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Photorhabdus sp. strain Az29 is symbiotic with an Azorean nematode of the genus Heterorhabditis in a
complex that is highly virulent to insects even at low temperatures. The virulence of the bacteria is mainly
attributed to toxins and bacterial enzymes secreted during parasitism. The bacteria secrete proteases during
growth, with a peak at the end of the exponential growth phase. Protease secretion was higher in cultures
growing at lower temperatures. At 10°C the activity was highest and remained constant for over 7 days, whereas
at 23 and 28°C it showed a steady decrease. Two proteases, PrtA and PrtS, that are produced in the growth
medium were purified by liquid chromatography. PrtA was inhibited by 1,10-phenantroline and by EDTA and
had a molecular mass of 56 kDa and an optimal activity at pH 9 and 50°C. Sequences of three peptides of PrtA
showed strong homologies with alkaline metalloproteases from Photorhabdus temperata K122 and Photorhabdus
luminescens W14. Peptide PrtA-36 contained the residues characteristic of metzincins, known to be involved in
bacterial virulence. In vitro, PrtA inhibited antibacterial factors of inoculated Lepidoptera and of cecropins A
and B. PrtS had a molecular mass of 38 kDa and was inhibited by 1,10-phenanthroline but not by EDTA. Its
activity ranged between 10 and 80°C and was optimal at pH 7 and 50°C. PrtS also destroyed insect antibacterial
factors. Three fragments of PrtS showed homology with a putative metalloprotease of P. luminescens TTO1.
Polyclonal antibody raised against PrtA did not recognize PrtS, showing they are distinct molecules.

Photorhabdus spp. are non-free-living Enterobacteriaceae (6,
19). The entomopathogen species of Photorhabdus have a sym-
biotic relation with nematodes of the genus Heterorhabditis for
transport with their infective juveniles (IJs). The IJs actively
seek for an insect host, penetrating through its natural open-
ings and cuticle. Inside the insect hemocoel, the bacteria are
released and actively multiply avoiding the host defenses and
causing an acute disease condition that is followed by insect
death within 48 h. The bacteria also create the nutritional
conditions and protective environment for the development of
its nematode symbiont (2, 21).

Bacteria of the Photorhabdus genus produce toxins and
other potentially virulent factors (16). The characterized toxins
are organized in pathogenic islands (53) and include the Tc
complex, which is responsible for oral toxicity (9, 52), and the
Mcf toxin, which causes loss of insect body turgor, followed by
death (14). Among other potential virulence factors, there is a
complex set of extracellular enzymes, including proteases,
lipases, lecithinases, chitinases, and phosphatases (5, 12, 20).
Proteases represent an important part of these enzymes, al-
though their role on the virulence process is yet unclear. Until
now, all extracellular proteases purified and characterized
from Photorhabdus were classified as metalloproteases, but in
reports on proteases from different strains it has been sug-

gested that there are differences in the number and character-
istics of these molecules (7, 8, 40, 44). Recently, the genetic
characterization of the major metalloproteases produced by
Photorhabdus luminescens W14 and by Photorhabdus temperata
K122 showed that they are repeats-in-toxin (RTX)-like metal-
loproteases belonging to the metzincin clan and similar to
those produced by Pseudomonas, Erwinia, Serratia, and Yer-
sinia spp. (7). In characterization studies of the proteases pro-
duced by these bacteria, different biochemical characteristics
and DNA sequences have been found for metalloproteases
that are secreted by different species or even by different
strains of the same species (33, 56). The metzincin clan is part
of the zincin group of metalloproteases, which includes pro-
teases involved on bacterial virulence (36). Major examples for
human pathogenic bacteria include the alkaline protease and
elastase produced by Pseudomonas aeruginosa (3, 17, 22, 26),
the metalloproteases of Vibrio vulnificus and Vibrio cholerae
(27, 37), serralysin from Serratia marcescens (29, 32, 35, 51),
and enterotoxin from Bacteroides fragilis (38, 45, 55). Recently,
the yrp1 gene of an RTX-like metalloprotease was character-
ized from the fish pathogen Yersinia ruckeri, and the enzyme’s
involvement in pathogenicity was demonstrated by insertional
mutation (18). The implication on phytopathogenicity of this
type of metalloproteases was also demonstrated on a plant
pathogen, Erwinia carotovora subsp. carotovora (4, 33).

Photorhabdus sp. strain Az29 was isolated from the Azorean
isolate of Heterorhabditis bacteriophora Az29 (43). This com-
plex proved to be the most pathogenic against the lepidopteran
Pseudaletia unipuncta (41). In laboratory assays, the Az29 com-
plex was able to infect and to promote disease in insects at
temperatures as low as 10°C (unpublished data). Assays com-
paring the pathogenic activity induced by the nematode-bac-
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gia, Universidade dos Açores, 9501-801 Ponta Delgada, Azores, Por-
tugal. Phone: 351-296-650-119. Fax: 351-296-650-100. E-mail: simoes
@notes.uac.pt.

† Present address: Faculté des Sciences, Laboratoire de Biologie des
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teria and by the bacteria alone demonstrated that the virulence
was mainly due to the associated bacteria. Photorhabdus sp.
strain Az29 proved to be the most pathogenic against sixth-
instar larvae of P. unipuncta, with a median lethal time of
40.6 h after injection of 200 CFU (42). These data enhanced
our interest in the virulence factors released by Photorhabdus
sp. strain Az29. We report here the purification and charac-
terization of two extracellular metalloproteases recovered in
the end of the exponential phase of growth and their activity on
insect antibacterial factors.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Photorhabdus sp. strain Az29 was
isolated from its symbiotic nematode by the method of Akhurst (1). Twenty IJs
were surface sterilized for 10 min in 1% sodium hypochlorite, washed in sterile
distilled water, transferred to a petri dish containing 5 ml of TSBYE (3% tryptic
soy broth [Difco], 0.5% yeast extract [Difco]), and cut into several pieces with a
scalpel. The plates were incubated at 30°C for 24 h and streaked on NBTA plates
(2.3% nutrient agar [Difco], 0.0025% bromothymol blue [Merck], 0.004% 2,3,5-
triphenyltetrazolium [Merck]). The presence of Photorhabdus colonies was con-
firmed by dye adsorption on NBTA plates, the production of luminescence, and
antibiotic activity. The isolated bacteria were maintained on NBTA plates at
10°C and subcultured weekly.

The growth curves of Photorhabdus sp. strain Az29 cultures were obtained by
monitoring the optical density at 600 nm at different incubation times. For this
purpose, 250-ml flasks with 50 ml of TSBYE were inoculated with 0.2 ml of a
preculture in 5 ml of TSBYE grown at 28°C for 18 h. The flasks were incubated
at 10, 23, or 28°C in an orbital shaker at 180 rpm. Three replicates were made for
each temperature. To monitor the protease activity during growth, 1-ml aliquots
were sampled at different time intervals and centrifuged at 12,000 � g for 10 min
at 4°C, and the supernatants were stored at �20°C until needed for the assays.

For purification of the protease, cultures were obtained in flasks as described
above at 23°C and 180 rpm for 24 h. The cultures were centrifuged at 12,000 �
g for 10 min at 4°C, and the supernatants were stored at �20°C until used.

Assay of proteolytic activity and protein determination. The proteolytic activ-
ity during bacterial growth was monitored by a caseinolytic macroassay (49).
Aliquots (50 �l) of culture supernatant were obtained at different time intervals,
combined with 80 �l of 2% azocasein (Sigma) in 50 mM Tris-HCl (pH 8.5), and
incubated at 37°C for 3 h. The undigested substrate was precipitated by adding
400 �l of 10% trichloroacetic acid to the reaction mixture, followed by incubation
for 10 min at 4°C, followed in turn by centrifugation at 10,000 � g for 10 min. The
supernatant was neutralized by the addition of 600 �l of 1 N NaOH, and the
absorbance at 440 nm (A440) was measured. A blank obtained by reacting the
substrate with the Tris-HCl buffer was used to correct the absorbance readings,
which were then converted to Pronase E (Sigma) equivalent activity values
(�g/ml).

The protease activity in the fractions obtained in the purification steps was
tested by a microassay for which 20-�l aliquots from each fraction were added to
40 �l of 3% azocasein in Tris plus an additional 40 �l of 50 mM Tris-HCl (pH
8.5), followed by incubation at 37°C for 30 min. The undigested substrate was
precipitated by adding 75 �l of 10% trichloroacetic acid to the reaction mixture,
followed by incubation for 10 min at 4°C and centrifugation at 10,000 � g for 10
min. Then, 100 �l of supernatant was transferred to a 96-well microtitration plate
and neutralized by the addition of an equal volume of 1 N NaOH. The A440 was
measured by using a microplate reader (Bio-Rad). One unit of enzyme activity
was defined as the amount of enzyme that yielded an absorbance change of 0.01.

The amount of total protein was determined by the Coomassie blue dye
binding method (10), with bovine serum albumin (Merck) as a standard protein.

Protease purification. The supernatant of the 50-ml bacterial culture was
fractionated with 80% ammonium sulfate overnight at 4°C with constant stirring.
The precipitate was recovered by centrifugation (15,000 � g for 30 min at 4°C),
resuspended in 10 ml of 50 mM Tris-HCl (pH 8.5), and dialyzed in a PD10
(Pharmacia-Amersham) against the same buffer. The dialysate was applied on a
DEAE-Sepharose column (1.5 by 5 cm) equilibrated with 50 mM Tris-HCl (pH
8.5; buffer A) that was connected to a Pharmacia fast-performance liquid chro-
matography system (FPLC). The bound proteins were eluted with 50 ml of NaCl
on a linear gradient of 0 to 0.5 M in 50 mM Tris-HCl (pH 8.5) in 1-ml fractions
at a 1-ml/min flow. The fractions were tested for protease activity, and the
positive fractions were pooled, diluted 1:1 in buffer A, and loaded on a HighTrap
Q-Sepharose column equilibrated with the same buffer in a FPLC system. The

bound proteins were eluted in 1-ml fractions at a 1-ml/min flow in a step of 15 ml
of 0.2 M NaCl in buffer A, followed by a linear gradient of 30 ml from 0.2 to 0.3
M NaCl. The fractions were then assayed for protease activity as described
above. The positive fractions collected in the gradient were stored at �20°C.
Active fractions eluted on the 0.2 M NaCl step were pooled, diluted 1:1 in buffer
A, and loaded on a Mono-Q column equilibrated with the same buffer in FPLC.
The bound proteins were eluted in 1-ml fractions at a 1-ml/min flow in a linear
gradient of 0.1 to 0.2 M NaCl over 20 ml. The active fractions were also stored
at �20°C.

SDS-PAGE, zymograms, and immunoblot analysis. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described by
Laemmli (31) in 10% polyacrylamide gel by using a Mini-Protean II gel system
(Bio-Rad) under nondenaturing conditions. Low-range SDS-PAGE markers
(Bio-Rad) containing phosphorylase b (97.4 kDa), bovine serum albumin (66.2
kDa), ovalbumin (45.0 kDa), carbonic anhydrase (31.0 kDa), trypsin inhibitor
(21.5 kDa), and lysozyme (14.4 kDa) were used as molecular mass standards. The
proteins were visualized by the silver staining method of Morrissey (39).

Zymograms were performed as described by Schmidt et al. (44) with minor
modifications. Polyacrylamide gels (10%) were copolymerized with 0.05% gela-
tin or with 0.05% azocasein. The samples were applied in nonreducing Laemmli
buffer without denaturation and run at 100 V. The gels were washed twice in
2.5% (wt/vol) Triton X-100 and then incubated in 50 mM Tris-HCl (pH 8.5) with
10 mM CaCl2 and 0.1 M NaCl for 2 h at room temperature. The gels were
stained with Coomassie blue and later washed until the zones of substrate
hydrolysis were visible.

For immunodetection, the proteins were separated by SDS-PAGE as de-
scribed above and electroblotted onto a nitrocellulose membrane (Millipore
Corp.) with a liquid transfer apparatus (Bio-Rad) in a continuous buffer system
(Tris-glycine and 20% methanol; pH 11) applying 0.8 mA/cm2 for 2 h (50). The
membrane was blocked in TBS (0.01 M Tris-HCl [pH 7.5], 0.1 M NaCl) con-
taining 0.05% (vol/vol) Tween 20 (TBS-T) and 0.5% (wt/vol) skim milk for 30
min at room temperature. The membrane was then incubated with primary
antibody (1:500) in TBS-T containing 0.5% (wt/vol) of skim milk for 2 h at room
temperature. The membrane was washed three times for 10 min in TBS-T,
followed by 2 h of incubation with goat anti-rabbit immunoglobulin G-peroxidase
conjugates (Sigma) diluted 1:4,000 in TBS. The immunoreactivity was detected
by incubating the membrane in TBS containing 0.06% (wt/vol) diaminobenzi-
dine, 0.018% NiCl2 (wt/vol), and 0.3% H2O2 (vol/vol).

Inhibition assays. Portions (20 �l) of the purified proteases were incubated for
30 min at room temperature in the presence of phenylmethylsulfonyl fluoride
(1.5, 2, 2.5, and 3 mM), EDTA (1, 2, 5, 8, and 10 mM), and 1,10-phenantroline
(0.2, 1, 3, and 8 mM). The remaining proteolytic activity was accessed by using
the azocasein microassay described above.

Determination of optimal pH and temperature. The caseinolytic activity of the
purified proteases was assayed at pH values ranging from 6 to 10 by using the
azocasein microassay. Azocasein was buffered with 200 mM sodium phosphate
buffer (pH 6), 200 mM Tris-HCl (pH 7), 200 mM Tris-HCl (pH 8), 200 mM
Tris-glycine (pH 9), and 200 mM sodium carbonate (pH 10).

To determine the optimal temperature for protease activity, the purified pro-
teases were incubated during 30 min with the azocasein substrate, according to
the microassay procedure, at 4, 10, 23, 28, 37, 50, 60, 65, 70, 80, and 90°C. A
control reaction was prepared for each incubation temperature.

Assays for antibacterial activity inhibition. The effect of the two purified
proteases on insect antibacterial activity was measured by using a modified
growth inhibition zone assay according to the method of Hoffmann et al. (25).
Hemolymph with antibacterial activity was collected from Galleria mellonella
larvae at 24 h postinoculation with an overnight culture of Escherichia coli, and
10-�l portions of hemolymph were incubated with 10 �l of each protease for 1 h
at 37°C. Untreated hemolymph and purified proteases were used as controls.
After incubation, the reaction mixture was transferred to wells prepared on E.
coli pour plates (�105 CFU/plate). After 24 h of incubation at 37°C, the diam-
eters of the inhibition zones were recorded. The effect of the proteases on
cecropin A and cecropin B were also assayed. For that purpose, 6 �l of 1%
cecropin A (Sigma) and 6 �l of 1% cecropin B (Sigma) were incubated with 6 �l
of each purified protease for 1 h at 37°C. The samples were tested for the
maintenance of antibacterial activity, as described above, with untreated
cecropins A and B and proteases as controls.

Production of antiserum. The purified PrtA was subjected to SDS-PAGE and
electroblotted onto nitrocellulose membrane (Millipore Corp.) according to the
procedure described above. The membranes were treated with 0.5% Ponceau
Red, and the stained bands were excised for the preparation of rabbit polyclonal
antibodies. The antiserum was prepared at Eurogentec Laboratories (Scraing,
Belgium).
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Preparation for N-terminal amino acid sequencing and internal sequences.
The purified proteases were subjected to SDS-PAGE and electroblotted onto
polyvinylidene fluoride membranes (Millipore Corp.) as described for the nitro-
cellulose membranes. The membranes were stained with 0.5% Ponceau Red, and
the bands were excised and subjected to sequencing. N-terminal amino acid
sequence analysis was performed by automated Edman degradation. For the
internal sequencing, the proteases were digested with endo-Lys-C, and the pep-
tide fragments were isolated by reversed-phase HPLC. Several peptides of each
protease were sequenced at the Emory University Microchemical Facility (At-
lanta, Ga.). The peptide sequences were compared to entries at the NCBI
database by using BLASTP 2.2.6. and at the PhotoList database (http://genolist
.pasteur.fr/PhotoList/index.html) by using FASTA.

RESULTS

Effect of temperature on bacterial growth and on protease
production. The growth curves of Photorhabdus sp. strain Az29
at 10, 23, and 28°C and the proteolytic activity recovered in the
culture media were monitored for 28 days. The optimal growth
temperature was 23°C, with a doubling time of 3.2 h, reaching
stationary phase after 24 h of incubation (Fig. 1). At 28°C, the
stationary phase was also reached after 24 h of incubation, but
with a doubling time of 4.3 h. Photorhabdus sp. strain Az29 was
able to grow at 10°C with a doubling time of 6 h, but the
stationary phase was reached after 72 h of incubation, with an
optical density at 600 nm identical to the values reached at 23
and 28°C. The cultures at different temperatures remained in
stationary phase during the 28 days of the assay.

The caseinolytic activities measured in the culture superna-
tants at each temperature were maximal by the end of the
exponential phase (Fig. 1). The highest caseinolytic activity was
recovered in the cultures incubated at 10°C; the activity was 1.8
and 8 times higher than the activities at 23 and 28°C, respec-
tively. The caseinolytic activity in cultures at 23 and 28°C de-
creased rapidly with incubation time. After 7 days the remain-
ing activity was only 15 and 25% at 23 and 28°C, respectively,
but at 10°C the activity did not decrease. After 28 days of
incubation the caseinolytic activity in the cultures at 10°C re-
mained constant, whereas in the cultures at 23 and 28°C was
residual (data not shown).

Purification and characterization of the proteases. The pro-
teases released by Photorhabdus sp. strain Az29 were purified
from 50 ml of TSBYE culture supernatant (Table 1). The
ammonium sulfate precipitation resulted in a 1.46-fold in-
crease of specific activity. On DEAE-Sepharose, the proteo-
lytic activity was concentrated in a large peak of protein that
was eluted on a gradient at 0.38 M NaCl (Fig. 2A). The active
fractions were pooled in a HiTrap Q-Sepharose that separated
the fractions with caseinolytic activity into two peaks (Fig. 2B).
The first peak was eluted in the continuous 0.2 M NaCl step
with a 4.12-fold increase in specific activity, and the second
peak was eluted in the gradient at 0.27 M NaCl with a 6.06-fold
increase in specific activity. The second peak contained a pure
protein with a single band of 56 kDa in SDS-PAGE and a
single band of degradation in both gelatin and casein zymo-
grams (Fig. 3), labeled as PrtA. The first peak active fractions
from the HiTrap Q-Sepharose were loaded onto a Mono-Q
column and eluted on a gradient of NaCl. The caseinolytic
activity was recovered in the fractions eluted at 0.18 M NaCl
(Fig. 2C), resulting in a 4.8-fold increase of specific activity.
This peak had a pure protein with a single band of 38 kDa in
SDS-PAGE and a single band of proteolytic activity in the

zymogram with casein as the substrate, whereas no band was
seen on zymograms with gelatin as substrate (Fig. 3). This
protein was labeled as PrtS.

Polyclonal antibodies raised against PrtA reacted with PrtA
but not with PrtS, indicating that two distinct proteases were
purified (Fig. 3).

Both proteases were not inhibited by PMSF, a specific in-
hibitor of serine proteases, even at the highest concentration
used (data not shown). The activities of PrtA and PrtS were
inhibited by 8 mM 1,10-phenantroline to 1.1 and 1.0% of the
initial activity, respectively, thus indicating that they are both
metalloproteases. PrtA was also strongly inhibited by 10 mM

FIG. 1. Caseinolytic activity during growth of Photorhabdus sp.
strain Az29 in TSBYE at different incubation temperatures. The bac-
terial growth was monitored by measuring the culture’s optical density
at 600 nm. Samples of culture supernatants were collected at different
times, and the caseinolytic activity was estimated by using the mac-
roassay described in Materials and Methods. The caseinolytic activity
(�g/ml) is expressed in pronase E equivalent activity.
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EDTA, being reduced to 1.0% of the initial activity, whereas
PrtS was not (Fig. 4).

Both proteases remained active on a broad range of tem-
peratures, from 10 to 80°C, showing evident heat stability. The
optimal reaction temperature for both proteases was 50°C,
resulting in an increase of 26 and 42% for each compared to
the activity at 37°C. The activity at 60°C was 20.9 and 26%
higher than at 37°C for PrtA and PrtS, respectively. At 65°C,
PrtA was reduced to 18.8% of the activity recorded at 37°C,
whereas PrtS to only 56.7% (Fig. 5A). The pH effect was more
evident on the proteolytic activity of PrtA than in PrtS. Under
the assay conditions, the maximal activity was observed at pH
9 for PrtA and at pH 7 for PrtS (Fig. 5B).

Determination of the N-terminal amino acid sequence and
internal sequences. The N-terminal sequencing of PrtA and
PrtS did not produce an amino acid sequence, indicating a
possible blockage. From the digested peptides of PrtA the
following sequences were obtained: PrtA-23, TDDTVYG
FNSNTDR; PrtA-27, TFSENDIGVNGYGR, and PrtA-36,
QTFTHEIGHTLGLEHPAA.

Four internal sequences were obtained for PrtS: PrtS-31,
NYDDEVPSDTLH; PrtS-32, LGGYAXEK (the “X” means
that no residue could be identified); PrtS-41, YLEATYNFYK;
and PrtS-46, DTTFLSFAK.

A database search for PrtA peptides showed several matches
with extracellular metalloproteases secreted by bacteria of the

FIG. 2. Purification of proteases from Photorhabdus sp. strain Az29. (A) Elution of a proteolytic peak in DEAE-Sepharose with a 0 to 0.5 M
NaCl linear gradient in 50 mM Tris-HCl; (B) elution on HiTrap Q-Sepharose of purified PrtA at 0.27 M NaCl and of PrtS at 0.2 M NaCl;
(C) elution on Mono-Q column of purified PrtS at 0.18 M NaCl.

TABLE 1. Purification of Photorhabdus sp. strain Az29 proteases

Purification step Total protein (mg) Total activity (U) Sp act (U/mg) Purification (fold) Yield (%)

Supernatant 33.32 184,000 5,522 11 100
Ammonium sulfate 8.71 70,000 8,037 1.46 38
DEAE-Sepharose 2.38 67,340 28,306 5.13 37
HiTrap Q-Sepharose PrtA 0.39 13,076 33,442 6.06 7
HiTrap Q-Sepharose PrtS 1.0 22,950 22,723 4.12 12
Mono-Q PrtS 0.17 4,455 26,518 4.8 2
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genera Photorhabdus, Erwinia, and Pseudomonas. PrtS-41 and
PrtS-46 showed homologies to a putative metalloprotease from
P. luminescens subsp. laumondii TTO1 (Table 2).

Effect on insect antibacterial activity. The antibacterial ac-
tivity of the hemolymph of G. mellonella was reduced to ca.
50% after incubation in vitro with PrtA and PrtS. Both pro-
teases were also able to reduce the antibacterial activity of
cecropin A by 80%. PrtS completely reduced the activity of
cecropin B, whereas PrtA caused a reduction of 75%.

DISCUSSION

Photorhabdus sp. strain Az29 produces high amounts of ex-
tracellular proteases. The maximum proteolytic activity was
detected on supernatants at the end of the exponential growth
phase at the three temperatures tested. The activity decreased
during the stationary phase at 23 and 28°C, whereas it re-
mained constant at 10°C. The maximum proteolytic activity

recovered in supernatants was obtained at 10°C, below the
optimal growth temperature of this strain (23°C). We suggest
that this activity at low temperatures supports the fact that the
complex H. bacteriophora Az29 is pathogenic for insects at
temperatures ca. 10°C. Protease production by Y. ruckeri (46),
Flavobacterium psychrophilum (47) and lipase production by
Pseudomonas fluorescens (11, 54) has been also demonstrated
to be higher at temperatures below the optimal growth tem-
perature. Despite the mechanisms of regulation by tempera-
ture are poorly understood, Woods et al. (54) suggested that
on lipase production by P. fluorescens a posttranscriptional or
posttranslational regulation mechanism is involved. In this bac-
terium, the gene for lipase (lipA) is part of the aprX-lipA
operon that includes the genes for a metalloprotease (aprX),
for a protease inhibitor and for type I secretion functions. This
operon has a strong homology to the prtA operon of P. lumi-
nescens W14 (7), suggesting a similar mechanism of tempera-
ture regulation.

A variable number of proteases obtained from different
strains of Photorhabdus under different growth conditions and
different times of incubation have been reported. In most
cases, a large protease was evidenced on zymograms, along
with other smaller bands also exhibiting proteolytic activity.

FIG. 3. Analysis of PrtA and PrtS by SDS-PAGE, Western blot-
ting, and zymography. Shown are SDS-PAGE analyses for the purified
fraction of PrtA (lane A) and PrtS (lane B); Western blot analyses,
with polyclonal antibodies raised to PrtA, with PrtA (lane C) and PrtS
(lane D); and zymogram analyses of PrtA in gelatin (lane E) and in
casein (lane G) and of PrtS in gelatin (lane F) and in casein (lane H).

FIG. 4. Inhibition of PrtA and PrtS by protease inhibitors. The
inhibited activities of the purified proteases are expressed as a per-
centage of the uninhibited activity. Symbols: }, PrtA treated with
EDTA; F, PrtS treated with EDTA; ‚, PrtA treated with 1,10-phenan-
troline; �, PrtS treated with 1,10-phenanthroline.

FIG. 5. Effect of temperature (A) and of pH (B) on the caseinolytic
activity of PrtA and PrtS. The caseinolytic activity was evaluated by the
microassay described in Materials and Methods. Symbols: }, PrtA; E,
PrtS.
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Bowen et al. (7) purified PrtA from P. temperata K122 with 55
kDa, which is probably related to the 61-kDa protease purified
from P. luminescens Hm by Schmidt et al. (44), with the 57-kDa
protease reported for P. luminescens Hp (40) and with the
55-kDa protease purified from P. luminescens W14 (8). The
small molecules with proteolytic activity on zymograms have
been suggested to be degradation products of the major pro-
tease (8, 40). Guo et al. (24) reported the purification of two
metalloproteases secreted by P. luminescens W14 with molec-
ular masses of 58 and 38 kDa, but no further information on
these molecules was available.

In the present study we have accomplished the identification
of two distinct proteases, PrtA (56 kDa) and PrtS (38 kDa).
Despite the lack of information on N-terminal sequences for
these proteases, the fact that polyclonal antibody against PrtA
did not recognize PrtS supports the assumption that they are
two distinct proteins. These differences were reinforced by
other biochemical characterization. Both proteases are inhib-
ited by 1,10-phenantroline, indicating that they are metallo-
proteases; however, PrtS was not inhibited by EDTA, thus
showing it is distinct from PrtA. The proteases showed also
differences on zymogram analysis with different substrates.
PrtA hydrolyzed casein and gelatin, whereas PrtS hydrolyzed
only casein. These enzymes also have differences in optimal
pH, with PrtA being more sensitive to pH variations than PrtS.
Both enzymes were active over a wide range of temperatures,
showing optimal caseinolytic activity at 50°C. The thermal sta-
bility was comparable to that of proteases purified from P.
luminescens W14 and P. temperata K122 (7), and it has also
been exhibited by other psychrophilic bacteria belonging to the
genus Pseudomonas (30).

Homology analysis with amino acid sequences from peptides
resulting from internal digestion of PrtA from Photorhabdus
sp. strain Az29 revealed identity with the sequence of PrtA, a
metalloprotease sequenced from P. temperata K122 and ho-
mology between 85 and 100% with PrtA from P. luminescens
W14. The same fragments also show strong homology with
metalloproteases from Pseudomonas and Erwinia spp. This
homology supports the classification of PrtA as a zinc-depen-
dent metalloprotease, which was also supported by the analysis
of the fragment PrtA-36 that reveals the zinc-binding sequence
(HEXXHXXGXXH) characteristic of the metzincin clan of
metalloproteases (23). Three of the PrtS peptides show homol-
ogy with a putative metalloprotease from P. luminescens subsp.
laumondii TTO1. This putative metalloprotease contains a
conserved domain characteristic of bacterial elastases.

One of the most intriguing aspects about the entomopatho-
genic nematode-bacterium complex is its ability to escape in-
sect defenses. In initial studies, this ability was attributed to the
nematode, but Photorhabdus by itself multiplies rapidly escap-
ing insect defenses (13, 15). In insects infected with the nem-
atode-bacterium complex, soluble immunodepression factors
were found, suggesting that proteases could be mediators of
this activity (28). In the present study we have shown that PrtA
and PrtS inhibited the antibacterial activity, particularly in the
in vitro cecropin A and B assays. Recently, a factor of unknown
nature involved in the inhibition of hemocyte-mediated phago-
cytosis was identified in the growth medium of P. luminescens
W14 (48). The combined action of metalloproteases and
phagocytosis inhibition must be key factors on the Photorhab-
dus invasion. Moreover, it has been suggested that the pro-
teases from Photorhabdus could be considered as virulence

TABLE 2. Comparison of PrtA and PrtS peptides sequences with entries at the NCBI and PhotoList databases

Fragment Organism Protein Identity (%) Score (bits) ε value Accession no.

PrtA-23 P. temperata K122 Secreted alkaline metalloprotease 100 48.6 1e�05 AAO39136.1
P. luminescens W14 Secreted alkaline metalloprotease 100 45.6 8e�05 AAO39138.1
E. chrysanthemi Secreted protease B precursor 92 43.9 3e�04 P16316
E. chrysanthemi Secreted protease A precursor 92 43.9 3e�04 Q07295
P. aeruginosa Alkaline protease 85 41.4 1e�03 1AKL
P. luminescens subsp.

laumondii TTO1
Alkaline metalloprotease

precursor PrtA
100 45.6 8e�05 NP 928000.1

PrtA-27 P. temperata K122 Secreted alkaline metalloprotease 100 47.7 2e�05 AAO39136.1
P. luminescens W14 Secreted alkaline metalloprotease 85 39.7 5e�03 AAO39138.1
P. temperata K122 Secreted alkaline metalloprotease 100 60.4 3e�09 AAO39136.1
P. luminescens subsp.

laumondii TTO1
Alkaline metalloprotease

precursor PrtA
78 33.7 0.31 NP 928000.1

PrtA-36 P. temperata K122 Secreted alkaline metalloprotease 100 60.4 3e�09 AAO39136.1
P. luminescens W14 Secreted alkaline metalloprotease 94 54.9 1e�07 AAO39138.1
E. chrysanthemi Metalloprotease A 88 49.4 6e�06 JN0891
P. fluorescens Alkaline protease 87 47.7 2e�05 BAA36461.1
P. luminescens subsp.

laumondii TTO1
Alkaline metalloprotease

precursor PrtA
94 54.9 1e�07 NP 928000.1

PrtS-36 P. luminescens subsp.
laumondii TTO1

Unnamed protein product
(probable metalloprotease)

75 24 0.86 Plu1382

PrtS-41 P. luminescens subsp.
laumondii TTO1

Unnamed protein product
(probable metalloprotease)

100 38 0.017 BX571863

PrtS-46 P. luminescens subsp.
laumondii TTO1

Unnamed protein product
(probable metalloprotease)

77 24 365 BX571863

3836 CABRAL ET AL. APPL. ENVIRON. MICROBIOL.



factors. It has been proved that the proteases are not orally
toxic (8) but that they participated in the maturation of the Tc
toxins (24). Just a small group of Photorhabdus strains, how-
ever, carry the three genes in the tca operon that confers the
oral toxicity, whereas the non-orally toxic group lacks the tcaA
and tcaB genes (34). However, all of them cause disease and
insect death, thus suggesting they have other active pathogenic
mechanisms.

The fact that the metalloprotease of Photorhabdus is ex-
pressed during the initial phase of the installation on the insect
host simultaneously with the tcaB toxin (15) and that it is an
RTX-like metalloprotease reinforces the assumption that it is
implicated on the entire process of infection. Once Photorhab-
dus is inside the insect’s hemocoel, the organisms lodge around
the midgut, between the cells of the epithelium and the sheath-
ing extracellular matrix, causing severe damage to the sur-
rounding tissues, before they spread all over the cadaver (48).
The metzincin clan of metalloproteases, in which PrtA is in-
cluded, is known to cause severe damage to host tissues (36). In
in vitro assays Bowen et al. (7) showed that PrtA was cytotoxic
to mammalian cells in a way similar to the cytotoxic activity
reported for a metalloprotease from S. marcescens (35). On the
other hand, PrtS is homologous with a putative metallopro-
tease containing a conserved domain of elastases. The partic-
ipation of elastases on extracellular matrix degradation is also
well documented (36). The degradation of insect tissues being
determinant on the pathogenic process is also relevant for the
symbiosis because it provides nutrients to the associated nem-
atode, which is not able to grow on insects without a previous
bioconversion by the symbiotic bacteria. The role of proteases
from Photorhabdus, either in parasitism or in symbiosis, will
probably be better understood when encoding genes are mu-
tated or expressed in bacteria other than Photorhabdus. Gene
sequencing of PrtA and PrtS of Photorhabdus sp. strain Az29
has been undertaken and will give further insight into this
matter.
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23. Gomis-Rüth, F. X. 2003. Structural aspects of the metzicin clan of metalloen-
dopeptidases. Mol. Biotechnol. 24:157–202.

24. Guo, L., R. Fatig III, G. L. Orr, B. W. Shafer, J. A. Strickland, K. Sukhap-
inda, A. T. Woodsworth, and J. K. Pettel. 1999. Photorhabdus luminescens
W-14 insecticidal activity consists of at least two similar but distinct proteins.
J. Biol. Chem. 14:9836–9842.

25. Hoffmann, D., D. Hultmark, and H. G. Boman. 1981. Insect immunity:
Galleria mellonella and other Lepidoptera have cecropia-P9-like factors ac-
tive against gram-negative bacteria. Insect. Biochem. 11:537–548.

26. Holder, I. A., and A. N. Neely. 1989. Pseudomonas elastase acts as a virulence
factor in burned hosts by Hageman factor-dependent activation of the host
kinin cascade. Infect. Immun. 57:3345–3348.

27. Ichinose, Y., M. Ehara, T. Honda, and T. Miwatani. 1994. The effect on
enterotoxicity of protease purified from Vibrio cholerae O1. FEMS Micro-
biol. Lett. 115:265–271.

28. Jarosz, J. 1998. Active resistance of entomophagous rhabditid Heterorhab-
ditis bacteriophora to insect immunity. Parasitology 117:201–208.

29. Kamata, R., K. Matsumoto, R. Okamura, T. Yamamoto, and H. Maeda.
1985. The serratial 56K protease as a major pathogenic factor in serratial
keratitis: clinical and experimental study. Ophthalmology 92:1452–1459.

30. Koka, R., and B. C. Weimer. 2000. Isolation and characterization of a

VOL. 70, 2004 PHOTORHABDUS SP. STRAIN Az29 METALLOPROTEASES 3837



protease from Pseudomonas fluorescens RO98. J. Appl. Microbiol. 89:280–
288.

31. Laemmli, U. K. 1970. Cleavage of structural proteins during assembly of the
head of bacteriophage T4. Nature 227:680–685.

32. Maeda, H., A. Molla, T. Oda, and T. Katsuki. 1987. Internalization of
serratial protease into cells as an enzyme-inhibitor complex with �2-macro-
globulin and regeneration of protease activity and cytotoxicity. J. Biol. Chem.
62:10946–10950.
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