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Proline-rich proteins (PRPs) are the most complex family of salivary peptides with distinct
isoforms and PTMs. Up to date, only the serine phosphorylation at positions 8, 17, and 22
have been experimentally observed on acidic PRP (aPRPs), and at position 8 on basic PRP1
and 2. The presence of a glucoronyl group at Ser17 was also noticed on aPRP. The main goal
of this study was to identify new PTMs and distinct isoforms of salivary PRPs using
LC-MALDI-TOF/TOF. Through the salivary peptidome characterization of 20 different
subjects from Control, Diabetic, and Head and Neck Cancer groups, it was possible to identify
the following species: (i) N-glycosylation sites: two in basic proline-rich protein 2 (bPRP2),
one in bPRP3 and one in bPRP4; (ii) O-glycosylation sites: two in bPRP2 and one in aPRP;
(iii) other terminal monosaccharide sites: six in bPRP1, two in bPRP2 and two in bPRP3; (iv)
other modifications such as N-terminal pyro-Glu (two in bPRP1, six in bPRP2, eight in
bPRP3 and nine in bPRP4); (v) phosphorylation in serine, three in bPRP1, one in bPRP2, one
in bPRP3 and one in aPRP1; (vi) bPRP1 (allele S, allele M and variant CP5) and bPRP4 (allele
M). In summary, salivary peptidome data analysis allowed the identification of 45 new PRP-
modified residues, mainly due to glycosylation, phosphorylation and conversion of Gln to
pyro-Glu. Moreover, comparing all subject groups, it was noticed a predominance of N-acetyl
hexosamine modification on bPRPs in the Head and Neck Cancer patients.
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Salivary secretions, similarly to other body fluids, contain
several low-molecular-weight protein species with the
unique distinction that peptide species with an m/z up to
20kDa are responsible for about 40% of the total secreted
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proteins [1]. Salivary peptides are mostly present as protein
families; those that are closely related structurally [2, 3] have
been grouped since the 1970s into a few major classes,
namely, histatins, statherin, cystating and proline-rich
proteins (PRPs).

PRPs, which comprise 20-30% of all saliva protein
content [4], are divided into two different groups: acidic
proline-rich proteins (aPRPs) and basic proline-rich proteins
(bPRPs). The bPRPs are typically divided into glycosylated
PRPs and nonglycosylated species [5].

The aPRPs complex is expressed by the PRH1 and PRH2
genes, which express the forms PRP1, PRP2, PIFs and Dbs
that are proteolytically cleaved at the RPPR motif located at
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residue Argl23 of the primary sequence [6-8]. The
N-terminal cleavage of aPRPs originates the species PRP3,
PRP4, PIFf and the Dbf, whereas the C-terminal fragment
corresponds to the P-C peptide. Beside this cleavage, all
these species may undergo different PTMs, including
phosphorylation at Ser8, Ser17 and Ser22 residues [6, 8] and
the addition of a glucoronyl group at Serl7 on aPRPs [9].

bPRPs are expressed by four different genes named
PRBI-PRB4. Several studies [5, 10-15] have pointed to a
multitude of bPRPs sequences, classified as P-D, P-E, P-F
and P-H by Isemura et al. [10-16], a designation which other
researchers adopted [12-14]. Meanwhile, more species were
identified and classified as IB1, IB4 (P-H), IB5 (P-D), IB6,
IB7, 1B8a, IB8b, IBSc (P-F), IB9 (P-E), II-1 and 1I-2 [5]. All
these species result from proteolytic cleavage, which might
occur during or before granule maturation as observed by
Messana et al. [7]. In addition to the number of detected
forms of bPRPs in saliva and similarly of aPRPs, these
species undergo PTMs such as phosphorylation at Ser8 on
bPRP1 [15]. As stated above, it has been suggested that some
bPRPs should present glycosylated forms regarding the
existence of potential glycosylation sites. However, there is
no experimental evidence of glycosylated bPRPs. Besides
PTMs, little is known concerning the bulk of bPRPs
isoforms that could result from the cleavage of precursors
proteins originating from the translation of many alleles
associated with each PRB gene [7, 16, 17].

Considering the lack of information regarding salivary
PTMs and PRPs isoforms, the main goal of this study was to
look for evidence of their existence in healthy subjects and
in patients with alterations in the carbohydrate metabolism.
To achieve this goal, whole saliva was collected from 20
different subjects (aged 23-54) grouped into three distinct
sets according to their clinical evaluation: ten with head and
neck cancer (HNC), five with diabetes mellitus type 1 (DM1)
and five classified as the control (Cont), corresponding to
subjects with no evidence of salivary gland oral pathologies
or inflammatory processes. This study was approved by the
local ethics committee and all participating individuals gave
their informed consent.

Unstimulated whole saliva was collected at 10:00 a.m. by
direct draining into a saliva collection tube, after a fasting
period of at least 2h. Salivary peptide isolation was imme-
diately performed following the procedure described by
Vitorino et al. [18]. After passing the supernatant through
10kDa filters, enriched peptides fractions were separated
using an Ultimate 3000 (Dionex, LCPackings) onto a
150mm x 75um Pepmapl00 capillary analytical C18
column with 3 um particle size (Dionex, LCPackings) at a
flow rate of 300nL/min. A linear gradient of 5% Buffer B
(85% ACN, 5% 2-propanol, 0.04% TFA) to 50% Buffer B was
run over a period of 35min. Peptides eluting from the
capillary column were mixed with a continuous flow of
o-CHCA matrix solution (270nL/min, 2mg/mL in 70%
ACN/0.1% TFA and internal standard Glu-Fib at 15 fmol)
and were directly deposited onto the LC-MALDI plates at
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20-s intervals for each spot (100nL/fraction). For every
separation run, 156 fractions were collected. The MALDI-
TOF/TOF MS analysis was performed using a 4800 MALDI-
TOF/TOF Analyzer (Applied Biosystems, Foster City, CA,
USA). An S/N threshold of 50 was used to select peaks for
MS/MS analyses. A fragmentation voltage of 2kV was used
throughout the automated runs. The spectra were processed
and analyzed by the Global Protein Server Workstation
(Applied Biosystems), which uses internal MASCOT soft-
ware (v.2.1.0.4, Matrix Science, UK) for protein/peptide
identification based on the peptide mass fingerprints and
MS/MS data.

An initial search was performed against the Swiss-Prot
protein database (March 2009, 428 650 entries) for Homo
sapiens. An MS tolerance of 30 ppm was found for precursor
ions and 0.3 Da for fragment ions, as well as two missed
cleavages. Protein identifications were considered as reliable
when the MASCOT score was >70 (MASCOT score was
calculated as —10 x log P, where P is the probability that the
observed match is a random event.). This is the lowest score
indicated by the program as significant (p<0.05) and indi-
cated by the probability of incorrect protein identification.
For PTM characterization, all data were reprocessed in an
internal database created with all entries retrieved from the
initial search including all PRP variants described in the
literature [19] and in Uni-Prot [20]. In order to estimate the
false discovery rate (FDR) and considering the repetitive
PRP motif, a random decoy database was created for all
Swiss-Prot and internal database entries resulting in 12 and
5% of FDR, respectively (false-positive peptides/(false-posi-
tive peptides+total peptides)) x 100. Unique peptides
retrieved from FDR search were considered for PTM char-
acterization.

Searched PTMs (Supporting Information Table 1) were
considered as reliable when the program indicated the
MASCOT score as significant (p<0.05) and the individual
ion score (calculated as described above for protein search)
was higher than 20. Each PTM was further manually vali-
dated through PTM-specific neutral loss and a, b and/or y
fragmentation ions series. Saliva presents highly proteolytic
cascade events promoted by different enzymes that enlarge
the spectrum of peptides identified [18, 21]. Using LC-
MALDI for the analysis of salivary peptidome, we identified
1391 fragments from bPRPs (334, 298, 122 and 139 frag-
ments of bPRP1, bPRP2, bPRP3 and bPRP4, respectively,
covering 97, 94, 61 and 100% of the protein main sequence)
and from aPRPs (498 fragments covering 100% of main
sequence). Sample data processing, including mining 38
different PTMs (Supporting Information Table 1), allowed
the identification of 75 unique modified peptides (12
different modifications) mainly due to glycosylation, phos-
phorylation and conversion of Gln to pyro-Glu (Table 1) as
well as three different distinct isoforms. Taking into
consideration this last issue, PRPs’ polymorphism could
raise the complexity of distinct isoforms deriving from the
presence of different common alleles [22]. Although several
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distinct isoforms of three alleles (PIF, Db and Pa) associated
to PRH1 had been identified in saliva [23], to date there is no
evidence of distinct isoforms of other bPRPs allele variants.
The major characteristic of these distinct isoforms is the
depletion of internal sequences that remain conserved both
at N- and C-terminal. For instance, the bPRP1 allele S

p
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isoform presents a deletion on the main sequence between
residues 118 and 239. Using this strategy, positive identifi-
cations were obtained from searching all obtained spectra
for bPRP1 alleles S, M, CP5 and bPRP4 allele M. For
instance, the m/z 2205.21 specie (Table 1) was assigned to
bPRP1 allele S which corresponds to the sequence
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Figure 1. Representative MS/MS spec-
D - tra for major PTMs identified in PRP.
GPPPPGKPQGPPPQGDKSRSPQ (A) Identification of phosphorylation on

A b ity
s ¥ ¥ 5 ¢ % 3 8 % %

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Ser 8 and conversion of GIn to pyro-Glu
from peptide with m/z 2535.11 which
belongs to bPRP3; (B) Identification of
N-glycosylation on Asn8 from peptide
with m/z 2125.04 which belongs to
bPRP2; (C) Identification of O-glycosy-
lation on Ser18 from the peptide with
m/z 2097.08 which belongs to bPRP1;
(D) MS/MS spectrum of peptide m/z
2205.92 corresponding to the alter-
native splicing variant BPRP1(S).
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GPPPPGKPQGPPPQGDKSRSPQ (115-136) (Fig. 1D),
covering the sequence gap originating from the internal
deletion.

When searching for phosphorylated species with the
exception of bPRP4, all other forms present at least one
phosphorylated serine residue. Overall, 21 different peptides
were identified as presenting one or more phosphorylated
serine residues, mostly corresponding to aPRPs (16/21)
phosphopeptides. Although Ser8, Serl7 and Ser22 have
been described in the literature [24, 25] as aPRPs phos-
phorylated sites, we only detected this modification at Ser22.
The remaining peptides belong to bPRP1, bPRP2 and
bPRP3. Potential phosphorylated sites can be retrieved from
NetPhos v2.0 prediction [26], based on the main sequence
analysis. Identified potential hits were assigned for scores
higher than 0.9 resulting in 15, 18 and 5 potential Ser
residues, respectively. From this analysis, we detected the
phosphorylation at Ser8 on bPRP1, as mentioned previously
[15], in addition to the phosporylation at Ser134 on bPRP2
and Ser8 on bPRP3. In Fig. 1A, it is shown that the MS/MS
spectra of the specie at m/z 2535.11 are assigned
to the sequence QSLNEDVSQEESPSVISGKPEGR from
bPRP3. Through fragmentation spectra analysis,
it was observed that the phosphate group is located at Ser8
while the N-terminal presents the conversion of Gln
(pyro-Glu). It is noteworthy that the presence of phos-
phorylated Ser8 on bPRP3 and Ser134 on bPRP2 has never
been detected or even suggested. Similarly to aPRPs,
the presence of additional phosphorylation sites in
bPRPs may suggest a possible participation in calcium
homeostasis.

In this study, 21 unique peptides containing terminal
monosaccharide units belonging mainly to bPRPs
class were identified. Among the widespread modifications
found, it must be noted the assignment of N-acetyl hexo-
samine (HexNac) attached to Ser (O-glycosylation)
and to Asn (N-glycosylation) residues. A typical fragmenta-
tion profile for N-HexNac was observed on MS/MS spectra,
and is shown in Fig. 1B. As can be observed, typical frag-
ment ions derive from the 17, 120 and 203 Da neutral losses
corresponding to the loss of ammonia from asparagines, a
cleavage of a half cross-ring fragmentation and the N-acetyl
hexosamine attached to the asparagines, respectively. In the
case of O-HexNac, the MS/MS identification is achieved by
the detection of y2 or b17 ions plus 203 Da (Fig. 1C). Several
potential sites for N-glycosylation based on Asn-Xaa-Ser/Thr
sequons have been described for bPRPs (three on bPRP2,
eight on bPRP3 and eight on bPRP4). From these potential
sites, we detected N-HexNAc at Asn214 and Asn256 on
bPRP2, Asn71 on bPRP3 and on bPRP4, whereas O-glyco-
sylation sites were observed only on bPRP1 at Ser71 and
Ser314. This screening also revealed precursors that lost the
terminal sugars fucose, dHex (NL 146) present at Serl34
(bPRP1), Ser232 (bPRP2) and Ser232 (bPRP3) and hexose,
Hex (NL 162, referring to mannose, glucose or galactose) at
Ser25 (bPRP1) and Asn239 (bPRP3). Previously, O-linked

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Box plot as a function of HexNac.

hexuronic acid was identified in aPRPs at Ser17 along with
pyro-Glu and phosphopeptide [9]. In our study, we also
identified this modification, although at Ser22, which seems
to alternate with phosphorylation, as described by Jonsson
et al. [9] for Serl7.

The above-mentioned modifications were observed in all
groups of subjects. In order to compare the occurrence of
theses PTMs among the Cont, DM1 and HNC groups, we
performed a PTM frequency peptide distribution analysis
using the boxplot (Fig. 2), the most frequently used
graphical technique for visualizing the distribution of
continuous univariate data [27]. It was only observed a
predominance of HexNAc modification on DbPRPs
in HNC group which was clearly distinct from the
other two groups (Fig. 2). This result is in agreement with
the literature findings, namely for lung cancer, where
it was observed the accumulation of O-GlcNAcylation in the
glycan  profile of patient tissue samples [28].
Moreover, further investigation is necessary to elucidate the
meaning and the role of HexNAc modification of bPRPs in
oral cavity.
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