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ABSTRACT

A 1602 bp fragment was cloned from a soil bacterium
Ochrobactrum sp. 531. It contained an open reading
frame (ORF) of 1092 bp which was identified as a
multicopper oxidase (MCO) with potential laccase
activity. After inserting the cloned gene into the ex-
pression vector pET23a, it was expressed in E. coli
BL21(DE3)pLysS, and its product was purified to
homogeneity through chromatography. The Ochrobac-
trum sp. 531 MCO, consisting of 533 amino acids with
a molecular mass of 57.8 kDa, was quite stable in
neutral pH and showed laccase-like activity oxidizing
2,6-dimethoxyphenol (DMP), 2,2’-azino-bis(3-ethylbe-
nzthiazolinesulfonic acid) (ABTS), and syringaldazine
(SGZ). The enzyme showed optimum activity towards
DMP, ABTS, and SGZ at the pH 8.0, 3.6, and 7.5 re-
spectively. Kinetic studies gave this enzyme Kp, Keat
and Kew/Km values of: 0.09 mM, 7.94 s?, and 88.22
stmM™ for DMP; 0.072 mM, 2.95 s, and 40.97
stmM™ for ABTS; and 0.015 mM, 2.4 s, and 160
st-mM™for SGZ. Our results demonstrate that Och-
robactrum sp. 531 MCO is a bacterial laccase which
oxidized phenolic substrates DMP and SGZ effec-
tively under alkaline conditions. These unusual prop-
erties make the enzyme an interesting biocatalyst in
applications for which classical laccases are unsuitable.

Keywords: Ochrobactrum sp. 531; Multicopper Oxidase;
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1. INTRODUCTION

Laccases (EC 1.10.3.2) are a family of multicopper oxi-
dases which catalyze the oxidation of a wide range of
inorganic and aromatic substrates by coupling four-electron
reduction of dioxygen to water [1,2]. Laccases are widely
found in plants, insects and fungi, and recent studies are
increasing their number especially in prokaryotic sources
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[3]. Multicopper oxidases are found in Streptomycetes
griseus [4,5], Streptomyces lavendulae[6], Sinorhizobium
meliloti [7], Marinomonas mediterranea [8], Escherichia
coli [9,10], Klebsiella sp. 601 [11], Bacillus subtilis [12],
Bacillus sphaericus [13] and Bacillus halodurans [14].
Like fungal and plant laccases, bacterial laccases also
contain four copper atoms: type I or blue copper, type II
or normal copper, and type III or coupled binuclear cop-
per center [15]. Compared to fungal laccases, bacterial
laccases show little overall amino acid sequence similar-
ity, low oxidation rate, and supplementation of Cu?* [16].
Because of these differences, bacterial enzyme is often
defined as “multicopper oxidase (MCO)”, and its activity
as “laccase-like enzyme”.

Although fungal laccases are currently commercialized
for industrial application, most of them have narrow sub-
strate specificity and a limited effective pH range, espe-
cially in alkaline environments. The amount of fungal lac-
cases does not meet current market requirements due to
their expression difficulty in prokaryotic hosts in an ac-
tive form, but bacterial laccases, unlike fungal ones, do
not require any post-transcriptional modification, and are
able to express in prokaryotic hosts as a soluble form.
Bacterial laccases also act in a wide rang of pH, and have
wide substrate specificities and good stability [16]. Its low
activities can be improved, because the factors affecting
enzyme activity can often be defined and optimized via
enzymatic study and protein engineering [17-20].

Considering the potential applications of bacterial lac-
cases in environment and green industry, we isolated a
novel strain Ochrobactrum sp. 531 displaying laccase ac-
tivity from soil, cloned a DNA fragment encoding a MCO
gene, and studied its expression in E. coli BL21 (DE3)
pLysS. The enzyme was purified to homogeneity, and its
kinetic parameters for 2,6-dimethoxyphenol (DMP), 2,2’-
azino-bis(3-ethylbenzthiazolinesulfonic acid) (ABTS), and
syringaldazine (SGZ) were also determined through steady-
state kinetics. Our results demonstrate that the cloned
Ochrobactrum sp. 531 fragment encodes a bacterial lac-
case which can oxidize DMP and SGZ effectively under
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alkaline conditions.

2. MATERIALS AND METHODS
2.1. Strains, Plasmids and Chemicals

Ochrobactrum.531 was isolated from soil and stocked in
our laboratory. E coli DH5a and E. coli BL21 (ED3) pLysS
were used for DNA amplification and protein expression.
All primers used in this study are listed in Table 1. PCR
reagents, T-vector, ligase kits, restriction enzymes, and
DNA markers were purchased from TaKaRa. The gel
recovery kit was bought from V-Gene. ABTS, DMP, and
SGZ were purchased from Sigma. The reagents for elec-
trophoresis were bought from Ameresco. Inorganic salts,
antibiotics, and culture medium were obtained from Zhong
Ke (Shanghai, China).

2.2. Cloning the Core Sequence of
Ochrobactrum sp. 531 MCO Gene by PCR

As the genomic DNA of Ochrobactrum sp. 531 is not
sequenced yet, it was difficult to use PCR technique di-
rectly to clone its MCO gene. We adopted the methodology
described in Li ef al. [11] to clone the core segment of
MCO from the genomic DNA of Ochrobactrum sp. 531.
Sequence alignments revealed that amino acids at four
copper-binding sites of both eukaryotic and prokaryotic
laccases are highly conserved [21,22]. To reduce the
degeneracy of DNA composition, Blast search in Gen-
Bank and sequence alignment found a conserved pattern
WFHPHL(Q)H and HP(A)MF(A)HCH at copper-binding
sites of the CueO-type multicopper oxidases of several
bacteria (see Figure 1(a)). Based on these two conserved
sequences, two degenerate primers, 531F1 and 531R1
(Table 1), were designed using the program CODEHOP
[23]. 10 ng of genomic DNA extracted from Ochrobac-
trum sp. 531 was used as template in 100 pl reaction so-
lution containing 10% 10 x PCR buffer, 0.2 mM dNTPs,
0.4 uM 531F1, and 531R1 primers. PCR was initiated by
adding 2.5 U ExTaq DNA polymerase and performed at
94°C for 5 min, followed by 30 cycles of denaturizing at
94°C for 30 s, annealing at 54°C for 45 s, and extension
with ExTaq DNA polymerase at 72°C for 90 s. The PCR
product (1092 bp) was then recovered using gel extraction
kits, inserted into pMD18-T vector by mixing DNA frag-
ment and pMD18-T DNA (5:1) and incubated at 16°C
for 4 hours. 5 pl ligation mixture was used for transform-
ing E. coli DH5a via calcium chloride method [24]. Posi-
tive transformants were screened using LB plates sup-
plemented with 100 pg/ml Ampicillin, and further con-
firmed by PCR in which two primers, 531F1 and 531R1,
were used. The cloned DNA segments were finally sent
to Genomic Institute of Science and Technology Co., Ltd
(Shanghai, China) for DNA sequencing. Finally a core
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DNA fragment (1092 bp) was obtained (see Figure 1(b)).
Translation gave the cloned DNA 364 amino acids with
CuIlI, CuIII, and Cu IV sites.

2.3. Cloning Full Length of the Gene

BlastP search showed that amino acid sequence, derived
from the cloned 1092 bp DNA, gave 98% similarity to
Ochrobactrum anthropi (gi/153011149) and more than
75% to Brucella suis (gi/23500444). Phylogenetic analy-
sis also showed the MCO of Ochrobactrum anthropi has
a close evolutionary relationship with that of Brucella
suis (data not shown). Results of BlastP and phylogenetic
analysis suggested that the MCO of Ochrobactrum sp. 531
has perhaps strong homology with that of Ochrobactrum
anthropi and Brucella suis. Multiple alignments revealed
that 10 amino acids at both N- and C-termini (MTGITR-
RRLL and VGMMAQFVTYV) of MCOs in Ochrobactrum
anthropi and four Brucella species (B. suis, B. canis, B.
abortus and B. ovis) are identical. Based on these 10 iden-
tical amino acids, we designed the rostrocaudal degener-
ate primers 531F2 and 531R2 (see Table 1). To clone the
full length of Ochrobactrum sp. 531 MCO gene, PCR was
performed by using two oligomers, 531F2 and 531R2, as
a primer pair and Ochrobactrum sp. 531 genomic DNA
as template. PCR amplification was executed at 94°C for
5 min, followed by 30 cycles of denaturing at 94°C for
30 s, annealing at 54°C for 45 s, and extension at 72°C
for 90 s. 1.6 kb of PCR product was recovered, inserted
into pMD18-T vector to form recombinant molecule and
then transformed into E. coli DH5a as described previ-
ously. A 1602 bp DNA fragment was finally obtained via
PCR. DNA sequence analysis showed that the 1602 bp
DNA segment, enclosing the cloned core DNA fragment
(1092 bp), contained intact information of an open reading
frame (ORF). The gene sequence encoding Ochrobactrum
sp. 531 MCO was deposited in NCBI database (Acces-
sion No: HM358156).

Table 1. DNA primers used for cloning the gene of Ochrobact-
rum sp. 531 MCO.

Primers DNA Sequences

531F1 5-TTYAAYTGGTTYCAYCCNCA-3’

531R1 5’-TGRCARTGRAACATRAANGG-3’

531F2 5’-ATGACTGGAATTACMCGYCGKC-3’

531R2 5’- TYATACCGTYACGAAYTGMGCC-3’

5’-ACAGGAATTCATGACTGGAATTACACGTCG-3’
531LF1
(EcoRI)
5’-ACATGTCGACTACCGTCACGAACTGTGCC-3’

S31LRI1 (Sall)

"M: A/C; R: A/G; K: G/T; Y: C/T; N: A/T/C/G.
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(bp)
® w ok ks * ok ok 2000
Ochrobactrum 155 NMFHPHLHG 163 509 SHRFMFHCHVLEH 517
Brucella 156 NMFHPHLHG 164 510 SHRFMFHCHLLEH 518 i(s)(;o
Salmonella 139 CWIHPHKHG 147 500 EHAYMAHCHLLEH 512 500
Klebsiella 139 CWIHPHKHG 147 496 EFAYMAHCHLLEH 508
Escherichi 139 CWFHPHQHG 147 493 EHAYMAHCHLLEH 501 20
Shigella 139 CWFHPHQHG 147 493 BHAYMAHCHLLEH 501 log

(@

(b)

Figure 1. Amino acid sequence alignment of the two copper binding domains of bacterial multicopper
oxidases and PCR product amplified from the genomic DNA of Ochrobactrum sp. 531. (a) alignment of
the two copper binding domains of six bacterial multicopper oxidases (Ochrobactrum anthropi
gi:153011149, Brucella suis gi:23500444, Salmonella enterica gi:194443616, Klebsiella pneumoniae
gi:152968582, Escherichia coli gi:16128116, Shigella dysenteriae gi:194433448). Sequences in boxes
are copper binding domains used for designing degenerate primers; (b) 1% agarose gel showing the
DNA band amplified using the primers 531F1 and 531R1. Lane 1: PCR product, and Lane 2: DNA

marker.

2.4. Enzyme Expression and Purification

Two primers 531LF1 and 531LR1 with a restriction site
(see Table 1) were designed based on the DNA sequence
of the cloned gene from Ochrobactrum sp. 531, and used
to amplify the cloned gene via PCR from the recombi-
nant plasmid pMD18-T carrying the cloned 1602 bp DNA
segment in order to insert it into a pET23a vector at EcoR
I and Sal T sites. As described above, similar PCR proce-
dure was employed to subclone the gene encoding MCO.
The amplified DNA was then digested with EcoR 1 and
Sal 1 and inserted into pET23a vector. To eliminate possi-
ble contamination of E. coli CueO during purification, a
6 x histag was designed at the C-terminus of Ochrobac-
trum sp. 531 MCO. The recombinant pET23a plasmid was
finally introduced into E. coli BL21 (ED3) pLysS. Positive
transformants were selected using LB plates plus 100 pg/ml
Ampicillin, and confirmed by PCR. Single colony was
inoculated into 5 ml LB containing 100 pg/ml Ampicillin
and incubated at 37°C overnight. Sml overnight culture
was then transferred into 500 ml fresh LB medium sup-
plemented with 100 pg/ml Ampicillin, and bacterial cul-
ture was incubated at 23°C. When ODyy, approached to 0.6,
protein expression was initiated by adding IPTG to the
final concentration of 0.5 mM, and bacterial cells were
grown continually for 6 hours at 23°C. After harvested
by centrifuging at 6000 rpm for 15 min at 4°C, bacterial
cells were re-suspended in 50 mM Tris-HCI (pH 8.0) and
broken by sonication. The crude extract was collected
and clarified by centrifugation at 12,000 rpm for 15 min
at 4°C. The enzyme was purified via Ni-affinity chroma-
tography. The Ni-affinity column was equilibrated with
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buffer A (50 mM Tris-HCI (pH 8.0)), washed with buffer
B (25 mM imidazole in 50 mM Tris-HCI (pH 8.0)), and
eluted with buffer C (250 mM imidazole in 50 mM
Tris-HCI (pH 8.0)). Protein concentration was estimated
by measuring the absorbance at the wavelength of 280
nm and calculated by using its extinction coefficient of
40660 M"-cm ™. Protein purity was routinely monitored
on 10% SDS-PAGE. Enzyme activity was also monitored
routinely by active staining on a 10% native gel as de-
scribed below.

2.5. Active Staining

10% native gel was used to separate the crude extract as

described previously [25]. After electrophoresis, the mini-

gel was first soaked in 30 ml of 50 mM TrisHCI (pH 7.5

or 8.0) for 15 minutes, and then stained in 50 mM TrisHCI

buffer (pH 7.5 or 8.0) containing 0.02 mM DMP (or SGZ)
and 0.2 mM CuSO, at room temperature for 15 minutes.

All results were recorded by scanning or photography.

2.6. Enzyme Assay and Kinetic Parameter
Determination

Enzyme activities towards substrates DMP, SGZ, and
ABTS were examined at 37°C according to the protocol
described in Palmieri [26]. Absorbance was measured at
477 nm for DMP, 420 nm for ABTS and 530 nm for SGZ
on a Shimadzu UV/visible spectrophotometer (UV-2550).
The extinction coefficients used in active assays were 14.8
mM -cm ™! for DMP, 36 mM '-cm ! for ABTS, and 65
mM "-cm ™ for SGZ. 30 mM HAc-NaAc buffer was used
for pH 3.0 - 5.5, 30 mM K,HPO,-KH,PO, buffer for pH
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5.5-7.5, and 30 mM Tris-HCI for pH 7.5 - 9.5. In addi-
tion, 0.2 mM CuSO, was routinely added into the reac-
tion solution. Enzyme activity (U/ml) was defined as
units of activity per milliliter of enzyme solution, where
one unit (U) represents 1 umol of substrate oxidized per
min. Specific activity (U/mg) was expressed as units of
activity per milligram of protein.

To determine kinetic parameters, rates were measured
spectrophotometrically at 37°C with 0.2 mM CuSO, over
a range of substrate concentrations (0.05 - 0.2 mM DMP,
0.03 - 0.2 mM ABTS, and 6 - 25 uM SGZ). Oxidation of
DMP was assayed in 30 mM TrisHCI buffer (pH 8.0), of
ABTS in 30 mM acetate buffer (pH 3.6), and of SGZ in
30 mM TrisHCI buffer (pH 7.5). Michaelis-Menten pa-
rameters were calculated using the UVProbe-[Kinetics]
version 1.11a (SHIMADZU Corporation), and mainly de-
termined by Lineweaver-Burk plot and also checked
by Hanes-Woolf and Eadie-Hofstee plots. The deviation

1 ATGACTGGAATTACACGTCGTCGCCTGCTG

251

between the same parameters obtained from different
plots was less than 5%.

3. RESULTS
3.1. Identification of Laccase Activity

The 1602 bp nucleotide sequence of intact MCO open
reading frame cloned from Ochrobactrum sp. 531 is shown
in Figure 2. 533 amino acids were deduced for Ochrobac-
trum sp. 531 MCO based on its DNA sequence. As shown
in Figure 2, Ochrobactrum sp. 531 MCO contains four
His-rich copper binding domains, which is a typical fea-
ture for multicopper oxidase family. Analysis of the pri-
mary structure suggested that Ochrobactrum sp. 531 MCO
could be a multicopper oxidase that might act as a lac-
case. Furthermore, Ochrobactrum sp. 531 grew quite well
at pH 9.0 (data not shown), suggesting that the enzyme
could be active at higher pH.

TCTCTTGGGGCAGGGGCCGCTTTTCTAACC ~ GCTATTCGCCCTTTTGACAGCATTGCCCAG

1 M TGTITRT RRTLTL SLGAGAATFLT AITRTPTFETDSTIADQ
91  GACGCGCACATGGGCCACGGCGCTGCTTCC TCAGCGACCGCCACGGCTGGACGGCCTTTG — CCTTTACCGCCGTTGATCGAACCGGACGCA
3. DA HMGUHGAAS SATATAGT RTPTL P LPTPILTIETPTDA
181 TCGGGCGTTGTTGAACTGAAAGTGCAGACA GGCCGGCACAGCTTTGAAGAAGGAAGCGAA GCGGCATCCGCTGGCATCAATGGTGCCTAT
60 S G VVELTZ KVQT GRHSTFETEGSTE AASAGINGAY
271 CTCGGCCCCCTCGTTCGTCTGAAGAACGGC GAAACGGTCACTCTTTCCGTTGAAAATGGC ATGGATGAAGAGACTACACTTCATTGGCAT
99 L G P LVRLI KNG ETUVTLSVENSG MDETETTTLHWH
361  GGGCTTTTCGTTCCGTCCGCACTCGACGGC — GGGCCACACAATCTGATTGCGGCGGGCCCA GAATGGAAGCCGAAAGTTACGGTTAACCAG
20 G LF V PSALDG GPHNLTIAAGA E WZKZPEKVT VN Q
451 CCGGCCTCGTTCAACTGGTTTCATCCACAT — TTGCATGGCAACACCGCCCGCCAGGCGCAT  ATGGGTATTGCCGGTTTGATGGTGGTTACT
151 P A S F NWF HPH LHGNT ARG QAH MGIAGLMV VT
541 GACGGCAAGGATGCTGAGCGCGACTACCA  GAAGATTACGGAGTGGACGATATTCCGCTG — GTGCTTCAGGATCGCCGGGTGATCGAAGGT
81 DG KD AERGLZP EDYGUVDDIPTIL VLQDRT RVIESG G
631 GATAAGGTCTATCAACCGGATATCATGGAC TTGATGCATGGTTTCCGAGGTGACAAGCTT — ATCGTGAATGGTGTCGTTTCACCGGAAGCA
200 D K V Y PDI MD L MHGTFERGD I KL 1TV NGVVS P EA
721  CGTGTTCCCGCCTCCATTGTCCGCCTGCGT — ATCCTGAACGGTGCCAATGCGCGAAATTTT — CATATTCGTCTGAGCGACAATCGGCCTTTG
241 R VP AS 1T VRLR I LNGANATRNTF HIZRTLSTUDNTE RTPIL
811 CTTGTCATAGCATCTGATGGCGGCTTCATT ~GGAAAGCCAGAAGCGGTCGAAAGGCTGACC — ATCAGCCCCGGCGAGCGCTACGAGGTTCTG
21 L V1 AS D GGFI1 GKPEAVETRTLT 1 SPGETZRYEVL
901 GTTGATTTCTCCAAAGGTGAAGCCGCTGAT ~ TTGTTGACCTATGGGGATGACAGCGGCGGT ~GACGATCTGCACTTGATGCGGTTTGTCGTG
300, VvV DF S KGEAAD LLTYGDDSG GG DDILUHLMRTFE VYV
991  GACAGCACCTTGCGAGGGAAAATCACGGCA GTTCCAGATCGTCTTGATGGTCCTGATGCA ~GCCGATGAAAAACTATCTGTAAAACGCCGT
331 D ST LRGIKTITA VPDIRLUDGTPDA ADETZKTLSYV KT RT R
1081 TCATTTTTCTTCGATGAGCGCATGGCGGAA ~ AATATGAAACTGATGATGGCAAAGCCGTCA — GCTGATCCTCATGCCGGGCATAATATGGGC
31 S F F FDER MAE NMKTLMMATZKTPS A DPHATGHNMG
1171 AATATGGATATGAGCTCGATGTCCAGCGCC ATGGATCATGATATGCACGGTGCCAGAACT — TCTGCCGATGCGGGGCCTGCGCTTGAAGCT
399 NMDMS S MS S A MDHDMHGAURT S ADAG P A LE A
1261 CTGACTTCGGGTGTGGAAATGGCAATCGCG GGTAAACCGTTCGACATGGATCGTATTGAT — GTCGAGGCTAAACTTGGATCCTGGGAGATT
21 L T S GVEMATIA GXKPFDMDTPRI D VEAZKTILGSWEI
1351 TGGGATCTCACAACCAAGGAGATGCCACAC CCGTTCCATATCCATGGAGCCTCATTCCGC — ATTCTTTCCCTGAATGGCAAGGCTCCGCCA
451 W D L TTKEMPH P F HIHGASTFR I' L SL NG K AP P
1441 GCGCACCAGTCGGGATGGAAGGATACTGCT ~TTGATCGATGGCAAGGCCGAAATACTTGTC ~ CATTTTGACCGTGAGGGAGCAAAGAGCCAC
481 A HQS GWXKDTA L I DGTZEKATETILILV HFUDRTETGATKSH
1531 CCGTTCATGTTCCATTGCCATGTGCTGGAA ~ CATGAAGATGTGGGCATGATGGCTCAGTTC ~GTGACGGTATAA

511

PF MF HC H V L E

H EDV G MMA Q F
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Figure 2. Nucleotide sequence of Ochrobactrum sp. 531 MCO gene and its corresponding amino acids. The core sequence amplified
initially by PCR was underlined, and the amino acid sequences for four copper-binding domains were shaded. Both DNA and amino
acid sequences were deposited in NCBI database (Accession No: HM358156).
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To further confirm whether the cloned gene actually
encodes an enzyme acting as a multicopper oxidase, the
OREF cloned from Ochrobactrum sp. 531 was inserted into
the expression vector pET23a and controlled under a T7
promoter. The recombinant plasmid was transformed into
E. coli BL21(DE3) pLysS, and positive transformants were
then used for protein expression. After induction by IPTG,
about 60 kDa protein was detected on 10% SDS-PAGE
gel (see Figure 3(a)), which is very close to 57.8 kDa cal-
culated theoretically from the amino acid composition of
Ochrobactrum sp. 531 MCO by ProtParam. Slightly lar-
ger molecular weight appearing on SDS-PAGE gel could
be because of the presence of 6 x his tag at the carboxyl
terminus of the enzyme. Activity staining on 10% native
gel showed both purified enzyme and crude extract
catalyzed oxidation of three laccase substrates DMP at
pH 8.0, SGZ at pH 7.5) (see Figures 3(b) and (c)), and
ABTS at pH 4.0 (data not shown). Addition of Cu®" into
the reaction system markedly enhanced oxidation of all
three substrates in activity staining (data not shown),
indicating that copper ion is essential for the enzyme
activity. All these results clearly demonstrate that the
cloned Ochrobactrum sp. 531 MCO indeed is a multiple
oxidase acting as a laccase.

3.2. Properties of Ochrobactrum sp. 531 MCO

Theoretical calculation by ProtParam gave Ochrobac-
trum sp. 531 MCO a molecular mass of 57.8 kDa with a pl

«kDp) M 1 2 3 1 2 1 2
== a3 g

116 p &4 B4

66.2 o,y i 8

45 [ — me

35 [ —-—- . » *

25

18.4) e :

14.4 | __‘

(a) (b) ()

Figure 3. SDS-PAGE and native PAGE analysis. (a) 12% SDS-
PAGE analysis of Ochrobactrum sp. 531 MCO from supernatant
of E. coli cell lysates and purified enzyme by Ni-affinity chro-
matography. M: protein marker; Lane 1: the purified enzyme
via Ni-affinity chromatography; Lane 2: the crude extract from
the bacterial cells transformed with the recombinant pET23a
plasmid; and Lane 3: the crude extract from the bacterial cells
transformed with pET23a plasmid as control; (b) 10% native
gel showing active staining (at pH 8.0) of DMP oxidation by
the purified enzyme in lane 1 and by the crude extract of the
bacterial cells transformed with the recombinant pET23a
plasmid in lane 2; (c) 10% native gel showing active staining (at
pH 7.5) of SGZ oxidation by the purified enzyme in lane 1 and
by the crude extract of the bacterial cells transformed with the
recombinant pET23a plasmid in lane 2.
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value of 5.58. This enzyme is rich in alanine (10.51%),
glycine (9.76%) and leucine (8.82%), and contains 9.57%
positively charged and 13.7% negatively charged amino
acids. SingalP predicted a singal peptid located at N-termi-
nus of the enzyme and a cleaving site of singal peptidase
between the 29" and 30™ amino acid, suggesting that this
enzyme could be translocated from cytoplasm into peri-
plasm as a secreatory protein in Ochrobactrum sp. 531.
Predication of protein subcelluar location by PSORT
suggested the enzyme might be located in both cytoplasm
and periplasm with localization scores of 5.4 and 4.5.
Hydropathic calculation (Kyte and Doolittle’s method)
for the enzyme gave a grand average of hydropathicity
(GRAVY) of —0.223, indicating that Ochrobactrum sp. 531
MCO could be a hydrophilic protein. Analysis by Dense
Alignment Surface (DAS) method found 2 potential
transmembrane segments located at positions 11 - 21 and
16 - 17 with the cutoff of 1.7. 13 amino acids of two trans-
membrane segments are 2.4% of total amino acids, sug-
gesting the MCO is not strongly associated with bacterial
membranes proteins. Protein hydrophobicity and transm-
embrane analysis indicated high solubility of the enzyme.

Enzyme activities were spectrophotometrically exam-
ined with a fixed concentration of DMP (1 mM), ABTS
(0.5 mM), and SGZ (0.02 mM) over a range of pH values.
Figure 4(a) showed that Ochrobactrum sp. 531 MCO
acted over a wide range of pH (from 3.0 - 9.5). The op-
timal pH range for enzyme catalysis was found to be 8.0
for DMP, 3.6 for ABTS, and 7.5 for SGZ. This enzyme
showed its activity towards DMP from pH 3.0 to 9.5, but
strong oxidation activity occurred in the pH range of 7.5
to 9.0. For SGZ, enzyme activity was observed in the pH
range of 6.0 to 9.0, with optimum activity at pH 7.5. These
bell-shaped pH-dependent activity profiles are similar to
those found for the oxidation of phenolic substrates by
laccases. The redox potential difference between the phenol
and the T1 copper of laccase, i.e. the driving force for
electron transfer, increases with pH, but anions such as
CN, F, CI', and OH’ inhibit laccase activity by binding
to the T2/T3 coppers, which interrupts the internal elec-
tron transfer from T1 to the T2/T3 centre [27,28]. With
the substrate ABTS, the enzyme activity was detectable
only at low pH range (pH 3.0 - 5.0). This may be explained
by the non-phenolic nature of ABTS because only inhibit-
tory effect of OH is observed in this case.

Enzyme activities were also measured over a range of
temperatures (20°C - 50°C) under optimal pH conditions.
The results show that optimal temperature range for en-
zyme activity towards three substrates DMP, ABTS, and
SGZ is 37°C - 40°C (data not shown). In addition, the
effect of divalent ions on enzyme activity at 37°C was also
examined. The rates were measured in the assay solution
containing 1 mM DMP and 30 mM Tris-HCI (pH 8.0) and
0.2 mM Cu**, Ca*", Mn?", Mg**, Ni**, Cd*, or Fe*' by
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recording the increase at Agy7. Cu®" was the only a diva-
lent ion required by the enzyme for its high activity.
Mn*", Ni**, or Cd*" gave the enzyme less than 5% activ-
ity as compared to Cu”", whereas Ca*", Mg®*, and Fe*" did
not give the enzyme any detectable activity (see Figure
4(b)). Enzyme activity was examined at 37°C and pH 8.0
by a fixed concentration of 1 mM DMP and varying Cu®*
concentrations (0 - 5 mM), the activity rapidly increased
with the increase of Cu*" concentrations from 0 to 0.2
mM, and then stayed constant up to at least 3 mM. When
Cu”" concentration was approached to 5 mM, the enzyme
decreased 20% activity (data not shown).

Impact of pH on enzyme stability was also investi-
gated. 50 pl of the purified enzyme (0.45 mg/ml) was
added into 950 pl of different buffers in the pH range of
3.0 to 9.5, and stayed at 4°C for 0 - 20 hours. Rates were
measured at 37°C in 20 mM Tris-HCI buffer (pH 7.5)
containing 0.02 mM SGZ and 0.2 mM CuSO,. As shown
in Figure 4(c), the activity of the enzyme kept in pH 6.5
remained almost constant for 20 hours. On pH 7.5, the
enzyme still showed more than 80% activity after 20 hours.
In contrast, enzyme activities decreased to less than 40%
and 50% when the enzyme was stored at pH 3.0 and 9.5
respectively, for 20 hours. Our results demonstrate that
Ochrobactrum.531 MCO kept in neutral pH buffers is
quite stable. Figure 4(c) also shows that the enzyme kept
in alkaline pH is more stable than in acidic conditions.

3.3. Kinetic Parameters of Ochrobactrum.531
MCO

Kinetic parameters were estimated under the conditions
described in the experimental section in the varying
concentrations of DMP (0.05 - 0.2 mM), ABTS (0.03 -
0.15 mM), and SGZ (6 - 25 uM). As shown in Table 2,
kinetic studies gave Ochrobactrum sp.531 MCO Ky, Keat,
and k. /K., values of: 0.09 mM, 7.94 s', and 88.22
s'mM" for DMP; 0.072 mM, 2.95 s, and 40.97
s''mM " for ABTS; and 0.015 mM, 2.4 s, and 160
s '-mM ' for SGZ. As compared with that for ABTS, 2 - 4
fold larger k..,/K,, values for DMP and SGZ indicate that
this enzyme favors catalyzing oxidation of phenolic sub-
strates. The largest k.,/K,, value for SGZ is because of
its low K, value. According to k../K., values, catalytic
efficiency of Ochrobactrum sp. 531 MCO towards three
substrates is in the order: SGZ > DMP > ABTS.

4. DISCUSSION

Ochrobactrum anthropi MCO gene sequence was recently
submitted in the Genebank (gi: 153011149; gi: 153010558),
but its enzyme has not been purified and studied yet. The
cloned Ochrobactrum sp. 531 MCO, like other MCOs,
contains four copper-binding domains, a typical charac-
teristic of multicopper oxidases, and requires Cu”*" for
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Figure 4. Diagrams showing pH-dependent activity profiles of
Ochrobactrum sp. 531 MCO, effects of divalent ions on en-
zyme activity and enzyme stability in different pH conditions. (a)
pH-dependent activity profiles of Ochrobactrum sp. 531 MCO;
(b) Effects of different divalent ions on the activity of Ochroba-
ctrum sp. 531 MCO; (c) The stability of Ochrobactrum sp. 531
MCO stocked in different pH buffers at 4°C for 20 hours. Ac-
tivities were measured at 37°C under optimal conditions. The
detailed methods were described in the experimental section.
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Table 2. Kinetic parameters of Ochrobactrum sp. 531 MCO for
three laccase substrates.

Substrate  pH Ko (mM) Keat (s7) Kea/Kin (s-mM ™)
DMP 8.0 0.090 £ 0.002 7.94+£0.27 88.22
ABTS 3.6 0.072 £ 0.002 2.95+0.23 40.97

SGZ 7.5 0.015£0.001 2.40+0.18 160

catalytic activity. However, this Cu*'-dependent enzyme
did not show any detectable Fe*"-oxidating activity that
other multicopper oxidases do [10-12]. Further investi-
gation is required to work out such differences between
Ochrobactrum and other bacterial MCOs.

Bioinformatics programs theoretically predicated that
Ochrobactrum sp. 531 MCO is a soluble enzame. However,
like Klebsiella sp. 601 MCO [11], 85% enzyme expressed
in E. coli precipitated together with cell debris as inclu-
sion bodies into the pellet even when expressed at 20°C
(data not shown). Obviously, its insoluble behavior is
contradictory to the results predicted by hydrophobicity
analysis. The vital transmembrane segment (at position
11 - 21 and 16 - 17) is located inside the singal peptide.
If the singal peptide were not cleaved by singal peptidase
in E. coli, the enzyme containing the singal peptide might
have anchor to the bacterial membranes via the transme-
mbrane segment of the singal peptide. Without cleavage,
the singal peptide part might also cause improper folding
of the enzyme molecules. Either protein adherence to
bacterial membranes or improper enzyme-folding could
result in the formation of preciptation during crude extract
preparation. Although we did not examine the cleavage
of singal peptide in vivo, SDS-PAGE gave only one band
of the purified enzyme with a molecular mass of about
60 kDa, suggesting that the singal peptid at N-terminus
of the enzyme was not cleaved in E. coli. Given that the
signal peptide was removed by E. coli singal peptidase,
about 54 kDa protein band could emerge on SDS-PAGE
gel. Obviously, the detailed study on the protein solubiliy
of Ochrobactrum sp. 531 MCO is also required.

Laccases are very attractive enzymes for application in
green chemistry, biotechnology, and environment engi-
neering. Most bacterial MCOs display laccase activities,
which make them a good potential candidate for Indus-
trial applications. Different from fungal laccases, bacte-
rial MCOs have a notable advantage that they can be
easily expressed in E. coli or yeast in an active form of the
enzyme without any glycosylation. Nevertheless, more
in-depth study is needed about the detailed molecular
mechanisms for substrate specificity, catalysis in different
conditions, enzyme folding, and secretion, to improve cata-
lytic activity of bacterial MCOs. Ochrobactrum sp. 531
MCO has unusual characteristics of bacterial laccases.
For the phenolic substrates DMP and SGZ, enzyme shows
optimum activity at alkaline pH. Our finding, together

Copyright © 2012 SciRes.

with those reported in other bacteria [14], underlines the
potential of bacteria as a source of unusual alkaline lac-
cases. Although Ochrobactrum sp. 531 MCO, like other
bacterial laccases, displays lower activity, factors affecting
enzyme activity can be optimized through protein engi-
neering as reported recently [19,20]. Its expression in E.
coli with low solubility will be improved in further stud-
ies by periplasmic protein expression, mutagenesis, in-
cubating under low temperature plus microaerobic con-
ditions, or secretion in yeast. It is expected that many
more novel bacterial alkaline laccases, like Ochrobac-
trum sp. 531 MCO, B. halodurans Lbh1 [14], and the me-
tagenome-derived Lac591 [29], will emerge from prokary-
otic sources in near future. Unusual properties of bacte-
rial laccases will draw more attention by industry for large
scale production, green chemistry, biotechnology, and
environment engineering.
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