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Abstract

A solvent tolerantPseudomonas aeruginosaPseA strain was isolated from soil. It secreted a novel alkaline protease, which was stable and
active in the presence of range of organic solvents, thus potentially useful for catalysis in non-aqueous media. The protease was purified 11.6-fold
with 60% recovery by combination of ion exchange and hydrophobic interaction chromatography using Q-Sepharose and Phenyl Sepharose 6
Fast Flow matrix, respectively. The apparent molecular mass based on the sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
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AGE) was estimated to be 35,000 Da. The enzyme was stable in the pH range of 6.0–9.0, the optimum being 8.0. TheKm andVmax towards
aseinolytic activity were found to be 2.7 mg/ml and 3�mol/min, respectively. The protease was most active at 60◦C and characterized as
etalloprotease because of its sensitivity to EDTA and 1,10-phenanthroline. It was tested positive for elastase activity towards ela

hus appears to be an elastase, which is known as pseudolysin in other strains ofP. aeruginosa. The protease withstands range of deterge
urfactants and solvents. It is stable and active in all the solvents having logP above 3.2, at least up to 72 h. These two properties make
deal choice for applications in detergent formulations and enzymatic peptide synthesis.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Proteases constitute one of the most important groups of
ndustrial enzymes[1]. They find diverse industrial applica-
ions in peptide synthesis, protein processing, leather, food,
harmaceutical, dairy and detergent industries[2–4] as they
ydrolyze peptide bonds in aqueous environments and syn-

hesize them in non-aqueous environments. Use of proteases
n peptide synthesis has numerous advantages over chemi-
al synthesis[5]. This approach requires protease prepara-
ions stable in the presence of organic solvents. Proteases
n general are inactivated or give very low rate of reactions
n non-aqueous media[6,7]. Search for solvent stable pro-
eases, therefore, has been an extensive area of research[8].
everal physical and chemical methods viz. chemical modifi-
ation[9], immobilization[10], protein engineering[11] and
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directed evolution[12] have been employed for the stabili
tion of enzymes in the presence of organic solvents[13,14].
However, if enzymes are naturally stable and exhibit high
tivities in the presence of organic solvents, such stabiliza
of enzymes is not necessary.

Though solvents are highly toxic to microorganisms, in
cent years some organic solvent tolerant microbes have
reported. It is found that enzymes from these microbe
attuned to work under solvent rich environment, thus
produce solvent tolerant enzymes. Solvent stable prot
have been reported from solvent tolerantPseudomonassp.
[8,15] andBacillussp.[16].

In a similar effort, we have isolated a solvent tolerantPseu-
domonas aeruginosaPseA strain from the soil by cyclohe
ane enrichment (unpublished results). As compared to
solvent tolerantPseudomonassp.[17] this isolate secretes
novel solvent stable protease with higher specific activity.
present paper describes efficient purification of this prot
by ion exchange and hydrophobic interaction chroma
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raphy. The purified protease is characterized and compared
with proteases isolated from other bacterial sources.

2. Experimental

2.1. Materials

Phenyl Sepharose 6 Fast Flow,�-chymotrypsin,As-
pergillus oryzaeprotease were purchased from Sigma (St.
Louis, MO, USA). Q-Sepharose was purchased from Amer-
sham Pharmacia Biotech AB (Uppsala, Sweden). Casein was
a product of SISCO Research Laboratories (Mumbai, India).
Media components were purchased from Hi Media Labo-
ratories (Mumbai, India). All other chemicals used were of
analytical grade.

2.2. Methods

2.2.1. Isolation of bacterial strain
Soil samples were collected from the proximity of a sol-

vent extraction unit in New Delhi, India. Small amount of
soil was suspended in sterilized distilled water and 100�l
of resulting suspension was spread on modified King’s B
medium agar[18] plate, which contained (g/l): peptone, 20;
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10 min, and the supernatant thus obtained was used as crude
enzyme preparation.

2.2.3. Protease assay
Protease activity was determined as described by Shimo-

gaki et al.[3], using casein as the substrate. Enzyme solu-
tion (0.5 ml) was added to 3.0 ml of substrate solution (0.6%
casein in 0.1 M Tris–HCl buffer, pH 8.0) and the mixture
was incubated at 60◦C for 10 min. The reaction was stopped
by addition of 3.2 ml of TCA mixture (containing 0.11 M
trichloroacetic acid, 0.22 M sodium acetate and 0.33 M acetic
acid) and kept at room temperature for 30 min followed by fil-
tration through Whatman filter paper no. 1. The absorbance of
the filtrate was measured at 280 nm. One unit of protease ac-
tivity is defined as the amount of enzyme required to produce
1�g of tyrosine per minute under the conditions described
above.

2.2.4. Protein estimation
Protein was estimated by dye-binding method[19], using

bovine serum albumin as standard protein.

2.2.5. Purification of protease
2.2.5.1. Q-Sepharoseanion exchange chromatography.An-
ion exchange chromatography was performed in batch mode
o ated
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lycerol, 8; K2HPO4, 1; MgSO4·7H2O, 4 and agar, 20. p
f the medium was adjusted to 7.0 with 1 M NaOH. T
edium plates were overlaid with about 7 ml of cycloh
ne and incubated at 30◦C for 24 h. Microorganisms whic

ormed colonies on the surface of plates covered with org
olvent were selected. Growing colonies were further pur
y repeated streaking. The protease producers among
ed colonies were detected by plating on skim-milk agar[16].
he microbes showing clear zones were identified as pro
roducers. The strain showing maximum zone diamete
elected as potent producer of the proteolytic enzyme
as maintained on nutrient agar slants at 4◦C for further
tudies. It was designated as strain PseA, and identified
seudomonassp. based on morphological and biochem

ests by the Microbial Type Culture Collection Facility, In
ute of Microbial Technology (IMTECH), Chandigarh, Ind
ndP. aeruginosabased on further FAME analysis by t
icrocheck Microbial Analysis Laboratory, Vermont, US

.2.2. Culture conditions for protease production
Mother culture was prepared by inoculating a loopfu

tock culture ofP. aeruginosain the medium (pH 7.0) con
aining (g/l): peptone, 5.0; yeast extract, 5.0; NaCl, 0.5,
owed by incubation at 30◦C and 140 rpm. This overnig
rown culture (0.5 ml) was used to inoculate 50 ml of p

ease production medium in 250 ml Erlenmeyer flask.
rotease production media consisted of (g/l): peptone,
east extract, 5.0; NaCl, 0.5; gelatin, 10.0, adjusted to
.0 with 1 M NaOH. The incubation was done at 30◦C in
n orbital shaker at 140 rpm. After 48 h of growth, the c
ere harvested by centrifugation at 11,000×g and 4◦C for
n Q-Sepharose matrix (2.0 ml), which had been equilibr
ith 50 ml of 0.02 M sodium phosphate buffer, pH 7.7. T
rude protease preparation (2 ml, pH adjusted to 7.7)
dded to the matrix and shaken in an orbital shaker (100
t 25◦C. The shaking was stopped after 1 h, followed by

ration under vacuum. The matrix and supernatant were
eparated. The separated matrix was repeatedly washe
he equilibration buffer (2.0 ml, each time) till no enzyme
ivity could be detected in the washings. It was observed
he protease did not bind to matrix and most of the act
as recovered in supernatant and washings. The prote
ctive fractions were pooled and subjected to hydrophob

eraction chromatography on Phenyl Sepharose 6 Fast
atrix.

.2.5.2. Phenyl Sepharose hydrophobic interaction c
atography.NaCl was added into active pooled fractio

total volume, 12 ml) from previous Q-Sepharose anion
hange chromatography step described above. The final
oncentration in this pooled fraction was adjusted to 2
nd pH to 7.7. This was then loaded on a Phenyl Seph
Fast Flow column (1 cm× 5.5 cm), which had been equi
rated with 0.02 M sodium phosphate buffer, pH 7.7 con

ng 2.5 M NaCl. The column was washed with equilibrat
uffer till no enzyme activity could be detected in the wa

ngs. The bound protease was eluted with 50% ethylene
ol in 20 mM sodium phosphate buffer, pH 7.7 at 4◦C at a flow
ate of 4.8 ml/h using a peristaltic pump (Gilson Inc., Midd
on, USA). Fractions (1.2 ml each) were collected by B
AD fraction collector (BIO-RAD, California, USA) an
nalyzed for protease activity. Active fractions were po
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and used for further characterization. Removal of ethylene
glycol was not found to be necessary since the additive does
not affect the measurement of protease activity.

2.2.6. Polyacrylamide gel electrophoresis
Sodium dodecyl sulphate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) was carried out according to the
method of Laemmli[20] using a 12% crosslinked polyacryl-
amide gel on a Genie gel electrophoresis unit (Bangalore
Genie, Bangalore, India). Silver staining was performed to
visualize protein bands on the gel.

2.2.7. Activity staining of purified protease
Casein or gelatin zymography was conducted following

the procedures of Heussen and Dowdle[21] and Caballero
et al. [22]. Briefly, SDS-PAGE of the enzyme was carried
out as described by Laemmli[20] using a 10% polyacryl-
amide gel at 4◦C. A suspension of soluble casein or gelatin
(0.1%) was incorporated into the separating gel before poly-
merization. The electrophoresed gels were soaked twice for
30 min in 2.5% Triton X-100 (to remove SDS) and incu-
bated for 30 h at 37◦C in either casein gel substrate buffer
(0.05 M Tris, pH 7.6, 0.1 M NaCl) or gelatin gel substrate
buffer (0.05 M Tris, pH 8.0, 0.15 M NaCl, 0.01 M CaCl2).
The gels were then stained with 0.1% Coomassie blue R-
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and 10 min in case of surfactants and inhibitors. The residual
activities were measured following the assay procedure.

2.2.12. Substrate specificity
The substrate specificity ofPseudomonasprotease to-

wards different native and synthetic substrates was also ex-
amined.

2.2.13. Organic solvent-stability of enzyme
Three milliliters of various protease solutions (758 U/ml)

namely purified protease preparation fromP. aeruginosa
PseA,�-chymotrypsin (EC 3.4.21.1, Type II, Sigma Chem-
ical Co.),A. oryzaeprotease (Type XXIII, Sigma Chemical
Co.) were incubated in the absence or presence of 1.0 ml of
organic solvent, at 30◦C with constant shaking at 160 rpm.
The residual activities were estimated by the assay procedure
described above.

3. Results and discussion

In the present work, soil samples from the sites near to
the solvent extraction unit were screened for solvent tolerant
microbes. Cyclohexane was enriched in the medium right at
the beginning of soil inoculation so that only solvent toler-
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50 in methanol–acetic acid–water (40:10:50) followed
estaining with methanol–acetic acid–water (5:10:85).

.2.8. Determination of pH optimum and pH stability
Effect of pH on pure enzyme was studied by assaying

nzyme at different pH values.
pH stability was studied by preincubating the enzym

uffers of different pH values (pH 5–11), at 25◦C for 1 h. The
emaining activities were determined under standard a
onditions.

.2.9. Determination of temperature optimum and
hermal stability

To determine the optimum temperature for purified p
ease, the activity values of protease were measured at v
emperatures using casein as the substrate. The therm
ility was studied by incubating the enzyme at 60, 65
0◦C. Appropriate aliquots were withdrawn at different ti

ntervals and the residual activities determined at assay
erature.

.2.10. Determination of Km and Vmax
Km andVmax values of the pure enzyme were determi

y measurement of enzyme activity with various concen
ions of casein substrate. Kinetic constants were calcu
sing the Leonora software program[23].

.2.11. Effect of metal ions, surfactants and protease
nhibitors

The enzyme was incubated with different compound
arying concentrations at 25◦C for 1 h in case of metal ion
-

nt microbes were able to grow. Protease producers a
hese were selected on the basis of zone formation on
ilk agar plate. The isolate showing maximum zone diam
as selected for further studies. Based on biochemical
y the Microbial Type Culture Collection Facility, Institu
f Microbial Technology (IMTECH), Chandigarh, India a
AME analysis by the Microcheck Microbial Analysis La
ratory, Vermont, USA, it was identified asP. aeruginosaand
esignated as PseA.

This strain secreted considerable amount of extrace
olvent stable protease with higher specific activity as c
ared to other solvent tolerantPseudomonasproteases[17].

The protease was purified in two steps by anion exch
hromatography on Q-Sepharose followed by hydroph
nteraction chromatography on Phenyl Sepharose 6 Fast

atrix. The supernatant of 48 h grown culture was use
rude source of enzyme and firstly applied to the Q-Seph
atrix. Protease activity did not bind to matrix and recove

n flow-through and washings, while most of other conta
ating proteins were bound to the matrix. Similar kind of
avior is also reported in case ofBacillussp. protease, whic
id not bind to DEAE cellulose[3]. The crude extract wa

ound to contain a lipase activity in addition to the prote
ctivity characterized in the present work. This step, w
id not result in any purification (and reduced the enz
ield), removed this lipase activity (A. Gupta, I. Roy, S
hare, M.N. Gupta, unpublished results).
The active fractions (flow-through fraction and washin

ecovered from Q-Sepharose step were pooled togethe
oaded on Phenyl Sepharose 6 Fast Flow matrix. The en
ith the proteolytic activity was completely adsorbed on



158 A. Gupta et al. / J. Chromatogr. A 1069 (2005) 155–161

Fig. 1. Hydrophobic interaction chromatography ofP. aeruginosaprotease
on Phenyl Sepharose 6 Fast Flow. The details of the experiment are described
in the text. Elution of the bound protease was carried out with 20 mM phos-
phate buffer, pH 7.7 containing 50% (v/v) ethylene glycol (elution buffer).
Symbols (�) and (�) represent the protease activity and protein, respectively.

matrix and no activity was detected in washings (Fig. 1).
The bound enzyme was eluted with 50% ethylene glycol
(in 20 mM phosphate buffer, pH 7.7) by isocratic mode.
The results of the protease purification are summarized in
Table 1. Total 60% of the activity units could be recovered
and approximately 11.6-fold purification of the protease was
achieved. The specific activity of finally purified enzyme was
99,613 U mg−1. Proteases from other strains ofPseudomonas
sp. have been purified by various combinations of chromato-
graphic procedures. Ogino et al.[17] obtained 25.6% yield
and 102-fold purification ofP. aeruginosaPST-01 protease
by ammonium sulphate fractionation and hydrophobic inter-
action chromatography. By employing ammonium sulphate
precipitation, gel filtration and ion exchange chromatogra-
phy, 37.7% yield and 25-fold purification was reported in
case ofP. aeruginosaMN1 by Bayoudh et al.[24].

SDS-PAGE of the crude and purified enzyme prepara-
tions is shown inFig. 2. In silver-stained gel the purified
preparation showed single band corresponding to molecular
mass of 35,000 Da, which is in good agreement with other
Pseudomonassp. proteases[17,25,26]. Zymogram activity
staining also revealed one clear zone of proteolytic activity
against the blue background for purified sample. The pure
protease (elastase) degraded gelatin (Fig. 3A) and casein
(Fig. 3B), used as the substrates in zymography and aggre-
g tely
1 me
h
o

Fig. 2. SDS-PAGE pattern of purified protease. Electrophoresis was carried
out using a 12% crosslinked polyacrylamide gel. Lane 1: crude extract of
P. aeruginosa(7�g protein); lane 2: pooled protease fractions from anion
exchange chromatography (7�g protein); lane 3: purified protease (7�g
protein); lane M: molecular mass marker proteins. Values:Mr × 10−3.

AlthoughP. aeruginosais reported to produce several pro-
teolytic enzymes, the predominant proteases secreted by this
bacterium are alkaline protease and elastase. Both are metal-
loproteases in nature[25]. Elastase fromP. aeruginosawas
first time isolated and characterized by Morihara[27] and the
name elastase relates to its ability to degrade elastin[28]. It
is also called as pseudolysin.

The purified preparation was also found to be a metallo-
protein. The effects of divalent cations on protease activity
were tested at a 5 mM concentration. Protease activity was
markedly reduced by Ni2+ and Cu2+ (to 11.9 and 21.2%, re-
spectively) and moderately by Zn2+, Mn2+, Mg2+ and Ca2+

(Table 2). No precipitation was observed in any of the sam-
ples.

Metal-complexing agents such as EDTA and 1,10-
phenanthroline at 5 mM concentration inactivated the pro-
teolytic activity to a great extent (75 and 100% inhibition,
respectively) confirming it to be a metalloprotease[17,29].

Inhibitors of serine protease (phenylmethanesulfonyl
fluoride) and thiol protease (iodoacetic acid andp-
chloromercuribenzoate) had no effect on enzyme activity
(Table 3). Proteolytic activity was not affected by some sur-
factants like Triton X-100, Tween 80 (at 0.1 and 0.5% con-
centration) but there was 47 and 39% reduction in protease
activity in the presence of 0.1% cetyltrimethylammonium
b

t l

T
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S ein (mg
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rude ta
ated into a complex of high molecular mass (approxima
60,000 Da). Caballero et al.[22] have also reported the sa
igh molecular-mass complexes forP. aeruginosaelastase B
n gelatin and casein zymograms.

able 1
urification ofP. aeruginosaprotease

teps Total activity (U) Total prot

rude 5147 0.600
-Sepharose chromatography 3088 0.409
henyl Sepharose chromatography 3088 0.031
a All recovery values are expressed in terms of activity units in the c
romide (CTAB) and 0.1% SDS, respectively.
The protease was further characterized for itsKm andVmax

owards casein as a substrate. It showedKm of 2.69 mg/m

) Specific activity (U mg−1) Recoverya (%) Fold purification

8578 100 1
7550 60 0.9

99,613 60 11.6

ken as 100%. The last step had 100% recovery.
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Fig. 3. Zymography ofP. aeruginosaprotease. Samples were elec-
trophoresed under non-denaturing conditions in a 10% gel containing 0.1%
gelatin (A) or 0.1% casein (B). The gels were washed in 2.5% Triton X-100,
incubated for 30 h at 37◦C in substrate buffer, and processed for visualiza-
tion as described under Sections 2.2.7. Lane 1: crude extract ofP. aeruginosa
(7�g protein); lane 2: pooled protease fractions from anion exchange chro-
matography (7�g protein); lane 3: purified protease (7�g protein).

andVmax of 3.03�mol/min. The enzyme was active in the
pH range of 7–9 and showed optimum pH of 8.0 (Fig. 4).
Pseudomonasproteases are reported to have pH optima 8.0
[27,30]. As regards to stability of enzyme at different pH
shown it was found to be stable in the pH range 6–9 (Fig. 5).

Table 2
Effect of metal ions on protease activity

Sample Protease activity (%)

Control 100
Ca2+ 53.9
Ni2+ 11.9
Mg2+ 56.0
Zn2+ 63.2
Mn2+ 40.4
Cu2+ 21.2

Purified protease preparation was incubated with salts of different metal ions
(5 mM) at 25◦C for 1 h and remaining enzymatic activity was determined
under normal assay conditions. The protease activity of the sample without
any metal ion (control) has been taken as 100%.

Table 3
Effect of inhibitors and surfactants on protease activity

Reagent Concentration Activity (%)

None 100
EDTA 5 mM 25

1,10-Phenanthroline 1 mM 92
5 mM 0

Phenylmethanesulfonyl fluoride (PMSF) 1 mM 100
5 mM 94

p-Aminobenzamidine 1 mM 88
5 mM 88

p-Chloromercuribenzoic acid 1 mM 99
5 mM 95

Iodoacetic acid 1 mM 93
5 mM 93

1,4-Dithio-dl-threitol (DTT) 1 mM 32
5 mM 0

Glutathione 1 mM 90
5 mM 90

�-Mercaptoethanol 1 mM 98
5 mM 80

Urea 1 mM 110
5 mM 100

Cetyltrimethylammonium bromide (CTAB) 0.1% 53
0.5% 51

SDS 0.1% 61

Triton X-100 0.1% 110
0.5% 106

Tween 80 0.1% 106
0.5% 99

Purified enzyme was preincubated with the various reagents at 25◦C for
10 min and residual protease activity was determined as described in the
text. One hundred percent was assigned to the activity in absence of reagent.
The experiment was carried out in duplicate and the difference between
individual set of readings was less than 3%.

Protease was most active at 60◦C, though it showed
considerable activity over the range of 40–65◦C (Fig. 6).
Similar temperature optimum (60◦C) for other Pseu-
domonasproteases has been observed by many researchers
[29,31].

Fig. 7 shows thermal stability of enzyme at 60, 65 and
70◦C. The purified enzyme when kept at 60◦C for 30 min
retained 100% protease activity. At 65 and 70◦C, however,
about 33 and 80% activity was lost in 10 min of incubation.
Almost similar observations have been reported by Morihara
[27] for protease fromP. aeruginosa.

The substrate specificity ofPseudomonasprotease indi-
cated that it was active on a variety of natural (BSA, casein,
elastin–orcein and haemoglobin) proteins. The protease ex-
hibited the highest activity towards casein. Various synthetic
substrates such as benzoyl argininep-nitroanilide (BAPNA),
benzoyl arginine ethyl ester (BAEE),p-toluenesulfonyl-l-
arginine methyl ester, hippuryl-l-arginine, acetyl-l-tyrosine
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Fig. 4. pH optimum of purified protease. pH optima was measured by incu-
bating the enzyme with the substrate at different pH values. The buffers used
were 0.03 M phosphate (�) (pH 6.0–8.0); 0.1 M Tris–HCl (�) (pH 8.0–9.0);
0.1 M glycine–NaOH (©) (pH 9.0–10.0) and 0.03 M borax–NaOH (♦) (pH
9.5–11). The activity at pH 8.0 is taken as 100%.

Fig. 5. pH stability of protease. Purified enzyme was incubated in buffers
of different pH values (pH 5–11) at 25◦C for 1 h and remaining activity
was determined at pH 8.0 under standard assay conditions. The maximum
activity of the enzyme has been taken as 100%.

Fig. 6. Temperature optimum of protease. The purified enzyme was incu-
bated with the substrate at different temperatures. The activity at 60◦C has
been taken as 100%.

Fig. 7. Thermal stability of protease at 60 (�), 65 (�) and 70◦C (�). Aliquots
were withdrawn at regular time intervals after incubating the protease at 60,
65 and 70◦C, cooled rapidly to 60◦C and assayed for enzyme activity.

ethyl ester are not hydrolyzed (data not shown). Metallo-
protease fromP. aeruginosais reported to exhibit similar
behavior towards different substrates by Morihara[29]. Con-
sidering the elastase activity and other characteristics of the
enzyme, this protease appears close to pseudolysin reported
from otherP. aeruginosastrains[17].

Enzymes are usually inactivated by the addition of organic
solvents to the reaction solution. The effect of different or-
ganic solvents on stability of various proteases was studied.
Purified protease preparation fromP. aeruginosaPseA strain
was found to be stable in the presence of range of organic
solvents (Fig. 8). However, the relation between the stabil-
ity against organic solvent and solvent polarity (logP value)
of the added organic solvent was not found. Similar obser-
vations are reported by Ogino et al.[17] in case of purified

F ified
p
p
( ty
o

ig. 8. Effect of organic solvents on stability of purified protease. Pur
rotease was incubated at 30◦C with constant shaking in the absence (©) or
resence of 25% (v/v) 1-butanol (�); benzene (�); toluene (♦); cyclohexane
�); hexane (�); heptane (�); isooctane (�) for 72 h. The protease activi
f the non-solvent containing control has been taken as 100%.
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Fig. 9. Effect of organic solvents on stability of various proteases. Various
protease solutions were incubated at pH 8.0 and 30◦C with constant shaking
in the absence or presence of 25% (v/v) cyclohexane and DMF as described
in text. Purified protease fromP. aeruginosa: without solvent (�), with
cyclohexane (�), with DMF (�); �-chymotrypsin: without solvent (©),
with cyclohexane (�), with DMF (�); A. oryzaeprotease: without solvent
(♦), with cyclohexane (+), with DMF ( ). The protease activity of the non-
solvent containing control at 0 h has been taken as 100%. Each experiment
was carried out three times and the difference in the individual results in
each set of experiments was less than 5%.

PST-01 protease.Fig. 9shows the remaining activity of vari-
ous proteases in the absence or presence of cyclohexane an
DMF. Purified protease was found to be highly resistant to
these solvents as compared to�-chymotrypsin andA. oryzae
protease.

To sum up, a facile purification of a protease fairly stable
in a range of organic solvents, surfactants and at higher tem-
peratures is described. The usefulness of this solvent stability
has already been discussed in the introduction and elsewhere
[32,33]. Considering its surfactant and thermal stability, this
P. aeruginosaprotease may also find potential application in
laundry detergents[2].
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