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A Peptide with a ProGln C Terminus in the Human Saliva Peptidome
Exerts Bactericidal Activity against Propionibacterium acnes�
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Nine proline-rich peptides ending with a proline-glutamine C terminus in a salivary peptidome were sequenced
by matrix-assisted laser desorption ionization time of flight time of flight tandem mass spectrometry. A GPPPQG
GRPQ peptide binds gram-positive Propionibacterium acnes and considerably inhibits bacterial growth. The peptide
exhibiting innate immunity may be applied for treatment of various P. acnes-associated human diseases.

Saliva has been evaluated as a diagnostic and prognostic
fluid. In this study, a human saliva peptidome was character-
ized by matrix-assisted laser desorption ionization time of
flight time of flight (MALDI-TOF-TOF). Nine proline-rich
peptides ending with a proline-glutamine sequence (PQ C ter-
minus) were sequenced (Table 1). Previous studies have shown
the release of a pentapeptide, RGRPQ, from salivary proline-
rich proteins upon proteolysis by oral bacteria (6). The pen-
tapeptide behaved as an innate-immunity-like peptide, since
synthetic RGRPQ was found to desorb bound bacteria (6). In
addition, a synthetic GGRPQ peptide showed activity equal to
that of RGRPQ, which exhibited an excellent ability to inhibit
the adhesion of oral bacteria to salivary proline-rich proteins
with which hydroxyapatite beads were coated (6). By searching
the nine peptides with PQ C termini found in the saliva pep-
tidome (Table 1), we found that one peptide (GPPPQGGRPQ
[m/z 990.60]) contained the GGRPQ C-terminal residues (un-
derlined). Thus, this peptide was selected for investigation of
its bacterial binding and antimicrobial activities.

Whole saliva from two males and one female between the
ages of 20 and 40 was collected according to protocols de-
scribed previously (9). After centrifugation (14,000 � g), the
clear whole-saliva supernatants (0.4 �g/�l) collected from the
three volunteers were pooled, digested immediately with tryp-
sin (20 ng/�l) overnight (20), and then mixed 1:2 with alpha-
cyano-4-hydroxycinnimic acid (7 mg/ml) for analysis by liquid
chromatography–MALDI-TOF-TOF mass spectrometry (MS)
(4800 TOF-TOF Analyzer; Applied Biosystems, Foster City,
CA) (2, 21). Sixty-three saliva peptides corresponding to 22
proteins were identified from tryptic digests (data not shown).
Nine saliva peptides ending with a PQ C terminus (Table 1)
were derived from basic salivary proline-rich protein 2, salivary
acidic proline-rich phosphoprotein (1/2), and basic proline-rich
peptide P-E (IB-9).

The GPPPQGGRPQ peptide was synthesized and labeled
with fluorescein (GenScript Corp., Piscataway, NJ). The fluo-
rescein-labeled peptide was obtained by coupling 5(6)-carboxy-
fluorescein to the amino terminus of GPPPQGGRPQ (10).
Two gram-positive oral bacteria, Porphyromonas gingivalis
(ATCC 33277) and Porphyromonas acnes (ATCC 6919) (11,
16), were chosen for interaction with GPPPQGGRPQ. Both
bacteria (108 CFU) were incubated with fluorescein-labeled or
unlabeled GPPPQGGRPQ (1 and 10 �M) for 1 h. The green
fluorescence derived from the binding of peptides to the bac-
teria was detectable only when fluorescein-labeled peptide was
incubated with P. acnes (Fig. 1), but not P. gingivalis (Fig. 1F),
indicating that GPPPQGGRPQ selectively adhered to P.
acnes. The green fluorescence was visible when P. acnes was
incubated with 1 �M (Fig. 1C) or 10 �M (Fig. 1D) of fluores-
cein-labeled GPPPQGGRPQ, but not unlabeled GPPPQG
GRPQ (Fig. 1A) and a fluorescein-labeled CGKRK (10 �M)
(Fig. 1B) (a gift from Zhang Lianglin, Moores Cancer Center
at the University of California, San Diego). Notably, the green
fluorescence generated by 1 �M of fluorescein-labeled peptide
was entirely quenched (Fig. 1E) when 1 mM of the unlabeled
GPPPQGGRPQ was present in the reaction mixture of fluo-
rescein-labeled peptide with P. acnes, indicating that the bind-
ing of GPPPQGGRPQ to P. acnes is peptide specific.

We next examined if the GPPPQGGRPQ peptide influences
the growth of P. acnes. P. acnes (105 CFU) was preincubated with
phosphate-buffered saline (PBS) (Fig. 2A) or GPPPQGGRPQ at
concentrations of 1 �M (Fig. 2C), 10 �M (Fig. 2D), and 100 �M
(Fig. 2E) for 3 h. Preincubation of P. acnes with an antibiotic
mixture (500 units/ml of penicillin G and 0.5 mg/ml of strepto-
mycin sulfate) for 3 h significantly inhibited the 2-day growth of P.
acnes (2.1 � 103 � 6.3 � 103 CFU) in comparison with that after
incubation of P. acnes with PBS (20.5 � 105 � 2.5 � 105 CFU)
(Fig. 2B and F). Treatment of P. acnes with 1, 10, and 100 �M of
GPPPQGGRPQ considerably attenuated the colonization (Fig.
2C to E) and the growth (26.5 � 104 � 6.3 � 104, 18 � 103 �
2.6 � 103, and 9.5 � 102 � 2.1 � 102 CFU, respectively) of P.
acnes. These results demonstrated that the GPPPQGGRPQ pep-
tide exerts a bactericidal activity against P. acnes.

Although we failed to identify low-abundance proteins, such
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as cytokines and defensins, that normally are considerably el-
evated during oral inflammation (15), an advanced electros-
pray ionization tandem MS with higher sensitivity may make it
possible to identify lower-abundance saliva proteins (7). Since
the intensity of each peptide signal in an MS spectrum does not
necessarily correlate with its biological abundance, quantita-

tive MS using isotopic-tag labeling (19) will provide a means to
determine the differential abundances of peptides under dif-
ferent biological conditions. Although it is unclear if the GPP
PQGGRPQ peptide is derived from fragmentation of bacteri-
um-bound proline-rich proteins, it has been documented that
proline-rich proteins can be cleaved by proteases from oral

TABLE 1. Peptide PQ C termini detected in MALDI-TOF-TOF

m/z Sequence Proteina Accession No. Mass (kDa) Matched sequence
positions

971.53 GPPPPPGKPQ Basic salivary proline-rich protein 2 P02812 37.3 221–230
990.60 GPPPQGGRPQ Salivary acidic proline-rich

phosphoprotein 1/2
P02810 17.0 148–157

1,068.66 GPPPPPPGKPQ Salivary acidic proline-rich
phosphoprotein 1/2

P02810 17.0 137–147

1,104.19 GPPPQGGNRPQ Basic proline-rich peptide P-E (IB-9) P02811 6.0 29–39
1,333.77 GRPQGPPQGQSPQ Salivary acidic proline-rich

phosphoprotein 1/2
P02810 17.0 154–166

1,390.68b GGRPQGPPQGQSPQ Salivary acidic proline-rich
phosphoprotein 1/2

P02810 17.0 153–166

1,731.89 GPPQQGGHPPPPQGRPQ Salivary acidic proline-rich
phosphoprotein 1/2

P02810 17.0 93–109

1,957.14 PQGPPQQGGHPPPPQ
GRPQ

Salivary acidic proline-rich
phosphoprotein 1/2

P02810 17.0 91–109

2,029.28 GPPPPPGKPQGPPPQGG
NKPQ

Basic proline-rich peptide P-E (IB-9) P02811 6.0 18–39

a Proteins identified by searching Mascot, a searching algorithm available at the Matrix Science home page. A human database obtained from ftp://ftp.ncbi.nih.gov
/genomes/ containing 40,877 sequences was used. Ion scores greater than 70 were considered significant (P � 0.05) (23) for protein identification.

b A peptide is absent or has a low intensity in the MS spectra of MALDI-TOF-TOF.

FIG. 1. Fluorescence microscopic images of P. acnes upon incubation with a fluorescein-labeled GPPPQGGRPQ peptide. P. acnes was
suspended in a phosphate buffer containing 1.1 mM NaH2PO4, 1 mM NaH2PO4, and 100 mM NaCl, pH 6.5, and incubated with GPPPQGGRPQ
(10 �M) (A), fluorescein-labeled CGKRK (10 �M) (B), or fluorescein-labeled GPPPQGGRPQ (1 �M [C] and 10 �M [D and E]) for 1 h at 37°C
under anaerobic conditions. Incubation of fluorescein-labeled CGKRK was performed to exclude nonspecific binding. (F) P. gingivalis incubated
with fluorescein-labeled GPPPQGGRPQ (10 �M). The green fluorescence (arrows) indicated that fluorescein-labeled peptide bound to P. acnes.
(E) The green fluorescence was entirely quenched when a high concentration (1 mM) of unlabeled GPPPQGGRPQ was added to the incubation
of fluorescein-labeled peptide (1 �M) with bacteria. Bar, 1 �m.
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Streptococcus and Actinomyces species and converted into pep-
tides with bacterium-binding PQ C termini (13). Intriguingly,
several peptides with PQ C termini were identified in undi-
gested human parotid saliva (8), suggesting that peptides with
PQ C termini may exist naturally in human whole saliva. When
oral bacteria predominate, these peptides with PQ C termini
may serve as innate-immunity-like peptides (5, 13) to bind
and/or kill oral bacteria instantly. The PQ-rich repeats also
exist in other proteins, such as diacylglycerol kinase, an enzyme
involved in the regulation of signal transduction (18). It has
also been reported that peptides with polyprolyl or polyglu-
tamine sequences could contribute to amyloidogenic diseases
(14) and display the activity of cellular permeation, as well as
binding to heat shock proteins (1). Thus, peptides with PQ C
termini in saliva may have biological functions other than act-
ing as antimicrobials.

Although the target molecules of the GPPPQGGRPQ pep-
tide in P. acnes are undetermined, it has been documented that
an RGRPQ peptide could be similar to the ERGMT peptide
signal that affects intra- or extracellular receptors and gene
expression in Bacillus subtilis (12). Future studies will include
determining the eukaryotic toxicity and MICs of the GPPPQ
GGRPQ peptide against P. acnes. The complete genome of P.
acnes has been sequenced (3, 4). P. acnes is involved in many
infectious diseases, including acne vulgaris and biofilm forma-
tion on implanted biomaterials (17). Therefore, the future
applications of the GPPPQGGRPQ peptide may include mon-
itoring of the distribution of P. acnes and/or treatment of P.
acnes-associated diseases by inhibiting bacterial growth.

This work was supported by National Institutes of Health Grants
(1-R01 AI067395, R21-R022754-01, and R21-I58002-01), a Dermatol-
ogy Foundation Grant, and a SERCEB grant (5 U54 AI057157-02).

We thank M. Kirk and S. Barnes for their assistance with MS.

REFERENCES

1. Bertoncini, C. W., R. M. Rasia, G. R. Lamberto, A. Binolfi, M. Zweckstetter,
C. Griesinger, and C. O. Fernandez. 2007. Structural characterization of the
intrinsically unfolded protein beta-synuclein, a natural negative regulator of
alpha-synuclein aggregation. J. Mol. Biol. 372:708–722.

2. Bodnar, W. M., P. K. Blackburn, J. M. Krise, and M. A. Moseley. 2003.
Exploiting the complementary nature of LC/MALDI/MS/MS and LC/ESI/
MS/MS for increased proteome coverage. J. Am. Soc. Mass Spectrom. 14:
971–979.

3. Bruggemann, H., A. Henne, F. Hoster, H. Liesegang, A. Wiezer, A. Strittmatter,
S. Hujer, P. Durre, and G. Gottschalk. 2004. The complete genome sequence of
Propionibacterium acnes, a commensal of human skin. Science 305:671–673.

4. Bruggemann, H. 2005. Insights in the pathogenic potential of Propionibac-
terium acnes from its complete genome. Semin. Cutan. Med. Surg. 24:67–72.

5. Davtyan, T. K., H. A. Manukyan, N. R. Mkrtchyan, S. A. Avetisyan, and A. A.
Galoyan. 2005. Hypothalamic proline-rich polypeptide is a regulator of
oxidative burst in human neutrophils and monocytes. Neuroimmunomodu-
lation 12:270–284.

6. Drobni, M., T. Li, C. Kruger, V. Loimaranta, M. Kilian, L. Hammarström,
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FIG. 2. The GPPPQGGRPQ peptide suppresses the growth of P.
acnes. P. acnes (1 � 105 CFU) was incubated with PBS (A), antibiotics
(B), and GPPPQGGRPQ at final concentrations of 1 �M (C), 10 �M
(D), and 100 �M (E) for 3 h. After a 2-day incubation, bacteria were
spotted on agar plates for colonization. Bacteria incubated with pep-
tide were spotted in duplicate (C to E). (F) The activity of the GPPP
QGGRPQ peptide in bacterial growth was determined by plating se-
rial dilutions (104 to 107) of bacteria on agar plates and quantifying the
CFU. Bar, 0.5 mm. The bars represent means � standard errors for
three separate experiments. The numbers of P. acnes bacteria treated
with antibiotics (hatched bar) and peptide (solid bars) were compared
with that of P. acnes treated with PBS (open bar). Student’s t test was
conducted for comparison. P values of �0.01 (*) and �0.005 (**) were
considered significant.
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