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The systematic search by tandem mass spectrometry
of human saliva from four different subjects, of 136 pos-
sible fragments originated from histatin 3, allowed the
detection of 24 different peptides. They include, with the
exception of histatin 4, all the known histatin 3 frag-
ments, namely histatins 5-12 and the peptides corre-
sponding to 15-24, 26-32, 29-32 residues, and 13 new
fragments corresponding to 1-11, 1-12, 1-13, 5-13, 6-11,
6-13, 7-11, 7-12, 7-13, 14-24, 14-25, 15-25, and 28-32
residues of histatin 3. On the contrary, none of 119 pos-
sible fragments of histatin 1, including histatin 2, was
detected. The results suggest that the genesis of histatin
3-related peptides, being under the principal action of
trypsin-like activities, is probably not a random process
but rather follows a sequential fragmentation pathway.
Lack of detection of C-terminal fragments, with the ex-
ception of 26-32, 28-32, and 29-32 fragments, suggested
that arginine 25 should be the first cleavage site, gener-
ating histatin 6 and 26-32 fragments. The genesis of 28-32
and 29-32 fragments and histatin 5 should implicate a
subsequent exo-protease action. Similarly, lack of detec-
tion of fragments having Lys-5 and Arg-6 at the N termi-
nus and Arg-25 at the C terminus strongly suggested that
sequences KRKF (11-14 residues) and AKR (4-6 residues)
should be the second and the third cleavage sites, respec-
tively. Lys-17 and Arg-22 are not cleaved at all.

Histatins are a class of salivary peptides probably present only
in higher primates (1), deriving their name from the high histi-
dine content (2, 3). The powerful antifungal action of this class of
peptides stimulated intense investigations concerning their prop-
erties, activity, structure, and secretion (4). Until now, only two
human genes, HT'N1 (HIS1) and HTN2 (HIS2), localized on
chromosome 4q13, have been recognized as responsible for their
synthesis (1, 5). The products of these two genes are histatin 1
and histatin 3, respectively. The former is a peptide of 38 amino
acids, phosphorylated at Ser-2, whereas the latter, 32 amino acid
long with a sequence very similar to histatin 1, is not phospho-
rylated. Many other peptides of this family have been identified
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in human saliva, all sharing a sequence common to the two
parent peptides. Although different classifications have been pro-
posed, the current preferred nomenclature derives from the
study of Troxler et al. (6), who identified in human saliva a
peptide corresponding to the C-terminal 26 residues of histatin 1,
named histatin 2, and nine peptides, all related to the sequence
of histatin 3 and named histatins 4—12. Except for histatin 2, the
other minor histatins likely originated by proteolytic cleavages
from histatin 3. Among them, histatin 5, showing a sequence
identical to the first 24 amino acids of histatin 3, represents the
major fragment because it is present in human saliva at a higher
concentration than the other fragments. Moreover, it appears to
display the highest specific activity against Candida albicans
species with respect to all the other histatins (7). By utilizing
different separation protocols, other researchers identified sev-
eral small peptides originating from histatin 3 (8). The sequences
of histatins 1-12 and other fragments previously detected by
other researchers are reported in Tables I and II. Studies by Xu
et al. (9) demonstrated that histatins 2 and 4, not present in
freshly collected parotid saliva, appeared only after auto-
proteolytic histatin degradation. Therefore, the main questions
arising from these data concern the site and timing of the cleav-
age processes. Although some experimental evidence has sug-
gested that cleavage events should be confined either before or
during glandular secretions, the post-secretion involvement of
endogenous and exogenous proteases present in the oral cavity
cannot be completely excluded, due to the time-consuming exper-
imental scheme utilized for purification. In this respect, relevant
results were obtained by Xu et al. (10), who submitted several
synthetic histatins to the action of salivary proteases in vitro and
identified the different products of proteolysis. Fragments were
detected only after a relatively long incubation time, and they
were different from known histatins. Because the biosynthetic
origin of histatin-derived peptides may be important to their
function, interest in the synthesis of these peptides continues. In
order to obtain further insight into the genesis of the fragments,
we applied the high-throughput analytical potential inherent to
electrospray multidimensional mass spectrometry-high perform-
ance liquid chromatography, which allows a fast and reliable
analysis of complex protein mixtures without time-consuming
pre-separation steps. Whole human salivary samples, a few sec-
onds after collection, were treated with an acidic solution and,
after centrifugation, immediately analyzed by RP-HPLC' ESI-

! The abbreviations used are: RP-HPLC, reverse phase-high pressure
liquid chromatography; ESI-MS, electrospray ionization-mass spec-
trometry; SIM, selected ion monitoring; MS/MS, tandem mass spec-
trometry; TIC, total ion current.

This paper is available on line at http://www.jbc.org
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MS”. This procedure reduced the time during which artifacts can
originate by salivary proteolysis, and thus it supported the as-
sumption that the results obtained may represent a reliable
picture of peptides present in the oral cavity immediately after
secretion. This approach permitted detection and identification of
several unknown peptides derived from histatin 3, and it pro-
vided the suggestion that a sequential cleavage pathway oper-
ates during the biosynthesis of these peptides.

MATERIALS AND METHODS

Reagents—All common chemicals and reagents were of analytical
grade and were purchased from Farmitalia-Carlo Erba (Milan, Italy),
Merck, and Sigma.

Apparatus—The HPLC-ESI-MS apparatus was a ThermoFinnigan
(San Jose, CA) Surveyor HPLC connected by a T splitter to a PDA
diode-array detector and to Xcalibur LCQ Deca XP Plus mass spectrom-
eter. The mass spectrometer was equipped with an electrospray ion
source (ESI). The chromatographic column was a Vydac (Hesperia, CA)
Cg column, with a 5-pm particle diameter (column dimensions 150 X
2.1 mm).

Sample Collection and Treatment—Whole human saliva was col-
lected between 2 and 4 p.m. from four normal adult informed volunteers
according to a standard protocol (11). Collection time was standardized
in order to reduce concentration variability connected to circadian
rhythms of secretion. An acidic solution (0.2% trifluoroacetic acid) was
immediately added to salivary samples in 1:1 v/v ratio, and the solution
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was centrifuged at 8000 X g for 5 min. After centrifugation, the super-
natant was separated from the precipitate and immediately analyzed
by HPLC-mass spectrometry. The following solutions were utilized for
reversed-phase chromatography: eluent A, 0.056% aqueous trifluoro-
acetic acid, and eluent B, 0.05% trifluoroacetic acid in acetonitrile/water
80:20 (v/v). The gradient applied was linear from 0 to 55% in 40 min, at
a flow rate of 0.30 ml/min. The T splitter addressed a flow rate of about
0.20 ml/min toward the diode array detector and a flow rate of 0.10
ml/min toward the ESI source. The diode array detector was usually set
at a wavelength of 214—-276 nm. Mass spectra were collected every 3 ms
in the positive ion mode. MS spray voltage was 4.50 kV, and the
capillary temperature was 220 °C. Tandem MS experiments were per-
formed by detection of parent ions with a peak width of 2—4 m/z values
with 40—60% of the maximum activation amplitude.

Data Analysis—Deconvolution of averaged ESI mass spectra was
automatically performed either by the software provided with the
Deca-XP instrument (Bioworks Browser) or by MagTran 1.0 (13) soft-
ware. Mass values obtained were compared with average theoretical
values using PeptideMass and FindPept programs available at the
Swiss-Prot Data Bank (us.expasy.org/tools), where human histatin 1
and histatin 3 are coded as P15515 and P15516, respectively. Theoret-
ical tandem MS spectra were generated by utilizing the MS-Product
program, available at the Protein Prospector site (prospector.ucsf.edu/).

RESULTS

Whole human saliva was collected between 2 and 4 p.m. in
order to reduce variations connected to circadian rhythms (11,



41438 Human Salivary Histatins
mw o 214 3264
0 %
% 1627 : RT: 000-5500
NL: 1 3689
Q 808 TCMS
» 1210 {18.10 ] 3334
E K )
M -
@ ‘ 185
& | NL: 67086
Fic. 2. TIC and SIM profiles regis- o = SIM: 663.70 M2HT*  DSHAKRHHGYK
tered during a tandem MS experi- » 3
ment were performed to search and 0 g PPV [ W
confirm the sequence of fragments s
1-11, 1-12, and 1-13 originated from g 0 3
histatin 3. The SIM profiles correspond 2w 870
to the search of the di-charged ions at P
668.7 m/z (1-11 fragment), 746.7 m/z £ L3 NL: 13086
(1-12 fragment), and 811.3 m/z (1-13 & E SIM: 74670 MuHT'  DSHAKRHHGYKR
fragment) values, respectively. 1
N
100 =
0 8%
& 5 NL: 171E6
LU SIM: 81130  MH2H'P*  DSHAKRHHGYKRK
0
E N
0 ey ~ Pty B B A
i s 10 is 2 2 B 35 @ 4 50
Time (mix}
R B/ X B h DsH
H G Y K— RT: 775814 NL: 332F4
21 ™ N bk L F:+p ESI Full ms2
668.7040.00
[ 180.00-1500.00]
Histatin 3 Fragm. 1-11
DSHAKRHHGYK
?97}\\ 3323 969.5
6954 98
B l ~ 511064 uwns
(LR T S v i el
70 800 e 900 1000 1100 1200 1300 1400 1500
;.y' R y1 K- :y. DSHA - -~ v
H H G Y K R . .
100 Tir b Ty by T R RT: 831928 NL: 787E3
8 F: +p ESI Full ms2
g 746.76860.00
2 {205.00-1600.00]
%5 Histatin 3 Fragn. 1.12
s DSHAKRHHGYKR
Kl
K 3 13177
‘. 8324 9535 © %693 ‘106" 10817 11897
: Lo zee
PR D000 20 B0 A 0 160
% - DSHAK
-Y K K RT. 79387 NL 63483
b T 7993 ;6
' b b F:+pESI Ful ms?
811.30440.00
122000-1750.00]
Histatin 3 Fragm. 113
DSHAKRHHGYERK
10265 11896 13175
i) /11181.6 e e
Y WIS 1) et
1100 1200 1300 1400 1500 1600 1700

Fic. 3. Fragmentation pattern resulting from the tandem MS experiment reported in Fig. 2. The analysis allowed us to recognize the
y and b fragmentation series, as well as many neutral losses and internal fragments, pertaining to peptides 1-11, 1-12, and 1-13 deriving from

histatin 3.

12). Immediately after collection, samples were mixed with an
equal volume of aqueous 0.2% trifluoroacetic acid and centri-
fuged, and the soluble fraction was injected into the RP-HPLC
ESI-ion trap-mass spectrometer apparatus. Fig. 1 shows the

typical RP-HPLC profile of human saliva, with the elution
ranges of the principal classes of peptides and proteins detected
by this method. They are histatins, basic and acidic proline-rich
proteins, defensins, statherin, and cystatins. In Fig. 1, upper
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Fic. 4. MS/MS experiment performed on the doubled charged ion at 541.7 m/z value. The analysis of the fragmentation pattern allowed
to recognize the y and b fragmentation series, as well as many neutral losses and internal fragments, of both histatin 11 and the fragment 6-13

(sequence KRHHGYKR and RHHGYKRK, respectively).

panel, the total ion current (TIC) profile recorded by the mass
spectrometer is reported. The HPLC separation was also re-
vealed by UV detection at 214 and 276 nm (not reported). The
eluent was not directed toward the electrospray source for the
first 3—5 min of separation in order to avoid damage to the ion
trap-mass spectrometer, due to the elevated concentration of
electrolytes. Although TIC (and UV) profiles did not reveal
significant signals between 3 and 12 min, the mass spectrom-
eter detected numerous ions, with m/z values attributable to
small peptides. As an example, the 3rd and 4¢h panels of Fig. 1
show the m/z values revealed between 7.98 and 8.43 min, which
correspond to different mono-, di-, and multicharged ions. With
the aim of identifying, among the different ions, those pertain-
ing to histatin fragments, we adopted two strategies.

The first strategy was based on the following: (i) an extensive
search for peptides with mass values lower than 4000 atomic
mass units, performed along the entire chromatogram of the
four salivary samples; (ii) a selection, among the masses de-
tected, of the peptides with the masses expected for fragments
originating either from histatin 1 or from its nonphosphoryl-
ated form or from histatin 3 by using FindPept program; (iii) an
MS/MS experiment carried out on potential fragments, usually
inducing the fragmentation of the double charged ion; and (iv)
a comparison of the observed fragmentation patterns with
those predictable for histatin fragments by the MS-Product
program available on the ProteinProspector site. Figs. 2 and 3
exemplify the final steps of this strategy. Fig. 2 reports the
selected ion monitoring (SIM) results obtained by searching the
masses expected for the double charged fragments 1-11, 1-12,
and 1-13 of histatin 3. Fig. 3 reports the MS/MS fragmentation
spectra, which confirmed the sequence of these fragments.

The MS/MS experiments performed on the double charged
ions allowed easy detection of the peaks corresponding to the y
fragmentation pattern, but some fragments of the b pattern
were undetectable. The first fragmentation of the double
charged ions often corresponded to the neutral loss of one or

two molecules of water or ammonia. In the presence of multiple
arginine residues, a neutral loss of 44 atomic mass units, cor-
responding to the HN=CH-NH,, group, was often observed.

Peptides having the same amino acid composition but differ-
ent sequences usually show similar chromatographic behavior
and therefore cannot be separated by HPLC. However, these
peptides may generate different fragments by MS/MS experi-
ments. Thus, an accurate analysis of fragmentation patterns
may show the presence of two peptides in the same chromato-
graphic peak. This is the case, for example, of the fragments
5-12 and 6-13 of histatin 3, which correspond to KRHHGYKR
and RHHGYKRK sequences, respectively (Fig. 4).

On the basis of the results obtained with this strategy, we
were able to identify many known and unknown fragments of
histatin 3 in the different samples tested. It is worth mention-
ing that the fragmentation patterns observed for the majority
of peptides submitted to the MS/MS experiment could not be
ascribed to any possible histatin fragment.

Some of the fragments observed may also synthesized from
histatin 1, which shares part of its sequence with histatin 3.
However, no peptide fragments specific to histatin 1 were de-
tected, suggesting that the fragments potentially resulting from
both histatins originated solely from cleavage of histatin 3.

As the second strategy, we searched all the masses of pep-
tides complementary to those found, as well as the masses of all
possible fragments originating from histatin 1 and its nonphos-
phorylated form by cleavage pathways similar to those ob-
served for histatin 3. To this end a SIM analysis was carried
out, followed by the MS/MS analysis performed usually on the
double charged ion. This second strategy allowed us to detect
other fragments potentially originating from histatin 3, but
none were specific to histatin 1. A search in the HPLC profile of
histatins 1, 3, 5, and 6 was performed by SIM strategy. The
simultaneous detection in the same HPLC position of four
multicharged ions for each histatin was considered experimen-
tal evidence sufficient for its identification.
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TABLE 1
List of histatin 3 fragments searched in human saliva

—, found only in this study; =, found in this study and in the references; — — -, found in the references but not in this study; -, not found.
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TaBLE II
List of histatin 1 fragments searched in human saliva
—, found only in this study; =, found in this study and in the references; — — -, found in the references but not in this study; -, not found; P

corresponds to the phosphorylated peptide; asterisks refer to fragments of histatin 1 sharing a common sequence with fragments of histatin 3.

sequence

av. Mass [MH"] name ref
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-— histatin 1 [6]

sed P
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On the whole, among the 136 searched peptides potentially
originating from histatin 3 by different cleavages (based on a
total of 495 fragments resulting from any possible cleavage of
histatin 3), we were able to identify the 24 fragments reported
in Table I. As far as histatin 1 is concerned, the search of 119
peptides (based on a total of 775 possible fragments, comprising

also the possible nonphosphorylated fragments) did not allow
us to detect any fragment specifically originating from the
parent peptide, comprising histatin 2 (see Table II). In Tables
I and II, the double continuous line segments represent the
fragments detected both in this work and in previous studies.
Single continuous line segments represent the peptides de-
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tected in this study and, to our knowledge, not described until
now. The boldface dashed line segments represent the peptides
identified in other studies that we were not able to detect in our
samples by using the strategies adopted. Finally, the dotted
line segments represent peptides searched for and not found
either in this study or in other studies reported in the litera-
ture. In Table II, the peptides originating from putative cleav-
age of histatin 1 sharing a common sequence with fragments
derived from histatin 3 are labeled by an asterisk. Table II
clearly shows that no fragment specific to histatin 1 was found.

Table III reports the detection (asterisks) of the fragments in
Table I in the four subjects under study. Sixteen fragments
were found in the saliva of all the subjects; four fragments were
found in three subjects, and four fragments were found in the
saliva of two subjects. As far as all the other peptides searched

TaBLE III
Detection (asterisks) of the histatin 3 fragments in the four
samples analyzed

Subject

Fragment Synonim

Do

Histatin, 1/11
Histatin, 1/12

Histatin, 1/13
Histatin, 1/24
Histatin, 1/25
Histatin, 5/11
Histating 5/12
Histatin, 5/13
Histatin, 6/11
Histatin, 6/13
Histating 7/11
Histatin, 7/12
Histating 7/13
Histatin, 12/24
Histatin, 12/25
Histatin, 13/24
Histatin, 13/25

Histatin 5
Histatin 6
Histatin 12
Histatin 11

Histatin 7
Histatin 9
Histatin 8
Histatin 10

¥ K K K K K K K K|

* ¥ ¥ ¥

Histatin, 14/24
Histating 14/25
Histatin, 15/24
Histatin, 15/25 *
Histatin, 26/32
Histatin, 28/32 *

Histating 29/32 * *

XK K KX K K K K X K K X K X X X ¥ X X K|

* ¥ ¥ X ¥ ¥

*
F K K K K K KKK KKK KKK KKK KKK X KXW
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for are concerned, in one of the four volunteers we observed a
mass corresponding to fragment 18-24 from histatin 3 but
which showed an ambiguous tandem MS (not reported).

Finally, Fig. 5 reports the elution times of all the histatins
and histatin fragments observed under the experimental con-
ditions reported under “Material and Methods.”

DISCUSSION

The different fragments of histatin 3, already detected in
human saliva (4, 6, 8), are reported in Table I either as double
continuous line segments (peptides found also in the present
study) or as boldface dashed line segments (not found in the
present study). These results were not obtained by a systematic
search of histatin-derived peptides. The more systematic ap-
proach carried out in the present study by HPLC-tandem MS
on whole human saliva allowed quite a comprehensive view of
histatin 3 fragmentation patterns, because it was based on the
search for the most probable fragments, and the information
obtained was also derived from nondetected peptides (Tables
I-III). For instance, lack of detection of histatin 2 and 4, the
main and first products of salivary protease action, strongly
supports the assumption that no artifacts are generated by
salivary proteolysis under our experimental conditions (9).
This assumption also agrees with lack of detection of almost all
the fragments obtained by Xu et al.(10) through salivary pro-
teolysis of synthetic histatins. The analysis was performed on
whole saliva instead of selected glandular secretions with the
aim of investigating any possible histatin source. In fact, pre-
liminary data suggested that histatins are secreted not only by
parotid glands but also by other minor glands of the oral cavity.

Most of the observed peptide cleavages are trypsin-like. The
26-32, 28-32, and 29-32 peptides were the only C-terminal
fragments detected. This finding suggests that Arg-25 should
be the first site of cleavage of histatin 3, and hence histatin 6
and the 26-32 peptide should be the first fragments generated.
Then, an exo-protease should synthesize histatin 5 and the
fragments 28—-32 and 29-32. Similarly, the lack of fragments
starting from Lys-5/Arg-6 and ending with Tyr-24/Arg-25 sug-
gested that the KRKF residues (11-14 positions) represent the
second cleavage site and the AKR residues (4—6 positions) the
final third cleavage site. Arg-22 and Lys-17 do not represent
cleavage sites at all. The observed cleavages suggest the in-
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FiG. 5. Top panel, typical TIC profile obtained by RP-HPLC-ESI-MS analysis of human saliva. In the enlargement (4.5-24 min, bottom panel)
the approximate elution position of all the known histatins and the histatin 3 fragments detected in this study is reported. A shift of the position
of all the histatins (maximum shift about 0.5 min) was sometimes observed in chromatograms of different salivary samples.
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volvement of a proprotein convertase belonging to the kexin/
subtilisin family, enzymes expressed in many tissues, where
their active forms are localized in the trans-Golgi network and
small secretory vesicles (14). Indeed, the human proprotein
convertase 1 (hPC1), an endocrine and neural convertase, was
able to cleave in vitro synthetic histatin 3 primarily at the
Arg-25 residue with minor cleavage at Arg-6 (15). Chan and
Bennick (16) showed that intrinsic furin, the first proprotein
convertase to be identified, may be responsible for in vivo
cleavage of a basic proline-rich protein precursors in human
submandibular cell lines. Moreover, the expression of the tryp-
sin-like serine protease gene, PRSS20, a putative new member
of the human kallikrein family, has recently been recognized in
human salivary glands (17). However, in the absence of any
information regarding its specificity, the action of this enzyme
on histatin 3 processing cannot be confirmed.

Lack of detection of specific fragments related to histatin 1
agrees well with other studies (9). One significant structural
difference between histatin 1 and histatin 3 is represented by
the phosphorylation at Ser-2 of the former peptide. Even
though the phosphate group does not represent a hindrance to
exploiting protease action (indeed histatin 1 can be cleaved by
salivary proteases (10)), phosphorylation can potentially repre-
sent a signal for differential processing. The results of the
present study suggest another possible rationalization of the
different sensitivity of the two major histatins to proteolysis. In
fact, histatin 1 lacks an amino acid equivalent to the Arg-25
residue of histatin 3, which seems to represent the first crucial
cleavage site for this peptide.

In conclusion, two main questions arise from the results of
the study. (@) Can the present fragmentation pattern of hist-
atins be considered definitive? The answer should be negative
for the following reasons. (i) Different fragmentation pathways
linked to individual variations could be observed, and it must
be outlined that our analysis was performed on a limited num-
ber of subjects. (ii) Some fragments could be present at a
concentration lower than the detection limit of our analytical
method. (iii) Some fragments could not be detected by the mass
spectrometer. For example, fragment 6—12 of histatin 3 was
not found, even though it should be present in salivary secre-
tion, because of similarity with other identified fragments (see
Table I). Moreover, fragments 1-4, 1-5, and 1-6, potentially
present in human saliva on the basis of the presence of other
complementary peptides (i.e. 7-11), two of them effectively
observed by other researchers, (Table II) (8) were not detected
by us. These very polar peptides are expected to elute in the
first minutes of the chromatographic separation, together with
high salt amounts, when the eluent cannot be directed toward
the MS apparatus. In order to overcome this problem we re-
duced salt concentration by applying a desalting C18 ZipTip
procedure to the sample before the HPLC-MS analysis (data
not reported). Unfortunately, after this desalting step not only
were we unable to detect the 1-4, 1-5, and 1-6 fragments but
we also verified the loss of almost all the small fragments
detected in the undesalted sample. On the other hand, the
direct injection in the MS apparatus of whole saliva and the
attempt to begin the MS detection at 1.50 min caused a strong
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increase in noise and a significant sensitivity reduction because
of ion suppression.

(b) What does this histatin proteolytic cascade mean from a
physiological point of view? Antifungal properties of histatin 5
against C. albicans species were largely demonstrated (4, 6,
10), implying an action on energized mitochondria (18). More-
over, various studies performed with peptide-histatin ana-
logues (19-21) pointed out that the central sequence starting
from Lys-11 and ending with Tyr-24 seems to be crucial for the
antifungal activity. For instance, Arg-22 seems essential for
the biological activity (22). The fragmentation pathway shown
in this study, directed toward the genesis of different central
fragments, agrees well with the results of structure-activity
investigations. However, little is known about the role of the
small terminal fragments, which may also play a significant
role in the oral cavity and should be further investigated.

Finally, we wish to observe that even though the name
“histatins” is a suitable choice, the large number of new hista-
tin fragments detected in this study suggests adoption of a
more rational nomenclature, capable of including present and
future identifications. To this purpose we suggest the nomen-
clature “histatin, y/z”, where x refers to the parent histatin (1
or 3) and y/z represents the position in the parent sequence of
the first and last amino acid residues. Histatin 3 fragments
reported in Table IIT have been named following the proposed
nomenclature.
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