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Searching for bioactive peptides, we analyzed acidic extracts
of Phyllomedusa sauvagii skin and found two new proteins,
PSKP-1 and PSKP-2, of 6.7 and 6.6 kDa, respectively,
which, by sequence homology, belong to the Kazal family
of serine protease inhibitors. PSKP-1 and PSKP-2 exhibit
the unprecedented feature of having proline at P1 and P2
positions. A gene encoding PSKP-1 was synthesized and
expressed in Escherichia coli. Recombinant PSKP-1 was
purified from inclusion bodies, oxidatively refolded to the
native state, and characterized by chemical, hydrodynamic
andoptical studies. PSKP-1 shows inhibitoryactivity against
a serumprolyl endopeptidase, but is unable to inhibit trypsin,

chymotrypsin, V8 protease, or proteinase K. In addition,
PSKP-1 can be rendered active against trypsin by active-
site site-specific mutagenesis, has bactericidal activity, and
induces agglutination of red cells at micromolar concentra-
tions. PSKP-1 might protect P. sauvagii teguments from
microbial invasion, by acting as an inhibitor of an as-yet
unidentified prolyl endopeptidase or directly as a micro-
bicidal compound.

Keywords: Kazal; protease inhibitor; anurans; Phyllomed-
usa sauvagii; antimicrobial peptide.

To date, several hundred bioactive compounds have been
isolated from the skin of amphibians, and this number is
growing rapidly. The list includes biogenic amines, alka-
loids, sterols and peptides with a plethora of biological
effects (i.e. cytotoxic, bactericidal, fungicidal, lytic, neuro-
mimetic, anaesthetic and pheromonal) [1–8]. Many pep-
tides, grouped in several structural classes, have been
isolated from anurans of the hylid subfamily Phyllomedus-
inae: tachykinins, bradykinins, caeruleins, bombesins, sauv-
agine, opioid peptides (dermorphins and deltorphins),
antimicrobial peptides (dermaseptins and adenoregulin),
and tryptophylins [7,9–12]. Interest in these natural prod-
ucts stems from the need for lead compounds in drug

discovery and from their contribution to our understanding
of biodiversity at a molecular level.
Recently, protease inhibitors have been added to the

above list. The first, named Bombina skin trypsin
inhibitor (BSTI), was isolated from Bombina bombina
and pertains to a family of protease inhibitors discovered
in nematodes and honeybees [13,14]. A closely related
peptide was purified from the Chinese red-belly toad
B. maxima [15]. Later, a typical member of the Kunitz
family, similar to bovine pancreatic trypsin inhibitor, was
found in the skin of the tomato frog Dyscophus guineti
[16]. Also, in Rana areolata, the following were identified:
a peptide that inhibited porcine trypsin and possessed the
10-cysteine-residue motif characteristic of BSTI; a protein
with the whey acidic protein motif (also called the �four-
disulfide core� motif), characteristic of skin-derived anti-
leukoproteinases; and a secretory leukocyte protease
inhibitor [17]. The biological function of these inhibitors
is, to date, unknown. However, they may control
propeptide processing during the production of other
bioactive peptides, and/or have inhibitory effects on
proteases from microbes that attempt to invade teguments
[13,16].
In this study, we show that the skin of Phyllomedusa

sauvagii contains two novel Kazal proteins homologous to
pancreatic secretory trypsin inhibitor (PSTI). We have
named these cysteine-rich highly basic variants PSKP-1 and
PSKP-2 (P. sauvagii Kazal proteins 1 and 2). The putative
active site of PSKP-1 and PSKP-2 exhibits the unpreceden-
ted feature of having proline at P1 and P2 positions. PSKP-1,
overexpressed as a recombinant protein in Escherichia coli,
is naturally inactive against trypsin-like serine proteases,
but it could be converted into a potent trypsin inhibitor by
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active-site site-specific mutagenesis, indicating that PSKP-1
and PSTI have similar 3D structures.
Most interestingly, at submicromolar concentrations,

PSKP-1 was found to possess in vitro inhibitory activity
towards a prolyl endopeptidase from blood serum. More-
over, like aprotinin, lysozyme, lactoferrin, and other poly-
cations [18,19], PSKP-1 displays bactericidal activity at
micromolar concentrations and induces agglutination of red
cells and bacteria. Thus, PSKP-1might act in vivo as a prolyl
endopeptidase inhibitor and/or have a role in mucosal
defense against microbes by direct interaction with their
membranes.

Materials and methods

Materials

All chemicals were of the purest analytical grade available.
Proteases, aprotinin, lysozyme, and a-casein were from
Sigma-Aldrich.Z-Arg-pNA (N-benzyloxycarbonyl-arginyl-
p-nitroanilide) and Z-Gly-Pro-2-NNap (N-benzyloxycar-
bonyl-glycyl-prolyl-2-naphthylamide) were from Bachem
Bioscience Inc. (King of Prussia, PA, USA). Acetyl cellulose
dialysis membranes (1 kDa cut-off) were Spectra/Por from
Spectrum Medical Industries Inc. (Houston, TX, USA).

General methods

Peptides were sequenced using an Applied Biosystems 470A
instrument (LANAIS-CONICET Facility; Buenos Aires,
Argentina). Electrospray mass analysis was performed on a
VG Biotech/Fisons (Altrincham, UK) triple-quadrupole
spectrometer. SDS/PAGE was performed as described
previously [20]. Two chromatography instruments were
utilized: the first was a Waters 2690 Alliance Separation
Module (Waters, Milford, MA, USA) equipped with
Waters 2487 Dual k absorbance detector, and the second
was an FPLC system (Pharmacia, Uppsala, Sweden). Free
thiols were determined by using Ellman’s procedure [21].
DNA was custom-sequenced at the University of Chicago
(Chicago, IL, USA).

Preparation of the frog skin extract

The single P. sauvagii specimen used in this work was
captured in the region of El Cadillal (Tucumán, Argentina).
Care and experiments followed the Canadian Council on
Animal Care recommendations. The frog was pithed and its
skin was immediately removed, cut into small pieces, and
stored for several weeks at 4 �C in 60 mL of 20% (v/v)
acetic acid before processing. Then, the extract was filtered,
dialyzed against distilled water, and lyophilized.

Protein purification and chemical characterization

The lyophilized extract was dissolved (at a concentration of
20 mgÆmL)1) in buffer A (20 mM sodium phosphate,
250 mM sodium chloride, pH 7.0). A 200 lL sample was
filtered through a 0.2 lmmembrane (Millex GV,Millipore,
France) and subjected to FPLC size-exclusion chromato-
graphy (SEC) on a Superdex-Peptide HR10/30 column
(Pharmacia) equilibrated with buffer A. Detection wave-

length and flow were 280 nm and 0.5 mLÆmin)1, respect-
ively. The column was previously calibrated with
staphylococcal nuclease, intestinal fatty acid-binding pro-
tein, aprotinin, insulin, and Ac-CAKYKELGYQG-NH2.
The extract fraction, ranging from 1.5–15 kDa, was collec-
ted and subjected to reverse-phase HPLC on a Delta Pack
column (15 lm, C-18, 300 Å, 7.8 · 300 mm; Waters). The
gradient was 2.0%Æmin)1, between 0.07% (v/v) trifluoro-
acetic acid and 75% acetonitrile/0.05% trifluoroacetic acid
(v/v/v). The absorbance was monitored at 215 and 278 nm,
and the flow was set to 2.9 mLÆmin)1. HPLC fractions,
eluting between 47.7% and 51.0% acetonitrile (v/v), were
collected and concentrated to 200 lL (speed-vac; Savant
Instrument, Inc. Holbrook, NY, USA). Disulfides in the
collected fractions were reduced by adding concentrated or
solid reagents to 8 M guanidinium chloride, 300 mM Tris/
HCl, pH 8.5, 2.8 mM dithiothreitol, in a final volume of
� 350 lL, and by incubating the resulting solutions for 1 h
at 37 �C in the dark. After reduction, 1 lL of 4-vinylpyri-
dine was added, and the incubation was continued for 1 h.
The resulting cysteine-alkylated peptides were purified on a
Vydac C-18 reverse-phase column (5 lm, C-18, 300 Å,
2.1 · 250 mm; Vydac Separation Group, Hesperia, CA,
USA). The gradient was 0.5%Æmin)1, between 0.07%
trifluoroacetic acid (v/v) and 75% acetonitrile/0.05%
trifluoroacetic acid (v/v/v). The flow was 0.2 mLÆmin)1.
UV detection was set to 215 and 254 nm. Two major peaks
were subjected to sequencing by automated Edman degra-
dation. This procedure yielded most of the PSKP-1 and
PSKP-2 sequence. However, to assign the C-terminal
residues, it was necessary to perform peptide mapping.
Proteolysis was achieved by adding 0.15 lg of V8 protease
to 65 pmol of pyridylethylated peptides in 30 lL of 100 mM
ammonium bicarbonate, pH 7.8. After a 20 h incubation
at 37 �C, products were separated by HPLC, as described
above, and sequenced.

Expression and purification of recombinant proteins

PSKP-1 encodingDNAwas custom synthesized and ligated
into a cloning vector by Interactiva Inc. (Ulm, Germany).
Codon usage was optimized for expression in E. coli [22].
The fragment encoding recombinant PSKP-1was subcloned
into pET-15b (Novagen) at NcoI and BamHI sites. The
resulting expression vector, pET-PSKP-1, was sequenced to
confirm the reading frame and the identity of the insert.
For expression, E. coli BL21 (DE3) cells were trans-

formed with pET-PSKP-1 and grown to saturation [over-
night at 37 �C in LB (Luria–Bertani) broth containing
100 mgÆmL)1 ampicillin). The saturated culture (2 mL) was
used to inoculate 1 L of fresh broth, and growth was
continued to reach an attenuance (D), at 600 nm, of � 1.
Then, either 1 mM isopropyl thio-b-D-galactoside or 1%
(w/v) lactose was added, and incubation continued for 3 h.
Cells were harvested by centrifugation at 5000 g (10 min at
4 �C), and the resulting pellet was stored at )20 �C. As
PSKP-1 was present in inclusion bodies, harvested cells
(3–4 g) were suspended in 8 mL of lysis buffer (50 mM Tris/
HCl, 100 mM NaCl, 1 mM EDTA, pH 8.0) and disrupted
by sonication in an ice bath (in 4 mL fractions, five pulses
of 30 s and 4 watts). Inclusion bodies were isolated
by centrifugation (12 000 g, 10 min, 4 �C), and several
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contaminants were removed by successive incubation/cen-
trifugation cycles, as follows: (a) with 10 mM MgCl2,
10 lgÆmL)1 DNase I in lysis buffer (30 min at 37 �C), (b)
with 10 lgÆmL)1 DNase I in lysis buffer (30 min at 37 �C),
(c) with 0.2 mgÆmL)1 lysozyme in lysis buffer (15 min at
room temperature), (d) with 2 mgÆmL)1 sodium deoxycho-
late in lysis buffer (10 min at room temperature), (e) with
0.5% (v/v) Triton X-100 in lysis buffer (10 min at room
temperature) and, finally, (f) with three incubation/centrif-
ugation cycles in water. Cleaned inclusion bodies were
solubilized at 37 �C in buffer B (20 mM sodium phosphate,
8 M urea, 2 mM glycine, 50 mM dithiothreitol, pH 7.5) and
loaded onto an SP Sepharose Fast-Flow (Pharmacia
Biotech) cationic exchange column (1.5 · 5.0 cm) equili-
brated with buffer B. Elution was performed with a 200 mL
linear gradient of 0–0.5 M NaCl in buffer B. Fractions were
monitored by absorbance at 280 nm and SDS/PAGE.
Fractions containing pure PSKP-1 were dialyzed, first
overnight at 5 �C against 100 volumes of 20 mM sodium
phosphate, 5.0 mM 2-mercaptoethanol, 0.5 mM cystamine,
pH 7.5,andthenexhaustivelyagainstdistilledwater.Finally,
particulatematter was removed by centrifugation (24 000 g,
20 min, 4 �C) and the solution fast-frozen to )80 �C and
lyophilized. The resulting product was stored at )20 �C.

Mutagenesis of recombinant PSKP-1

APSKP-1 variant, PSKP-1K (Fig. 2), with L, P, G andK at
P6, P5, P4 and P1, respectively, was prepared by genetic
engineering. DNA encoding PSKP-1K was produced by
site-specific PCR mutagenesis and a combination of over-
lapping fragments [23], using pET-PSKP-1 as the template
and primers 5¢-CTGCCAGGCTGCCCGAAAGATATT
AACCCGGTGTGC-3¢ and 5¢-CGGGCAGCCTGGCAG
TTCATATTTATAGCATTTCGG-3¢ (themutatedcodons
are underlined). The PCR product was cloned into pET-
15b, as described above. The resulting expression vector was
termed pET-PSKP-1K.

Inhibition of a-caseinolysis

Inhibition of a-caseinolysis [24] was performed as follows.
Bovine trypsin (� 80 pmol) was preincubated for 20 min at
37 �C with a 10- or 100-fold molar excess of the inhibitor
in 450 lL of 25 mM Tris/HCl, 100 mM sodium chloride,
pH 7.4. Then, proteolysis was started by the addition of
50 lL of 10 mgÆmL)1 a-casein. At different time-points,
60 lL aliquots were withdrawn and the reaction was
stopped by the addition of 60 lL of 1.8 M trichloroacetic
acid. After incubation at 0 �C for 30 min, the precipitate
was removed by centrifugation (12 000 g, 15 min, 4 �C) and
the supernatant absorbance at 280 nm was measured.
Controls (with the inhibitor or the protease omitted) were
included. Assays for inhibitory activity towards chymo-
trypsin, Staphylococcus aureus strain V8 protease, and
proteinase K were performed similarly, changing the assay
buffer as appropriate.

Inhibition of Z-Arg-pNA trypsinolysis

Inhibition of trypsin activity towards Z-Arg-pNA was
assessed using a Shimadzu UV 160A spectrophotometer

equipped with a thermostatic cell holder and a 50 lL quartz
cell. Aliquots of 50 lL of enzyme solution (48 nM bovine
trypsin, 100 mM Tris/HCl, 400 mM sodium chloride, 0.01%
(w/v) NaN3, pH 7.4) were preincubated with 45 lL of
inhibitor solution (0–50 lM in water) for 5 min at 30 �C.
Then, 5 lL of substrate, in dimethylformamide, was added
to a final concentration of 2.5 mM, and formation of the
product was monitored by absorbance at 405 nm (1–5 min
at 30 �C). Three independent experiments were performed,
in which each inhibitor concentration was assayed in
duplicate. Kappi , the apparent inhibition constant, was
calculated as described previously [25], by fitting the
following equation to the data:

vi
v0

¼ 1

1þ
�
I
�

Kappi

ð1Þ

where vi and v0 are the initial reaction velocities in the
presence and absence of inhibitor, respectively, and [I] is the
inhibitor concentration. The enzyme–inhibitor dissociation
constant, Ki, was calculated as follows:

Ki ¼
Kappi

1þ
�
S
�

Km

ð2Þ

where [S] is the concentration of substrate and Km ¼
0.79 ± 0.10 mM (as determined previously by using a
substrate concentration of 0.06–5.0 mM, in the absence of
inhibitor, and by fitting the Michaelis–Menten equation to
the data).

Prolyl endopeptidase inhibition assay

Prolyl endopeptidase activity from bovine blood serum
[26] was measured using Z-Gly-Pro-2NNap as the
substrate [27]. Assay samples were prepared by mixing
20 lL of bovine blood serum with 1960 lL of 0–20 lM
inhibitor in 20 mM sodium phosphate, 150 mM sodium
chloride, pH 7.4. After 30 min at 37 �C, the reaction was
started by the addition of 20 lL of 5 mM Z-Gly-Pro-
2NNap in methanol. The formation of naphtylamine was
continuously monitored by fluorescence (4–6 min at
37 �C; excitation and emission were at 340 and 410 nm,
respectively). Enzyme reaction controls, containing either
no substrate or no bovine blood serum, were included.
Negative controls for the inhibitory activity, in which
either lysozyme or recombinant D9 exo small b-lactamase
[28] substituted for the inhibitor, were used to correct for
nonspecific effects on the fluorescence [29]. Moreover,
because D9 exo small b-lactamase is purified from
inclusion bodies and refolded by the same protocol as
that used to obtain the PSKP-1 variants, the latter control
served to check for E. coli contaminants that may have
inhibitory effects on the reaction. Two independent
experiments were performed, and the following equation
was fitted to the data:

vi
v0

¼ ð1� AÞ

1þ
�
I
�

IC50

� �þ A ð3Þ
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where vi is the reaction velocity for each inhibitor concen-
tration, v0 was calculated for each concentration of the
inhibitor by nonlinear fit of the data from the above
negative controls; [I] is the concentration of the inhibitor,
IC50 is the concentration of inhibitor that causes 50%
inhibition; and A is the noninhibitable activity.

CD experiments

CD spectra were obtained at 20 �C on a Jasco J-810
spectropolarimeter (Jasco Corporation, Tokyo, Japan). The
scan speed was 20 and 50 nmÆmin)1 (near- and far-UV,
respectively), with a 1 s response time, 0.2 nm data pitch,
and 1 nm bandwidth. The CD buffer was 25 mM sodium
phosphate, 100 mM sodium fluoride, pH 7.0. Near-UV
measurements were carried out in a 1.0-cm cell containing
30 lM protein. In the far-UV analysis, cell path and protein
concentration were 0.2 cm and 5 lM, respectively. Ten
scans were averaged for each sample and the corresponding
blanks subtracted.

Size and aggregation state

Analytical size-exclusion chromatography (SEC) was car-
ried out at 22 �C with an FPLC Superose 12 10/30 column,
equilibrated and eluted with 100 mM sodium phosphate,
pH 7.0, andUVdetection at 280 nm(Pharmacia).Apparent
molecular weights were calculated from a calibration curve
of standard molecules (thyroglobulin, bovine c-globulin,
chicken ovalbumin, equine myoglobin, vitamin B12, bovine
trypsin and aprotinin); theoretical Stokes radii were calcu-
lated assuming a spherical shape [30].Chemical cross-linking
experiments were performed with 0–0.5% (v/v) glutaralde-
hyde (Fluka, Buchs, Switzerland) for 0–30 min at room
temperature. The protein concentration was 10–50 lM in
10 mM sodium phosphate, 150 mM NaCl, pH 7.0. The
reaction was terminated by adding SDS/PAGE sample
buffer and the samples were subjected to SDS/PAGE.

Fluorescence spectra

Steady-state fluorescence was recorded at 20 �C on a K2
ISS instrument (ISS, Champaign, IL, USA). Protein
solutions (7.7 lM) were prepared in 100 mM sodium
phosphate, pH 7.0. Lamp intensity fluctuations were cor-
rected by measuring the sample-to-reference ratio using a
quantum counter in the reference channel. Excitation was
set to 295 nm (8 nm bandwidth), and data were acquired at
1 nm intervals between 250 and 500 nm. Quantum yield (Q)
was calculated, as described previously [31], using trypto-
phan as the standard with Q ¼ 0.14 [32].

Antibacterial activity assays

Antibacterial activity was measured, as previously described
[33], with minor modifications. Briefly, 10 mL of LB broth
was inoculated with 100 lL of an overnight culture of
E. coli (ATCC11229) and incubated at 37 �C,with shaking,
to mid-logarithmic phase. Bacteria were washed three times
with 10 mL of 10 mM sodium phosphate, pH 7.4 and
diluted to 50–125 colony-forming units per microliter in
10 mM sodium phosphate, pH 7.4, supplemented with 1%

(v/v) LB broth. Proteins and peptides (samples) were
dissolved in the same buffer and 100 lL of each dilution
was added to 100 lL of the bacterial suspension and
incubated at 37 �C. Aliquots of each culture were with-
drawn after 2.5 h of incubation, and the number of viable
cells was estimated by plating serial dilutions and colony
counting. Results were normalized to the zero sample
concentration, and the following equation [34] was fit to the
data:

y ¼ 1

1þ S½ �
EC50

� �b
ð4Þ

where [S] is the concentration of the sample, EC50 is the
effective concentration that causes 50% of the effect, and
b represents the cooperativity of the effect.

Hemagglutination

Hamster,mouse andhuman erythrocyteswere isolated from
blood anticoagulated with EDTA, and, after removal of
plasma and buffy coat by mild centrifugation, washed three
times with 10 mM sodium phosphate, 150 mM sodium
chloride, 0.01% sodium azide, pH 7.4. Protein samples
(0.3–80 lM) in 200 lL of 1% (v/v) erythrocyte suspension,
were incubatedfor1 hat37 �C,andtheassaywasconsidered
positive if agglutination was apparent to the naked eye.

Results

Protein isolation and sequence assignments

The acidic extract prepared from the skin of a single
P. sauvagii specimen was subjected to SEC (Fig. 1A). The
peptide fraction, corresponding to 1.5–15 kDa apparent
mass, was further analyzed by reverse-phase HPLC
(Fig. 1B). One of the resolved products, with prominent
UV absorption and low hydrophobicity (retention times
32–34 min) was partially sequenced. Although the material
was impure (data not shown), homology to protease
inhibitors with a high cysteine content was evident.
Therefore, the rest of the fraction was concentrated,
reduced with dithiothreitol under denaturing conditions,
treated with vinylpyridine, and rechromatographed
(Fig. 1C). Pyridylethylated peptides were recognized by
their characteristic absorbance at 254 nm. The full
sequence of PSKP-1 (Fig. 1C, peak 5) was established by
Edman degradation and mass analysis (Fig. 2A). Direct
sequencing yielded amino acids 1–43. Residues 33–58 were
identified by sequencing a fragment of PSKP-1 obtained by
V8-protease treatment and peptide mapping (data not
shown). The whole sequence of PSKP-1 was confirmed by
mass analysis of the pyridylethylated protein, which yielded
a molecular mass value of 7332.0 ± 0.7 Da (calculated
molecular mass 7332.8 Da). The same sequencing strategy
was applied to PSKP-2 (Fig. 1C, peak 6). Direct sequen-
cing yielded amino acids 1–46; however, peptide mapping
of V8-digested PSKP-2 was unsuccessful because of the
scarcity of material. Nevertheless, based on mass analy-
sis and homology to PSKP-1, a tentative full sequence
of PSKP-2 is proposed (Fig. 2A). If residues 47–58 of
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PSKP-2 are assumed to be equal to those of PSKP-1, a
calculated mass for the pyridylethylated protein is
obtained, which is within 0.5 Da of the experimental value
(7185.8 vs. 7185.3 Da).

Bioinformatic studies

According to standard amino acid pKa in water, the
theoretical pI of unfolded and fully reduced PSKP-1 is 9.8,
whereas the pI value for PSKP-2 is 9.1. Although both
proteins are highly basic, they differ by three charge units at
physiological pH.
As only PSKP-1 was fully sequenced, further sequence

comparisonswere restricted to this variant. A search showed
that PSKP-1 matched perfectly the consensus pattern for
Kazal domains: C-x(7)-C-x(6)-Y-x(3)-C-x(2,3)-C (PROSITE
PDOC00254), and therefore it is homologous to PSTI,
acrosin inhibitor, ovomucoid, and to other extracellular
matrix proteins that are not protease inhibitors but contain
Kazal-like motifs. The closest relatives of PSKP-1 are serine

protease inhibitors, and a few examples are shown in
Table 1. Besides the consensus Kazal residues, PSKP-1
exhibits Asn at position 31, a structurally important residue
strongly conserved among serine protease inhibitors [35].
PSKP-1 differs from all reported Kazal serine protease

inhibitors in having proline at both P1 and P2. SixKazal-like
proteins were found in the Pfam protein families database
[36], with two prolines in these positions, but none was a
protease inhibitor and they departed from the canonical
pattern by having extra residues between cysteines and,
in some cases, also missing cysteines. Four were putative
osteonectin fragments and products of the SPARC gene
(Q9PU25, SPL1_RAT, SPL1_MOUSE, SPL1_HUMAN),
the fifth was a hypothetical protein from Homo sapiens
(Q8N4S1), and the sixth (Q9VSK1) was a putative protein
from Drosophila melanogaster. In addition, the segment
between the ultimate and penultimate cysteines has 10–18
residues in the inhibitors reported previously, whereas it is
21 residues long in PSKP-1 (Table 1). Interestingly, the
latter segment is extremely basic in PSKP-1, having a
net charge of +6 (the next larger charge found for this
fragment in the data bank was +5.5 and corresponded to
IAC2_BOVIN).

Expression, purification, and refolding

The synthetic gene encoding PSKP-1 (Fig. 2B) was over-
expressed in E. coli to � 10% of total protein. SDS/PAGE
analysis indicated that the recombinant protein accumu-
lated in inclusion bodies. PSKP-1 was dissolved under
strong denaturant and reducing conditions and then
purified to homogeneity, taking advantage of its strongly
basic properties. SDS/PAGE analysis of the purified
product evidenced >95% purity and an apparent mole-
cular weight of 8000 (not shown). Pure unfolded and
reduced recombinant PSKP-1 was refolded by dialysis
against a disulfide-containing buffer with a yield of 13 mg of
folded protein per litre of cell culture. Mass analysis
indicated that post-translational removal of the initial Met
did not take place to a significant extent (observed mass,
6828.3 ± 2.6 Da; predicted mass, 6827.2 Da), and the
complete formation of disulfide bridges was confirmed by
Ellman’s reaction [21].

Optical studies

The far-UV CD spectrum of PSKP-1 is highly unusual
(Fig. 3A), with a strong negative minimum at 209 nm, two
distinct shoulders at 200 and 225 nm, and absence of the
large positive maximum observed in nearly all folded
proteins in the 185–195 region. However, the spectrum is
similar to one reported by Watanabe et al. for the chicken
ovomucoid first domain [37]. The near-UV CD spectrum
(Fig. 3) shows fine structure on a negative envelope
extending up to 320 nm. The broad negative band is
probably caused by the high disulfide content.
PSKP-1 fluorescence emission is centered at 347 nm,

which is typical of tryptophan in a hydrophobic environ-
ment.Moreover, the emission is poorly quenched by nearby
groups or solvent molecules; the quantum yield is 0.21 for
native PSKP-1, whereas the value for a fully exposed
tryptophan is 0.14 (data not shown).

Fig. 1. Isolation of Phyllomedusa sauvagii Kazal protein 1 and 2

(PSKP-1 and PSKP-2, respectively) from a P. sauvagii skin extract.

(A) FPLC-size exclusion chromatography. The bar indicates the

fraction comprising 1.5–15 kDa peptides. The full line represents

absorbance at 280 nm. (B) The above fraction was chromatographed

on a semipreparative reverse-phase column. Solid and dashed lines

represent the absorbance at 215 and 280 nm, respectively. (C) The

fraction indicated in (B) was reduced with dithiothreitol under dena-

turing conditions, cysteine residues were blocked with 4-vinylpyridine,

and modified peptides were separated on an analytical reverse-phase

column. The solid line represents the absorbance at 215 nm. The signal

at 254 nm is indicated by dashes. Fractions 5 and 6 were subsequently

proven to contain pure pyridylethylated PSKP-1 and PSKP-2,

respectively. Fractions 1–4 were retained for future studies.
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Hydrodynamic behavior and aggregation state

In SEC experiments, the Stokes radius of PSKP-1 was
found to be 17.4 ± 0.2 Å. This value is larger and smaller
than expected for a spherical molecule of 6.8 kDa (14.5 Å)
and 13.6 kDa (18.7 Å), respectively [30]. To determine
whether PSKP-1 was homodimeric in solution, chemical
cross-linking experiments were performed. The results
indicated that the protein is essentially monomeric in the
10–50 lM concentration range (data not shown). Therefore,
the nonideal behavior in chromatography was attributed to
departure from the spherical shape.

Biological activity

Given that PSKP-1 is homologous to Kazal-type serine
protease inhibitors, it was tested in a caseinolytic assay

against trypsin, chymotrypsin, S. aureus strain V8 protease,
and proteinase K. A typical experiment with trypsin is
shown in Fig. 4. Whereas full inhibition is achieved by
adding aprotinin at a 10-foldmolar excess over the protease,
PSKP-1 is inactive, even at a 100-fold molar excess.
Altering active-site specific contacts affects the strength of

the inhibition by Kazal inhibitors [35]. Based on the
sequences of acrosin inhibitor – a trypsin-like serine protease
inhibitor – a variant of PSKP-1 was prepared with Leu, Pro
and Gly at P6, P5 and P4, respectively, and with Lys at P1
(Fig. 2). The new variant, PSKP-1K has a similar expression
level and was purified in the same way as PSKP-1.
As expected, PSKP-1K showed significant inhibitory activity
on trypsin (Fig. 4). To further characterize the binding of
PSKP-1 and PSKP-1K to trypsin, a specific assay was
performed using Z-Arg-pNA as substrate (data not shown).
Binding of PSKP-1 was very weak, with a Kappi of

Table 1. Representative proteins homologous to Phyllomedusa sauvagii Kazal protein 1 (PSKP-1). After an initial search with BLAST [54], alignment

to PSKP-1 was optimized manually. 1HPT and 2OVO are two examples of Kazal domains included in the Protein Data Bank. Conserved residues

are underlined. Bold text shows consensus residues in the Kazal pattern. 2OVO,Lophura nycthemera ovomucoid third domain (PDB entry); IAC2,

Homo sapiens acrosin-trypsin inhibitor II precursor, sp.|P20155|IAC2_HUMAN; 1HPT, Homo sapiens pancreatic secretory trypsin inhibitor

variant 3 (PDB entry); IAC, Macaca fascicularis, acrosin-trypsin inhibitor II precursor, sp.|P34953|IAC_MACFA. X, any residue; B and Z

represent the active site residues P2 and P1, respectively, in Schechter & Berger notation [53].

Protein Sequence Identity (%)

2OVO AVSVDCSEYP KPACTMEYRP LCGSDNKTYG NKCNFCNAVV ES---NG-TL TLSHFGKC 28

IAC2 YRTPNCSQYR LPGCPRHFNP VCGSDMSTYA NECTLCMKIR E----GGHNI KIIRNGPC 43

IPK1a QREATC-TSE VSGCPKIYNP VCGTDGITYS NECVLCSEN- ---KKRQTPV LIQKSGPC 43

IPK1b GRDANC-NYE FPGCPRNLEP VCGTDGNTYN NECLLCMEN- ---KKRDVPI RIQKDGPC 45

1HPT GREAKCYN-E LNGCTYEYRP VCGTDGDTYP NECVLCFENR ---KR-QTSI LIQKSGPC 45

IAC YKTPFCARYQ LPGCPRDFNP VCGTDMITYP NECTLCMKIR ES----GQNI KILRRGPC 48

PSKP-1 VIEPKCYKYE GKKCPPDINP VCGTDKRTYY NECALCVFIR QSTKKADKAI KIKKWGKC 100

1 10 20 30 40 50 58
Kazal pattern -----C---- ---CBZXXXX XCXXXXXXYX XXCXXC---- ---------- -------C

a Sus scrofa, pancreatic secretory trypsin inhibitor, sp.|P00998|IPK1_PIG. b Monodelphis domestica, pancreatic secretory trypsin inhibitor,

sp.|P81635|IPK1_MONDO.

Fig. 2. Phyllomedusa sauvagiiKazal protein 1 and 2 (PSKP-1 and PSKP-2, respectively) sequences. (A) The dotted line indicates residues determined

by N-terminal degradation from full-length pyridylethylated proteins. The dashed line shows sequence results obtained from an HPLC-isolated

peptide after V8 protease digestion of pyridylethylated PSKP-1. Scarcity of material precluded sequencing of V8 peptides of PSKP-2. However,

based on mass spectrometry (see the Results) and homology to PSKP-1, C-terminal residues were assigned tentatively, as shown in the horizontal

box. Vertical boxes highlight differences between PSKP-1 and PSKP-2. Four cysteines and one tyrosine, conforming to the Kazal consensus motif

(see the text), are represented in bold case. Right and left arrows indicate P1 and P2 active-site residues, respectively (Schechter & Berger notation)

[53]. The residues underlined are those substituted in PSKP-1 by site-directed mutagenesis. (B). Synthetic DNA sequence used for Escherichia coli

expression of recombinant PSKP-1. The encoding sequence is in upper case letters, with start and stop codons in boxes. Flanking restriction sites

introduced for cloning purposes are underlined.
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>0.5 mM and aKi of >0.1 mM. In contrast, the affinity of
PSKP-1K was very high, with a Kappi ¼ 0.948 ± 0.045 lM
and Ki ¼ 228 ± 11 nM [Eqns (1) and (2) in the Materials
and methods; results represent the mean ± SD values of
three independent experiments].
PSKP-1 and PSKP-1K were also tested as inhibitors for

prolyl endopeptidases. To achieve this, we used a crude
preparation of bovine serum and Z-Gly-Pro-2NNap, as
enzyme source and fluorescent specific substrate, respect-
ively [27]. Two unrelated proteins, lysozyme and D9 exo
small b-lactamase [28], were used as negative controls for
the inhibitory activity. Because D9 exo small b-lactamase
can be purified from inclusion bodies and refolded by the
same protocol as that used to obtain the PSKP-1 variants, it
served to check for E. coli contaminants that may have

inhibitory effects on the reaction. Both PSKP-1 and
PSKP-1K were found to be good inhibitors (Fig. 5). After
the appropriate corrections for nonspecific effects of the
control proteins on the fluorescence [29], the calculated
IC50% values for PSKP-1 and PSKP-1

K were 124 ± 56 and
131 ± 26 nM, respectively. Interestingly, 24–32% residual
activity remained that could not be inhibited by the assayed
proteins, and was probably caused by the existence of more
than one type of prolyl endopeptidase in the serum
[26,29,38].
Other possible biological activities were also tested.

Neither PSKP-1 nor PSKP-1K showed hemolytic activity.
However, at a micromolar concentration, both hemagglu-
tinate hamster, mouse, and human erythrocytes. Hemag-
glutination by PSKP-1 and PSKP-1K was inhibited by
EDTA and heparin.
Certain basic proteins have ancillary antibacterial activ-

ity. Some examples are aprotinin, SLPI, and CAP18 [39,40].
All seem to interact with bacterial membranes, although the
molecular basis of this action is not well understood. To test
whether PSKP-1 and PSKP-1K pertain to this group of
proteins, they were assayed againstE. coli (data not shown).
Aprotinin and PSKP-1K have similar potency in the assay,
with an EC50 of 0.9 and 1.4 lM, respectively. PSKP-1 is
slightly less potent, with an EC50 of 3.0 lM. Four to six
assays were performed with each sample, the interassay
error was less than 30%, and the difference between
PSKP-1 and PSKP-1K was significant (P < 0.002).

Fig. 3. Optical properties. (A) Far-UV CD spectrum of Phyllomed-

usa sauvagii Kazal protein 1 (PSKP-1) in 25 mM sodium phosphate,

100 mM sodium fluoride, pH 7.0 (solid line) and in 100 mM sodium

phosphate, 3.8 M guanidinium chloride, pH 7.0 (dotted line).

(B). Near-UV CD spectrum of PSKP-1 in 25 mM sodium phosphate,

100 mM sodium fluoride, pH 7.0.

Fig. 4. Inhibition of a-casein proteolysis. A representative experiment,
performed as described in the Materials and methods, is shown.

Trypsin was incubated with a suspension of a-casein. After precipita-
tion with trichloroacetic acid and centrifugation, proteolysis was esti-

mated by measuring the absorbance of the supernatant at 280 nm.

Circles represent hydrolysis by trypsin. Inverted triangles represent

hydrolysis by trypsin pretreated with a 10-fold molar excess of apro-

tinin. Squares and diamonds show the effect of preincubation with

10- and 100-fold molar excess of Phyllomedusa sauvagiiKazal Protein

1 (PSKP-1). Crosses and normal triangles show the inhibitory effect of

10- and 100-foldmolar excesses of PSKP-1K (a PSKP-1 variant with L,

P, G and K at positions P6, P5, P4 and P1, respectively).
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In connection with the bactericidal activity of PSKP-1
and PSKP-1K, a qualitative test was performed usingE. coli
ATCC 11229. This strain exhibits high mobility in low-salt
liquid media, a feature that can be observed by optical
microscopy. At micromolar concentrations, both proteins
greatly reduce bacterial mobility and induce cell agglutin-
ation (data not shown).

Discussion

In this work, we report on PSKP-1 and PSKP-2, two
variants of a new protein isolated from the skin of the
anuran, P. sauvagii, whose sequence indicates membership
of the Kazal family. Most members of this family are small
protein inhibitors of serine proteases and have a character-
istic pattern of disulfide bridges [41]. There exist, however,
Kazal-like domains in larger multidomain extracellular
matrix proteins which are not protease inhibitors [42]. From
sequence homology analysis, PSKP-1 and PSKP-2 clearly
pertain to the serine protease inhibitor type of Kazal
proteins. In particular, PSKP-1 is 48% identical to the
inhibitor of acrosin – the major protease of mammalian
spermatozoa – from the crab-eating monkey, Macaca
fascicularis (Table 1).
Whereas many Kazal inhibitors have proline at P2, only

two were reported to have proline at P1 [43,44]. PSKP-1 and
PSKP-2 are unique in having proline residues at both P1 and
P2. Our results indicated that PSKP-1 has no effect on the

activity of trypsin, chymotrypsin, V8-protease, or proteinase
K. This was expected because proline at P1 should not fit
well into the S1 pocket of these proteases. Nevertheless,
PSKP-1 can be rendered active against trypsin by replacing
its P4, P5, and P6 residues with the corresponding residues of
acrosin inhibitor and proline at P1 with lysine (Fig. 2). Thus,
not only is the sequence of PSKP-1 that of a serine protease
inhibitor, but also its 3D structure is capable of harboring
inhibitory activity.
The finding of proline at P1 and P2 in PSKP-1, led us to

consider the possibility of having isolated an inhibitor of
prolyl oligopeptidases [27,45–47]. The X-ray structure of
porcine prolyl oligopeptidase complexed with the synthetic
specific inhibitor, Z-Pro-prolinal, reveals that the two
proline side-chains fit snugly into the corresponding S1
and S2 crevices [48]. Although these serine proteases are not
inhibited by aprotinin, soybean trypsin inhibitor or chicken
ovomucoid [49], the purification of endogenous peptidic
inhibitors, ranging from 6.5–8 kDa, have been described
[50–52]. To the best of our knowledge, structural informa-
tion regarding these inhibitors is lacking.
In blood serum, two different serine proteases with prolyl

oligopeptidase activity have been reported. They have
similar molecular weight, substrate specificity, temperature
sensitivity, and pH profile, but differ in susceptibility to
Z-Pro-prolinal and in the ability to hydrolyze certain natural
peptides [26,29]. We show, in this work, that PSKP-1, at
submicromolar concentrations, has inhibitory activity
towards at least one of these enzymes. Although the serum
proteases tested in the assay are unlikely to be the natural
targets of PSKP-1, they are representative of its class, and
thus the reported activity may have biological significance.
Interestingly enough, the inhibitory power of PSKP-1K is

as strong as that of PSKP-1. Assuming that PSKP-1 and
PSKP-1K act by a standard mechanism and have canonical
binding loops [41], proline should be better than lysine at the
P1 position, for inhibitors tend to have residues at the scissile
bond that match the specificity of the cognate protease.
However, mutagenesis and crystallographic studies showed
that changes at P1 sometimes lead to counterintuitive
results. A striking example of this is a BPTI mutant with a
Leu fi Lys change at P1, which acts as a good inhibitor of
chymotrypsin. In fact, for the chymotrypsin–BPTI inter-
action, lysine is a better P1 residue than valine, isoleucine, or
alanine [41]. X-ray analysis showed that, in this case of
lysine, the side-chain bends out of the S1 pocket and forms
two new hydrogen bonds that stabilize the interaction [41].
To explain the similarity in IC50 for PSKP-1 and PSKP-1K,
two further aspects must be considered: first, as the
proteases assayed are not the natural target of PSKP-1,
the interaction reported herein might be suboptimal; and,
second, the three additional changes at the active site of
PSKP-1K may compensate for the loss of strength in the
interaction caused by the change at P1.
In summary, we describe PSKP-1, a novel Kazal protein

that acts in vitro as a prolyl endopeptidase inhibitor.
Whether the biological role of PSKP-1 is to inhibit a yet-
unidentified prolyl oligopeptidase resident in the amphibian
skin or released from an external pathogen remains to be
seen. Concomitantly, or alternatively, PSKP-1, as other
small basic proteins, might act in the skin of P. sauvagii
as a membrane-perturbing compound with antimicrobial

Fig. 5. Prolyl endopeptidase inhibition assay. Samples, inhibitors and

control proteins were preincubatedwith an enzymatically active bovine

serum preparation [26], and the reaction was started by the addition

of the prolyl endopeptidase specific substrate, Z-Gly-Pro-2NNap

(N-benzyloxycarbonyl-glycyl-prolyl-2-naphthylamide) [27] (see the

Materials and methods). Relative activity is shown as a function of the

concentration of each sample. Two independent experiments were

carried out, and the error bars represent standard deviations. Samples

were Phyllomedusa sauvagii Kazal protein 1 (PSKP-1) (r), PSKP-1K

(a PSKP-1 variant with L, P, G and K at positions P6, P5, P4, and P1,

respectively) (n), lysozyme (h), and D9 exo small b-lactamase (s).
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properties. Our work provides structural information for
the new protein and a means of producing it in large
quantities, enabling a wide search for its natural targets.
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