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Summary

Objective—In previous studies, we defined groups of subjects with opposite salivary function.
Group membership was associated with clinically-relevant outcomes. High aggregation-adherence
(HAA) groups showed lower levels of caries, supragingival plaque, total streptococci, and Tannerella
forsythensis than low high aggregation-adherence (LAA) groups. In this study, we used a proteomic
approach to search for biomarkers which could be useful as risk indicators for those outcomes.

Design—Clarified resting whole saliva from each of 41 HAA and LAA subjects was separated by
preparative isoelectric focusing. Fractions showing the most distinctive protein profiles were pooled
into four sets (pl 3-3.5, pl 4-4.7, pl 5.7-7.7, pl 10-11.5). Each pool then was compared by SDS-
PAGE. Image analysis software was used to quantify matched bands. Partial least squares analysis
(PLS) was used to determine which of the 65 bands from all four pools were the best predictors of
group membership, caries, total plaque, total streptococci, and T. forsythensis counts. Those bands
were identified by mass spectroscopy (MSMS).

Results—Two bands consistently were strong predictors in separate PLS analyses of each outcome
variable. In follow-up univariate analyses, those bands showed the strongest significant differences
between the HAA and LAA groups. They also showed significant inverse correlations with caries
and all the microbiological variables. MSMS identified those bands as statherin, and a truncated
cystatin S missing the first eight N-terminal amino acids.

Conclusions—Levels of statherin and truncated cystatin S may be potential risk indicators for the
development of caries and other oral diseases.
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Introduction

Many studies have attempted to relate individual variation in particular salivary protein
concentrations to differences in measures of oral health or ecology. The results generally have
been inconsistent. One reason for this problem may be that salivary proteins display
considerable redundancy of function. Moreover, some proteins may modulate each others’
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functions, or form heterotypic complexes that behave differently from their component parts
(1). Our group has addressed those issues in three previous studies which focused on measures
of salivary function as alternatives to direct quantification of salivary proteins. In the first study,
we screened resting whole saliva from 149 subjects for variation in Killing, aggregation and
live and dead adherence of three species of oral bacteria (2). All functions were measured
together in a single hydroxyapatite-coated microplate. A principal components analysis
indicated that aggregation and adherence could be combined into a single factor accounting
for most of the variation in the data. Measurements of the adherence of dead bacteria to
hydroxyapatite contributed most strongly to this factor. Killing of bacteria in suspension
represented a second independent parameter of salivary function. Persons below the 251
percentile (low) or above the 75t percentile (high) for each of those two principal components
were selected for further analysis. Four groups with opposite function scores were defined as:
low aggregation-adherence/low killing, low aggregation-adherence/high killing, high
aggregation-adherence/low killing, and high aggregation-adherence/high killing. Collectively,
these groups included 41 subjects out of the original population. We found that caries scores
were significantly decreased in both high aggregation-adherence groups (HAA), whereas there
were no differences in caries between groups that were high or low for killing of bacteria in
suspension. In the second study, the 41 members of the opposite function groups were recalled
for evaluation of their streptococcal flora (3). The results indicated that both HAA groups
showed significantly reduced levels of supragingival biofilm DNA and total streptococci
compared to the low aggregation-adherence groups (LAA). There were no differences in
biofilm measurements related to killing of planktonic bacteria. The third study extended that
comparison to periodontal pathogens, and showed that supragingival levels of Tannerella
forsythensis likewise were significantly reduced in the HAA groups (4).

Collectively, our previous studies suggest that knowledge of salivary function with respect to
aggregation-adherence might be useful for assessing the risk of oral microbial diseases. The
ideal venue for risk assessment would be the dental office. However, the salivary function
assays we have developed are too complex for routine clinical use. Chairside assays would be
more practical if salivary function could be defined in terms of a few simple biomarkers. The
protein constituents of saliva have good potential as biomarkers, in the sense that the technology
now exists to miniaturize and standardize methods for protein quantification, such as ELISA
(5,6). However, this potential can only be realized if differences in levels of salivary proteins
are, in fact, informative. The purpose of this study was to use a modified proteomic approach
to test the hypothesis that salivary proteins might serve as biomarkers which could be used to
distinguish between persons who were high or low for aggregation-adherence in our previous
measures of salivary function, oral health, and oral ecology.

Materials and methods

Strategy for identifying biomarkers - a modified proteomic approach

Proteomics was made possible by the development of three key technologies: multidimensional
methods for protein separation (most typically by charge and molecular weight), mass
spectrometry, as a means for rapid exact identification of separated proteins, and bioinformatic
methods, which provide tools for the analysis and interpretation of results from large protein
databases. Several ongoing studies are making use of those methods to identify and catalog
every component of the exceedingly complex salivary proteome (7-14). Such projects
necessarily are focused on comprehensive examination of saliva from relatively small numbers
of subjects.

Our question required a somewhat different approach. We had available to us a database
containing information on the salivary function, clinical status, and microbiological status of
the 41 subjects in the HAA and LAA groups, plus stored saliva samples from those same
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individuals. In order to look for biomarkers associated with those parameters, we needed a
cost-effective means of assessing variation in the salivary proteomes of all those subjects. Two-
dimensional gel electrophoresis is probably the most common approach to protein separation
for proteomic studies. Overlay-type software is available for comparison of two-dimensional
gels from two different experimental conditions. The number of possible parings withinagroup
of subjects can be estimated as n(n—1)/2 (15). With 41 subjects, the number of possible pairs
equals 820. Overlay analysis clearly is not practical with so many pairs to compare. As an
alternative, we developed a stepwise process, in which preparative isoelectric focusing first
was used to separate the proteins in a saliva sample into 20 fractions based on charge. Those
fractions were compared side by side in SDS-PAGE gels for preliminary studies, to determine
whether it was reasonable to reduce the number of fractions by pooling ones that appeared very
similar to each other. The 41 samples then were fractioned and the fractions from each subject
pooled into four sets: acidic (pl 3-3.5), moderately acidic (pl 4-4.7), neutral (pl 5.7-7.7), and
basic (pl 10-11.5), as described below. For each set, the pools from each subject were run side
by side in SDS-PAGE gels. This allowed us to match and quantify bands for each set in 41
subjects at the same time. Our goal was to find potential biomarkers, and not to identify every
protein in these samples. Accordingly, mass spectrophotometric analysis was restricted to
bands which showed strong statistical associations with the functional, clinical, and
microbiological parameters in our database.

Collection and processing of saliva samples

The University of Minnesota Institutional Review Board approved all procedures involving
human subjects and informed consent was obtained from all participants. Longitudinal studies
have shown that salivary protein concentrations remain relatively consistent over long periods
of time (1). The 41 members of the HAA (n = 18) and LAA (n = 23) groups were recalled for
a second round of resting whole saliva collection within one year of the original screening
study. Subjects were instructed not to consume food or beverages except water for 1 hour before
saliva collection, which was done in the morning between 10:00 AM. and 12:00 PM. Each
subject was asked to collect 8 ml of saliva by expectoration in polypropylene tubes on ice.
Immediately after collection, the saliva sample was centrifuged at 27,000 x g for 15 min at 4°
C to remove bacteria, exfoliated epithelial cells and debris.

Preparative liquid-phase isoelectric focusing

SDS-PAGE

A fresh sample of whole saliva supernatant (5.5 ml) was loaded into the middle seven
compartments of a Rotofor® preparative isoelectric focusing system (Bio-Rad, Hercules, CA).
The rest of the compartments received 14 ml of ampholyte solution. The final concentration
of the ampholytes was 0.8%. The Rotofor® was run for 4 hours at 12 W and 4°C.

At the end of each run all the fractions were collected quickly (within 10-15 seconds) and their
pH was measured to insure correct distribution of the pH gradient between fractions.
Ampholytes were removed from each fraction by four rounds of centrifugation at 8,000 x g
for 1 hour through Microcon™ (Millipore, Billerica, MA) filters with a molecular weight cut-
off of 3,000 Da. We used phosphate buffered saline (pH = 7.2) to reconstitute the samples
between each centrifugation step. Samples were recovered by reversing the filters followed by
centrifugation at 3,000 g for 15 minutes. Nu-PAGE ™ (Invitrogen, Carlsbad, CA) sample buffer
(25 pl) was added to the retentate from each fraction and the samples were stored at —20° C
until needed.

Proteins in each pl pool were separated by molecular weight with a Novex™ Nu-PAGE ™
mini-gel electrophoresis system (Invitrogen, Carlsbad, CA), in combination with a
ThermoFlow™ apparatus for temperature control (Invitrogen). The best results were obtained
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with pre-cast Novex™ 4-12% Bis-Tris gels and MES running buffer under constant voltage
of 190 V for 50 min at 24° C.

At the end of the run, the gels were stained with Coomassie Brilliant Blue R-250, which was
selected, because it allows for quick identification of proline-rich proteins. These proteins stain
pink-violet with R-250 in the absence of organic solvents from the de-staining solution. The

rest of the salivary proteins stain blue.

Western blots

Western blots were run in preliminary experiments, to confirm that salivary proteins of known
pl and molecular weight were present in their expected locations. In different experiments we
probed blots with the following primary antibodies: rabbit anti-human MG2, rabbit anti-human
lactoferrin, rabbit anti-human lysozyme, rabbit anti-human IgA alpha chain, rabbit anti-human
amylase, rabbit anti-human albumin, sheep anti-human lactoperoxidase, and mouse anti-
human secretory component. The anti-MG2 antibody was kindly provided by Dr. Robert
Troxler (Boston University School of Dentistry, Boston, MA). All the other antibodies were
purchased from Sigma-Aldrich (St. Louis, MO), with the exception of anti-lactoperoxidase
(Biogenesis, Sandown, NH) and anti-lysozyme (DAKO, Glostrup, Denmark).

Design of protein separations

Saliva from one subject per day was processed with the Rotofor® system according to the
procedure described above, until a complete set of frozen pl pools had been obtained for each
of the 41 recalled subjects. We then began running SDS-PAGE comparisons for the basic (pl
10-11.5) pool, followed by the acidic (pl 3-3.5), neutral (pl 5.7-7.7), and moderately acidic
(p! 4-4.7) pools. Molecular weight standards were run in the first, last, and central wells of
each gel. Novex™ Mark 12 molecular weight marker (Invitrogen) was used to standardize the
basic, acidic, and neutral pools, whereas the Novex " SeeBlue® Plus2 marker set (Invitrogen)
was used for the moderately acidic pool. Samples were reduced with 25 mM dithiothreitol
(preliminary experiments with the basic pool had shown no difference in band patterns with
and without dithiothreitol, so samples for that pool were not reduced). In order to preserve the
quantitative information provided by differences in band density, we deliberately chose not to
standardize protein concentrations across samples. For each pl pool, each sample was run in
three different gels.

Image acquisition and processing

Gels were scanned with a GS-700 Imaging Densitometer (Bio-Rad) using a green filter (520-
570 nm), which provided the best resolution for gels stained with Coomassie R-250. After
image acquisition, the gels were dried and preserved for further studies.

Quantity One™ (Bio-Rad) gel analysis software was used to define lanes and bands on the gels,
and to quantify each band’s optical density. Lane-based background subtraction was applied
and the bands were identified automatically by the software based on pre-set parameters for
sensitivity and band width. The gel images then were edited in order to remove artifacts (false
positive bands) and define any bands that were missed by the software (false negative bands).
The lanes containing molecular weight markers were identified as standard lanes. The software
used those lanes to calculate the molecular weight of the unknown bands, and matched bands
of similar molecular weight across all the lanes within a tolerance of 4% of lane height. Band
density was quantified as average optical density (AOD). The AOD is the sum of the density
of each horizontal row of pixels within a band, divided by the number of rows in that band.
Bands that were missing from any particular sample were assigned AOD values of zero, so
that each band would have a complete distribution of AOD scores for all 41 subjects.
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Statistical approach for identification of potential biomarkers

Because each sample was run in three different gels, the AOD for each band in a sample was
expressed as the mean of 3 replicates. Mean AOD then was transformed to log(1+ mean AOD),
to correct for a high degree of skewness in the distributions of mean AOD scores across
subjects. Partial least squares analysis (PLS) was used to determine which of 65 distinct bands
from all four pools were the best predictors of HAA or LAA group membership, occlusal caries,
total biofilm DNA, total streptococci, and T. forsythensis counts (as recorded in our database;
all microbiological measurements were obtained from buccal molar surfaces within one year
of the collection of these saliva samples). PLS is a data simplification technique which is
uniquely suitable in situations where variables are highly correlated, and the number of
variables is greater than the number of subjects. That approach has previously been used to
determine whether allelic variation in salivary acidic proline rich proteins could be used to
predict caries scores (16). In this case, a separate PLS model was run for each outcome variable
listed above. Each analysis included seven cross-validation runs, in which half of the samples
were randomly selected and used to predict outcomes for the other half. Each cross-validation
run yielded values indicating the relative importance of each band to the prediction. Those
values are called VIP scores in PLS. VIP scores were averaged across the cross-validation runs,
and the average VIP scores for each outcome in turn were averaged. Bands with a grand mean
VIP greater than 0.8 were selected for closer examination of their suitability as biomarkers
(16). This was done by using graphical analysis to check for influential outliers, and univariate
t-tests or Pearson correlation coefficients to confirm associations between mean AOD scores
and outcome variables. All data analysis (including PLS) was done using Statistica 6 software
(Statsoft, Tulsa, OK).

Mass spectrometry

Results

Dried gels containing high AOD examples of two bands considered to have the strongest
potential as biomarkers were sent to the University of Minnesota Proteome Analysis Core
Facility. There, the gels were rehydrated, and the bands of interest were removed with an
automated spot cutter. Peptides were generated by in-gel digestion with trypsin or
chymotrypsin, and desalted using reverse-phase chromatography (ZipTip, Millipore, Billerica,
MA). Peptides then were sent to the University of Minnesota Center for Mass Spectrometry
for analysis by MALDI-TOF with a QStar XL mass spectrometer. Peptide mass data were
screened against all protein sequences in Genbank and likely proteins were identified. Initial
protein identifications were confirmed by a second round of mass spectrometry to sequence
component peptides (MS-MS).

Preliminary studies

Fig. 1 shows all 20 pl fractions from a single subject, run side-by-side in paired SDS-PAGE
gels. The overall appearance of the protein pattern is quite similar to published images of saliva
separations in two-dimensional gels, except that the individual proteins are seen as bands
instead of spots. Coomassie R-250 metachromatic staining patterns and western blots indicated
that known salivary proteins were in their expected location, based on pl and molecular weight
(not shown). Isoforms of many proteins were distributed across multiple fractions. For example
the glycosylated and unglycosylated variants of amylase were present across the pl range from
10.0to 4.0, although they were most plentiful in the neutral range (Fig, 1, and western blot not
shown). Some adjacent fractions appeared to be virtually identical in terms of band positions,
with relatively slight quantitative variations between them (Fig 1). We reasoned that it would
be most informative to compare fractions that differed substantially. To avoid missing any
bands that might be present in only a single fraction, we decided to pool fractions into the four
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major subgroups shown in Fig. 1, for subsequent comparisons of the 41 subjects by SDS-
PAGE.

Defining potential protein biomarkers by PLS

The band- matching analysis of the SDS-PAGE gels resulted in the identification of 65 distinct
bands. A database was created in which each of 65 columns represented a band, and the 41
rows represented the mean AOD values observed for that band in each subject. The quantitative
data for the 65 bands then were used as predictor variables in a series of cross-validated PLS
analyses with group membership (HAA or LAA), occlusal caries, total biofilm DNA, total
streptococci, or T. forsythensis counts as the outcome variables.

Table 1 lists all those bands which had a mean VIP score of > 0.80 (across seven cross-
validation runs) for any of the five outcome variables. For most of those bands, a high VIP
score was observed for only one or two outcomes. However, four bands showed consistently
high VIP scores across multiple outcomes, with grand mean VIP scores > 0.80. Accordingly,
bands B2, MAR9, MAR10, and NR12 were selected for further analysis.

Univariate and bivariate analyses

VIP scores can be inflated by outliers. To detect outlier effects, we examined plots of each of
those four bands against each of the five outcome variables. A single outlier in the LAA group
proved to be responsible for the high VIP scores for band B2 (Fig. 2A). The NR12 band in fact
was missing from all but 8 subjects. All of the subjects who had that band were members of
the LAA group, and this accounted for the high VIP score. However, the NR12-positive
subjects represented only 35% of the LAA subjects. The presence or absence of NR12 thus
could not be used to define group membership (Fig. 2B). Outlier effects were similarly evident
in bivariate scatter plots of B2 and NR12 against the other outcome variables (not shown).

By contrast, the MAR9 and MAR10 bands both had broad continuous distributions. In each
case, the majority of subjects with high values for those bands were members of the HAA
groups. Those group differences were significant by univariate t-tests (Fig. 2C,D). Univariate
t-tests were run comparing the HAA and LAA groups for each of the 65 bands, and the p values
for MAR9 and MAR10 were the lowest (not shown). The AOD values for MAR9 and MAR10
showed significant inverse correlations with occlusal caries, and scatter plots indicated that
HAA subjects with AOD values greater than 0.05 had lower caries scores (Fig. 3A,B). A similar
pattern of significant inverse correlations was observed for buccal molar biofilm DNA, where
HAA subjects with AOD values greater than 0.05 had the lowest amounts of biofilm (Fig.
3C,D). Buccal molar counts of total streptococci showed essentially the same pattern (Fig.
3E,F). Thirty-nine percent of all subjects had zero counts for buccal molar T. forsythensis, but
the majority of those persons were HAA subjects with AOD scores greater than 0.04 for MAR9
and MAR10 (Fig. 3G,H).

Mass spectroscopy

MS-MS identified the MAR9 protein as a variant form of salivary cystatin S, which was missing
the first eight N-terminal amino acids. Digestion with chymotrypsin was necessary to identify
the MAR10 protein, which proved to be salivary statherin (Fig. 4).

Discussion

Statherin and the cystatin S — (AA1-8) variant were the best discriminators between the LAA
and HAA groups. They likewise were the most consistent predictors of occlusal caries, and
supragingival levels of total biofilm DNA, total streptococci, and T. forsythensis. Those
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associations may or may not indicate that there is a direct molecular relationship between the
functions of those proteins and salivary antimicrobial functions.

Like almost all salivary proteins, statherin appears to be multi-functional. A wide range of
potential functions have been demonstrated by in vitro experiments. The first to be reported
was the inhibition of precipitation in supersaturated solutions of calcium (17). This property
is common to a number of otherwise heterogenous salivary proteins which display a negatively
charged N-terminal with two phosphoserines. However, statherin appears to be the most potent
inhibitor of precipitation. Given its strong calcium-binding activity, it is not surprising that
statherin has been found to be a plentiful component of the enamel pellicle, both in vitro and
in vivo (14,18-20). Statherin in pellicle is distributed close to the enamel surface (19), which
may be related to the high levels of lubricity that were demonstrated with purified statherin in
an artificial mouth system (21). However, a recent study has shown that a statherin- and
calcium-rich layer also forms at the air-liquid interface of salivary films in vitro (22). Because
of these observed properties, statherin is thought to be a major regulator of mineralization in
the mouth. This might contribute to our present findings regarding caries, if one assumes that
higher levels of statherin might be associated with a higher rate of remineralization. However,
itis less clear why there should be relationships between higher levels of statherin and lower
levels of biofilm microbes.

In common with other pellicle proteins, the binding of the N-terminal of statherin to
hydroxyapatite reveals C-terminal epitopes that may serve as binding sites for oral bacteria.
In vitro experiments suggest that statherin may offer binding sites to more pathogenic variants
of Actinomyces species, as well as other potential pathogens such as Porphyromonas
gingivalis, Fusobacterium nucleatum, and Candida albicans (23-26). However, in our in
vivo study, statherin might be said to inhibit bacterial adhesion, based on its observed inverse
relationship with total supragingival biofilm, total streptococci, and T. forsythensis (P.
gingivalis could not be detected at any site that was sampled in this young adult population).
Interestingly, two in vitro studies have suggested that statherin may competitively inhibit
Streptococcus mutans binding to other salivary proteins (27,28).

An alternative possibility is that statherin might exert a direct antimicrobial effect. We have
not been able to find any published reports in which such an hypothesis was tested. The amino
acid sequence of statherin does not suggest any obvious mechanism of antimicrobial action.
However, the possibility cannot be ruled out, at present. Statherin is known to form heterotypic
complexes with other salivary proteins (29), and it might be that high levels of statherin promote
the formation of complexes that expose oral bacteria to antimicrobial effects of partner proteins.
We were unable to address this question directly, since such complexes are too large to enter
the SDS-PAGE gels used here. Intriguingly, statherin recently has been shown to be effective
in promoting the adherence of the anti-candidal protein histatin 5 to hydroxyapatite (30).

Similar issues arise in discussing potential antimicrobial activities of the cystatin S —(AA1-8)
variant. This truncated form of cystatin S appears to be present to varying degrees in saliva
from most persons (31). Indeed, the variant was the first salivary cystatin to be identified by
amino acid sequencing (32). It was not until the sequencing of the cystatin S gene that the
existence of a full-sized form was deduced, and confirmed to be present in saliva (33,34). The
three-dimensional structure of cystatin S indicates that the N-terminal portion of the molecule
is probably exposed to the oral environment. The (AA1-8) truncated variant can be generated
by P. gingivalis proteases, but it is likely that it can be produced by many proteases which
cleave on the carboxyl side of arginine (AA8) (35).

Cystatins generally are considered to function as cysteine protease inhibitors. The inhibitory
activity of cystatin S is considered to be weak in comparison to the other salivary cystatins (C,
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D, SA, and SN) (36), although cystatin S was able to inhibit up to 40% of the protease activity
in P. gingivalis culture supernatant (35). The loss of the eight N-terminal amino acids appears
to have little effect on protease inhibition by cystatin S (35). For all those reasons, it is not clear
whether cysteine protease inhibition makes a strong contribution to the inverse associations
seen between levels of the cystatin S — (AA1-8) variant and our outcome variables.

Cystatin S can be phosphorylated at up to five sites. Non-phosphorylated, partially
phosphorylated, and fully phosphorylated variants can be found within the same saliva sample
(37). Itis thought that the phosphorylated forms may play some role in calcium regulation and
pellicle formation, although their ability to bind calcium is approximately ten-fold less than
that of statherin (36,37). Two of the phosphorylation sites is are serines at AALl and AA2. Thus,
one might expect the calcium binding activity of the (AA1-8) truncated variant to be reduced
relative to the intact molecule. It is not known whether this is actually the case, and it is not
clear how such a reduction might contribute the inverse associations we observed.

A more intriguing possibility arises from the observation that cystatin S can inhibit the growth
of P. gingivalis, and that effect appears to be independent of its ability to inhibit cysteine
proteases (35,38). Three peptides derived from cystatin S showed inhibitory activity, with a
peptide representing AA1-14 being the most active on a molar basis. The effect of all three
peptides was cumulative, with no single peptide showing as much activity as the full molecule.
However, since the AA1-8 peptide is readily cleaved by P. gingivalis, it has been suggested
that it may inhibit the growth of that organism by interfering with the uptake of small peptides
(38). Such an effect has not been verified experimentally, and it is not known whether it would
occur with a wide range of oral bacterial species. If that were to be the case, then the level of
free peptide in saliva might influence the growth and development of oral biofilm. The
proteomic approach we used did not allow us to detect or measure small peptides. However,
it is reasonable to suggest that higher levels of the (AA1-8) truncated cystatin S variant might
be indicative of higher levels of the AA1-8 peptide. Further study will be needed to test this
hypothesis.

Clearly, more information is needed on the molecular basis for the contributions of statherin
and the (AA1-8) truncated cystatin S variant to variation in salivary antimicrobial functions.
However, even in the absence of such information, both proteins are still potentially useful as
biomarkers for risk prediction. In our population, statherin is the better discriminator. With an
cutoff value of 0.03, the AOD scores distinguish between members of the LAA and HAA
groups with a sensitivity of 100% and a specificity of 67%. In other words, all members of the
presumably higher risk LAA group (higher caries, biofilm, streptococci, and T. forsythensis)
are correctly identified, but 33% of the presumably lower risk HAA group are misclassified.
Further studies are needed before our findings can be generalized to other populations. In that
respect, two recent proteomic comparisons of caries-free and caries-susceptible subjects from
Portugal are intriguing (39,40). Those studies focused on proteins which adsorbed to
hydroxyapatite, and found that statherin and cystatin S levels were higher in the caries-free
group (they did not look at variant forms of cystatin S).

If additional clinical studies confirm the utility of statherin and/or the (AA1-8) truncated
cystatin S variant as biomarkers, then the next step will be to develop assays for those proteins
which can be used in a dental office. Recent advances in point-of-care immunoassays,
microfluidics, and protein chip methods suggest that this may become possible in the very near
future.

Acknowledgements

This work was supported by Public Health Service grant 2 R01 DE 07233 from the National Institute for Dental and
Craniofacial Research, Bethesda, MD, USA. We thank Dr. Subhalakshmi Giridharagopalan for her assistance in

Arch Oral Biol. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rudney et al.

Page 9

running SDS-PAGE gels, and Dr. Bruce Witthuhn of the University of Minnesota Proteome Analysis Core Facility
and Dr. Suddha Marimanikkuppam of the University of Minnesota Center for Mass Spectrometry for their assistance
in the identification of target proteins.

References
1.

Rudney JD. Does variability in salivary protein concentrations influence oral microbial ecology and
oral health? Crit Rev Oral Biol Med 1995;6:343-367. [PubMed: 8664423]

. Rudney JD, Staikov RK. Simultaneous measurement of the viability, aggregation, and live and dead

adherence of Streptococcus crista, Streptococcus mutans and Actinobacillus actinomycetemcomitans
in human saliva in relation to indices of caries, dental plaque and periodontal disease. Arch Oral Biol
2002;47:347-359. [PubMed: 12015215]

. Rudney JD, Pan Y, Chen R. Streptococcal diversity in oral biofilms with respect to salivary function.

Arch Oral Biol 2003;48:475-493. [PubMed: 12798151]

. Rudney JD, Chen R. Human salivary function in relation to the prevalence of Tannerella forsythensis

and other periodontal pathogens in early supragingival biofilm. Arch Oral Biol 2004;49:523-527.
[PubMed: 15126134]

. LiY, Denny P, Ho CM, Montemagno C, Shi W, Qi F, et al. The Oral Fluid MEMS/NEMS Chip

(OFMNC): diagnostic and translational applications. Adv Dent Res 2005;18:3-5. [PubMed:
16000263]

. Wong DT. Salivary diagnostics powered by nanotechnologies, proteomics and genomics. J Am Dent

Assoc 2006;137:313-321. [PubMed: 16570464]

. Walz A, Stuhler K, Wattenberg A, Hawranke E, Meyer HE, Schmalz G, et al. Proteome analysis of

glandular parotid and submandibular-sublingual saliva in comparison to whole human saliva by two-
dimensional gel electrophoresis. Proteomics 2006;6:1631-1639. [PubMed: 16402355]

8.Guo T, Rudnick PA, Wang W, Lee CS, Devoe DL, Balgley BM. Characterization of the human salivary

10

11.

12.

13

14.

15.
16.

17

proteome by capillary isoelectric focusing/nanoreversed-phase liquid chromatography coupled with
ESI-tandem MS. J Proteome Res 2006;5:1469-1478. [PubMed: 16739998]

. Hirtz C, Chevalier F, Centeno D, Egea JC, Rossignol M, Sommerer N, et al. Complexity of the human

whole saliva proteome. J Physiol Biochem 2005;61:469-480. [PubMed: 16440601]

. Xie H, Rhodus NL, Griffin RJ, Carlis JV, Griffin TJ. A catalogue of human saliva proteins identified

by free flow electrophoresis-based peptide separation and tandem mass spectrometry. Mol Cell

Proteomics 2005;4:1826-1830. [PubMed: 16103422]

Hu S, Xie Y, Ramachandran P, Ogorzalek Loo RR, Li Y, Loo JA, et al. Large-scale identification of

proteins in human salivary proteome by liquid chromatography/mass spectrometry and two-

dimensional gel electrophoresis-mass spectrometry. Proteomics 2005;5:1714-1728. [PubMed:

15800970]

Hardt M, Thomas LR, Dixon SE, Newport G, Agabian N, Prakobphol A, et al. Toward defining the

human parotid gland salivary proteome and peptidome: identification and characterization using 2D

SDS-PAGE, ultrafiltration, HPLC, and mass spectrometry. Biochemistry 2005;44:2885-2899.

[PubMed: 15723531]

. Wilmarth PA, Riviere MA, Rustvold DL, Lauten JD, Madden TE, David LL. Two-dimensional liquid

chromatography study of the human whole saliva proteome. J Proteome Res 2004;3:1017-1023.

[PubMed: 15473691]

Yao Y, Berg EA, Costello CE, Troxler RF, Oppenheim FG. Identification of protein components in

human acquired enamel pellicle and whole saliva using novel proteomics approaches. J Biol Chem

2003;278:5300-5308. [PubMed: 12444093]

Sokal, RR.; Rohlf, FJ. Biometry. Vol. 2. San Francisco, CA.: W. H. Freeman; 1981.

Stenudd C, Nordlund A, Ryberg M, Johansson I, Kallestal C, Stromberg N. The association of

bacterial adhesion with dental caries. J Dent Res 2001;80:2005-2010. [PubMed: 11759011]

. Hay DI, Smith DJ, Schluckebier SK, Moreno EC. Relationship between concentration of human
salivary statherin and inhibition of calcium phosphate precipitation in stimulated human parotid
saliva. Journal of Dental Research 1984;63:857-863. [PubMed: 6429216]

Arch Oral Biol. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rudney et al.

18.

19.

20

21.

22.

23.

24.

25.

26.

217.

28

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 10

Jensen JL, Lamkin MS, Oppenheim FG. Adsorption of human salivary proteins to hydroxyapatite: a
comparison between whole saliva and glandular salivary secretions. Journal of Dental Research
1992;71:1569-1576. [PubMed: 1381733]

Schupbach P, Oppenheim FG, Lendenmann U, Lamkin MS, Yao Y, Guggenheim B. Electron-
microscopic demonstration of proline-rich proteins, statherin, and histatins in acquired enamel
pellicles in vitro. Eur J Oral Sci 2001;109:60-68. [PubMed: 11330936]

. Li J, Helmerhorst EJ, Yao Y, Nunn ME, Troxler RF, Oppenheim FG. Statherin is an in vivo pellicle

constituent: identification and immuno-quantification. Arch Oral Biol 2004;49:379-385. [PubMed:
15041485]

Reeh ES, Aguirre A, Sakaguchi RL, Rudney JD, Levine MJ, Douglas WH. Hard tissue lubrication
by salivary fluids. Clin Materials 1990;6:151-161.

Proctor GB, Hamdan S, Carpenter GH, Wilde P. A statherin and calcium enriched layer at the air
interface of human parotid saliva. Biochemical Journal 2005;389:111-116. [PubMed: 15769251]

Cannon RD, Nand AK, Jenkinson HF. Adherence of Candida albicans to human salivary components
adsorbed to hydroxylapatite. Microbiology 1995;141:213-219. [PubMed: 7894715]

Gibbons RJ, Hay DI, Cisar JO, Clark WB. Adsorbed salivary proline-rich protein 1 and statherin:
receptors for type 1 fimbriae of Actinomyces viscosus T14V-J1 on apatitic surfaces. Infection &
Immunity 1988;56:2990-2993. [PubMed: 2902013]

Amano A, Sharma A, Lee JY, Sojar HT, Raj PA, Genco RJ. Structural domains of Porphyromonas
gingivalis recombinant fimbrillin that mediate binding to salivary proline-rich protein and statherin.
Infection & Immunity 1996;64:1631-1637. [PubMed: 8613371]

Sekine S, Kataoka K, Tanaka M, Nagata H, Kawakami T, Akaji K, et al. Active domains of salivary
statherin on apatitic surfaces for binding to Fusobacterium nucleatum cells. Microbiology
2004;150:2373-2379. [PubMed: 15256578]

Shimotoyodome A, Kobayashi H, Tokimitsu I, Matsukubo T, Takaesu Y. Statherin and histatin 1
reduce parotid saliva-promoted Streptococcus mutans strain MT8148 adhesion to hydroxyapatite
surfaces. Caries Res 2006;40:403-411. [PubMed: 16946609]

. Gibbons RJ, Hay DI. Adsorbed salivary acidic proline-rich proteins contribute to the adhesion of

Streptococcus mutans JBP to apatitic surfaces. J Dent Res 1989;68:1303-1307. [PubMed: 2550531]

lontcheva I, Oppenheim FG, Troxler RF. Human salivary mucin MG1 selectively forms heterotypic
complexes with amylase, proline-rich proteins, statherin, and histatins. Journal of Dental Research
1997,76:734-743. [PubMed: 9109822]

Yin A, Margolis HC, Yao Y, Grogan J, Oppenheim FG. Multi-component adsorption model for
pellicle formation: the influence of salivary proteins and non-salivary phospho proteins on the binding
of histatin 5 onto hydroxyapatite. Archives of Oral Biology 2006;51:102-110. [PubMed: 16055080]
Lupi A, Messana I, Denotti G, Schinina ME, Gambarini G, Fadda MB, et al. Identification of the
human salivary cystatin complex by the coupling of high-performance liquid chromatography and
ion-trap mass spectrometry. Proteomics 2003;3:461-467. [PubMed: 12687613]

Isemura S, Saitoh E, 1to S, Isemura M, Sanada K. Cystatin S: a cysteine proteinase inhibitor of human
saliva. J Biochem (Tokyo) 1984;96:1311-1314. [PubMed: 6394600]

Hawke DH, Yuan PM, Wilson KJ, Hunkapiller MW. Identification of a long form of cystatin from
human saliva by rapid microbore HPLC mapping. Biochem Biophys Res Commun 1987;145:1248—
1253. [PubMed: 3496880]

Isemura S, Saitoh E, Sanada K, Minakata K. Identification of full-sized forms of salivary (S-type)
cystatins (cystatin SN, cystatin SA, cystatin S, and two phosphorylated forms of cystatin S) in human
whole saliva and determination of phosphorylation sites of cystatin S. Journal of Biochemistry
1991;110:648-654. [PubMed: 1778989]

Blankenvoorde MF, Henskens YM, van’t Hof W, Veerman EC, Nieuw Amerongen AV. Inhibition
of the growth and cysteine proteinase activity of Porphyromonas gingivalis by human salivary
cystatin S and chicken cystatin. Biol Chem 1996;377:847-850. [PubMed: 8997496]

Baron A, DeCarlo A, Featherstone J. Functional aspects of the human salivary cystatins in the oral
environment. Oral Diseases 1999;5:234-240. [PubMed: 10483070]

Dickinson DP. Salivary (SD-type) cystatins: over one billion years in the making--but to what
purpose? Crit Rev Oral Biol Med 2002;13:485-508. [PubMed: 12499242]

Arch Oral Biol. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rudney et al.

Page 11

38. Blankenvoorde MF, van’t Hof W, Walgreen-Weterings E, van Steenbergen TJ, Brand HS, Veerman
EC, et al. Cystatin and cystatin-derived peptides have antibacterial activity against the pathogen
Porphyromonas gingivalis. Biological Chemistry 1998;379:1371-1375. [PubMed: 9865612]

39. Vitorino R, Lobo MJC, Duarte JR, Ferrer-Correia AJ, Domingues PM, Amado FML. The role of
salivary peptides in dental caries. Biomedical Chromatography 2005;19:214-222. [PubMed:
15484227]

40. Vitorino R, de Morais Guedes S, Ferreira R, Lobo MJC, Duarte J, Ferrer-Correia AJ, et al. Two-
dimensional electrophoresis study of in vitro pellicle formation and dental caries susceptibility. Eur
J Oral Sci 2006;114:147-153. [PubMed: 16630307]

Arch Oral Biol. Author manuscript; available in PMC 2010 January 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Rudney et al.

Page 12

1151101 9 18.71841821 8 17.717417.21 MW MW I 71671651 61571531471 413513 | MW

Basic
Pool

Neutral Pool Mod. Acidic
. . " Acidic Pool
pl fractions side-by-side Pool
Figure 1.

All 20 pl fractions from a single subject, run side-by-side in paired SDS-PAGE gels. The
horizontal dimension represents the pl fractions, from the most basic to the most acidic. The
vertical dimension represents molecular weight standards in kDa (lanes containing molecular
weight standards are denoted by MW). Fractions that were pooled in subsequent SDS-PAGE
comparisons of multiple subjects are denoted by bold horizontal lines along the pl axis.
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Three-dimensional histograms showing the distributions of mean AOD scores for bands B2
(A), NR12 (B), MAR9 (C), and MAR10 (D), split between the LAA and HAA salivary function
groups. Arrows mark outlying persons for bands B2 and NR12. Student’s t-test results are

given for bands MAR9 and MAR10.
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Figure 3.

Scatterplots showing regression lines and Pearson correlation coefficients for mean AOD
values of bands MAR9 (left column) and MAR10 (right column) against the outcome variables
of occlusal caries (A, B), buccal molar biofilm DNA (C, D), buccal molar total streptococci
(E, F), and buccal molar T. forsythensis (G, H). Black circles denote members of the LAA
group; white circles identify members of the HAA group.
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Figure 4.

The pl 4.0-4.7 pool from a single subject run in an SDS-PAGE gel, adjacent to a lane containing
a molecular weight standard (MW). The location and identification of the two bands
characterized by mass spectroscopy are marked as shown.
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