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Abstract

Saliva is a body fluid with important functions in oral and general health. A consortium of three
research groups catalogued the proteins in human saliva collected as the ductal secretions: 1166
identifications—914 in parotid and 917 in submandibular/sublingual saliva—were made. The results
showed that a high proportion of proteins that are found in plasma and/or tears are also present in
saliva along with unique components. The proteins identified are involved in numerous molecular
processes ranging from structural functions to enzymatic/catalytic activities. As expected, the
majority mapped to the extracellular and secretory compartments. An immunoblot approach was
used to validate the presence in saliva of a subset of the proteins identified by mass spectrometric
approaches. These experiments focused on novel constituents and proteins for which the peptide
evidence was relatively weak. Ultimately, information derived from the work reported here and
related published studies can be used to translate blood-based clinical laboratory tests into a format
that utilizes saliva. Additionally, a catalogue of the salivary proteome of healthy individuals allows
future analyses of salivary samples from individuals with oral and systemic diseases, with the goal
of identifying biomarkers with diagnostic and/or prognostic value for these conditions; another
possibility is the discovery of therapeutic targets.
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Introduction

The components of human saliva have evolved to carry out many important and well-
recognized functions.1–8 Amylase and lipases initiate digestion. Mucins play numerous roles,
such as aiding in lubrication, protection and healing of the oral mucosa, formation of the food
bolus, and phonation. As major components of the salivary pellicle that coats the tooth, these
molecules, primarily MUC5b and MUC7, in conjunction with the acidic proline-rich proteins,
also help regulate bacterial adhesion.9 In this regard, other salivary components, including
immunoglobulins, lysozyme, lactoferrin, lactoperoxidase, cystatins, histatins, and proline-rich
glycoproteins, have significant antimicrobial activity. Statherins and histatins, which inhibit
calcium phosphate precipitation, help maintain tooth integrity and contribute to the buffering
capacity of saliva, which is also regulated by salivary electrolytes. Other proteins have more
specialized functions. For example, gustin, also known as carbonic anhydrase VI, has important
roles in tastebud development and function and, thus, in regulating taste sensation.10 The
proline-rich proteins and histatins neutralize dietary tannins.11 Secretory leukocyte proteinase
inhibitor blocks HIV infection.12 Thus, the composition and flow rate of human saliva govern
oral health. This can be seen in the ill effects of hyposalivation, a condition that affects several
populations, including individuals diagnosed with Sjögren’s syndrome, patients who have been
treated with ionizing radiation for head and neck cancers, and the elderly.5

Whole saliva is a complex mixture of microbial products, mucosal exudate, gingival crevicular
fluid, desquamated epithelial cells, and exocrine secretions of the major and minor (so-called
based on their size) salivary glands. The major salivary glands include the paired parotid and
submandibular (SM) glands as well as the paired sublingual (SL) glands located in the floor
of the mouth. The minor salivary glands are found throughout the oral cavity, including the
lower lip, tongue, palate, and cheeks, as well as the upper pharynx.4,13 The relative contribution
of individual glands to whole saliva varies greatly, depending on several factors. For example,
during unstimulated flow, the SM, parotid, minor salivary, and SL glands secrete, on a
volumetric basis, approximately 65, 20, 10, and 5% of whole saliva, respectively. However,
during stimulated flow, the parotid secretions account for 50% of salivary volume.4 This
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observation is in accord with the cellular composition of the glands. The parotid consists of
primarily serous acini, whereas the SM and SL glands produce both mucous and serous
secretions. Finally, it is interesting to note that the ducts that deliver the glandular secretions
to the oral cavity are not passive conduits but also contain secretory vesicles whose contents
enrich saliva.14 The vesicles contribute important components such as kallikrein,15 a proteinase
that participates in the processing of a wide variety of substrates, as well as molecules that play
important antimicrobial roles.16,17

Given the numerous variables with regard to the sources and composition of human saliva,
many different approaches will be required to compile a comprehensive catalogue of the
proteins that make up this body fluid. In general, mass spectrometry (MS)-based methods are
of greatest utility because they are unbiased, requiring no prior knowledge of protein
composition. Tandem MS-based approaches (MS/MS) in combination with liquid
chromatography (LC) and electro-spray ionization (ESI) have been used with database search
algorithms to identify proteins.18,19 This process involves digestion of proteins either before
or after fractionation for analysis by LC or multidimensional LC-MS/MS. These so-called
bottom-up methods have been used for a wide variety of studies of protein complexes,
organelles, cells, tissues, and body fluids.20–25 In addition, one- and two-dimensional gel
electrophoresis in combination with both LC-MS/MS and matrix-assisted laser desorption
ionization-time-of-flight (MALDI-TOF) MS have been employed to identify proteins.26

Here we describe the initial results of a National Institute of Dental and Craniofacial Research
(NIDCR)-funded effort in which these methods were used to compile a catalogue of human
salivary proteins. Three groups of investigators were involved—The Scripps Research
Institute/University of Rochester; University of California—Los Angeles/University of
Southern California; and University of California—San Francisco. We envision that this
catalogue will be a valuable resource for investigators who are interested in the biology of the
oral cavity and upper gastrointestinal tract or in developing diagnostic tests that utilize this
body fluid.

Materials and Methods

The protocols for collecting human saliva were approved by each institution’s Committee on
Human Research, and written informed consent was obtained from all donors. Additional
details of the methods used by the three research groups are given as Supporting Information.

Summary: The Scripps Research Institute and the University of Rochester

Noncannulated ductal saliva was obtained from three donors (2 males, 1 female), aged 45–49
at the time of collection. Salivary secretion was stimulated with 0.4% citrate and collected on
ice between 7 and 10 a.m. for 30–120 min using a cup-like device for parotid secretions27 and
a Block and Brotman collector for SM and SL secretions.28 The samples were immediately
dialyzed (3.5-kDa molecular mass cutoff) and lyophilized. For identification of medium- and
high-copy-number proteins, small volumes (<10 mL) were processed separately and directly
analyzed by MS. To enhance the identification of low-copy-number salivary components, large
volumes (10–100 mL) of saliva were collected as described above and pooled for large-scale
protein fractionations as described below. For isolation of low-molecular-mass proteins ≤20
kDa, an ethanol-soluble fraction of saliva was prepared. In this case, saliva was collected from
a single male donor and prepared as described in the Supplemental Methods (Supporting
Information).

The detection of low-copy-number salivary proteins was facilitated by fractionating a large
quantity of saliva over multiple columns. Parotid saliva was separated under native conditions.
SM/SL saliva was first denatured in 4 M guanidine-HCl and 50 mM Tris, pH 8.0, to dissociate
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the high-molecular-mass mucin complexes (MUC7 and MUC5b). Both parotid and SM/SL
secretions were size-fractionated using either tangential flow ultrafiltration (MiniTan II,
Millipore) or size exclusion chromatography on Sephadex G100/G200 or Sepharose CL-6B.
Further separations were achieved using anion-exchange chromatography (DE52, DEAE
Sepharose CL-6B, or DEAE Ceramic HyperD F), reversed-phase high-pressure LC (C4 resin),
immobilized metal chelate affinity chromatography (Talon, BD Clontech), and hydrophobic
charge interaction chromatography (MEP Hypercel), as described in the Supplemental
Methods (Supporting Information). Purifications were performed either by gravity flow or by
using a Biologic DuoFlow Maximizer purification system (Bio-Rad). MS analyses were
performed after a single chromatographic fractionation and after multidimensional separations.
LC-MS/MS was used to characterize these fractions.

Specialized protein separation techniques were also used. These included metal chelate affinity
chromatography on Talon resin to remove the histatins, followed by chromatography of the
eluate on a resin coupled with single-chain antibodies that specifically recognized α-amylase.
A subset of the samples was also separated by two-dimensional sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (2-D SDS-PAGE), chromato-focusing, ZOOM isoelectric
focusing (IEF), and one-dimensional SDS-PAGE with subsequent pixelation of the bands.
Samples were reduced and alkylated before digestion with LysC and redigestion with trypsin.
Depending on sample amount, 10–100 μg of a digest prepared from each sample was analyzed
by multidimensional protein identification technology.25 As peptides were eluted from the
microcapillary column, they were electrosprayed directly into an LCQ Deca, LCQ DecaXP,
or LTQ 2-D ion trap mass spectrometer (ThermoFinnigan) or analyzed on an LTQ-Orbitrap
instrument.29

Tandem mass spectra were analyzed as follows. Poor-quality spectra were removed from the
data set using an automated spectral quality assessment algorithm.30 The remaining spectra
were searched with the SEQUEST algorithm, version 27,18 against the European
Bioinformatics Institute (EBI) human International Protein Index (IPI) database (version 3.01;
release date November 1, 2004) (ftp://ftp.ebi.ac.uk/pub/databases/IPI/current) and
concatenated to a decoy database in which the sequence for each entry in the original database
was reversed.31 SEQUEST results were assembled and filtered using the DTA-Select program
at threshold settings that generated a peptide false-positive rate of 0.35%.32 Only proteins
identified with at least two peptide hits, with each peptide containing a tryptic terminus, were
accepted. Under these conditions, the estimated false-positive rate at the protein level was <3%.

Summary: University of California—Los Angeles and University of Southern California

Ten adult subjects (6 females and 4 males), of various ethnic and racial backgrounds, ranging
in age from 22 to 30 years, were recruited. Saliva collection took place on a monthly basis and
was performed between the hours of 9 and 11 a.m. Parotid saliva was obtained as the ductal
secretion using a cup-like device.27 Stimulated parotid, SM, and SL salivas were collected by
the repeated application of an aqueous citric acid solution (2%). Separate SM and SL secretions
were acquired using a saliva collector, described by Wolff and co-workers,33 that was fitted
with a sterile 100-μL pipet tip. Collection volumes over a 10-min period ranged from 500 to
2000 μL for parotid saliva, 50–100 μL for SL saliva, and 100–500 μL for SM saliva.

The saliva samples were separated by a number of methods, including 2-D SDS-PAGE,
reversed-phase LC on a C4 column, and ZOOM IEF. For some experiments, individual
isoelectric point (pI) fractions from ZOOM IEF fractionation were trypsin-digested, and the
tryptic peptides were subjected to either online (LC-MS/MS) or off-line strong cation-exchange
chromatography (with ammonium formate). LC-MS/MS of peptide mixtures was performed
on an Applied Biosystems (Foster City, CA) QSTAR Pulsar XL (QqTOF) mass spectrometer
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equipped with a nanoelectrospray interface (Protana, Odense, Denmark) and an LC Packings
(Sunnyvale, CA) nano-LC system.

Proteins were identified using the Mascot database search engine (Matrix Science, London,
U.K.). All searches were performed against the EBI human IPI database (version 3.03; release
date February 5, 2005). For the protein sequence searches, the following variable modifications
were set: carbamidomethylation of cysteines, cyclization of N-terminal carbamoylmethyl
cysteines, and oxidization of methionines. For saliva samples prefractionated by in-solution
IEF, DMA modification of cysteines was added to the variable modification list. In all searches,
one missed tryptic cleavage was allowed, and a mass tolerance of 0.3 Da was set for the
precursor and product ions. A Mascot score of >25 with a p-value <0.05 was considered a
significant match. False-positive rates were determined using the method of Elias and co-
workers34 and described on the Matrix Science Web site (www.matrixscience.com). Briefly,
false-positive rates (FPR) were calculated by multiplying the number of false-positive
identifications (hits to the decoy database constructed from randomized sequences) and
dividing by the number of total identifications. Thus, FPR = FP/(FP + TP), where FP is the
number of false-positive hits, and TP is the number of true-positive hits. The estimated FPR
was determined to be ≤2%. The MS/MS spectra for each peptide were manually examined to
verify the identification.

Summary: University of California—San Francisco

Saliva samples were obtained from 10 adult subjects (5 males and 5 females). SM/SL and
parotid gland secretions were collected simultaneously between 2 and 4 p.m. Parotid saliva
was obtained using a Lashley cup.27,35 A combination of SM/SL salivas was collected using
a custom-fitted Block and Brotman collector that fit snugly on the floor of the mouth.28 Gland
secretion was enhanced by gustatory stimulation with a solution of 2% citric acid. All samples
were collected on ice for a maximum duration of 30 min.

The samples were analyzed using a variety of workflows, including 2-D SDS-PAGE followed
by MS analyses using published methods.36 Additional fractionation procedures included
ZOOM IEF, strong cation-exchange chromatography on a polysulfethyl A column, and
ultrafiltration. For ultrafiltration, saliva samples were transferred to 10-kDa-cutoff Vivaspin
ultrafiltration devices and centrifuged at 10 000g at 4 °C for 60 min. The filtrate (native
peptides, fraction I) was stored at −20 °C until further analysis. The retentate was washed twice
with 25 mM ammonium bicarbonate containing 150 mM NaCl to release trapped peptides.
Both filtrates were combined and stored as fraction II (released peptides). The remaining
proteins were recovered by adding more of the same buffer, after which the filter device was
inverted and the centrifugation step was repeated. Proteins were reduced with dithiothreitol,
and the sulfhydryl groups of the cysteine residues were alkylated by adding iodoacetamide as
described above. Subsequently, 0.1% (w/w) sequencing-grade trypsin was added, and the
sample was incubated overnight at 37 °C. The reaction was stopped by the addition of 5%
trifluoroacetic acid. Tryptic peptides (fraction III) were recovered as the ultrafiltrate of the
reaction mixture. Tryptic and native peptides in these fractions were analyzed by either LC-
MALDI TOF/TOF MS (4800, Applied Biosystems, Foster City, CA) or LC-QqTOF MS on
an Applied Biosystems QSTAR Pulsar XL instrument equipped with a nanoelectrospray
interface.37

MS data were analyzed using a laboratory information system, created in-house, that uses
Mascot Distiller for spectral processing and peak detection. Peptide identifications were
accomplished using the Mascot algorithm (version 2.1) to search against human proteins in the
Swiss-Prot (version 50; release date May 2, 2006) and IPI (version 3.15; release date February
22, 2006) databases. For the protein sequence searches, carbamidomethylation of cysteines
was set as a fixed modification, and the following variable modifications were used:
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deamidation of asparagines and glutamine residues, and oxidization of methionine sand
cyclization of N-terminal glutamines. For saliva samples prefractionated by in-solution IEF,
DMA modification of cysteine was used as a fixed modification. In all searches, up to three
missed tryptic cleavages were allowed, and a mass tolerance of 150 ppm and 0.1 Da was set
for the precursor and product ions, respectively. Peptide-spectral matches with expectation
values <0.05 were considered significant. To estimate the rate of false-positive identifications,
we searched all spectra against a decoy database created by randomizing each protein in IPI
with the Mascot decoy tool (http://www.matrixscience.com/help/decoy_help.html).31 In all
cases, the peptide false-positive identification rate was <3%. The MS/MS spectra for each
peptide were manually examined to verify the identification.

Data Submission and Centralization

Data collected by the participating groups were submitted to the proteomics database hosted
by the University of California—Los Angeles (http://www.hspp.ucla.edu). The central
repository (proteomics database) stores the information according to proposed guidelines for
reporting MS data. Recorded information includes saliva sample source (parotid or SM/SL),
peptide and protein identifications, post-translational modifications, MS instrumentation used
in the analysis, peak list file records, and database search programs.38,39 Quality of the peptide
and protein identifications was determined by the individual research groups; no further
validation was performed in the central database. The data were submitted in an XML format
using a template that was specially created for this purpose. The relational database schema,
XML template, and Web interface to the central repository can be viewed through the
http://www.hspp.ucla.edu Web site that is dedicated to this project. In addition, The Scripps
Research Institute (http://fields.scripps.edu/public/project/saliva) and the University of
California—San Francisco (http://www.salivarium.ucsf.edu) host Web sites that include
information specific to their research groups.

Data Standardization and Integration

The three research groups used the IPI database to derive peptide and protein identifications.
IPI, however, is updated frequently, and each group used a different version. For purposes of
integration, protein identifications submitted by the three groups were standardized to version
3.24 of IPI (release date December 1, 2006). Specifically, the submitted protein identifications
were mapped to this database by an approach previously utilized by the Human Proteome
Organization (HUPO) Plasma Proteome Project.40 Each protein identification was submitted
with the protein accession number and a list of experimentally observed peptide sequences.
These peptide lists were searched against IPI v.3.24. An IPI v.3.24 protein was selected
whenever its sequence contained subsequences of residues identical to all the experimentally
determined peptides associated with the original submitted protein identification. Peptide lists
that could not be matched exactly with a protein in IPI v.3.24 were excluded from further
analysis. In total, 2.9% of the submitted peptides were excluded during the standardization
process, which was attributable to the 5% allowed mismatch between database entries.41 This
value is similar to the reported 2% of peptide sequences lost in the plasma proteome integration
process.40

Clustering of Equivalent Protein Identifications

Frequently, a peptide sequence list for a protein matched more than one entry in the reference
database. Peptide-based evidence cannot distinguish between these redundant identifications,
which likely represent protein homologues and isoforms. Therefore, protein identifications
were grouped into clusters whenever identifications were made with identical peptide lists.
Following a strategy established by the HUPO Plasma Proteome Project, these clusters of
equivalent protein identifications were further grouped together whenever the peptide list for
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a cluster was a subset of the peptide list of another cluster.40 Finally, the resulting groups of
clusters were used to select a single representative for the entire group. The choice of the
representative protein was based on the idea that the protein most likely present in the sample
is the one that is reported by the maximum number of research groups with the maximum
amount of peptide evidence. Specifically, the representative protein for a grouped set of clusters
was chosen by applying the following procedures sequentially: (A) Determine the number of
research groups (one, two, or three) reporting each protein in the cluster. The proteins with the
maximum number of reports are chosen from the cluster. (B) Measure the number of distinct
peptide sequences reported for each protein identification in the cluster. The protein
identifications with the highest number of distinct peptide sequences are selected. (C) The
protein that has a well-defined description in the IPI v.3.24 database or that is cross-referenced
to the UniProt/Swiss-Prot databases is selected in preference to one described as
“hypothetical,” “putative,” “fragment,” “similar to,” “kDa” or “CDNA.” (D) Select the protein
with the lowest IPI accession number.

The standardization, clustering, and representative protein selections were performed based on
the protein and peptide identifications from the two salivary sources, parotid and SM/SL. The
relationships between the salivary source and the respective peptide and protein identifications
were constructed under the relational database. During the integration process, consideration
was given to how to combine the identifications from the two salivary sources. In principle,
the integration could be performed independently for parotid and for SM/SL. In this case,
representative proteins would be selected as a result of two separate processes. Two concerns
emerged: (1) Since the amount of peptide evidence is one criterion that is applied during the
selection process, the independent procedures could choose two different representatives for
proteins that are present in both sources at different abundances. (2) A protein that is identified
in both sources (parotid, SM/SL) with different peptide evidence could cluster with different
proteins. The representative proteins chosen for the two clusters would not necessarily be
identical, especially in cases where ties existed during the selection procedures. For these
reasons, the combined information from both sources was used for clustering and selection of
representative proteins. Calculation of the number of distinct peptide sequences was based on
the information from both sources. To create source-specific identifications after the
representative protein selection, protein and peptide identifications derived from the specific
salivary sources were extracted from the relational database.

Comparison of the Human Salivary Proteome with the Plasma and Tear Proteomes

As a first step, we downloaded a set of 889 high-confidence plasma protein identifications
(http://www.bioinformatics.med.umich.edu/hupo/ppp) made by searching IPI v.2.01.42 The
tear proteome data set with 491 protein identifications made from an unknown version of IPI
was downloaded from http://genomebiology.com/2006/7/8/R72#IDAKPTNE.43 Then the
peptide lists were mapped to IPI v.3.24 and clustered as described above. Because of changes
in IPI database versions, the numbers of plasma and tear proteins were reduced to 657 and 467
proteins, respectively. Representative proteins for the plasma and tear protein clusters were
selected as described above and compared with the parotid and SM/SL proteomes.

Immunoblotting

Immunoblotting was carried out as described previously.44 Briefly, samples of parotid and SM/
SL salivas collected as the ductal secretions from 5 female and 4 male donors were
electrophoretically separated on NuPAGE 4–12% BIS-TRIS polyacrylamide gradient gels
(Invitrogen). In one experiment, the apolipoprotein E (apoE) analysis, an additional two
samples that were collected from male donors were analyzed. Whole saliva samples were
collected from 10 females and 2 males. To visualize the protein bands, some gels were stained
with Coomassie brilliant blue. For immunoblotting, duplicate gels were transferred to
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nitrocellulose membranes, and nonspecific binding was blocked by incubating the transfers
for 1 h in PBS-T-blotto containing 0.05% Tween-20 and 5% nonfat dried milk. Thereafter, the
membranes were incubated at 4 °C in T-blotto containing the following primary antibodies (2
μg/mL unless otherwise indicated): goat polyclonal anti-human apoE (Chemicon International,
Temecula, CA); murine monoclonal antibody (mAb) versus recombinant human tissue
inhibitor of metalloproteinases 1 (TIMP-1) (Lab Vision Corp., Fremont, CA); rabbit polyclonal
anti-human KLK-1 (Abcam, Inc., Cambridge, MA); murine mAb versus human
carcinoembryogenic antigen (CEA) clone II-7 (Dako North America, Inc., Carpinteria, CA);
murine mAb versus human prostatic acid phosphatase (1:5, v/v; AbD Serotec, Raleigh, NC);
rabbit polyclonal anti-human calpain-1 (large subunit; EMD Chemicals, Inc., San Diego, CA);
and murine mAb versus human HLA-G (produced in the Fisher laboratory).45 After overnight
incubation, the blots were washed three times for 5 min each in PBS containing 0.05%
Tween-20. Binding of primary antibodies was detected by incubating the membranes for 1 h
with a horseradish peroxidase-conjugated secondary antibody (Jackson Immuno Research
Laboratories, Inc.) to the relevant isotype diluted 1:1000 (v/v) in T-blotto. Immunoreactive
bands were visualized using chemiluminescence.

Results

To allow comparison and analysis, the data sets from the three research groups were merged
into a central repository hosted by the University of California—Los Angeles. The three groups
operated independently, with variations in donors, sample collection procedures, separation
strategies, and data acquisition and analysis. As a result, different numbers of proteins were
identified by each group (Table 1). In total, the three research teams submitted 173 811 peptide
and 68 789 protein identifications. These produced 11 592 distinct peptide sequences that
matched 2153 distinct protein accession numbers (ACs) (1682 parotid, 1623 SM/SL)
(Supplemental Tables 1 and 2 in Supporting Information). Overall, the integration process
yielded 1166 nonredundant clusters, with each cluster containing at least one peptide that was
distinguished from peptides used in other clusters; 642 contained a single AC, 524 contained
more than one AC, and the cluster with the maximum number contained 47 ACs (Supplemental
Table 3 in Supporting Information).

Following data integration, a representative protein was chosen from each cluster that
contained isoforms, fragments, or homologues. In general, the representatives were picked
because they were confirmed by the most research groups and conformed to the rules described
in Materials and Methods. Of a total of 1166 representative proteins, 914 were identified from
parotid saliva, and 917 were identified from SM/SL saliva. Fifty-seven percent of the protein
identifications were shared between the two glandular secretions (Figure 1).

To maximize interrogation of the salivary proteome, the three research groups used different
experimental approaches resulting in different numbers of proteins identified: University of
California—San Francisco, 197 parotid and 205 SM/SL; The Scripps Research Institute/
University of Rochester, 855 parotid and 848 SM/SL; and University of California—Los
Angeles/University of Southern California, 401 parotid and 309 SM/SL. In total, 152 parotid
and 139 SM/SL proteins were identified by all three research groups (Figure 2). These proteins
constituted a minimal set of the salivary proteins reflecting differences in the number of
experiments performed and experimental approaches that were the least susceptible to
variations in experimental approach. We termed these proteins the “core minimally
overlapping proteome.” An additional 235 parotid and 167 SM/SL proteins were identified by
at least two groups. The 527 parotid and 611 SM/SL proteins that were identified by only one
group are probably the salivary components that reflect saliva donor and/or methodological
variations.
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We hypothesized that the most abundant proteins would be among those identified by all three
groups. To test this theory, we classified components of the salivary proteome based on several
criteria: (A) the research group that identified the protein, (B) the salivary gland where it was
produced, and (C) the sequence coverage (high, intermediate, or low). The classified proteins
were listed in a matrix, and the matrix was displayed using Array Viewer software (Figure 3).
The Array Viewer was created using the Genesis software tool.46

We also created a histogram that displays the sequence coverage of individual proteins
according to the number of research groups that made a particular identification (Figure 4A).
There was a strong positive correlation between the sequence coverage and membership in the
core proteome. Proteins that were identified by a single research group had low sequence
coverage, on average 16%, whereas proteins that were identified by all three groups had an
average sequence coverage of 62%. However, there were notable exceptions: a few proteins
at the low end of sequence coverage were detected by all three groups. This subproteome
included the highly glycosylated SM/SL protein MUC5b, illustrating the fact that post-
translational modifications and/or unusual amino acid sequences limit peptide generation and/
or MS detection. We also compared a protein’s predicted cellular location with the number of
research groups making the identification (Figure 4B). Overall, the entire salivary proteome
was enriched in extracellular proteins as compared to the IPI human reference data set. Proteins
that are well-known components of salivary secretions, such as α-amylase, cystatin, histatin,
proline-rich proteins, and mucins, were prominently represented in the core proteome.
Interestingly, proteins identified by a single group were more likely to be associated with the
nucleus, cytoplasm, or plasma membrane than were proteins reported by all three groups.
However, exceptions were noted. For example, the core proteome included one protein that
was specific to SM/SL saliva: Golgi phosphoprotein 2.

As expected, the salivary protein components reported in this study covered a wide range of
molecular masses and pIs (Figure 5). With regard to molecular mass distribution, 46.6% of the
human salivary proteins identified were ≤40 kDa, 44.6% were between 40 and 120 kDa, and
8.7% were ≥120 kDa. The human urine proteome has a similar molecular mass distribution.
47 As with the urine study, the distribution of pIs of salivary proteins was broad, ranging from
3.38 to 12.56. However, the majority of salivary proteins had a pI between 4 and 8, indicative
of a large number of acidic species (pI 4–5) that play an important role in buffering this
biological fluid. The maintenance of a neutral pH in the oral cavity is critical to oral health and
taste sensation.

To obtain a functional overview, we searched the salivary proteome against gene ontology and
protein pathway databases using slim definitions. The results showed that 568 nonredundant
parotid and 578 SM/SL proteins mapped to the cellular components, 647 parotid and 658 SM/
SL proteins had molecular functions, and 582 parotid and 594 SM/SL proteins were associated
with biological processes (Supplemental Table 4 in Supporting Information). Given their
nearly identical composition, we expected that parotid and SM/SL proteins would be similarly
distributed across the gene ontology slim categories. With regard to location, a high proportion
of the parotid and SM/SL proteins mapped to the extracellular region; others localized to the
plasma membrane, cytoplasm, organelles, or cytoskeleton or formed protein complexes (Figure
6A). With regard to molecular functions, salivary proteins had binding, catalytic, structural,
and enzymatic activities (Figure 6B). With regard to biological processes, parotid and SM/SL
protein constituents had the highest distribution in metabolic and regulatory pathways (Figure
6C).

About a quarter of the salivary proteins reported in this study were classified as hypothetical
and, as such, lacked annotations (Figure 6, “unknown”). To provide insights into their possible
functions, sequence similarities to proteins with known functions were assessed using the PSI-
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BLAST search engine, which enables template modeling. The results showed that a number
of these hypothetical proteins showed sequence similarities to immunoglobulins and
extracellular matrix components.

The salivary proteins were also searched against protein pathway databases, revealing 434
entries in BioCarta and 887 entries in KEGG. As expected, these proteins were involved in a
number of metabolic processes involving amino acids (123 entries), carbohydrates (157
entries), energy utilization (80 entries), glycans (78 entries), lipids (31 entries), secondary
metabolites (17 entries), biodegradation of xenobiotics (21 entries), and cofactors/vitamins (16
entries) (Supplemental Table 5 in Supporting Information). This analysis also showed that
some salivary proteins functioned in the complement cascade and coagulation, a possible sign
of plasma leakage. The presence of other proteins that play a role in cell adhesion and
communication, cell cycle progression, and regulation of the actin cytoskeleton could be
attributable to cellular debris arising from degradative processes such as apoptosis or breakage
during prolonged secretion. Interestingly, a number of the salivary proteins mapped to
pathways involved in neurode-generative conditions (Alzheimer’s, Huntington’s, and
Parkinson’s diseases), cancers (breast, colorectal, and pancreatic), or type I/II diabetes.

We were also interested in comparing the human salivary proteome with that of human plasma
and tears. To address the possible origin of plasma proteins, we made correlative comparisons
between the two proteomes. The results showed that 192 of 657 plasma proteins were found
in human saliva, including the most abundant species, which is possible evidence of vascular
leakage or the contribution of fluid from the interstitial compartment (Figure 7). Given the fact
that the parotid gland is composed entirely of serous acini and that the SM/SL glands also
contain these elements, we investigated the degree to which the salivary proteome resembles
that of other serous glands. For comparison, we chose tear fluid, which is produced by the
lacrimal gland, a serous structure (Figure 7).43 In total, 259 proteins identified as components
of either parotid or SM/SL saliva were present in lacrimal gland secretions, representing
approximately 55% of the available tear proteome. Confirming earlier results, individual
protein species that were common to all the glands included cystatins B, C, SA, S, and SN,
zinc-alpha-glycoprotein, and prolactin-inducible protein.48 In addition, our work showed that
all glands contained dermcidin, MUC5b, MUC7, and cathepsins B and D. There were also
notable differences. For example, as previously reported, secretion of histatins and acidic,
basic, and glycosylated proline-rich proteins, with the exception of PRP4 and PRP1, was
specific to salivary glands.49 In addition, we found that cystatins A and D, calnexin, PDI, and
cathepsins H and S were specific to salivary gland secretions. Finally, protein components
unique to tear fluid included lactadherin, aspartyl aminopeptidase, and lupus La protein.

In additional experiments, we used an immunoblot approach to confirm the presence in saliva
of a portion of the proteins that were identified by MS techniques. Figure 8A shows the
electrophoretic profile, visualized by staining the gels with Coomassie brilliant blue, of the
nine individual samples of ductal saliva that were analyzed in most of the experiments. In
general, we selected for validation salivary components outside the core proteome that had low
sequence coverage and for which well-characterized antibodies existed. Overall, the results of
these experiments showed that proteins in the relatively low confidence end of the salivary
proteome were found in at least a subset of the ductal or whole saliva samples that were
analyzed. For example, a mAb that specifically recognized a complex glycopeptide epitope
carried by CEA (CD66) reacted with a band that corresponded to the estimated molecular mass
(~180 kDa)50 of CEA, primarily in several SM/SL samples (Figure 8B). Kallikrein 1 was
detected as several immunoreactive species, most prominent in parotid saliva, in the range of
the predicted molecular mass (29–38 kDa) spanned by this proteinase (Figure 8C). A goat
polyclonal antibody against apoE reacted with multiple bands. In parotid saliva, the 34-kDa
species corresponded to the predicted molecular mass of the apoE monomer (Figure 8D, left).
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The electrophoretic mobility of the lower-molecular-mass band was consistent with previously
published data regarding the major product of cathepsin D processing of the full-length protein.
51,52 The higher-molecular-mass immunoreactive proteins may be heteromeric complexes of
apoE and apoAII (Figure 8D, apo[AII-E] and apo[AII-E-AII]), which have been detected in
cerebrospinal fluid.53 In SM/SL saliva, immunoreactive bands with the molecular mass of
apoE/apoAII complexes were also observed along with higher-molecular-mass species that
corresponded to the relative electrophoretic mobility of apoE/β-amyloid heterodimers.54 With
regard to TIMP-1, immunore-active bands that were higher than the predicted molecular mass
(29 kDa)55 were detected only in SM/SL saliva (Figure 8E). This molecule’s ability to form
complexes with matrix metalloproteinase (MMP) 2 (72 kDa)56,57 is a likely explanation,
whereas association with an MMP that had lost its hemopexin domain58 or activated MMP-7
(19–21 kDa)59 could explain the ~50-kDa immunoreactive band that was present in some
samples. We were also interested in whether antigens could be detected in whole saliva, the
most likely fluid to be employed in diagnostic tests. Accordingly, nitrocellulose replicas of
electrophoretically separated whole saliva samples were probed with anti-HLA-G.45 Most of
the samples contained an immunoreactive band of 50 kDa, which corresponds to the
glycosylated form of this molecule (Figure 8F). Figure 8G shows that both parotid and SM/
SL salivas contain a protein of the expected molecular mass (45 kDa)60 that reacts with anti-
human prostatic acid phosphatase. Finally, some samples contained the largest subunit of
calpain-1 in its latent (~80 kDa) and active (75–78 kDa) forms;61 the 58-kDa form may be a
proteolytic fragment of this autolytic molecule.62

Finally, we noticed that a high proportion of the salivary identifications were annotated as
protein precursors; however, in many cases, these were sequences that included a signal peptide
that is co-translationally cleaved in the endoplasmic reticulum. Therefore, this was simply the
result of selecting representative proteins for an individual cluster that had the longest sequence.
40 Another contributing factor could be the inherent characteristics of the IPI database, which
was created using the same strategy we used to pick a prototypical representative from a group
of homologous proteins with highly related sequences. Additionally, the annotations are
derived from mRNA sequences, cDNA libraries, and automatic gene prediction programs.41

To determine if precursor forms of proteins were actually secreted, we extracted the location
of signal peptides of salivary proteins from the UniProt database and looked for evidence of
peptides that contained the corresponding sequences. Of the 250 salivary proteins that
contained an N-terminal signal peptide, we found evidence for only 7 such peptides. Finally,
a manual check of the IPI database showed that all the amylase entries were annotated in the
IPI database as precursors. Therefore, we concluded that the salivary proteins annotated as
precursors are most likely secreted as the mature forms of the proteins.

Discussion

A consortium of three research groups was formed to produce a catalogue of the human salivary
proteome with maximal coverage. This work provides a framework to consolidate other MS-
based analyses of saliva. Previously published studies are summarized in Table 2 and reviewed
in several publications.63–67 Many of these investigators employed samples of whole saliva,
which, in addition to secretions from the parotid and the SM/SL glands, contains the protein
products of the cells that make up the oral cavity, minor gland and nasal secretions, gingival
crevicular fluid, and contributions from microorganisms.68–73 Other investigators focused on
subsets of salivary secretions. For example, 2-D SDS-PAGE separation followed by MS
identification was used to characterize parotid, SM, SL, and/or SM/SL salivas collected as the
ductal secretions.36,74,75 Other investigators targeted the salivary glycoproteome for analysis.
76,77 Still others focused on pellicle components, the subset of proteins that adhere to the tooth
surface.78,79 Finally, it will be interesting to compare the salivary gland transcriptomes and
proteomes, an effort that has already begun, with this secretion-based proteome.80
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The results of the work reported here also highlight the impact of methodological differences
on the number of protein identifications that were made. For example, the groups at University
of California—San Francisco and University of California—Los Angeles/University of
Southern California used a larger sample size of donors than The Scripps Research Institute/
University of Rochester group, who wanted to probe more deeply into the proteome. In other
words, the objective of their coordinated fractionation/mass spectrometry approach was to
improve coverage of the salivary proteome and access low-copy proteins. In addition, the
workflow at The Scripps Research Institute/University of Rochester illustrates the fact that
high-coverage analysis and detection of the proteome is possible if high-copy-number proteins
are purified away from low-copy-number components and if a sufficient quantity of starting
sample is employed. Such large-scale protein purification methods coupled with high-
throughput LC-MS technology identified 914 and 917 proteins in parotid and SM/SL salivas,
respectively. Purification of microgram quantities of low-copy-number proteins with an
abundance of 1 in 100 000 required considerable amounts of starting material. Considering a
purification yield of 10%, this objective required 10 μg of low-copy-number proteins and
106 μg of total starting saliva sample. Collection and fractionation of a total quantity of salivary
proteins at an order of magnitude above this 1-g target were required to achieve substantial
coverage of the salivary proteome. To this end, nearly 3 L of saliva was obtained and dialyzed
to yield a dry weight of 10 g of lyophilized material. Dialysis was essential to remove a large
quantity of low-molecular-mass components. Because salivary isoform distribution was
expected to vary across the population, repeated collections of salivary samples were pooled
from only one donor before a large-scale purification effort was initiated. In addition, parotid
saliva was collected, pooled, and fractionated separately from SM/SL saliva. MS analysis was
conducted on the starting material and fractions from chromatographic runs. Multidimensional
chromatographic steps were also conducted to facilitate the fractionation of low-copy-number
proteins from abundant species. Some Golgi enzymes with low-copy numbers are known to
be secreted or shed into saliva and other fluids at very low rates.81 However, extensive protein
fractionation and large-scale protein purification were required to detect this class of low-copy-
number proteins; GALNT-1, -2, -5, -6, -7 (and other glycosyltransferases) were, in fact,
detected with spectral counts ranging from 2 to 6 only in the large-scale saliva preparations
(Supplemental Table 2 in Supporting Information).

Ultimately, the value of a compiled proteome depends on whether the mass spectrometric
identifications, particularly those at the low end of the confidence spectrum, are accurate, for
example, HLA-G, which was not included in the final protein catalogue because only a single
peptide was identified by one group. To begin to address this question, we used an immunoblot
approach and ductal saliva samples collected by the University of California—San Francisco
group to verify the presence of novel components and proteins that were identified by one
research team, which in most cases was The Scripps Research Institute/University of
Rochester. The results of these experiments showed that, in the vast majority of cases, we
detected the immunoreactive bands that corresponded to either (a) the predicted molecular
mass of the antigen of interest or (b) complexes that contained the relevant protein. Category
(a) included CEA, kallikrein, HLA-G, prostatic acid phosphatase, and calpain. Category (b)
contained apoE and TIMP-1. In the latter cases, the band patterns corresponded to the published
results of other groups that have characterized protein interactions involving these antigens.
ApoE forms complexes with apoAII and β-amyloid;54 TIMP-1 binds to MMP-2 and -7.56–59

The results of these experiments led us to infer that other proteins that were not detected with
the MS approaches were also in saliva, for example, β-amyloid and MMP-7. Other immunoblot
experiments, for example, probing nitrocellulose blots of electrophoretically transferred ductal
saliva samples with an antibody that specifically reacted with the transmembrane tyrosine
kinase receptor ephrin A1, revealed a band of the expected molecular mass, predominantly in
SM/SL saliva. However, most of the immunoreactivity was associated with very high
molecular mass material that barely entered the separating gel (data not shown). The same
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situation occurred in the HLA-E analyses (data not shown). Of the 10 proteins we chose for
verification, only one, MUC16, was not detected using an immunoblot approach.

Interestingly, there were noticeable differences in the antibody reactivity among donors and
secretions, suggesting that the composition of the primary salivary proteome is gland-specific
and may differ among individuals; formation of protein complexes is another source of sample-
to-sample variation. These findings are in agreement with the concept of population
proteomics, the subdiscipline that explores protein diversity within and across populations.82

It will be important to explore this heterogeneity in the context of oral health and disease, as
it is likely that individual differences are biologically relevant. Thus, we expect that the
variations we observed and the myriad more that are likely to emerge from subsequent analyses
of the various salivary proteomes that have been assembled may eventually lead to the
development of clinically useful biomarkers.

Compilation of the salivary proteome is the first step in identifying aberrations in the protein
and/or peptide composition of saliva that track with disease processes. These aberrations are
potential diagnostic and/or prognostic markers that could be used in a variety of
nanotechnology-based formats being devised by another NIDCR-funded initiative (reviewed
by Wong).66 With regard to oral diseases, IL-1 polymorphisms appear to track with periodontal
disease;83,84 MUC7 levels in elderly patients predict Streptococcus mutans titers,85 and
proteolytic processing of parotid salivary proteins diverges among individuals with different
caries experiences.86 Sjögren’s syndrome, which leads to hyposalivation, is associated with a
rise in the concentration of several major salivary proteins.87 Oral cancer is also associated
with alterations in salivary composition. For example, PCR using saliva samples correlated
p53 mutations with oral squamous cell carcinoma lesions;88 the presence of IgG and IgA
antibodies against this cell cycle regulator has been used for the same purpose.89 It is envisioned
that the generation of a comprehensive catalogue of parotid and SM/SL salivary proteins will
provide an opportunity to evaluate the utility of a number of novel candidate biomarkers (e.g.,
MMP-9, TIMP-1, serpin B12, and kallikreins 1 and 11) for evaluating oral diseases.

In addition, salivary constituents are being used to monitor systemic conditions.8,90–93 For
example, α-amylase levels correlate with catecholamine activity, a measure of stress.94

Hormone levels are particularly useful for a variety of purposes, including the assessment of
ovarian function.95 The use of saliva samples for HIV testing is now common,96 and the
diagnosis of Helicobacter pylori infections is possible.97 With regard to nonoral cancers,
salivary CA125 expression and epidermal growth factor levels have diagnostic value in ovarian
cancer and breast cancer, respectively.98,99 Our data suggest that a number of other markers
of systemic disease may also be present in saliva. A recent example is the discovery of a panel
of IFN-regulated proteomic and genomic biomarkers in whole saliva that are highly
discriminatory of patients with primary Sjögren’s syndrome.100

Finally, we note the difficulties inherent in determining when any given proteome nears
completion. For example, polymorphic isoforms, post-translational modifications, unique
splice variants, deletions, and truncations are extremely difficult to characterize. Furthermore,
large-scale proteomics methods based on bottom-up strategies rarely detect unknown isoforms
and may misinterpret the presence or absence of documented isoforms, particularly in cases
where assignments are made on the basis of low sequence coverage. We note that in this
analysis these methods were used to collect as many protein entries as possible for the initial
edition of the secreted salivary protein catalogue. Thus, more sophisticated methods that target
specific questions involving post-translational modifications, splice variants, protein
quantification, and other issues must be used to fill in the gaps. It is likely that top-down
proteomic strategies will be able to address the question of polymorphic isoforms, as molecular
weight measurements of intact proteins can yield this type of information.101 Although current
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top-down proteomics strategies are not amenable to high-throughput measurements and thus
are used to answer highly focused questions, approaches such as top-down and de novo

sequencing may become the methods of choice to address the complexity inherent in biological
fluids such as human saliva.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Human parotid and SM/SL salivas share many of the same protein components. The protein
composition of each ductal fluid is presented as a Venn diagram. Fifty-seven percent of proteins
were found in both parotid and submandibular/sublingual (SM/SL) salivas, whereas 27% were
unique to the gland(s) of origin.
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Figure 2.

Venn diagrams illustrating the number of parotid (left) and SM/SL (right) proteins that were
identified at each research site. Areas of overlap depict the number of proteins that were
contributed by more than one group, with the core proteome—proteins that were identified by
all three groups—shown in the center. Areas where the circles diverge show the number of
protein identifications that were site-specific. Differences are likely attributable to the different
methodologies employed by each research team.
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Figure 3.

Array view of the minimally overlapping human salivary proteome. Data were grouped
according to the research team that identified each protein, the salivary gland where it was
produced, and percent sequence coverage. The extent of coverage positively correlated with
the number of research groups that identified a particular protein. The core proteome included
one SM/SL-specific protein. Blue, protein identified; yellow, protein not identified; red, high-
sequence coverage; yellow, intermediate-sequence coverage; and green, low-sequence
coverage.
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Figure 4.

Sequence coverage and cellular origin of salivary proteins identified by single or multiple
groups. (A) Histogram of the sequence coverage for proteins that were identified in parotid
and SM/SL salivas. The shaded areas depict the number of proteins that were reported by one
(gray), two (dark gray), or all three (black) research groups. (B) Comparison of the cellular
location of salivary proteins identified by one, two, or all three research groups with a reference
data set containing all human IPI database entries. Ratios of protein associations with the
extracellular, plasma membrane, cytoplasm, or nuclear subcellular compartments were
calculated using Ingenuity software. In some cases, this information was not known.
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Figure 5.

Molecular mass and pI distribution of the entire human salivary proteome. (A) The distribution
was skewed to relatively low-molecular-mass components. (B) In contrast, the salivary proteins
had a relatively broad range of pIs.
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Figure 6.

Relative allocation of the proteins identified in parotid and SM/SL saliva according to their
gene ontology annotations. Components of both fluids were similarly distributed with regard
to cellular locations (A), molecular functions (B), and biological processes (C). A high
percentage of salivary proteins are predicted to be extracellular components or to reside within
organelles (A). Salivary proteins were commonly involved in binding and catalysis (B). Parotid
and SM/SL proteins had the highest distribution in metabolic and regulatory pathways (C).
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Figure 7.

Human parotid and SM/SL gland secretions share many protein components with human tears
and plasma. (A) Areas of overlap depict the number of proteins that were identified in both
tears and parotid (top) or SM/SL saliva (bottom). (B) Similarly, parotid (top) and SM/SL gland
secretions (bottom) contained a substantial number of proteins that are also found in plasma.
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Figure 8.

Detection of novel salivary proteins and those with low sequence coverage. An immunoblot
approach was used to confirm the presence in saliva of a portion of the proteins that were
identified by using MS approaches. Most of the analyses shown employed parotid and SM/SL
saliva samples collected as the ductal secretions from 5 females (lanes 1–5) and 4 males (lanes
6–9). As shown in panel F, whole saliva samples were collected from 10 females (lanes 1, 4–
12) and 2 males (lanes 2–3). Proteins were selected for validation based on the number of
research groups that reported the identification and the extent of sequence coverage. In general,
emphasis was placed on the analysis of novel components and proteins with the least MS
evidence of their presence in ductal saliva. (A) Samples were separated on 4–12% BIS-TRIS
gradient gels under reducing conditions, and proteins were visualized by staining with
Coomassie brilliant blue. Immunoblots detected the following: (B) CEA (IPI00027486, 6%
sequence coverage, 1 group reporting), (C) kallikrein-1 (IPI00304808, 89% sequence
coverage, 2 groups reporting), (D) apoE (IPI00021842, 21% sequence coverage, 1 group
reporting), (E) TIMP-1 (SM/SL only, IPI00032292, 67% sequence coverage, 2 groups
reporting), (F) HLA-G alpha chain, a nonclassical class I histocompatibility antigen (whole
saliva, IPI00015988; a single peptide was sequenced by 1 research group), (G) prostatic acid
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phosphatase (IPI00396434, 8% sequence coverage, 1 group reporting), and (H) calpain-1
catalytic subunit (IPI00011285, 15% sequence coverage, 1 group reporting). E, apoE; AII-E,
a complex of apoAII and apoE; AII-E-AII, AII-E with an additional apoAII; E-β-amyloid, a
complex of apoE and β-amyloid.
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Table 2

Summary of Published LC-MS/MS Data in Terms of the Protein Components of Whole Saliva

method reference no. of protein IDs

2-D SDS-PAGE-LC-MS/MS 72 309

2-D LC-MS/MS 69 102

Free flow electrophoresis-LC-MS/MS 102 437

Capillary IEF-LC-MS/MS 73 1381
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