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ABSTRACT: Saliva plays many biological roles, from lubrication and digestion to regulating bacterial and
leukocyte adhesion. To understand the functions of individual components and families of molecules, it
is important to identify as many salivary proteins as possible. Toward this goal, we used a proteomic
approach as the first step in a global analysis of this important body fluid. We collected parotid saliva as
the ductal secretion from three human donors and separated the protein components by two-dimensional
SDS-polyacrylamide gel electrophoresis (2D SEFAGE). Proteins in gel spots were identified by peptide
mass fingerprinting, and the results were confirmed by tandem mass spectrometry of selected peptides.
Complementing this approach we used ultrafiltration to prepare a low-molecular-weight fraction of parotid
saliva, which was analyzed directly or after reversed phase high-performance liquid chromatography
separation by using mass spectrometric approaches. MS analyses of 2HPEBE spots revealed known
components of saliva, including cystatins, histatins, lysozyme, and isoforms and/or fragme@tsgiase,
albumin, and proline-rich proteins. We also discovered novel proteins, such as several isoforms of Zn-
o-2-glycoprotein and secretory actin-binding protein. MS analyses of the ultrafiltrate showed that the
low-molecular-weight fraction of parotid saliva was peptide-rich, with novel fragments of proline-rich
proteins and histatins in abundance. Experiments uSiaigdida albicansas the test organism showed

that at least one of the novel peptides had antifungal activity. Our results show that saliva is a rich source
of proteins and peptides that are potential diagnostic and therapeutic targets.

Saliva is an important determinant of oral health. Besides of whole saliva {5—17), the adsorbed enamel salivary
having a role in digestion, lubrication, and formation of a pellicle (15), and crevicular fluid, which bathes the gingival
pellicle that coats and protects teeth and other oral surfacessulcus (8). On an individual basis, the proteomes of the
salivary components play a central role in regulating the oral major salivary gland secretions (parotid and sublingual/
ecology (). Alterations in the composition of the oral flora submandibular) have been mapped by 2D SP8GE (19,
and/or immune dysfunction are often linked to common oral 20), but MS-based methods for protein identification have
diseases. In turn, changes in salivary composition correlateyet to be applied.
with disease susceptibility and/or progression. Hence, human Why are proteome analyses coming to the fore? Surpris-
saliva is a potential source of novel diagnostic markers andingly, DNA sequences from several different species show
therapeutic target(7). that the human genome, which contain20000 to 25000

In humans, the proteomes of body fluids have been studiedgenes 21—23), is not sufficiently different in size to explain
extensively 8—13), with serum receiving the most attention our functional complexity as compared with simpler organ-
(14). Saliva, its derivatives, and other oral fluids have also isms such asDrosophila melanogasterwhich contains
been subjected to proteomics-type analyses. Several inves-~~13600 genes2d). Therefore, additional mechanisms, such
tigators have used two-dimensional SB®lyacrylamide gel as alternative splicing and posttranslational modificati@as (
electrophoresis (2D SDSPAGE) separation coupled with ~ 26), must play an important role. Salivary proteins present
mass spectrometry (MS) to identify protein spots in samples a rich array of posttranslational modifications: glycosylation,
a particular interest of our grouRT), and phosphorylation
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components of saliva, including acidic and basic proline- dissolved in rehydration buffer: 8 M urea, 2% (3-[(3-
rich proteins (PRPs), statherin, histatin 1, and cystatin SA- cholamidopropyl) dimethylammonio]-1-propanesulfonate),
I1l, have phosphorylated residue®3-30) that are required 100 mM dithiothreitol, 0.5% Pharmalyte, pH 3 to 10 or 6 to
for several of the proteins’ most important functions. For 11, and 0.002% bromophenol blue. The protein concentration
example, dephosphorylation of the acidic PRPs decreasesvas determined by using a 2D Quant kit (Amersham
binding of their phosphorylated N termini to calcium and Biosciences). Immobiline DryStrips (13 cm, pH-30 L
hydroxyapatite §1). Loss of the latter activity is consistent (linear) or 6-11; Amersham Biosciences) were rehydrated
with the observation that phosphorylation is required for overnight in 250uL of each sample that contained 100
incorporation of these proteins into the acquired enamel 400ug of protein. Isoelectric focusing was performed on an
pellicle (32). Likewise, cystatin and histatin 1 binding to IPGphor system (Amersham Biosciences) that executed a
hydroxyapatite depends on phosphorylati88 (34), and the stepwise program for varying the voltage that included a
phosphorylated N terminus of statherin inhibits spontaneous desalting step. After isoelectric focusing, proteins in the IPG
precipitation of calcium phosphatdg, 36). In contrast, the strips were prepared for separation in the second dimension
dephosphorylated form of histatin 1 retains candidacidal by soaking twice for 15 min in SDSPAGE equilibration
activity. buffer (50 mM Tris-HCI, pH 8.86 M urea, 30% glycerol,
Increasing evidence suggests that proteolytic processing2% SDS, 0.002% bromophenol blue) supplemented with 65
is another common posttranslational modification of salivary MM dithiothreitol (first equilibration) and 135 mM iodo-
proteins, best illustrated by cleavages involving histatin acetamide (second equilibratio®. Afterward, the samples
family members. Specifically, the closely related l6t51 were electrophoretically separated (80 V, overnight) on

andHIS2encode histatins 1 and 37—39), from which all precast 16-20% Tris-glycine or Tris-tricine gradient acryl-
the major histatins (histatins 2 and 4 to 11) are derived by amide gels (Jule Inc.) by using the Hoefer-600 electrophore-
tryptic- or chymotryptic-like proteolytic processingQ; 41). sis unit (Amersham Biosciences). The gels were fixed in 45%

Histatins are highly susceptible to further proteolytic deg- methanol, 10% acetic acid for 1 h, and then proteins were
radation, as demonstrated by the identification of smaller Visualized by staining fo2 h with 0.1% Coomassie R250,
histatin fragments in saliva4@, 43) and by the propensity & modified Coomassie blue stain, dissolved in 45% methanol,
of synthetic histatins to undergo processing when they are10% acetic acid. This dye and solvent combination was
incubated with parotid saliva). Proteolytic processing has ~ chosen because preliminary experiments showed that the
also been reported for statherins), PRPs 46, 47), and R-type Coomassie blue stained PRPs more efficiently than
cystatins 48). Therefore, it is not surprising that the low- the G form, a phenomenon that was previously repo&i8et
molecular-weight fraction of human saliva is rich in peptides 55). Gels were destained over 48 h in 5% methanol, 7%
(42, 43, 47, 49, 50), many of which are derived from higher- ~ acetic acid. Digital images of the 2D PAGE maps were
molecular-weight precursors. Furthermore, many of the acquired using a 9800XL ScanMaker (Microtek) gel scanner.
cleavage products have important biological functions, e.g., The gel images were analyzed with Phoretix 2-D Evolution
histatins with antifungal activities4(). software (Nonlinear Dynamics). _
Here we present data that add to our knowledge of the In-Gel Digestion.Electrophoretically separated protein
human parotid salivary proteome. Two-dimensional SDS ~SPOts were excised, stain-stripped three times in 50%
PAGE coupled with MS led to the identification of additional acetonitrile/25 mM ammonium bicarbonate, pH 8.0, dehy-
proteins and novel forms of proteins known to be components dratéd with 100% acetonitrile, and dried in a Speed-Vvac.
of parotid saliva. Ultrafiltration led to the isolation of a €l pieces were rehydrated with a solution of sequencing-
complex fraction composed of salivary protein fragments, grade trypsin (Promega), X@y/mL in 25 mM ammonium
including the smallest fragment of histatin with candidacidal Picarbonate, and the digestion was carried out fora@ h

activity described to date. at 37°C. Peptides were extracted three times by the addition
of 2 volumes of a solution of 50% acetonitrile/5% trifluo-
EXPERIMENTAL PROCEDURES roacetic acid. The extracts were combined and reduced to a
final volume of 5-10 uL.
Collection of Parotid Salia. The protocol for collecting Mass SpectrometryPeptide mass fingerprinting (PMF)

saliva was approved by the Committee on Human Research(56—60) was used for preliminary protein identification.
of the University of California at San Francisco. Informed portions (typically 5%) of the unseparated tryptic digests
consent was obtained from three subjects (2 male, onewere cocrystallized in a matrix af-cyano-4-hydroxycin-
female, ages 30, 24, and 22, respectively) taking no medica-namic acid (5 mg/mL in 50% acetonitrile/0.3% trifluoroacetic
tions, with no overt signs of gingivitis or caries. Parotid saliva acid) and analyzed on a Voyager DE-STR MALDI TOF
was collected (on ice) as the subject’s ductal secretion by mass spectrometer (Applied Biosystems) operating in reflec-
using a Lashley cup as described previoust) (The saliva  tor mode. Mass spectra were produced representing proto-
was clarified by centrifugation (1209010 min) and stored  nated, monoisotopic, molecular ions [MH]of tryptic
at—20°C. peptides from the protein(s) present in each gel spot. The
Two-Dimensional SDSPAGE. Prior to electrophoretic ~ PMF spectra were externally calibrated using the Optiplate
separation, the sample was concentrated and desalted bgcript with a peptide mixture standard (Applied Biosystems).
ultrafiltration through a Microcon centrifugal filter device Typical mass measurement accuracies for external calibration
(nominal molecular weight limit, 3000; Millipore Corp.). routines applied on a Voyager DE STR MALDI TOF mass
Alternatively, the saliva sample was mixed with 3 volumes spectrometer ar&-50—75 ppm. However, in some circum-
of ice-cold acetone, and the protein precipitate was isolatedstances the error can be as hightal00 ppm. Initially, the
by centrifugation (1400§) 10 min). The protein pellets were  mass accuracy tolerance for database searching was delib-
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erately enlarged in an attempt to identify as many proteins
as possible. After this search was completed, actual protein
identifications were made if the mass measurement error
precision among the experimentally observed peptides was
<25 ppm. If poor-quality MALDI TOF mass spectra were
obtained, the remainder of the sample was subjected to an O™ p-—_— Y o
additional C18 ZipTip (Millipore) cleanup step that was 1 —ﬂ
performed according to the manufacturer’s protocol. The idis i
ZipTip eluent was spotted onto a stainless steel sample plate 56
and analyzed by MALDI TOF MS as described above. 1657
Preliminary protein identities were established by matching
the experimentally determined peptide masses to those
produced by an in silico tryptic digestion of the Swiss-Prot
(http://us.expasy.org) and the NCBInr database protein
sequences within the window of experimental mass measure-
ment accuracy. The PMF searching algorithms available from
MASCOT (http://matrixscience.com${) and MS-Fit (http://
prospector.ucsf.edup®) were used to perform the database
searches. Preliminary protein identities obtained by PMF A
were confirmed by acquiring tandem mass spectrometry (MS/
MS) spectra of selected peptides from each in-gel digestion
mixture using a QSTAR XL quadrupole/quadrupole/time-
of-flight (QqTOF) mass spectrometer (Applied Biosystems)
equipped with an orthogonal (0) MALDI ion source or a
4700 Applied Biosystems Proteomics Analyzer MALDI
TOF/TOF mass spectrometer. Protein identification was
accomplished by isolating, within the mass spectrometer, a
peptide ion population with a single mass-to-charge ratio (
2), fragmenting this population, and measuring the masses
of the peptide fragment ions. The experimentally determined
peptide fragment ion masses were used to search a theoretic:
fragment ion mass database generated by in silico digestion
and fragmentation of all proteins in the Swiss-Prot and
NCBInr databases using MASCOT and Protein Prospector
MS-Tag algorithms. The experimental fragment ion masses
were matched with theoretical peptide fragment ion masses
within the window of experimental mass measurement B
accuracy of+0.2 Da.
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Analysis of the Low-Molecular-Weight FractioA.500-
uL aliquot of freshly collected parotid saliva was immediately
mixed with 1541 of 0.5 M EDTA and 5uL of a proteinase
inhibitor cocktail (Sigma, Cat. No. P-2714), vortexed and
clarified by centrifugation (10 min at 120gPat 4 °C. As

an alternative method to prevent proteolysis, the freshly

collected saliva was acidified to a final concentration of 0.1%
formic acid or trifluoroacetic acid before centrifugation. Then
the supernatant~450 uL) was transferred to a Microcon
ultrafiltration device (molecular weight cutoff, 10000) and
centrifuged 90 min at 10000) at 4 °C. The filtrate was
frozen (20 °C) until analysis. Briefly, the sample was
cocrystallized with matrixd-cyano-4-hydroxycinnamic acid
or sinapinic acid) onto MALDI targets, both as a mixture

Ficure 1: Typical 2D SDS polyacrylamide gel of human parotid
saliva collected as the ductal secretion. Separation was achieved
by isoelectric focusing (A~pH 3—10; B, ~pH 6—11) in the
horizontal dimension and Tris-tricine-PAGE #Q20%) in the
vertical dimension. The spots were visualized by staining with
Coomassie blue R250.

acetonitrile/0.08% trifluoroacetic acid; solvent A, 2% aceto-
nitrile/0.1% trifluoroacetic acid). The binary gradient con-
sisted of a 5-min isocratic wash at 2% B to remove salt, a
linear gradient of 2% to 50% B over 45 min, followed by a
column cleanup step of 95% B for 7 min. Peptide elution
was monitored at 214 and 280 nm. The column effluent was
mixed online using a static micromixing tee (Upchurch

and after reversed phase high-performance liquid chroma-Scientific) with a continuous stream (2./min) of o-cyano-

tography (HPLC) separation. Liquid chromatographic sepa- 4-hydroxycinnamic acid (7 mg/mL in 50% acetonitrile/1%
rations were performed on an Ultimate Capillary HPLC ammonium phosphate) before deposition across two 100-
System (Dionex/LC Packings) equipped with a PepMap C18 well stainless steel MALDI sample plates (Applied Biosys-
column (Dionex/ LC Packings; 300m i.d., 15 cm length, tems) at a frequency of one spot every 20 s. The samples
100 A pore size, 3um particle size), a Famos Micro were analyzed by MALDI TOF MS, MALDI TOF/TOF MS/
autosampler, and a ProBot Micro Fraction Collector. The MS and oMALDI QqTOF MS/MS. Product ion spectra were
flow rate was 4ulL/min, and the column temperature was matched to sequences in the NCBInr database using MAS-
maintained at 40C. The column was equilibrated at 2% B COT or ProteinProspector. The identities of some peptides
for 20 min prior to sample injection (solvent B, 80% were derived utilizing de novo MS/MS sequencing.
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Table 1: Human Parotid Proteins Detected by a Combination of MALDI TOF MS, oMALDI QqTOF MS/MS and MALDI TOF/TOF MS/MS
in a Subset of the 2D SDSPAGE Spots Labeled in Figure 1

Swiss-Prot/NCBI pl mass (kDa)
spot ID protein identified accession no. obsd theor Apl obsd theor A mass
5 poly Ig receptor P01833 5.92 559 -042 100.2 81.4 +35.9
13 serum albumin P02768 5.61 5.67 —0.06 82.2 66.5 +15.7
16 Zn-a—2-glycoprotein P25311 5.18 5,58 —0.40 50.4 32.1 +18.3
18 carbonic anhydrase VI P23280 6.02 6.53 —0.50 47.6 33.6 +14.0
23 carbonic anhydrase VI P23280 6.21 6.53 —0.32 49.5 33.6 +15.9
26 histatin 1 P15515 6.97 8.32 +1.35 11.3 4.8 +6.5
28 cystatin B P04080 7.02 6.96 +0.06 14.6 111 +3.5
29 histatin 1 P15515 6.68 8.32 -—1.66 11.2 4.8 +6.4
36 cystatin SA P09228 4.75 485 -0.10 16.7 14.3 +2.4
41 PRP-C phosphoprotein P02810 4.57 4.63 —0.06 23.6 154 +8.2
42 PRP-C phosphoprotein P02810 4.41 4.63 —0.22 25.0 15.4 +9.6
43 PRP-C phosphoprotein P02810 4.23 4.63 —0.40 23.8 154 +8.4
46 Ig« chain C isoform P01834 7.15 5,58 +1.57 25.6 11.6 +14.0
48 Ig a-1 chain isoform P01876 6.35 6.08 +0.27 21.8 37.6 —-15.8
49 Ig« chain C isoform P01834 6.35 5,58 +0.77 25.4 11.6 +13.8
51 Ig a-1 chain isoform P01876 5.95 6.08 —0.13 21.8 37.6 —-15.8
54 secretory actin-binding protein pP12273 4.94 5.47 —0.53 19.9 135 +6.4
55 cystatin D P28325 5.98 6.76 —0.78 15.5 13.9 +1.6
56 Zn-o-2-glycoprotein P25311 5.46 558 —0.12 49.9 32.1 +17.8
57 Zn-o.-2-glycoprotein P25311 5.32 558 +0.26 50.0 32.1 +17.9
60 poly Ig receptor P01833 6.13 5.59 +0.54 107.4 81.4 +26.0
61 histatin 3 P15516 10.15 9.99 +0.16 9.8 4.1 +5.7
62 Ig« chain C isoform P01834 7.56 5,58 +1.98 29.3 11.6 +17.7
65 lysozyme C P00695 9.20 9.28 —0.08 16.4 14.7 +1.7
72 histatin 6 P15516 11.31 11.05 -0.26 9.2 3.2 +6.0
80 PRG or G1 proline rich glycoprotein NP06240 11.26 11.35 —0.09 86.2 35.1 +51.1
92 serum albumin P02768 6.12 5.67 +0.45 89.0 66.5 +22.5

Peptide Synthesi®eptides with the sequences GQPQG- proteins, which are numbered. The highrange contained
PPRPPQGGRPSRPPQ and HHGYKRKF were custom syn-many clustered spots that were better resolved when the
thesized by Genemed Synthesis, Inc. Peptides were purifiedsample was separated on a gel with a narrower isoelectric
by reversed phase HPLC, and their molecular weight was focusing range<{pH 6—11; Figure 1B). Several of the newly
confirmed by MALDI TOF MS. resolved proteins likely belong to the PRP family, as judged

Candidacidal Actiity AssayA single colony ofCandida by the pink color that was generated when the gel was stained
albicans SC5345 was grown overnight, then diluted to an with Coomassie blue R250.

ODgoo0f 0.1 in 10 mL of 1% yeast extract/2% Bactopeptone/  MS |dentification of Protein Spotkdividual proteins that
1% dextrose (YEPD) and grown exponentially at*Z5to were identified in MS experiments are listed in Table 1.
an OD of 1.0. Next the cells were centrifuged, washed twice MALDI TOF MS and oMALDI QqTOF MS/MS data that
with distilled water, and resuspended at a concentration of were used for identification of a subset of the numbered spots
10°/mL in 20 mM sodium phosphate, pH 7.4. Five-microliter - are summarized in Table 2. In general, the PMF data, which
aliquots of the cell suspension were incubated with an covered a large portion of the sequence, were the primary
equal volume of peptide (GQPQGPPRPPQGGRPSRPPQ protein identification tools. In most cases, MS/MS data were
HHGYKRKF; 0—200uM) at 37°C for 3 h, after which the  also obtained. To further increase our confidence in the
cells were plated on YEPD/agar and incubated overnight atresults, we compared the experimentally observed protein
37 °C. The survival rate was calculated as a percentage:isoelectric points and molecular weights with their theoretical
number of colonies recovered from treated cells/number of values (Table 1), which, with a few exceptions (such as
colonies from control cells. The effect of each peptide a-amylase, discussed below), were in good agreement.
concentration was analyzed in triplicat€andida cells Known constituents of parotid saliva that were identified in
incubated with or without 20@M peptide were stained with  spots obtained from~pH 3—10 gradient gels included
the vital dye phloxine B, which stains dead cells, and histatin 1, cystatin SA, cystatin B, cystatin D, carbonic
examined 1630 min after treatment6@). Microscopic  anhydrase VI, acidic proline-rich phosphoproteins, secretory
images were acquired on a Leica DM5000 fluorescence immunoglobulin A, Ig« chain, and IgAa-chain. Proteins
microscope equipped with a Leica DFC480 digital camera. that appeared in the most basic region~giH 6—11 gels
included histatin 3 (spot 61), lysozyme C (spot 65), and the
RESULTS proline-rich glycoprotein (PRG) (spot 80). The same spots
2D SDS-PAGE of Human Parotid Sala. The results of ~ and proteins, as determined by MS analyses, were present
experiments in which human parotid proteins from a single in the parotid saliva samples of two additional individuals.
individual, concentrated by ultrafiltration, were separated by  We also detected in all three saliva samples novel proteins
2D SDS-PAGE are shown in Figure 1. Essentially the same not known to be constituents of parotid saliva: secretory
results were obtained when the samples were prepared byactin-binding protein (or prolactin-inducible protein), cystatin
acetone precipitation (data not shown). Figure 1A shows a B, and Zne.-2-glycoprotein. Figure 2 is a comparison of the
typical 2D gradient gel{pH 3—10) separation of parotid 2D SDS-PAGE regions of the individual samples that
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Table 2: Summary of MALDI TOF MS, oMALDI QgTOF MS/MS, and MALDI TOF/TOF MS/MS Data on Which Protein Identification Was
Based

sequence
spot coverage
ID protein identified (%) experimental monoisotopic [MH]of matched peptides (position)
5  poly Ig receptor 312 812.4 (557), 903.5 (289-296Y, 1044.5 (486-487), 1079.5 (14#155), 1211.5

(516-525), 1250.7 (305316), 1370.6 (537547), 1402.7 (395406), 1539.7 (623638)
or (383-394), 1549.8 (363375), 1657.8 (6277),1856.9 (251-268), 1988.9 (498-515),
2008.9 (548 565}, 2026.0 (548-565), 2042.9 (212230), 2181.0 (212231)"

13 serum albumin 17.6 927.5 (162-168), 960.6 (427-434), 973.5 (29-36),, 1074.5 (206-214), 1149.6 (25-34)-
or (66-75), 1226.6 (35-44),, 1358.7 (576-581F%, 1627.7 (585-598%, 1640.0
(438-452), 1657.8 (414-426)

16  Zna-2-glycoprotein 450 926.5(23238), 1127.6 (239248), 1233.5 (222231),1276.6 (165-174), 1368.7
(89—-99)-0%1408.7 (25-36), 1451.7 (177-188), 1515.8 (163-174)1, 1532.8
(163-174Y, 1717.8 (134-146Y, 1758.9 (201-217), 2403.2 (37-57)

18  carbonic anhydrase VI 27.1  918.4 (25B54), 938.5 (47-54), 955.5 (47-54), 1074.5 (258 265), 1096.6 (247-255),
1163.6 (296-304), 1575.8 (194207, 2776.4 (273-295)
23 carbonic anhydrase VI 416  865.4 (26572), 918.4 (258264), 938.5 (47-54), 955.5 (47-54), 1074.5 (258 265},

1096.6 (247-255),1163.6 (296-304), 1575.8 (194-207)°%, 1588.9 (133-145),2292.2
(148-169), 2776.3 (273-295)

26 histatin 1 86.8  825.4 (2631)! or (25-30)}, 1214.6 (33-41)\, 1342.7 (32-41), 1494.8 (26-36), 1498.8
(31-41Y, 1963.8 (42-57)

28 cystatin B 55.1  924.4 (9298), 1123.5 (96-98)., 1326.7 (45-56), 1422.7 (57-68), 2458.3 (69-89)

29  histatin 1 86.8  825.4 (2631) or (25-30),, 1214.6 (33-41),1342.7 (32-41Y, 1498.8 (31-41), 1963.8
(42-57)

36 cystatin SA 76.6  1692.9 (2913), 2076.1 (29-46),, 2077.1 (29-46)-4 1320.8 (47-57), 2349.2 (47-65)L9,

1202.6 (58-66)!, 2169.2 (73-91), 1924.0 (75-91y, 1942.0 (75-91), 2142.1 (97-114),
2143.1 (97-114Y, 2270.2 (97115}, 2271.2 (97-115)-¢ 2098.1 (115-130), 2114.1
(115-130)°%, 1953.0 (116-130), 1969.0 (116-130y-°% 1970.0 (116-130), 1971.0
(116-130Y, 1986.0 (116-130)°"

41 PRP-C acidic proline-rich 50.7 1605.8 (108-122), 1731.9 (91107), 2092.0 (146-166)., 2296.2 (123-145}, 3054.6
phosphoprotein (125-155), 3267.8 (123-1557

42  PRP-C acidic proline-rich 50.7 1605.8 (108-122), 1731.9 (91107), 2092.1 (146-166)., 2296.2123—145}, 3054.5
phosphoprotein (125-155), 3267.7 (123-155Y%

43  PRP-C acidic proline-rich 50.7 1120.5 (156166), 1605.8 (108122)1, 1731.9 (93107), 2092.1 (146 166}, 2296.2
phosphoprotein (123-145),, 3054.5 (125-155), 3267.7 (123-155¢

46  Ig« chain C isoform 745  869.4 (160L06), 1797.9 (19-34),1875.9 (83-99), 1946.0 (1-18), 2136.0 (4261)

48 Iga-1 chain C isoform 19.0 896.4 (27@82)1213.6 (264-273), 1375.5 (20+212), 1818.8 (283299Y, 1835.8

(283-299), 2352.9 (307-327f*
49  Ig« chain C isoform 67.9  1797.9 (¥8B4), 1875.9 (83-99),1946.0 (+-18), 2136.0 (42-61)
51 Iga-1chain C 11.0 1213.6 (264-273), 1375.6 (201-212), 1818.8 (283299, 1835.8 (283-299)

54  secretory actin-binding protein ~ 71.2  1026.6 (3344), 1283.8 (107118),1356.5 (86-96), 1610.8 (119-133), 1814.9 (76:85),
1995.0 (119-136)t, 2069.1 (45-63)

55 cystatin D 57.4  850.5 (132138), 1425.7 (2942), 1744.8 (43-57),1773.7 (98-112), 2427.1 (113-131}

56  Zn-a-2-glycoprotein 55.0  926.5 (23238), 974.5 (6572), 1102.6 (64 72)!, 1127.6 (239-248), 1276.6 (165174),
1352.7 (89-99)!, 1368.7 (89-99)L.0% 1451.7 (177-188), 1475.7 (165176, 1515.8
(163-174y1, 1532.8 (163174}, 1579.8 (177189}, 1717.8 (134146}, 1758.9
(201—217Y, 1775.9 (20%+217), 1782.9 (147162), 2387.2 (196217}, 2403.2 (37-57)

57  Zna-2-glycoprotein 47.1  808.4 (134139), 926.5 (232238), 974.5 (6572), 1125.5 (91-99), 1127.6 (239248),
1233.6 (222-231), 1276.6 (165174), 1352.7 (89-99)!, 1368.7 (89-99)-°% 1408.7
(25-36), 1451.7 (177188), 1475.7 (165176), 1515.8 (163-174p1, 1532.8
(163-174}, 1579.8 (177-189), 1717.8 (134146}, 1775.9 (20+217), 1948.9
(73-88),, 1964.9 (73-88)L.0x

60 poly Ig receptor 34.6  903.5 (28296}, 1211.5 (516-525), 1224.6 (5361, 1250.7 (305-316), 1370.6 (537547),
1402.7 (395-406), 1539.7 (623638) or (383-394), 1549.8 (361375), 1572.7 (713726),
1857.0 (251-268), 1974.9 (435450), 2009.0 (548565, 2026.0 (548-565), 2043.0
(212-230), 2114.2 (193211), 2172.2 (297316), 2241.2 (232-250), 2300.3 (297317},
2383.4 (191211}, 3299.6 (26-49)

65 lysozyme C 22.3 1012.5 (52-59), 1039.6 (117125}, 1400.7 (69-80)

72 histatin 6 100 1342.7 (E21F, 1498.8 (1121, 1718.9 (12-24), 2121.1 (6-21), 2277.2 (5-21), 2497.3
(6—24), 2625.3 (4-23), 2653.3 (5-24), 2815.4 (1-21) 2871.4 (+22), 3035.5 (+-23Y,
3191.6 (+-24)

80 PRG 13.7 2536.1 (17-39)P, 2438.1 (17-39)d1L, 1213.6 (28-39), 2404.2 (287-309%

92  serum albumin 33.5  927.5(16268), 960.6 (427434), 1149.6 (2534)! or (66-75), 1226.6 (3544)!, 1358.7
(570-581)% 1623.8 (362-375), 1639.9 (438452}, 1657.8 (414-426), 1714.9
(118-130}, 1899.1 (169-183) or (170-184), 1911.0 (509-524), 1932.1 (89105},
1997.0 (123-138)}, 2045.1 (397-413), 2260.1 (525543), 2545.2 (525545

aKey to symbols: {) deamidation of Q or N;% N-terminal pyro-glutamine;?{ phosphorylation;¥) dehydroalanine;}f one missed cleavage
site; @) two missed cleavage sites) three missed cleavage siteS¥)(oxidation of methionine. Bold type indicates peptide identity verified by
MS/MS. Calculation of sequence coverage and amino acid residue numbering were based on theoretical sequences without signal peptides.

contained two of these novel proteins. Portions of the massshown in Figure 3. MALDI TOF MS analysis of protein spot
spectra that led to the identification of these components are16 showed numerous peptide ions that correspond to amino
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Ficure 2: Comparison of the 2D SDSPAGE regions of samples
from three individual donors (panels-AC) that contained several

of the novel components identified in this study. Specifically, spots
16, 56, and 57 were identified as #32-glycoprotein, spot 54 was
identified as secretory actin-binding protein, and spots 39 and 38
were identified as fragments of-amylase. Spot 42 corresponded
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acid sequences, numbered according to their position along
the peptide backbone of the 2r2-glycoprotein (Figure 3A).

We used MS/MS to confirm the sequence of several of these
trypsin cleavage products. For example, Figure 3B shows
the MS/MS spectrum of peptide AYLEEECPATLR ([MH]

m/z 1451.7) corresponding to amino acid residues-1798

of Zn-a-2-glycoprotein. The majority of peptide bond VH DFEVHL
cleavages were observed, as indicated by y- and b-series ions. *9‘;" wAID D, 2)0))
Figure 3C shows a MALDI TOF/TOF MS/MS spectrum of
peptide VHVGDEDFVHLR ([MH]" m/z 1422.7; amino
acids 5768) confirming the presence of cystatin B in spot

28.

Posttranslational modifications (glycosylation, phospho-
rylation, or proteolytic processing) are likely explanations
for the presence of electrophoretically distinguishable iso-
forms of parotid proteins. For example, differences in
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oligosaccharide chain length and composition probably . .- . (A) MALDI TOF MS PMF of spot 16 (see Figure 1A).

Peaks matching Zn-2-glycoprotein tryptic fragments are labeled
with their N- and C-terminal amino acid residues in parentheses.
(B) Annotated MS/MS spectrum of tryptic peptide AYLEEEC-
PATLR ([MH]* m/z1451.7), corresponding to amino acid residues
177—-188 of Znea-2-glycoprotein, confirming the identity of spot
16. (C) MALDI TOF/TOF MS/MS analysis of the tryptic peptide
VHVGDEDFVHLR ([MH] * mVz 1442.7) corresponding to amino
acid residues 5768 of cystatin B, confirming the identity of spot

among the three donors (for example spots 38 and 39 in28 (Figure 1A). Superscript Q: pyro-glutamination. Superscript
Ox: methionine oxidation.

account for some of the numerousamylase spots in the
50- to 76-kDa region of the gel, a possibility that was
previously suggeste®4). We were surprised by the number
of protein isoforms with estimated molecular weights that
were much lower than that of the full-length form of
o-amylase (data tabulated in the Supporting Information).
A nearly identical pattern ak-amylase fragments was found

Figure 2), as well as in previous studies of whole sali\& (

17). Together, these results suggest that the amylase products
were generated by a discrete mechanism rather than by Detection of a Noel Phosphorylation Site on the PRG.
random proteolysis. This observation suggests that salivaThe MALDI TOF mass spectrum of spot 80, the PRG,
contains substantial amounts of cleaved (or splice variant) contained two prominent metastable ions that may indicate
forms of certain proteins. The same conclusion is further phosphorylation (Figure 4A). These ions were observed at
m/z of approximately 80 and 98 Da less than the value

substantiated by our analysis of tkel0-kDa fraction of

parotid saliva (discussed below).

corresponding to the tryptic peptide, pyrdSLNEDV?*-
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Ficure 4: Identification of a novel phosphorylation site on the
PRG. (A) MALDI TOF mass spectrum of peptides obtained by
tryptic digestion of protein spot 80 (Figure 1B). The inset shows
the phosphorylated peptide Xpz 2535.2) and the metastable ions
Xp-80* and Xp-98* derived in the process of post-source decay.
The protein was identified by matching MS/MS fragmentation data
of peptide molecular ions [MH] nv/z 1239.7 andm/z 2406.2 to
PRG (NCBI accession number: NP06240). (B) Confirmation

of Ser24 as a novel phosphorylation site on the PRG. MS/MS
spectrum of tryptic phosphopeptide Xp ([MH]m/z 2535.2)
corresponding to residues 439 (pyroQSLNEDVSQEESPSVIS-
GKPEGR) of the PRG. Phosphorylation is indicated by a strong
ion [Xp-98] generated by neutral loss of phosphate from the
precursor ion.

1500 2000 2500

SQEBESPOSVIBSGKPEGR ([MH]" mvz 2535.2, residues
17—39), suggesting the neutral loss off{D, and HPG; in

the process of post-source decé&%,(66). In a tandem MS
spectrum of this peptide, the y17 fragment, indicative of
dehydroalanine formation at Ser24, was observed (Figure
4B). Observation of the y7y14 fragment ions suggested
that Ser28, Ser30, and Ser33 within the sequence EESPSVI
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Ficure 5: The low-molecular-weight fraction of human parotid
saliva contains numerous peptides. (A) MALDI TOF MS analysis
of the <10-kDa fraction obtained by ultrafiltration. (B) MALDI
TOF/TOF MS/MS analysis of the N-terminal histatin peptide,
DSHAKRHHGYK [MH]* m/z 1491.8. (C) MS/MS spectrum of
peptide P-C, a portion of the salivary acidic proline-rich phospho-
protein (Swiss-Prot accession number P02810).

MS Analysis of thes10-kDa Fraction of Parotid Sadia.

From the initial MALDI TOF MS spectra of parotid saliva
it was apparent that the10-kDa fraction was rich in peptide
components, a phenomenon that was previously repatd (
43, 46). The same peptide repertoire was observed when the
samples were collected into a proteinase inhibitor cocktalil,
formic acid or trifluoroacetic acid, suggesting that the

eptides are formed prior to or during the secretion process
ather than by subsequent in vitro degradation. This conclu-

are not phosphorylated. In addition, the presence of a stronggsjon was further supported by our analysis of the low-
a3 ion indicated that Serl8 is not phosphorylated. Taken molecular-weight components of a saliva sample from a
together, these data suggest that Ser24 of the PRG isdifferent donor that produced similar results (data not shown).
phosphorylated. Interestingly, this site has a strong score for  Interestingly, the majority of peptides we detected were
possible phosphorylation (0.997) as predicted by the NetPhosnot derived from the most abundant parotid proteins, but
2.0 algorithm 67). rather were the cleavage products of PRP and histatin protein
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Table 3: Subset of Peptides Identified in tid0-kDa Fraction of Human Parotid Saltva

precursor Swiss-Prot
[MH]+ protein accession no. position sequence
894.5 PRP-1 or PRP-2 P04280/P02812 [3331] * (PPQG GRFSRPPQ ()
1273.7 PRP-1 P04280 [32@31] * (R)PPQGGRRSRPPQ ()
1276.6 PRP-C P02810 [15866] * (PPQGG)RRGPPQGQSPQ ()
1315.7 peptide P-A P02814 [5%7] * (Y) GPGRIPPPPPAPY (G)
1333.7 PRP-C P02810 [15466] * (PPQQ GRRQGPPQGQSPQ ()
1421.7 histatin 1 P15515 [2680] () DSHEKRHHGYR (R)
1443.6 histatin 1 P15515 [467] * (F) YGDYGSNYLYDN ()
1471.7 peptide P-C P02810 [12236] (R) GRPQGPPQQGGHQQ (G)
1758.8 histatin 1 P15515 [282] * ()DSHEKRHHGYRRK (F)
1761.9 PRP-C P02810 [16222] * (G) RPQGPPQQGGHPRPPR (G)
1866.9 peptide P-C (IB-8b) P02810 [14866] * (Q) GPPPQGGRPQGPPQGQSPQ ()
2091.1 PRP-2 P02812 [23251] * (A) GQPQGPPRPQGGRBRPPQ ()
2186.2 BAT-3 P46379 [616641] * (L) GPAGPGAGGPGVASPTITVAMPGVPA (F)
4369.2 peptide P-C (IB-8b) P02810 [1:2366] (R) GRPQGPPQQGGHQQGPPPPPPGKPRERGGRRGPPQGQSPQ ()

a Peptides were analyzed by MS/MS before and after reversed phase nano-HPLC separation. In some instances, identities were derived by using
a combination of approaches, including de novo interpretation of MS/MS data. The italicized amino acid s@R@G¢ERPrefers to a possible
consensus site for an unknown salivary proteinase. Novel peptides are indicated by an asterisk.

family members. Figure 5A shows a typical MALDI TOF analogues of one PRP fragment and one histatin fragment
MS spectrum of the<10-kDa fraction after passage through and tested their antifungal properties. Peptide GQPQGP-
a C18 ZipTip. Somewhat surprisingly, numerous ions were PRPPQGGRPSRPPQ had no discernible effects, but peptide
easily resolved. Subsequently, the majority of the peptides HHGYKRKF showed dose-dependent candidacidal activity
in this fraction were subjected to MS/MS analyses with (Figure 7A). To understand more about the mechanisms
interesting results. For example, 14 fragments of PRPs andinvolved, we stainedC. albicanscells that were incubated
histatin 1 were detected (Table 3), 11 of which are seemingly with this peptide (20«M) with the vital dye phloxine B.
novel. Fragments of histatin 3 were very abundant and are The microscopic images (Figure 78) showed rapid stain-
summarized separately in Table 4 and in Figure 6, which ing of dead and dying cells, with large aggregates of
illustrates the possible processing of the precursor molecule.cytoplasmic material spilling out of the cells. The cytotoxic
Some of these peptides have been described [e.g., histatin &ffect was shown for the yeast as well as the germ tube/
(68)], but others are novel. Figure 5B shows a representativeearly hyphal form ofC. albicans To the best of our
MALDI TOF/TOF MS/MS spectrum of one of the peptides, knowledge, HHGYKRKF is the shortest histatin peptide with
DSHAKRHHGYK ([MH]* m/z1491.8), which corresponds  candidacidal activity reported to date.
to the N-terminal portion of histatin 3. Identifying the source
of other peptides in the low-molecular-weight fraction was DISCUSSION
more difficult due to the presence of multiple proline residues By using conventional (e.g., 2D SB®AGE) and rela-
within the sequences. Figure 5C shows the MS/MS spectrumtively unconventional (e.g., ultrafiltration) separation ap-
of peptide P-C from the salivary acidic proline-rich phos- proaches, coupled with MS identification of the products,
phoprotein (Swiss-Prot accession no. P02810). Fragment ionwe obtained complementary views of the human parotid
formation was primarily driven by the proline residues. As saliva proteome. The results revealed novel components as
often observed for proline-containing peptides, internal well as a surprising number of isoforms and fragments. 2D
product ions (products of two peptide bond cleavages) are SDS-PAGE allowed the visual identification of protein
abundant (e.g., PGKP, PPGK). Table 4 summarizes theisoforms that were likely generated by posttranslational
histatin 3-derived peptides identified in this study. Overall, modifications (glycosylation, phosphorylation, or proteolytic
60 peptides were found, 50 of which were confirmed by MS/ processing), for example, the characteristic clustering of
MS analyses; 10 were putatively assigned sequences based-amylase spots in the 50- to 76-kDa region. We note that
on their molecular masses. As shown in Table 4, 25 of the it is usually very difficult to ascertain the presence of multiple
50 validated peptides were, to the best of our knowledge, protein isoforms solely on the basis of MS data. Additionally,
novel. In the other cases, published studies are cited in the2D SDS-PAGE analyses can give other clues about protein
table, and antifungal activity is noted where applicable. identity. In this case, staining with Coomassie blue R250
Finally, we mapped each peptide back to its parent revealed PRPs as pink rather than blue spots. As noted by
molecule, as shown in Figure 6 for histatin 3, the major Costello and co-workerss0), members of this family are
source of protein fragments in this fraction. For this purpose challenging to identify by MS/MS owing to the high
we used a combination of the data generated in this studyefficiency of collision-induced dissociation at the amide bond
and published peptide sequences. Color coding illustratesN terminal to proline residues. This phenomenon results in
potential proteolytic cleavage sites. Many of the observed a low relative abundance of fragment ions arising from
peptides were likely derived by tryptic or chymotryptic-like cleavages at other amide bonds. Despite the aforementioned
processing of common precursor polypeptides, whereas otheladvantages, SDSPAGE typically excludes the low-molec-
products were indicative of different proteinase activities. ular-weight proteome. To avoid this problem we introduced
Evaluating Candidacidal Actiity of Individual Peptides. an ultrafiltration step in conjunction with LC-MALDI
Next, we sought insights into the biological relevance of the analyses. The molecular weight cutoff we usedl (000)
salivary peptides. Toward this end we synthesized peptideled to the inclusion of a subset of peptides in samples
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Table 4: Experimentally Observed Histatin 3 Peptides and Their Antifungal Actvities

anti-
this fungal
sequence [MH] study novel start end name act. refs

(H) HSHRGY (R) 756.4 X 38 43 42—-44

(S) NYLYDN ()~ 8013 X 46" 517 42,43

() DSHAKRH (H) 8504 X * 20 26

(K) HHSHRGY (R) 8934 X 37 43  HRP-3f 43

(R) HHGYKRK (F) 9255 X 26 32 43

(A) KRHHGYK (R) 9255 ? 24 30 histatin 12 40, 43

(H) EKHHSHR (G) 9295 X * 35" 417

(H) HGYKRKF (H) 9356 X * 27 33

() DSHAKRHH (G) 9875 X 20 27 N 103

(E) KHHSHRGY (R) 10215 X 36 43 104

(Y) RSNYLYDN () 10445 X 44 51 C 0 103

(K) HHSHRGYR (S) 1049.6 X * 37 44

(F) HEKHHSHR (GY' 1067.6 X * 34" 417

(R) HHGYKRKEF (H) 10726 X 26 33 ++

(A) KRHHGYKR (K) 1081.6 X 24 31 histatin 11, HRP-6d 40,43, 44

(F) HEKHHSHRG (Y) 11245 X * 34 42

(H) EKHHSHRGY (R) 11506 X * 35 43

(G) YRSNYLYDN () 12075 X * 43 51

() DSHAKRHHGY (K) 12076 X * 20 29

(A) KRHHGYKRK (F) 1209.6 X 24 32 43

(K) FHEKHHSHR (G)* 1214.6 X 33 41" HRP-5eor4d 44

(R) GYRSNYLYDN () 12646 X * 42 51

(K) FHEKHHSHRG (Y) 12717 X * 33 42

(F) HEKHHSHRGY (R) 12876 X 34 43 HRP-6b, C10 + 42—-44,105

(H) ®EKHHSHRGYR (S) pyroglu 1288.7 X * 36 44

(H) EKHHSHRGYR (S) 1306.6 X * 35 44

() DSHAKRHHGYK (R) 1335.7 X 20 30 HRP-3e ++ 43 44

(H) RGYRSNYLYDN () 1420.7 X * 41 51

(K) FHEKHHSHRGY (R) 14347 X 33 43 43

(F) HEKHHSHRGYR (S) 14437 X 34 44 HRP-5c 43, 44

() DSHAKRHHGYKR (K) 1491.8 X 20 31 P-112 6/ 43,106

(S) HRGYRSNYLYDN () 1557.7 X * 40 51

(R) KFHEKHHSHRGY (R) 1562.8 X 32 43  histatin 8, C12,  +;0/+ 40,43 44,
P116 105 106

(K) FHEKHHSHRGYR (S) 1590.8 X 33 44 43

(R) HHGYKRKFHEKH (H) 1603.8 X 26 37 P-114 8/ 106

() DPSHAKRHHGYKRK (F) 16199 X 20 32 HRP-5d 43,44

(H) SHRGYRSNYLYDN () 1644.7 X * 39 51

(K) RKFHEKHHSHRGY (R) 17189 X 31 43 histatin 7, HRP-6a,+ 40,43, 44
Pba

(R) KFHEKHHSHRGYR (S) 17189 X 32 44  histatin 10, HRP-4b 40,43, 44

(Y) KRKFHEKHHSHRGY (R) 1847.0 X 30 43 Ci14 ++ 105

(K) RKFHEKHHSHRGYR (S) 1875.0 # 31 44  histatin 9, HRP-4b+ 40, 44, 106

(R) HHGYKRKFHEKHHSH (R) 1964.8 X * 26 40

(A) KRHHGYKRKFHEKHH (S) 2025.1 X * 24 38

() DSHAKRHHGYKRKFHE (K) 20330 # 20 35 Ni16 + 105

(H) GYKRKFHEKHHSHRGY () 2067.1 # 28 43 Cl16,HstM ++ 103 105

(R) HHGYKRKFHEKHHSHR (G) 21211 X * 26 41

() DSHAKRHHGYKRKFHEK (H) 2161.1 # 20 36 HRP-5b 44

(H) EKHHSHRGYRSNYLYDN () 2177.0 X * 35 51

(F) HEKHHSHRGYRSNYLYDN () 2313.1 X * 34 51

(R) HHGYKRKFHEKHHSHRGY (R) 23412 # 26 44 44

() DSHAKRHHGYKRKFHEKHH (S) 24351 X * 20 38

(K) FHEKHHSHRGYRSNYLYDN () 24612 X * 33 51

(K) RHHGYKRKFHEKHHSHRGY (R) 2497.3 # 25 43 HRP-5a 44

(R) KFHEKHHSHRGYRSNYLYDN () 25882 X * 32 51

(A) KRHHGYKRKFHEKHHSHRGY (R) 2625.3 X 24 43 HRP-6 o/ 44

(K) RKFHEKHHSHRGYRSNYLYDN () 27443 X 31 51 histatin 4, HRP-3a,+/++ 40,44
Pbe

() DSHAKRHHGYKRKFHEKHHSHR (G) 28154 # 20 41 HRP-3c 44

() DSHAKRHHGYKRKFHEKHHSHRGY (R) 3035.5 X 20 43 histatin 5, Pbd ++ 40, 43, 44,

68

() DSHAKRHHGYKRKFHEKHHSHRGYR (S) 3191.6 # 20 44 histatin 6, HRP-3b, 40, 43,44
Pbb

() DSHAKRHHGYKRKFHEKHHSHRGYRSNYLYDN () 4061.0 # 20 51 histatin 3 40,43, 44

a Peptide sequences are shown with adjacent sequence residues and theoretical molecular weightStivitiind “end” indicate the locations
of the peptide sequence within the precursor protein. Peptides that could have been derived from either histatin 1 or 3 are indicated by double
asterisks. Current nomenclature of peptides is indicated, as well as references for previously observed peptides.Histaérsydonymous with
HRP 1-7 (38, 107). (% N-terminal pyro-glutamate. (#) Putative peptide identities based solely on their molecular masses. (*) Novel peptides.
Reported relative antifungal activities are indicateddby and+, O representing no significant activity.
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Ficure 6: Summary of peptides derived from histatin 3, mapped back to the parent protein. Bars indicate the position and length of the
peptides within the precursor sequence. A black border indicates that the respective peptide was experimentally observed in this study. The
number within the bars corresponds to the respective [MBhrs without borders represent fragments reported in published studies. The
color coding illustrates possible mechanisms of peptide generation: tryptic (blue), chymotryptic (green), or an unknown proteolytic activity
(red). Feasible permutations are also shown.

produced by both separation techniques, e.qg., histatins 3 andngly, this protein has functions that are relevant to oral
6, providing us with additional evidence that we were health: a high affinity for hydroxyapatit@®) and the ability
capturing a significant portion of the salivary peptide to bind bacteriaq3, 74), actin, fibronectin 73), and a CD4
repertoire. receptor on monocyte3d%). Recently, SABP was shown to
The importance of analyzing each salivary gland secretion have an aspartyl proteinase activity with narrow substrate
separately was illustrated by our discovery in parotid saliva specificity for gelatin and fibronectin7g).
of the secretory actin-binding protein (SABP), also known In other cases we gained additional information about the
as the prolactin-inducible protein (PIP), gross cystic diseaseorigin of proteins that were already known to be salivary
fluid protein (GCDFP-15), and glycoprotein 17 (GP17). As components. For example, we found in parotid saliva several
suggested by its multiple names, this protein has beenisoforms of the Zra-2-glycoprotein, which has been detected
detected in several body fluids, in particular, those that in several human body fluids including whole salivis,(
contain exocrine secretions including sweat, semen, and teard7). The biological functions of this molecule, which are
(70). Previous studies suggested that SABP, a componentnot completely understood, seem to involve lipid metabolism
of whole saliva 16, 71), was also found in the submandibu- (77), and elevated levels in serum have been associated with
lar/sublingual fraction, which was thought to be the source. prostate cancei7@). Our data are consistent with the results
The apparent absence of this protein in parotid secretions isof immunohistochemical analyses that localized this glyco-
denoted by the name given to the salivary form of this protein to the serous cells of the parotid (and submandibular)
molecule-the extraparotid glycoprotein (EP-GPJZ 73). gland (79). Likewise, we detected cystatins B and D in
Here, as part of our detailed analysis of the parotid salivary parotid saliva, thereby confirming the parotid gland as a
proteome, we detected several isoforms of SABP. Interest-source. The cystatins are a family of proteinase inhibitors
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Ficure 7: The novel histatin peptide octamer (HHGYKRKF) has dose-dependent candidacidal activity. (A) An aliquot aftécans

cell (yeast form) suspension was incubated with this peptide-200uM. After plating, the survival rate was determined by counting the
number of colony-forming units. Cytotoxicity of the histatin peptide was also assessed by phloxine B dye exclusion. Yeast (left column)
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or fluorescence (C, G) microscopic images were obtained. The peptide rapidly Rillatbicanscells in both forms, as illustrated by
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that have been classified according to the compartment infrom the kallikrein-mediated processing of acidic PRP-1
which they are found: type 1, (mainly) intracellular; type 2, (PRP-C) and the peptide GRPQGPPQQGGHQQ ([Mirjz
extracellular; and type 3, intravascul&O0). Until recently, 1471.7), also derived from PRP-1, were found in both studies.
only type 2 cystatins (SA, SN, SA lll, D) had been detected Clearly, the sheer size and complexity of protein ensembles
in saliva (L5, 16), and cystatin D was thought to be produced means, in practical terms, that there is no single analytical
exclusively by the parotid gland{). In 2004, Vitorino et separation scenario that will provide the perfect outcome of
al. (17) identified in whole saliva two type 1 cystatins (A, detecting all proteins and peptides present in a given system
B) that were previously thought to remain in the intracellular (88). Therefore, a combination of different, preferably
compartment. orthogonal, approaches is needed to maximize the number
Additionally, our study revealed a wealth of peptides that, of detected/identified species.
surprisingly, were derived from proteins other than the most  Finally, we note the clinical utility of compiling the human
abundant parotid components (e.g-amylase). Since pa- salivary proteome. For example, detailed knowledge of
rotid, in contrast to whole saliva, is amicrobid@?j, these salivary composition will aid in the construction of artificial
peptides are most likely formed before secretion and/or salivas for use by patients with xerostomia and salivary
within the parotid duct. Based on sequence homology, the hypofunction, conditions that are commonly associated with
majority of peptides came from larger precursors, with head and neck radiotherap§9j, Sjogren’s syndrome90),
processing at either the mRNA or the protein level a and the use of antidepressar&$)( In this regard, the efficacy
possibility. At least a portion of the peptides are produced and safety of including antimicrobial proteins in artificial
by the latter mechanism: synthetic peptides with the same salivas is under evaluatiofZ). Additionally, cataloging the
sequences as histatin precursors are cleaved into analogousalivary proteins and peptides from healthy individuals is
fragments when they are incubated with parotid saliva in the requisite first step that will allow subsequent studies
vitro (44). designed to link changes in the proteome and peptidome to
Recently, Castagnola et ak3) detected 24 histatin 3  specific disease stated, (93). Evidence already exists that
fragments in whole saliva, of which six sequences are novel. indicates this approach will be fruitful. Chen et &4) used
The authors hypothesized that the lack of larger C-terminal MALDI TOF MS to compare saliva samples from patients
fragments is evidence of a sequential cleavage pathway thatvith oral cancer with those from healthy control subjects.
specifically processes histatin 3. In contrast, our data revealedStudying the expression of specific salivary components, for
fragments representing putative cleavages throughout theexample, the defensins, has demonstrated that this family of
entire histatin 3 sequence (Table 4, Figure 6). Finally, our proteins has antibiotic, antifungal, and antiviral properties
results show that parotid proteins other than histatin 3 are (95—100). Specifically, human neutrophil peptide-1 (HNP1)
processed into peptides (histatin 1 and several PRPs),s elevated in the saliva of patients with squamous cell
suggesting that this phenomenon is more widespread thancarcinoma and oral inflammatory conditior¥6¢-98). Analy-
previously thought. sis of saliva from patients with neutropenia and periodontitis
Together, these data suggest that the peptide repertoiresecondary to Morbus Kostmann shows that the samples lack
could be used to monitor proteinase or proteinase inhibitor the bactericidal peptide LL-37 and have reduced levels of
activities as well as polymorphisms at potential proteolytic HNP1-3 (L01). Differences in proteolytic processing of basic
cleavage sites, differential RNA splicin83) or allelic gene- PRPs from the human parotid gland have been associated
length variation 84). It is likely that a subset of oral diseases with caries 46). Interestingly, changes in salivary composi-
either impact or are associated with the processes thattion have also been linked to other aspects of human health
generate fragments of parotid proteins, making these peptideseyond the field of dentistry, including diagnosis of myo-
candidate biomarkers. In this context, the analysis of the low- cardial infarctions and anginal@2 and the objective
molecular-weight fraction of human saliva is an important quantitation of pain levels5j. As such, saliva is an easily
component of any experimental strategy for establishing the obtained biological fluid with the potential to contain a great
proteome of this body fluid. This concept is in line with the deal of important information, coded in terms of proteins
realization that “peptidomics” of plasma and cerebrospinal and peptides, about an individual's health.
fluid reveals a wealth of hormones, cytokines, growth factors, ACKNOWLEDGMENT
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