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L-Glutamate oxidase (LGOX) from Streptomyces sp. X-119-6 is a protein of 150 kDa that
has hexamer structure o,f,y,. The gene encoding LGOX was cloned and heterolo-
gously expressed in Escherichia coli. LGOX isolated from the E. coli transformant had
the structure of a one chain polypeptide. Although the recombinant LGOX exhibited
catalytic activity, it was inferior to the LGOX isolated from Streptomyces sp. X-119-6 in
catalytic efficiency. The recombinant LGOX exhibited low thermostability compared
to the LGOX isolated from Streptomyces sp. X-119-6 and was an aggregated form. Pro-
teolysis of the recombinant LGOX with the metalloendopeptidase from Streptomyces
griseus (Sgmp) improved its catalytic efficiency at various pH. Furthermore, the
Sgmp-treated recombinant LGOX had a subunit structure of o,p,y, and nearly the
same enzymological character as the LGOX isolated from Streptomyces sp. X-119--6. A
higher molecular species observed for the recombinant LGOX was not detected for
the Sgmp-treated recombinant LGOX. These results prove that proteolysis by Sgmp is

involved in the stabilization of the recombinant LGOX.
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Abbreviations: LGOX, L-glutamate oxidase; IPTG, isopropyl 1-thio-B-D-galactopyranoside; MBTH, 3-methyl-2-

benzothiazoline hydrazone.

L-Glutamate oxidase (LGOX) [EC 1.4.3.11] catalyzes the
oxidative deamination of an L-glutamate to a 2-ketoglu-
tarate along with the production of ammonia and hydro-
gen peroxide via an imino acid intermediate. LGOX is
classified as an L-amino acid oxidase that has high sub-
strate specificity. This enzyme is a useful analytical tool
for the quantitative assaying of L-glutamate existing in
food and in a fermentation process. It has also attracted
considerable attention due to its potential application to
the diagnosis of liver function, i.e. it could be used to
measure the serum glutamate oxaloacetate transami-
nase (GOT) and glutamate pyruvate transaminase (GPT)
levels in the clinical laboratory (1).

There have been some reports on LGOXs purified from
genus Streptomyces (2-5). Common characteristics of
these LGOXs are that they are exoenzymes that are sta-
ble as to pH and temperature, and are flavoproteins that
contain non-covalently bound FAD as a cofactor.
Recently, gene cloning and expression of LGOX that has
hexamer structure ayBey, from Streptomyces platensis
was reported (6). The LGOX from S. platensis is
expressed in Streptomyces lividans cells as a precursor
that is a single polypeptide, and the mature enzyme mod-
ified by protease is observed in the extracellular fraction.
However, despite these data, nothing is known about its
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physiological role or structure function relationship, or
the processing of the precursor form of LGOX.
Streptomyces sp. X-119-6 produces the same type of
enzyme as the LGOX from Streptomyces platensis that
has hexamer structure o,B,y, (5). This enzyme was pre-
dicted to be expressed as a precursor form that has the
structure of a one chain polypeptide. Although informa-
tion concerning the gene encoding the LGOX is available,
the properties of the single polypeptide enzyme, the pre-
cursor form of LGOX, remain unclear. In this paper, we
report on recombinant expression in E. coli, characteriza-
tion, and proteolysis of the recombinant LGOX that has
the structure of a one chain polypeptide. Our studies also
indicate that proteolysis is involved in the activation and
stabilization of the structure under various conditions.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth Conditions—
Streptomyces sp. X-119-6 (5) was used as the donor strain
for the Lgox gene. Plasmid pUC19 and phage AZAP
Express (7) containing the phagimid pBK-CMV region
were used as the cloning vector. Plasmid pKK223-3 (8)
was used as the expression vectors. Escherichia coli
JM109 (9) and XL1-blue MRF’ were used as the host
strains for general cloning procedures.

Streptomyces sp. X-119-6 was grown aerobically at
30°C in a YEME medium [0.3% yeast extract, 0.5%
polypeptone, 0.3% malt extract, 34% sucrose, 1% glucose,
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GCATGCGGACCACCCGGTTCGGTGATGGGCTGGTGCCATCTGCCGTGCAGCAGCTGACAGTGGAATATGCCCCCTCCCGC
TCCACGCGGTGACCGCACGCCCGAGTACCGGGGATGCCGGTGCCACGTGGGCGAAGCCCTGTGCCGTCCCCGTCCGCCCG
CGCTGCCGGCCCGTGCCCGCAGAGGAGAACAGTGACCACCGACACCGCCCGCCGCCACACCGGGGCCGAGCGCGCCAACG
s.d. M T T D T A R R HT G A E R A N E
a—»
AGATGACCTACGAGCAGCTGGCCCGCGAACTGCTGCTGGTCGGCCCCGCGCCCACCAACGAGGACCTCAAGCTGCGGTAC
M T Y E Q L A R E L L. - VvV 6 P A P TNUEDILI KL R Y
CTCGACGTGCTGATCGACAACGGACTCAATCCCCCCGGACCGCCCAAGCGCATCCTGATCGT CGGCGCCGGTATCGCCGG
L DV L I D N GLNUPPGUP P KU RTIIULTIUVG A G I A G
CCTGGTCGCCGGTGACCTGCTGACCCGCGCCGGACACGACGTGACGATCCTGGAGGCCAACGCCAACCGGGTCGGCGGGC
L vV A G DL L T RAGMHDV T TIIL EANANUZRUVG G R
GGATCAAGACCTTCCACGCCAAGAAGGGCGAGCCGTCGCCGTTCGCCGACCCCGCGCAGTACGCGGAGGCGGGCGCGATG
I K T F H A K K G E P S P F A D P A Q Y A E A G A M
CGCCTGCCCAGCTTCCACCCGCTGACCCTGGCGCTGATCGACAAACT CGGCCTGAAGCGACGGCTGTTCTTCARCGTCGA
R L. P S ¥F HR P L T L A LI DKL GIL KR RTILVFUVFNV D
CATCGATCCGCAGACCGGCAACCAGGACGCGCCGGTCCCCCCGGTGT TCTACAAGTCGTTCAAGGACGGCAAGACCTGGA
I D P QT G NOQODAUPUV P PV F Y K S F KDGI KTW T
CCAACGGCGCGCCCAGCCCGGAGTTCAAGGAGCCGGACAAGCGCAACCACACCTGGATCCGCACCAACCGCGAGCAGGTG
N G A P S P EF K E P D K RNHTW I R TNIRE Q V
CGGCGCGCCCAGTACGCCACGGACCCCTCCAGCATCAACGAGGGCTTCCACCTCACCGGCTGCGAGACCCGGCTGACCGT
R R A Q Y A T D UP S S I NEGVF HULTGOCUETIRILT V
CTCGGACATGGTCAACCAGGCGCTGGAGCCGGTGCGCGACTACTACTCCGTGAAGCAGGACGACGGAACGCGGGTCAACA
S bDbMV N QAL E PV R DY Y S V K Q DD G TR V N K
AGCCGTTCAAGGAATGGCTGGCGGGCTGGGCCGACGTCGTCCGCGACTTCGACGGCTATTCGATGGGGCGCTTCCTGCGL
P F K E W L A G W A DV V R D FD G Y S M G R F L R
GAGTACGCGGAGTTCAGCGACGAGGCCGTCGAGGCGATCGGCACCATCGAGAACATGACCTCGCGCCTCCACCTGGCGTT
E Y A E F 5 D E AV E A I G T I ENMT S R L BL A F
CTTCCACAGCTTCCTGGGGCGCAGCGACATCGACCCCCGCGCCACGTACTGGGAGAT CGAGGGCGGCAGCCGCATGCTGC
¥F H S ¥F L. & R S DI D P RATYWETIUEUGU G S RMTILP
CGGAAACGCTGGCCAAGGACCTGCGGGACCAGATCGTGATGGGCCAGCGAATGGTGCGGCTGGAGTACTACGACCCCGGL
E T L A KDL RD QI VM G QRMVIERIELEYYDZPG
CGCGACGGGCACCACGGCGAACTCACCGGTCCCGGCGGACCGGCCGTCGCCATCCAGACCGT CCCCGAGGGCGAACCGTA
R D G H HGE L T G P G G P AV A I Q TV P EGUE P Y
CGCGGCGACCCAGACCTGGACCGGTGACCTGGCGATCGTCACCATCCCGTTCTCCAGCCTGCGGTTCGTCAAGGTGACCC
A AT Q *™WwW T G D LAIXIUV T I P FF S S L R F YV KV TP
y —»
CGCCGTTCTCGTACAAGAAGCGCCGLCGCCGTCATCGAGACCCACTACGACCAGGCCACCAAGGTGCTGCTGGAGTTCTCG
P F S ¥ K K R R AV I E T HY D Q AT K VL L E F §
CGGCGCTGGTGGGAGTTCACCGAGGCGGACTGGAAGCGGGAGCTGGACGCGATCGCACCGGGTCTGTACGACTACTACCA
R R W W E F T E ADWKURUEL DATI AUPGU LY DY Y Q
GCAGTGGGGCGAGGACGACGCCGAGGCCGCGCTGGCCCTTCCGCAGAGCGTCCGCAACCTGCCCACCGGGCTGCTGGGCG
g W G E D DA EAAIL AL P Q S VRNILZPTGIL L G A
CGCATCCGAGCGTGGACGAGAGCCGGAT CGGCGAGGAGCAGGTGGAGTACTACCGCAACTCCGAGCTGCGCGGCGGGGTG
H P S VD ESRIGEZEIGQVETYTYURNSUETLRGG V
g —»
CGGCCGGCCACCAACGCCTACGGCGGCGGTTCCACCACCGACAACCCCAACCGCTTCATGTACTACCCCTCCCACCCGGT
R P AT N A Y 6 6 G S T TDNUPNIZ RV FMYYUP S H P V
GCCCGGGACCCAGGGCGGTGTGGTGCTGGCCGCCTACT CCTGGTCGGACGACGCCGCCCGCTGGGACTCCTTCGACGACG
P G T Q G GV VL A A Y S WS D D AAUIRW®WD S F D D A
CCGAGCGCTACGGCTACGCCCTGGAGAACCTCCAGTCGGTGCACGGCCGCCGGATCGAGGTCTTCTACACCGGCGCCGGC
E R Y G Y A L ENULOQS V HGURUZ RTIUEUVF Y T G A G
CAGACCCAGAGTTGGCTGCGCGACCCGTACGCGTGCGGAGAGGCGGCGGTCTACACCCCGCACCAGATGACCGCCTTCCA
Q9 T Q S W L R D P Y A CGEAAV Y T P H Q M T A F H
CCTCGACGTGGTCCGGCCCGAGGGGCCGGTGTACTTCGCCGGTGAGCACGTGTCGCT GAAGCACGCCTGGATCGAGGGAG
L DV VR P E 6 P VY F A G E HV S L K HAWIE G A
CGGTGGAAACCGCCGTACGGGCCGCCATCGCCGTCAACGAGGCACCCGTGGGGGACACGGGCGTCACCGCGGCCGCCGGT
vV ET AV R A AT AV NEAUPV G DTG VT AAA AG
CGCCGCGGGGCCGCCGCGGCAACGGAACCGATGCGAGAGGAAGCACTGACGTCATGACCACCTCCCCGACCTGCACGGTG
R R G A A AATUEUZPMUZBREUEA ATLT S *
GCCGAGTACCTGGCCGTCCGGATGGAACAGCTCGGCATCACCCACCTGTTCGGCGTGCCGGGCAACCACCTGGGCCCGTT
CCTGTCGAC
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Fig. 1. Nucleotide sequence of the L-glutamate oxidase gene
and the deduced amino acid sequence. The deduced amino acid
sequence is given under the nucleotide sequence. The putative ribos-
ome binding site is underlined in the nucleotide sequence. The stop
codon is indicated by an asterisk. The N-terminal amino acid

0.5% MgCl, 6H,0, and 0.5% glycine, (pH 7.3)] (10). The E.
coli transformant was routinely grown aerobically at
37°C or 22°C in 2x TY medium (11) containing suitable
concentrations of antibiotics.

General Methods—The techniques used for restriction
enzyme digestion, ligation, transformation, and other
standard molecular biology manipulations were based on
methods described by Maniatis et al. (11). Chromosomal

sequences of the subunits, a, B, and vy, are given in bold letters. Resi-
dues (G-X-G-X-X-G motif) important for interaction with the dinucle-
otide structure of FAD are underlined in the amino acid sequence.
The conserved TKVLL sequence is boxed.

DNA of Streptomyces sp. X-119-6 was prepared by the
method of Saito and Miura (12). Plasmid DNA was pre-
pared by the alkaline extraction procedure (13). Hybridi-
zation of DNA on a membrane was performed as
described by Southern (14). The nucleotide sequence was
determined by the dideoxy chain termination method
(15). A search for the amino acid sequence was performed
with the BLAST program (I16). Protein was analyzed by
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Fig. 2. Electrophoretic and chromato-
graphic analyse of the recombinant LGOX
and Sgmp-treated recombinant LGOX. (A)

15% SDS-PAGE of the recombinant LGOX, its
Sgmp digestion products, and the mature
LGOX from Streptomyces sp X-119-6. Molecular
mass markers are shown on the right-hand side
of the gel. (B) 15% native PAGE of the recom-
binant LGOX, its Sgmp digestion products, and
the mature LGOX isolated from Streptomyces
sp X-119-6. (C) FPLC gel-filtration profiles of
the recombinant LGOX (2 mg/injection), and
the Sgmp-treated recombinant LGOX (2 mg/
Recombinant injection).
LGOX

Sgmp-treated
recombinant
LGOX

L I T T T I T T
45 75 90 105 135 150
60 Time (min) 120

SDS-PAGE under denaturing conditions (17). The gels
were stained with Coomassie brilliant blue. N-Terminal
amino acid sequencing was performed with a sequanator
(model 477A) from Applied Biosystems (Warrington). The
native molecular mass of the purified LGOX was deter-
mined by Superdex 200 gel filtration using a fast protein
liquid chromatography system.

Cloning of the Lgox Gene—For the screening for genomic
DNA fragments containing the Lgox gene, a complemen-
tary oligonucleotide [5'-AACGAGATGAC(CG)TACGAG-
CA-3’, 20 bp] was designed from the N-terminal amino
acid sequence (-Asn-Glu-Met-Thr-Tyr-Glu-Gln-). The oli-
gonucleotide was radiolabeled with T4 polynucleotide
kinase and [y-32P]JATP, and then used as a hybridization
probe. A genomic library was constructed with BamHI
restriction fragment 1-3 kb and BamHI-digested pUC19.
This library was screened by colony hybridization with a
32P-end labeled oligonucleotide probe (11). One positive
clone harboring the recombinant plasmid, pGB1, was
obtained. A second genomic library was constructed with
Sacl restriction fragment 4—6 kb and AZAP Express. This
library was screened with the insert fragment of pGB1
labeled with [a-*2P]dCTP (220 TBg/mmol; Amersham
International plc, Little Chalfont, England) (18) as a probe.
The positive plaque was then subcloned into phagimed
pBK-CMV by the single clone excision method (12, 19)

Construction of an Expression Vector—To construct an
expression plasmid for the Lgox gene product, the pro-
posed translational start codon of Lgox, an EcoRI site and
a Pstl site were introduced by PCR. The Lgox gene that
lacked the putative signal peptide region was amplified
by PCR using sense primer Ul (5'-CCACACCGGGGCC-
GAATTCATGAACGAGAT-3') and antisense primer L1
(5'-AGGTACTCGGCCACCCTGCAGGTC-3'). The PCR
product was subcloned into pKK223-3 (yielding pKK-
LGOX). The final plasmid, pKK-LGOX, was confirmed by
sequencing.

Enzyme Assays—Monitoring of the increase in hydro-
gen peroxide was performed by the 4-aminoantipyrine
phenol method (20) In the assay, 0.2 ml of 0.5 M L-gluta-
mate was added to 1.8 ml of a mixture comprising 70 mM
potassium phosphate, pH 7.4, 0.5 mM 4-aminoantipy-
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rine, 1.7 mM phenol, 10 U/ml of peroxidase and enzyme
at 30°C, and then the increase in Ay, per minute was
monitored. One unit of LGOX activity was taken as the
amount of enzyme that liberated 1 pumol of hydrogen per-
oxide per minute. Another LGOX activity assay involved
the determination of 2-ketoglutarate formed with 3-
methyl-2-benzothiazolone hydrazone hydrochloride as
described previously (MBTH method) (21). One unit of
LGOX activity was taken as the amount of the enzyme
that liberated 1 umol of 2-ketoglutarate per minute.

Purification of the Recombinant LGOX—E. coli JM109
(pKK-LGOX) cells were cultivated at 22°C for 24 h in 3-
liters of 2x TY medium. Expression of the LGOX was
induced by incubation at 22°C with 0.5 mM IPTG for 24
h. The harvested cells were suspended in 20 mM potas-
sium phosphate buffer (KPB) (pH 7.4), and then dis-
rupted by ultrasonication on ice. After removal of the cell
debris, the supernatant was brought to 20% saturation
with ammonium sulfate. The resultant supernatant was
brought to 45% saturation with ammonium sulfate. The
resultant precipitate was dissolved in 20 mM KPB (pH
7.4) containing 20% ammonium sulfate. This solution
was loaded onto a Butyl-Toyopearl 650M (Tosoh, Tokyo)
column (¢4.8 x 15 cm, 270 ml) equilibrated with 20 mM
KPB (pH 7.4) containing 20% ammonium sulfate. The
column was washed with the equilibration buffer and
then eluted with a 1.2-liter linear gradient of 20 to 0%
ammonium sulfate at the average flow rate of 4 ml/min.
Fractions exhibiting high specific activity were pooled
and dialyzed against 20 mM KPB (pH 7.4). The dialyzed
solution was loaded onto a DEAE-Toyopearl 650M
(Tosoh) column (¢4.8 x 10 cm, 180 ml) equilibrated with
20 mM KPB (pH 7.4). The column was washed with the
same buffer containing 100 mM NaCl and then eluted
with 200 mM NaCl at the average flow rate of 4 ml/min.
The enzyme solution was then applied to a Superdex 200
column (¢1.6 x 90 cm, 180 ml) equilibrated with 20 mM
KPB (pH 7.4) containing 200 mM NaCl. The proteins
were eluted at the flow rate of 0.5 ml/min. Protein con-
centrations of fractions were determined by measuring
the absorbance at 280 nm.
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Fig. 3. Effects of temperature on the stabilities of the recom-
binant LGOX and Sgmp-treated recombinant LGOX. Each
enzyme was used at 10 pg/ml. Values are expressed as percentages
of the maxima (100% = 0.26 and 0.57 pM/min for the recombinant
LGOX and Sgmp-treated recombinant LGOX, respectively). The
enzyme activity was measured at pH 7.4 after incubation of each
enzyme at the indicated temperatures for 30 min.

Proteolysis and Comparison of the Enzymological
Characteristics of the Recombinant LGOX and Digested
LGOX—Proteases (trypsin, chymotrypsin, and Sgmp)
were purchased from Sigma Chemical Protease digestion
was carried out by treating a 1 ml aliquot of purified
recombinant LGOX (20 mg/ml in 20 mM KPB, pH 7.4)
with a 20 pl aliquot of protease (1 mg/ml in 20 mM KPB,
pH 7.4) for 4 h at 25°C. The digested sample was purified
by DEAE-Toyopearl 650 M column chromatography.

Estimation of the activity at different pH values and
temperature was performed using the purified enzymes.
To determine the optimal pH, the following buffers (100
mM) were used: acetate buffer (pH 3.4 to 6.2), KPB (pH
6.2 to 8.2), and boric acid buffer (pH 8.2 to pH 10.2). The
optimal temperature and thermostability were deter-
mined between 0 and 80°C in 20 mM KPB (pH 6.0 and
pH 7.4). To determine the thermostability, each enzyme
was preincubated for 30 min at the corresponding tem-
perature, and later LGOX activity was measured by the
4-aminoantipyrine phenol method at 30°C. To determine
the optimal temperature, each enzyme was preincubated
for 5 min at the target temperature, and later LGOX
activity was measured by the MBTH method at the same
temperature as for the preincubation. Activation energy
values were calculated according to Segel (22).

RESULTS

Cloning and Sequencing of the Lgox Gene and Expres-
sion in E. Coli—Using the methods and conditions
described under “MATERIALS AND METHODS,” a genomic

J. Arima et al.

library of Streptomyces sp. X-119-6 was constructed and
subsequently screened with the 32P-labeled nucleotide as
a probe. Two rounds of screening resulted in several pos-
itive phages that contained the entire Lgox gene. By the
single clone excision method, the inserts of positive
phages were placed into phagimid pBK-CMV (pGS1).

The determined nucleotide sequence of the Lgox gene
in pGS1 contained one open reading frame (Fig. 1).
Amino acid sequences obtained by automated Edman
degradation of the N-terminus of each subunit of the
purified LGOX from Streptomyces sp. X-119-6 were iden-
tified in the deduced primary amino acid sequence (bold
type in Fig. 1). Database searches revealed the identify of
the LGOX from Streptomyces sp. X-119-6 with the
enzyme from S. platensis, the sequence similarity being
about 85%.

E. coli JM109 harboring pGS1 exhibited no expression
of LGOX. To obtain overexpression of the LGOX in E. coli
JM109, we constructed an expression plasmid (pKK-
LGOX) containing the Lgox gene that lacked the signal
peptide region in the same orientation as the tac pro-
moter of pKK-LGOX, as described under “MATERIALS AND
METHODS.” The LGOX was expressed constitutively in E.
coli JM109 in a soluble and active form up to a concentra-
tion equivalent to 20% of the total soluble cellular protein
(data not shown)

Characterization of the Recombinant LGOX—LGOX
expressed in the E. coli transformant had a precursor
form that showed a molecular mass of 76 kDa on SDS-
PAGE. The recombinant LGOX was isolated from E. coli
JM109 harboring pKK-LGOX with a yield of 300 mg of
pure protein, as judged on SDS-PAGE, from a 3-liter cul-
ture. The purified enzyme could be stored for several
months in 20 mM KPB (pH 7.4) at 4 or —20°C without sig-
nificant loss of activity. The molecular mass of the recom-
binant LGOX in natural conditions was estimated by gel
filtration chromatography to be 150 kDa, 300 kDa, and
higher (Fig. 2C). Comparison of this value with the
molecular mass determined from the primary amino acid
sequence suggests that the recombinant LGOX exists not
only in a dimeric form but also as a higher molecular
species. Native PAGE of the recombinant LGOX gave a
broad smear that is not possible to detect as a band (Fig.
2B).

The thermostability was examined in the temperature
range of 0-60°C at pH 6.0 and 7.4. It was found that the
50% thermal inactivation temperature of the recom-
binant LGOX was about 30°C at pH 7.4, and about 50°C
at pH 6.0 (Fig. 3). The temperature dependence of the
activity of the recombinant LGOX was examined in the
temperature range of 5-78°C at pH 6.0 and 7.4. The opti-
mum temperature at pH 6.0 was higher than that at pH
7.4. The LGOX precursor showed temperature optima of
35°C at pH 7.4 and 50°C at pH 6.0 (Fig. 4). Arrhenius dia-
grams of L-glutamate oxidation in the temperature range
of 10-30°C allowed calculation of activation energies of
72 and 86 kdJ/mol at pH 7.4 and pH 6.0, respectively
(Table 1). The pH dependence of &, was assayed in the
pH range of 3.2-10.6. The recombinant LGOX showed a
narrow pH optimum of around pH 7.0 (Fig. 5). On mea-
suring the initial reaction rates with different L-gluta-
mate concentrations, a K, of 5.0 mM and a &, of 33 s!
were found at pH 7.4. However, a different initial reac-
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Table 1. Properties of the mature LGOX isolated from Streptomyces sp. X-119-6, recombinant LGOX, and Sgmp-treated LGOX.

Mature LGOX from

Properties Streptomyces sp. X-119-6 Recombinant LGOX  Sgmp-treated LGOX
Composition®P AsPgys (B5) Homodimer 0oPgys
Optimum temperature (°C) at pH 7.4¢ - 35 58
Optimum temperature (°C) at pH 6.0¢ - 50 58
Optimum pH? 6.0-8.5 (5) 7.0 6.0-8.5
50% thermal inactivation temperature (°C) at pH 7.49f 75 (5) 30 75
50% thermal inactivation temperature (°C) at pH 6.09f 80 (pH 5.5)(5) 50 80
V nax (mol/min/mg) at pH 7.4 (30°C)d 55.1(5) 26 57
K,, (mM) at pH 7.4 (30°C)d 0.23 (5) 5.0 0.23
K,, (mM) at pH 6.0 (30°C)d - 0.23 0.23
ke (s7)) at pH 7.4 (30°C)° 72.5¢ 33 75
ke (s71) at pH 6.0 (30°C)° - 27 49
ke ! K M1 s71) at pH 7.4 (30°C) 3.2x10%¢ 6.6 x 103 3.3 x 10°
ke / K, ML s71) at pH 6.0 (30°C) - 1.2 x 105 2.1 x 10
E, (kJ/mol) at pH 7.4 - 72 41
E, (kJ/mol) at pH 6.0 - 86 51

aDetermined by gel filtration. PDetermined by SDS-PAGE. tMeasured by MBTH method. {Measured by 4-amino antipyrine/phenol method.
eCalculated from V, values. fIncubated for 30 min. ¢Calculated from the value given in Ref. 5.

tion rate was observed at pH 6.0, i.e. a K, of 0.23 mM and
a kg, of 27 s7L.

Proteolysis of the Recombinant LGOX—The recom-
binant LGOX has a precursor form that has the structure
of a one chain polypeptide. Table 1 indicates that this
enzyme was inferior to the LGOX isolated from Strepto-
myces sp. X-119-6 in catalytic efficiency and stability.
Therefore, we investigated how the properties of the
recombinant LGOX were affected by proteolysis. Trypsin
and chymotrypsin digestion caused activation and
improvement of the affinity to substrates of the recom-
binant LGOX. However, the thermostability, %, value
and subunit structure (58 kDa and 18 kDa) differed from
those of the LGOX isolated from Streptomyces sp. X-119-
6 (data not shown). We tried digestion of the recombinant
LGOX with the metalloendopeptidase from the same
genus, Streptomyces griseus (Sgmp), which exhibits spe-
cificity for large aliphatic and aromatic amino acids. The
recombinant LGOX was digested with Sgmp at the
LGOX: Sgmp ratio of 1,000:1 (w/w), which allowed com-
pletion of the reaction within 4 h. The ability to catalyze
deamination of L-glutamate was not lost at all in the
recombinant LGOX on digestion with Sgmp. The Sgmp-
treated enzyme gave major bands corresponding to
approximately 44, 43, 17, and 10 kDa on 15% SDS-PAGE
(Fig. 2A). A similar profile was obtained for mature
LGOX from Streptomyces sp. X-119-6. These fragments
were subjected to N-terminal sequence analysis. The
sequences of the 44 and 43 kDa fragments were estab-
lished to be M-N-E-M-T-Y-E, that of the 17 kDa one to be
E-L-R-G-G-V-R-P, and that of the 10 kDa one to be Y-A-A-
T-Q-T-W-T. This showed that the Sgmp attacks near the
N-terminals of the f and y-subunits. Native-PAGE of the
Sgmp-treated recombinant LGOX gave a major band at a
slight different position than with mature LGOX (Fig.
2B). Gel filtration analysis of the Sgmp-treated recom-
binant LGOX revealed molecular masses of 150 and 300
kDa. The ratio of the quantities of these materials dif-
fered remarkably with the recombinant LGOX (Fig. 2C).
The 150 kDa peak is fairly larger than the 300 kDa one
for the Sgmp-treated recombinant LGOX.
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Characterization of Sgmp-Treated Recombinant LGOX—
In comparison to the recombinant LGOX, the kinetic
properties of the Sgmp-treated recombinant LGOX
exhibit some differences. On measuring the initial reac-
tion rate with different L-glutamate concentrations, a K,
0f 0.23 mM and a k,,, of 75 s7! at pH 7.4, and a &, of 49 at
pH 6.0 were found. These values resemble those of
mature LGOX. Table 1 summarizes the kinetic parame-
ters of each enzyme form. These results showed that the
Sgmp-digested enzyme exhibited improved affinity to
substrates at pH 7.4 and activity.

The stability and optimum parameters of Sgmp-
treated recombinant LGOX also differ from those of the
recombinant enzyme. The stability of the Sgmp-treated
recombinant LGOX was examined in the temperature
range of 0-80°C. The 50% thermal inactivation tempera-
ture of the Sgmp-treated enzyme was about 75°C at pH
7.4, and about 80°C at pH 6.0 (Fig. 3). The activity of the
Sgmp-treated recombinant LGOX was examined in the
temperature range of 5-78°C at pH 6.0 and 7.4. The
Sgmp-treated recombinant LGOX showed a bell-shaped
curve as a function of temperature, with an optimum
temperature of 58°C (Fig. 4). Arrhenius diagrams of L-
glutamate oxidation in the temperature range of 10-30°C
allowed calculation of activation energies of 41 and 51 kdJ/
mol at pH 7.4 and 7.0, respectively (Table 1). The activity
of the Sgmp-treated recombinant LGOX was examined in
the pH range of 3.2-10.6. The Sgmp-treated recombinant
LGOX showed a bell shaped curve as a function of pH,
with an optimum pH of 6.8-8.3 (Fig. 5). These results
showed that the properties of the recombinant LGOX
were improved by Sgmp treatment, resulting in similar
ones to those of the mature LGOX isolated from Strepto-
myces sp. X-119-6.

DISCUSSION

In this paper, we have described the characterization of
the recombinant LGOX produced from an E. coli trans-
formant that has a precursor form, and Sgmp digestion
analysis of this enzyme. The identified structure of the
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Fig. 4. Temperature dependence of the oxygenation of 50 mM
L-glutamate by 10 pg/ml recombinant LGOX and Sgmp-
treated recombinant LGOX at pH 7.4 and 6.0. Values are
expressed as k.

LGOX from Streptomyces sp. X-119-6 comprised from an
0,9f3975 subunit, originating from a single Lgox gene encod-
ing an open reading frame for one polypeptide chain (Fig.
1). The primary amino acid sequence of this enzyme
shows no apparent similarity with those of flavoenzymes
except for the LGOX from Streptomyces platensis. Sev-
eral related proteins, such as L-amino acid oxidase, tryp-
tophan-2-monooxigenase and D-amino acid oxidase,
exhibit partial sequence similarity with LGOX (10-25%).
In particular, the N-terminal sequences of these enzymes
were conserved so that the pap-fold, which binds to the
ADP region of FAD (23), was present. Then, a conserved
sequence, TKVLL, which is related to degradation of the
imino intermediate, was observed in the y-subunit (24—
26) (boxed in Fig. 1).

We made use of recombinant expression to character-
ize the LGOX that had the structure of a one chain
polypeptide. A major finding in this investigation is that
the precursor-formed recombinant LGOX is an active
enzyme, which exhibits inferior catalytic efficiency com-
pared with mature LGOX isolated from Streptomyces sp.
X-119-6. We expect that the LGOX activity that catalyzes
the oxidation of L-glutamate along with the production of
ammonia and hydrogen peroxide is toxic for or has a neg-
ative influence on the growth of cells. Consequently, this
result predicts that the LGOX is present in cells as a pre-
cursor form that has low activity, and activation by prote-
olysis occurs after secretion. Properties, such as ther-
mostability, optimum temperature, the pH dependence of
k.t and the quaternary structure of the recombinant
LGOX, differ greatly from those of mature LGOX. In par-
ticular, a higher molecular species was detected for the
recombinant enzyme. We speculate that this higher
molecular species might be an aggregated form of the
recombinant enzyme. The thermostability of the recom-
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Fig. 5. Effects of pH on the activities of the recombinant
LGOX and Sgmp-treated recombinant LGOX. Each enzyme
was used at 10 pg/ml. Values are expressed as k.

binant LGOX was sensitive to pH, a lower pH stabilizing
this enzyme as to temperature (pH 6.0 > pH 7.4). In addi-
tion, an excessive decrease in the K, value of this enzyme
was observed at a low pH (pH 6.0 < pH 7.4). In contrast to
these results, the activation energy (E,) of the reaction
catalyzed by the recombinant LGOX at pH 6.0 was
higher than that of the reaction catalyzed by this enzyme
at pH 7.4. The %, value of the recombinant LGOX at pH
6.0 is also lower than that of this enzyme at pH 7.4 (Table
1). It was expected from these results that the structure
of the recombinant LGOX that has a precursor form may
be affected as to protonation, i.e. the precursor form
enzyme may lose some of its structural flexibility, thereby
causing loss of its polarity. If true, the enzyme being
present as a precursor form is not a necessary condition.
The nature of this enzyme differs greatly from that of the
mature LGOX isolated from Streptomyces sp. X-119-6.
We supposed that the difference in nature between the
recombinant LGOX and the mature enzyme is caused by
the subunit structure.

In this study we succeeded in apparent activation and
stabilization of the recombinant LGOX by proteolysis
using Sgmp. Native-PAGE of the Sgmp-treated recom-
binant LGOX gave a major band at a slightly different
position than with the mature LGOX and without the
smear in the case of the recombinant LGOX (Fig. 2B).
Also, the Sgmp-treated recombinant LGOX did not pro-
duce a higher molecular species, as judged from the
results of gel filtration (Fig. 2C). Judging from these
results, digestion of the recombinant LGOX by Sgmp sta-
bilized its quaternary structure without separation of the
proteolytic fragment or a decrease in its activity. The
Sgmp-treated recombinant LGOX showed approximately
20-fold lower K and 2-fold higher V. (and &) values
at pH 7.4 compared to the recombinant LGOX, leading to
50-fold higher catalytic efficiency (%.,/K,,) at this pH. The
thermostability was also improved by the Sgmp diges-
tion. We tried digestion of the recombinant with trypsin

J. Biochem.
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and chymotrypsin instead of Sgmp previously. Such
digestion improved its activity, but stabilization of the
recombinant LGOX did not occur (K, value of 0.23 mM
for both enzymes at pH 7.4, and %, values of 44 and 59 s~
1 for the trypsin-treated recombinant LGOX and chymot-
rypsin treated recombinant LGOX at pH 7.4, respec-
tively). The digestion patterns of the recombinant LGOX
with these proteases were also different from in the case
of the mature LGOX isolated from Streptomyces sp. X-
119-6 and the recombinant LGOX digested with Sgmp
(58 kDa and 18 kDa). There is a strong possibility that
the recombinant LGOX is activated by various proteases.
However, it is not absolutely sure that stabilization
occurs through digestion. Therefore, it seems that better
proteases for stabilization of the recombinant LGOX that
has a precursor form is Sgmp and similar proteases.

We suggest that the Sgmp-treated recombinant LGOX
has a quaternary structure similar to the mature form.
Improvement of the thermostability was observed when
the Sgmp-treated recombinant LGOX was kept at pH 6.0
(Fig. 3). Similar data were obtained for mature LGOX
from Streptomyces sp. X-119-6 (5). The activation energy
(E,) of the reaction catalyzed by the Sgmp-treated recom-
binant LGOX was lower than that of the reaction cata-
lyzed by the recombinant LGOX with each pH. However,
with decreasing pH the activation energy of the reaction
catalyzed by the Sgmp-treated recombinant LGOX
increased. These results showed that the Sgmp-treated
recombinant LGOX also loses structural flexibility at pH
6.0, like the recombinant LGOX. Although similar data
were obtained for the Sgmp-treated and non-treated
recombinant LGOX as to pH dependent parameters, the
Sgmp-treated recombinant LGOX did not show such
extreme changes in properties at different pHs as the
recombinant LGOX that has a precursor form. These
observations for the Sgmp-treated recombinant LGOX
revealed that this enzyme has a stable nature as com-
pared to the recombinant precursor enzyme.

In conclusion, it is suggested that the enzyme being
present as a precursor form is not a necessary condition,
it having low catalytic activity and stability. Proteolysis
of this one-chain enzyme by Sgmp generates an L-gluta-
mate oxidase with improved activity and stability as to
temperature. Furthermore, the LGOX digested with
Sgmp was not present as a higher molecular species, as
found on gel filtration. As to the maturation of this
enzyme on proteolysis, we speculate there is one possibil-
ity for the subunit structure of oyBsy,. First, LGOX is
expressed as the precursor form of a dimer protein (a-p-
v9) that may have an incompletely active form structure.
Second, the LGOX precursor is digested by an appropri-
ate endopeptidase, and has a completely active form of
0ufqys structure without separation of the large proteo-
lytic fragment. We also speculate that the endopeptidase
involved in the LGOX maturation is similar to Sgmp. The
observations in this study indicate that proteolysis by
Sgmp is not only related to activation, but also involved
in stabilization of the structure for existence under vari-
ous conditions.

Nucleotide sequence accession number. The nucleotide
sequence has been assigned accession number AB085623 in
the DDBJ database.
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