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Abstract

Histatins (Hsts) are a family of multifunctional peptides present in saliva of human 

and some non-human primates. Recently, we found that certain members of the 

Hst family (Hst1 and Hst2) potently enhance epithelial cell migration in vitro and 

re-epithelialization ex vivo, and thus are likely to be involved in the protection of the 

soft tissue of the oral cavity. The interaction of Hsts with their target cells display 

characteristics resembling those of regular growth factors, which upon binding are 

taken up via endocytosis. Hsts are likewise internalized through a stereo-specific, 

energy-dependent interaction with a putative receptor. In this study, we examined 

whether there is a correlation between the cell-stimulating activity of Hst species, 

and the rate by which they are internalized by their target cell. We found that the 

specific activity of Hsts decreased in the order Hst2>Hst1>>Hst3~Hst5, whereas 

their rate of uptake by the cells was virtually identical. Hst2 effectively blocked 

uptake of Hst5, indicating competition for the same receptor. These data suggest 

that activation of the Hst receptor is not a prerequisite for uptake.
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Introduction

The histatin (Hst) family of peptides is present in the saliva of certain primate 

species including that of humans (1). The human genome contains two Hst genes: 

HTN1 giving rise to Hst1 and HTN3 giving rise to Hst3. All other Hsts arise due to 

proteolytic degradation of these two parent gene-products. Hst1, Hst2, Hst3, and 

Hst5 are responsible for the bulk of Hsts in human saliva. Their function seems to 

be versatile but generally relates to the protection of the hard and soft tissues in the 

mouth. Protease-inhibition, metal-binding, tannin-binding, antimicrobial activity, 

and recently also cell-migration activities, all of which have been described for Hsts 

(2-6). 

We have previously found that Hst-induced cell migration possesses 

the characteristics of a ligand-receptor mediated process. It involves binding to 

a stereo-specific cellular receptor, followed by energy-dependent endocytosis of 

the cell (7). In addition, the activation of cell migration by Hst is pertussis-toxin 

sensitive, which implies the involvement of a G-protein coupled receptor (GPCR) 

(3). Nowadays, over 900 GPCRs have been identified, several of which have no 

known ligand (8). In general, receptor-mediated processes are regulated tightly at 

several levels to avoid continuous signalling. One of these levels proceeds through 

endocytosis of the receptor-ligand complex. 

  The aim of this study was to examine if there is a correlation between 

the cell-stimulating activity of the major salivary Hsts (Hst1,2,3,5) and the rate 

by which they are endocytosed. We found that the cell-migration activity, as 

measured by an in-vitro wound-closure model, of Hsts decreased in the order 

Hst1~Hst2>>Hst3~Hst5. The uptake rate of the different Hsts however, was 

virtually identical. We also found that Hst2 effectively obstructed the uptake of 

Hst5, an indication for the competition of the same receptor. Our data suggest that 

activation of the putative Hst receptor is not a prerequisite for its cellular uptake. 
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Material and Methods

Cell-Line Culture

Human buccal-epithelial cell line HO-1-N-1 was provided by the Japanese Collection 

of Research Bioresources (Osaka, Japan). Cells were cultured in DMEM-F12 

medium (Invitrogen, Carlsbad, CA, USA), fully supplemented (10 % fetal calf 

serum (HyClone, South Logan, UT, USA), 2 % antibiotic-antimycotic solution (100 

U/ml penicillin, 100 µg/ml streptomycin, and 250 ng/ml amphotericin B, Sigma-

Aldrich, St. Louis, MO, USA)), at 37 °C, 95 % humidity and 5 % CO
2
. Cells were 

maintained until confluence, detached with 0.25 % trypsin-EDTA (Invitrogen), 

counted with hemacytometer, and seeded into new flasks or multiwell plates at the 

required cell densities.

Peptide Synthesis

Peptides were synthesized by solid-phase peptide synthesis using Fmoc chemistry 

with a MilliGen 9050 peptide synthesizer (Milligen-Biosearch, Bedford, MA, USA). 

Purification by RP-HPLC and confirmation of authenticity by MS were conducted 

as described previously (9). Amino-acid sequence, molecular weight, net charge, 

and amphipaticity of the peptides used in this study are depicted in Table 1.

Table 1 Amino acid sequence, molecular weight (MW), charge, and amphipaticity of Hsts.

Peptide Amino acid sequence MW Chargea <µH>b

Hst1 DSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDN 4848 +1 0.156

Hst2            RKFHEKHHSHREFPFYGDYGSNYLYDN 3445 0 0.137

D-Hst2            rkfhekhhshrefpfygdygsnylydn 3445 0 0.137

Hst3 DSHAKRHHGYKRKFHEKHHSHR.....G.YRSNYLYDN 4062 +5 0.156

Hst5 DSHAKRHHGYKRKFHEKHHSHR.....G.Y 3037 +5 0.210

S = phosphoserine.
a Net charge at pH=7.
b <µH> amphipaticity, calculated as mean hydrophobic moment at 100°, in an α-helical conformation. 

(20)

In vitro Wound-Closure Assay

Epithelial wound-closure experiments were performed as described previously 

(10). Cells were grown in 48-well plates until confluence, and serum deprived for 

24 h in prescribed medium without additives. In each well a scratch was made 

using a sterile tip and cellular debris was removed by washing. The width of the 

scratch was determined microscopically, by making one representative micrograph 
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per well, immediately after creation and 20 h later. Relative closure of the scratch 

was calculated as (X
0
 – X

yy
)/(C

0
 – C

yy
), in which: X

0
 = width of the scratch at time 

= 0; X
yy

  = width of the scratch after yy time exposure to a condition; C
0
 = width 

of the scratch at time = 0; C
yy

  = width of the scratch after yy time exposure to the 

control.

Cytotoxicity

HO-1-N-1 cells were seeded in 96-wells plates at 2x104 cells per well in DMEM/

F12 fully supplemented. Cells were serum-starved (without serum or antibiotics) 

for 6 h, after which the medium was refreshed and the different conditions (Hst2 

100 µM, Hst5 100 µM, control is medium alone, without Hsts) were applied. After 

20 h of incubation propidium iodide (PI) (final concentration 15 nM) was added 

to the medium. As a positive control, 20 min before PI addition, Triton X100 

(final concentration 3 %) was added to a set of control wells. Fluorescence was 

measured at excitation and emission wavelengths of 544 and 620 nm, respectively, 

in a Fluostar Galaxy microplate fluorimeter (BMG Labtechnologies, Offenburg, 

Germany).

RP-HPLC measurements of depletion of histatins from medium

2x105 cells were seeded in a 48-well plate and grown for 48 h in supplemented 

prescribed medium. Then the cells were washed twice with keratinocyte SFM 

(Invitrogen) and SFM medium containing peptide, peptide combinations, or peptide 

and protease-inhibitor cocktail (complete mini, Roche, Indianapolis, IN, USA) /

PMSF (1 mM) /isopropanol (PMSF control) / EDTA (1 mM) /EGTA (1 mM) were 

applied. Peptide concentrations are as indicated in the figures. Immediately after 

application and after a certain incubation time aliquots were taken, possible debris 

was removed by centifugation and the concentration of Hsts was determined on an 

analytical C-18 column (Vydac, Grace, Deerfield IL, USA) on a Jasco HPLC system 

with a gradient of 5-65 % acetonitrile in 25 minutes at 1 ml/min. Absorbance was 

measured at 214 nm. Percentage removed peptide from medium was calculated as 

(Area
t=0

) – (Area
t=x

)/(Area
t=0

)*100. Wells without cells were commonly used as a 

control in the experiments and never a ‘removal from medium’ in these wells was 

observed (data not shown). 
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Results

Cell-stimulating activities of Hst1, Hst2, D-Hst2, Hst3, and Hst5 

We have previously shown that several members of the salivary Hst family 

stimulate cell migration (7) and are endocytosed in an energy-dependent and 

stereo-specific process (7). Here, we examined whether cellular activation by Hsts 

and their endocytosis are obligatory linked processes. First, we characterized the 

concentration-dependent cell-activating potencies of Hst1, Hst2, Hst3, and Hst5. 

The different peptides were tested in an artificial wound model using a concentration 

range between 0.1-100 µM (Fig. 1). Hst1 and Hst2 stimulated wound closure 

maximally at 10 µM. In contrast, Hst3 and Hst5 exerted only stimulatory effect at 

the highest concentration tested, 100 µM. The level of wound closure by Hst3 and 

Hst5, however, did not reach the maximal level as observed with Hst1 and Hst2. 

On the other hand, D-Hst2 did not induce wound closure at any concentration, 

indicative for the stereo-specificity of the activation by Hst1 and Hst2.

0 0.1 1 10 100
0.75

1.00

1.25

1.50

Hst1

0 0.1 1 10 100
0.75

1.00

1.25

1.50 Hst2

0 0.1 1 10 100
0.75

1.00

1.25

1.50

D-Hst2

0 0.1 1 10 100
0.75

1.00

1.25

1.50

Hst3

0 0.1 1 10 100
0.75

1.00

1.25

1.50

Hst5

µM

re
la

ti
v
e
 w

o
u

n
d

 c
lo

s
u
re

Control Hst2

10 µM

t=0

t=20 h

A

B
* *

*
* *

*

*

Figure 1 Dose response curves of in 

vitro wound closure of Hst1, Hst2, 

D-Hst2, Hst3, and Hst5.

A Representative images of a typical in vitro 

wound closure experiment. Wound scratch 

at t=0 (upper panel) and t=20 (lower panel) 

with and without Hst2 (10 µM) in a confluent 

layer of HO-1-N-1 epithelial cells. B Relative 

wound closure is calculated as described 

in the Material and Methods section. Dose 

response curves (0-100 µM) show differences 

in activity between Hsts. Dot represents 

mean±SD, n=10, * p < 0.05 tested with 

one-way analysis of variance (ANOVA) with 

additional least significant difference (LSD) 

test compared to untreated control.
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 Since Hsts, particularly Hst5, are potentially membrane-active (11), it 

could be possible that they exert adverse effects on epithelial cells. Therefore, we 

tested membrane integrity and subsequent cytotoxicity of the epithelial cells using 

propidium iodide (PI) in the presence of 100 µM Hst2 or Hst5. As a positive control 

the detergent Triton X-100 was used. PI only enters membrane-compromised 

cells, after which the fluorescence of this probe is enhanced 20- to 30-fold due to 

its binding to nucleic acids.  We exposed epithelial cells to 100 µM Hst2 or Hst5 

for 24 h, and measured cell-associated PI-fluorescence. Neither Hst2 nor Hst5 had 

compromising effects on the membrane barrier function (Fig. 2).
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Hst uptake by epithelial cells is not correlated to Hst-activating 

properties

To study endocytosis rates we designed an HPLC-based assay in which we measured 

the reduction of peptide from the medium as an indication for uptake by the cells. 

In Figure 3A an example is shown of the reduction of Hst2 in the medium (10 

µM) after 20 h. We compared the uptake of the Hsts that are most abundantly 

present in saliva. No differences between peptides could be detected, except for the 

stereo-specificity of the process (Fig. 3B), D-Hst2 is not taken up at all compared 

to the L-Hsts. To examine if the observed decrease in the medium was caused by 

proteolysis, we incubated Hst2 in the presence of a protease inhibitor cocktail (Fig. 

3C). The uptake was almost completely abolished. However, when we examined 

the ingredients of the protease inhibitor cocktail separately we found that it is not 

the protease inhibitors (PMSF) that reduce uptake, but rather that it is EDTA that 

abrogate uptake (Fig. 3C). The next obvious check was to see whether the uptake 

was also EGTA-sensitive, which turned out not to be the case. 

Figure 2 Hsts are not cytotoxic due to membrane 

permeabilization.

PI fluorescence was used to measure cytotoxicity, 

assuming that membrane permeabilization is followed 

by cell death. No cytotoxic effects could be seen, even 

for the most positively charged Hst5. Triton X100 was 

used as positive control. Bar represents mean±SD, n=8, 

* p < 0.05 tested with one-way ANOVA with additional 

LSD test.
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 Then we tested Hst2 depletion from medium in time, and we observed 

a biphasic uptake of Hst2 (Fig. 3D). This may correspond to receptor-mediated 

endocytosis, after the initial depletion of Hst2 the uptake of Hst2 is dependent on 

the recycling of the putative receptor back to the membrane. 
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Figure 3 Stereospecific and calcium independent endocytosis of Hsts as measured with 

RP-HPLC.

A Part of RP-HPLC profiles of SFM only, SFM + Hst2 (10 µM) immediately after addition (t=0) and 

at t=20 h. Area of Hst peak at t=0 is calculated and set to 100 %, reduction of peak is calculated as % 

uptake (see also material and methods). Control empty wells did not show peak area reduction (data 

not shown) B Uptake by different Hsts. Apart from the stereospecific uptake (D-Hst2 is not taken up) 

no differences between Hsts is observed. C Hst2 (input 5 µM) uptake under different conditions. PIC 

(Protease inhibitor cocktail) and EDTA inhibit uptake whereas PMSF, isopropanol, and EGTA does not. 

(B & C) Bar represents mean±SD, n=3. D Hst2 percentage removed from medium after different time 

points, with 10 µM as input. Biphasic character of line is typical for receptor-mediated endocytosis of 

ligands. Dot represents mean±SD, n=3. 
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Hst2 has a higher binding affinity compared to Hst5

To explore if Hsts compete for the same putative receptor, we studied the mutual 

inhibitory effects on their uptake by the cell. We chose to compare Hst2 and Hst5 as 

they are the most diverged in activation of epithelial cells. Hst2 uptake was slightly 

but significantly reduced upon a co-incubation with a 10-fold excess of Hst5 (Fig. 

4A). In contrast, Hst5 uptake was drastically decreased in the presence of a 10-fold 

excess of Hst2 (Fig. 4B). These results points to the mediation of the uptake of Hst2 

and Hst5 by a common receptor. In addition, Hst2 has a higher affinity for this 

receptor than Hst5, which corresponds to their cell-activating properties.

0

20

40

60

%
 u

p
ta

k
e

H
s
t2

 a
ft
e

r 
2

0
 h

0

20

40

60

%
 u

p
ta

k
e

H
s
t5

 a
ft
e

r 
2

0
 h

Hst2

Hst5

10 µM

-

10 µM

100 µM

Hst5

Hst2

10 µM

-

10 µM

100 µM

A Bp < 0.05 p < 0.001
Figure 4 Different uptake 

affinities between Hst2 and Hst5 

as measured with competition 

for uptake.

A Hst2 (10 µM) uptake is slightly 

reduced in the presence of excess 

Hst5 (100 µM). B Hst5 (10 µM) 

uptake is severely reduced in the 

presence of excess Hst2 (100µM). 

Bars represent mean±SD, n=6, p 

values are in the figure, student 

t-test was used.
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Discussion

In this study we have compared the wound-closure activity and endocytosis rate 

of the Hsts that are most prominently present in saliva. We found that wound-

closure activity of the different Hsts differ greatly, whereas their endocytosis rates 

were equal. However, in a competition assay, we found that Hst2 has a higher 

binding affinity than Hst5, and this does correspond with the higher activity of 

Hst2 compared to Hst5. This competition assay also indicated that Hst5 and Hst2 

probably act via the same receptor. Nevertheless, both the uptake as the activity 

requires a stereo-specific interaction. 

 Our finding that non-activating concentration of Hst5 (10 µM, Figs. 1 & 4) 

is endocytosed equally well as the potent Hst2 (also 10 µM, Figs. 1 & 4) suggests 

that the receptor-mediated uptake is independent from activation. Others have 

found that the speed of a ligand to promote endocytosis does not linearly correlate 

with ligand activity (12, 13). In addition, an antagonist can also induce endocytosis, 

thus without activation whatsoever (14-16). Also, a model for class-B GPCRs exists 

in which a secondary binding is necessary for receptor activation, thus after an 

initial primary binding that alone does not suffice for activation (17). Our findings 

fit well in the emerging picture of endocytosis of GPCR-ligand complexes, in which 

activation and endocytosis are not necessarily linked. 

 We previously found cell-activating properties for Hst3, but not for Hst5 (7). 

Another study, that only tested Hst3 and Hst5, found some cell-activation for Hst5 

but more for Hst3 (18). This study together with our initial discovery (7) confirms 

with Imamura et al (18) that Hst5 has activity but that Hst3 is more active. The 

biological relevance of this is matter of debate, since HTN2 gene products (Hst3 

and Hst5) are quite vulnerable for proteolysis in saliva compared to HTN1 gene 

products (Hst1 and Hst2) (19). 

 In conclusion, our findings are additional proof of the existence of a cellular 

receptor for Hsts. The differences in affinity are potentially interesting to study in 

more detail. The ease by which peptides can be altered or modified together with 

uptake-affinity competition assays may form an excellent basis for the search for 

the specific residues responsible for binding and activation. Furthermore, Hsts 

remain fascinating peptides with high potential for drug development for wound 

healing therapeutics with no demonstrable adverse effects on host cells.
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Abstract

Cyclization of peptides is a commonly used method to impose a certain structural 

conformation, which will enhance binding affinity and/or activity of the specific 

peptide. Several techniques are available, but a straightforward and foolproof 

technique, especially for longer peptides, is not present. The aim of this study was 

to explore and develop a new technique for the use of cyclization of longer peptides. 

We wished to use it for the cyclization of the model peptide histatin, a relatively 

long peptide with wound-healing activities that is originally derived from saliva. 

The bacterial enzyme sortase was used to cyclisize peptides, and by using sortase we 

obtained yields above 90 % within 24 h. This is in high contrast with the ~ 2 % yield 

we obtained with chemical cyclization. We previously found that the chemically-

cyclisized histatin has a 1,000-fold higher activity in induction of epithelial-cell 

migration, and this enhanced activity upon cyclization was confirmed for enzymatic 

cyclization using sortase. The high yields of the present technique enabled us to 

demonstrate that a difference in binding affinity for the putative receptor is the 

basis for the difference between linear and cyclic histatin. In addition, we found 

possible binding partners at the cellular membrane of epithelial cells, which may 

be the actual receptor(s) for histatin. Overall, this study establishes the use of 

sortase for the cyclization of any peptide, so far with remarkable high yields and no 

demonstrable adverse effects.
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Introduction

Bioactive peptides generally are linear amino-acid sequences that are characterized 

by a large conformational flexibility. Since the bioactive conformation of the 

peptide is only one of many that are present in solution, the molar activity of 

random-structured peptide ligands is lower than proteins or peptides with a more 

constrained conformation. In our case, enhancement of epithelial-cell migration 

by the linear peptide Histatin 1 (Hst1) requires concentrations in the µM range, 

whereas epidermal growth factor (EGF) is similarly active in the nM range (1). 

Introduction of conformational restraint of peptides through cyclization is a 

standard but difficult strategy in medicinal chemistry, and it commonly increases 

receptor affinity and/or selectivity of peptide ligands. Furthermore, cyclization has 

often been employed as a means of prolonging the duration of action of peptide 

hormones, because cyclic peptides generally are thermo-stabile, pH-stabile, and 

less vulnerable for proteolytic cleavage than their linear counterparts (2). These 

characteristics make them good candidates for drug development (3).

 Several chemical strategies for synthesis of cyclic peptides have been 

described. These include side-chain to side-chain (e.g formation of disulfide 

bridges between cysteine residues), side chain to terminal group, and terminal 

group to terminal group (head to tail) cyclizations. Head to tail cyclizations can 

be accomplished either in solution or while attached to a solid phase resin using 

some form of chemical coupling to form N-C terminal amides (for a review see (4)). 

These methods are generally well-suitable for small peptides (5), but are inefficient 

for cyclization of relative large peptides (larger than 10 residues), because of large 

entropic barriers for such reactions and competing oligomerization. In addition to 

the chemical methods, a few enzymatic strategies for cyclization of peptides have 

been described, such as the use of TycC thioesterase, subtiligase, and intein-based 

cyclization (6-9).

 Recently, enzymatic ligation methods using Sortase A (SrtA) from 

Staphylococcus aureus has been developed for site-specific derivatization of 

proteins by an array of functional groups, including fluorophores, (photo)affinity 

labels, and the production of fusion proteins (10-12). In addition, by equipping 

model proteins C-terminally with the LPXTG-motif and N-terminally with the 

oligoglycine acceptor motif, they are rapidly and effectively converted by SrtA into 

the circular form (13). This prompted us to explore the use of SrtA for cyclization 

of large-sized peptides, which are hardly accessible for cyclization with the present 

methods. Folded proteins apparently, often have their N- and C-termini in close 

proximity (2), which is in favour for SrtA-mediated cyclization. For large linear 
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peptides it is unpredictable how the distance between N- and C-termini may affect 

SrtA-mediated cyclization, with relative high flexibility favouring, but overall 

distance potentially disfavouring cyclization. 

 We previously discovered a large peptide of which the bioactivity 

drastically is enhanced by cyclization; Hst1, a 38-mer peptide of human saliva 

which stimulates cell migration in simple and complex wound models (14). Upon 

cyclization the activating properties are approximately 1000-fold enhanced (14). 

Further investigation, however, has been hampered by the low synthesis yields (~ 

2%) that were reached with the present chemical strategies for cyclization of Hst1. 

We therefore aimed to develop a new strategy for cyclization of longer peptides 

using SrtA. We here describe a rapid and efficient method (> 90 % yield) based 

on SrtA for cyclization of long sized peptides such as Hst1. The biological activity 

of the enzymatically-cyclized Hst1 was similar to that of chemically-synthesised 

cyclic Hst1. In competition binding assays was found that the affinity to its cellular 

receptor was concomitantly increased, and several binding proteins of Hst1 on the 

cellular membrane were detected.
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Material and Methods

Solid-phase peptide synthesis

CysHst1(16-34)Cys was obtained from 21st Century Biochemicals (Marlboro, MA). 

All other peptides (for overview see Table 1) were manufactured by solid-phase 

peptide synthesis (SPPS) using 9-fluorenylmethoxycarboyl (Fmoc)-chemisty 

with a MilliGen 9050 synthesizer (MilliGen/Biosearch, Bedford, MA) according 

to the manufacturer’s procedures. Peptide synthesis grade solvents were used 

directly as obtained from Biosolve (Valkenswaard, The Netherlands). The N-α-

Fmoc-amino acids were obtained from Orpegen Pharma (Heidelberg, Germany). 

Preloaded solid phase resin (Fmoc-L-Asn(Trt)-PEG-PS, 0.1 mmol, loading 0.16 

mmol/g; Applied Biosystems, Foster City, CA) in 1-methyl-2-pyrrolidone (NMP) 

was applied to the column and equilibrated at a flow rate of 4 ml/min. Fmoc 

was removed with piperidine (20 % v/v) in NMP for 6 min. Fmoc-amino acids 

were dissolved at 4 times molar excess in dimethylformamide (DMF) containing 

0.6 mM 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate 

(TBTU) and 0.6 mM 1-hydroxybenzotriazole (HOBt) and coupled in the presence 

of  0.45 mM N,N-diisopropylethylamine (DIPEA) in NMP by recycling for 1,5 h. 

Washings between the reaction steps were carried out with NMP. Subsequently 

the peptide was detached from the resin and deprotected with 14 ml trifluoroacetic 

acid (TFA)/phenol/thioanisole/H
2
O (85:5:5:5) in a 25 ml syringe equipped with 

a frit, under gentle shaking during at least 2 h. Next N
2
 was flushed through the 

reaction mixture to reduce the volume to less than 2 ml. The reaction mixture was 

purged into 30 ml ice-cold diethylether in a 50 ml tube followed by two washings 

of the resin with 2 ml TFA. The precipitated peptide was washed 4 times with ice-

cold diethylether using a magnetic driven centrifuge (Christ RVC 2-25, Osterode, 

Germany) at 230 x g for 5 min, dissolved in 10 ml H
2
O, flushed with N

2
 to remove 

excess diethylether and lyophilized. 

Table 1. Amino acid sequences of peptides used in this study

Peptides Amino acid sequence

Hst1     DSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDN

cHst1 (chemical)    ~KRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDNDSHE~      a

Hst1(16-34)                    EKHHSHREFPFYGDYGSNY

CysHst1(16-34)Cys                 ~C-EKHHSHREFPFYGDYGSNY-C~        a

GG-Hst1-LPETGG   GGDSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDNLPETGG

cGG-Hst1-LPET  ~GGDSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDNLPET~  a

GG-Hst1-LPETGG
biotin

  GGDSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDNLPETGG b

cGG-Hst1-LPET
biotin

 ~GGDSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDNLPET~  ab

a ~ residues at N and C termini used for cyclization
b K biotinylated Lysine residue, incorporated during synthesis
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Peptide purification

Peptides were purified by semi-preparative RP-HPLC (Jasco Corporation, Tokyo, 

Japan) on a Vydac C18-column (218MS510, Vydac, Hesperia, CA). Peptides were 

dissolved in H
2
O, containing 5% acetonitril (AcN; Biosolve) and 0.1% TFA. Elution 

was performed with a linear gradient from 15 to 45% AcN containing 0.1% TFA 

in 20 min at a flow rate of 4 ml/min. The absorbance of the column effluent was 

monitored at 214 nm, and peak fractions were pooled and lyophilized. Re-analyzed 

by RP-HPLC on an analytic Vydac C18-column (218MS54) developed with a similar 

gradient at a flow rate of 1 ml/min revealed a purity of at least 95%. Peptides were 

routinely verified by ion trap mass spectrometry with a LCQ Deca XP (Thermo 

Finnigan, San Jose, CA).

Organic chemical cyclization

Cyclic Hst1 was synthesized on Fmoc-Glu (Wang resin)-ODmab (NovaBiochem, 

Läufelfingen, Switzerland). This starting Glu residue was the first of the three Glu 

residues within the Hst1 sequence resulting in one cyclic peptide cHst1 by a chemical 

ligation reaction. We tried using the other two Glu residues as well, without success. 

After completion of the sequence, the N-terminal Fmoc was removed with 20% 

piperidine in NMP, and subsequently the C-terminal ODmab was removed by 2% 

hydrazine in DMF. On-resin head-to-tail cyclization was achieved by prolonged 

reaction (72 h) with 1 eq benzotriazole-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP, Biosolve), 1 eq HObt, and 1 eq DIPEA in DMF 

containing 20% dimethylsulfoxide (DMSO, Biosolve) and 2% dichloromethane 

(DCM, Biosolve). After cleavage from the resin and purification by RP-HPLC, 

cyclization was confirmed by MALDI-TOF mass spectrometry, which showed that 

the molecular mass of cHst1 was 4830 Da, 18 Da less than that of the linear Hst1. 

The overall yield with either linear peptide as starting peptide was 1 - 3%, which is 

not unexpected taking into account the length of Hst1 for on-resin synthesis of a 

cyclic peptide. 

Expression and purification of SrtA 

A soluble version of SrtA was created comprising the catalytic domain of the 

Staphylococcus aureus sortase (amino acids 26 to 206) and a hexahistidine tag at 

the N-terminus ((18); cloned in to pQE30, Quiagen).  Briefly, the Srt A-expression 

plasmid containing Escherichia coli BL-21 (DE3) was cultured in the presence 

of Ampicillin (10 μg/ml) until OD
600

 ~0.7. SrtA production was induced by the 

addition of 1 mM isopropyl β-D-thiogalactopyranoside (IPTG).  After an additional 

3 h of culturing, bacteria were harvested by centrifugation at 3500 x g at 4 °C for 30 
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min and resuspended in ice-cold lysis buffer (50 mM Tris-HCl, pH 7.5 containing 

150 mM NaCl, 20 mM imidazole, 10% glycerol). Bacteria were lysed by passing 

through a pre-chilled cell disruption press (One Shot Model, Constant Systems 

Limited, Daventry Northants, UK) operating at 1250 kpsi. The lysate was cleared by 

centrifugation at 14,000 x g at 4 °C for 30 min. The supernatants were subjected to 

affinity chromatography on a recharged Ni2+-HisTrap HP column (GE Healthcare, 

Uppsala, Sweden). The column was washed extensively with lysis buffer containing 

50 mM imidazole and eluated with lysis buffer containing 500 mM imidazole. The 

imidazole was removed by buffer exchange step on a PD-10 desalting column (GE 

Healthcare). Purity was analyzed by SDS-PAGE and if necessary affinity purification 

was repeated.  The affinity-purified SrtA was stored in 10% glycerol, 50 mM Tris-

HCl, pH 8.0, 150 mM NaCl at -80 ºC until use. Alternatively, SrtA was purified 

directly from the HisTrap elution fractions, without buffer changes or imidazole 

removal, by semi-preparative RP-HPLC, developed with a linear gradient from 25 

to 45% AcN containing 0.1% TFA in 20 min at a flow rate of 4 ml/min. HPLC-

purified SrtA was lyophilized and stored at -20 ºC. The latter method produced 

SrtA of over 95% purity, which is easy to aliquot at desired concentrations, and 

stable as dry powder at -20 ºC.

Sortase-catalyzed cyclization and purification of cyclic peptides and 

SrtA

Linear peptides subjected to sortase-catalyzed cyclization were equipped with 

the SrtA cleavage site LPETG at the penultimate position of the C-terminus. To 

increase the efficiency of the sortase-mediated processing the sortase cleavage site 

was extended with an additional glycine residue at the C-terminus. A diglycine 

motif (GG) was appended at the N-terminus which served as a highly efficient 

acceptor allowing intramolecular ligation by an amide bond. These peptides were 

synthesized on the solid phase Fmoc-L-Gly-PEG-PS resin (0.1 mmol, loading 0.19 

mmol/g; Applied Biosystems), processed and purified as described above. The 

intramolecular transpeptidation reactions were conducted with 150 μM of the 

linear peptide and 50 μM SrtA (or otherwise as stated in the legends to the figures) 

in sortase reaction buffer (50 mM Tris, pH 7.5, containing 150 mM NaCl and 10 mM 

CaCl
2
) at 37 °C. The reaction was monitored by analysis of samples by RF-HPLC 

on an analytical C18 column (218MS54, Vydac) developed with a gradient from 30 

to 45% AcN in 20 min at a flow rate of 1 ml/min. After the reaction was completed 

the reaction mixture was separated by semi-preparative RP-HPLC on a Vydac C18 

column (218MS510), eluted with a gradient from 25 to 40% AcN containing 0.1% 

TFA in 20 min at a flow rate of 4 ml/min. This gradient allowed separation of the 
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cyclic peptide from the linear remnants and from SrtA. Fractions containing the 

cyclic peptide and SrtA, respectively, were pooled, lyophilized and stored as dry 

powder at -20 °C. 

SrtA activity on FRET-based substrate

SrtA activity was monitored using Fluostar Galaxy microplate fluorimeter (BMFG 

Labtechnologies, Offenburg, Germany) using a FRET bacterial sortase substrate 

I (AnaSpec, Fremont, CA, USA) according to manufacturer. Fluorescence was 

determined per mg SrtA.

MS/MS sequencing of proteolytic fragments from cyclic Hst1

Purified cyclic Hst1 (cGG-Hst1-LPET) was subjected to trypsin digestion. The 

peptides generated from proteolytic digestion were extracted and concentrated for 

analysis by RP-HPLC and tandem mass spectrometry. RP-HPLC was carried out 

on a Waters NanoAcquity HPLC system with a flow rate of 250 nl/min and mobile 

phases of 0.1% formic acid in water and 0.1% formic acid in acetonitrile. The 

gradient used was isocratic 1% acetonitrile for 1 min followed by 2% acetonitrile 

per min to 40% acetonitrile. The analytical column was 0.075 μm × 10 cm with 

the tip pulled to 0.005 μm and self-packed with 3 μm Jupiter C18 (Phenomenex). 

The column was interfaced to a Thermo LTQ linear ion trap mass spectrometer in 

a nanospray configuration, and data were collected in full scan mode followed by 

MS/MS analysis in a data-dependent manner. The mass spectral data were data 

base searched using SEQUEST.

Wound-closure assay

In vitro wound closure experiments were performed in 48 wells culture plates 

(Greiner-Bio-One, Alphen a/d Rijn, The Netherlands) with human buccal epithelial 

cells (HO-1-N-1, provided by the Japanese Collection of Research Bioresources, 

Osaka, Japan). With a sterile tip a scratch was made in a confluent layer of cells 

that were serum-deprived in DMEM/F12 culture medium (Invitrogen, Carlsbad, 

CA) for 24 h. The width of the scratch was measured at the beginning and after 

18 h of culture on microscopic images (Leica DM IL, Leica DFC320 camera; Leica 

Microsystems, Wetzlar, Germany). Relative closure was calculated by dividing 

the closure in the presence of peptide by that in the absence of peptide. Final 

concentration of synthetic peptides in the assays varied between 0.1 nM and 10 μM 

as indicated. As a positive control, 10 ng/ml rhEGF (Invitrogen) was used. 
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Peptide-binding assay 

Peptide binding to the cell surface was performed with HeLa cells. Scraped cells 

at a 106 cells/ml density were incubated with different concentrations of linear, 

cyclic, biotinylated, and unbiotinylated Hst1 variants. As proof for Hst-specific 

binding, controls containing also an excess of unbiotinylated Hst were included. 

Incubations were performed at 4 °C to prevent uptake of peptides. After 1 h cells 

were washed three times in cold PBS, and lysed with 50 mM Tris (pH = 8), 150 mM 

NaCl containing 1% SDS. The lysate was incubated with 20 μl streptavidin beads 

(Pierce) for 30 min at RT. Beads were collected by centrifugation, washed three 

times with PBS containing 0.1% Tween-20 and boiled in SDS-PAGE loading buffer 

to dissociate the biotin-avidin complexes. After centrifugation the supernatants 

were analysed by SDS PAGE (12% Tris-Trycine), followed by Western blotting on 

nitrocellulose, blocked 5% BSA PBS-T for 30 min, and 30 min incubation with 

1:5000 streptavidin-HRP, signal was detected with ECL kit (Pierce).

Receptor isolation using [35S]Met/Cys labelled HeLa cells

Cells were grown to confluence on a 15 cm diameter dish, washed once with PBS, 

and incubated with 10 ml [35S]Met/Cys (250 µCi/ml) for 4 h. Cells were scraped 

and a binding assay at 4 °C was performed with three conditions; i) 10 nM cyclic-

biotinylated cHst1, ii) 10 nM cyclic-biotinylated cHst1 + 10 µM cyclic-unbiotinylated 

cHst1, iii) control without peptide. Then, cells were lysed with 0.4% NP40, 0.1% 

SDS, in PBS for 1 h at 4 °C, and the lysate was centrifuged to remove nuclei and 

DNA. Supernatant was incubated with 10 µl Streptavidin beads (Pierce) in 0.1% 

SDS in PBS. Beads were spun down and washed three times with ice-cold PBS with 

0.1% SDS. Hst1-binding proteins were specifically eluted from the beads using 10 

µM unbiotinylated cHst1. Supernatant was dissolved in loading buffer, boiled, and 

loaded on a 10% acrylamide (SDS-PAGE), which was run overnight at 50 V. The gel 

was washed three times with DMSO, and fixed in 22% PPO (2,5-Diphenyloxazole) 

in DMSO, and then washed for 1 h with water. The polypeptides on the gel were 

visualized using fluorography.



-124-

Chapter 7

Results

SrtA-mediated cyclization of Hst1 is fast and efficient 

In a previous study, we cyclisized Hst1 using a conventional on-resin method 

(14). To compare this technique with SrtA-mediated cyclization we show here 

first the results of the reaction process of the on-resin method.  Figure 1A shows 

a schematic overview of the synthesis of cyclic Hst1 with conventional on-resin 

cyclization method. After synthesis the final product was lyophilised and analysed 

by HPLC (Fig. 1B), which revealed the presence of a heterogeneous mixture of 

numerous molecular species. By MS analysis of all fractions we identified the 

presence of peptides with molecular masses corresponding to linear and cyclic 

Hst1, respectively, in two minor peaks. The peak containing the putative cyclic hst1 

represented approximately 2% of the final material, the bulk of the synthesized 

material included many unknown peptides presumably including di- and trimers 

(data not shown). Cyclization using the other two Glu residues in the Hst1 sequence as 

starting point showed no better results (data not shown). Our results are illustrative 

for the difficulty and unpredictability of conventional on-resin cyclization method 

for long peptides, and underscore the pressing need for a new technique. From 

these peaks we isolated a cyclic variant with the appropriate mass and having a 

slightly longer retention time on HPLC than its linear variant (Fig. 1C). The low 

yields made it very difficult for us to initiate follow-up studies on our initial finding 

that the cyclic variant is 1,000-fold more active, which prompted us to explore other 

possible cyclization methods. The first possibility to resolve the low-yield problem 

was to try cyclization by sulphur bridges of two Cys residues, although this method 

limits the peptide length to approximately 20 residues. We obtained this, in our 

case 21-mer including two Cys residues, commercially and tested its activity in the 

cell-migration assay. However, this cyclic Hst (CysHst1(16-34)Cys) did not show 

the 1000-fold increase in activity; actually it was even less active than its linear 

counterpart without Cys residues (Hst1(16-34)) (Fig. 3C).

 Since SrtA has been used for efficient cyclization of model proteins (13), we 

explored its use for synthesis of cyclic Hst1. This requires extention of Hst1 at the 

C-terminus with LPETGG, and at the N-terminus with GG (GG-Hst1-LPETGG). 

Sortase cleaves the amide bond between Thr and Gly in the LPETGG motif, 

generating a covalent acyl-enzyme intermediate. Subsequent nucleophilic attack by 

the di-glycine motif at the N-terminus will give rise to an intra-molecular peptide 

bond between the N-terminal Thr and the C-terminal Gly, resulting in a head to 

tail cyclic peptide (Fig. 2A). We incubated GG-Hst1-LPETGG (0.5 mM) with SrtA 

(50 µM) in sortase reaction buffer and monitored the reaction by RP-HPLC and 
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SDS-PAGE (Fig. 2B & C). After 21 hr more than 90 % of the starting material was 

converted into virtually one product with a slightly longer retention time on HPLC 

(Fig 2B). ESI-MS analysis confirmed that this was comprised of one single species 

with a molecular mass of 5384, corresponding to that of the expected circular 

product (cyclic GG-Hst1-LPET) (Fig. 2D). ESI-MS analysis of trypsin-treated cyclic 

GG-Hst1-LPET revealed the presence of fragment DNLPETGGDSHEKRHHGY, 

confirming that transpeptidation between the C-terminal LPET and the N-terminal 

GG-motif indeed had occurred (Fig.  2E). In addition to different Hst variants, we 

also cyclisized other peptides with sizes varying from 12 to 27 residues (SDF-1-

derived, RANTES-derived) with the same yield and ease (data not shown). 

Figure 1. Chemical cyclization of Hst1

A Illustration of the chemical cyclization of Hst1. Glutamic acid at position 4 was used as starting point 

for peptide synthesis, whereas normally the N-terminal Asn is used for this. The side chain was attached 

to the resin and the peptide was synthesized as depicted in the upper panel. When peptide synthesis was 

completed the protection sites were removed so that free reaction could occur, including cyclization, 

as depicted in the lower panel. B RP-HPLC profile after synthesis. The two peaks depicted in the box 

were collected purified and pooled. The large bulk of peaks that have longer retention time contains 

all kinds of by-products, MS analysis revealed large constructs, probably dimers and trimers. C RP-

HPLC profiles of isolated fractions depicted in box in B, separated on an analytical column (acetonitile 

gradient 5-30 %). Linear K-E(Hst1) thus has a different sequence compared to Hst1 (see A). Linear Hst1 

has a slightly shorter retention time compared to cHst1. MALDI-TOF analysis revealed corresponding 

molecular weights with the difference of a lactam bond.
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Figure 2 SrtA-mediated cyclization of Hst1

A Schematic illustration of enzymatic cyclization of Hst1 variant using the bacterial enzyme SrtA. B RP-

HPLC profiles of the reaction of SrtA-mediated cyclization of GG-Hst1-LPETGG (linear) to cGG-Hst1-

LPET (cyclic) at different time points. C Coomassie-stained SDS-PAGE gel of the cyclization reaction. 

In control lanes purified cGG-Hst1-LPET (cyclic), GG-Hst1-LPETGG, and SrtA is loaded. D MALDI-

TOF analysis of GG-Hst1-LPETGG and cGG-Hst1-LPET of RP-HPLC-separated fractions. Differences 

in mass correspond to predicted differences between cyclic and linear versions. E MS/MS spectrum of 

a tryptic fragment of cGG-Hst1-LPET showing the ligation of the N-terminal residues (GGDSHEK) to 

the C-terminal LPET motif. Expected masses for y and b ions are listed above and below the peptide 

sequence. Ions that were positively identified in the MS/MS spectrum are highlighted in blue or red. The 

most prominent daughter ions have been labeled in the MS/MS spectrum. F SrtA activity measured 

with FRET peptide-substrate. SrtA activity (1 mg/ml) immediately after isolation (0), used once for 

cyclization of Hst, pooled fraction collected by RP-HPLC, lyophilized and dissolved in reaction buffer at 

1 mg/ml (1), used twice as described above (2), and control is substrate alone.
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 Figure 2B shows that the SrtA containing peak, migrating at much 

longer retention time, was completely separated from the peptides. We pooled 

this peak to test whether SrtA maintain its enzymatic activity after lyophilisation 

and reconstitution in buffer. Enzymatic activity, measured using a FRET-based 

substrate, appears almost completely recoverable, even after three HPLC/

lyophilisation cycles (Fig 2F). This makes it possible to re-use SrtA.
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Figure 3 Activity and 

binding affinity of cyclic and 

linear Hst variants

A Example of wound closure 

activities in of cGG-Hst1LPET 

(10 nM) in confluent HO-1-N-1 

cells. Dotted line represents 

‘wound’ prior incubation, 

pictures are representative after 

18 h of incubation. B Dose-

response curves of wound closure 

experiments such as illustrated 

in (A) comparing Hst1 and cGG-

Hst1LPET. n=18, means ± SD. C 

Minimal concentrations needed 

for maximal activation of the 

peptides used in this study, as 

can be deducted from dose-
response curves shown in (B) from the assays as illustrated in (A). In addition, the yields of cyclization 

of the different peptides as can be deducted from RP-HPLC profiles as shown in figure 2B. D Binding 

studies with biotinylated cyclic and linear Hst variants. Upper panel: cGG-Hst1-LPET
biotin

 binds to HeLa 

cells enough for detection at 10-8 M, this can be nullified upon competition with cGG-Hst1-LPET at 

10-5 M, thus a 1:1000 ratio. This is indicative for Hst-specific binding to HeLa cells. Lower panel: GG-

Hst1-LPETGG does not bind sufficiently for detection at 10-8 M but does at 10-5 M. This binding can be 

abolished with cGG-Hst1-LPET in a 1:1 ratio at 10-5 M.  This indicates that cyclic and linear have the 

same binding partner at the cell surface, but that cyclic Hst1 has a ~ 1,000-fold higher affinity for it.
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 We determined the biological activity of SrtA mediated cyclic Hst1 (cGG-

Hst1-LPET) in a cell migration scratch assay (Fig. 3A). Dose response curves show 

a 1.000-fold higher activity of the cyclic variant compared to the linear variant (Fig. 

3B). Thus, the additional LPETGG motif demanded by SrtA does not affect the 

biological activity. Also, the biotinylation of Hst1, which was needed for binding 

studies (see below), formed no hurdle for the cyclization, and the activity of the 

biotinylated cyclic Hst1 is equal to that of the unbiotinylated (Fig. 3C). 

Cyclization increases the affinity for the receptor 

We hypothesized that the enhanced activity of the cyclic variant was due to higher 

binding affinity for the cellular receptor. To test this we performed competition 

binding studies with different linear and cyclic Hst1 variants. Use of anti-Hst 

antibodies for monitoring binding of a specific variant, however, was not feasible 

because these recognize both the linear and the cyclic form. Therefore we made 

cyclic versions of biotinylated Hst1 using the developed sortase-based cyclization 

method. As mentioned above, biotinylation did not affect the activity of Hst1 (Fig. 

3C). Hela cells were incubated with 10 nM of cyclic-biotinylated Hst1 at 4 °C with 

and without 10 µM of unbiotinylated cyclic Hst1. Cell-associated biotinylated Hst1 

was detected by Western blotting using avidin-peroxidase detection (Fig 3D). At 

the lowest concetration tested (10 nM), binding of cyclic Hst1, but not of linear 

Hst1, occurred. This binding was prevented in the presence of 10 µM unlabeled 

cyclic Hst, indicating that it was not mediated by the biotin-moiety of the peptide. 

Binding of the biotinylated linear variant occurred only at a concentration of 10 

µM. This binding was absent when incubation was conducted in the presence of 

10 µM biotinylated cyclic Hst1. This suggests that both variants compete for the 

same receptor. Overall the results of these binding studies support that the concept 

that constraining the conformational freedom of Hst1 stabilizes the bioactive 

conformation that is recognised by the receptor.

Candidate receptors identified using cyclic biotinylated Hst1

To identify the cellular receptor for Hst1 we used cyclic-biotinylated Hst1 as high-

affinity ligand for affinity purification. Hela epithelial cells, metabolically labelled 

with [35S]Met/Cys, were incubated with biotinylated-cyclic Hst1 for 1 h, at 4 °C 

to prevent internalization of the ligand-receptor complex. As control the same 

incubations were done with 1000-fold excess unbiotinylated-cyclic Hst1, and 

with medium alone. Cells were lysed and proteins extracted as described in the 

material and methods. Streptavidin-coated beads were added to the protein extract 

to precipitate biotinylated protein (complexes). Although several precautionary 
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measures were taken, we still observed a lot of background when eluting proteins 

from the beads by boiling. To enhance specificity, the beads were eluted with 

unbiotinylated Hst1, to specifically dissociate histatin-receptor complexes. In this 

way only proteins bound via a (biotinylated)histatin ligand will be released into 

solution, whereas other complexes (e.g. between avidin binding proteins) remain 

linked to the beads. The supernatant was separated with gel electrophoresis, 

and after development for 24 h unique radioactive bands could be detected at 

approximately 30 kDa and 70 kDa in the samples obtained after incubation of cells 

with cyclic biotinylated Hst1 (Fig. 4). These bands were not visible in both control 

lanes, indicating that they are binding proteins for Hst1 at the cellular membrane 

of epithelial cells. 

Figure 4. Identification of binding partners of 

Hst1 at the cellular membrane using radioactive 

labelled HeLa cells.

Hela cells were labelled with [35S]Met/Cys for 4 h, 

and treated with 10 nM cGG-Hst1-LPET
biotin

 (1), 10 

nM cGG-Hst1-LPET
biotin

 and 10 µM cGG-Hst1-LPET 

(2), or untreated at 4 °C for 1 h. Cells were lysed 

and biotinylated protein (compexes) were immune-

precipitated with Streptavidin beads. Subsequently, 

Hst-binding proteins were eluted from the beads with 

10 µM cGG-Hst1-LPET, and supernatants were loaded 

and separated by SDS-PAGE (10% acrylamide). 

Around 30 and 70 kDa unique bands are visible in 

lane 1, indicating possible binding partners of Hst1.
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Discussion

Cyclization of peptides is a common method to optimize activity or binding, 

and it protects peptides against degradation enhanced by pH or heat, or against 

proteolysis due to exo-proteases. These are all characteristics that could be 

important for drug development, but also provides extra means for characterization 

of molecular mechanisms of action. Chemical cyclization methods are feasible for 

small peptides, but have to be optimized for every individual peptide. In addition to 

chemical cyclization, several enzymatic cyclization methods have been developed, 

but most of them still have restrictions. In this study we used SrtA, a bacterial 

enzyme that covalently links proteins to the cell wall, to cyclisize Hst1. The average 

yields were well over 90 % and the reaction was routinely completed within 24 h. 

Cyclic Hst1 is 1,000-fold more active than its linear analogue, which is attributed 

to enhanced binding affinity of the cyclic variant vs. the linear one. We found more 

than one binding proteins of Hst1 at the epithelial cellular membrane, which could 

be the receptor through which Hst1 induces cell migration.

 There are several other enzymatic peptide cyclization methods. The 

biotechnological use of the thioesterase domain of tyrocidine synthetase was 

promising for its own specific target with yields around 85 % (7). But, apparently 

it requires a certain structural conformation of a peptide, as other peptides clearly 

have much lower yields (~15%) (8). In addition, this technique seems to be restricted 

for small peptides, thus in contrast to SrtA-mediated cyclization. The split-intein 

technique for cyclization of peptides is a successful technique for high-throughput 

of randomized peptides (15-17), and is also used for larger peptides and proteins 

(6). But this always requires the expression of the requested peptide sequence by an 

organism, commonly E. coli. In our opinion, this is thus inconvenient compared to 

the current standard SPPS in which peptides can easily be altered by biotinylation, 

or fluorescent labelling. For biotechnological development this is more convenient 

since it expands the possibilities. Moreover, in comparison to split-intein technique, 

SrtA requires only a relatively small modification of the peptide or protein (13). 

Subtiligase has also been used to cyclisize longer peptides of minimally 12 amino 

acids, with a maximal yield of 85 % (9). However, despite the apparent feasibility 

of this enzyme-based method, relatively few studies have appeared in which it has 

been used. Overall, the use of SrtA for the cyclization of peptides and proteins is, 

so far, very promising and is unmatched by the other techniques as far as we know. 

The SrtA cyclisized peptides will, however, contain an additional LPXTG motif that 

could have an effect on activity. In our case, this did not alter activity, probably 

because the active motif of Hst1 is not near the LPXTG motif.
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 For our search for the molecular working mechanism behind Hst-mediated 

cell activation, the use of SrtA has been a powerful tool. Our current study can easily 

be followed-up and expanded. Comparable binding experiments can be conducted 

with a wide variety of Hst variants to ultimately pinpoint the specific residues in 

the peptide. In addition, our explorative experiments to search for the receptor 

demonstrated more than one Hst-binding protein on the cellular membrane, 

out of which the receptor possibly can be isolated after scaling-up the isolation 

procedures.  
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Histatins

Histatins are a class of histidine-rich peptides that occur exclusively in saliva of 

humans and primates (1). In human saliva at least 26 histatin peptides have been 

found (2), although the general consensus is that three members histatin 1 (Hst1), 

Hst3, and Hst5 comprise about 85 % of the total histatin concentration of saliva 

(3). All histatins are derived from two closely related genes HTN1 and HTN3, 

which give rise to two parent peptides Hst1 and Hst3. These two peptides in turn, 

due to proteolytic cleavage, give rise to the rest of the histatins. Interestingly, Hst1 

is merely the parent peptide of one descendant, Hst2, whereas Hst3 gives rise to all 

the other histatin peptides in human saliva.

Ever since the first description of ‘histidine-rich peptides’ (the name histatin 

was introduced a decade or so later) in human saliva in 1976 (4), a large repertoire 

of different functions have been attributed to them (summarized in Table 1), 

including:

Protection against demineralization of the dental enamel, based on the - 

fact that they bind to hydroxyapatite in vitro as well as in vivo, and their 

presence in the pellicle (5, 6).

Inhibition of hydroxyapatite crystal formation (7), suggesting that it plays a - 

role keeping saliva supersaturated with respect to calcium-hydroxyapatite, 

the mineral phase of dental enamel. 

Detoxification of noxious foodstuffs, based on tannin-binding properties - 

(8, 9).

Suppression of inflammatory induction of IL-6 and IL-8, due to their LPS-- 

neutralizing properties (10, 11)

Protection against excessive proteolytic degradation of oral tissues by - 

inhibiting host and bacterial proteases (12-16).

Protection against bacterial and fungal infections. Because histatins may - 

combine a net positive charge with hydrophobic residues and the ability 

to adopt an amphipathic conformation, they have the propensity to insert 

into the phospholipid phase of microbial membranes, leading to leakage 

of vital cell components (17). Histatins were among the first antimicrobial 

peptides that were discovered (18-20)

The affinity of histatins for such a large repertoire of chemically and structurally 

different ligands is obviously linked to the chemical and structural features of this 

molecule. For example, Hst5 molecules have a flexible structure: in water they 

have a random-coil structure, while in apolar media they can adopt an α-helical 

structure. This structural flexibility, in addition to the presence of both charged 
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and hydrophobic domains, is probably the key to the multi-binding features of 

histatins, as it will favour binding to structurally and chemically widely different 

molecules. It has to be noted that the above-mentioned functional properties are 

not very specific. Binding to hydroxyapatite, neutralization of LPS, and disruption 

of phospholipid double layers all are properties that histatins share with a large 

number of structurally unrelated, often positively charged amphipathic peptides 

and proteins. Telling in this respect is the fact that the all-D-enantiomer of Hsts 

exhibit similar properties, underlining that these binding properties do not involve 

stereo-isomer-specific ligand-receptor interactions which are so characteristic for 

biological systems. 

The antifungal properties have been studied most, with its most potent 

member Hst5, being the subject in the majority of these studies. However, several 

groups have casted doubt on the antimicrobial function of histatins in saliva, because 

the ability of histatins to kill microbes is salt sensitive (Chapter 2, (21)). Saliva is a 

complex solution with an ionic strength of approximately 50 mM, a concentration 

at which histatins are virtually inactive against microbes. The abovementioned 

makes this role of histatins in saliva quite doubtful. The antimicrobial function 

is caused by the properties of histatins, which are similar, albeit milder in both 

charge and amphipaticity, to other antimicrobial peptides (Chapter 5). 

Table 1. An overview of the different properties and functions of histatins except for wound 

healing.

Properties Proposed function Functional group References

Enamel binding 
(pellicle protein)

Remineralization, 
Protection of teeth

Phosphate group (Hst1) (5, 7, 22, 23)

Tannin binding Detoxification Arg, Lys, and His residues (8, 9)

Metal binding
Antimicrobial, 

Inhibitor 
metalloproteases

His residues and specific 
motifs for metal-ion binding (14-16, 24-27)

Membrane disturbing Antimicrobial
Positive charge and 

amphipaticity
(3, 17, 28, 29)

Polysaccharide 
binding

Immune-modulation Positive Charge (10, 11)

Protease binding Protease inhibitor
Competition substrate, metal 

binding
(12-16)
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Cell activation by histatin: have we finally found its real biological 

function?

Because of the many activities displayed by histatins, they often have been 

considered as multifunctional peptides, involved in a variety of physiological 

processes in the mouth. In this thesis yet another functional property of histatins 

is revealed, the stimulation of migration of epithelial cells and fibroblasts. In this 

respect histatins somewhat resemble chemokines, a totally different family of 

polypeptides, which mediate chemotactic and chemokinetic responses in different 

cell types, including epithelial cells, fibroblasts, and neutrophils. The question now 

arises: is this chemokine-like activity the real biological function of histatins, or is 

it yet another property that can be added to a long list?  A definite answer to this 

question is hard to give, yet this activity of histatin displays a number of features 

both on the molecular and functional level that are clearly distinct from the other 

activities attributed to histatins (Table 1).

Molecular structural aspects

As stated above, the previously discovered activities of histatins are mainly driven 

by relatively a-specific physico-chemical interactions, which do not require the 

presence of a strictly defined complementary three-dimensional conformation, 

but rather depend on a more global, spatial distribution of positively charged 

and hydrophobic domains in the peptide. In a similar vein as the membranolytic 

activity, the LPS-neutralizing immuno-modulatory properties of histatins are based 

on binding to bacterial LPS, which is driven by electrostatic Coulomb-attraction 

between the two oppositely charged molecules, in combination with Van der 

Waals-interactions with the lipophilic fatty acid tails of membrane phospholipids 

and LPS, respectively. This property is shared with a large number of unrelated 

amphipathic cationic peptides that bind and neutralize LPS, including LL-37 (30-

32), NK-lysin (33), and indolicidin (34). Similarly, binding to hydroxyapatite is 

not a histatin-specific property, as hydroxyapatite is widely used in preparative 

biochemistry as chromatographic medium for the fractionation and purification of 

antibodies, enzymes, and nucleic acids. 

The only property of histatins described hitherto that seemingly not can be 

directly predicted from their chemical structure is their ability to inhibit bacterial 

and host proteinases (13, 14, 16, 35). However, there has been cast some doubt on 

whether histatins indeed are bona fide protease inhibitors. It has been demonstrated 

that the inhibitory activity of histatins gradually decreases during incubation 

with proteinases, because they are enzymatically degraded.  In other words, the 
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inhibitory activity of histatins is due to competition with other substrates (12). 

Histatin also in vitro inhibits metallo-proteinases, which has been attributed to 

their metal-binding properties (15). Histidine-rich peptides have strong affinity for 

metal ions, it is therefore not unexpected that histatins act as inhibitors of metallo-

proteinases requiring metal ions as cofactor for their enzymatic activity.  

In contrast to these more or less aspecific activities, histatin-mediated 

activation of cell-migration involves stereospecific binding to a protein receptor 

which requires a proper three-dimensional conformation of histatin (Chapters 2, 

3, 4, and 7). 

Functional aspects

Many previously described functions of histatin, such as detoxification of tannins, 

neutralization of LPS, and protease inhibition, deal with down-regulation of already 

existing functions of another biologically active compound or system, rather than 

with an active role for histatins. It is conceivable that (non-specific) complexation 

to biomolecules can be sufficient to alter their functional activity. In contrast, 

the cell-stimulating ‘chemokine-like’ activity of histatin (Chapters 2 and 4) is 

a biological activity that involves upregulation of specific intracellular processes, 

and serves a physiologically relevant function.

Another difference is that the previously described ‘classical’ functions of 

histatins all have been postulated on the basis of the properties found in vitro for 

isolated histatins, either purified from parotid saliva, or produced by chemical 

synthesis or recombinant expression. Hence, it has not always been possible to 

reproduce these activities in more complex systems, such as saliva. A striking 

example is the salt-sensitivity of the antimicrobial activity of histatins, mentioned 

above. Although, this by itself does not disprove their physiological significance, it 

illustrates a problem which is inherent to the approach of trying to find a biological 

relevant property or activity starting from the isolated compound. On the other 

hand, the newly found cell-activating function of histatins was detected in an 

activity assay by stepwise fractionation of fully active saliva to narrow down the 

active component. Starting with the observation that saliva displayed cell-activating 

properties, we ended up with the identification of the responsible constituent, which 

happened to be histatin. These arguments do not present a watertight proof, but 

they consistently point towards a role for histatin as a bona fide signalling molecule 

with chemokine-like properties. 
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Mechanistic aspects of the histatin-induced cell-activation

Although histatin shares no structural homology with other known cell signalling 

polypeptides (chemokines, growth factors), the interaction with its target cell 

possesses all the characteristics of a classical ligand-receptor mediated process: 

It is a stereo-specific interaction with a putative receptor on the cell - 

membrane. Activity seems to be conveyed by a well-defined three-

dimensional conformation, since constraining the conformational 

freedom of the linear peptide enhanced the activity tremendously 

(Chapters 4 and 7). Paradoxically, by NMR analysis no structural 

differences between the linear and cyclic form could be detected 

(unpublished data).  

The histatin-mediated activation is specifically abrogated by - 

an inhibitor of MEK1/2, which is a key-regulator in numerous 

receptor-mediated cell-signaling processes (Chapter 2).

Histatin-induced cell migration is inhibited by pertussis toxin, - 

a poison that selectively blocks the activation of G-protein by 

a specific class of receptors, the G-protein-coupled receptors 

(GPCRs). Sensitivity to PTx thus is considered a specific hallmark 

of GPCR-dependent signalling processes (Chapter 4). 

Histatin is taken up by the cell, in an energy-dependent, - 

temperature-sensitive process, requiring a trypsin-sensitive 

receptor. Endocytosis of ligand-receptor complexes is a well-

recognized step in the signalling process, by which cells are 

desensitized for signalling (Chapters 2 and 6). 

In view of these characteristics we postulate that histatins function as ligands 

for a GPCR on human epithelial cells and fibroblasts. GPCRs comprise a large 

family of trans-membrane receptors that interact with extra-cellular molecules: 

GPCR-molecule binding triggers the activation of intracellular signal transduction 

pathways that ultimately result in a cellular response. The ligands that bind 

and activate GPCRs include odors, light-sensitive compounds, hormones, and 

neurotransmitters, and these ligands vary in size from small molecules to peptides 

to large proteins. Sequencing of the human genome identified 700 to 1000 genes 

that encode GPCRs, including at least 175 “orphan” receptors. Orphan receptors 

possess the seven trans-membrane spanning domains typical of GPCRs, but their 

endogenous ligands have not yet been identified. In the next section characteristic 

features of the histatin-mediated cell activation will be discussed in relation to 

current concepts of GPCR-ligand interactions.    
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Histatin as a ligand for a GPCR      

How binding of a signalling molecule may induce a cellular process is depicted in 

figure 1 of Chapter 1. Very briefly: when an activating ligand (agonist) binds to its 

receptor, it creates a conformational change of the receptor. For GPCRs, this results 

in the activation of G proteins, which is the first step in a cascade of signalling 

events that ultimately leads to a cellular activity, such as movement or cell division. 

After activation, the ligand-receptor complex is endocytosed, and targeted for 

lysosomal degradation or, after detachment of the ligand, the receptor is recycled 

to the membrane again (Figure 1, Chapter 1). It must be borne in mind that this 

scheme is an overly simplistic description. The interaction between a GPCR and its 

ligand is notoriously complex, and it is virtually impossible to formulate universal 

rules, due to the high diversity in both the receptors and the ligands. Variations 

on the basal theme have been demonstrated in virtually each stage of the process, 

from binding, to activation, to internalization. In particular complicating is that 

many GPCRs behave promiscuously, i.e. one and the same receptor can bind an 

extremely diverse set of ligands, initiate different cell-signalling pathways, and 

enter different endocytotic pathways. 
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Mechanistics aspects of histatin-GPCR  interaction.   

As explained above, the precise fit between receptor and ligand is the first crucial 

step in the GPCR signalling cascade. Ligands such as histatins, however, having 

in solution a random structure in general will fail to correctly fit into the binding 

site of its putative GPCR, and therefore will have a relative low affinity. This 

assumption is illustrated by the fact that the histatin concentration required for 

cell-activation, but also binding lies in the µM range (Chapter 7), which is well 

within the physiological concentration range occurring in saliva. On the other 

hand, polypeptides with a defined three-dimensional structure, such as EGF and 

SDF, have much higher affinities for their respective receptors and concomitant 

molar activities in the nM range. Cyclization of Hst1, which constrains its structural 

freedom, enhances its affinity and activity 1000-fold (Chapters 4 and 7). This 

indicates that the cyclic peptide has an increased propensity to adopt a bioactive 

conformation. Interestingly, a shift to a more ordered structure confirming such an 

increased propensity was not observed in the NMR structure analysis of cyclic Hst1 

in solution (unpublished data). This obviously has implications for the molecular 

mechanism underlying the activation of the receptor by histatins. For this two 

extreme models can be envisioned: 

Conformational selection.        (i) 

 In this model the unbound (inactive) receptor makes rare excursions to 

the active form, to which the ligand (histatin) then binds, resulting in the 

activation of the signaling cascade, since that active form of the receptor 

sustains. Histatins have in solution a random structure, and therefore 

only a small fraction of the molecules will be present in a proper, bioactive 

conformation. Therefore, formation of a receptor-histatin complex, and 

subsequent activation, can only occur when both histatin and the receptor 

are in their active conformation. This model predicts that the enhanced 

activity of cyclic Hst1 is accompanied by a shift towards a more constrained 

ordered structure of the molecule in solution. However, high resolution 

NMR did not reveal differences in structure between linear and cyclic Hst1. 

Both peptides were in solution present as random-structured peptides with 

a large conformational flexibility.     

Induced fit.         (ii) 

  In this scenario, the ligand initially binds loosely to the receptor 

in its inactive form and subsequently induces the change to the active 

form, leading to the formation of the ligand-receptor complex. This model 



-143-

General discussion

explains the apparent discrepancy between the activity and the structural 

properties of cyclic Hst1; initially cyclic Hst1 (similar to linear Hst1) binds 

loosely and non-selectively to the inactive conformation of the receptor. In 

the binding site then apparently conditions are present which favour the 

transition to the bioactive conformation of the peptide. Synchronously, a 

transition of the receptor to its active conformation takes place. Peptides 

such as Hst5, which are virtually inactive but yet are internalized by the cell, 

can only perform the first step (loose binding to the inactive receptor), but 

cannot adopt the right conformation required to trigger a conformational 

change in the receptor to its active form. This initial binding is nevertheless 

sufficient for endocytosis, ostensibly similar to antagonist activities 

described by others (36).  Figure 1 shows the two models in the different 

cases.

Figure 1. Activation models of 

receptor, comparison between 

‘conformational selection’ and 

‘induced fit’

Conformational selection

In the absence of a ligand, the receptor 

in its inactive (R(i)) rarely converts 

into the active form (R(a)). The active 

conformation of the ligand (H(a)) binds 

to the active form of the receptor. In 

this way the active conformation of the 

receptor (R(a)) is stabilized, resulting 

in proper signalling.

Induced fit

The inactive receptor (R(i)) contains a 

binding site to which the ligand in its 

inactive conformation (H(i)) loosely 

(reversibly) binds. After binding of the 

ligand the receptor adopts its active 

conformation upon induction of the 

ligand. Illustrated in the figure are 

the moderate activity of linear Hst1, 

the highly active situation for cyclic 

Hst1, and the hardly active situation 

for Hst5.

‘Conformational selection’

R(i) R(a)

R(a)H(a)

R(i)H(i) R(a)H(a)

‘Induced fit’

linear Hst1

R(i)H(i) R(a)H(a)

cyclic Hst1

R(i)H(i) R(a)H(a)

linear Hst5



-144-

Chapter 8

Comparative peptides for wound healing properties

Already in Chapter 1 other antimicrobial peptides, such as LL-37 and defensins, 

are mentioned that also may influence wound healing. In Chapter 6 we compare 

Hst2 and LL-37 in different aspects of wound healing and immune-modulation. 

The research on LL-37 in the context of wound healing and immune modulation is 

very extensive and complex. This complexity is largely because LL-37 acts on many 

different cells and commonly has a different effect depending on its concentration. 

For example, around 1 µM LL-37 enhances primary fibroblast proliferation, whereas 

at 10 µM LL-37 is very cytotoxic (Chapter 6). There seems to be a distinction 

between the effect of LL-37 on epithelial cells and fibroblasts, and its effect on cells 

derived from the bone marrow such as monocytes, neutrophils, dendritic cells, 

etc. Tomasinsig et al. (37) clearly shows that the activation of fibroblasts is not 

dependent on the direct interaction with a receptor. This is in accordance with 

other studies, with which together it has been shown that the D-enantiomer of 

LL-37 is equally active on the migration, proliferation, Il-8 response of fibroblasts 

and epithelial cells (37-39). The activity of LL-37 on these cells generally have a 

narrow optimum, in which slightly lower concentrations than this optimum do 

not activate, and at somewhat higher concentrations LL-37 is cytotoxic (Chapter 

6, (37)). Nevertheless, the treatment of cells within the narrow optimum leads to 

transactivation of receptors such as P2X
7
 and EGFR (37, 40, 41). Based on these 

findings, in our opinion, slight membrane disturbance activating epithelial and 

fibroblast cell types is the most plausible working mechanism. As is mentioned above, 

a different picture seems to emerge when cells that were originally derived from 

bone marrow are treated with LL-37. Interestingly, generally higher concentrations 

are required before LL-37 becomes cytotoxic when compared to epithelial cells or 

fibroblasts. LL-37 is starting to get toxic for leukocytes and lymophocytes from ~ 10 

µM (42, 43), whereas it is toxic to fibroblasts from ~ 1 µM (Chapter 6, (44)). This 

difference in cytotoxic concentration has never been untangled, but for neutrophils 

it is thinkable that their extensive proteases repertoire could protect them against 

LL-37. Several cellular receptors have been proposed to act upon binding to LL-37, 

FPRL1 for neutrophils, monocytes and T cells (45), CXCR2 for neutrophils (46), and 

GAPDH as an intracellular receptor in monocytes (47). Unfortunately, no research 

group has published results with the D-LL-37 similar to the studies described 

above with epithelial cells and fibroblasts. However, Chen et al. (48) do show that 

the enhanced migration of monocytes by Frog-derived antimicrobial temporin A is 

stereo-specific and acts via the FPRL1 receptor, very similar thus to LL-37. Another 

indictation that LL-37 may activate these cells by directly activating the receptor 
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is that the narrow optimum that is seen with the activation of epithelial cells is 

less pronounced in bone-marrow derived cells (45, 48, 49). All in all, the function 

of LL-37 is not yet established. We think the Cramp knock-out mice model in 

which bacterial clearance was reduced (50), and, upon dysregulation by a serine 

protease, the association with the inflammatory skin disease rosacea (51) gives a 

good insight in the actual functional role of LL-37. It is important for the protection 

against infection, and its proper regulation is essential for proper inflammation 

responses.

 In contrast to LL-37, histatins are continuously secreted by the salivary 

glands, and their abundance seemingly is not regulated upon a change of environment 

such as infection, or wounding for that matter. Rather, saliva is a versatile fluid that 

carries out a multitude of functions, often simultaneously (Chapter 1). And, saliva 

secretes a whole spectrum of proteins, each with its own function. The continuous 

presence of histatin thus can be seen as some sort of prophylactic, in contrast to 

the acute necessity for an antimicrobial agent and inducer of inflammation, by LL-

37. Within this context, histatins probably continuously activate the epithelium, 

and this makes that the epithelium in the oral cavity responses very fast upon 

wounding. This may be one of the causes for the superior wound healing of the oral 

cavity compared to the skin. 

Clinical application of histatin in wound healing

We show in Chapter 4 that histatin also enhances wound healing in a tissue-

engineered skin wound model. This initial finding urges for many follow-up studies 

for eventual therapeutic use. Although from Chapter 6 it can be deducted that 

histatin might not have adverse effects on scar tissue formation or inflammation, 

one needs to be quite careful implementing a research finding for clinical use. 

Wound healing is a very complex process that needs to be tightly regulated in 

order to function properly. With such a complex process it is not surprising that 

only a few factors that enhance healing via the direct activation of cells (and not 

a scaffold of some type) have made it to clinical trials. Currently, some growth 

factors (GM-CSF, bFGF, and TGF-β
3
) are in clinical trials (52, 53). And the only 

FDA approved growth factor for clinical use is PDGF-BB, which is used in diabetic 

and pressure ulcers (52). The urgency for new factors is high, hard-to-heal chronic 

wounds represent a major burden in our society and significantly impair the 

quality of life of millions of people. The incidence of chronic wounds is expected 

to increase dramatically in the future due to ageing of the population and the 

increasing incidence of health-related disorders, such as diabetes, associated with 
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development of chronic wounds. The following considerations greatly contribute 

to the attractiveness of histatins as attractive lead compounds for the development 

of wound-healing enhancing therapeutics:

Histatins are endogenous peptides, which make the occurrence of - 

immunogenic side effects very unlikely.

Histatins, thus far, are specifically acting on epithelial cells and - 

fibroblasts, and not on inflammatory cells. The fact that they do 

not induce cell-proliferation limits the risk of uncontrolled cell 

division. 

Histatins are simple peptides, readily accessible to organic - 

synthesis. In theory, this opens the door to fine-tuning of the 

cellular response by using synthetic variants.

Histatins are interesting from a cost-effectiveness point of view. - 

For bulk production of small peptides, organic synthesis is cheaper 

than recombinant production. Synthetic peptides are also easier 

to purify, without the risk of contamination with immunogenic 

microbial cell components. Truncation experiments revealed that 

large parts of the molecule can be missed without affecting the 

cell-stimulating activity (Chapter 4).

Cyclization greatly enhances the cell-stimulating activity of - 

histatins. In this respect, the novel method to produce semi-

synthetic cyclic peptides by using recombinant S. aureus sortase A 

(Chapter 7) is very interesting. This method allows a very efficient, 

simple, and cheap production of biologically active peptides that 

are barely, if not at all, accessible to organic synthesis.

Future prospects

The future is wide open for follow-up research on histatins with many interesting 

research questions available for in-depth and extensive studying. 

 First and most of all, the identification of the cellular receptor. By upscaling 

of the procedure described in Chapter 7 (Figure 4), it will be possible to obtain 

sufficient quantities of the putative receptor of histatin to enable identification 

by mass-spectrometric techniques. A valuable tool for this is the sortase-based 

procedure to prepare cyclic histatin (Chapter 7), which makes it possible to 

produce the large quantities of cyclic histatin that are needed for immuno-affinity 

purification procedures.  Alternatively, using histatin pepitdes equipped with 

(photoreactive) crosslinkers, specific binding partners of histatin can be crosslinked, 
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isolated, and identified. 

 Second, the role of histidine residues in histatin may be studied. Histatins 

are unusually rich in histidine, but the physiological meaning in the context of its 

role as cell-signalling molecule is unknown. Domain mapping of histatin (Chapter 

4) reveals a minimal active domain containing merely one histidine residue. This 

suggests that the majority of histidine residues in histatin are not critical for cell-

activating properties, making it tempting to speculate on another, for example 

regulatory, role. The imidazole side-group of histidine residues in histatins have 

pKa values ranging between 6.4 and 7.0 (54). Therefore, relatively small variations 

in the physiological pH-range will have profound effects on the charge, and possibly 

on the conformational and functional properties of histatins. pH in wounds may 

vary between < 6.0 and > 7.0, depending on the time course and wound stage (55).  

Thus far wound healing of histatin has been studied at neutral or slightly alkaline 

pH conditions. It would thus be interesting to examine the activity under pH 

conditions that occur in wounds during the different stages of the natural wound-

healing process. Furthermore, it would be interesting to examine if compounds 

such as metal ions and tannins, which bind to histatin and putatively modify their 

structure, have an effect on their cell-activating properties.

 Third, the effects of histatin on other clinically relevant processes may be 

studied. For application purposes, it is important to further explore the effect of 

histatins on all aspects of wound healing, such as inflammation and scar tissue 

formation. We briefly examined this in Chapters 3 and 5, and these preliminary 

results may be the starting point for studies using more complex wound-healing 

models. These follow-up studies are specifically interesting for pharmaceutical 

development, as histatins have several advantages over other compounds that are 

currently investigated for therapeutic utilization in wound healing, such as  simple 

and cost-effective production and easily accesible for fine-tuning (see also the 

section ‘clinical applications of histatins in wound healing’ above). 

 Fourth, the interaction with the putative receptor of different (cyclic) 

histatin species could be studied. With our proposed receptor-activation model 

in mind (Fig. 1), and the clear distinction between endocytosis and binding and 

activation properties (Chapters 6 and 7), it would be interesting to pinpoint 

specific residues, or conformations that activate. Here again, the use of sortase 

to cyclisize peptides is a powerful tool that amplifies the possibilities, enabling 

NMR studies on the different peptides, because sufficient quantities can easily be 

prepared.

Fifth, are the signaling pathways that are utilized by histatins. In Chapter 

2 we describe that a Mek1/2 inhibitor specifically inhibits histatin-mediated cell 
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migration, and in Chapter 4 we show that the activation is Pertussis toxin-

sensitive. Combining these data suggest the activation of Erk1/2 by a GPCR, but 

this is most likely just a small part of the signaling routes utilized by histatin 

that eventually leads to cell migration. It thus would be interesting to study what 

exact signaling pathways are involved that ultimately lead to the induction of cell 

migration and cell spreading.  
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