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The aim of this study was the development of a sensitive and speciﬁc
substrate for protease A (PrtA), a serralysin-like metzincin from the entomopathogenic microorganism, Photorhabdus. First, cleavage of three biological
peptides, the A and B chains of insulin and b-lipotropin, and of 15 synthetic
peptides, was investigated. In the biological peptides, a preference for the
hydrophobic residues Ala, Leu and Val was observed at three substrate positions, P2, P1¢ and P2¢. At these positions in the synthetic peptides the preferred residues were Val, Ala and Val, respectively. They contributed to the
efﬁciency of hydrolysis in the order P1¢ > P2 > P2¢. Six amino acids of the
synthetic peptides were sufﬁcient to reach the maximum rate of hydrolysis, in
accordance with the ability of PrtA to cleave three amino acids from both
the N- and the C-terminus of some fragments of biological peptides. Using
the best synthetic peptide, a ﬂuorescence-quenched substrate, N-(4-[4¢
(dimethylamino)phenylazo]benzoyl–EVYAVES)5-[(2-aminoethyl)amino]
naphthalene-1-sulfonic acid, was prepared. The  4 · 106 m)1Æs)1 speciﬁcity
constant of PrtA (at Km  5 · 10)5 m and kcat  2 · 102 s)1) on this substrate was the highest activity for a serralysin-type enzyme, allowing precise
measurement of the effects of several inhibitors and pH on PrtA activity.
These showed the characteristics of a metalloenzyme and a wide range of
optimum pH, similar to other serralysins. PrtA activity could be measured in
biological samples (Photorhabdus-infected insect larvae) without interference
from other enzymes, which indicates that substrate selectivity is high towards
PrtA. The substrate sensitivity allowed early (14 h post infection) detection
of PrtA, which might indicate PrtA’s participation in the establishment of
infection and not only, as it has been supposed, in bioconversion.

Of the various enzymes that microorganisms secrete
for defence as well as for invasion and bioconversion
of their environment, proteases have the most diverse
functions. Exploration of the enzymatic properties
and functions of these proteases may contribute to a

better understanding of the pathomechanism and
gaining control over the infection process. Few
such proteases have been characterized enzymatically
and even less is known about their role in the pathomechanism.

Abbreviations
Dabcyl, N-(4-[4¢(dimethylamino)phenylazo]benzoyl; Dabcyl-OSu, N-(4-[4¢(dimethylamino)phenylazo]benzoyloxy)succinimide; Edans,
5-[(2-aminoethyl)amino]naphthalene-1-sulfonic acid; OpdA, oligopeptidase A; Php-C, Photorhabdus protease C; PrtA, protease A.
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The roles played by secreted proteases of two entomopathogenic bacterium groups, Photorhabdus and
Xenorhabdus, might be of special interest because: (a)
Photorhabdus and Xenorhabdus strains are highly
pathogenic, and may serve as an excellent pathogen
component for an infection model; (b) in nature, survival of these bacteria is strictly dependent on their
symbiosis with entomopathogenic nematodes from the
families Heterorhabditidae and Steinernematidae,
respectively; and (c) bacterium–nematode complexes
might be exploited in environmentally friendly insect
biological control technologies. Secretion of three
proteases has been detected in Photorhabdus [1], which
is better characterized at the molecular level than
Xenorhabdus. Two of these, Photorhabdus protease C
(Php-C) and protease A (PrtA), were identiﬁed by
their sequences [1–3]; Php-C is a metallopeptidase
from the M4 (thermolysin) family, whereas PrtA (ﬁrst
found in Erwinia chrysantemi), belongs to the 50 kDa
bacterial metallo-endopeptidases, the serralysins, a
subfamily of the interstitial collagenase family (M10).
The intensively studied proteases in the latter subfamily, beside the  56 kDa metallo-endoprotease of
Serratia marcescens (serralysin), are the alkaline proteinase of Pseudomonas aeruginosa, the ZapA metalloprotease of Proteus mirabilis and proetases A, B, C,
G and W of various Erwinia strains. One function of
these proteases is thought to be as virulence factors.
However, their contribution to pathogenesis cannot be
properly assessed because of a lack of information
about the dynamics of their production during infection and their proteolytic systems [comprising the
protease as well as its natural substrate(s) and inhibitor(s)]. Several potential natural substrates have been
found for ZapA of P. mirabilis and the 56 kDa protease of S. marcescens (IgA and IgG proteins, some
defenesins, cytoskeletal proteins, complement system
components, extracellular matrix molecules) [4–10],
but the in vivo signiﬁcance of cleavage of these proteins remains to be established. According to substrate-speciﬁcity studies on synthetic peptides,
serralysin, ZapA and alkaline proteinase exhibited
relaxed side-chain discrimination at substrate positions
P3–P3¢ [11–15]. (The scissile bond is between the P1
and P1¢ sites, Schechter and Berger’s notation [16].)
Consistent with this ﬁnding was the observation that
these enzymes cleaved (denatured) oligopeptide substrates of biological origin at numerous sites in various sequence environments [8,12,17]. These properties
do not indicate proteases that have speciﬁc sets of
natural substrates, and make difﬁcult the development
of selective and sensitive substrates for measuring
enzyme activity during infection. To date, the best
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synthetic substrates for serralysin-like enzymes are
between six and eight amino acids long and contain
mostly hydrophobic P2 and P2¢ residues [11–13,15].
Although both the relatively small number of peptide
sequence variants and their amino acid composition
limit the conclusions that can be drawn about sidechain discrimination in these enzymes, some of the
kinetic data on these substrates seem interpretable by
the structure of the enzymes’ active site [18–21]. It is
also important to mention that the usability of these
substrates was not tested on biological samples.
For an exploration of the proteolytic system of
PrtA, and an understanding of its role in the infection
process of Photorhabdus, we needed a highly sensitive
and speciﬁc substrate to selectively measure activity in
biological samples. Here we describe the development
of such a substrate based on analysis of PrtA cleavage
site speciﬁcity, and kinetic characterization of PrtA
activity on the new substrate.

Results and Discussion
Identification of PrtA cleavage sites in biological
peptides
To obtain an initial view of the cleavage-site speciﬁcity
of PrtA, we analysed the sequence of PrtA hydrolysis
sites in three biological peptides, insulin A and B
chains, and b-lipotropin. We were able to draw two
conclusions from the data (Figs 1–3):
(a) Alignment of the cleavage sites (Fig. 3) showed a
preference for hydrophobic amino acids at substrate
positions P2, P1¢ and P2¢, a property that is not
pronounced in the case of other serralysins of known
speciﬁcity. A simple probability analysis of amino acid
frequencies (not shown) indicated a slightly higher
frequency of Leu and Val at position P2¢, which is in
accordance with the presence of a conserved Leu
(Leu3, a position equivalent to P2¢) of the known bacterial inhibitors of serralysin-like proteases [20,22–24].
Because an even longer peptide inevitably samples only
a small fraction of all the possible sequence combinations around potential cleavage sites (usually spanning
between six and eight amino acids) which might, additionally, be biased by the unique frequency of amino
acids in the peptide, the predictive power of such cleavage site analysis on (biological) peptides is restricted.
Nonetheless, from our results it could be concluded
that PrtA cleavage sequences are rich in the aliphatic
amino acids Ala, Leu and Val.
(b) From the dynamics of hydrolysis (estimated
from the change in the amount of some fragments)
(Figs 1A,2A), it was evident that most of the cleavage
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Fig. 1. Cleavage site analysis of PrtA on oxidized insulin chain A.
(A) The position of cleavage sites (vertical arrows, a1–a3) and cleavage fragments (horizontal double arrows, A1–A5) in the sequence
of insulin chain A. (B) Change over time in the chromatographic
peak area of cleavage fragments. Note that the amount of fragments A1, A2 and A4 decreases on longer exposure to PrtA cleavage. (For details see Experimental procedures.)

sites could serve as sites of secondary cleavage, even if
they were only three amino acids from either the C- or
the N-terminus. This suggests that PrtA might be able
to cleave peptides as short as six amino acids.
Optimization of peptide sequence and length
Supposing that hexapeptides were bound by PrtA such
that they span the S3–S3¢ enzyme sites in an N- to
C-terminal (i.e. P3–P3¢) orientation and would be
cleaved between amino acids 3 and 4 (peptide positions
P1 and P1¢, respectively), the amino acids at positions
P2, P1¢ and P2¢ were selected for variation for the
following reasons:
(a) They are among the four inner sites (P2–P2¢) that
contribute most signiﬁcantly to the proper positioning
of the scissile bond in almost every protease.
(b) We found that the side-chain discrimination of
PrtA is the most restricted in these positions, with a
preference for the aliphatic residues Ala, Leu and Val.
As for the three other positions, we took advantage
of the apparent relaxed side-chain preference of PrtA
to increase the solubility of the peptides (by choosing
1948

Fig. 2. Cleavage site analysis of PrtA on oxidized insulin chain B.
(A) The position of cleavage sites (vertical arrows, b1–b3) and cleavage fragments (horizontal double arrows, B1–B5) in the sequence
of insulin chain B. (B) Change over time in the chromatographic
peak area of cleavage fragments. Note, that fragments B1, B2 and
B4 show a temporary accumulation. Fragments B4a and B4b did
not separate under the applied conditions of reverse-phase HPLC.
(For details see Experimental procedures.)

Glu at positions P3 and P3¢), and Tyr at the (supposed) P1 position, which rendered the peptide segment, N-terminal to the scissile bond, distinguishable
at 280 nm. Thus 12 hexapeptides (Pa1–Pa12) were synthesized which contained, in every possible combination, each of the amino acids chosen to vary at
positions P2, P1¢ and P2¢ (Fig. 3).
The results of PrtA hydrolysis of the hexapeptide
library are summarized in Table 1 and Fig. 4. For each
peptide only two hydrolysis products were observed,
showing that they were cleaved at only one bond. With
the exception of Pa6 and Pa12 (see Experimental procedures and the legend to Table 1), identiﬁcation of
the cleavage products and determination of the cleaved
bond were possible using only the retention times
(Table 1). One of the products always absorbed at
280 nm, which identiﬁed it as an N-terminal (Tyrcontaining) one. There were only two retention times
(either 26.2 or 28.8 min), showing that the products
were variants of only two sequences. This was possible
only if the products differed at position P2, i.e. if the
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Fig. 4. Variants of the hexapeptide library ranked by the degree of
hydrolysis. The ranking is according to the degree of peptide hydrolysis after 90 min incubation at 0.25 mM peptide and 0.36 nM PrtA
concentrations. Links indicate groups (P1¢ Ala or Leu) and
subgroups (P2 Leu or Val). (For further details see Experimental
procedures.)

Fig. 3. Alignment of PrtA cleavage sites in three biological peptides
and the N-terminal (inhibitory) peptide segment of four inhibitors of
serralysin-type enzymes. The sequence variants of the synthetic
hexapeptide library (Pa1–Pa12) are also shown aligned in the expected and observed cleavage positions (indicated with a dashed line
and a vertical arrow). Inh, is a PrtA inhibitor from Photorhabdus.

retention times of C-terminal hydrolysis fragments and
the possible sequences were coupled.
When library peptides were ranked in the order of
degree of hydrolysis (Fig. 4), groups and subgroups
became evident depending on the amino acid at

P1–P1¢ peptide bond (on the C-terminal side of Tyr)
was cleaved in each case. The same conclusion could
be reached for the cleavage of these peptides if the

Table 1. Reverse-phase HPLC analysis of cleavage of the hexapeptide library. nd, not detectable under the chromatographic conditions
used.
Retention times (min)
Products
P3–P1

Substrates

Substrate position
3211¢2¢3¢

Peptide

EVY

Pa1
Pa2
Pa3
Pa4
Pa5
Pa6
Pa7
Pa8
Pa9
Pa10
Pa11
Pa12

Ac-EVYLVE-NH2
Ac-EVYLLE-NH2
Ac-EVYLAE-NH2
Ac-EVYAVE-NH2
Ac-EVYALE-NH2
Ac-EVYAAE-NH2
Ac-ELYLVE-NH2
Ac-ELYAVE-NH2
Ac-ELYLLE-NH2
Ac-ELYLAE-NH2
Ac-ELYALE-NH2
Ac-ELYAAE-NH2

32.1
34.6
30.6
28.2
30.9
25.5a
34.0
30.4
36.3
32.3
32.8
28.4a

26.2
26.2
26.2
26.2
26.2
25.1a
28.9

P1¢–P3¢
ELY

LVE

LLE

LAE

ALE

AVE

AAE

22.0
25.0
20.2
nd
21.0
nd
22.0
28.9

28.9
28.9
28.9

nd
25.0
20.2
21.0

28.8a

nd

a

Retention times of hydrolysis fragments of these peptides are not comparable with those of the others because different chromatography
conditions had to be applied (see Experimental procedures).
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positions P1¢ and P2, respectively. This allowed assessment of the contribution the three positions and their
amino acids made to hydrolysis efﬁcacy. Also, within
the limits of the library sequence set, it provided information about the preferred cleavage site sequence. For
example, each of the ﬁrst six, best cleaved, peptides
have Ala at the P1¢ site (P1¢-Ala group), whereas each
of the three best substrates within this group have Val
at the P2 site (P2-Val subgroup). Analysis of the data
in Fig. 4 suggests that if P1¢ is Ala then Val is better
than Leu at the P2 position, regardless of the amino
acid at position P2¢. This preference for Val over Leu
at the P2 site can also be seen in the P1¢-Leu group,
but here, the fact that Val is the best residue at the P2¢
site has some inﬂuence on the preferred residue at P2
(peptide Pa7 is better than Pa3). Thus, of the three
positions varied in our hexaeptide library, the contribution of P1¢ to cleavage efﬁcacy is the strongest and
that of P2¢ is the weakest, with an Ala, Val and Val
preference at positions P1¢, P2 and P2¢, respectively.
Of the 14 residues at sites S1–S3¢ that contact the
inhibitor in the crystal structure of inhibitor enzyme
complexes of serralysin and alkaline protease, only
three differ in PrtA: Ser132, Tyr133 and Phe217, but
only the latter two appear to be signiﬁcant. (These are
Gln ⁄ Ala and Trp, respectively, in other serralysins, serralysin numbering.) Because these positions are
involved mainly in formation of the S1¢ and S2¢ sites
[20,25], in PrtA the differences may cause an increase
in hydrophobicity and some reshaping at these sites.
This may explain the higher preference of PrtA for aliphatic segments in biological peptides, and the preference for Val over Leu at the P2¢ substrate position,
relative to other serralysins [11–13,15].
Because the best peptide, Pa4, was cleaved almost
twice as fast as the second best (Pa6), we chose Pa4 to
construct a chromogenic substrate. Keeping its
sequence, we made extensions to the C-terminus by the
addition of one (Ser or Tyr) or two (Ser–Tyr) amino
acids to examine the effect of a longer peptide chain
on cleavage. Neither extension inﬂuenced the rate of
hydrolysis (data not shown) indicating that PrtA is
able to cleave three amino acids from the peptide ends,
and also that a length of six amino acids is enough for
efﬁcient substrate binding and hydrolysis.
It was evident from the peptide hydrolysis that for
efﬁcient cleavage PrtA requires interactions with the
substrate on both sides of the scissile bond. To allow
all such interactions to form, we designed a ﬂuorescence-quenched substrate. Linkage of a quencher and
a ﬂuorophore to Pa4 hexapeptide would have been
their closest positioning, ensuring the most efﬁcient
ﬂuorescence quenching, and thereby the highest
1950

possible sensitivity of activity measurement. However,
to reduce the possibility of interference of the chromophores with binding of the peptide to the enzyme,
which could not be excluded in this case and
might have compromised the speciﬁcity of the substrate,
we conjugated the quencher N-(4-[4¢(dimethylamino)
phenylazo]benzoyl (Dabcyl) and the ﬂuorophore 5-[(2aminoethyl)amino]naphthalene-1-sulfonic acid (Edans)
to one of the extended forms of Pa4 hexapeptide, and
prepared the Dabcyl–EVYAVES–Edans substrate.
When PrtA hydrolysis of this substrate was followed
using HPLC and mass spectrometry (see Experimental
procedures), it was found that conjugation of the quencher and the ﬂuorophore inﬂuenced neither the rate nor
the site of hydrolysis of the peptide.
Sensitivity and selectivity of the Dabcyl–
EVYAVES–Edans substrate and the activity
of PrtA
After determining the optimal excitation and emission
wavelengths, the molar ﬂuorescence value and the
calibration of the inner ﬁlter effect (see Experimental
procedures), the kinetic parameters of four PrtA
preparations (the two isoforms, PrtAi and PrtAii, their
mixture and the recombinant form of PrtA) were
determined along with those of several other enzymes (Table 2). The PrtA preparations exhibited approximately the same, high-speciﬁcity constants
( 2.3 · 106 m)1Æs)1), which were one order of magnitude higher than the highest constant for a serralysinlike enzyme measured to date (ZapA of P. mirabilis)
[14], and 100-fold higher than the speciﬁcity constants
Table 2. Kinetic parameters of PrtA and comparison of the specific
activity of PrtA to several other enzymes on Dabcyl–EVYAVES–
Edans substrate.
kcat
KM
( · 102 s)1) ( · 10)5
PrtAb
PrtAi
PrtAii
Recombinant
PrtA
OpdA
Php-C
Clostridium
collagenase
Trypsin
Chymotrypsin

2.10
1.67
1.27
2.30

±
±
±
±

M)

0.3 9.0 ± 0.2
0.3 7.0 ± 0.3
0.2 5.0 ± 0.1
0.6 11.0 ± 4.0

kcat ⁄ KM
( · 106 s–1Æ

M

Substrate
) specificitya

)1

2.34
2.39
2.54
2.09

1.00
–
–
–

0.023
0.024
0.0044

 0.01
 0.01
 0.002

0.0056
0.026

 0.0024
 0.01

a

The specificity of the substrate was calculated as the ratio of specific activities of the different enzymes relative to PrtA. b A PrtA
preparation containing both PrtAi and PrtAii variants.
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of matrixins, the enzymes in the other subfamily of
interstitial collagenases, on their synthetic substrates
[26]. Relative to the parameters of ZapA on its best
substrate, the Michaelis constant (Km) and the catalytic
efﬁciency (kcat) values for PrtA on our substrate were
2- and 100-fold higher, respectively, suggesting weaker
ground-state stabilization and better positioning of the
scissile bond. Comparable activities of metallo-peptidases on synthetic substrates have been reported for
Clostridium hystolyticum collagenase (M26 family) [27]
and peptidases in the thimet oligopeptidase (M3) family [28,29]. The Dabcyl–EVYAVES–Edans substrate
allowed detection of as low as 1–3 pmoles of enzyme
at a substrate concentration of 55 lm, which is a 3–10fold higher sensitivity of detection for PrtA activity
than achieved with zymography (10–20 pmoles; not
shown). (Using a higher substrate concentration, closer
to saturation, would not increase sensitivity further.
Moreover it would decrease sensitivity because of the
stronger inner ﬁlter effect.) The selectivity of the substrate for PrtA (comparison of kcat ⁄ Km values) proved
at least two orders of magnitude larger than for other
proteases (Table 2), Clostridium collagenase (clostridial
collagenase family, M31), Php-C (thermolysin family,
M4) and oligopeptidase A (OpdA; thimet oligopeptidase family, M3), as well as trypsin and chymotrypsin
(chymotrypsin family of serine proteases, S1).
Because the high sensitivity and speciﬁcity of our
substrate gave, for the ﬁrst time, the opportunity for
precise PrtA activity measurements, we investigated the
effects of several inhibitors and pH on Photorhabdus
PrtA. The enzyme could be inhibited by metal ion
chelators (EDTA and 1,10-phenantroline, as reported
previously) [2,30,31], but not by a reagent of active
serine (phenylmethanesulfonyl ﬂuoride), while disulﬁde
bridge-reducing agents (1,4-dithiothreitol and Cys) and
SH group reagents (Cys) were inhibitory to different
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Table 3. The effect of several inhibitors on PrtA activity. ND, not
determined. For the pretreatment of PrtA with the inhibitors,
0.4 nM enzyme was incubated for 20 min in the presence of
1.0 mM inhibitor. The remaining activity was measured in both the
absence (–) and presence (+) of added Zn2+ (to 1.5 mM final concentration) as the initial velocity of the reaction which was started
by the addition of 1.0 lM substrate. The remaining activities are
expressed as per cent control (enzyme incubation without inhibitor,
activity measurement without the presence of Zn2+).
Remaining activity
(% of control)
1.5 mM Zn2+ addition:
inhibitor (1.0 mM)

–

+

–
phenylmethanesulfonyl fluoride
EDTA
1,10 phenantroline
1,4-dithiothreitol
cysteine

100
95
5.5
12
15
68

86
ND
21
16
100
88

degrees (Table 3), although there is no cystein in the
sequence of PrtA. Inhibition by these compounds could
be rescued by the presence of 1.5 mm Zn2+ during
activity measurement, indicating a reversible effect for
1,4-dithiothreitol and Cys on the function of the catalytic Zn2+. However, this was probably not the
removal of the ion but, perhaps, was due to a binding
to the catalytic metal ion [25,32]. By contrast, the two
strong chelators had an irreversible effect. A similar
loss of PrtA activity during incubation with EDTA was
reported by Bowen et al. [2] and was found to be due
to destabilization of the structure against autolysis.
The pH proﬁle for PrtA activity showed a broad pH
optimum (6–9) and two peaks (around pH 6.5 and 8.5)
(Fig. 5), similar to serralysin and alkaline proteinase

Fig. 5. pH profile of PrtA activity. The
kcat ⁄ Km values are calculated from initial
reaction velocities (see Experimental procedures) at 1.0 lM Dabcyl–EVYAVES–Edans
substrate and 0.2 nM enzyme concentrations. Each point is the average of three
measurements.

FEBS Journal 274 (2007) 1946–1956 ª 2007 The Authors Journal compilation ª 2007 FEBS

1951

Substrate specificity of a serralysin-like enzyme

J. Marokházi et al.

[33]. Precise determination of the pK values for PrtA
was not possible at the resolution of pH scale in our
measurement.
PrtA activity in biological samples from
Photorhabdus-infected insects
In order to test whether the selectivity and sensitivity
of the substrate are sufﬁcient for measurements in biological samples, we investigated the dynamics of PrtA
production, which is important for understanding the
physiological role(s) of PrtA. To date, the activity of
this enzyme in biological samples has been assayed
only by the semi-quantitative method of zymography,
using nonspeciﬁc substrates, casein and gelatin [1,2,34].
Our Dabcyl–EVYAVES–Edans substrate could not be
used for PrtA activity measurement in Photorhabdus
culture supernatant because of very high background
ﬂuorescence in the culture medium. However, it was
excellent in the case of samples from Photorhabdusinfected insects because it proved to be very speciﬁc
for PrtA activity. No enzyme in either the haemolymph or other body compartments produced detectable cleavage at a 1 lm substrate concentration, and at
20 lm, which allowed a ﬁvefold higher sensitivity, the
nonspeciﬁc activities remained just above the detection
limit (5–50 cpsÆs)1 not shown). This selectivity, sensitivity and the quantitative nature of measurements
revealed properties of PrtA production that were inaccessible using zymographic detection (Fig. 6):
a) PrtA activity was ﬁrst detected at  14 h post infection (in the ﬁrst stage of infection), 6–9 h earlier than
in previous detections using zymography, although its
level remained highly variable between larvae until the
 30 h post infection.
b) At 14 h post infection the activity was mainly in
the tissues, as indicated by a sixfold higher activity
in the body homogenate than in the haemolymph
(494 ± 342 versus 8.8 ± 3.8 cpsÆs)1). These observations might indicate participation of PrtA in the establishment of infection.
c) The initial low activity increased several hundredfold by around 40 h post infection, at approximately
the beginning of the second, symbiotic stage of infection [35] when, among others, an intensive bioconversion of the cadaver starts supporting the assumption
that PrtA takes part in the degradation of host tissues.
With the exception of several minor components of
haemolymph, however, PrtA was not able to cleave
the native proteins tested: albumin, ﬁbrinogen and
types I and IV collagens (data not shown). A further,
interesting possibility to explain the high PrtA activity
in the later stage of infection might be that it is needed
1952

Fig. 6. Measurement of PrtA activity in biological samples from
Photorhabdus-infected G. mellonella larvae. The initial hydrolysis
rate was determined in 10–20 lL of 10-fold diluted haemolymph
and body homogenate samples (see Experimental procedures) at
1.0 lM and 20 lM Dabcyl–EVYAVES–Edans substrate concentrations, and was calculated for 1.0 lL undiluted sample.

for the symbiotic interaction between Photorhabdus
and its nematode partner.

Experimental procedures
Enzymes
Bovine trypsin and chymotrypsin and Clostridium collagenase were purchased from Sigma-Aldrich (St. Louis, MO).
Photorhabdus proteases, PrtA, OpdA and PhpC, were prepared as described previously [1,28].

Biological peptides and the materials of substrate
synthesis
Biological peptides, insulin chains A and B and b-lipotropin, were from Sigma. The Na-Fmoc-protected amino acids
and the solvents used for the synthesis were purchased from
Reanal Fine Chemical Works (Budapest, Hungary). The
side-chain-protecting group was tert-butylester for Glu and
tert-butyl for Ser and Tyr. 4-(2¢,4¢-Dimethoxyphenyl-Fmocaminomethyl)phenoxy (Rink amide), 2-chlorotrityl chloride
and N-(4-[4¢(dimethylamino)phenylazo]benzoyloxy)succinimide (Dabcyl-OSu) were from Novabiochem (Laufelﬁngen,
Switzerland). Edans sodium salt was from Invitrogen
Molecular Probes (Carlsbad, CA). N-Hydroxybenzotriazole, triﬂuoroacetic acid, 1,8-diazabicyclo[5.4.0]undec-7-ene
and N,N¢-diisopropylcarbodiimide were from Fluka (Buchs,
Switzerland).
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Peptide synthesis
The hexapeptide library and the extended forms were synthesized using a solid-phase technique on an automated
multiple-peptide synthesizer (Syro, MultiSynTech, Witten,
Germany) using Rink amide resin (30 mg, resin loading
0.45–0.51 mmolÆg)1). Peptide chain assembly was performed
using Fmoc-strategy and a double-coupling procedure with
a ﬁvefold excess of Fmoc-amino acid, N-hydroxybenzotriazole, and N,N¢-diisopropylcarbodiimide (1 : 1 : 1 v ⁄ v ⁄ v)
in dimethylformamide (2 · 40 min). The Fmoc-deprotection
step was accomplished by 20% 1,8-diazabicyclo[5.4.0]
undec-7-ene in dimethylformamide for 3 · 10 min.
The Na-Dabcyl-labelled peptide was synthesized manually
on 2-chlorotrityl chloride resin (200 mg, resin loading
0.72 mmolÆg)1) using side-chain-protecting groups and the
protocol described above. For the N-terminal labelling
3 eq. Dabcyl-OSu was applied. The Na-Dabcyl-labelled and
side-chain-protected peptide was removed from the resin
with a mixture of dichloromethane ⁄ MeOH ⁄ acetic acid
(80 : 15 : 5 v ⁄ v ⁄ v). Edans was introduced to the Na-Dabcyl-labelled protected peptide in dimethylformamide using
N,N¢-diisopropylcarbodiimide ⁄ N-hydroxybenzotriazole. The
product was isolated by semi-preparative HPLC.
Removal of the protecting groups and, in the case of the
library, removal of the amino acid side-chain-protecting
groups, and peptide cleavage from the resin were accomplished using the cleavage mixture triﬂuoroacetic acid ⁄
triisopropyl silane ⁄ water (95 : 2.5 : 2.5 v ⁄ v ⁄ v) for 2 h at
room temperature. Fully deprotected peptides were precipitated from ice-cold diethyl ether. Suspensions were centrifuged, the ether was decanted, and the peptides were
suspended in fresh ether and centrifuged. Washing with
cold ether was repeated four times. Finally, the peptides
were dissolved in acetic acid and lyophilized.
Crude product was puriﬁed by reverse-phase HPLC with
230 nm UV detection on a semi-preparative C18 Vydac
218TP 1022 column (Hesperia, CA) eluted at 10 mLÆmin)1
with a 70 min 10–60% linear gradient of 5% acetonitrile ⁄
0.025 m ammonium acetate, pH 7 in water (solvent A) ⁄ 20%
0.025 m ammonium acetate, pH 7 in acetonitrile (solvent B).
Peptides were characterized by ESI-MS and analytical
reversed-phase HPLC with 214 nm UV detection on a YMCPak ODS C18, 120 Å, 5 lm (4.6 · 150 mm) (Schermbeck,
Germany) column using 0.1% triﬂuoroacetic acid in water
(A) and 0.08% triﬂuoroacetic acid in acetonitrile (B) as the
eluting system (20–70% B over 35 min at a ﬂow rate of
1 mLÆmin)1). Molecular masses were measured by ESI-MS,
performed on a Bruker Daltonics Esquire 3000 plus (Bremen,
Germany) mass spectrometer.

Bacterium strains and culturing
P. luminescens ssp. laumondii strain Brecon was from the
entomopathogenic nematode ⁄ bacterium strain collection
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maintained at the Department of Genetics, Eötvös Loránd
University, Budapest. Single colonies were grown for 48 h
on Luria–Bertani plates and were used to start liquid cultures in Luria–Bertani medium, at 30 C without antibiotics. For the recombinant PrtA preparation Escherichia coli
XL1 Blue cells were transformed with pUC19 plasmid
(New England Biolabs, Beverly, MA) containing the prtA
operon (kind provided by R. ffrench-Constant, University
of Bath, UK), and were grown on Luria–Bertani plates and
in Luria–Bertani medium in the presence of 100 lgÆmL)1
ampicillin.

Experiments with insect larvae
Fourth-instar Galleria mellonella (greater wax moth, Lepidoptera) larvae, bred in our laboratory, were infected by
injection of 50–100 P. luminescens, var. Brecon cells in 5 lL
sterile NaCl ⁄ Pi. Haemolymph and body homogenate samples, which were cell-free and diluted 10· in 0.25 lgÆmL)1
phenylthiourea containing NaCl ⁄ Pi, were prepared as described earlier [1].

Identification of PrtA cleavage sites in biological
peptides
Insulin A and B chains and b-lipotropin were digested with
PrtA at 30 C, in 50 mm Tris ⁄ HCl buffer (pH 8.0) containing 10 mm CaCl2 and 0.1 m NaCl, at 1.5 nm enzyme and
0.25 mm substrate concentrations. Reactions were stopped
by the addition of 100 lL reaction mixture to 20 lL of
5.0 m acetic acid, and the peptide composition of the samples was analysed by reverse-phase HPLC on a MachereyNagel Nucleosil 300–5 C18 (100 · 6 · 4 mm) column
(Düren, Germany), using a 0–65% linear acetonitrile gradient (2%Æmin)1) in 0.1% triﬂuoroacetic acid, at a ﬂow rate
of 1.0 mLÆmin)1. The peptides in the efﬂuent were detected
at 220 nm. Elution peaks were collected and lyophilized for
determination of fragment mass with a HP Series 1100
mass spectrometer (Agilent Technologies, Santa Clara, CA)
in electrospray mode (Gábor Juhász, ELTE-MTA Research
Group of Neurochemistry). Mass-based identiﬁcation of
fragment sequence was performed using paws software
(Harvard Bioscience Inc., Boston, MA).

Hydrolysis of synthetic peptides
Hydrolysis conditions were the same as described for the
biological peptides except that the enzyme concentration
was 0.36 nm. Samples were prepared by withdrawal of
24-lL aliquots from the reactions and the addition of 5.0 m
acetic acid to a ﬁnal concentration of 1.0 m. These samples
were loaded onto a Zorbax 300 SB C18 (250 · 4.6 mm) column (Agilent Technologies) and eluted after a 7-min 0%
isocratic phase with a 0–40% linear gradient of acetonitrile
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(1.6%Æmin)1) in 0.1% triﬂuoroacetic acid, at 1.0 mLÆmin)1.
Because under these conditions the intact peptides Pa6 and
Pa12 and their hydrolysis products did not separate well, to
analyse the hydrolysis of these peptides the above chromatography conditions were modiﬁed such that a 2-min
0% isocratic phase was followed by a 0–30%, 0.86%Æmin)1
linear gradient. Elution was monitored at 220 and 280 nm
and, in the case of the Dabcyl–EVYAVES–Edans substrate,
also at 495 nm, where the Dabcyl quencher group absorbs.
For comparison of hydrolysis rates, 0.25 mm furylacryloylLGPA was added to the hydrolysis reactions as an internal
standard, because it was not hydrolysed by PrtA. Peak
areas were normalized with the internal standard, and the
degree of cleavage was calculated from the reduction in the
normalized area of the substrate peaks. For the identiﬁcation of PrtA cleavage site in the ﬂuorescence-quenched substrate, Dabcyl–EVYAVES–Edans, chromatographic peaks
of the hydrolysis products were collected, lyophilized and
resuspended in 0.1% triﬂuoroacetic acid. ESI-MS analysis
was performed as above.

Use of the Dabcyl–EVYAVES–Edans substrate:
determination of the excitation and emission
wavelengths, the change in molar fluorescence
and correction of the inner filter effect
An excitation scan between 250 and 450 nm (at 475 nm
emission wavelength) showed a maximum at 340 nm,
whereas comparison of the emission scans (at 340 nm excitation wavelength) of the intact and the completely hydrolysed
substrate (after 120 min incubation with PrtA in the darkness) between 360 and 550 nm showed a maximal difference
at 495 nm. Therefore, ﬂuorescence intensities were read at
340 nm excitation and 495 nm emission wavelengths.
To calculate the change in molar ﬂuorescence, ﬂuorescence intensities of 0.5, 1.0, 2.0, 4.9, 11.7, 21.2 and 48.5 lm
substrate solutions were measured before and after complete hydrolysis by PrtA (in the darkness) in the buffer
solution used for activity measurements (see below). Fluorescence values were corrected for the inner ﬁlter effect (see
below) and plotted as a function of substrate concentration.
The difference between the slopes of the curves for the
intact and hydrolysed substrate gave the molar ﬂuorescence
change, 5.67 · 1011 cpsÆm)1.
Because of the presence of both an effective absorbant
(the quencher) and a ﬂuorophore in the solution, there is a
departure from linearity in the ﬂuoresence intensity versus
concentration curves. To take into consideration the inﬂuence of this inner ﬁlter effect, the ﬂuorescence (F) values
were corrected using the equation by Puchalski et al. [36]:

Mesurement of PrtA activity and specificity
of the Dabcyl–EVYAVES–Edans substrate
Activity measurements were carried out at 30 C in a
50 mm Tris ⁄ HCl (pH 8.0) buffer, containing 10 mm CaCl2,
100 mm NaCl and 0.05 mgÆmL)1 BSA (assay buffer). Reactions were started by addition of the enzyme, except for the
experiments with inhibitors (see below). The reactions
were followed in a SPEX FluoromaxTM spectroﬂuorimeter
(SPEX Industries Inc., Edison, NJ), using 340 nm excitation and 495 nm emission wavelengths (see above).
The kinetic parameters of PrtA were determined with saturation kinetics at 1.0 nm enzyme, and 0.5, 1.0, 2.0, 4.9,
11.75, 21.2 and 48.5 lm substrate concentrations with duplicate measurements. Fluorescence versus time curves were
recalculated to correct for the inner ﬁlter effect (above). To
obtain the initial reaction velocities the slope of that part of
the corrected curve was used where < 5% of the substrate
was consumed (where they were essentially linear). The
kinetic constants, Km and kcat, were calculated from the
initial rate versus substrate concentration curves using
enzfitter 1.05 software (Elsevier-Biosoft, Cambridge, UK).
When the effect of inhibitors and the pH was investigated 0.2 and 0.4 nm PrtA concentrations were used,
respectively; the substrate concentration was 1.0 lm in both
cases, well below the Km value, allowing the speciﬁcity constants (kcat ⁄ Km) to be calculated directly from the corrected
initial reaction rates (see above). The inhibitors, EDTA,
phenylmethanesulfonyl ﬂuoride, 1,4-dithiothreitol, and Cys
(1.0 mm each) were added to PrtA in 0.7 mL assay buffer
(above). After 20-min incubation at room temperature, the
remaining activity was determined by starting measurement
with the addition of the substrate. The pH-dependence of
the PrtA activity was measured in 10 mm CaCl2, 100 mm
NaCl and 0.05 mgÆmL)1 BSA containing solutions, in the
presence of 50 mm of the following buffers: sodium acetate
(pH 4.5, 5.0, 5.5), Mes ⁄ HCl (pH 6.0, 6.5), Mops ⁄ HCl
(pH 7.0, 7.5), Hepes ⁄ HCl (pH 8.0), Tris ⁄ HCl (pH 8.5, 9.0)
and Caps ⁄ HCl (pH 10.0).
The activity of proteases, other than PrtA (OpdA, Php-C,
Clostridium collagenase, trypsin and chymotrypsin) was
measured at 1.0 lm substrate and 2.0–50 nm protease concentration, and the speciﬁcity constants (kcat ⁄ Km) were
obtained from the corrected initial reaction rates (see above).

Measurements of PrtA activity in insect
haemolymph and body homogenate

Fcorrected 2:3  d  Aex
2:3  s  Aem
¼
 10gAem 
Fobserved
1  10dAex
1  10sAem
where d is the path length of the excitation light in the solution, s is the width of the excitation beam, g is the distance
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between the edge of the exciting beam and the cuvette wall
(1.00, 0.1 and 0.15 cm, respectively, in our measurements),
and Aex and Aem are the absorbance of the sample solution
at the excitation and the emission wavelengths.

PrtA activity was measured at 1 or 20 lm Dabcyl–
EVYAVES–Edans substrate concentration in the assay
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buffer, in 700 lL ﬁnal volume, at 30 C starting the reaction by the addition of 10–20 lL G. mellonella haemolymph
or body homogenate samples (see above). The speciﬁcity
constants (kcat ⁄ Km) obtained from the corrected initial reaction rates were calculated for 1 lL undiluted haemolymph
and body homogenate.
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Gomis-Rüth FX, McKay DB & Bode W (1995) The
metzincins – topological and sequential relations
between the astacins, adamalysins, serralysins, and
matrixins (collagenases) deﬁne a superfamily of
zinc-peptidases. Protein Sci 4, 823–840.
20 Baumann U, Bauer M, Létoffe S, Delepelaire P &
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