin digestion was performed overnight at 37 °C at a 1:25 (w/w) ratio.

For SDS-PAGE analysis, equal volume of 2X SDS sample buffer was added to protein
samples and they were boiled at 100°C for 5 minutes, cooled, centrifuged, and equal amount
of protein loaded per lane followed by SDS-PAGE analysis. Visualization of salivary
glycoproteins was done after ProQ-emerald staining (Invitrogen, CA) and total protein by
coomassie staining. ProQ Emerald and Diamond staining were performed as per
manufacturer provided instructions.

Glycopeptide enrichment by hydrazide chemistry
Tryptic peptides were purified by sequential steps of MCX (Oasis, Waters) and C18 (Sep-
Pak, Waters) cartridge clean-up. Glycopeptide capture was performed using hydrazide
chemistry essentially as detailed previously 20, 21. Dried tryptic peptides were dissolved in
coupling buffer (100 mM sodium acetate, 150 mM NaCl, pH 5.5) at a concentration of 1.5
mg/500 μL. Undissolved solids were removed by centrifugation, and the supernatant was
processed further. To oxidize cis-diol groups of carbohydrates to aldehydes, sodium
periodate was added at a final concentration of 10 mM final concentration to the peptide
solution and the sample incubated in the dark with rotation at room temperature for 1 h. C18
clean up (Sep-Pak, Waters) was used to remove excess sodium-periodate from the peptide
solution. Subsequently, 200 μl (bed volume) of affigel resin (Bio-Rad, CA) was pre-washed
thrice with coupling buffer, and coupled with 1.5 mg of peptides redissolved in 800 μl 80%
ACN, 0.1% TFA. Coupling was allowed to proceed overnight (18 hours) at room
temperature with rotation.

After the coupling reaction, affigel resin was washed extensively to remove non-
glycopeptides as follows. Three washes were performed with 1 mL of 1.5 M NaCl each, two
washes with 1 mL of 80% (v/v) aqueous ACN each, two washes with 1mL of water each,
and three final washes with 1 mL of freshly prepared 100 mM NH4HCO3 each time. All
washes were done by rotation at room temperature for 15 minutes. N-Glycopeptides were
released by addition of 10 μL of PNGase F (500 units/μL; New England Biolabs, Beverly,
MA) in 200 μL of 100 mM NH4HCO3 and overnight incubation at 37 °C. The supernatant,
containing released deglycosylated peptides, was collected by centrifugation and combined
with the supernatant of an 80% ACN wash, dried and purified by C18 clean up. 10% of the
peptides were directly analyzed on an LTQ-Orbitrap mass spectrometer, while 90% of the
same sample was reserved for fractionation as described below.
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Collection and processing of whole saliva from healthy and metastatic breast cancer
patients for mTRAQ labeling

Unstimulated whole saliva was collected via drooling from two groups: female subjects
diagnosed with metastatic breast cancer and healthy patients as a control. In each case,
saliva was collected with written informed consent using an IRB approved protocol.
Subjects with metastatic breast cancer had not undergone any treatment or surgery
(including tissue biopsy) at the lesion site prior to saliva collection. Unstimulated whole
saliva was obtained using a standard, controlled protocol22 by first having each subject
swallow and then expectorate continuously into a 50 mL sterile, polypropylene conical tube
for a period of 5 min. This resulted in about 2–5 mL of total saliva from each subject.
Following collection, the samples were immediately placed on ice and stored at −70°C until
further processing. Subjects included in the study were free of confounding conditions:
periodontal/auto-immune disease, a prior history of diseases or current use of potentially
confounding medications.

After thawing saliva samples on ice, they were clarified by centrifugation and pooled such
that 1.5 mL of saliva was used from each subject to generate a total pooled saliva sample of
15 mL from healthy and breast cancer subjects each. Protein concentration was determined
on each sample by BCA assay. 1 mL of pooled, untreated saliva from healthy or breast
cancer patients were boiled in SDS sample buffer, acetone precipitated, and redissolved in
50 mM Tris pH 8.0, 5 mM EDTA. From this, 600 μg protein from each pooled sample
(healthy or breast cancer patients) was stored at −20°C. This was later used for western
blotting confirmation experiments. 100 μg tryptic peptides from the healthy pooled sample
and 100 μg tryptic peptides from metastatic breast cancer pooled sample were selected for
mTRAQ labeling (Applied Biosystems, CA). The healthy saliva peptide mixture was labeled
with the normal mTRAQ, and the breast cancer saliva peptide mixture was labeled with the
heavy mTRAQ, as per manufacturer provided instructions. 14 mL (14 mg protein) of pooled
saliva from healthy volunteers was processed by DRC at standard pH of saliva using
sequential use of 50 μL volume each of PM or LIB2 and pooled (DRCstd saliva). In parallel
and identical fashion, DRC was performed on pooled saliva from breast cancer patients.
mTRAQ labeling was performed on healthy and breast cancer saliva by labeling 100 μg
tryptic peptides from each sample with mTRAQ light and heavy label, respectively.

Strong cation exchange (SCX) HPLC fractionation of glycopeptides and 3D-peptide
fractionation of mTRAQ-labeled peptides

SCX HPLC was performed on a Magic 2002 HPLC system coupled with a Magic Variable
Splitter set at position R4 (Michrom BioResources, Inc., Auburn, CA) using a Polysulfethyl
A column, 150 mm length × 1.0 mm i.d., 5 μm particles, 200 Å pore size (PolyLC, Inc.,
Columbia, MD). The sample was dissolved in 250 μL of SCX buffer A (20% v/v acetonitrile
(ACN), 10 mM KH2PO4, pH 2.7 with phosphoric acid) and loaded onto the column. For
glycopeptide fractionation, peptides were eluted at a flow rate of 35 μL/min with a gradient
of 0–20% buffer B (20% v/v ACN, 10 mM KH2PO4, pH 3.0, 500 mM KCl) over 15 min
followed by a gradient from 20% to 100% buffer B for 6 min. During the chromatography
run, absorbance at 215 and 280 nm was monitored, fractions were collected at 3-min
intervals, and each fraction vacuum centrifuged to dryness. This fractionation resulted in the
collection of 6 fractions. Each SCX fraction was purified by C18 ‘STAGE’ tips23 prior to
LTQ-Orbitrap analysis. For the health to breast cancer comparison, 3D-fractionation for
mTRAQ labeled peptides was done essentially as described previously6.

Capillary LC-MS/MS
Peptides were dissolved in 5 μL of load buffer (98:2:0.01 water/ACN/formic acid) and
processed for LC-MS/MS analysis on an LTQ-Orbitrap mass spectrometer essentially as
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described previously6 with the following modifications. For analysis of glycopeptides,
dissolved peptides were eluted using a gradient of 2–40% ACN in 0.1% formic acid over 60
min with a constant flow of 250 nL/min. For analysis of mTRAQ labeled peptides, they
were eluted over the same gradient but over 180 minutes. For the glycopeptide studies, 5
most intense ions from the full scan were selected for fragmentation by collision-induced
dissociation (normalized collision energy, 35%) in the LTQ ion trap with automatic gain
control settings of 5000 ions or 100 ms concurrent to full-scan acquisition in the orbital trap,
while for mTRAQ-labeled peptides, 8 most intense ions were processed similarly.

Protein identification for N-linked glycopeptides and mTRAQ labeled peptides
Data generated from μLC-MS/MS analysis was extracted using ReAdW and searched with
Sequest V27.0 against a composite database consisting of the NCBI human database
V200806 and its reversed database (70,711 entries which includes reverse database entries).
Search parameters used for identification of N-linked glycoproteins were partial tryptic
digestion, variable modification of 15.9949 Da on methionine, and 0.984 Da for
deamidation of asparagine to aspartic acid induced by PNGase F treatment. As a further
filtering, only those peptide sequences having the conserved sequence for N-linked
glycosylation, Asparagine-X-Serine/Threonine (where X is not Proline) were considered to
be true matches to glycosylated peptides. Search parameters used for identification of
mTRAQ labeled peptides were partial tryptic digestion, fixed modification of 140.0949 Da
of lysine residues along with N-termini of peptides and fixed modification of 45.9877 Da of
cysteine, variable modification of 4.007 Da of lysine residues along with N-termini of
peptides, and variable modification of 15.9949 Da on methionine residues.

Sequest output was organized and peptide/protein probabilities were calculated through
Peptide/Protein Prophet respectively, using Scaffold (Proteome Software, Inc., Portland,
OR). For glycoprotein identification analysis, false discovery rate (FDR) at protein level was
determined using the equation, false discovery rate (FDR) % = [nreverse/(nforward +
nreverse)] × 100, where nforward equals number of protein matches from the forward
database, and nreverse equals number of reversed database matches. As part of the Scaffold
software, the reported proteins were subjected to assignment of a protein probability (based
on the Protein Prophet program), in order to minimize peptides matching redundantly to
proteins and to report the minimal number of unique proteins represented by our data.

Bioinformatic Analysis of N-linked glycoproteins
Proteins were analyzed using Ingenuity Pathway Analysis (IPA) software (Ingenuity
Systems, Inc., Redwood City, CA). Core analysis was performed using direct and indirect
relationships. With Fisher’s Exact test, core comparison analysis was used to compare
functional diversity of N-linked salivary glycoproteins identified in this study and previously
identified saliva proteins6.

Quantification of mTRAQ labeled peptides
The computational proteomics portion of the workflow used for identifying and quantifying
proteins after mTRAQ labeling of peptides is similar to a recent report24. Within this
workflow, SEQUEST results were used as input to the Trans-Proteomic Pipeline (TPP v4.3
JETSTREAM rev 1, Build 200909091257 (MinGW), http://www.proteomecenter.org)
Peptide Prophet and Protein Prophet were used with to select peptides with .05 probability
and proteins with .9 probability respectively. XPRESS and ASAPRatio were used for
quantification with mass tolerance 1.0 Da, N-terminus and lysine mass difference 4.0, and
peak m/z range .5. We used MAYU software25 to generate 1% peptide FDR lists for both
Untreated saliva and DRCstd saliva datasets. Resulting Mayu data and Transproteomic
Pipeline data (PeptideProphet, ProteinProphet, and ASAPRatio26) were combined using Perl
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scripting software and stored in an Oracle 11g (Oracle Corporation, Redwood Shores, CA)
database enabling novel analyses.

Western blotting for validating breast cancer associated protein abundance changes in
pooled saliva

Equal amounts of pooled saliva samples (without DRC treatment) from healthy subjects and
metastatic breast cancer subjects were resolved by SDS-PAGE after boiling protein samples
in SDS-sample buffer27 and proteins were transferred to PVDF membrane for Western
blotting. Antibodies used for CD44a, Kallikrein 13, SCGB2A1 (Secretoglobin family 2A
member 1), SCGB2A2 (Secretoglobin family 2A member 2), Neuregulin 3, and Selectin P
were purchased from Abcam (Cambridge, MA).

RESULTS
Dynamic range compression (DRC) of saliva by hexapeptide libraries

We first sought to evaluate the effect of DRC using hexapeptide libraries on the detection
and identification of salivary glycoproteins. For these studies we pooled saliva from 14
healthy volunteers, setting aside a portion of this saliva for processing without DRC
treatment (referred to as Untreated saliva) for glycoprotein analysis.

We analyzed the remaining portion of pooled saliva by DRC using two methods. In both
DRC methods, proteins were first treated with PM hexapeptide beads, the flow through
collected, and subsequently treated with another set of hexapeptide beads, LIB2. LIB2 is a
carboxylated derivative of PM5, which we employed to minimize potential losses of proteins
that might bind insufficiently to the PM library. For the first DRC method, DRCstd, salivary
proteins were directly applied to the hexapeptide bead libraries at the natural/standard pH of
saliva (~6.5). For the second DRC method, DRCpH4_7_9, equal portions of saliva were
adjusted to pH 4, 7 or 9 and then applied to the hexapeptide bead libraries. pH adjustment
was used because it has been shown to potentially capture a broader set of proteins using
hexapeptide libraries 28–30. For DRCpH4_7_9 the proteins bound at each pH value to the PM
beads were eluted and combined together prior to glycoprotein analysis; similarly, the
proteins bound at each pH valued to the LIB2 beads were eluted and combined together,
prior to glycoprotein analysis. Rather than analyze each pH fraction separately, we
combined proteins bound and eluted at each pH to potentially capture a larger set of
glycoproteins in a single fraction while reducing downstream analysis steps.

Evaluating the effect of DRC on glycoprotein detection
With three different groups of saliva protein samples in hand (Untreated, DRCstd and
DRCpH4_7_9) we evaluated the effect of DRC on detection of glycoproteins. We first
visualized proteins in the sample groups by standard SDS-PAGE and coomassie protein
staining (Figure 1A). For both DRC methods, PM and LIB2 reduced the levels of the most
abundant proteins relative to Untreated saliva while apparently capturing distinct proteins.
Although generally similar, differences are observable in the protein patterns for DRCstd and
DRCpH4_7_9 methods (Figure 1A left panel).

We next visualized glycoproteins in each sample using a ProQ Emerald 300 glycoprotein gel
stain (Figure 1A right panel). A number of high abundance proteins in Untreated saliva were
reactive with the glycoprotein stain and detected, suggesting their modification by
glycosylation. Several new bands, notably in the molecular weight region between 10–40
kDA, not detected in the Untreated saliva were detected using both DRC methods. These
proteins are likely lower in abundance in Untreated saliva, but enriched by treatment with
hexapeptide libraries and thus only detectable after DRC. The samples processed using the
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DRCpH4_7_9 method generally showed increased glycoprotein staining intensities, for both
the PM and LIB2 hexapeptide libraries, indicating that this method may have advantages
over the DRCstd method.

Evaluating the effect of DRC on N-linked glycoprotein identification via MS/MS
We next sought to evaluate the effect of DRC on identification of glycoproteins via mass
spectrometry. We chose to focus on N-linked glycoproteins given that they account for
~90% of all glycoproteins, are commonly found in secreted fluids such as saliva7, and
methods for their enrichment and analysis by MS/MS are well established20, 31, 32.

For each processing method, Untreated saliva, DRCstd saliva and DRCpH4_7_9 saliva,
proteins were digested with trypsin and N-linked glycopeptides captured by solid-phase
hydrazide chemistry20, 31, 32 (Figure 1B) as described in experimental procedures. Similar
to the glycoprotein detection experiments above, proteins captured either by PM and LIB2
for both DRC methods were separately processed for glycopeptide analysis.

Results from our glycopeptide identification experiments are shown in Figure 2. From two
replicate Untreated saliva samples, N-linked glycopeptides derived from 93 distinct
glycoproteins were identified (Figure 2A). By contrast, both DRC methods yielded
substantially more N-linked glycoproteins. The DRCstd method yielded N-linked
glycopeptides derived from 137 distinct glycoproteins, a majority (129/137) of which were
identified by analysis of PM treated saliva. LIB2 treatment yielded only 8 distinct
glycoproteins that were not identified using PM. The DRCpH4_7_9 method yielded a modest
increase in N-linked glycoprotein identifications compared to the DRCstd method, and a
majority of the identifications (139/158) were obtained by analysis of PM treated saliva.
LIB2 added 19 distinct glycoproteins not identified using PM. The two DRC methods
together identified a total of 183 distinct glycoproteins.

We next investigated whether or not the use of DRC sacrificed identification of some
glycoproteins, ostensibly because these modified proteins do not bind to the hexapeptide
libraries. Comparing all distinct glycoprotein identifications from the two DRC methods
combined (DRCpH4_7_9 and DRCstd) with those identified in Untreated saliva revealed that
10 glycoproteins were missed when using DRC (Figure 2B).

We also considered the numbers of glycopeptides identified using each different method.
Our MS/MS-based identification of glycopeptides provides information not only on the
salivary proteins from which they are derived, but also the unambiguous assignment of the
exact amino acid site of N-linked glycosylation, which we call “glycosites”. Using this
terminology, 258 distinct glycosites were identified by the combined DRC treatments
compared to 127 glycosites identified in Untreated saliva (Figure 2C). A total of 10
glycosites were missed with DRC treatment (Figure 2D), corresponding to the 10 missed
glycoproteins shown in Figure 2B.

A listing of identified salivary glycoproteins and their corresponding glycosites is available
in Supplementary Table 1. Additionally, the entire dataset of glycoproteins, their
corresponding glycosites, and annotated spectra are contained in a Scaffold file and may be
downloaded from Tranche at ProteomeCommons.org using the hash:
dESMiAHFtXsZck1IrrU+W/yxNM/1Jv10dI1av8gwJ8VWo5freKc/ANCPzLBvuCVObR
z9dbwoLlQb8otueDw97ZJ3u+kAAAAAAAACkA==. The Scaffold file can be viewed
using the freely available Scaffold viewer from Proteome Software, Inc.
(http://www.proteomesoftware.com/).
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Evaluating a workflow for quantitative proteomics using DRC and differential stable
isotope labeling

We next addressed our second question: Can DRC be integrated to a workflow enabling
relative abundance measurements via stable isotope labeling? Based on previous studies2, 5,
10, 11, 33, proteins of lower absolute abundance retain their relative abundance levels after
treatment with hexapeptide beads, while proteins of higher absolute abundance do not (as
they saturate their heaxapeptide binding partner and the portion of unbound protein is lost in
the flow-through). Unfortunately, when applying DRC to samples of interest it is not
possible to distinguish proteins of low absolute abundance, whose relative abundance ratios
are expected to be correct2, 5, 10, 11, from proteins of high absolute abundance, whose
relative abundance ratios are expected to be altered2, 5, 10, 11. We reasoned that addressing
this central problem required performing two parallel analyses where one portion of the
sample is analyzed using DRC and a second portion of the sample is analyzed without DRC.
Similar to a previous report5, proteins identified only with the use of DRC are then
categorized as low abundance proteins, while proteins identified without DRC are
categorized as higher abundance proteins.

We sought to evaluate the proposed proteomic workflow via comparison of saliva from
healthy women and women clinically diagnosed with metastatic breast cancer. Using
separately pooled saliva from 10 healthy women and 10 metastatic breast cancer women,
two portions of each pool were separately prepared, one without DRC (Untreated) and the
other using the DRCstd method as described in experimental proedures. Figure 3A details
the workflow used, which included peptide labeling with the mTRAQ reagent24 to enable
relative abundance measurements.

We identified a total of 708 proteins (1% peptide-level FDR) in the Untreated saliva protein
sample (Figure 3B). Among these, a total of 79 proteins showed 2-fold differential
abundance between the healthy and metastatic breast cancer pools (Supplementary Table 2).
All relevant mass spectrometric information for the entire Untreated dataset is included in
Supplementary Table 3. MS/MS scans for single-peptide hits from this dataset are presented
in Supplementary Figure 1. For confirmation of our quantitative approach overall we
selected for Western blotting three different proteins from the Untreated saliva sample,
based on their relative abundance differences and known associations with breast cancer
(CD44a36, 37, SCGB2A2/Secretoglobin family 2A member 238, and Kalikrein 1339) (Figure
3C). The relative abundance ratios of these proteins measured by Western blotting were
consistent with their mTRAQ relative abundance ratios.

We identified a total of 1032 proteins (1% peptide-level FDR) from DRCstd saliva samples
(Figure 3B). Among the identified proteins, a total of 148 proteins showed 2-fold differential
abundance between the healthy and metastatic breast cancer DRCstd pools (Supplementary
Table 4). All relevant mass spectrometric information for this dataset is included in
Supplementary Table 5. MS/MS scans for single and double-peptide hits from this dataset
are presented in Supplementary Figure 2.

We next sought to answer an important question: Are at least some of the relative abundance
levels measured for proteins after DRC correct? As shown in Figure 3B, about half, 499, of
the proteins identified and quantified in the DRC sample were also identified and quantified
in the Untreated sample. Based on their identification in the Untreated samples, we
categorize them as higher-abundance proteins. We compared the abundance ratios for these
499 common proteins, measured in either the Untreated sample or the DRC treated sample,
assuming that the abundance ratios measured from the Untreated sample were the correct
ratios. At first look, 317 of the common 499 proteins exhibited homodirectional abundance
differences in the Untreated and DRC samples (R-squared value of 0.626 after removing
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three outlier protein ratios) (Supplementary Table 6). However, upon a closer look at the
measured ratios, 131/317 (~41%) homodirectional proteins showed a greater than 25%
alteration in their abundance ratio in the DRC-treated sample compared to the Untreated
samples, indicating that DRC treatment does introduce significant error in many of these
higher abundance proteins.

A second important question then remained: What about relative abundance ratios of
putatively lower abundance proteins identified and quantified only after DRC treatment?
Based on the analysis above, we reasoned that a majority of the 148 differentially abundant
proteins from the DRC dataset should be correct, given that these are from putatively lower
abundance proteins whose relative abundance levels should be retained even after DRC. To
test this reasoning, we conducted quantitative Western blotting experiments in the pooled
healthy and metastatic breast cancer pooled saliva samples without DRC treatment. We
compared the Western blot the results to the differential abundance ratios measured by
mTRAQ in the mass spectrometer after DRC treatment. Because it was not practical to
confirm by Western blotting all of the 148 differentially abundant proteins, we prioritized
proteins of interest based on previous studies linking them to cancer and/or breast cancer
specifically40–44: Selectin P, Rab6A, Rab27A, Rab3D, Rab5C, SCGB2A1, Neuregulin-3.
From these putatively ‘lower-abundance’ salivary proteins, we chose Selectin P, SCGB2A1
and Neuregulin-3 for Western blotting confirmation experiments, but opted against the Rab
family of proteins owing to their high homology with each other and the potential for
antibody cross-reactivity. As shown in Figure 3C, Western blotting for Selectin P,
SCGB2A1, and Neuregulin-3 showed differential abundance levels between the healthy and
metastatic saliva pools pre-DRC treatment consistent with the observed mTRAQ abundance
ratios obtained after DRC.

DISCUSSION
In this report, we have demonstrated that the enhanced sensitivity offered to mass
spectrometry-based shotgun proteomics by hexapeptide libraries extends to two important
arenas of proteome research: PTM characterization and profiling protein relative abundance.
We used whole human saliva as a representative sample for these studies, given its wide
dynamic range of protein abundance, prominence of protein PTMs, especially glycosylation,
and potential value for diagnosis of human diseases. Our results confirmed that DRC
increases ability to identify glycosylated proteins in whole saliva, and demonstrated a
workflow for the successful use of DRC for profiling relative abundance changes in salivary
proteins associated with metastatic breast cancer.

DRC increases the detection and identification of post-translationally modified proteins
from complex mixtures

To determine the effect of DRC on identification of post-translational modifications, we
focused on salivary N-linked glycoproteins. The addition of complex carbohydrate groups
introduces a significant chemical change to proteins, which could potentially affect the
binding of glycoslyated proteins with their hexapeptide partners, thereby reducing the
effectiveness of DRC for this class of proteins. Despite the chemical alterations introduced
from glycoslyation, we found that DRC nearly doubled total identifications of salivary N-
linked glycoproteins and their corresponding glycosites. These results suggest that
glycoslyation does not deter binding to hexapeptide libraries or that existing hexapeptide
diversity in the latter provides adequate binding partners for proteins as well as their post-
translationally modified variants. Among PTMs, glycosylation is relatively complex and can
have profound effects on the physico-chemical properties of targeted proteins. Based on our
results, we propose that DRC should serve as a general tool for increasing identification of
various protein PTMs of biological interest in complex samples.
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Despite the overall increases in glycoproteins identified using DRC, our results suggest that
a small proportion of glycoproteins are “missed”. Ten glycoproteins identified in the
Untreated saliva sample were not identified using either DRCstd or DRCpH4_7_9 methods.
The missed glycoproteins were: apolipoprotein H precursor, calcium activated nucleotidase
1, disulfide isomerase, folate receptor 1 precursor, G-protein-coupled receptor 56 isoform b,
LY6/PLAUR domain containing 5 isoform A, lysosomal-associated membrane protein 2
isoform C precursor, sulfatase 2 isoform b precursor, tetraspan 1, transmembrane protease,
serine 11E2. The glycopeptides from these proteins were not restricted to any unique SCX
fractions analyzed. Analysis of isoelectric point, molecular weight, and gene ontology
information did not reveal any conserved features that distinguished the ten “missing”
glycoproteins from those identified when using DRC. Even though performing DRC at
multiple pH conditions increased overall identifications, it is not sufficient to completely
eliminate losses. These losses may result from peptide undersampling during mass
spectrometry or a lack of a hexapeptide partner with sufficient binding strength for these
proteins. We have observed similar losses of a small percentage of proteins when analyzing
total saliva proteins, glycosylated or otherwise6. Similar losses have been observed during
mass spectrometric analysis of other samples by other researchers as well 1, 5.

In spite of the relatively small losses when using DRC, we have more than tripled the
number of known N-linked glycoproteins and glycosites in saliva, expanding the catalog
from 62 glycoproteins found in past studies45, 46 to 193 glycoproteins. Here again, nearly a
dozen salivary N-glycoproteins identified in these past studies were not identified by us. It is
difficult to know whether these differences are due to losses from DRC, changes in
methodology used, or due to biological variability of the samples used in each study.
Regardless, it is clear that the use of DRC enabled a significant increase in the identification
of glycoslyated proteins from saliva using shotgun proteomics.

We performed initial bioinformatic analyses on our expanded catalog of salivary N-linked
glycoproteins using Ingenuity Pathway Analysis (IPA) to better understand characteristics of
these proteins. These results are shown in Supplementary Figure 3. Comparing the catalog
of N-linked glycoproteins to our previously obtained catalog of over 2000 saliva proteins6,
as expected, a higher percentage of salivary N-linked glycoproteins compared to total saliva
proteins are located either in the extracellular space or plasma. Additionally, the salivary
glycoproteins are distributed across mostly the same functional and disease-related
categories as other known salivary proteins. This initial analysis suggests that targeting the
N-linked glycoproteome might be a viable alternative to characterizing the entire salivary
proteome for disease diagnostic studies.

DRC can be incorporated to a workflow enabling sensitive profiling of relative protein
abundance differences

Previous work using ‘spike-in’ of either individual proteins or a complex proteome at known
absolute abundance have shown that those of lower absolute abundance preserve their
relative abundance ratios after treatment with hexapeptide libraries for DRC5, 10, 11, 33,
while those with higher absolute abundance (concentrations of ~1 μM or more) do not2.
However, in the practical application of DRC for quantitative proteomic studies (e.g.
biomarker discovery studies), it is very difficult, if not impossible, to distinguish between
proteins of lower and higher absolute abundance a priori and thus make the determination of
which relative abundance ratios are most likely correct.

To address this issue, we presented a workflow, wherein one portion of a complex sample is
analyzed without DRC and a second portion of the sample is processed using DRC. Using
this workflow, proteins identified and quantified only after DRC and extensive peptide
fractionation are classified as putatively low abundance proteins, consistent with
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terminology used in other descriptions of DRC5; meanwhile those proteins identified
without DRC are classified as putatively high abundance proteins. Protein relative
abundance ratios of putatively low abundance proteins can be assigned a higher confidence
when prioritizing proteins for possible follow-up validation; meanwhile, for protein relative
abundance ratios of putatively high abundance proteins (identified both with and without
DRC), the ratios measured without DRC should be assigned a higher confidence when
prioritizing proteins for possible follow-up validation.

We demonstrated the effectiveness of this workflow by profiling relative protein abundance
differences between pooled saliva from healthy women and pooled saliva from women with
metastatic breast cancer. We identified and confirmed via Western blotting putatively high
abundance proteins (CD44a, Kallikrein 13, and SCGB2A2) and putatively low abundance
proteins (SCGB2A1, Neuregulin-3, and Selectin P) showing relative abundance differences
between the pooled patient samples. Among the higher abundance salivary proteins,
SCGB2A2 (also known as Mammoglobin B), and Keratin 13 have been previously detected
in saliva as potential breast cancer biomarkers 34, 35. The use of our workflow enabled the
identification several additional proteins with potential as biomarkers (CD44a, SCGB2A1,
Neuregulin-3, and Selectin P), with the latter three proteins being detected only with the use
of DRC, most likely due to their low abundance in saliva. Although further validations of
these proteins are needed, this study provides seminal findings expanding our knowledge of
breast-cancer associate proteins that are detectable in whole saliva with possible value as
non-invasive biomarkers of this cancer.

In summary, our results should expand the use of DRC with hexapeptide libraries as a
general tool for PTM characterization and relative protein abundance profiling using mass
spectrometry-based proteomics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of dynamic range compression (DRC) of saliva on detectability of salivary
glycoproteins and strategy used for identification of N-glycoproteins in Untreated saliva versus
DRC treated saliva
(A) Equal amounts of protein from untreated saliva or saliva processed for DRC by two
different methods were separated by SDS-PAGE. Total protein was visualized by coomassie
staining and glycoproteins visualized by ProQ Emerald staining. For each DRC method,
DRCstd or DRCpH4_7_9, proteins were serially treated with PM hexapeptide libraries
followed by LIB2 hexapeptide libraries. See text for details. (B) Workflow employed to
capture and identify N-linked glycoproteins from Untreated or DRC saliva by mass
spectrometric analysis.
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Figure 2. Effect of DRC on identification of N-linked glycoproteins and glycosites in saliva
(A) Total N-linked glycoproteins identified in Untreated saliva versus both DRC methods.
(B) Venn diagram illustrating glycoproteins identified in DRC treated saliva and those
“missed” by DRC treatment. (C) Total N-glycosites identified in untreated saliva versus
both DRC methods. (D) Venn diagram illustrating glycosites identified in DRC treated
saliva and those ‘missed’ by DRC treatment.
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Figure 3. A DRC-based relative protein abundance profiling workflow applied to whole saliva
from healthy women and women with metastatic breast cancer
(A) mTRAQ reagent stable isotope labeling and steps used for obtaining relative protein
abundance ratios. The workflow included identical and parallel analysis of Untreated saliva
proteins (filled lines) and DRCstd saliva proteins (dashed lines) obtained from healthy versus
cancerous women. For the comparison, equal amounts of saliva protein from 10 healthy
women were pooled and compared to equal amounts of saliva protein pooled from 10
women with metastatic breast cancer. (B) Overlap of proteins identified in Untreated saliva
samples versus DRCstd saliva samples. The 533 proteins identified only in DRC saliva
would be considered low abundance proteins, while the 708 proteins identified without DRC
would be considered high abundance proteins. See text for details. (C) Results of Western
blotting validation experiments in pooled healthy or pooled metastatic breast cancer saliva
for selected proteins showing differential abundance ratios in either Untreated or DRC
treated samples.
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