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Abstract

The cDNA of Cu, Zn containing superoxide dismutase from theCordyceps militaris SH (cm-SOD) was overexpressed inEscherichia coli BL 21
(DE3) using the pET-21a expression vector. The recombinant cell overexpressed the protein corresponding to 35± 3% of total bacterial protein in
cytosol. The purification was performed through three steps: DEAE-FF, CM-52, and G-100. After this purification procedure, a specific activity of
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7272.7 U/mg of protein was reached, corresponding to 6.1-fold purification with a yield of 85.0%. The purity was homogeneous by S
nalysis and 94.2± 1.0% by CZE analysis. A subunit molecular mass of the recombinant enzyme was 15704 Da with a Cu and Zn el
ddition, the dimeric and polymeric structures were observed on MALDI-TOF-MS. Isoelectric point value of 7.0 was obtained for the rec
nzyme that was sensitive to H2O2 and KCN. The recombinant enzyme remained 80± 2% residual activity at pH 7.8, at 50◦C for 4 h incubation
he properties: N-terminal amino acid sequence (the first 12 amino acid residues), pI, subunit molecular mass, thermo-stability of the puri

ecombinant SOD are similar to that of the native Cu, Zn-SOD fromC. militaris (N-cm-SOD).
2005 Elsevier B.V. All rights reserved.
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. Introduction

Cordyceps militaris strain is a broad host range ento-
opathogenic fungal species recognized as a potential candidate

or biological control of pine moth populations[1]. The ento-
ogenous fungal species invade and proliferate within insect lar-

ae, causing a systematic infection that eventually kills the hosts
2]. During host colonization, fungi usually encounter a host
esistance response, the generation of an environment around
he pathogen rich in reactive oxygen species (ROS)[3]. To cope
ith this stress condition, fungi present diversity of mechanisms

hat actively abrogate the oxidative defense responses of hosts
y an array of enzymes[3,4].

Superoxide dismutase (SOD)(EC 1.15.1.1), one of this array
f enzymes is ubiquitous in all oxygen-respiring organisms, con-
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stitutes the first line of defense against oxidative damag
catalyzing the dismutation of superoxide radical to molec
oxygen and hydrogen peroxide[5]. According to the metal io
cofactor identified in their active site, SODs are classifie
Mn-SOD[6], Cu, Zn-SOD[7], Fe-SOD[8] and Ni-SOD[9,10].
Fe-SOD is present in the cytosol of prokaryotes as well a
the plastids of some plants[11]. Mn-SOD is found in membran
fractions of prokaryotes and in mitochondria of eukaryotes
Zn-SOD presented extensively in cytosol of eukaryotic ce
ubiquitous also in mitochondria of the fermentative and res
tory yeasts[12].

Compared with the Fe-SOD and Mn-SOD, the Cu, Zn-S
suggests a more significant role in the dismutation of extr
lularly derived ROS within an animal host[13,14]. In addition,
Cu, Zn-SOD gene may play a critical role in organisms’ ab
to infect, colonize and thrive inside the host[2,3,7]. C. militaris
belongs to entomopathogenic fungal species, which is p
tial agent in bio-control[1]. In our previous study, native C
Zn-SOD of C. militaris SH mycelium (N-cm-SOD) is foun
as a main SOD that is neutral protein[15]. The aim of the
570-0232/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2005.08.010
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present study was to express the cDNA of the cm-SOD in
Escherichia coli. The recombinant protein (R-cm-SOD) was
purified, and its properties were compared with those of the
N-cm-SOD.

2. Materials and methods

2.1. General

C. militaris SH, E. coli DH5�, BL21 (DE3), the cloning
vector pUC18 and the expression vector pET-21a were stored
in our laboratory. PCR primers were synthesized by Sangon
Bitotech shanghai (Shanghai, China) in an Applied Biosys-
tems DNA synthesizer 380-A (Perkin-Elmer Co., Boston, USA).
T4 DNA ligase, PlatinumR Taq DNA polymerase and restric-
tion endonucleases were obtained from Takara (Takara Co.
Ltd., Tokyo, Japan). The experiments were performed by using
pyrogallol, Coomassie brilliant blue, phenylmethylsulfonyl flu-
oride (PMSF) (Sigma Chemical Co., MO, USA), electrophoresis
molecular weight marker kits (MBI Fermentas Inc., Amherst,
New England). O-diethylaminoethyl-sepharoseTM fast flow
(DEAE-FF), Carboxy methylcellulose (CM-52) and Sephadex
G-100 were bought from Pharmacia (Pharmacia Fine Chem-
icals, Upsala, Sweden). Bradford protein assay reagent was
from Bio-Rad (Bio-Rad, CA, USA). Optical measurements were
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2.3. Overexpression of the cm-SOD

The R-cm-SOD protein was overexpressed inE. coli cells
by using the strong inducible T7 promoter under control of
the presence of isopropyl-�-thiogalactopyranoside (IPTG). Seed
culture (at the final concentration of 1%) was inoculated into
500 ml flask containing 200 ml LB medium including 0.4 mM
CuSO4, ZnSO4 and 100�g/ml ampicillin. The cultures were
shaken (incubator shaker: Shanghai Xinrui automatic apparatus
Co. Shanghai, China) (200 rpm/min) at 37◦C. When the opti-
cal density of the cells at 600 nm (OD 600) approached to 0.5,
IPTG was simultaneously added to the cultures with the final
concentration of 0.4 mM. After 3–4 h of induction, the cells
were harvested by centrifugation at 4000× g for 30 min, and
washed two times. The harvested cells were resuspended in
20 mM Tris–HCl buffer (pH 8.8), homogenized with a sonic
power (300 W, running 5 s, resting 5 s, effective running time of
3 min) and then centrifuged at 12,000× g for 20 min. The super-
natant was stored at−20◦C and used for further experiment.

2.4. Culture conditions of C. militaris SH

C. militaris SH strain was maintained on potato dextrose agar
(PDA) slants at 4◦C and was grown on PDA at 23◦C for 15
days before inoculation a pieces of culture (5 mm× 5 mm) into
250 ml flasks containing 100 ml potato dextrose broth. The cul-
t
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ade with a spectrophotometer (WZF Uv-2100, Unico, Sh
ai, China). These and all other chemicals reagents used
f analytical grade.

.2. RT-PCR amplification and construction of
ET-cm-SOD vector

C. militaris SH mycelia RNA were obtained using Triz
eagent (Sigma, Chemical Co., MO, USA), according
anufacture instructions. The cDNA was prepared using

uperscript preamplification system for first-strand cD
ynthesis Kit (Invitrogen Co., OR, USA). Second cD
ragment corresponding to the open reading frame (ORF
. militaris SH Cu, Zn-SOD (cm-SOD) was amplified by h
delity polymerase chain reaction with Cu, Zn-SOD spe
rimers. The first-strand cDNA was used as the template
rimer1 (5′-TTCATATGGTCAAAGCAGTCTGCGTTC-3′)
nd primer2 (5′-GAATTCTTAGTTGGCGACGCCAAGTAC-
′) were designed according to the nucleotide sequenc
u, Zn-SOD gene ofC. militaris SH (GeneBank accessi
o AY822477). The primers contained the restriction sites
deI in the primer1 andEcoRI in the primer2, respectivel
he amplification conditions for PCR were: 94◦C for 5 min
hot start), followed by 35 cycles of 94◦C for 40 s, 55◦C
or 1 min, 72◦C for 1 min and finally 72◦C for 10 min.
he PCR product was extracted with S.N.A.P UV-free
urification kit (Invitrogen Co., OR, USA) and ligated in

he NdeI–EcoRI restriction sites of pET-21a to construct
ET-cm-SOD expression vector that was transformed to
etentE. coli BL21 (DE3) cells. The insert confirmed by DN
equencing.
-
re

f

e

f
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ures were incubated on a rotary shaker (160 rpm) at 23◦C for 4
ays as seeds. Seeds were inoculated at the final concentra
% into 500 ml flasks containing 200 ml synthetic medium w

ollowing composition: 20% potato broth; 2% glucose; 0.
east extract; 0.1% KH2PO4; 0.05% MgSO4·7H2O. Microele-
ents solution including FeSO4·7H2O, ZnSO4·7H2O, CuSO4,
nd MnSO4·2H2O (each microelement is contained at the c
entration of 4 ppm). The cultures were incubated on a ro
haker (160 rpm) at 23◦C for 6 days. After cultivation, bioma
as filtered through gauze and washed with 20 mM Tris–
uffer (pH 8.8) two times. The cultured filtrates were store
20◦C.

.5. Isolation and purification of the R-cm-SOD

Three steps of chromatography were performed in pu
ation of the R-cm-SOD. The supernatant containing R
OD was loaded directly onto a DEAE SepharoseTM Fast
low (DEAE-FF) (1.6 cm× 8 cm) column, which was pr
quilibrated with 20 mM Tris–HCl buffer (pH 8.8). The flo

hrough solution in which high SOD activity found was collec
nd dialyzed against 10 mM phosphate buffer (pH 5.8) over
ith two changes. The CM-52 column (1.6 cm× 4 cm) equili-
rated with 10 mM phosphate buffer (PBS) (pH 5.8) was
pplied to purify SOD further. The column was eluted by a N

inear gradient of 0–800 mM in the same buffer at 0.3 ml/
ow rate. Fractions of every 3 ml elution were collected.
ooled fractions with SOD activity were condensed by polye

ene glycol 20000 (PEG), and then applied to a Sephadex G
1 cm× 60 cm) column equilibrated previously with 4 mM P
uffer (pH 7.4). Two milliliters of fraction were collected a
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flow rate of 8 ml/h. The fractions with SOD activity were con-
centrated by lyophilization and used for further studies.

2.6. Isolation and purification of the N-cm-SOD

Wet mycelia were frozen at−20◦C and thawed overnight at
4◦C and then suspended in 4 volume 20 mM Tris–HCl buffer
(pH 8.8) containing 1 mM PMSF. The suspended material was
homogenized with a polytron homogenizer. Cell debris was
removed by centrifugation at 15,000× g, at 4◦C for 15 min.
Crude extract was brought to 50% saturation of ammonium
sulfate by gradually adding solid ammonium sulfate and was
stirred for 1.5 h. The precipitate was removed by centrifugation
at 15,000× g for 15 min. Supernatant fraction was brought to
95% saturation with solid ammonium sulfate and was stirred for
1.5 h. After centrifugation, the pellet was dissolved in 20 mM
Tris–HCl buffer (pH 8.8), and dialyzed against the same buffer
overnight with two changes. The further purification steps were
the same as the procedure for the R-cm-SOD detailed above.

Absorbance at 280 nm, protein content and SOD activity were
monitored for each fraction and each purification step.

2.7. SOD activity assay

SOD activity assay system was based on the inhibitory effect
of SOD on the spontaneous autoxidation of pyrogallol[16]. One
u the
i sed
a ined
a min
(

2

ore-
s lec-
t ord-
i ns
w ins
w eigh
s albu
m nic
a egg
w on
n etra-
z mp
a so-
e res-
e was
l
w in,
4 d,
C .
T 9.6
w .
A iant
b

2.9. Capillary zone electrophoresis (CZE)

CZE experiments were performed on a Beckman P/ACE
MDQ CE System equipped with a diode array detector (Beck-
man Coulter, Fullerton, CA, USA), using a coated fused-silica
capillary (Total length 50 cm) (Beckman Coulter, Fullerton, CA,
USA) with 50�m I.D. and an effective length of 40 cm. A com-
puter and MDQ software (5.0 Version) were used for instrument
control and for data collection and processing. Before use, the
capillary was flushed for 10 min with 0.1 M HCl, water and run
buffer, respectively. The run buffer was citrate buffer, pH 3.0
(Methods development kit/proteins, Beckman Coulter, Fuller-
ton, CA, USA). Between injections, the capillary was rinsed with
run buffer (5 min). The separation voltage was 20 kV and the
temperature was set to 25◦C. Commonly, samples were hydro-
dynamically injected at 0.5 psi for 5 s, and detection was carried
out at 214 nm. Each sample (1 mg/ml, protein) was analyzed in
triplicate.

2.10. Automatic amino acid sequence analysis

The purified enzyme (10�g) was loaded on each track of
SDS–PAGE gel (15% polyacrylamide). After electrophoresis,
the gel was electrophoretically transferred onto PVDF mem-
brane cartridge. N-terminal amino acid sequence analysis was
performed using an applied Biosystems sequencer (ABI491A,
P
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nit was defined as the amount of SOD required to inhibiting
nitial rate of pyrogallol autoxidation by 50% and was expres
s U per mg protein (U/mg protein). Protein was determ
ccording to Bradford method, by using bovine serum albu
BSA) as the standard[17].

.8. Electrophoresis

Sodium dodecyl sulfate–polyacrylamide gel electroph
is (SDS–PAGE) was performed on Gibco BRL vertical e
rophoresis apparatus Mini-V8.10 (Bio-Rad, CA, USA) acc
ng to Laemmli method[18]. Gels were stained for protei
ith Coomassie brilliant blue R-250. The following prote
ere used as SDS–PAGE electrophoresis molecular w
tandards: rabbit phosphorylase b (97,400), bovine serum
in (BSA) (66,200), rabbit actin (43,000), bovine carbo
nhydrase (31,000), trypsin inhibitor (20,000) and hen
hite lysozyme (14,400). Visualization of the SOD activity
ative PAGE gels was performed by using the nitroblue t
olium (NBT) illumination method described by Beaucha
nd Fridovich[19]. Isoelectric points were determined by i
lectric focusing (IEF) on 5% polyacrylamide gels in the p
nce of 2% ampholines (pH 3–10). The purified enzyme

oaded onto the horizontal gel maintained at 2◦C. The voltage
as increased stepwise: 100 V for 15 min, 200 V for 15 m
50 V for 60 min by using Model 111 Mini IEF Cell (Bio-Ra
A, USA). The gel was maintained at 2◦C during the run
he pI markers (Bio-Rad, CA, USA) ranging from 4.65 to
ere co-electrophoresed to be estimated the pI of the protein
fter IEF, the proteins were stained with Coomassie brill
lue R-250.
t
-

E Co., Boston, USA).

.11. Mass spectrometric analysis and spectrometric
haracterization

Mass spectrum of the purified R-cm-SOD and the N-cm-S
ere obtained by Matrix-assisted laser desorption ioniz

ime of flight mass spectrum (MALDI-TOF-MS) (Beckman C
eflex-III, Bruker, Germany). The sample (100 pmol) was
olved in 0.1% (v/v) TFA, and applied to the target. Trypsino
23,982 Da) and bovine serum albumin (66,430 Da) were
or mass scale calibration. Ultraviolet absorption spectru
he purified SOD ranging from 250 to 500 nm was recorde
Beckman DU-600 spectrophotometer (Beckman Co., Br
ermany).

.12. Determination of metal content

Metal content of the enzyme was determined by ICP-
bsorption (Varian, Spectr AA-300 PLUS, CA, USA) after
nzyme was dialyzed extensively against 10 mM phosp
uffer (pH 7.4), containing 1 mM ethylenediaminetetraac
cid (EDTA) and followed by buffer lacking EDTA.

.13. The characters of the R-cm-SOD

Thermal stabilities of the purified enzyme were determ
n 20 mM PBS buffer (pH 7.8), at 50 and 60◦C in incubation
or 0–4 h, respectively. The residual activity was meas
very 30 min. The effects of H2O2 and KCN treatment on SO
ctivity were investigated. The enzyme solution contai
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Fig. 1. Identification of Cu, Zn-SOD activity in different extracts ofE. coli cul-
tured in LB medium and purified R-cm-SOD by 8% native-PAGE gel staining
with NBT: lane 1, total protein extract from control cells; lane 2, soluble pro-
teins of recombinant cells; lane 3, soluble proteins of control cells; lane 4, total
proteins of recombinant cells; lane 5, soluble proteins of recombinant cells with
5 mM H2O2; lane 6, soluble proteins of control cells with 5 mM KCN (lane
1–6 had about 20�g protein loaded); lane 7, the purified R-cm-SOD after G100
with 5 mM KCN (H2O2 and KCN were added into crude extracts before elec-
trophoresis); lane 8, the purified R-cm-SOD after G100 (lanes 7 and 8 had about
5�g protein loaded).

each compound at different concentration levels was incubated
in 20 mM PBS buffer (pH 7.8), at 25◦C for 30 min, and then
assayed under the standard conditions. All purified enzyme
solutions used were 400 U/ml enzyme (0.02 mg/ml, protein).

3. Results and discussion

3.1. Overexpression

The activity of R-cm-SOD protein in crude extracts and solu-
ble fractions ofE. coli cells with (recombinant cells) or without
the cm-SOD gene (control cells) was analyzed by using native
PAGE gels for superoxide dismutase. As presented inFig. 1,
PAGE ofE. coli extracts showed that the Mn- and Cu, Zn-SOD
which were classified by their sensitivity to KCN and H2O2.
The Mn-SOD was identified in both crude extract and soluble
fraction of both two cells (lane 1–6), and it was insensitive to
H2O2 or KCN (lanes 5 and 6), which is the characteristic of Mn-
SOD [20]. This result suggested Mn-SOD was intrinsic SOD.

However, the Cu, Zn-SOD protein was detected only in crude
extract or soluble fraction of the recombinant cells (lanes 2 and
4). Its activity was inhibited by H2O2 or KCN (lanes 5 and 7),
which is the characteristic of Cu, Zn-SOD[21]. Intrinsic Cu,
Zn-SOD ofE. coli has been found within the periplasmic space
in E. coli [21], but it is too instable to be detected on activity
stain gels[22]. Fe-SOD was insentive to KCN and sentive to
H2O2 [21]. Therefore, the intensity of the overexpressed Cu,
Zn-SOD only in recombinant cells indicated that it was recom-
binant Cu, Zn-SOD (namely R-cm-SOD) and was much more
abundant than Mn-SOD. SDS–PAGE analysis revealed the R-
cm-SOD produced corresponded to 35± 3% of total bacterial
protein as determined by densitomeric gel scanning (Fig. 2(A),
lane 1).

The content of cm-SOD inC. miltiraris mycelia was so low
that a significant band could not be observed on SDS–PAGE
in corresponding position (Fig. 2(B), lane 5); however, a large
amount of cm-SOD was overexpressed inE. coli (Fig. 2(A),
lane 1). This is ideal method to obtain a large amount of aimed
protein for further study.

3.2. Purification step

The procedures for isolating the R-cm-SOD included anion
exchange chromatography, cation exchange chromatography
and size exclusion chromatography. A summary of the purifica-
t
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ig. 2. The purifications of the R-cm-SOD (A) and the N-cm-SOD protein
ere run on 13.5% SDS–PAGE gel stained with Coomassie blue. (A) L
rotein); lane 3, CM-52 purified fraction (15�g protein); lane 4, DEAE-Fast F
5�g protein); lane 2, enzyme solution after CM-52 column (10�g protein);
ulfate precipitation (40�g protein); lane 5, crude extracts (40�g protein); lan
ion procedures is presented inTable 1. The DEAE-FF column
sed did not absorb the Cu, Zn-SOD at pH 8.8, but high
iency was accomplished by removal of the majority of cont
nants (Fig. 2(A), lane 4). This is consistent with the observat
n Q-Sepharose Fast Flow column by Osatomia et al.[23] and
iu et al. [24]. An 88.4% of SOD activity was recovered in t
ow-through solution with a 3.3-fold increase in specific ac

ty after this step. The CM-52 cation exchange chromatogr
as used to purify the enzyme further. An 87.9% of SOD a

ty was recovered in the pooled fraction which was colle
t range of concentration of NaCl from 0.20 to 0.35 mM w
5.2-fold increase in specific activity. Then the size exclu

hromatographic step was used as a desalting step and re
ome of the impurities. After the last step, the specific act

were done by ion-exchange chromatography and gel filtration. The proteles
, crude supernatant fraction (40�g protein); lane 2, G-100 purified fraction (10�g
urified fraction (20�g protein). (B) Lane 1, enzyme solution after G-100 colu
, enzyme solution after DEAE-FF column (20�g protein); lane 4, ammoniu

molecular weight markers (in kDa).
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Table 1
Purification of the recombinant-Cu, Zn-SOD inE. coli

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

Crude extract 46.4 208362.6 4488.6 100.0 1.0
DEAE-FF 12.4 184285.4 14873.7 88.4 3.3
CM-52 7.8 183200.3 23457.2 87.9 5.2
Sephadex G-100 6.5 177000.1 27272.7 85.0 6.1

Table 2
Purification of the native Cu, Zn-SOD fromC. militaris mycelia

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

Crude extract 255.2 16443.5 64.4 100.0 1.0
(NH4)2SO4 Precipitation 89.7 8363.3 93.2 50.9 1.5
DEAE-FF 19.8 7478.8 377.7 45.9 5.9
CM-52 3.7 3680.5 13631.6 22.4 211.6
Sephadex G-100 0.2 2900.2 17060.2 17.6 264.9

of the purified R-cm-SOD was 6.1-fold increase and was deter-
mined to be 27272.7 U/mg of protein that was higher than that of
the purified N-cm-SOD (17060.2 U/mg of protein) (Table 2) and
the other source SODs[7,22]. Native-PAGE analysis showed one
band for the purified R-cm-SOD (Fig. 1, lane 8) and the activity
of the purified R-cm-SOD was inhibited by KCN (Fig. 1, lane
7). SDS–PAGE analysis demonstrated the homogeneity of the
R-cm-SOD (Fig. 2(A), lane 2). The purified R-cm-SOD pre-
sented a purity of 94.2± 1.0% by capillary zone electrophoresis
(Fig. 3(A)). In addition, the MALDI-TOF-MS spectrum of the
protein gave no indications of any major impurities (Fig. 4(A)).

The purified N-cm-SOD was obtained through four steps:
ammonium sulfate precipitation, anion exchange chromatog-
raphy, cation exchange chromatography (the pooled fraction
was collected at range of concentration of NaCl from 0.20
to 0.25 mM in eluting buffer), and gel filtrate. A summary
of the purification procedures is presented inTable 2. After
above-mentioned steps, 17.6% of SOD activity was recovered
with a 264.9-fold increase in specific activity determined to be
17060.2 U/mg of protein. This yield and activity were higher

F men-
t lop-
m ,
2 length
o

than that reported by Wang[15]. SDS–PAGE analysis demon-
strated the purification to homogeneity of the purified enzyme
(Fig. 2(B), lane 1) for which a purity of 92.1± 1.0% was
obtained by capillary zone electrophoresis and it was confirmed
by MALDI-TOF-MS (Fig. 4(B)).

Fig. 4. Matrix-assisted laser desorption ionization time of flight mass spectrum
(MALDI-TOF-MS) of the functional unit of the R-cm-SOD ((A) 100 pmol)
and N-cm-SOD ((B) 100 pmol). The samples were dissolved in 0.1% TFA and
applied onto the target. Solution of trypsinogen (23982 Da) and bovine serum
albumin (66430 Da) were used to calibrate the mass scale.
ig. 3. Capillary zone electrophoresis of the purified cm-SOD. Experi
al conditions: carrier electrolyte, citrate buffer; pH 3.0 (Methods deve
ent kit/proteins); separation voltage, 20 kV; temperature, 25◦C; UV detection
14 nm; pressure injection, 0.5 psi for 5 s; column size, 50 cm (an effective
f 40 cm)× 50�m I.D.; sample, 1 mg/ml.
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Table 3
Comparison of N-terminal amino acid sequences of the purified enzyme with other Cu, Zn-SODs of fungi andE. coli

Cu, Zn-SOD sources Amino acid sequence Similaritya (%) (total no.
of amino acids)

1 2 3 4 5 6 7 8 9 10 11 12

R-cm-SOD V K A V C V L R G D A K This study
C. militaris [15] V K A V C V L R G D A K 100
C. militaris # V K A V C V L R G D A K 100
C. sinensis ## V K A V C V L R G D S K 98
H. lutea 110[25] V K A V A V L R G D S K 83
S. cerevisiae [26] V Q A V A V L K G D A G 75
A. fumigatus [27] – V A V A V L R G D S K 73
E. coli [22] A S E K V E M N L V T S –

Genebank, Accession No. (#) AY822477; Genebank, Accession No (##) AY438328; (–) no homology.
a Percent sequence similarity in amino acid overlap.

3.3. Compared N-terminal amino acid sequences of the
purified enzyme with other source Cu, Zn-SODs

The deduced amino acid sequence of the cm-SOD
(GeneBank accession no. AY822477) is 154. Compared it
with the complete amino acid sequences of Cu, Zn-SODs
from C. militaris (GeneBank accession no. AY195841),C.
tenuipes (GeneBank accession no. AY176060) andC. sinensis
(GeneBank accession no. AY438328) revealed 100, 94 and 77%
homology, respectively. The N-terminal amino acid sequence
of the purified R-cm-SOD was determined for the first 12
amino acid residues, and the comparison of the amino acid
sequence with other known sequences showed extensive homol-
ogy (73–100%) with Cu, Zn-SODs from fungi (Table 3). It is
noted that N-terminal methionine in SOD is initiating amino
acid which is removed after its synthesis (Table 3). The purified
R-cm-SOD sequences demonstrated 100% identity with native
Cu, Zn-SOD ofC. militars, 98% identity withC. sinensis SOD,
which had one amino acid difference, but no homology with
bacteriumE. coli Cu, Zn-SOD. Furthermore, this confirmed the
R-cm-SOD was heterologous Cu, Zn-SOD.

3.4. Molecular properties of the R-cm-SOD

The molecular mass was measured by several methods. On
SDS–PAGE, both the R-cm-SOD and N-cm-SOD (Fig. 2) were
e r, th
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protein[28] or a tetrametic protein with 22 kDa subunits[29].
Most of Cu, Zn-SODs are a dimeric protein with a 16 kDa per
subunits[7,25,30,31]. However, the Cu, Zn-SOD ofPhane-
rochaete crysosporium is a homodimer with identical molecular
mass of 22 kDa[32]; Cu, Zn-SODs fromAspergillus spp. are
tetrameric or pentameric structures[27,33], whereas the extra-
cellular Cu, Zn-SOD is a tetrameric glycoprotein composed of
four 30 kDa subunits[34]. In its subunit molecular mass, the
cm-SOD resembles many Cu, Zn-SODs analyzed by MALDI-
TOF-MS from other fungi[25,30,31]. However, the mechanism
of high specific activity for cm-SOD was not clear, and this might
be related to its unique polymeric structure.

Isoelectric point value of 7.0 for the R-cm-SOD was in con-
cordance with the N-cm-SOD (Fig. 5). In contrast, the pI values
between the recombinant SOD and native SOD from Peiking
duck are different[24]. Furthermore, this neutral pI value of
the cm-SOD is also different from pI values (5.0–6.0) of Cu,
Zn-SODs from other fungi[7,27,33]. The pI value of Cu, Zn-
SOD from E. coli is 5.3 [22]. The amount of Cu, Zn ions in
the purified recombinant SOD is affected by the amount of Cu,

F e gel
i rs; R-
c e
C

stimated a subunit molecular mass of 17,000 Da. Howeve
ubunit molecular mass of the R-cm-SOD was 15704 Da
ighest mass peak) assessed by MALDI-TOF-MS (Fig. 4(A)),
hich was excellent agreement with the theoretical sub
olecular mass 15708 Da (15579 Da for apo-SOD+ 12

or Cu plus Zn) (GeneBank accession no.: AY822477)
5697 Da of the N-cm-SOD mass (Fig. 4(B)). In addition, the
ouble electric charge peak of the R-cm-SOD was prese
s 7856 Da. Its dimeric and polymeric structures were
etected on MALDI-TOF-MS (Fig. 4(A)). The similar resul
as observed for the N-cm-SOD (Fig. 4(B)). Furthermore, n
ignificant different was observed between both cm-SOD
ALDI-TOF-MS. SODs are classified mainly as Mn-SOD[6],
u, Zn-SOD[7], and Fe-SOD[8] by the metal ion cofacto

dentified in their active site. The mitochondrial Mn-SOD i
etrametic protein with 22 kDa subunits[6]; Fe-SOD is a dimeri
e

t

d

ig. 5. Isoelectric focusing of the purified enzyme with 5% polyacrylamid
n the presence of 2% ampholines (pH 3–10). M, standard protein make
m-SOD, the recombinant Cu, Zn-SOD (50�g protein); N-cm-SOD, the nativ
u, Zn-SOD (10�g protein).
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Fig. 6. Optical absorption spectra of Cu, Zn-SOD. Line 1, the recombinant cm-
SOD (1 or 0.1 mg/ml protein); line 2, the native cm-SOD (0.5 mg/ml protein).

Zn ions in cell cultured medium and low Cu ion causes that
most of the Cu sites are occupied by Zn ions in LB medium
[34]. Despite the equal amount of copper and zinc ion in the cell
cultured media, ICP-AES spectroscopy revealed the R-cm-SOD
contained 0.90± 0.02 atom of copper and 0.51± 0.01 zinc per
subunit. This result suggested that other factors might affect the
metal copper and zinc absorbing or distributing in cells. In addi-
tion, the N-cm-SOD contained 0.86± 0.02 atom of copper and
1.01± 0.03 zinc per subunit.

Compared the UV profiles of the R-cm-SOD and the N-
cm-SOD (Fig. 6), they are representative for the Cu, Zn-SOD
enzyme family which lack of tyrosine and tryptophan residues
do not exhibited a peak at 280 nm[25]. The R-cm-SOD exhib-
ited a deep peak at 259 nm that was slightly different from a blunt
peak at 259–660 nm for the N-cm-SOD, which may result from
their different conformations. The similar phenomenon has been
observed in recombinant human Cu, Zn-SOD by Hartman[34].
The UV spectrum of Human Cu, Zn-SOD from recombinant
E. coli cultured in LB medium is 279 nm, but it is 265 nm for
reconstituted Human Cu, Zn-SOD, apo-enzyme, and obtaining
from recombinantE. coli cultured copper-supplemented casein
hydrolysate medium[34]. The UV spectrum of the cm-SOD
was also distinguished from the UV spectrum (275 nm) of Cu,
Zn-SOD ofE. coli [22]. In its UV spectrum, the cm-SOD resem-
bles to Cu, Zn-SOD rather than Mn- or Fe-SOD that presents
maximum of UV spectrum at 280 nm.

3

pre-
i BS
b ly.
T stan
d s
w D a
e at

Fig. 7. Temperature stability variations for incubation of the recombinant cm-
SOD and the native cm-SOD at pH 7.8 with respect to time (0–4 h): (�) the native
cm-SOD incubation at 50◦C; (©) the native cm-SOD incubation at 60◦C; (�)
the recombinant cm-SOD incubation at 50◦C; (�) the recombinant cm-SOD
incubation at 60◦C.

about 80± 2%, at 50◦C for 4 h, but apparent inactivation was
observed for both the R-cm-SOD and the N-cm-SOD at 60◦C
for 30 min. These results are consistent with that of many fungus
source Cu, Zn-SODs which are low thermo-stability[33], and
indicates that the thermo-stable character of the products of the
cm-SOD gene expressed inE. coli is not changed. In contrast,
Cu, Zn-SODs fromAspergillus fumigtus, bovine and human
retain 100, 70, and 40% activity after pretreatment 1 h at 70◦C,
respectively[27,35]. Three cysteine residues, Cys6, Cys58, and
Cys147 are present in the deduced amino acid sequence of cm-
SOD ofC. militaris (GeneBank accession no AY822477). The
low thermo-stability of the cm-SOD might be related with its free
Cys6[35]. Site-directed mutagenesis studies suggest that free
cysteine residues might be the major molecular determinants
for different protein stabilities among various Cu, Zn-SODs
[35–39]. Some investigators confirmed that human SOD exhib-
ited higher thermo-stability after removal of its free Cys6 and
Cys111[36,38].

3.6. The effect of H2O2 and KCN treatment on SOD activity

Hydrogen peroxide and KCN are known inhibitors of Cu,
Zn-SOD activity and are widely used to distinguish between dif-
ferent SOD types. Hydrogen peroxide and KCN inactivate Cu,
Zn-SOD, whereas the Mn-SOD is resistant to hydrogen peroxide
a gen
p e
N ples
a CN.
A o-
t and
K gen
p ed
r OD.
T

-SOD
g
m inant
e n
.5. Thermo-stability variations of enzyme activity

The thermo-stability variations were investigated by
ncubating the R-cm-SOD and the N-cm-SOD in 20 mM P
uffer, pH 7.8, at 50 and 60◦C with respect to time, respective
he remaining activity values were determined under the
ard assay conditions. As can be seen inFig. 7, no difference
ere observed between the R-cm-SOD and the N-cm-SO
ither 50 or 60◦C. The residual activities were maintained
a

-

t

nd KCN mediated inhibition. Fe-SOD is sensitive to hydro
eroxide and insensitive to KCN[40]. The R-cm-SOD and th
-cm-SOD were assayed after incubating the protein sam
t increasing concentrations of hydrogen peroxide and K
s shown inFig. 8, the SOD activity of the recombinant pr

ein declined as the concentration of hydrogen peroxide
CN were increased in incubation for 30 min. This hydro
eroxide and KCN inhibition of SOD activity of the purifi
ecombinant protein confirmed further it to be a Cu, Zn-S
he same results were observed for the N-cm-SOD (Fig. 8).

The present study described overexpression of the cm
ene fromC. militaris in cytoplasm ofE. coli, purification and
olecular characters of recombinant protein. The recomb
nzyme was sensitive to KCN and H2O2, contained Cu and Z



Z. Wang et al. / J. Chromatogr. B 826 (2005) 114–121 121

Fig. 8. The effect of hydrogen peroxide (dot lines) and KCN (solid lines) treat-
ment on the SOD activity. (�) The native cm-SOD treated with KCN; (©) the
recombinant cm-SOD treated with KCN; (�) the native cm-SOD treated with
H2O2; (�) the recombinant cm-SOD treated with H2O2.

ions, represented a maximum spectrum at 259 nm, and had a sub-
unit molecular mass of 15704 Da. These proprieties are similar to
those of most known Cu, Zn-SODs that indicates little evolution-
ary divergence has taken place in Cu, Zn-SOD. The properties:
pI, molecular mass, and thermo-stability of the purified recom-
binant SOD are similar to that of the native Cu, Zn-SOD from
C. militaris. But the mechanism of high specific activity for
cm-SOD was not clear. Further studies are performing for the
correlation between its high structure, the low thermo-stability
and the high specific activity.
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