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Abstract  Strepromyces sp. AD0OO1 is a Gram-positive soil
actinomycetes secreting an uncharacterized 2,4-dichlorophenol
(DCP) oxidizing enzyme, whose activity is similar to the
previously known Actinomycetes lignin-peroxidase (ALiP).
This extracellular peroxidase was purified from Streptomyces
sp. ADOO! as a single protein band on an SDS-PAGE by
ammonium sulfate fractionation, Q-sepharose, concanavalin A,
and Bio-Gel HTP column chromatographies. The molecular mass
of the purified peroxidase was determined by SDS-PAGE to be
45.2 kDa, and 49.7 kDa with MALDI-TOF-MS, respectively.
The highest level of peroxidase activity was observed at pH
7.5 and 30°C. The amino terminal sequence of the purified
peroxidase (G-E-P-E-E-G-N-V-D-G-T-L) showed no significant
homologies to any known proteins, suggesting that Streptomyces
sp. ADOO1 may secrete a novel kind of bacterial peroxidase.
Initial rate kinetic data of the 2,4-DCP oxidation were best
modeled with a random-binding bireactant system.
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Streptomyces are Gram-positive, filamentous soil bacteria,
which undergo a unique morphological differentiation.
Streptomyces are important industrial microorganisms
owing to their ability to produce a large number of
secondary metabolites, such as antibiotics, and several
classes of enzymes having various industrial applications
[4, 14, 19, 24]. In addition, some Streptomyces species have
also been recognized as being ecologically and environmentally
valuable microorganisms due to their superior capabilities
of degrading many recalcitrant substances with diverse
structures [1, 7, 10, 22].
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Among the many Streptomyces industrial enzymes,
Streptomyces peroxidases have been intensively studied
due to their potential biotechnological application for the
production of animal feedstock and raw materials for
the chemical, agricultural, and paper industries. And, their
capability of oxidizing a large number of aromatic substances
(7, 10, 25] also implies the potential for treatment of
industrial effluents containing recalcitrant compounds.

S. viridosporus TTA, one of the best characterized
xenobiotic-degrading Streptomyces, was previously reported
to secrete four isoforms (Pl to P4) of extracellular
Actinomycetes lignin-peroxidase (ALiP) [22]. Among the
four ALIP isoforms found in S. viridosporus TTA, only
P3 isoform exhibited 2,4-dichlorophenol oxidizing activity
in the presence of hydrogen peroxide, indicating its
usefulness as the most promising bacterial enzyme
for xenobiotic-biodegradation, due to its broad substrate
specificity [7].

In general, enzyme reaction mechanisms involving two
substrates are described by one of three models: the
random-binding bireactant (Bi Bi), the ordered Bi Bi, or
the ping-pong Bi Bi kinetic model. The kinetic mechanism
of the ALiP-P3 from S. viridosporus TTA, which catalyze
the oxidation of 2,4-DCP, was proposed to be a random-
binding bireactant system. [7].

Recently, a soil actinomycetes, named Streptomyces sp.
ADO001, was isolated from Korean soil, based on superior
dye-decoloring activity on the plate containing congo-red
as well as new-fuchin dyes, and was found to secrete
an ALiP-like enzyme which oxidized 2,4-DCP in the
presence of hydrogen peroxide [10]. This strain produced
ALiP-P3-like enzyme to an extracelluar culture broth, and
this enzyme can oxidize 2,4-DCP [10]. We describe in the
present study the purification and characterization of the
extracellular 2,4-DCP oxidizing peroxidase from Streptomyces
sp. ADOOL strain. The enzyme kinetic data indicated



1at Streptomyces AD001 peroxidase followed a random-
inding bireactant mechanism.

VIATERIALS AND METHODS

tacteria and Culture Conditions

‘he microorganism used in this study was Streptomyces
p. AD0O1, isolated from Korean soil, and was known to
screte an extracellular ALiP-like enzyme [10]. Streptomyces
p. AD001 spore suspensions (10 ml) were prepared from
'1R2 slants, which had been incubated at 30°C for 7 days.
‘he spore suspensions from each slant were divided and
tored as either long-term stock cultures (stored at - 72°C)
r working spore suspensions (stored at -20°C). A
1odified DIMM (40 g corn starch/l, 20 g casein/l, 7 g
aCO,/, 3 g yeast extract/l, 1 g NH,CV/1, 1 ml R2YE trace
tetal stock solution/], 1 g xylan/l, pH 7.0) was used for
nzyme production [8]. Five ml of Streptomyces sp.
\DO001 spore suspension was inoculated in 11 medium. A
-1 Erlenmeyer flask containing 500 ml of the medium was
jcubated at 30°C and 200 rpm. Peak enzyme production
sas observed at 6 days of cultivation.

‘urification of Peroxidase

I purification steps were performed at 4°C. The culture
upernatant of Streptomyces sp. AD001 was first treated
/ith 70% ammonium sulfate, and the precipitate was then
scovered by centrifugation at 7,000 rpm for 30 min. After
uspending in 50 mM MES buffer (pH 6.0), the suspension
/as dialyzed against the same buffer. Next, the enzyme
uspension was loaded on a Q-sepharose fast-flow anion
xchange column (26/32, Pharmacia, Sweden), which had
een pre-equilibrated with 50 mM MES buffer (pH 6.0).
*he protein was eluted with 0, 100, 150, 200, and 400 mM
1aCl step gradient in the same buffer at a flow rate of 10
1/min. The active fractions were pooled and then applied to
concanavalin A sepharose affinity column (16/5, Pharmacia,
weden). The column was eluted batchwise with 0, 50, 100,
50, and 200 mM methyl-o-D-glucopyranoside at a flow rate
f 1 ml/min. The active fractions were pooled and dialyzed
gainst 20 mM phosphate buffer (pH 6.8), and the dialysate
sas applied to a Bio-Gel-hydroxylapatite column (16/10,
jio-Rad, U.S.A.), which had been pre-equilibrated with
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the same buffer. The column was washed with the same
buffer followed by elution with a 50, 100, 150, 200, and
500 mM phosphate buffer (pH 6.8) stepwise gradient. The
active fractions, which were eluted with 150 mM phosphate
buffer, were concentrated using an Amicon YM 10 membrane
(Millipore, U.S.A.) and then used for characterization.

SDS-PAGE and Native PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed by the methods of Laemmli
[15]. The protein preparation was boiled for 10 min in
the presence of 1.6% (wt/vol) SDS, 4% (wt/vol) B-
mercaptoethanol, and 0.1% bromophenol blue in the sample
buffer. The molecular weight standards (Invitrogen, The
Netherlands) used were Myosin (188 kDa), Phosphorylase
B (98 kDa), BSA (62 kDa), GDH (49 kDa), ADH (38 kDa),
CAH (28 kDa), Myoglobin Red (19 kDa), Lysozyme (14
kDa), Aprotinin (6 kDa), and Insulin B chain (3 kDa). The
electrophoresis was performed with 12% polyacrylamide
gel containing 0.1% SDS, at a constant voltage, using a
vertical system (Mini Gel system, Bio-Rad U.S.A.). Native
PAGE was carried out at a temperature of 4°C under the
same conditions as SDS-PAGE, without the addition of
SDS. After electrophoresis, protein bands were visualized
by Coomassie brilliant blue R250 staining. Peroxidase bands
on nondenaturing PAGE gels were developed by activity
staining with 2,4-DCP as the substrate.

Effect of pH and Temperature on Activity and Stability
of Enzyme

The optimum pH for the purified peroxidase was determined
over a pH range of 4.0 to 9.5 using the following buffers
(100 mM): acetic acid (4.0- 5.5), MES (5.5~ 6.5), phosphate
(6.5- 8.0), and boric acid (8.0-9.5). For the pH stability
test, the enzyme was incubated at different pHs at 30°C for
up to 40 h, and then the residual activity was measured
after readjustment of the pH to 7.0.

To determine the effect of temperature on the stability of
the enzyme, the enzyme solution was incubated in 100
mM MOPS (pH 7.0) buffer for up to 40h at various
temperatures (4, 20, 40, and 60°C), then the residual
enzyme activity was assayed. To examine the optimum
temperature, the enzyme activity was measured at various
temperatures (20, 30, 35, 40, 45, 50, and 60°C).

able 1. Purification of extracellular peroxidase from Streptomyces sp. ADOOL.

Volume Total protein Total activity Specific activity Yield Purification
(ml) (mg) (Uint) (Uint/) (%) (fold)
Crude extracts 1,700 2,407.2 5,304.0 22 100 1
Ammonium sulfate 110 1,556.4 2,326.5 1.5 442 0.7
Q-sepharose 30 60.0 788.1 13.1 14.9 6.0
Concanavalin A 3 49 383.91 80.0 7.2 359
Bio-Gel HTP 3 1.1 116.4 102.1 22 46.3
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Fig. 1. Elution profiles of protein and peroxidase activity in the
column chromatography.

(A) Q-sepharose FF anion exchange column (26/32) chromatography. (B)
Concanavalin A affinity column (16/5) chromatography. (C) BIO-Gel-
hydroxylapatite column (16/10) chromatography. @: Protein; O:
Peroxidase activity.

Peroxidase Assay and Protein Concentration
Determination

Peroxidase activity was assayed using a modified 2,4-
dichlorophenol assay [22], which is based on the reaction of
ALIiP-P3-oxidized 2,4-dichlorophenol with 4-aminoantipyrene
to form colored antipyrylquinonimine that strongly absorbs
at 510 nm. The final concentrations of the 1.0 ml aqueous
assay mixture consisted of 100 mM MOPS buffer (pH 7.0),
9.0 mM 2,4-dichlorophenol, 8.2 mM 4-aminoantipyrene, and
40 mM H,O,. After the addition of H,0O,, absorbance
change at 510 nm was monitored for 2 min at 30°C. One
unit of enzyme activity corresponded to an increase of 1.0
absorbance/min. Protein concentration was determined by
the method of Bradford er al. [2] using bovine serum

albumin as the standard.

Molecular Mass Determination and Amino-Terminal
Amino Acid Sequence Analysis

Matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) was performed on
a Voager™ DE-STR (PerSeptive Biosystems, Inc.). The N-
terminal amino acid sequence of peroxidase in the PVDF
membrane was determined by using a protein sequencing
system (Milligen, Applied Biosystems).

62.0
49.0

452

38.0

28.0

19.0

14.0

Fig. 2. SDS-PAGE of proteins during purification steps.

Lane 1: Molecular size markers (in kDa); Lane 2: 0-70% ammonium
sulfate precipitate; Lane 3: Q-sepharose anion exchange column fraction;
Lane 4: Concanavalin A column fraction; Lane 5: Bio-Gel-hydroxylapatite
column fraction.



Tible 2. Effect of inhibitors on peroxidase activity.

Inhibitor (1 mM) Inhibition rate (%)t STD*

Potassium cyanide 88.9+0.6
Sodium azide 89.1+0.7
EDTA 63.7+5.5
Mercuric sulfate 100+0.0
Magnesium sulfate 43.5+5.5
Zinc sulfate 53.6x13.7
Copper sulfate 68.3+5.3
Cobalt chloride 73.3+8.2

%1

TD was from 3 separate experiments.

F.ESULTS AND DISCUSSION

I arification of Peroxidase

[ :roxidase was purified from 21 of Streptomyces sp.
£ D001 culture broth by ammonium sulfate fractionation,
¢ wromatographies on Q-sepharose FF, concanavalin A,
a 1d Bio-Gel-hydroxylapatite as described in Materials and
D lethods. As shown in Table 1, the final purification
s ep resulted in 46.3-fold purification with an overall yield
¢ 7 2.2%. The enzyme had a specific activity of 102.1 U/
r g protein. The concanavalin A affinity chromatography
( ‘ig. 1B) was particularly useful for the peroxidase, which
v as the main subject of this research. Bio-Gel HTP
¢ womatogram and native PAGE activity staining showed
t at more than three 2,4-DCP oxidizing peroxidases existed
i the Streptomyces sp. ADOO!1 culture broth (Figs. 1B,
4

—~

Z, and 3B). Finally, purified peroxidase was eluted

1ig. 3. Native PAGE (A) and activity staining (B).

7 1e activity staining was performed in peroxidase assay mixture (pH 7.0,
10 mM MOPS) for 5 min at 30°C after native PAGE. Lane 1: 0- 70%
a nmonium sulfate precipitate; Lane 2: Q-sepharose anion exchange column
f iction; Lane 3: Concanavalin A column fraction; Lane 4: Bio-Gel-
I ‘droxylapatite column fraction.
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Fig. 4. Effects of temperature (A) and pH (B) on the peroxidase
stability.

with 150 mM phosphate buffer on the Bio-Gel HTP
column. The purified enzyme showed as a single protein
band on an SDS-PAGE after staining with Coomassie
Brilliant Blue R250. The apparent molecular mass of
the purified peroxidase was estimated to be 45.2 kDa by
SDS-PAGE (Fig. 2) and 49.7 kDa by MALDI-TOF-MS.
These results indicate that the purified peroxidase was in
monomeric form. The N-terminal amino acid sequence of
the purified peroxidase was identified as G-E-P-E-E-G-N-
V-D-G-T-L. No other protein with the same N-terminal amino
acid sequence was found in the database analyzed by NCBI’s
BLAST (Basic Local Alignment Search Tool) program.
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Effects of pH and Temperature on the Peroxidase
Activity

The optimal pH and temperatures for the peroxidase
activity were 7.5 and 30°C, respectively (data not shown).
The purified peroxidase was very stable below 40°C, remaining
over 80% of its initial activity after 40 h of incubation (Fig.
4A). Also, this peroxidase was more stable at alkaline pH
(pH 8, 9.5) and lost about 60% of its initial activity after
storage at acidic pH (Fig. 4B). The purified peroxidase was a
thermostable and alkalinestable enzyme. Thus, the peroxidase
can be stored at pH 9.5 and 4°C.
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Fig. 5. Initial plot of 1/rate vs 1/[DCP] and 1/[H,0,] at fixed
H,0, and DCP concentrations.
Data are the average of triplicate initial rate measurements.

Effect of Metal lons and Metabolism Inhibitors on the
Peroxidase Activity

The purified peroxidase was pre-incubated in the presence
of various metal ions and chemical reagents at 4°C for 30
min at 1 mM concentration, and its residual activity was
assayed. As shown in Table 2, the peroxidase activity was
inhibited by about 90% with known heme protein inhibitors
such as potassium cyanide and sodium azide, and the
chelating agent, EDTA, showed less effect (64%). Additionally,
the purified peroxidase exhibited a maximum absorption at
400 nm (data not shown). Thus, these observations indicated
that this peroxidase is a heme protein, similar to ALiP-P3
[22]. The peroxidase activity was completely abolished by
1 mM mercuric sulfate, whereas Mg™. Zn™, Cu™, and Co"
showed less inhibition.

Kinetic Study of Purified Peroxidase

Initial rate data with varying concentrations of 2,4-DCP or
H,0, did not match with both ping-pong bireactant system
(which would result in parallel curves that do not intersect)
and ordered Bi Bi system (in which the curves do intersect
on 1/[DCP]=0) (Fig. 5). Therefore, the random binding
bireactant kinetic model is the only possible model system.
The parameters of the random binding bireactant kinetic
model are summarized in Table 3. Figure 6 shows the
actual rates and predicted rates by the random Bi Bi model
with the calculated kinetic constants. This result suggests
that the purified peroxidase catalyzed the oxidation of 2,4-
DCP by a random Bi Bi system. This reaction mechanism
was similar to that of ALiP-P3 from Streptomyces viridosporus
T7A [7]. However, the presently purified peroxidase and
ALiP-P3 showed different kinetic constants (Table 3). The
kinetic parameter, ¢, of the random bireactant system is a
measure of the change in the enzyme’s binding affinity to
one substrate, after the other has formed an enzyme-
substrate complex. The binding factor determined for the
purified peroxidase (o=1.8) in the present study indicates
that, once 2,4-DCP or H,0O, is bound to the enzyme, the
affinity of the resulting complex for the remaining substrate
is higher than that of the native enzyme. This binding
factor shows that the purified peroxidase has substrate

Table 3. Kinetic constants for the purified peroxidase and
ALiP-P3-catalyzed 2,4-DCP oxidation.

Kinetic constant ALiP-P3* Purlfled
peroxidase
o 0.7 1.8
V... [nmol/mg protein.min] 465.8 529.7
Kper (MM) 0.372 1.7
Ko (mM) 38 11.0

o: Change in enzyme’s binding affinity to one substrate after the other has
formed an enzyme-substrate complex.
*This data was obtained from reference 7.
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secificity different from ALiP-P3: The K., and K,
«f the purified peroxidase were 1.7mM and 11.0 mM,
1:spectively (Table 3), and these results indicate that the
| urified peroxidase has higher affinity for H,O,, and a
Iywer affinity for 2,4-DCP than ALiP-P3. The V_, of
t1e purified peroxidase was similar to ALiP-P3. These
¢ haracteristics indicate that the purified peroxidase was an
. .LiP-P3-like enzyme.
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