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Dear Editors,  

I am submitting the review entitled: " The intriguing heterogeneity of human salivary proline-rich 

proteins” by B. Manconi, et al. for the special issue on Protein Species. 

The review is focused on proline-rich proteins, a family of salivary proteins with high structural 

heterogeneity and inter-individual variability. They are products of six genes clustered on 

chromosome 12p13.2 and comprise a mixture of entire, truncated, phosphorylated, glycosylated and 

dimerized protein/peptide species, sharing large part of their sequences, and possibly involved in 

different biological activities. 

In the hope that the paper may be considered for the publication, I send You my best regards. Yours 

sincerely. 

 

Irene Messana 
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The intriguing heterogeneity of human salivary proline-rich proteins 
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Significance 

The high polymorphism of PRPs gives an important contribution to the high heterogeneity and 

inter-individual variability of the human salivary proteome. The products of six genes clustered on 

chromosome 12p13.2 comprise a mixture of entire, truncated, phosphorylated, glycosylated and 

dimerized protein/peptide species, sharing large part of their sequences, and possibly involved in 

different biological activities. Whatever the role of PRP species is, it should be crucial, given that 

PRPs are the most conserved oral salivary proteins among mammals. 

 

 

 

 

*Significance



12p13.2  
10,850 k 11,400 k 

PRB1 PRB3 PRB4 PRB2 PRH2 PRH1 Loci 

 

II-2    

P-E   

IB-6  

Ps-1  Ps-2   

P-Ko  

II-2 variant P39 

Gl3  

Gl1  

Gl4  

Gl8  

Pif-s 

Db-s 

Pa 

 Pif-f 

Db-f 

P-C 

IB-1   

P-J   

P-F  

P-H 

IB-8a (1+/-) 

II-2   

P-E  

Con2  

PGA  

II-1  

CD-IIg  

PRP-1 

PRP-2 

PRP-3 

PRP-4 

P-C 

PRP-1 RB 

PRP-3 RB 
M

a
in

 p
ro

te
in

 s
p

e
c
ie

s
 

Gl2  
P-D (A/P32) 

Graphical Abstract



Highlights 

 Proline-rich proteins are a large family of salivary proteins of secretory origin. 

 Polymorphic stop codons and alternative splicing generate multiple protein species. 

 Heterogeneity is increased by several pre- and post-secretory modifications.  

 Sequences of human PRP species are largely shared.  

 Top-down proteomics allowed unraveling this complex family.  
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Abstract  

The most heterogeneous family of human salivary proteins is represented by proline-rich proteins 

(PRPs) divided in acidic, basic, and basic glycosylated (aPRPs, bPRPs, gPRPs). They are encoded 

by six genes, clustered on chromosome 12p13.2: PRH1-2 encode aPRPs, PRB1-4 encode bPRPs 

and gPRPs. Each gene exists in different allelic forms: two for PRH2, three for PRH1, PRB2, and 

PRB4, four for PRB1, and PRB3. During granule maturation, PRP proproteins undergo proteolysis 

by the action of convertases and carboxypeptidases. Differently from bPRPs, proteolysis of aPRPs 

is not complete, and, besides fragments, entire protein species are also secreted. Maturation process 

generates ten aPRPs (PRP-1, PRP-2, PIF-s, Db-s, Pa, PRP-3, PRP-4, PIF-f, Db-f, P-C), and at least 

18 bPRPs (II-2, P-E, IB-6, Ps-1, Ps-2, IB-1, P-J, IB-8a, P-F, P-H, P-D, II-1, protein glycosylated A, 

CD-IIg, and Gl1-4). In addition, single nucleotide and length polymorphisms, and differentially 

spliced transcripts originate several natural variants. Phosphorylation, N-pyroglutaminylation, 

dimerization, and N-/O-glycosylation also occur during maturation, enlarging the number of protein 

species, further increased by proteolytic events governed by carboxy- and endo-peptidases during 

and after secretion, and giving rise to a huge number of small peptides. The PRPs functional role is 

still poorly understood.  
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Significance 

The high polymorphism of PRPs gives an important contribution to the high heterogeneity and 

inter-individual variability of the human salivary proteome. The products of six genes clustered on 

chromosome 12p13.2 comprise a mixture of entire, truncated, phosphorylated, glycosylated and 

dimerized protein/peptide species, sharing large part of their sequences, and possibly involved in 

different biological activities. Whatever the role of PRP species is, it should be crucial, given that 

PRPs are the most conserved oral salivary proteins among mammals. 
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1. Introduction 

 

Proline is unique among the common 20 protein amino acids because the cyclization of the side-

chain onto the nitrogen atom of the backbone limits its conformation (Φ angle about 65°) and 

restricts the arrangements of the preceding residue with a prominent preference for β-sheet 

conformation [1]. As a consequence, polyproline peptides are prone to adopt a structure called 

polyproline (PP) II helix, distinctive for a continuous hydrophobic strip around the surface of the 

helix. PP II helices are very common motifs in globular proteins, where they are generally solvent 

exposed [2]. The relative rigidity connected to the low conformational entropy upon binding affords 

weak and very fast on- and off-rates for binding with other widespread motifs, such as SH3 and 

WW domains [3]. Weak, but specific, interactions in intracellular signaling pathways are at the 

basis of the preponderance of proline-based recognition motifs in the eukaryotic proteome [4]. 

Indeed, proline-rich sequences are largely represented in proteins/peptides involved in processes 

requiring fast recruitment or interchange with cognate proteins, such as cytoskeletal 

rearrangements, signaling cascade or transcription initiation, and thus they are very common both  

in the animal and vegetable kingdoms [5]. In humans, proline-rich proteins (PRPs) or proline-rich 

domains are very common and participate to almost all biological processes, such as RNA splicing 

and processing [6], modulation of signaling pathways [7], misfolded protein binding [8], collagen 

fibril organization and chondrocyte development [9], to cite a few. Proteins involved in the 

formation of the epithelial cornified envelope (cornifins, involucrins and small PRPs) [10], and 

salivary PRPs are the largest and most heterogeneous families of human PRPs. Indeed, PRPs 

represent more than 20-30% (w/w) of total proteins in whole human saliva and more than 50-60% 

(w/w) of proteins of parotid saliva [11]. They are commonly divided in three classes: acidic PRPs 

(aPRPs), basic PRPs (bPRPs), and glycosylated (basic) PRPs (gPRPs) [12]. The six genes encoding 

salivary PRPs are localized in a cluster on chromosome 12p13.2 (Fig. 1), two (PRH1 and PRH2) 

encoding for aPRPs and four (from PRB1 to PRB4) for bPRPs. Proline is the predominant amino 
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acid in salivary PRP sequences (25-40% of all amino acids), but Gly and Gln are also highly 

represented, and globally these three amino acids account from 70 to 88% of all the residues [13]. 

Salivary PRPs are unique among the PRP families for the complete absence of hydroxyproline, 

hydroxylysine, and aromatic amino acids. As it will be better described in the following sections, 

the major aPRPs are 150 residue-long and the acidic portion is restricted to the first 30 residues for 

the presence of many Asp and Glu residues. The remaining part of the sequence shows high 

similarities with bPRPs and is highly repetitive, although aPRP repeats differ slightly from bPRP 

repeats. Due to these structural features, bPRPs and aPRPs elute as distinct chromatographic 

clusters in RP-HPLC separations (Fig. 2). While aPRPs are secreted by both parotid and 

submandibular/sublingual glands (in different percentages), bPRPs are secreted only by parotid 

glands. A further distinction between aPRPs and bPRPs is that while aPRPs can be found in saliva 

both as intact and truncated proteoforms, bPRPs encoded by PRB1, PRB2 and PRB4 genes are 

detectable in saliva only as fragments of the bigger proproteins. bPRPs are more polymorphic than 

aPRPs. Alleles of bPRPs exhibit tandem repeat length variation, and single nucleotide 

polymorphisms (SNP) in the coding region as well as polymorphic cleavage sites. Polymorphic stop 

codons and alternative splicing result in multiple transcript variants encoding distinct proteins [14-

17]. In addition to proteolytic fragmentation, other PTMs, such as glycosylation, phosphorylation, 

and N-terminal pyroglutamic acid (pGlu) formation, occur before, during, and after secretion on 

these proteins. As a result, PRPs are characterized by a very high heterogeneity and inter-individual 

variability that have made their identification and characterization demanding. Top-down 

proteomics represents the solely approach able to investigate the naturally occurring protein species 

present in a biological sample [18], including the human salivary PRPs. In fact, in bottom-up 

proteomics, the presence of a protein in a complex sample is inferred by LC-MS/MS detection of 

proteotypic peptides generated by enzymatic digestions of the sample before the analysis. This 

approach reveals its limits when the goal is to evidence peptides or proteins carrying multiple PTMs 

in sites separated by the digestion. Moreover, it is inapplicable to investigate naturally occurring 
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proteolytic fragmentations. Conversely, the top-down approach, based on the analysis of the 

“intact” proteome, represents an exclusive strategy for the comprehensive observation of protein 

species, but suffers from several limits, the major linked to the detection of high molecular size 

and/or poorly soluble proteins.  

In this review the advances in the characterization, mainly performed by top-down MS platforms, of 

human salivary PRPs and their most relevant PTMs, contributing to enlarge their numerous protein 

species, will be summarized and discussed.  

 

2. Salivary acidic proline-rich proteins   

 

Two loci, PRH1 and PRH2, encode for aPRPs [19]. In western population PRH2 locus is 

commonly biallelic and gives rise to PRP-1 and PRP-2, two protein species of 150 amino acid 

residues differing only at position 50 (Asn/Asp, respectively) (Fig. 3). Three different alleles of 

PRH1 locus give rise to the parotid isoelectric-focusing variant slow (PIF-s), the parotid acidic 

protein (Pa), both 150 residues long, and the double band isoform slow (Db-s), 171 amino acid 

residues long. The names, deriving from electrophoretic and isoelectric focusing separation of 

human parotid salivary proteins, are confusing because all the different aPRPs are secreted by both 

parotid and submandibular/sublingual glands, with a relative contribution of about 80% and 20%, 

respectively  [20]. The three protein species encoded by PRH1 locus differ: a) for the residue at 

position 26 that is Leu for Db-s and Pa, and Ile for PIF-s; b) for the insertion in Db-s of a 21 amino 

acid residues repeat after position 81; c) for the residue at position 103 that is Cys in Pa and Arg in 

PIF-s. In the Db-s isoform the Arg is shifted to the 124 position. Pa is commonly present in human 

saliva as a Pa-dimer, generated by the formation of a disulfide bond between the Cys103 residues of 

the monomers (Fig. 3). 

The possible combinations of the most common PRH1 and PRH2 alleles generate 18 different 

phenotypes in the western population. Concerning the PRH1 locus, the PIF allele is more frequent 
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(about 67% in the adult population) than the Pa (18%) and the Db (15%) ones [19,21,22]. Indeed, 

PIF homozygosis is the most common phenotype detectable in adults (about 45%), followed by 

PIF-Pa heterozygosis (24%), PIF-Db heterozygosis (20%), Db-Pa heterozygosis (6%), and Pa (3%) 

and Db (2%) homozygosis. Concerning the PRH-2 locus, the frequency of the PRP-1 allele is about 

71% and that of PRP-2 allele is 29% [19] because PRP-1 homozygosis is the most common 

phenotype (50%) followed by PRP-1/PRP-2 heterozygosis (41%) and PRP-2 homozygosis (9%). 

Other uncommon allelic products of the PRH1 locus (At, Au, Aw) were found in Asiatic 

populations, but were not structurally characterized [23,24]. Recently, during a screening of the 

acid-soluble fraction of about 200 human adult whole saliva samples, a new isoform called PRP-1 

Roma-Boston pSer22→Phe (PRP-1 RB) has been characterized by top-down high-resolution HPLC-

ESI-MS/MS in three subjects [25] (Table 1, Fig. 3). This isoform has been detected at low 

frequency (0.7%) and might correspond to one of the two uncommon structurally not characterized 

isoforms detected by Hay et al. [19] during a survey of human salivary samples by anion-exchange 

HPLC.  

Top-down HPLC low-resolution ESI−MS analysis is not able to distinguish PRP-1, with an avarage 

mass (Mav) of 15354 Da, PIF-s (Mav 15354 Da), and PRP-2 (Mav 15355 Da), which were 

therefore referred to as PRP-1 type proteins (Fig. 3) [26,27]. On the other hand, Db-s (Mav 17473 

Da) and Pa 2-mer (Mav 30682 Da) can be easily discriminated.  

Before granule storage, PRP-1, PRP-2, PIF-s and Db-s undergo a partial cleavage at Arg106 residue 

(Arg127 in Db-s) [20] by a microsomal proprotein convertase recognizing the RPPR↓ consensus 

sequence [28], originating a common 44-amino acid residues peptide (named P-C) and four 

truncated derivatives, PRP-3, PRP-4, PIF-f and Db-f (f stands for fast) [19,29]. The cleavage is only 

partial, leading to the presence in saliva of both full-length and truncated aPRPs [30]. Pa does not 

undergo this cleavage for the loss of the RPPR consensus sequence, due to the substitution 

Arg103→Cys [31] (Fig. 3).  
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PRP-3 (Mav 11001 Da), PIF-f (Mav 11001 Da), and PRP-4 (Mav 11002 Da) cannot be 

distinguished by HPLC low-resolution ESI-MS analysis, and consequently, these proteins have 

been referred to as PRP-3 type (Fig. 3) [26].  

It should be outlined that anionic PAGE of human parotid saliva succeeded in separating PRP-2 

from PRP-1/PIF-s, and PRP-4 from PRP-3/PIF-f [32], and visualizing all the bands after staining 

and destaining of the gel in acetic acid as reported by Beeley et al.[33]. Top-down high-resolution 

HPLC-ESI-MS by Orbitrap demonstrated the capability of discriminating PRP-1/PIF-s from PRP-2 

and PRP-3/PIF-f from PRP-4 [25] (Table 1). 

In several studies focused on the proteomic characterization of whole human saliva by 2-DE and 

MALDI-TOF-MS analysis, among the high number of proteins identified, no aPRPs were revealed 

[34,35] with the exception of one paper that assigned different pink spots from whole, parotid and 

submandibular/sublingual saliva samples to aPRPs on the basis of the characteristic metachromatic 

reaction of salivary PRPs after Coomassie Blue R-250 staining [36].   

In adult human saliva both full-length and truncated aPRPs present a pGlu at the N-terminus and are 

mainly diphosphorylated on Ser8 and Ser22 (Fig. 3), by the action of Fam20C, a physiological casein 

kinase that phosphorylates multiple secreted proteins within a SXE/pS consensus sequence [37,38]. 

It should be outlined that Fam20C phosphorylates Ser22 by recognizing the minor consensus motif 

(S(X)3/4(E/D/pS)3). Even before the identification of this kinase, in a human submandibular cell 

line transfected with a vector encoding PRP it was shown that phosphorylation of Ser8 or Ser22 in 

aPRPs was not hierarchical, since it did not depend on the other site being phosphorylated [39]. 

Later on, it was shown, directly on human saliva, that monophosphorylated aPRP derivatives were 

represented by a mixture of phosphorylated aPRPs either on Ser8 or on Ser22 [21]. Low percentages 

of triphosphorylated (on Ser8, Ser22 and Ser17) and monophosphorylated (either on Ser8 or Ser22) 

PRP-1 type, or Db-s have been detected, while non-phosphorylated PRP-1 type resulted 

undetectable (Fig. 3) [21]. Phosphorylation on Ser17 is probably hierarchical, because it requires the 

previous phosphorylation of Ser22 to generate the secondary consensus sequence recognized by 
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Fam20C. This hypothesis is in agreement with the lack of detection of diphosphorylated protein 

species of PRP-1 Roma-Boston (or PRP-3 RB) variant, which shows a Phe residue in substitution to 

the phoshorylated Ser22. PRP-1 and PRP-3 RB proteins are phosphorylated only on Ser8 (Table 1). 

In adult saliva, diphosphorylated aPRPs truncated at C-terminal Arg (desArg106) have been always 

detected and corresponded to about 10% of the parent aPRP, while P-C desGln44 (truncated at the C 

terminus) was the 2%  and P-C desPro43Gln44 the 1.5% [21].  

In addition, in saliva of healthy subjects, P-C peptide undergoes further proteolysis, generating 

different fragments [40], mainly originating from cleavages at the XPQ↓G site (with X being 

preferably K, but also S or R), and probably related to a glutamine endoproteinase of microbial 

origin active in the oral cavity [41]. P-C peptide fragmentation has been found increased in type 1 

diabetic patients, indicating an higher activity of this proteolytic enzyme in the oral cavity of these 

patients [42]. 

Studies devoted to the characterization of the age-related aPRP expression evidenced a ten times 

lower concentration of aPRPs in newborns saliva with respect to adults, showing an increasing 

trend after birth [26]. Additionally, the protein species encoded by PRH2 have been observed to 

appear early during foetal life with respect to the protein species encoded by PRH1, expressed later, 

after the normal term of delivery [26]. The increase of aPRPs with age has been confirmed by both 

Manconi et al. [43], studying the salivary proteome of children aged between 0 and 48 months, and 

Cabras et al. [44], showing that aPRP concentration reached a minimum around 6–9 years of age, 

probably in concomitance with replacement of deciduous dentition. 

By measuring the percentages of nonphosphorylated and monophosphorylated aPRPs in saliva 

samples from subjects of a wide age range, starting from preterm newborns up to 57-years-old 

adults, their exponential decrease with the increase of age was revealed [27]. The study additionally 

highlighted that the Fam20C kinase involved in aPRP phosphorylation is not fully active even at 

birth, reaching an activity comparable to that of adults at around 2 years of age.   
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aPRPs show a high affinity for hydroxyapatite [45] and are involved in the formation of acquired 

enamel pellicle [46]. aPRP binding to hydroxyapatite involves the acidic N-terminal domain and 

exposes the proline-rich C-terminal domain to oral bacteria binding. aPRPs play also an important 

role in the protection of tooth enamel by inhibiting calcium phosphate precipitation, and thus 

promoting calcium homeostasis [47]. 

 

3. Salivary basic proline-rich proteins 

 

bPRPs, constituting more than 30% of the proteins secreted by the human parotid glands [11, 20], 

are the most composite family of salivary proteins [48-54], without considering the several 

glycoforms of some bPRPs, and the numerous small peptides generated by post-secretory 

fragmentation [20,40,55,56].   

The cluster of genes encoding for bPRPs includes PRB1-PRB4, each one existing in several allelic 

forms: at least four alleles (S, small; M, medium; L, large; and VL, very large) are present in the 

western population at PRB1 and PRB3 loci, and three (S, M, L) at PRB2 and PRB4 loci (Fig. 1) [16, 

57-59]. These alleles exhibit tandem repeat length variations and SNPs in the coding region, 

polymorphic cleavage sites and polymorphic stop codons. Moreover, alternative splicing generates 

multiple transcript variants encoding distinct protein species, and some alleles are still pending for 

their characterization [14-17].  

Genetic variability, PTMs implicated in the pre-secretory maturation processes and further 

transformations occurring in the oral environment give a contribution to the heterogeneity of 

bPRPs. The proteolytic cleavage is the main post-translational event occurring on bPRPs; indeed, 

the pre-proproteins encoded by each allele, after peptide-signal removal, are completely cleaved by 

proprotein convertases before secretion, except for the protein encoded by the PRB3 locus that 

originates gPRPs [20,27,60]. A presecretory cleavage of bPRP proproteins occurs at the consensus 

sequence KSRSXR↓, where X may be P, S, or A [59,61], recognized by proprotein convertases. 
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This presecretory event generates the following main bPRP species: (a) II-2 peptide from PRB1-(S, 

M, L) proproteins, P-E peptide, and IB-6 protein from PRB1-S, Ps-1 protein from PRB1-M, Ps-2 

protein from PRB1-L (Table 2) [27,58,59,62]; (b) IB-1, P-J, P-H, P-F peptides, and IB-8a protein 

from PRB2-L proprotein [27,58, 59,62] among these, P-F, P-J, IB-8a are further processed during 

the granule maturation with removal of the C-terminal arginine residue [20,44,63,64] by the action 

of carboxypeptidase Z [65] (Table 3); (c) P-D peptide from PRB4-(S, M, L) proproteins, together 

with glycosylated proteins [27,58,59,62] (Table 4). 

During granule maturation, II-2 and IB-1 undergo both cyclization of the N-terminal Gln residue 

(N-pyroglutaminylation), and phosphorylation of Ser8, generating the mature forms [49,64] (Table 

2-3). N-pyroglutaminylation catalyzed by glutaminyl cyclase [66] protects peptides and proteins 

from the proteolytic action of amino peptidases [67]. It has also been demonstrated that the pGlu 

moiety is necessary for both activity and receptor binding ability of several neuropeptides and 

hormones [68]. The phosphorylation is almost a complete event, since only low percentages (less 

than 1%) of the nonphosphorylated forms were detected in parotid granules, parotid and whole 

saliva, and probably occurs after the cleavage of the proprotein [20,44,64]. Phosphorylation of II-2 

and IB-1 occurs by the Fam20C kinase, [38], acting also on aPRPs and many other salivary 

peptides and proteins, such as histatin 1, statherin and cystatin S [61]. 

The complexity of the bPRP species is enhanced by the existence of several variants generated by 

nucleotide polymorphisms or alternative splicing affecting bPRP alleles. Indeed, the bPRP with a 

Mav of 10433.5 Da detected in whole saliva and in parotid secretory granules [20, 64], and named 

P-Ko by Halgand et al. [49], is encoded by cP4, a differentially spliced transcript of PRB1L allele 

[14] (Table 2). cP4 proprotein lacks the sequence 106-299 of PRB1-L (P04280), and its cleavage 

generates II-2 peptide and P-Ko protein. Another differentially spliced transcript of PRB1L is cP5 

[14] encoding a proprotein lacking the sequence 106-319. The cP5 proprotein should generate II-2 

peptide and a peptide with an average mass of 8391.2 Da, never detected in saliva up to now.  A 

variant of II-2 peptide, lacking the proline residue at position 39 was also recently found [49]. The 
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substitution Ser100→Pro due to a SNP determines the existence of two species of the IB-8a protein 

[58]. IB-8a Con1+ carries a Ser at position 100, and its glycosylated forms on Asn98 will be 

discussed in the next section. IB-8a with Pro100 is named Con1- and it is not glycosylated on Asn98. 

Both protein species were detected in parotid granules and whole saliva by top-down proteomics 

[20,48,63]. Halgand et al. found in parotid saliva a protein species with the molecular mass of the 

mature form of IB-8a Con1− (theoretical Mav 11896.2 Da). The sequence established on the basis of 

MS/MS experiments  corresponded to that of IB-8a protein lacking the two C-terminal serine 

residues, carrying the substitution Gln115→His, one hexose bound to Ser120, and a methylation on 

the C-terminal Arg121 [49] (Table 3). The UniprotKB database reports another potential natural 

variant of IB-8a originated from the substitution Gln59→Arg. This protein species has never been 

observed and its existence has been postulated on the basis of a DNA sequence present in the 

dbSNP database. Two protein species of P-D peptide, differing for the single substitution 

Ala32→Pro, may derive from all the three alleles on PRB4 locus and are detectable in parotid and 

whole saliva [48,58] (Table 4). Other three potential protein species originate from PRB4L allele if 

the SNPs reported on UniprotKB are considered. As for the PRB2L allele, the sequences of these 

natural variants are deduced from DNA sequences present on dbSNP.  

Protein and DNA databases are often a puzzling source of information for the scientists engaged in 

the identification of bPRP species. Indeed, several other potential bPRP species should be detected 

in human saliva given the number of protein sequences obtained from cDNA or genomic DNA 

large-scale studies. After a search at UniprotKB site on “human PRB1” at least 6 results are 

obtained, two concerning PRB1L (P04280), and PRB1M (Q86YA1) alleles, and the others deriving 

from nucleotide polymorphisms of PRB1 gene and corresponding to A5D903 [69], G3V1R1, 

G59X6 and G3V1M9 codes [70]. A similar situation occurs for the PRB4 gene, with new species 

that should originate from the nucleotide polymorphisms A2VCL9 [69], E9PAL0 and E7EXA8 

[70]. The proproteins deriving from these polymorphisms have one or two convertase consensus 
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sequences, and during the maturation process should generate smaller peptides. However, the 

expected molecular masses have never been observed and could be objects of future investigations. 

During secretion and after their release in the oral cavity, bPRPs undergo further proteolytic events 

(Table 2-4). For instance, P-E desArg61, II-2 desArg75, and IB-1 desArg96 peptides, generated by the 

removal of the C-terminal arginine residue, were detected in parotid saliva collected from the duct, 

largely in whole saliva, but never in parotid granule content [20]. Instead, II-2 des72-75 and IB-1 

des93-96 protein species, deriving from removal of the four C-terminal residues, have been detected 

only in whole saliva. Sporadically the P-J des60-61, named IB-7 peptide and deriving from removal 

of the three C-terminal residues in P-J peptide [44], was also observed in parotid and in whole 

saliva [20,71]. These data could suggest a release of carboxypeptidase from ductal cells or a transfer 

of carboxypeptidase activity from secretory granules to oral cavity, where the peptides II-2 and IB-1 

seem to be, among bPRPs, the most susceptible substrates. 

The action of endo-proteases, also of microbial origin, in the oral environment gives rise to further 

fragmentation of the main bPRP species generating peptides 7-20 residue-long. The presence of 

multiple repeats in the bPRP sequence makes difficult to assign these fragments to univocal bPRP 

parent. However, II-2, P-E, IB-6, Ps-1 and Ps-2, deriving from PRB1, and IB-1, P-J, P-F, IB-8a and 

P-H, deriving from PRB2L, appeared to be the most susceptible to the proteolysis [20,40]. A great 

number of bPRP fragments were detected in whole saliva by different top-down proteomics 

approaches [55]. In a recent paper Vitorino et al. characterized 25 bPRP fragments carrying N-

terminal pGlu and 8 carrying phosphorylation [72]. Cleavages occurred at the sites Q/G, P/Q, P/P, 

Q/K, Q/P, S/G, K/P, G/N, G/D, and R/P, the Q/G resulting predominant [20,40,55,56,71,73], being 

the XPQ consensus sequence (where X is prominently K), the most frequently detected in 

fragments [40]. It should be outlined that the deep knowledge on the multiple bPRP species 

detectable in saliva, including their natural variants, has been possible thanks to the application of 

top-down proteomics and peptidomics platforms, for their ability to investigate complex protein 

mixtures in their naturally occurring forms [20,44,48,49,55,63,64,72]. 
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Some of bPRP fragments have been detected as recurrent non-covalent bound components of the 

acquired enamel surface, suggesting a functional significance for this proteolytic event. Vitorino et 

al. characterized six fragments from IB-8a (Con1+/Con1-), one from P-E, one from IB-1, and one 

from each PRB1-S, M, L proteins [74]. Different enamel bounding peptides were identified by 

Siqueira et al., nine deriving from PRB2-L-related protein species and three from PRB1-S, M, L-

related protein species [75].  

The functional roles of bPRPs is far to be completely understood. However, the information 

obtained up to now evidenced that, in spite of structural similarities, the protein species generated 

from the same proprotein may show distinct biological functions. A good example is represented by 

II-2 peptide and Ps-1 protein, encoded by PRB1M allele, which have been shown to be involved in 

the PROP bitter taste responsiveness [76,77]. II-2 peptide is also encoded by PRB1S, together with 

P-E peptide and IB-6 protein, and by PRB1L together with Ps-2 protein. However, the functional 

role of P-E, IB-6, and Ps-2 is completely different. Indeed, P-E, and IB-6 together with IB-1, P-H 

[78,79] and P-D peptides [80,81] are involved in precipitation of the harmful tannins. In addition, it 

has been demonstrated that IB-6 protein acts as receptor for Candida albicans adhesion on 

hydroxyapatite surface [82].  

Interestingly, the salivary level of the major bPRP species is strictly connected to age. Indeed, they 

are almost undetectable in saliva before 3 years of age [27] and their amount increases with age 

reaching the adult level during adolescence [44]. Processes of growth and hormonal maturation may 

influence salivary gland function, and changes in the diet occurring with age might partly influence 

bPRP salivary levels. In this respect a higher number of bPRP small fragments deriving from Q/G 

cleavage were detected in 6-month-old infants receiving solid food compared to infants on a milk-

based diet [73]. These data suggested that diet variation, causing a major load of microbial flora, 

leads to an increased activity of the endoglutamine protease responsible for fragment generation.  
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4. Salivary glycosylated proline-rich proteins 

 

A contribution to bPRP heterogeneity derives from N- and O-glycosylations that give rise to the 

family of gPRPs. N-glycan moieties are attached to the amide group of asparagine residues within 

the sequon NXS/T, where X may be any amino acid excluding proline [83,84], and share a common 

pentasaccharide core Man3GlcNAc2, which, after processing in the Golgi network, originates the 

three main classes of N-linked glycan classes: High-mannose, Hybrid and Complex [85]. Unlike N-

linked glycosylation, no consensus sequence has been found for O-linked glycosylation [86], termed 

‘mucin-type O-glycosylation’ being mucins the major example of O-glycoproteins. O-

acetylgalactosamine (O-GalNAc) and O-acetylglucosamine (O-GlcNAc) are the most common O-

sugars of the core; O-GalNAc is attached to the hydroxyl group of serine or threonine residues 

through an α-linkage, while O-GlcNAc is attached through a β-linkage [86]. Thus, characterization 

of glycoprotein species is a difficult task, due to their high heterogeneity deriving from the 

combination of multiple glycosylation sites and different oligosaccharide structures. Identification 

of the glycosylation sites and of the glycan structures can be accomplished after releasing of the 

glycans from the protein, followed by mapping of the glycosylation sites by protease digestion. 

Another strategy is based on intact glycopeptide MS analysis, and this approach allows 

simultaneous identification of both the peptide sequence and the site-specific glycan structures [87]. 

However, by this approach it is not possible to define how multiple glycosylation sites and different 

oligosaccharides are combined, and thus the glycoprotein species present in the sample remain 

uncharacterized. To date the complete characterization of the different glycosylated protein species 

present in saliva has been achieved only for IB-8a Con1+. Six glycosylated protein species of IB-8a, 

N-glycosylated at Asn98 have been characterized together with the nonglycosylated protein, in adult 

human saliva by HPLC-ESI-MS [63]. Five of the glycosylated species carry a biantennary N-linked 

glycan fucosylated in the innermost N-acetylglucosammine of the core and show from zero to four 

additional fucoses in the antennal region. The sixth glycoform carries a monoantennary 
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monofucosylated oligosaccharide (Fig. 4). The frequency of the different protein species of IB-8a 

was determined in 71 subjects [63] (Table 5). The PRB2-like Con2+ glycoprotein has a single 

glycosylation site and it is encoded by a hybrid PRB1M CON2+ allele originated by a conversion 

between PRB1 and PRB2 genes (Table 3). Amino acid sequencing of Con2+ evidenced that the 

portion of the protein surrounding the glycosylation site is the same of Con1+, but no information 

about the linked glycan moieties exists [58]. 

Unlike IB-8a protein species the other gPRPs possess a variable number of glycosites, and some of 

them are both N- and O-glycosylated making the protein species characterization a difficult task. 

The PRB3 gene encodes highly glycosylated proteins known as parotid salivary glycoproteins Gl 

(Table 6). At least nine size variants of Gl proteins can be found in different populations [88-90]. In 

black and white populations the four allelic size variants S, M, L and VL encode for the 

corresponding Gl protein size variants Gl4/PRB3VL > Gl1/PRB3L > Gl2/PRB3M > Gl3/PRB3S 

[62]. The Gl8 glycoprotein derives from a single nucleotide insertion in the PRB3SCys allele, which 

converts Arg15 to Cys. Gl8 protein is electrophoretically distinct from the other Gl protein variants 

because they form a disulfide-bonded heterodimer with salivary peroxidase [89]. Each Gl protein 

carries a different number of putative glycosylation sites depending of the length of the polypeptide 

backbone (Table 6) [59]. Gl proteins possess both O- and N-glycosylation sites [91,92]. The most 

abundant N-linked oligosaccharide was the highly fucosylated species represented by a biantennary 

asialosaccharide containing two fucose moieties on one antenna and an unsubstituted terminal 

lactosamine moiety on the other [92].  

Obviously, the approach utilized did not allow defining the number of protein species deriving from 

the combination of the different glycans at each glycosyte.  

To date the possible glycoprotein species associated to II-1, from PRB4M  [58,59,62], as well as to 

protein glycosylated A (PGA), and to CD-IIg, potentially assigned to PRB4S, and L, respectively, 

[14,62,93,94] (Table 4) have not been characterized. 
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LC-MALDI-TOF/TOF analysis of the low molecular weight fraction of whole saliva evidenced O-

glycosylation sites at Ser87 and Ser330 of PRB1-related protein species [72]. In particular, the O-

glycosylation site at Ser330 corresponds to Ser178 of Ps-1 and Ser239 of Ps-2 from PRB1-M and  

PRB1-L proproteins, respectively. The same results were obtained by Carpenter et al. that 

evidenced O-linked sialylated glycoforms of both Ps-1 and Ps-2 proteins [91]. 

gPRPs are recognized as the “first line of oral defense” against the detrimental effects of 

polyphenols in the diet [95] and pathogen infections. Indeed, gPRPs may bind different oral 

microorganisms, and the glycan structure plays a crucial role in discriminating the different 

microorganism. For instance, Gillece-Castro et al. [92]  demonstrated that the major glycan 

structure linked to Gl proteins, containing an unsubstituted lactosamine unit (Gal β1→ 4GlcNAc), 

is a receptor for Fusobacterium nucleatum, a periodontal pathogen, as confirmed by abolished 

interaction in vitro between F. nucleatum and saliva in PRB3 null mutations (resulting  in absence 

of Gl2 and Gl4 proteins) [96]. Conversely the presence of sialic acid linked to Gal, or Fuc linked to 

Gal or GlcNAc, has been demonstrated to prevent adhesion of F. nucleatum. N-glycans linked to Gl 

proteins bind to a variety of oral microorganisms other than F. nucleatum, such as Streptococcus 

mitis and S. sanguis [97,98], both involved in dental plaque formation. Galactose-mediated adhesion 

of S. mitis to gPRP species has been suggested by different authors [99], while binding of S. sanguis 

could be inhibited by removal of terminal sialic acid and by complex oligosaccharides moieties 

[97,100]. These findings suggest that the high heterogeneity of gPRP species is functional to the 

protection against different pathogen infections, and that individual variation in the ability of gPRP 

to support microorganism adherence is most likely due to combination of glycan structures unique 

for a particular glycoprotein species [100]. 

 

5. Concluding remarks 
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The complexity of PRP species originates at different levels along the pathway from genes to 

proteins via transcripts, and the presence of multiple repeats in the sequences, together with the   

extensive fragmentation occurring before and after secretion, makes the structural characterization 

difficult unless sophisticated and high-resolution proteomic approaches are applied. In addition, a 

point that definitely requires attention and contributes to increase the complexity of PRP world, 

concerns the too complex and confusing nomenclature of PRPs, which should be rationalized. For 

instance, bPRPs names were assigned in different studies following diverse criteria. Ten bPRP 

peptides characterized by Kaufmann et al. [50] were named by the authors according to the name of 

the chromatographic fractions. A different nomenclature was proposed by Isemura and coll. [51,54] 

that assigned to each salivary peptide the name P-X, where X  corresponds to a letter from A to I. In 

the literature, bPRPs are named according to both nomenclatures, and the correspondences are 

shown in Tables 2-4: P-D peptide corresponds to IB-5, P-E to IB-9, P-F to IB-8c, P-H to IB-4 and 

P-I to IB-6. A new basic peptide recently characterized by our group was called P-J [44,64]. Other 

components of the PRP family reported in Tables 1-4 were named with different acronyms without 

any connection with the previous researches increasing the difficulties to understand the 

nomenclature for the non-experts in this topic. 

The complex mosaic of human salivary PRP species proteomic studies strongly pushes toward a 

deep understanding of the specific function associated to single mosaic pieces and to the 

comprehension of the interplay between the various components in preserving the integrity of the 

oral cavity [61,101]. Even though it is known that PRP species are involved, in coordination with 

other salivary proteins, in the modulation of oral and gastro-intestinal microbiota, further studies are 

needed to define how the various phenotypes fulfill microbiota selection.  

Still unclear is the biological significance of aPRP partial cleavage, as well as the role of the P-C 

peptide. The involvement of aPRPs in the formation of acquired enamel and oral epithelial protein 

pellicle [46] has been well established, but no information about specific functions of entire and 

truncated aPRPs is available. Furthermore, with the exception of the suggested correlation between 
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Db allele and caries experience [102], there is no information about the physiological (or 

pathological) significance of the different aPRPs phenotypes.  

Whatever the role of both aPRPs and bPRPs is, it must be crucial, given that PRP are the most 

conserved oral salivary proteins among mammals [103].  

In conclusion, proteomic studies strongly contributed to the elucidation of the intriguing 

heterogeneity of salivary PRPs, but further investigations are needed to clarify the connection 

between the several protein species and different functions in the oral cavity.  
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CAPTIONS TO FIGURES  

Figure 1. Schematic representation of the human PRPs gene cluster. The six genes of PRPs (PRB2, 

ID: 653247; PRB1, ID: 5542; PRB4, ID: 5545; PRB3, ID: 5544; PRH1, ID: 5554; PRH2, ID: 5555) 

are contained within a ~ 0.5 Mb segment of the chromosome 12p13.2. The red box reports the main 

alleles found in Caucasian population.  

 

Figure 2. Typical TIC HPLC-ESI-MS profile of the acidic soluble fraction of adult human whole 

saliva. The main families of secretory salivary peptides and proteins, i.e. aPRPs, bPRPs and gPRPs, 

histatins, statherin and PB peptides, S-type cystatins, due to the structural similarity of their 

members, elute in well-defined chromatographic clusters (only histatins are partly overlapped to 

PRPs). 

 

Figure 3. Schematic representation of the most common human salivary aPRP protein species 

detectable in adult saliva of western population (Modified from ref. [26]). PRP-1, PRP-2, PIF-s, and 

Db-s are partially cleaved (bold arrows) at Arg106 (Arg127 in Db isoform) generating the four 

truncated protein species reported on the bottom left of the figure and the P-C peptide. The Pa 

isoform, carrying the substitution Arg103→Cys is not cleaved, and it is usually present in human 

saliva as a 2-mer. Some entire or truncated protein species can partially undergo carboxypeptidase 

removal of C-terminal residues. <Q: N-terminal pyroglutamic acid; S: pSer (Ser8 and Ser22); S*: 

minor site of phosphorylation (Ser17); S22**: pSer22→Phe variation in PRP-1 (and PRP-3) Roma-

Boston variant. For other information, see Section 2. 

 

Figure 4. HPLC-ESI-MS analysis of IB-8a glycoprotein species. Amino acid sequence and 

deconvoluted mass spectrum showing the average mass values of the glycoprotein species carrying 

(left to right) the monofucosylated monoantennary form, and the monofucosylated, bifucosylated, 
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trifucosylated, tetrafucosylated and pentafucosylated biantennary glycans linked to Asn98 (bold 

amino acid in the sequence).   
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Table 1. List of the theoretical and experimental monoisotopic [M+H]1+ values of the protein 
species originated from PRH1 and PRH2 genes, and detected in the acid soluble fraction of whole 
saliva of the three subjects carrying the PRP-1 (PRP-3) RB variant. Modified from ref. [25].  
 
     Subject  

 Boston I 
Subject  
Boston II 

Subject 
 Roma 

Genes Protein species  [M+H]1+    Theor. [M+H]1+  Exp. [M+H]1+  Exp. [M+H]1+  Exp. 

 PRP-1 mono P 15426.27 - 15426.47 15426.22 
 PRP-1 di P 15506.24 - 15506.24 15506.28 
 PRP-1  tri P 15586.21 - 15586.23 15586.32 
 PRP-2 mono P 15427.26 15427.27 - - 
 PRP-2 di P 15507.22 15507.16 - - 
 PRP-2 tri P 15587.19 15587.20 - - 
 PRP-3 mono P 11076.11 - 11075.98 11076.09 
PRH2 PRP-3 di P 11156.08 - 11156.12 11156.10 
 PRP-3 tri P 11236.04 - 11236.06 11236.07 
 PRP-4 mono P 11077.09 11077.09 - - 
 PRP-4 di P 11157.06 11157.09 - - 
 PRP-4 tri P 11237.03 11237.12 - - 
 PRP-1 RB non P  15406.34 15406.24 15406.39 15406.39 
 PRP-1 RB mono P (Ser8) 15486.31 15486.27 15486.31 15486.33 
 PRP-1 RB di P 15566.27 - - - 
 PRP-3 RB di P 11216.12 - - - 
      
 Pif-s mono P 15426.27 15426.33  15426.47 15426.22 
 Pif-s di P 15506.24 15506.31 15506.24 15506.28 
PRH1 Pif-s tri P 15586.21 15586.23 15586.23 15586.32 
 Db-s mono P 17543.31 - - - 
 Db-s di P 

Db-s tri P 
17623.28 
17703.25 

- 
17623.30 
17703.32 

- 

 Pa  2-mer tri P 
Pa  2-mer tetra P  

30824.32 
30904.28 

30825.39 
30904.36 

- - 

 
Pif-f mono P 11076.11 

11076.14 
 

11075.98 
 

11076.09 
 

 Pif-f di P 11156.08 11156.07 11156.12 11156.10 
 Pif-f tri P 11236.04 11236.00 11236.06 11236.07 
 Db-f mono P 13193.17 - 13193.17 - 
 Db-f di P 13273.12 - 13273.16 - 
 Db-f tri P 13353.08 - - - 
PRH2 and 
PRH1 

P-C peptide  4369.19 4369.19 4369.19 4369.19 

 

 

 

 

 

 

 

 

 

 



34 

 

Table 2. bPRPs species from PRB1 alleles 

 
a Alternative names; *small fragments are generated by endoproteinase cleavages of the different bPRPs; pSer: 
phosphorylated Ser; pGlu: pyroglutamic acid 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Proprotein Protein species 

 
PRB1 
Alleles 

# 
Convertase 
cleavages  

 
UniprotKB    

codes 

 
Protein Name 

# 
Residues 

 
Presecretory    

PTMs 

 
Postsecretory 

PTMs* 

PRB1S 2 P04280 
II-2 (Pe/DEAEII-2)a 

P-E (IB-9) a 
IB-6 (P-I) a 

75 
61 
118 

N-term. pGlu, pSer8 

P-E desArg62 
II-2 desArg75; II-2 des72-75 

P-E desArg61 

PRB1M 1 Q86YA1 II-2 (Pe/DEAEII-2)a 
Ps-1 

75 
240 

N-term. pGlu, pSer8 
O-glycosylation 

 

PRB1L 
 

1 
 

P04280 
II-2 (Pe/DEAEII-2)a 

Ps-2 
75 
300 

N-term. pGlu, pSer8 
O-glycosylation  

PRB1L/ 
cP4 

(alternative  
transcript) 

1 P04280 II-2 (Pe/DEAEII-2)a 
P-Ko 

75 
107 

N-term. pGlu, pSer8 

  

PRB1S, M, 
or L 

2 or 1  
II-2 variant lacking 

Pro39 
74   
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Table 3. bPRPs species from PRB2 alleles 

 

a Alternative names; *small fragments are generated by endoproteinase cleavages of the different bPRPs; 
pSer: phosphorylated Ser; pGlu: pyroglutamic acid 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Proprotein Protein species 

PRB2 
Alleles 

# 
Convertase 
cleavages  

 
UniprotKB    

codes 

 
Protein Name 

# 
Residues 

 
Presecretory    PTMs 

 
Postsecretory 

PTMs* 

PRB2L 
CON1- 

 
4 P02812 

IB-1  
P-J 

P-F (IB-8c)a 
P-H (IB-4)a 

IB-8a (P100) (Con1-)a 

96 
61 
61 
56 
123 

N-term. pGlu, pSer8 

C-term. removal of Arg62 

C-term. removal of Arg62 

 
C-term. removal of Arg124 

IB-1 desArg96,IB-1 des93-96 

P-J des60-61 (IB-7) 

PRB2L 
CON1+ 

 
4 P02812 

IB-1  
P-J 

P-F (IB-8c)a 
P-H (IB-4)a 

IB-8a (S100) (Con1+) a 
 

96 
61 
61 
56 
123 

 

N-term. pGlu, pSer8 

C-term. removal of Arg62 

C-term. removal of Arg62 

 
C-term. removal of Arg124, 

1 N-glycosite 
 

IB-1 desArg96,IB-1 des93-96 

P-J des60-61 (IB-7) 

PRB1M 
CON2 

4  

II-2 (Pe/DEAEII-2)a 
P-E (IB-9) a 
P-F (IB-8c)a 
P-H (IB-4)a 

Con2 

75 
61 
61 
56 
60 

N-term. pGlu, pSer8 

P-E desArg62 

C-term. removal of Arg62 

 

1 N-glycosite 

II-2 desArg75; II-2 des72-75 

P-E desArg61 
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Table 4. bPRPs species from PRB4 alleles. 

 
 

a Alternative names 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Proprotein Protein species 

PRB4 
Alleles 

# 
Convertase 
cleavage  

 
UniprotKB    

codes 

 
Protein Name 

# 
Residues 

 
Presecretory PTMs 

 
Postsecretory 

PTMs 

PRB4S 1 
P10163 

 

PGA 
P-D (Ala32) (IB-5)a 

or 
P-D (Pro32) 

161 
70 
 

70 

5 potential N-glycosytes 
 

small fragments 
generated by 

endoproteinase 
cleavages 

 

PRB4M 1 
P10163 

 

II-1 
P-D (Ala32) (IB-5)a 

or 
P-D (Pro32) 

182 
70 
 

70 

7  potential N-glycosytes 
 

PRB4L 1 
P10163 

 

CD-IIg 
P-D (Ala32) (IB-5)a 

or 
P-D (Pro32) 

182 
70 
 

70 

8  potential N-glycosytes 
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Table 5. Phenotypic frequencies (percentages) of the glycosylated and nonglycosylated IB-8a 
protein species determined in 71 subjects. 

 

Con 1+  

glycosylated 
Con 1+  glycosylated 
and Con 1+ 

nonglycosylated 

Con 1+ 

nonglycosylated 
Con 1- Con 1+  

glycosylated 
and Con 1- 

3 (4%) 19 (27%) 3 (4%) 26 (37 %) 6 (8%) 

 

14 subjects (20%) did not show IB-8a protein species. 
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Table 6. bPRPs species from PRB3 alleles 

 

a Alternative names 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Protein species 

PRB3 
Alleles 

 
UniprotKB    

codes 

 
Protein Name 

# 
Residues 

 
Presecretory PTMs 

 
Postsecretory 

PTMs 

PRB3S Q04118 Gl3 (PRG)a 230 5 potential N-glycosytes 

small fragments 
generated by 

endoproteinase 
cleavages 

PRB3M Q04118 Gl2 (PRG)a 293 8 potential N-glycosytes 

PRB3L  Gl1 (PRG)a 313 9 potential N-glycosytes 

PRB3VL  Gl4 (PRG)a ----  

PRB3SCys  Gl8 (Cys15) 230 5 potential N-glycosytes 



Chromosome 12  

10,850 k 11,400 k 

10,950 11,050 11,150 11,250 11,350 

Loci 

Alleles PRB2 L CON 1+ 

PRB2 L CON 1- 

PR1 
PR2 

Db 

 PIF 
Pa 

PRB1M CON 2+ 

PRB4 L 

PRB4 M 
PRB4 S 

PRB3 L 

PRB3 M 
PRB3 S 

PRB4 VL PRB1 VL 
PRB1 L 

PRB1 M 
PRB1 S 
cP4 
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