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Abstract

Human salivary statherin inhibits both primary and secondary calcium phosphate precipitation
and, upon binding to hydroxyapatite, associates with a variety of oral bacteria. These functions,
crucial in the maintenance of tooth enamel integrity, are located in defined regions within the
statherin molecule. Proteases associated with saliva, however, cleave statherin effectively, and it is
of importance to determine how statherin functional domains are affected by these events.
Statherin was isolated from human parotid secretion by zinc precipitation and purified by
reversed-phase high performance liquid chromatography (RP-HPLC). To characterize the
proteolytic process provoked by oral proteases, statherin was incubated with whole saliva and
fragmentation was monitored by RP-HPLC. The early formed peptides were structurally
characterized by reversed phase liquid chromatography electrospray-ionization tandem mass
spectrometry. Statherin was degraded 3.6x faster in whole saliva than in whole saliva supernatant.
The main and primary cleavage sites were located in the N-terminal half of statherin, specifically
after Arg®, Argl0, and Arg!3; after Phel# and Tyrl8; and after Gly'2, Gly1®, Glyl” and Gly1® while
the C-terminal half of statherin remained intact. Whole saliva protease activities separated the
charged N-terminus from the hydrophobic C-terminus, negatively impacting on full length
statherin functions comprising enamel lubrication and inhibition of primary calcium phosphate
precipitation. Cryptic epitopes for bacterial binding residing in the C-terminal domain were
likewise affected. The full characterization of the statherin peptides generated facilitates the
elucidation of their novel functional roles in the oral and gastro-intestinal environment.
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INTRODUCTION

Statherin is a human salivary protein produced by the parotid and submandibular glands.
Originally discovered as a tyrosine-rich protein showing an unusually high affinity for
hydroxyapatite 1 , statherin was one of the first salivary proteins to be isolated to purity and
sequenced 2 . Statherin has an M, of 5380 Da, consists of 43 amino acid residues and,
besides tyrosine, is rich in proline and glutamic acid. In the C-terminal two thirds of the
protein these amino acids occur in multiple repetitions of di- and tetrapeptide sequences, i.e.
4 x GIn-Pro, 3 x Tyr-Gln and 2 x Pro-Tyr-GIn-Pro. The N-terminal third of the molecule
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contains more negatively than positively charged residues, rendering the protein acidic in
nature with an IEP of 4.2 2 . Five consecutive acidic residues, one aspartic acid, two
phosphoserines and two glutamic acid residues occupy positions 1 to 5 at the N-terminus.

As for many salivary proteins, statherin appears in several isoforms. Three variants have
been identified in submandibular/sublingual secretions 3 . Variant SV2 represents an
alternative splicing variant, lacking residues 6-15 encoded by exon 4. Variants SV1 and
SV3 are post-translational cleavage products of statherin and SV2, respectively and both
lack the C-terminal Phe residue. More recently, a novel statherin variant was discovered in
whole saliva arising through intra-molecular cyclization after secretion by oral epithelial
transglutaminase 2, linking Glu3’ to Lys® 4 . Average statherin concentrations in oral fluids
have been determined by immuno-quantitation and were 4.3 pg/ml in whole saliva and 95.9,
and 73.6 pg/ml in glandular parotid and submandibular/sublingual secretions, respectively
5 . The concentration differences between whole saliva and glandular secretions are
significant and point to substantial post-secretory proteolytic processing of statherin, further
increasing its structural diversity.

Polarity within the statherin structure with respect to charged and hydrophobic domains
endows this protein with unique functional characteristics (summarized in Fig. 1). Due to its
amphipathic nature, full length statherin exhibits the properties of a boundary lubricant,
reducing frictional forces during mastication 6 . The hydroxyapatite binding properties of
statherin are associated with the N-terminus as well its capacity to inhibit secondary
(seeded) calcium phosphate precipitation 7 . Full length statherin furthermore inhibits
spontaneous calcium phosphate precipitation, a property crucial for maintaining saliva
supersaturated with respect to calcium and phosphate salts. When adsorbing to the tooth
surface, the C-terminal domain undergoes transition from random coil to alpha-helical
conformations 8, 9, unmasking oral bacterial binding epitopes that were not accessible in
the protein in solution 10-13 . Recently, statherin has been demonstrated to inhibit the
conversion of C. albicans blastoconidia into the more virulent hyphal growth form 14 .
Overall, statherin is important for oral health by protecting tooth enamel through lubrication
and maintaining mineral homeostasis, and, in the adsorbed state, by contributing to the early
phases of microbial colonization.

Because of the unique distribution of charged and hydrophobic residues and doubly
phosphorylated N-terminus, chemical synthesis of statherin by solid phase techniques is
challenging, although successful synthesis of full length statherin by F-moc chemistry has
been reported 15. Recombinant expression of non-phosphorylated statherin in bacterial
expression systems is feasible, but to obtain native statherin, phosphorylation of the N-
terminal vicinal serine residues requires /n vitro incubation with the appropriate Golgi casein
kinase 16 . In the present study we report an optimized preparative isolation method to
obtain statherin in pure form from human parotid secretion. The isolated material was used
to study statherin fragmentation in whole saliva, a biological process frequently overlooked
with regard to protein functionality in the oral cavity. The fragmentation cascade was
biochemically characterized by RP-HPLC and LC-ESI-MS/MS. Cleavage in the identified
regions may reveal a new vista on /i vivo proteolysis of statherin and functional
implications relevant to oral and gastro-intestinal health.

Saliva collection

Informed consent was obtained from all saliva donors prior to sample collection according
to approved protocols of the Institutional Review Board at Boston University Medical
Center. All enrolled subjects presented with good oral health without overt signs of gingival
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inflammation or other oral conditions. Human parotid secretion (HPS) was collected from
four healthy volunteers with the aid of a Curby cup positioned over the orifice of the
Stensen’s duct. HPS flow was stimulated with sour lemon candies (Jolly Rancher,
Hershey’s, PA) and the secretion was collected in graduated tubes placed on ice. Stimulated
whole saliva (WS) was also collected on ice, from the same four subjects. A 5 ml aliquot
was obtained between 10.00 and 11.00 AM at least 1 hour after the last meal. WS flow was
stimulated by mastication on 4 square inches of Parafilm (American National Can™,
Chicago, IL). After collection equal volumes of WS samples were pooled. To obtain WS
supernatant (WSS), WS was cleared from particulate matter such as bacteria and host-
derived cells by centrifugation at 14,000 x g for 20 min at 4° C. In some experiments, WSS
was diluted ten fold in saliva ion buffer containing containing 50 mM KCI, 1.5 mM
potassium phosphate, 1 mM CaCl,, and 0.1 mM MgCl, , pH 7.0 17.

Statherin isolation by zinc precipitation

Statherin was purified from freshly collected HPS by using the zinc precipitation method
previously described 18 with several modifications. ZnCl, was added to 80 ml of HPS to a
final concentration of 687.5 mM. The pH of the solution was adjusted to 9.0 with 2M
NaOH, and the solution was incubated on ice for one hour. The precipitate formed was
collected by centrifugation at 16,000 x g for 20 min at 4°C. Typically, sediments from 80 ml
HPS starting material were dissolved in a total volume of 4 ml of 2% TFA. Minor
undissolved particles were removed by centrifugation, dissolved in 0.2 ml of DMSO and
analyzed separately.

Bis-Tris SDS PAGE

Pre-cast 12% Bis-Tris gels (Novex, InVitrogen, Carlsbad, CA) were used for SDS
polyacrylamide gel electrophoresis (PAGE). Samples to be analyzed were boiled for 5
minutes in sample buffer containing 60 mM Tris-HCI, pH 6.8, 2.5% (w/v) glycerol, 2% (w/
v) SDS, 0.1 M DTT and 0.1% (w/v) bromophenol blue. Electrophoresis was carried out in
running buffer containing 25 mM Tris, 0.2 M glycine and 0.1% (w:v) SDS, pH 8.3 ata
constant voltage of 120 V. The gels were stained with 0.1% (w/v) Coomassie Brilliant Blue
R-250 in 40% (v/v) methanol and 10% (v/v) acetic acid for 16 hours followed by destaining
in the same solution without dye.

Cationic PAGE

Proteins were dissolved in sample buffer containing 0.04% methyl green (Thermo Fisher,
Waltham, MA) in 40% sucrose (Sigma, St. Louis, MO). Cationic proteins were separated by
15% cationic PAGE as previously described 19, 20 using the Bio-Rad mini-gel system and
spacers of 1.5 mm thickness. Gel polymerization was accelerated by exposing the gels to a
light source (60 Watts). Electrophoresis was carried out at a constant voltage of 120 V after
which the gels were stained and destained as described above.

Anionic PAGE

Dried samples were resuspended in sample buffer containing 6% (v/v) HCI, 60 mM Tris,
HCI, 1% (v/v) Temed, 20% sucrose, and 0.0008% (w/v) bromophenol blue. Electrophoresis
was carried out as previously described 21, 22 using the Bio-Rad mini-gel system and
spacers of 1.5 mm thickness. The separating gel contained 7.5% (w/v) acrylamide. After
electrophoresis at 120 V, the proteins were stained with 0.5% (w/v) amido black 10B in 7%
(v/v) glacial acetic acid, followed by destaining in 7% (v/v) glacial acetic acid.
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Semi-preparative RP-HPLC for statherin isolation

The zinc precipitated proteins dissolved in 2% TFA were filtered through a 0.2 pm HT
Tuffryn membrane filter (Pall Co., An Arbor, MI). The sample was subjected to RP-HPLC
on a preparative C-18 column (TSK-GEL 5um, ODT-120T, 7.8mm x 300mm, TOSOHaas,
Montgomeryville, PA) connected to a HPLC apparatus (Model 715, Gilson, Middleton, WI).
Proteins/peptides in the sample were eluted at a flow rate of 1.5 ml/min using a linear
gradient generated from mixing buffer A containing 0.1% trifluoroacitic acid (TFA) and
buffer B containing 80% acetonitrile and 0.1% TFA. The linear gradient used reached 55%
buffer B after 74 minutes. Absorbance was monitored both at 219 nm and 230 nm. Proteins
were collected using the peak collection mode with a peak width and peak sensitivity
settings of 0.5 and 2.5, respectively (Unipoint 3.3 software, Gilson). Fractions were first
flash evaporated under nitrogen (Glas-Col, Terre Haute, IN), redissolved in 0.5 ml of 50
mM ammonium bicarbonate buffer (pH 8.0) and lyophilized (FreezeMobile 25L, Virtis, SP
Scientific, Gardiner, NY). Typically, 2 mg of statherin could be isolated from 80 ml HPS.
The concentration of statherin in solution was determined spectrophotometrically at 215 nm
using an extinction coefficient (e) of 20.mg=1.mI~1 . Purity of the preparation was further
verified by RP-HPLC with a very shallow gradient. The gradient consisted of the following
segments: 0-10 minutes: 0—35% buffer B; 10-40 minutes: 35-46% buffer B; and 40-45
minutes: 46-100% buffer B. The identity of statherin in the collected peak was verified by
ESI-MS in the static mode (see below).

Proteolysis of purified statherin in WS and WSS

For assessing statherin susceptibility to oral fluid proteases, statherin (400 pg/ml) was added
to WS, WSS and to 1:10 diluted WSS. The incubation times selected for these experiments
were: 0, 10, 30, 60 and 90 minutes for incubations in WS; 0, 1, 3, 5 and 7 hours for
incubations in WSS and 0, 4, 8 and 24 h for incubations in 1:10 diluted WSS. All
incubations were carried out at 37°C and 100 pl aliquots were removed at the indicated time
points. The aliquots were boiled for 10 minutes, mixed with 900 ul buffer A and analyzed by
analytical RP-HPLC.

Analytical RP-HPLC for monitoring statherin degradation

For analytical RP-HPLC samples were loaded onto a C-18 column of 4.6mm x 250mm.
Proteins/peptides were eluted applying the same gradient from 0 to 55% buffer B over a 74
min time interval. In samples of statherin incubated in WS or WSS, the amount of residual
intact statherin was quantitated by integration from the peak area relative to intact statherin.
In samples of statherin incubated in 1:10 WSS peaks containing proteolytic products of
statherin were collected, dried and characterized by LC-ESI-MS/MS.

Liquid chromatography electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS

The purity of the statherin sample was analyzed by ESI-MS in the static mode using an
LTQ-linear ion trap mass spectrometer (Thermo Electron, San Jose, CA). Fractions were
dissolved in 20 pl of 50% acetonitrile and 0.1% formic acid. Samples were applied to a
PicoTip emitter (New Objective, Woburn, MA) with a tip of 4 um in diameter followed by
ESI-MS using an electrospray voltage of 2.3 kV. Obtained spectra were deconvoluted using
ProMass for XCalibur software (Thermo Finnigan). To structurally characterize statherin
degradation fragments, lyophilized RP-HPLC fractions were dissolved in 20 pl of 2.5%
acetonitrile and 0.1% formic acid and analyzed by LC-ESI-MS/MS. The raw MS data were
searched using Bioworks software (version 3.3.1) against a database containing the 43
residue statherin (Swissprot accession number P02808) and the 33 residue statherin variant
SV2. The selected filter criteria were 1) “no enzyme”; 2) DeltaCN = 0.1; 3) peptide
probability < 0.05, XCorr score value > 2.2 and 3.5 for z= 2 and 3, respectively. Among the
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total number of peptides sequenced in a particular fraction, the most frequently observed
fragment was considered the main constituent. In most fractions one peptide was clearly
predominant representing more than 90% of all peptides sequenced.

RESULTS

PAGE analysis of HPS and zinc precipitates

In order to maximize the precipitation of statherin from human parotid secretion, the
molarity of added zinc chloride was increased to 687.5 uM. Dissolution of the precipitate
was accomplished in 2% TFA in 1/20t™ of the original volume of HPS. Most of the zinc
precipitated proteins dissolved well in 2% TFA. Some undissolved material was removed by
centrifugation, and this minor fraction was dissolved in DMSO. The compositions of HPS,
HPS supernatant, the zinc precipitate dissolved in 2% TFA and the second precipitate
dissolved in DMSO were subjected to various PAGE systems including Bis-Tris PAGE,
cationic PAGE and a nionic PAGE (Fig. 2). These three electrophoretic systems separate
proteins based on size, size and positive charges and size and negative charges, respectively.
Amounts applied from each of the fractions originated from the same volume of HPS. Bis-
Tris PAGE analysis showed that zinc chloride effectively precipitated the small molecular
weight protein fraction from HPS (Fig. 2A; lane 3). This lane also contained a minor
component with a molecular weight of approximately 37 kD which may represent proline-
rich glycoprotein 23 . The molecular weight of the TFA-insoluble protein in lane 4 was
about 55 kD in size, possibly representing a non-glycosylated isoform of amylase 24 .
Cationic PAGE was performed to visualize histatins20, 25 . Results indicated the presence
of histatins 1, 3, and 5 in the zinc precipitate and their complete disappearance from the
supernatant, (Fig. 2B; lanes 2 and 3). Neutral and negatively charged proteins in the zinc
precipitate were observed by anionic PAGE by which the major salivary proline-rich protein
isoforms can be separated 21, 26, 27 . In HPS and HPS supernatant, two double bands were
noted (indicated with arrows) representing proline-rich proteins (PRPs); PRP1, PIF-s and
PRP2 in the upper double band and PRP3, PIF-f and PRP4 in the lower double bands (Fig.
2C) 27 . The PRPs appeared to remain in the supernatant and not to precipitate with zinc
chloride. Anionic PAGE of the TFA-dissolved pellet showed histatin 1 (white arrow) which,
due to its neutral pH, can be visualized in the anionic PAGE system 28 . Lane 3 also
displays statherin (dotted arrow) and some minor other bands indicating the necessity for
further RP-HPLC purification of the zinc precipitate.

RP-HPLC and ESI-MS analysis of zinc precipitates and statherin

The zinc-precipitated proteins dissolved in 2% TFA were subjected to reverse phase high
performance liquid chromatography (RP-HPLC). Chromatograms of samples from three
individual subjects display almost identical component compositions (Fig. 3). The four
major peaks contained histatin 5, histatin 3, histatin 1 and statherin 18 . Levels of histatins
and statherin differed between subjects and these individual differences were confirmed by
repeat collections from the same donors (data not shown). The data also showed that the
statherin levels were consistently somewhat below that of the three histatins. The major
statherin peak was collected and subjected to shallow gradient RP-HPLC, confirming the
purity of the preparation (Fig. 4). The statherin preparations before and after shallow
gradient RP-HPLC were also compared by anionic PAGE (Fig. 3C, lanes 5 and 6) indicating
they were electrophoretically identical. ESI-MS analysis of the statherin peak revealed a
pattern characteristic of the pure statherin protein carrying 5+, 4+ and 3+ charges (Fig. 5A).
No additional peaks of unknown m/z values were observed. The deconvoluted average
nominal mass was 5380.4 Da, closely matching the theoretical mass of 5299.8 Da of full
length phosphorylated statherin. The data indicate that a single RP-HPLC separation step of
the zinc precipitated HPS proteins was sufficient to obtain statherin in pure form.
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Statherin proteolysis in WS and WSS

There is ample evidence that certain salivary proteins are susceptible to degradation by
whole saliva proteases (reviewed in 29). While proteolytic rates differ between subjects, a
remarkable consistency in protease specificities has been reported, justifying the use of
pooled human whole saliva in degradation experiments 30, 31 . To obtain average rates,
statherin was added to pooled WS or WSS and incubated for various time intervals (0-90
min in WS and 0-7 hr in WSS). The time points selected were chosen to capture the
complete proteolysis of statherin in WS and in WSS, respectively. A relatively high
concentration of statherin was added. This facilitated the detection of statherin protein by
RP-HPLC above WS/WSS protein background levels, which typically exhibited minimal
absorbance in the statherin peak region. In addition, at this added concentration of statherin
it can be assumed that oral proteases operate at maximum velocity (Vmax) making it feasible
to compare between WS and WSS rates. As a control, statherin was added to WS and WSS
which had been boiled to abolish protease activities. Statherin degradation in WS and WSS
was monitored by RP-HPLC (Fig. 6A and 6D, respectively) and quantitated from the
statherin peak area in the chromatogram (Fig. 6B and 6E, respectively). Half the added
amount of statherin disappeared in WS after 26 minutes and in WSS after 1.5 h, indicating
that proteolytic rates in WS were 3.6 fold higher than in WSS. In boiled WS and WSS
statherin remained intact (Fig. 6C and 6F, respectively).

Characterization of primary proteolytic cleavage sites

Further degradation experiments were carried out with 1:10 diluted WSS to further reduce
the absorbance by endogenous statherin peptides to undetectable levels. Statherin was added
and sample aliquots were removed and analyzed after Oh, 4h, 8h and 24h of incubation (Fig.
7A). As proteolysis progressed, the intact statherin peak (P6) gradually decreased
concomitant with the appearance of statherin fragments (peaks P1 to P5). The elution
diagram from 0-50 min and beyond 74 min gave no evidence for additional peptides (not
shown). LC-ESI-MS/MS analysis of P1-P5 indicated that without exception all cleavages of
statherin had occurred in the N-terminal half of the protein (Fig. 7B). In this domain, all
peptide bonds C-terminal to glycine residues (Gly!2, Gly!®, Glyl” and Gly19) and arginines
(Arg®, Argl0 and Arg!3) were hydrolyzed. In addition, cleavages were noted after Phel4
and Tyr18, but not after Phe’ and any of the other tyrosine residues. The most abundant
peptides were those resulting from cleavage after Arg®, Argl9, Arg!3 and Phel4 .
Noticeably, no cleavage after Lys® had occurred, pointing to preferential cleavage of Arg but
not Lys residues. The hydrophobic C-terminus of statherin appeared to survive, at least in
the initial phases, proteolysis by oral fluid associated enzymes.

DISCUSSION

Statherin was successfully isolated from HPS by zinc precipitation and RP-HPLC. ESI-MS
of the main statherin peak in the chromatogram showed no evidence for any of the three
statherin variants, SV1, SV2 or SV3, indicating that the approach is suitable to obtain
statherin without the closely resembling isoforms at a preparative level. The three isoforms
of statherin were originally discovered and isolated from submandibular/sublingual
secretion3. Two of these variants, SV1 and SV2, have recently been found in parotid
salivary secretion as well31 . In the original study, the variants were separated from statherin
by RP-HPLC at a gradient increase of 0.8% B/min. This is comparable to the gradient
applied in our studies (0.7% B/min) and a similar resolution can be expected. We observed
small peaks in the chromatogram of the zinc precipitate eluting prior to the main statherin
peak in the RP-HPLC chromatograms (Fig. 3), possibly representing statherin variants. The
aim of this study however was to obtain pure full length statherin, which was achieved with
the optimized methodology described.
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Evidence for the fragmentation of statherin in whole saliva has been presented in prior
peptidome studies 17, 31-33 . What has not been accomplished before is to unravel and
define the early time sequence of statherin fragmentation and evaluate the primary cleavage
sites targeted by oral proteases. We found in human pooled diluted WSS that the N-terminal
half of the molecule is attacked first. All peptide bonds C-terminal to glycines were
hydrolyzed pointing to distinct enzymatic specificities. Prominent cleavages were
furthermore observed after Arg?, Argl, Arg!3, and Phel4 . Interestingly, while cleavage
was observed after Phel4, the other Phe residue in the N-terminal domain, Phe’, was not
targeted. Likewise, Tyrl8 was cleaved but not Tyrl6 suggesting specificity for cleavage of
certain hydrophobic residues in a defined context. Tyrosine residues in the hydrophobic part
of the molecule, Tyr?, Tyr30, Tyr34 Tyr38 and Tyr4! were all untouched, further
emphasizing that cleavage after Tyr!6 was specific. It is of interest to note that statherin
variants SV2 and SV3, lacking the segment spanning residues 6-15 containing Arg®, Arg10
Arg13, Phel4 Glyl2 and Gly!® (Fig. 1) has substantially fewer candidate cleavage sites than
intact statherin. Consequently, SV2 can be expected to be less susceptible than statherin to
proteolysis in the oral cavity. Overall, the C-terminus of native statherin was resistant to
proteolysis in the time span examined. Smaller statherin fragments, however, resulting from
cleavages in this domain have been detected, in WS as well as in the acquired enamel
pellicle 34,35, indicating additional cleavages may occur at later stages in the in vivo
statherin fragmentation process.

Enzymes responsible for the proteolytic degradation of statherin in whole saliva fluid have
yet to be identified. To gain insight into the molecular weight of the statherin-degrading
enzymes, we have attempted a zymography approach in which statherin was incorporated
into the acrylamide gel system as the enzymatic substrate. In our previous studies this
technique was succesfully applied to investigate the proteases cleaving histatins, another
group of small molecular weight salivary proteins 36 . In the histatin zymogram gels we
could determine that the major proteolytic enzymes cleaving histatins were 50-75kD in size.
Some of the active proteases were identified by in gel trypsinization and LC-ESI-MS/MS as
lactotransferrin, kallikrein-1, and human airway trypsin-like protease. Unfortunately, the
zymography approach with statherin was unsuccessful, perhaps because of significant
differences in primary structure and isoelectric points between histatins and statherin and
resultant differences in their immobilization in the gel during the polymerization/
electrophoresis process. As for histatins, we demonstrated for statherin that most of the
involved proteolytic enzymes are cell associated, based on the fact that the enzymatic
activity was almost four fold higher in WS than in WSS. The identification of bacterial
enzymes in the cell pellet remains a challenge due to the current limitations in the number of
established bacterial genomes and the low levels at which bacterial enzymes are present in
saliva.

From a biological perspective, statherin exhibits a number of functions that are highly
important to the maintenance of oral health. As summarized in Fig. 1, these functions are in
some cases assigned to selective domains within the statherin structure, whereas for other
functions, intact statherin is required. Proteolysis may abolish statherin’s capacity to inhibit
primary calcium phosphate precipitation and lubrication, properties associated with the full
length molecule. It also could interfere with statherin ability to bind C. albicansand to
inhibit yeast to hyphae conversion which are associated with full length statherin and
residues 6—43, respectively 14 . On the other hand, based on our data it can be anticipated
that inhibition of secondary calcium phosphate precipitation, a function previously localized
in residues 1-6, would be unaffected. Another important function residing in the N-terminus
of statherin is adherence to the tooth surface and participation in the formation of the
acquired enamel pelliclel, 37 . Previous isothermal titration microcalorimetry and
adsorption isotherm measurements have distinguished two phases in the adsorption process
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of statherin to hydroxyapatite 8 . The initial low coverage binding step involves A-type sites
on the crystal lattice and is exothermic in nature. Subsequent binding provokes higher
coverage, occurs at B-type sites and appears to be thermodynamically neutral. Solid NMR
analysis has shown that once statherin binds to a mineral surface, a conformational change is
induced in the C-terminus, adopting an alpha-helical conformation 9 . These conformational
changes are thought to expose hidden epitopes. Such epitopes were originally referred to as
“cryptitopes” and first described in salivary proline-rich proteins38 . Revelation of epitopes
in statherin upon adsorption to the tooth surface facilitates binding of certain oral bacteria
such as A. viscosusand P. gingivalis 10, 12 . Proteolytic cleavage of statherin at the N-
terminus implies that the hydroxyapatite binding regions become separated from the C-
terminal region. Consequently, adsorption-induced conformational changes in the C-
terminal domain are not anymore likely to occur when the N-terminus is cleaved off. Hence,
statherin fragmentation in the oral cavity could prevent bacterial binding to cryptic epitopes
in the C-terminal domain.

Recently it has been shown that adsorption to hydroxyapatite reduces the sensitivity of
histatin 1 to oral fluid proteases 39 . Histatin 1 and statherin share many physical
characteristics; both are about 5 kD in size, are phosphorylated and exhibit affinity for
hydroxyapatite. In analogy to the observations made with histatin 1, it can be speculated that
statherin adsorption to hydroxyapatite may reduce proteolytic susceptibility. The here
identified primary fragmentation sites in statherin are located in a region immediately
adjacent to the N-terminal hydroxyapatite binding domain. Upon binding of statherin to the
enamel surface, the protease susceptible domain spanning residues Lys5-Gly? could
become less accessible to proteolytic enzymes, for instance as a result of steric hindrance or
conformational changes induced in the adsorbed statherin molecule. This is relevant since
statherin binds with high affinity to hydroxyapatite 40 , and the rate of adsorption likely
outcompetes the rate of statherin proteolysis in whole saliva.

In conclusion, fragmentation of statherin by oral enzymes is clearly generating multiple
fragments for which functional roles have not yet been established. Of particular interest is
the survival of the C-terminal statherin domain, which may underscore the essentiality of
this part of the molecule for biological functions. Given the structural characterization of the
preponderant statherin peptides, novel functions are now amenable to characterization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RP-HPLC reversed phase high performance liquid chromatography
WS whole saliva
WSS whole saliva supernatant
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Fig. 1.
Structural and functional characteristics of statherin.

J Proteome Res. Author manuscript; available in PMC 2011 October 01.



Helmerhorst et al. Page 13

MW
kD) 1 2 3 4

250
150
100
75
50

37

Fig. 2.

PAGE analysis of human parotid secretion (HPS) and zinc-precipitated proteins. A, SDS
PAGE; B, cationic PAGE; C, anionic PAGE. Gel A far left lane: molecular weight (MW)
standard (Bio-Rad). All gels: lane 1, HPS (100 pl); lane 2: HPS supernatant after zinc-
precipitation (100 ul); lane 3: zinc-precipitated proteins from 100 pl HPS, soluble in 2%
TFA, lane 4: TFA-insoluble zinc precipitated proteins from 100 ul HPS dissolved in DMSO.
Arrows in gel B point from top to bottom to the positions of histatins 1, 3, and 5,
respectively. Arrows in gel C point to the acidic proline-rich proteins (see text for details).
Gel C lane 5: statherin purified by RP-HPLC (20 pg); lane 6: statherin after further
purification by isocratic RP-HPLC (20 ug).
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Fig. 3.

RP-HPLC analysis of proteins from HPS precipitated with zinc chloride. A, B, and C:

results obtained for three individual HPS donors. The zinc-chloride precipitated material in

all three subjects contained primarily histatins 5, 3, 1 and statherin.
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Isocratic RP-HPLC analysis of the pooled statherin peak.
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Mass (Da)

ESI-MS analysis of the pooled statherin peak. A, MS spectrum showing multiple charged

species of statherin; B. Deconvoluted mass of statherin (5380.4 Da).
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Minute

T
65 70 75
S

Degradation of statherin in WS and WSS. Statherin was added to a final concentration of
400 pg/ml to pooled human WS or WSS. After various time intervals, 100 pl aliquots were
removed, boiled and analyzed by RP-HPLC. A and D, statherin incubated with WS and
WSS, respectively; B and D, plots of statherin peak areas in WS and WSS, respectively; C
and F, statherin incubated with boiled WS and WSS, respectively (control).
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Fig. 7.

Degradation of statherin in 1:10 diluted WSS and characterization of the major degradation
fragments. Statherin was added to a final concentration of 400 pug/ml to 1:10 diluted pooled
human WSS. After various time intervals, 100 pl aliquots were removed, boiled and
subjected to RP-HPLC. A, zoom of the RP-HPLC chromatogram magnifying the elution
time frame of the statherin degradation fragments; B, amino acid sequences of the
degradation fragments determined by LC-ESI-MS/MS.
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