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D-Arginase activity was found in the cells of an isolate, Arthrobacter sp. KUJ 8602,
grown in the L-arginine medium, and the enzyme was purified and characterized. Its
molecular weight was estimated to be about 232,000 by gel filtration, and that of the
subunit was approximately 40,000 by SDS-PAGE, suggesting that the enzyme is a
homohexamer. The enzyme acted on not only D-arginine but also 4-guanidinobu-
tyrate, 3-guanidinopropionate and even L-arginine. The Vmax/Km values for 4-guanidi-
nobutyrate and D-arginine were determined to be 87 and 0.81 �mol/min/mg/mM,
respectively. Accordingly, the enzyme is regarded as a kind of guanidinobutyrase [EC
3.5.3.7]. The pH optima for 4-guanidinobutyrate and D-arginine were 9.0 and 9.5,
respectively. The enzyme was inhibited competitively by 5-aminovalerate, and thiol
carboxylates such as mercaptoacetate served as strong mixed-type inhibitors. The
enzyme contained about 1 g-atom of firmly bound Zn2+ per mol of subunit, and
removal of the metal ions by incubation with 1,10-phenanthroline resulted in loss of
activity. The inactivated enzyme was reactivated markedly by incubation with either
Zn2+ or Co2+, and slightly by incubation with Mn2+. The nucleotide sequence of enzyme
contains an open reading frame that encodes a polypeptide of 353 amino acid resi-
dues (Mr: 37,933). The predicted amino acid sequence contains sequences involved in
the binding of metal ions and the guanidino group of the substrate, which show a
high homology with corresponding sequences of Mn2+-dependent amidinohydrolases
such as agmatinase from Escherichia coli and L-arginase from rat liver, though the
homology of their entire sequences is relatively low (24–43%).
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Abbreviations: 4-GB, 4-guanidinobutyrate; GBase, guanidinobutyrase; CHES, N-cyclohexyl-2-amino-ethanesul-
fonic acid.

Several amidinohydrolases have recently been purified
and characterized. Most are Mn2+-dependent and cata-
lyze the hydrolysis of guanidino compounds to the corre-
sponding �-amino compounds and urea. For example, L-
arginase (L-arginine amidinohydrolase, EC 3.5.3.1) cata-
lyzes the hydrolysis of L-arginine to L-ornithine and urea.
L-Arginase is the final enzyme of the urea cycle in ureo-
telic animals, but it also plays an important role in regu-
lation of arginine catabolism, affecting the metabolism of
creatine, polyamines, proline and nitric oxide in various
organisms. Agmatinase (agmatine amidinohydrolase,
agmatine ureohydrolase, EC 3.5.3.11) catalyzes the
hydrolysis of agmatine, a decarboxylation product from
L-arginine, to putrescine and urea, and is found in bacte-
ria (1–3), fungi (4), human liver (5), and rat brain (6).
These amidinohydrolases are regarded as members of
the arginase-family proteins: several important residues
are highly conserved in their amino acid sequences. They
diverged from an ancestral protein to show their particu-

lar substrate specificities (7–10). L-Arginases of rat liver
(11) and Bacillus caldovelox (12) were crystallized, and
their three-dimensional structures revealed the amino
acid residues participating in binding of Mn2+ and sub-
strate. Their catalytic mechanisms were also shown (13).

Guanidinobutyrase (GBase, 4-guanidinobutyrate
amidinohydrolase, EC 3.5.3.7), which catalyzes the
hydrolysis of 4-guanidinobutyrate (4-GB), a metabolite of
L-arginine, was found in Pseudomonas strains (14–16),
Brevibacterium helvolum (17), Streptomyces grius (18),
tench liver (19), lizard liver (20), and chicken liver and
kidney (20). The enzyme was highly purified from cells of
Pseudomonas strains (14–16) and Brevibacterium hel-
volum (17) and enzymologically characterized, though its
structure has not been studied.

The existence of D-arginase (D-arginine amidinohydro-
lase, EC 3.5.3.10) remains a matter of controversy.
Kotake and Nakayama (21) and Mabuchi (22) showed
that the extract of intestinal mucosa of rabbit hydrolyzed
D-arginine more rapidly than the L-enantiomer, while
Sano (23) succeeded in isolating the enzyme responsible
for the hydrolysis of D-arginine, which they named “het-
ero-arginase” to distinguish it from L-arginase. Nadai
Vol. 133, No. 1, 2003 33 © 2003 The Japanese Biochemical Society.

http://jb.oxfordjournals.org/


34 N. Arakawa et al.

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

(24) observed that the liver homogenates of human, rat
and mouse had a high D-arginase activity but hydrolyzed
L-arginine twice as rapidly as they did the D-enantiomer.
Mora et al. (20) reported that the partially purified prep-
aration of GBase from chicken liver also hydrolyzed D-
arginine but was inert toward L-arginine. These mamma-
lian amidinohydrolases acting on D-arginine, however,
have not been so highly purified as to be characterized
well, while microbial D-arginase has not been demon-
strated.

We here describe the occurrence, purification, charac-
terization and structure of an amidinohydrolase acting
on D-arginine produced by an isolate, Arthrobacter sp.
KUJ 8602, which utilizes D-arginine as a sole carbon and
nitrogen source, and compare the enzyme with other ami-
dinohydrolases.

MATERIALS AND METHODS

Materials—D-Homoarginine, 6-guanidinocaproate, and
5-guanidinovalerate were synthesized from the corre-
sponding amino compounds by amidination with S-meth-
ylisothiourea sulfate according to Kimmel (25). D-
Arginine monohydrochloride and L-homoarginine were
the products of Watanabe Chemical Industry (Osaka). 4-
GB, 3-guanidinopropionate and L-2-amino-3-guanidino-
propionate were from Sigma Chemical (St. Louis, USA).
All other reagents were from Nakalai Tesque (Kyoto) and
Wako Pure Chemical Industries (Osaka).

Organism and Culture Conditions—Arthrobacter sp.
KUJ 8602 was isolated from soil with a medium (pH 7.2)
containing 0.01% ammonium sulfate, 0.01% yeast
extract, 0.2% K2HPO4, 0.2% NaCl, 0.1% MgCl2·6H2O, and
0.1% D-arginine hydrochloride, and identified taxonomi-
cally and by 16S rRNA analysis. After incubation with
shaking at 30�C for 20 h, bacterial growth was followed
by measuring turbidity at 660 nm. The enzymatic pro-
duction of D-ornithine from D-arginine was determined
by HPLC on a Crownpak CR (+) chiral column (Daicel
Chem. Ind., Tokyo). For purification of the enzyme, the
cells were grown in the medium (pH 6.0) consisting of
0.5% polypeptone, 0.05% yeast extract, 0.2% K2HPO4,
0.1% NaCl, 0.01% MgCl2·6H2O, and 2.5% L-arginine
hydrochloride, which was used as an inducer of enzyme
production. The enzyme was inducibly produced by
either L- or D-arginine. The cells were cultivated at 30�C
for 18 h in 7 liters of medium in a 14-liter jar fermentor
(Marubishi BioEng., Tokyo) with aeration and agitation.
Escherichia coli (Nova Blue) was obtained from Novagen
and grown aerobically at 37�C in Lusia-Bertani (LB)
medium supplemented ampicillin (100 �g/ml). Isopropyl-
�-D-thiogalactopyranoside (IPTG) was added to a final
concentration of 0.4 mM.

Enzyme Assay—The standard assay mixture contained
60 mM CHES-NaOH buffer (pH 9.0), 20 mM 4-GB and
enzyme in a final volume of 0.5 ml. The reaction mixture
was preincubated at 37�C for 5 min without the sub-
strate, and the reaction was initiated by addition of the
substrate. After incubation for 15 min, 0.5 ml of 12.5%
trichloroacetic acid was added to the solution to termi-
nate the reaction. The mixture was centrifuged, and urea
formed was colorimetrically determined (26). One unit of

the enzyme is defined as the amount of enzyme that cat-
alyzes the formation of 1 �mol of urea per min.

Protein Determination—Protein was determined by
the method of Bradford (27) with bovine serum albumin
as a standard.

Purification of Enzyme—Purification was carried out
at about 4�C, unless otherwise stated.

1. Preparation of cell extract: Cells were washed twice
with 10 mM potassium phosphate buffer (pH 6.2), and
about 200 g (wet weight) of cells was suspended in 500 ml
of 10 mM potassium phosphate buffer (pH 6.2). The sus-
pension was divided into 50-ml portions, and each por-
tion was subjected to ultrasonication for 20 min with
ultrasonic disintegrator followed by ultracentrifugation
(180,000 �g for 1.5 h) to remove intact cells and cell
debris. The unbroken cells were resuspended in the same
buffer and sonicated for another 30 min.

2. Anion-exchange chromatography (1st): The cell
extract was dialyzed against 10 mM potassium phos-
phate buffer (pH 6.2) containing 200 mM KCl and put on
a column of a DEAE-Toyopearl 650M (2.5 cm � 25 cm)
equilibrated with the same buffer. The column was then
washed with the same buffer, then the absorbed proteins
were eluted at a flow rate of 1.0 ml/min with the buffer
containing 250 mM KCl and the buffer containing 1.0 M
KCl, and 5-ml fractions were collected.

3. Anion-exchange chromatography (2nd): The active
fractions were pooled and diluted with 10 mM potassium
phosphate buffer (pH 6.2). The enzyme solution was put
on a DEAE-Toyopearl 650M column (2.5 cm � 10 cm), and
the column was washed with the buffer containing 200
mM KCl. The enzyme was eluted at a flow rate of 0.6 ml/
min with a linear gradient of 200–250 mM KCl dissolved
in 400 ml of the buffer, and 3-ml fractions were collected.

4. Hydroxyapatite chromatography: The enzyme solu-
tion was pooled and dialyzed against 10 mM potassium
phosphate buffer (pH 6.0). The enzyme was put on a
hydroxyapatite column (1.0 cm � 15 cm) equilibrated
with the same buffer. The enzyme was eluted at a flow
rate of 0.3 ml/min with a linear gradient of 400 ml of 10–
400 mM potassium phosphate buffer (pH 6.0), and 2-ml
fractions were collected.

5. Gel filtration chromatography: The active fractions
were pooled and concentrated by ultrafiltration. The
enzyme was put on a column of Superdex 200 HiLoad (16/
60) with a PSLC system (Amersham Pharmacia Biotech.)
equilibrated with 20 mM Tris-HCl buffer (pH 8.0) con-
taining 0.15 M NaCl. The enzyme was eluted with the
same buffer, and 1-ml fractions were collected at a flow
rate of 1.6 ml/min. The active fractions were pooled and
dialyzed against 20 mM Tris-HCl buffer (pH 8.0).

Preparation of 1,10-Phenanthroline–Inactivated Enzyme—
The enzyme (18 �g) was treated with 20 mM potassium
phosphate buffer (pH 6.0) containing 15 mM 1,10-phen-
anthroline. After incubation at 37�C for 70 min, the mix-
ture was dialyzed twice against 1 liter of 20 mM Tris-HCl
buffer (pH 8.0) containing 10 �M EDTA to prevent a
spontaneous reactivation at 4�C. The enzyme obtained
was used as the 1,10-phenanthroline-inactivated enzyme.

Preparation of Enzyme Reconstituted with Zn2+—
The Zn2+-reconstituted enzyme was prepared by incuba-
tion of the 1,10-phenanthroline-inactivated enzyme at
37�C for 30 min in 20 mM Tris-HCl buffer (pH 8.0) con-
J. Biochem.
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taining 20 �M ZnCl2, and the mixture was dialyzed
against 20 mM Tris-HCl buffer (pH 8.0). The concentra-
tion of EDTA derived from the inactivated-enzyme prep-
aration was 0.5 �M.

Determination of Metals Bound to Enzyme—The enzyme-
bound metals were determined with an atomic absorp-
tion spectrophotometer, Hitachi Z 5000, by using of 24 �g
of the enzyme dialyzed at 4�C for 12 h against two
changes of 1,000 volumes of 20 mM Tris-HCl buffer (pH
8.0) passed through a column of Bio-Rad Chelex 100 in
the Tris+ form. The dialysate was used as a blank. Zn2+,
Co2+, Mn2+, and Ni2+ were spectrophotometry determined
at wavelengths of 307.6, 252.1, 403.1, and 325.5 nm,
respectively.

N-Terminal and Internal Amino Acid Sequence Analy-
sis—The N-terminal and internal sequences of the
enzyme were determined by Edman degradation with an
automated sequencer (model 477A: Applied Biosystems).
For N-terminal sequence analysis, approximately 20 �g
of the enzyme dialyzed against water was used. To obtain
the internal peptide, 20 mg of the enzyme was incubated
with 5 M urea at 60�C for 60 min, and the denatured pro-
tein was incubated with 100 mM Tris-HCl buffer (pH
8.0), 4 M urea, 2.8 �g of trypsin, and 10 mM CaCl2 at
37�C for 18 h. The internal peptides were separated by
reverse-phase HPLC with a column Wakosil-II 5C18 AR
(Wako), and the amino acid sequences of peptides were
determined.

Isolation and Sequencing of Enzyme Gene—Chro-
mosomal DNA from Arthrobacter sp. was isolated with
DNeasy™ Tissue kit (Qiagen). Degenerated oligonucle-
otides, oligo 1, 2, 3, and 4, were designed on the basis of
N-terminal MEELRIEA (residues 1–8), internal amino
acid sequences VGVPFD (residues 45–50, on the internal
peptide IP-1), NRPLYI (residues 239–244, on IP-2) and
DIDVLD (residues 246–251, on IP-2), respectively. Oligo
1, 5�-ATG GAR GAR YTI AAY ATH GAR GC-3; oligo 2, 5�-
GTI GGI GTI CCI TTY GAY-3�; oligo 3, 5�-DAT RTA IAR
IGG ICK RTT-3�; and oligo 4, 5�-RTC DAT IAC RTC DAT
RT-3� (R = A or G; Y = C or T; H = A or C or T, I = inosine).

A 30-cycle PCR was performed with oligos 1 and 4 at
an annealing temperature of 45�C (first cycle 40�C) for 3
min, followed by extension at 72�C for 1 min in the pres-
ence of 2.5 mM MgCl2 with the Arthrobacter sp. chromo-
somal DNA as a template (1st PCR). With the 1st PCR
products as a template, the 30-cycle PCR was performed
with oligos 2 and 3 at an annealing temperature of 52�C
(first cycle 40�C) for 3 min (2nd PCR). Other conditions
were the same as those of the 1st PCR. The PCR was car-
ried out with LA Taq polymerase (Takara) in Gene Amp
PCR (PE Applied Biosystems). The 2nd PCR 600-bp
product was extracted with Geneclean II kit (BIO 101

INC) and ligated into the pT7 Blue T-vector (Novagen)
with a ligation kit (Takara). The resulting plasmid was
transfected into competent cells of E. coli Novablue
(Novagen). White Apr clone cells were picked up and
grown in 5 ml of Luria-Bertani’s broth (LB) containing
ampicillin. The plasmid was purified and used as the
template for sequencing.

Based on the partial 600-bp DNA sequence deter-
mined, four oligos were designed: oligo 5, 5�-TTT CGA
TGG CCT CGT TGA TG-3�; oligo 6, 5�-CAA GGC GTT
CTG CTG GAT GG-3�; oligo 7, 5�-CGC TTC GGT TTC
GGA ATC GT-3�; and oligo 8, 5�-GAC GTC TAC TAC CAG
GGC G-3�. Genome-walking PCR was performed with LA
PCR™ in vitro cloning kit (Takara) according to the man-
ufacturer’s instructions. Chromosomal DNA from Arthro-
bacter sp. was digested with HindIII or EcoRI and ligated
to a HindIII or EcoRI cassette, respectively. The resulting
DNA fragments were used as the template for amplifica-
tion by PCR. The conditions of PCRs were used in a same
strategy, with annealing at 55�C for 30 s and extension at
72�C for 1 min. The PCR fragments were sequenced, and
the entire enzyme gene sequence was determined.

RESULTS

Purification of Enzyme—Bacteria were screened for D-
arginase production with a medium containing D-
arginine as the sole carbon and nitrogen source, and
Arthrobacter sp. KUJ 8602 isolated from soil was found
to produce the enzyme. The enzyme was purified from
the cells grown in a polypeptone-yeast extract medium
containing 2.5% L-arginine as an inducer. D-Arginine can
replace the L-enantiomer. A typical result of the purifica-
tion is summarized in Table 1. The enzyme was purified
to homogeneity with a yield of 33%.

Molecular Weight and Subunit Structure—The
enzyme showed a single band upon SDS-PAGE, and its
molecular weight was determined to be about 40,000.
The enzyme migrated on the Superdex 200 column show-
ing a molecular weight of about 232,000. Accordingly, the
enzyme is composed of six subunits with identical molec-
ular weight.

Substrate Specificity and Kinetic Parameters for Sub-
strate—The enzyme showed considerably high substrate
specificity (Table 2). The best substrate was 4-GB, fol-
lowed by D-arginine and 3-guanidinopropionate: accord-
ingly the enzyme is regarded as a kind of guanidinobutyrase
(GBase, EC 3.5.3.7). It showed very low activity toward 3-
guanidinopropionate and 5-guanidinovalerate, lower and
higher homologues of 4-GB, and was inert toward guanid-
inoacetate, L-2-amino-3-guanidinopropionate and creat-
ine (less than 0.1% that observed for 4-GB). 4-GB was

Table 1. Purification of enzyme.

aThe enzyme activity was measured by using 20 mM D-arginine as the substrate.

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

Cell extract 222 2,890 0.077 100 1
DEAE-Toyopearl (1st) 135 42.3 3.19 61 40
DEAE-Toyopearl (2nd) 112 24.6 4.56 50 59
Hydroxyapatite 92.5 13.3 6.95 42 90
Superdex 200 73.4 8.43 8.71 33 113
Vol. 133, No. 1, 2003
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also outstandingly reactive on the basis of the catalytic
efficiency. The ratio of activity for D-arginine (D-arginase
activity) to that for L-arginine (L-arginase activity) of the
cell free extract was approximately the same as that of
the purified enzyme.

Effect of pH on Enzyme Activity—The effect of pH on
the activity is shown in Fig. 1. The maximum activity was
observed in the wide range of pH 7.5–9.5 for the reaction
with 4-GB, but the pH optima for the reactions with D-
and L-arginine were in narrow pH ranges of around 9.5
and 10.0, respectively.

Inhibitor—The effect of various compounds on the
enzyme activity was examined under the standard assay

conditions (Table 3). �-Amino acids and short chain fatty
acids inhibited the enzyme. 5-Aminovalerate and n-val-
erate competitively inhibited the enzyme, and the appar-
ent Ki values were 0.31 and 3.5 mM, respectively. Thiol
compounds such as mercaptoacetate, 3-mercaptopropion-
ate, and 2-mercaptoethanol strongly inhibited the
enzyme. Mercaptoacetate (0.2 mM) and mercaptopropi-
onate (5 mM) inhibited about 97% of the activity, and the
inhibition found to be a mixed type. �-Amino acids (e.g.,

Table 2. Substrate specificities and kinetic parameters for substrate.

The enzyme activity was measured by using various guanidino compounds (20 mM) as the substrate
under the standard assay conditions. The amount of enzyme used were 0.024 unit for 4-GB and 0.096
unit for other compounds. aValues below 0.1 are expressed as 0. b–, not determined.

Substrate
Relative activitya Km Vmax Vmax/Km

(%) (mM) (�mol/min/mg) (�mol/min/mg/mM)
D-Homoarginine 0.6 33.0 2.66 0.081
6-Guanidinocaproate 0.32 –b – –
L-Homoarginine 0.26 22.3 0.817 0.036
D-Arginine 5.4 22.0 17.8 0.81
5-Guanidinovalerate 1.4 1.92 2.43 1.3
L-Arginine 0.92 20.7 3.81 0.18
4-Guanidinobutyrate 100 2.10 182 87
3-Guanidinopropionate 2.1 12.0 5.22 0.44
L-2-Amino-3-guanidinopropionate 0 – – –
Guanidinoacetate 0 – – –
L-Canavanine 0.57 – – –
Agmatine 0.70 – – –
Taurocyamine 0.48 – – –
Creatine 0 – – –

Fig. 1. Effect of pH on enzyme activity. The enzyme activity was
measured in the reaction mixture containing a buffer at a concen-
tration of 60 mM. The buffers were Tris-HCl, pH 6.8–8.9; CHES-
NaOH, pH 9.0–10.0; and sodium carbonate, pH 10.0–10.9. All buff-
ers were prepared at 37�C. The activity for 4-guanidinobutyrate
(solid circle) was measured with 0.048 unit (0.3 �g) of the enzyme,
and those for D-arginine (solid square) and L-arginine (open trian-
gle) were measured with 0.096 unit (0.6 �g) of the enzyme.

Table 3. Effect of various compounds on enzyme activity.

The compounds were added to the standard assay mixture at the
final concentrations of 5.0 mM.

Compound Relative activity (%)
None 100
6-Aminocaproate 82
5-Aminovalerate 46
4-Aminobutyrate 80
�-Alanine 94
Glycine 92
Taurine 94
D-Lysine 93
L-Lysine 85
D-Ornithine 93
L-Ornithine 87
Putrescine 93
1,3-Propanediamine 95
n-Caproate 95
n-Valerate 73
n-Butyrate 64
Propionate 82
Acetate 95
3-Mercaptopropionate 3.0
D-Cysteine 80
L-Cysteine 83
2-Mercaptopropionate 60
Mercaptoacetate 1.3
2-Mercaptoethanol 15
Cysteamine 29
J. Biochem.
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cysteine, ornithine, and lysine) hardly inhibited the
enzyme.

Inactivation by Metal Chelating Reagents and Reacti-
vation by Metal Ions—The effect of metal chelating rea-
gents on the enzyme activity was examined (Table 4).
Among various chelating reagents tested, 1,10-phenan-
throline most effectively inhibited the enzyme in Tris-
HCl buffer (pH 8.0): more than 35% of the original activ-
ity was lost. Other reagents such as 2,2�-dipyridyl, EGTA
and EDTA were less inhibitory. 1,10-Phenanthroline
inhibited the enzyme effectively in potassium phosphate
buffer (pH 6.0). The enzyme was fully inactivated by
incubation with 15 mM 1,10-phenanthroline in 20 mM
potassium phosphate buffer (pH 6.0) at 37�C for 70 min.

The enzyme was showed almost the full activity with-
out addition of any metal ions (at the concentration of 0.1
and 0.5 mM). The effect of divalent metal ions on the
1,10-phenanthroline-inactivated enzyme was examined
by incubation with various metal chlorides (Fig. 2). The
inactivated enzyme was markedly reactivated by addi-
tion of either Zn2+ or Co2+. The addition of Mn2+ and Ni2+

(100 �M) was less effective: about 32 and 15% of initial
activity was recovered, respectively. Fe2+, Mg2+, Ca2+, and
Cu2+ were inactive. The inactivated enzyme showed the
maximum activity on addition of 20 �M Zn2+, though
higher concentrations of Zn2+ were inhibitory.

Contents of Zn2+, Co2+, Mn2+, and Ni2+ were determined
by atomic absorption analysis. The native enzyme con-
tained 0.82 g-atom of Zn2+ and a small amount of contam-
inating Mn2+, while Co2+ and Ni2+ were not detected. The
1,10-phenanthroline-inactivated enzyme contained sub-
stantially no Zn2+ and Mn2+. The Zn2+-reconstituted
enzyme contained 1.03 g-atom Zn2+ per subunit and
showed the same Km and Vmax values as the native
enzyme (Table 5). These results indicated that Zn2+ was

bound specifically to the enzyme and was essential for
catalysis. Accordingly, the 1,10-phenanthroline-inacti-
vated enzyme is an apoform.

Sequencing of N-Terminal Region and Internal Region—
The N-terminal amino acid sequence of the enzyme is
MEELRIEAXGXLG, the identity of the 9th and 11th res-
idues being uncertain. This shows no similarity to the
sequence of the N-terminal region of several amidinohy-

Table 4. Effect of metal chelating reagent on enzyme.

The enzyme (0.9 �g) was incubated with various 20 mM buffers containing 25 mM metal chelating
reagents at 37�C for 40 min. After the incubation, 0.05-ml portions of the mixtures were diluted
five times with cold 20 mM Tris-HCl buffer (pH 8.0), then the enzyme activity was determined. The
initial activity was taken as 100%.

Metal chelating reagent Buffer Residual activity (%)
None Potassium phosphate (pH 6.0) 86

Tris-HCl (pH 8.0) 93
CHES-NaOH (pH 10.0) 100

EDTA Potassium phosphate (pH 6.0) 57
Tris-HCl (pH 8.0) 84
CHES-NaOH (pH 10.0) 90

1,10-Phenanthroline Potassium phosphate (pH 6.0) 22
Tris-HCl (pH 8.0) 63
CHES-NaOH (pH 10.0) 70

EGTA Tris-HCl (pH 8.0) 98
2,2�-Dipyridyl Tris-HCl (pH 8.0) 88

Table 5. Contents of metal ions bound to enzyme.

aMetal content was determined by atomic absorption spectroscopy as outlined under “MATERIALS AND METHODS”. b–, not determined.

Enzyme Metal contenta (g-atom/subunit) Specific activity (U/mg) Km (mM) Vmax (�mol/min/mg)
Zn2+ Mn2+ 4-GB D-Arg 4-GB D-Arg 4-GB D-Arg

Native 0.82 0.048 160 8.6 2.1 22 182 17.8
1,10-Phenanthroline-inactivated 0.0062 <0.001 <0.1 <0.01 –b – – –
Zn2+-reconstituted 1.03 <0.001 140 6.6 2.3 22 166 16.7

Fig. 2. Effect of divalent metal ions on the 1,10-phenanthro-
line-inactivated enzyme. The inactivated enzyme (0.45 �g) was
incubated at 37�C for 20 min with various concentrations of ZnCl2
(solid circle), CoCl2 (open square), MnCl2 (solid diamond), and NiCl2
(open triangle) in 20 mM Tris-HCl buffer (pH 8.0), then the enzyme
activity was measured.
Vol. 133, No. 1, 2003
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drolases. Amino acid sequences of internal peptides (IP-
1, -2, and -3) formed by trypsin-digestion were ADVTV-
VGVPFDXGV (IP-1), IGNPLYISVDIDVLD (IP-2), and
ELVTLMADNAVXGDXY (IP-3). Internal peptides IP-1
and -2 showed similarity to those of some L-arginases and
agmatinases (Figs. 3 and 4).

Molecular Cloning of the Enzyme Gene—PCR primers
were designed from the sequences of the N-terminal

region and IP-1 and -2 peptides. The amplified DNA
fragment of about 600 bp was cloned into a pT7 Blue T-
vector and nucleotides were sequenced. The results
showed an open reading frame lacking initiation and ter-
minal codons. The overlapping segments of about 600 bp
for the upstream region and 740 bp for the downstream
region were amplified by a genome-walking PCR method,
and nucleotides were sequenced to obtain the entire gene.

The nucleotide sequence and the deduced amino acid
sequence are shown in Fig. 3. The enzyme gene consists
of an open reading frame of 1,059 bp encoding a protein of
353 amino acid residues. The upstream region contained
no ATG initial codon, but it did include a TTG codon and
an AG-rich region at nucleotide –15 to –10 (AAGGAG),
which could be considered to be a Shine-Dalgarno
sequence. The molecular weight of the enzyme was esti-
mated to be 40,000 by SDS-PAGE, and calculated to be
37,933 from the amino acid sequence data. The deduced
N-terminal 13 amino acid sequence corresponded exactly
to that of the enzyme protein as analyzed from the initial
methionine by use of a peptide sequencer. Therefore, the
initiation codon of the gene was estimated to be an unu-
sual codon, TTG. All the internal peptide fragments were
also contained in the deduced amino acid sequence. The
–35 and –10 regions were located at nucleotides –81 to
–76 (CATATT) and –60 to –55 (TATGAT), respectively.
Inverted repeat sequences were found at positions 1056–
1079 and 1125–1136 downstream of the stop codon, TGA.
This inverted repeat sequence is presumably involved in
regulating the termination of translation.

Comparison of Amino Acid Sequences of the Enzyme and
Amidinohydrolases—The deduced amino acid sequence of
the Arthrobacter GBase was aligned with those of several
other amidinohydrolases (Fig. 4). The alignment was per-
formed by using the program CLUSTAL W (28) and by
manually editing the regions containing many non-con-
tiguous gaps. The enzyme contained similar amino acid
sequences to those of several amidinohydrolases.
Sequence identities with GBase from Pseudomonas aeru-
ginosa, guanidinoproclavaminate amidinohydrolase from
Streptomyces clavuligerus, agmatinases from human and
E. coli, agmatinase from B. subtilis, and L-arginases from
human liver, rat liver, B. caldovelox, and B. subtilis were
41, 43, 40, 36, and 24–29%, respectively. No cysteinyl res-
idues were found in the Arthrobacter enzyme.

DISCUSSION

The extract of Arthrobacter sp. cells grown in the L-
arginine medium showed not only D-arginase activity but
also L-arginase and GBase activities, and extracts from
the cells grown in the D-arginine and 4-GB media exhib-
ited closely similar activities (data not shown). We deter-
mined arginine racemase activities of the extracts of the
cells grown in the D- or L-arginine medium according to
Yorifuji et al. (38), except for addition of 1 mM mercaptoa-
cetate to inhibit the D-arginase activity, but found neither
racemase activity. Accordingly, both enantiomers of
arginine and 4-GB serve as an inducer.

The purified enzyme exhibited a relatively high sub-
strate specificity. It catalyzes the hydrolysis of guanidino
compounds with 2–4 carbon chains. The enzyme acts on
4-GB, D-arginine, 3-guanidinopropionate, 5-guanidino-

Fig. 3. Nucleotide and deduced amino acid sequences of the
guanidinobutyrase gene of Arthrobacter sp. KUJ8602. The
deduced amino acid sequence is shown below the corresponding
nucleotide sequence. The amino acids sequenced by Edman degra-
dation of N-terminal and internal peptides (IP-1, 2 and 3) obtained
after trypsin-digestion of the enzyme are boxed. The potential –35
and –10 promoter regions are single-underlined. The probable
Shine-Dalgarno sequence is double-underlined. The initial and ter-
minal codons are highlighted in bold type. The arrows indicate
inverted repeat sequences.
J. Biochem.
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varelate, and L-arginine in that order, and Km and Vmax
values for these compounds suggest that the natural sub-
strate is 4-GB. Accordingly, the enzyme is regarded as a

kind of amidinohydrolase, namely, a guanidinobutyrase
(GBase, EC 3.5.3.7). Almost all of these enzymes catalyze
reactions with only one of an enantiomeric or diastereo-

Fig. 4. Multiple alignment of amidinohydrolases. Individual
sequences are designated as follows: GBH_ARTHRO, Arthrobacter
sp. GBase; GBH_PSAER, Pseudomonas aeruginosa GBase (29, 16);
PAH_SCLVL, Streptomyces clavuligeus guanidinoproclavaminate
amidinohydrolase (30); AUH_HUMAN, human liver agmatinase (5);
AUH_ECOLI, Escherichia coli agmatinase (31); AUH_BACSU,
Bacillus subtilis agmatinase (32); ARG_HUMAN, human liver argi-
nase (33), ARG_RAT; Rat liver arginase (34); ARG_YEAST, Saccha-

romyces cerevisiae arginase (35); ARG_BACCD, Bacillus caldovelox
arginase (36); ARG_BACSU, Bacillus subtilis arginase (37). Identi-
cal and similar residues in more than 70% of the sequences are
drawn on black and gray, respectively. The arrows, circles, triangles
and squares indicate the residues of the rat liver and B. caldovelox
arginases involved in the binding of metal ions, guanidino group, �-
amino group and �-carboxyl group, respectively, of substrate.
Vol. 133, No. 1, 2003
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meric pair of chiral compounds; exceptions are racemases
and epimerases [EC class 5.1], which usually equally act
on both isomers. Glutaminase [EC 3.5.1.2] from
Pseudomonas aeruginosa (39) and glutaminase-asparagi-
nase [EC 3.5.1.38] from Achromobacteraceae (40) also
catalyze the hydrolysis of both enantiomers of glutamine,
and glutamine and asparagine, respectively, though the
L-enantiomers are much more rapidly hydrolyzed (the
ratio of activities for the L-form and D-form: 100/26–90).
Glutamine and asparagine are enzymatically hydrolyzed
at an amide moiety at a distance from a chiral �-carbon,
and arginine is similar in this regard. Accordingly, the
substrates of Arthrobacter enzyme are probably bound
loosely to the active center, resulting in the low ste-
reospecificity of the enzyme. Furthermore, D-arginine
and D-homoarginine are much more reactive than their
L-enantiomers, and also 4-guanidinovalerate and 5-
guanidinocaproate, respectively. This suggests that a
negatively charged group is located at a position favor-
able to binding to an amino group in D-configuration.
Moreover, agmatine and taurocyamine are more slowly
hydrolyzed than 5-guanidinovarelate and 3-guanidino-
propionate, respectively. n-Butyrate and n-valerate as
well as 5-aminovalerate inhibit the enzyme competi-
tively, and putrescine little inhibits the enzyme. These
results suggested that an �-carboxyl group and a short
alkyl chain in the substrate are essential for binding to
the active center of enzyme. This is supported by the fact
that 3-mercaptopropionate acted more strongly as a
mixed-type inhibitor than 2-mercaptoethanol and cys-
teamine. We have to await elucidation of the three-dimen-
sional structure of the enzyme to show the relationship
between the substrate structure and the reactivity.

The Arthrobacter enzyme shows a pH optimum
between pH 9.0 and 10.0 as reported for several kinds of
L-arginases (41–43), some other GBases (14–17, 19) and
glycocyaminase (EC 3.5.3.2, guanidinoacetate amidino-
hydrolase) (44). The lower activity for D- and L-arginine
below pH 9.0 is probably due to the positive charge of the
�-amino group of the substrates. The Arthrobacter
enzyme is unique in showing activity for 4-GB over a
broad pH range (6.8–9.5), the other amidinohydrolases
mentioned above being active only in a narrow range.

The enzyme showed practically full activity without
addition of any metal ions, though various amidinohydro-
lases such as L-arginases (41–43, 45, 46), GBase (14–16)
and glycocyaminase (44) from Pseudomonas strains
require Mn2+ for the full activity. The Arthrobacter
enzyme probably contains more tightly bound metal ions.
It contained about 1 atom of Zn2+ per subunit which is
essential for catalysis, and removal of the metal ions from
the enzyme protein by incubation with 1,10-phenanthro-
line resulted in loss of activity. The inactivated enzyme
was reactivated by binding of 1 atom of Zn2+ added per
subunit. Mn2+ is less effective for the reactivation than
Zn2+. Mn2+-dependent amidinohydrolases such as L-argi-
nases from Bacillus subtilis (47), Bacillus anthracis (48),
Rhodobacter capsulatus (49), and human liver (46), and
agmatinase from E. coli (50) are inhibited by Zn2+, though
the rat liver arginase (51), and GBase and glycocyami-
nase from Pseudomonas strains (15, 44) are only slightly
susceptible. Zn2+ has not been reported as a specific acti-
vator of these Mn2+-enzymes. In contrast, a similar

enzyme, GBase containing tightly bound Zn2+, has been
purified from Brevibacterium helvolum (17). Both Arthro-
bacter and Brevibacterium are members of the group of
coryneform bacteria, which are phylogenetically close to
the actinomycete group and remote from the fluorescent
Pseudomonas group. The Arthrobacter and Brevibacte-
rium GBases hydrolyze D- and L-arginine, and 3-guanidi-
nopropionate, whereas the Mn2+-GBases from Pseudo-
monas strains do not act on these compounds: they
exhibit high substrate specificities. The Arthrobacter and
Brevibacterium GBases are composed of subunits with
molecular weight of 40,000 and 45,000, respectively,
which are larger than those of the Pseudomonas GBases
(about 35,000) and other Mn2+-enzymes including the
E. coli agmatinase (33,500) and various L-arginases
(31,000–35,000). The Zn2+-enzymes are different from
Mn2+-enzymes in properties and distribution.

The Arthrobacter GBase is the first Zn2+-type amidino-
hydrolase for which the entire amino acid sequence has
been determined. The sequence is most highly homo-
logous with those of GBase from Ps. aeruginosa and
guanidinoproclavaminate amidinohydrolase from S.
clavuligerus, and similar to those of various agmatinases.
The sequence similarity of the enzyme with L-arginases
was relatively low. The most highly conserved sequences
are -LGGDH-, -DAHXD-, and -DIDXLDP-, which are
well conserved in most of the amidinohydrolases. It is
suggested that four aspartyl and two histidyl residues
participate in binding of two atoms of Mn2+ with the pro-
tein based on the three-dimensional structure of argin-
ases from rat liver (11) and B. caldovelox (12). Interest-
ingly, these sequences are found in the Arthrobacter
enzyme containing 1 atom Zn2+ per subunit. L-Arginase
from Saccharomyces cerevisiae contains 1 atom of loosely
bound Mn2+ per subunit participating in catalysis and 1
atom of tightly bound Zn2+ that plays an important role in
structural stabilization, and it is suggested that the lat-
ter Zn2+ may bind to a zinc finger-like element containing
two cysteinyl residues (52). In contrast, no such an ele-
ment is found in the Arthrobacter enzyme. It was
reported that two Mn2+ ions bind with the rat liver argin-
ase to form a Mn-water-Mn bridge, and one Mn2+

activates a bound water molecule by ionizing it to a
hydroxide anion (13). The hydroxide anion attacks nucle-
ophilically the carbon of the guanidino group and cleaves
the C�-N� bond (13). This mechanism observed for L-argi-
nase is similar to those of leucine aminopeptidase [EC
3.4.11.1] (54) and �-lactamase [EC 3.5.2.6] (55). The
active sites of these enzymes potentially bind two Zn2+

ions. The activated water bound to one Zn2+ attacks the
carbonyl carbon of a peptide bond or �-lactam of each
substrate, and the C-N bond is finally hydrolyzed. Moreo-
ver, the Arthrobacter enzyme conserves the amino acid
residues of the metal (Mn)-binding site of L-arginase.
These facts suggest that the conserved amino acid resi-
dues of Arthrobacter enzyme probably participate in Zn-
binding, and the reaction mechanism of these metalloen-
zymes are probably similar, though there is no clear rela-
tionship between the primary structure and the metal-
binding ability.

Most amidinohydrolases, including the Arthrobacter
enzyme contain a histidyl residue corresponding to
His141 of the rat liver arginases. Site-directed mutagen-
J. Biochem.
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esis suggests that this residue (His172 of the Arthro-
bacter enzyme) probably acts as a proton shuttle in catal-
ysis (53).

A study of the three-dimensional structure of the B.
caldovelox arginase bound with L-arginine revealed that
some residues participate in binding of L-arginine (12).
Glu271 and Thr260 in the B. caldovelox arginase bind to
the guanidino group of L-arginine, and both residues are
conserved as Glu291 and Thr261 in the Arthrobacter
enzyme. In the B. caldovelox arginase, Ser135 and
Asn128 form hydrogen bonds with the �-carboxylate oxy-
gen of L-arginine, Glu181 and Asp178 bind the �-amino
group of L-arginine. Sequence reveals that these amino
acid residues are conserved in all arginases, but are
either not found, or replaced by other amino acid residues
in the Arthrobacter enzyme and other enzymes except L-
arginases.

Thus, the amino acid residues participating in binding
of guanidino group of the substrate, metal binding and
activation of a water molecule are conserved in the
Arthrobacter enzyme, though the homology between the
Arthrobacter enzyme and L-arginases so far studied is
not high. Therefore, the Zn2+-GBase of Arthrobacter sp.
probably diverged from a common ancestral protein to L-
arginases. We are now studying the enzyme by site-
directed mutagenesis and crystallography to further clar-
ify the functions of these conserved amino acid residues.
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