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ABSTRACT  
 
 Photorhabdus sp. strain EK1, a bacterium pathogenic for insects associated with the nematode 
Heterorhabditis bacteriophora EK1, is voracious pathogen to a wide range of insect pests and used as a 
biocontrol agent. During the bacterium growth, as the bacterial population increased, the proteolytic activity 
increased reaching its maximum level after 48-h of postinoculation. The enzymatic activity increased by 
increasing the time of incubation. Two isoenzymes of alkaline proteases were secreted during bacterial growth. 
The predominant isoenzyme PhSPII purified to homogeneity in a three-step procedure involving ammonium 
sulfate fractionation, ion-exchange chromatography followed by gel filtration. The purified enzyme has a 
specific activity of 1797.5 units/mg protein. The isoenzyme has a molecular weight of 39 kDa and confirmed by 
SDS-PAGE, suggesting the enzyme is a monomer in structure. The enzyme showed an optimum activity at pH 
8.5 and at 40oC with activation energy 6.4 kcal/mol. PhSPII was significantly inhibited by EDTA and 1, 10-
phenanthroline and most of the enzyme activity was rescued upon incubation with Ca2+. PhSPII classified as a 
Ca-dependent alkaline metalloprotease. Its substrate specificity strengthens the possibility that it is involved in 
degradation of insect tissues for providing nutrients to the associated nematode, which is unable to develop and 
reproduce inside the infected insect without a previous bioconversion of the insect cadavers by the symbiotic 
bacteria. Its biochemical characteristics were compared with those previously reported for different species of 
animal pathogenic bacteria. 
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Introduction 
 
 The mutualistic association of the entomopathogenic bacteria Photorhabdus spp. and entomopathogenic 
nematodes (EPN) from the family Heterorhabditidae is a potentially useful model for studies of vector-borne 
diseases and used as biocontrol agents for a wide range of insect pests. The bacteria reside in the intestinal tract 
of their infective juvenile (IJs) stage of the nematode, which is the vector for transmission of the bacteria 
between insect preys. The IJs penetrate the insect, releasing the bacteria into the hemolymph. The bacteria 
multiply rapidly, killing the insect hosts within 24 to 72 h, at which time the dead insect is visibly 
bioluminescent (Held et al., 2007; Marokhazi et al., 2007; Schulte et al., 2009; Ahn et al., 2013).   
 Inside an insect host, the bacteria create the nutritional conditions and protective environmental for their 
development and reproduction of its nematode symbionts (Dabron et al., 2001; Gaugler, 2002; Cabral et al., 
2004; Held et al., 2007). They secrete a variety of secondary metabolites include toxins, antifungal, antibacterial 
agents and an array of hydrolytic exoenzymes such as lipases, phospholipases, chitinases, luciferase and 
proteases (Cabral et al., 2004; Marokhazi et al., 2007; Malan and Manrakhan, 2009). 
 Bacterial proteases are mainly involved in providing peptide nutrients for the microorganisms. However, 
the production of such enzymes might contribute to the pathogenesis of infections and therefore they could be 
considered as one of the extracellular virulence factors (Secades et al., 2003). Proteases represent an important 
virulence factor secreted by Photorhabdus spp. that might be essential for the interaction with the host e.g. 
molecular mechanisms to survive and neutralize the defense mechanisms or to invade tissues (Bowen et al., 
2000; Cabral et al., 2004; Marokhazi et al., 2007). The secretion of proteases by different species and strains of 
Photorhabdus has been recorded previously, although their role in virulence process is yet unclear (Cabral et 
al., 2004; Marokhazi et al., 2007).  
 The literature on the role of Photorhabdus protease activities in insect toxicity is highly conflicting and 
often anecdotal. Earlier workers have either purified a proteolytic fraction from culture broth, and inferred it to 
have a role in toxicity (Schmidt et al., 1988), or they examined the toxicity of cell-free culture supernatants to 
insects via injection and then suggested that toxicity is correlated with the protease activity detected in the 
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culture broth (Jarosz et al., 1991). However, Marokhazi et al. (2004) found no correlation between the 
production of proteases and the pathogenicity of different strains of Photorhabdus and suggested that such 
proteases are not immediately involved in the establishment of infection and might have a nutritional role in 
pathogenic microorganisms. These conflicting literatures prompted us to carry out the present study.  
 The present study has focused on the estimation of extracellular alkaline proteases during the growth of the 
bacterium Photorhabdus sp. strain EK1, a symbiont of the Heterorhabditis bacteriophora EK1 that has been 
previously identified (Abdel-Aziz, 2009). We report here the purification and biochemical characterization of 
the predominant isoenzyme of an alkaline metalloprotease from the medium of the bacterial growth. The 
present study is leading to show to what extent the role of proteases may be relevant to pathogenicity and how it 
may participate in nematode development. Understanding the physiological role(s) of such enzyme will be 
critical to develop the commercial production of heterorhabditid nematode in vitro. 
 
Materials and Methods 
 
Nematode source and bacterium isolation: 
 
 The primary form (phase I) of the symbiotic bacterium Photorhabdus sp. strain EK1 was isolated and 
purified from the hemolymph of the sixth instar larvae of G. mellonella 24-h post infected with the IJs of its 
symbiotic nematode Heterorhabditis bacteriophora EK1 according to Akhurst (1982) and Mohamed et al. 
(2008). The surface sterilized insect cadavers were opened with a sterile scissor avoiding rupturing the midgut 
of the insect. A drop of the hemolymph of the G. mellonella larvae was streaked on a previously autoclaved 
nutrient bromo-thymol blue agar (NBTA) plates [0.004% (W/V) 2,3,5-triphenyltetrazolium chloride (TTC) and 
0.0025% (W/V)  bromothymol blue]. The plates were incubated at 28ºC in the dark for 24 h and a single colony 
of the bacterium Photorhabdus sp. strain EK1 was selected and streaked again on another NBTA plates and 
incubated at 28ºC. The isolated bacteria maintained on NBTA plates and subcultured weekly. The presence of 
Photorhabdus sp colonies was confirmed by dye adsorption on NBTA plates, the production of luminescence, 
has catalase and no urease activities according to Fischer-Le Saux et al. (1999) and Abdel-Aziz (2009). The 
suspension culture of the bacterium was maintained in sterile glycerol at -80oC. 
 
Tracking the bacterial growth: 
  
 For tracking the growth of the bacterium Photorhabdus sp. strain EK1 cells at different incubation times, 
the culture's optical densities recorded at 600 nm at different times of postinoculation according to Cabral et al. 
(2004). For this purpose, 250 ml Erlenmeyer flasks contain 50 ml of sterilized liquid culture medium (LCM) 
were inoculated with 0.2 ml of the phase I bacterial suspension of the stock culture. The flasks were tightly 
sealed and incubated in the dark at 28ºC in an orbital shaker at 150 rpm for five days. Samples were taken at 
different time intervals from zero to 120 h of postinoculation. 
 
Tracking proteolytic activities during bacterial growth: 
 
 To monitor the total extracellular proteolytic activities secreted by the bacterium during the bacterial 
growth, five ml aliquots were sampled from the bacterial culture at different time intervals from zero to 120 h of 
postinoculation and immediately centrifuged at 12,000 X g for 10 min at 4ºC. The supernatants were stored at -
20ºC until used for enzyme activity estimation and designated as cell-free supernatant.  
 
Protease assay: 
  
 Proteolytic activity was determined as described by Tomarelli et al. (1949) using azocasein as substrate. 
Azocasin was used at a final concentration of 0.2 % in one ml reaction mixture containing 100 mM Tris-HCl 
buffer, pH 8.5. One unit of proteolytic activity was defined as µg azocasein hydrolyzed per hour under standard 
conditions according to Borck et al. (1982). Protein was determined by the method of Bradford (1976) using 
bovine serum albumin as a standard. 
 
Purification of an alkaline protease:  
 
 Unless otherwise stated all steps were performed at 4-7ºC. The purification scheme entailed starting with 
50 ml of 48-h cell-free supernatant. The ammonium sulphate concentration increased in the cell-free 
supernatant up to 15% during cooling and stirring. The precipitate (AI) collected by centrifugation at 15,000 Xg 
for 15 min with cooling. The ammonium sulphate concentration increased in the supernatant up to 85% with 
cooling and stirring. The precipitate (AII) recovered by centrifugation at 15,000 Xg for 15 min with cooling. The 



4685 
J. Appl. Sci. Res., 9(8): 4683-4694, 2013 

precipitates re-suspended in 20 mM Tris-HCl buffer, pH 8.5 and dialyzed overnight against the same buffer. 
The dialyzed fraction was applied on a DEAE-cellulose column (15 x 1.6 cm i.d.) pre-equilibrated with 20 mM 
Tris-HCl buffer, pH 8.5. The adsorbed materials were eluted with a stepwise gradient of NaCl ranging from 0.0 
to 0.4 M NaCl at a flow rate of 60 ml/h. Fractions exhibiting alkaline protease activities were eluted with 0.1 
and 0.3 M NaCl and designated as PI, PII, respectively. DEAE-cellulose fractions of PII have the highest 
protease activities, were collected and concentrated. The concentrated pooled fractions was applied on a 
Sephacryl S-200 column (95 X 1.6 cm i.d.) pre-equilibrated with 20 mM Tris-HCl buffer, pH 8.5 and developed 
at a flow rate of 20 ml/h. Sephacryl S-200 fractions PhSPII have the highest activity were collected and 
concentrated for enzyme characterization.  
 
Localization of alkaline proteases in gel:  
 
 Alkaline proteases were detected in 10% (W/V) SDS-polyacrylamide co-polymerized with 0.2% gelatin as 
described by Cabral et al. (2004). The concentrated cell-free supernatants of bacterial culture broth at different 
times of postinoculation containing 200-250 µg protein were subjected to electrophoresis under non-denaturing 
conditions for electrophoresis as described by Laemmli (1970). Following electrophoresis, the gel was washed 
in 50 mM Tris-HCl buffer, pH 8.5 containing 2.5% (W/V) Triton X-100 then incubated overnight at the same 
buffer at 37ºC. Clear bands on a blue background corresponding to the protease activities were detected upon 
staining the gel with Coomassie Brilliant Blue R-250. 
 
Polyacrylamide gel electrophoresis (PAGE): 
 
 For examining the homogeneity of the final enzyme preparation, electrophoresis under non-denaturing 
conditions was performed in 10% (W/V) acrylamide slab gel according to the method of Davis (1964) using a 
Tris-glycine buffer, pH 8.3. The slab gel was carried out using BIO-RAD MINI PROTEAN apparatus. 
 
Molecular weight determination:  
 
 The molecular weight of PhSPII was determined by gel filtration using Sephacryl S-200 column (95 X 1.6 
cm i.d.) according to Oberg and Philipson (1967). The column was calibrated with cytochrome C (12,4 kDa), 
carbonic anhydrase (30 kDa), bovine albumin (67 kDa), alcohol dehydrogenase (150 kDa), β-amylase (200 
kDa). Dextran blue (2,000 kDa) was used to determine the void volume (Vo). A concentrated pooled fraction of 
PhSPII was apply to the same column and developed with 20 mM Tris-HCl buffer, pH 8.5 at a flow rate of 20 
ml/h. The molecular weight of PhSPII was estimate from the constructed calibration curve. 
 
Molecular weight determination by SDS-PAGE:  
 
 The molecular weight of PhSPII was determined by SDS-polyacrylamide gel electrophoresis according to 
(Laemmli, 1970) using BIO-RAD MINI PROTEAN apparatus. SDS-denatured phosphorylase b (94 kDa), 
bovine serum albmin (67 kDa), ovalbumin (45 kDa), carbonic anhydrase (30 kDa), soybean trypsin inhibitor 
(22.1 kDa) and α-lactalbumin (14.4 kDa) were used as marker proteins.  
 
Results and Discussion 
 
 Photorhabdus sp. EK1 is an entomopathogenic bacterium that is associated with nematodes of the 
Heterorhabditidae family in a symbiotic relationship. After it released into the insect hemocoel by associated 
nematodes, the bacteria produce a variety of metabolites including toxins and hydrolytic exoenzymes to enable 
them and associated nematodes to colonize and reproduce in the insect host (Gaugler, 2002; ffrench-Constant et 
al., 2007; Carneiro et al., 2008; Massaoud et al., 2011; Ahn et al., 2013). Proteases represent an important part 
of the extracellular enzymes produced. Previous studies on the extracellular proteases secreted by 
entomopathogenic bacteria have been equivocal as to their role in insect toxicity. Thus, some authors implicated 
proteases as toxic components (Schmidt et al., 1988; Bowen and Ensign, 1998), while others suggested that 
they play a specific role in attacking antibacterial defense system of the insect host (Caldas et al., 2002). Still 
others found no correlation between extracellular proteases and insect toxicity (Bowen et al., 2000). 
 
Bacterial growth and proteolytic activity: 
 
 In the present investigation, the bacterial growth of Photorhabdus sp. strain EK1 increased in liquid culture 
medium by increasing the time of incubation reaching its stationary growth phase at 48-h of postinoculation 
(Fig. 1). Alkaline proteases released during bacterial growth increased by increasing the incubation time 



4686 
J. Appl. Sci. Res., 9(8): 4683-4694, 2013 

reaching its maximal level (120 units/ml) at 48-h of bacterial growth, i.e., early stage of the stationary bacterial 
growth phase (Fig. 1). A reduction in the enzymatic activity equaled 70.8 and 25.8% of the maximal enzymatic 
activity level were recorded after 96 and 120 h of postinoculation, respectively. This results, highest enzyme 
secretion at the early stage of stationary growth phase and the reduction in the enzymatic activities at the late 
stage of stationary phase, is a common feature of many entomopathogenic bacteria including X. nematophila 
strain Breton (Caldas et al., 2002), Photorhabdus sp. strain Az29 (Cabral et al., 2004), P. temperata strain K122 
(Bowen et al., 2003) and X. nematophila BA2 (Mohamed, 2007). 
 

 
Fig. 1: Time course for extracellular protease activity production during the bacterial growth of Photorhabdus 

sp. strain EK1. Bacterial growth (o--o) and protease activity (x--x). Each value represents the average of 
three separate experiments. The data are the means ±SE.   

 
 A variable number of protease isoenzymes has been detected in culture media of different species and 
strains of entomopathogenic bacteria depending on the time of postinoculation (Caldas et al., 2002; Bowen et 
al., 2003; Cabral et al., 2004; Marokhazi et al., 2004; Mohamed, 2007). The current study herein showed a 
secretion of two alkaline proteases PI and PII during the growth of the bacterium Photorhabdus sp. strain EK1 
at 48-h-postinoculation with electrophoretic mobilities (Rf) 0.62 and 0.78, respectively (Fig. 2). Decaying the 
isoenzyme PI concomitant with decreasing the enzymatic activity of PII were observed during the late stage of 
stationary phase, i.e. from 72 to 120 h. Similarly, two isoenzymes of alkaline proteases were produced in the 
culture media of X. nematophila strain Kraussei (Kucera and Mracek, 1989) and X. nematophila BA2 
(Mohamed, 2007) at 48-h of postinoculation. While, three distinct isoenzymes secreted by P. luminescens W14 
(Bowen et al., 2000) and P. luminescens HP88 (Ong and Chang, 1997) at 72-h of postinoculation. The failure to 
detect the isoenzyme PI and the reduction in the enzymatic activity of PII during the late stage of the stationary 
phase of Photorhabdus sp. strain EK1 could be traced to the presence of a protease inhibitor as suggested by 
Marokhazi et al. (2004). The formation of an enzyme-inhibitor complex (Photorhabdus spp. proteases and 
endogenous protease inhibitors) proposed as a potential cause of the reduced protease activities at the late stage 
of the stationary phase (Valens et al., 2002; Marokhazi et al., 2004; Mohamed, 2007). Wee et al. (2000) 
hypothesized that the protease inhibitor may be involved in regulating the bacterial phase shift during 
development of entomopathogenic nematodes inside an insect host. 
 

 
 
Fig. 2: Detection of proteolytic activity during bacterial growth of Photorhabdus sp. strain EK1. Protease 

activity was analyzed by SDS-PAGE copolymerized with gelatin as substrate.  
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 An interesting question is the physiological role that Photorhabdus sp. strain EK1 proteases may play. An 
answer would require purification and characterization for the predominant isoenzyme. Therefore, purification 
and characterization of the major isoenzyme of an alkaline protease was restricted from the culture medium of 
the highest proteolytic activity, i.e. 48-h postinoculation. 
 
Purification of an alkaline metalloprotease: 
 
 The predominant isoenzyme PhSPII was successively purified to homogeneity from 48-h cell-free culture 
supernatant of the highest proteolytic activity by a three-step procedure involving ammonium sulfate 
fractionation, ion-exchange chromatography followed by gel filtration (Table I). Most of the enzyme activity 
recovered in the second ammonium sulfate fraction (AII). By chromatography of such fraction on DEAE-
cellulose column, two isoforms of alkaline proteases were resolved and designated as PI and PII (Fig. 3). The 
major isoenzyme PII further purified to homogeneity by gel filtration on Sephacryl S-200 column (Fig. 4). The 
homogeneity of the final preparation was demonstrated by the presence of one single band protein (Fig. 5) on 
PAGE. 
 
Table 1: Purification scheme for Photorhabdus sp. alkaline protease PhSPII. 

Purification step Total activity 
(Units)* 

Total 
protein 
(mg) 

S.A**. 
(Units/mg protein) 

Fold purification Recovery (%) 

Crude extract 5857 25 234.3 1.0 100 
Ammonium sulfate 4685 12.5 374.8 1.6 80 
DEAE-cellulose: 
0.1 M NaCl  (PI) 
0.3 M NaCl (PII) 

 
1651 
2400 

 
3.6 
2.1 

 
458.6 
1143 

 
1.96 
4.88 

 
28.2 
41 

Sephacryl S-200: 
SPI 
SPII 

 
1186 
2157 

 
1.6 
1.2 

 
741.3 

1797.5 

 
3.16 
7.7 

 
20.2 
36.8 

*One unit of proteolytic activity was defined as μg azocasein hydrolyzed per hour under standard assay conditions. **S.A.: Specific 
activity. 

 
 
Fig. 3: A typical elution profile for the chromatography of ammonium sulfate fraction (AII) on DEAE-cellulose 

column (20 x 1.6 cm i.d.) that is previously equilibrated with 20 mM Tris-HCl buffer, pH 8.5 at a flow 
rate of 60 ml/h and 5 ml fractions. Absorbance at 280 nm (x___x) and proteolytic activity (●____●). 

 
 The homogeneous predominant PhSPII isoenzyme exhibite specific activity of 1797.5 units/mg proteins 
that is represents 7.7-fold purification. The fold purification of PhSPII is comparable to that recorded for 
Photorhabdus sp. Az29 (Cabral et al., 2004). While, it is several folds lower than that estimated for X. 
nematophila strain Breton (35.2-fold) (Caldas et al., 2002), X. nematophilus strain Kraussei (54-fold) (Kucera 
and Mracek, 1989) and P. luminescens strain Hm (55-fold) (Schmidt et al., 1988). The lower fold purification 
of PhSPII herein attributed to the high specific activity of the cell-free culture supernatant 48-h postinoculation 
of Photorhabdus sp. strain EK1. 
 
Characterization of PhSPII:  
 
 The molecular weight of PhSPII was found to be 39 kDa by gel filtration and it. was confirmed by SDS-
PAGE, where a single protein band with a molecular weight of 40 kDa (Fig. 6) has been detected, suggesting 
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PhSPII is a monomer enzyme. The molecular weight of PhSPII consistently observed for alkaline proteases 
from entomopathogenic bacterial metalloproteases including different strains of Photorhabdus (Bowen et al., 
2000; Marokhazi et al., 2004) and strains of Xenorhabdus (Kucera and Mracek, 1989; Mohamed, 2007). 
However, it is less by 1.5-, 1.85-, 1.4-, and 1.28-fold than that calculated for X. nematophila strain Breton 
(Caldas et al., 2002), P. luminescens ssp. laumondii (Marokhazi et al., 2004), P. temperata strain K122 (Bowen 
et al., 2003) and Photorhabdus sp. strain Az29 (Cabral et al., 2004), respectively.  
 

 
 
Fig. 4: A typical elution profile for the chromatography of pooled active fractions of DEAE-cellulose PII on 

Sephacryl S-200 column (95 x 1.6 cm i.d.) that is previously equilibrated with 20 mM Tris-HCl buffer, 
pH 8.5 containing 10 mM CaCl2 at a flow rate of 20 ml/h and 3 ml fractions. Absorbance at 280 nm 
(x___x) and alkaline protease PhSPII activity (●___●). 

 

 
 
Fig. 5: Native-polyacrylamide gel electophoresis of PhSPII, (a) crude extract and (b) purified enzyme PhSPII. 
 

 
Fig. 6: SDS-PAGE for molecular weight determination of PhSPII. (a) Subunit of the isoenzyme, (b) marker 

proteins.  
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Optimum pH and temperature for enzyme activity and stability: 
 
 PhSPII showed optimal activity at pH 8.5 in both Tris-HCl and glycine-NaOH buffers (Fig. 7) and the 
optimal temperature for activity was found to be at 40oC (Fig. 8). The thermal stability of PhSPII was recorded 
at 40oC and it is rather low at temperatures 50oC. Using the temperature range 25-40oC, the activation energy 
(AE) is 6.4 Kcal mol-1. The optimum temperature for PhSPII activity is higher than that recorded for fish 
pathogen, F. psychrophilum, alkaline proteases FPP1 (30oC) (Secades et al., 2001) and FPP2 (24oC) (Secades et 
al., 2003) and for X. nematophila strain Breton (23oC) (Caldas et al., 2002) and X. nematophila BA2 (30oC) 
(Mohamed, 2007). The instability of PhSPII at temperatures 50oC and above together with the low activation 
energy, argue that PhSPII probably has much flexible conformation of the molecules in comparison to enzymes 
of high activation energies as Bacillus clausii (24.1 kcal/mol) (Kazan et al., 2005), Myxococcus xanthus (21.8 
kcal/mol) (Dumont et al., 1994) and Y. rucheri (15.5 kcal/mol) (Secades and Guijarro, 1999). 
 

 
Fig. 7: Effect of pH on PhSPII activity. Values are the mean of two sets with duplicate at each pH. 

 

 
 
Fig. 8: Effect of temperature on activity (o___o) and stability (•___•) of PhSPII. Each point represents the 

average of two experiments. Activation energy (AE) was estimated from the replot of log activity 
versus 1/T (Arrhenius plot) shown in the inset. 

 
The effect of different metal cations:  
 
 The obvious metal stimulation of microbial alkaline protease activities could be indicative of the presence 
of metal-dependent enzymes (Bowen et al., 2003; Chae and Ryu, 2004; Gupta et al., 2005b; Abdel-Rahman et 
al., 2006). The current study demonstrated that although Fe3+, Ba2+, Mg2+ and Ca2+ activated PhSPII activity up 
to 63%. However, it was inhibited by Co2+, Cu2+, Zn2+, Hg2+ and Ni2+. While Mn2+ has no significant effect 
(Table 2). The inhibitory effect of the metal ions on PhSPII consistently observed for different microbial 
alkaline metalloproteases (Secades and Guijarro, 1999; Kumar, 2002; Thangam and Rajkumar, 2002; Gupta et 
al., 2005a; b). The stimulatory effect of Ca2+ corroborates well with the results recorded for alkaline proteases 
from entomopathogenic bacteria including different species and strains of Photorhabdus (Bowen et al., 2003) 
and Xenorhabdus (Chae and Ryu, 2004; Mohamed, 2007). Such results led to the hypothesis that PhSPII is not 
a zinc metalloprotease, but it is metal-dependent enzyme. 
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Table 2: Effect of metal cations on the activity of SPII. 
Cations Relative activity 

(%) 
None 100% 
Ba2+ 127% 
Ca2+ 151% 
Co2+ 38% 
Fe3+ 163% 
Cu2+ 76% 
Hg2+ 49% 
Mg2+ 129% 
Mn2+ 97% 
Ni2+ 64% 
Zn2+ 53% 

Enzyme pre-incubated for 30 min at room temperature with 10 mM of listed cations as final concentration prior to substrate addition. 
Activity without added metal cations was taken as 100 %. Each value represents the average of two experiments. 
 
The inhibition studies: 
 
 The present study revealed the inhibition of PhSPII by low and high concentrations of sulfhydryl reagent, 
ß-mercaptoethanol, DTT and cysteine-HCl (Table 3). This result argue that disulfide bonds could be important 
in maintaining the molecular conformation required for activity as hypothesized for fish pathogens (Secades and 
Guijarro, 1999; Secades et al., 2001). The sensitivity of PhSPII toward different classes of protease inhibitors 
revealed that none of the serine and cysteine protease inhibitors inhibited the enzymic activity nor did the 
aspartyl protease inhibitor (Table. 4). However, EDTA (a general metalloprotease inhibitor) and 1,10-
phenanthroline (a specific zinc metalloprotease inhibitor) have potent and significant inhibitory effects on 
PhSPII, respectively. Therefore, we can conclude that PhSPII is belonging to a metalloprotease family. 
 
Table 3: Effect of different sulfhydryl reagents on the activity of PhPrtSPII. 

Compound Concentration (mM) Relative activity (%) 
Enzyme - 100 

Dithiothreitol (DTT) 0.1 
1 
10 

56.5 
25.2 
19.2 

Cysteine-HCl 0.1 
1 
10 

47.2 
32.4 
3.7 

β- Mercaptoethanol 0.1 
1 
10 

44.5 
42.1 
3.2 

Enzyme pre-incubated for 30 min at room temperature with 10 mM of listed compounds individually at the final concentration indicated 
prior to substrate addition. Activity in the absence of the compounds was taken as 100 %. Each value represents the average of two 
experiments. 
 
 Calcium ions (Ca2+) known to be essential for enzymic activities of microbial metalloproteases (Secades 
and Guijarro, 1999; Secades et al., 2001; Bowen et al., 2003). For identification the divalent cation that is 
required for enzymatic activity of PhSPII, Ca2+ that has the highest stimulatory effect for such enzyme was 
added to EDTA-inhibited PhSPII-complex. The results showed that most of the enzyme activity could be rescue 
upon incubation with CaCl2 (Table 4). Such characteristics, the dependence of PhSPII activity on Ca2+ and 
restoration of EDTA-inhibited enzyme activity by Ca2+, are typical for metalloproteases from fish pathogens F. 
psychrophilum (Secades et al., 2001) and Y. ruckeri (Secades and Guijarro, 1999). 
 Metalloproteases can be further subdivided into neutral or alkaline metalloproteases on the basis of their pH 
optima (Schmidt et al., 1988; Dumont et al., 1994; Cha et al., 2005). In the present study, PhSPII can be 
classified as an alkaline metalloprotease since the optimal activity was observed at pH 8.5. The above data, 
significant level of inhibition of PhSPII by EDTA, inhibitory effect of Zn2+, restoration of EDTA-inhibited 
PhSPII activity upon incubation with Ca2+, stimulation of the enzymatic activities by Ca2+ and alkaline pH 
optimum are consistent with the hypothesis that PhSPII is a Ca-dependent alkaline metalloprotease. 
 It has also been reported that proteolysis of the insect cadavers should cause an alkaline shift in the pH of 
the insect cadavers (Schmidt et al., 1988; Forst and Clarke, 2002). This shift occurs, as determined in the 
present study by the change in color of the G. mellonella cadavers from yellow to red. This change is due to a 
pigment production by the bacterium in the present study that undergoes a pH-sensitive color shift from yellow 
at near-neutral pH to red near pH 9 as reported by Richardson et al. (1988) and Webster et al. (2002). 
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Table 4: Effect of different classes of protease inhibitors on the activity of PhSPII. 
Compound Concentration 

(mM) 
Relative activity 

(%) 
None --- 0.0 

Metalloprotease inhibitor   
EDTA 1.0 36.6 

10.0 8.3 
EDTA (20mM)+ Ca2+ 10 77.5 

20 89.0 
1,10 Phenanthroline 1.0 100 

10.0 80 
20.0 68 

Cysteinyl protease inhibitor   
N-Ethylmaleimide 1.0 97.2 

10.0 92.2 
Iodoacetic acid 1.0 98.4 

10.0 97.3 
p-CMB 1.0 97.2 

10.0 96.2 
Serine protease inhibitor   

Soybean trypsin I 1.0 mg 100 
5.0 mg 96.1 

PMSF 1.0 100 
10.0 100 

Leupeptin 1.0 97.1 
10.0 94.5 

Aspartyl protease inhibitors   
Pepstatin A 1.0 100 

10.0 95.8 
The enzyme was preincubated for 15 min with the listed compounds individually at the final concentration indicated prior to substrate 
addition. Activity in absence of compounds was taken as 100%. Each value represents the average of two experiments. 
 
Substrate specificity: 
 
 Different microbial metalloproteases have specificity towards natural protein substrates with different 
degrees (Clark et al., 2000; Cabral et al., 2004; Huang et al., 2005). Generally, they have a broad range of 
peptide and protein substrates (Miyoshi and Shinoda, 2000).  Results of the present study revealed that the 
relative rate of hydrolysis of different natural protein substrates by PhSPII could be arranged in the descending 
order as casein > gelatin > hemoglobin > fibrin > albumin > collagen (Tables 5). Similar behavior has been 
reported for entomopathogenic bacterial metalloproteases as P. temperata strain K122 (Waterfield et al., 2001; 
Bowen et al., 2003), P. luminescens strain W14 (Bowen et al., 2000), X. nematophila strain Breton (Caldas et 
al., 2002) and X. nematophila strain BA2 (Mohamed, 2007). The lowest ability of PhSPII to degrade collagen 
suggests a degree of specificity that might be physiologically important.  
 Bacterial pathogens produce various proteases, which contribute to the microbial virulence by hydrolyzing 
biologically important proteins and peptides (Miyoshi and Shinoda, 2000). However, we have no indication of 
the function of PhSPII herein in vivo. The broad substrate specificity of the enzyme towards natural protein 
substrates referred to the ability of the bacterium Photorhabdus sp. strain EK1 to digest some proteins of the 
insect hemolymph. The hydrolysis of such proteins may provide nutritional factors to the associated nematode 
necessary for its complete development and reproduction inside the infected insect cadaver Marokhazi et al. 
(2007) suggested that alkaline metalloprotease from P. luminescens ssp. laumondii participated in the 
establishment of infection inside an insect host not only, as it has been supposed, in bioconversion. 
 
Table 5: The relative activity of PhSPII towards different native protein substrates. 

Protein substrate Relative activity (%) 
Casein 100 

Albumin 55.7 
Hemoglobin 85.4 

Collagen 26 
Gelatin 99 
Fibrin 68.9 

All assays were incubated for 2 h at 37 oC in 200 mM Tris-HCl buffer, pH 8.5, 45 units of enzyme and 5 mg substrate. Casein was taken as 
100 % activity. Each value represents the average of two experiments.  
 
 Despite the broad substrate specificity of PhSPII, the bacterium carrying nematode goes through a 
complete life cycle within the insect cadavers and the IJs presumably exposed to the bacterial proteases. The 
lowest ability of PhSPII to degrade collagen, the primary component of the nematode’s cuticle (Li et al., 2006) 
would argue for the absence of collagenase activity and the involvement of such activity in the destruction of 
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the collagenous matrix of the nematode’s cuticle could turn out. 
 In summary, here we have described purification and characterization of the predominant protease 
isoenzyme PhSPII. It is a Ca-dependent alkaline metalloprotease. Its substrate specificity strengthens the 
possibility that it is involved in degradation of insect cadavers for providing nutrients to the associated 
nematode, which is unable to grow on insects without a previous bioconversion of the insect tissues by the 
symbiotic bacterium. 
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