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Abstract

TheBacillus subtilis pgd§ene, whichis located at the immediate downstream gigiseperon for polyy-glutamate (PGA)
biosynthesis, encodes a PGA depolymerase.phusSgene product shows the structural feature of a membrane-associated
protein. The mature form of the gene product, identified Bssabtilisextracellular protein, was producedischerichia coli
clone cells. Since the mature PGA depolymerase has been modified with the histidine-tag at its C-terminus, it could be simply
purified by metal-chelating affinity chromatography. This purified enzyme digested PGA8frsuitilis(p-glutamate con-
tent, 70%) and frorBacillus megateriun{B80%) in an endopeptidase-like fashion. In contrast, PGA Iatnialba aegyptiaca
which consists only of-glutamate, was resistant to the enzyme, suggesting that, unlike fungabeR@xepolymerases,
the bacterial enzyme recognizes tiiglutamate unit in PGA.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Poly-y-glutamate; Depolymerase; Endopeptidase; Substrate seledBuitjllus subtilis

1. Introduction (p-PGA), the homopolymer of-glutamate (-PGA),
and the copolymer composed of and L-glutamate
Poly-y-glutamate (PGA) is an unusual anionic (pL-PGA). The starter bacteria ofatto, a traditional
polypeptide in that glutamate is polymerized via Japanese fermented food made from soybeans, e.g.
v-amide linkage[1] and synthesized mainly by mi-  Bacillus subtilis(nattg), producepL-PGA. Although
croorganisms[2—6]. As shown in Fig. 1, stereo- PGA is highly resistant to protease because of its
chemically different three types of PGA have been structural features, PGAs with various molecular
found: the homopolymer composed pfglutamate masses (10-1000kDa) are found in the culture of
B. subtilis (natto) [1,7,8]. Hereafter, it has been be-
"+ Corresponding author. Tel+81-888-64-5215: lieved that, during PGA production, PGA-degrading
fax: +81-888-64-5200. enzymes also are secretpf]. A gene (formerly the
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Fig. 1. Chemical structures of PGA. (A) Polyp-glutamate
(0-PGA). (B) Poly«y-L-glutamate (-PGA). (C) Polysy-pL-glu-

tamate 6L-PGA). The term A" indicates the number of the
v-glutamyl linkages in PGA, and the range of thevalue is esti-
mated to be 100 to over 10,000.

of the pgs operon, composed gbgsB -C, and A
genes, in theB. subtilis chromosome and desig-
nated pgdS (the DDBJ/EMBL/GenBank accession
no. AB085821)1,9]. ThepgdSgene product consists
of 413 amino acids (molecular mass, 45kDa) and
is similar in primary structure to enzymes belong-
ing to theprL-endopeptidase Il family10], such as
LytF (a peptidoglycan hydrolasd)1]. It, however,
showed no activity for peptidoglycan degradation.
We recently found the PGA depolymerase activity in
cell extracts of theEscherichia coliclone where the
pgdSgene was highly expressdd,9]. In addition
to the structural features of thpgdS gene prod-
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2. Experimental
2.1. Materials

All restriction enzymes used, isoprop§tp-thio-
galactopyranoside (IPTG), and SUPREC-02 ultra-
filtration system (excluding compounds with the
molecular masses of less than 30kDa) were from
Takara Shuzo, Kyoto, Japan. A PRISM kit was from
Perkin-Elmer, California, USA. A plasmid pTrc99A
(anE. coli expression vector having the Trc promoter
operating in the presence of IPTG) and a HisTrap
column were from Amersham Pharmacia Biotech,
Buckingham, UK. Mini-Proteanll Ready Gel J (linear
gradient of the gel concentration, 5-15%), an SDS-
PAGE HMW marker kit comprising myosin (200 kDa),
a-2-microglobin (170 kDa)B-galactosidase (116 kDa),
transferrin (76.0kDa) and glutamate dehydrogenase
(53.0kDa), an SDS-PAGE LMW marker kit contain-
ing phosphorylase b (97.0 kDa), bovine serum albumin
(BSA) (66.0kDa), ovalbumin (45.0kDa), carbonic
anhydrase (30.0kDa), trypsin inhibitor (20.1kDa)
anda-lactalbumin (14.4 kDa), and a protein assay kit
were from Bio-Rad, California, USA. A histidine-tag
staining kit and vials of distilled HCI (6N) were from
PIERCE, lllinois, USA. PGAs composed of 70%
p- and 30%t-glutamate and of 30%- and 70%
L-glutamate were prepared from viscous materials of
B. subtilis(chungkookjanp[13] and ofBacillus mega-
teriumWH320[4], respectively. PGA, which consists

uct, e.g. the existence of both a hydrophobic cluster only of L-glutamate, was produced tNatrialba ae-

(1OF-L-L-V-A-V-I-I-C-F-L-V-P-I-M 2% and a possi-
ble cleavage site by signal peptidasé8A(E-A3?)
at the N-terminus, a recent study Bf subtilis ex-
tracellular proteing12] implies that thepgdSgene

encodes a membrane-associated form of PGA depoly-
merase. The membranous PGA depolymerase would

be cleaved behind the sif8A-E-A32 so that the ma-

ture enzyme, composed of 381 amino acids (42 kDa),

could be liberated into culture medium from cell
membranes iB. subtiliscells.

The control of molecular sizes of PGA is important
for its application, since those with different molec-
ular sizes are requested for different purpoggs It

gyptiaca under the conditions described previously
[6]. All other chemicals were of analytical grade.

2.2. Microorganisms

E. coli IM109 competent cells were from Takara
Shuzo.B. megateriumWH320 was from MoBiTec
Co., Gottingen, Germany. aegyptiacavas a kind
gift from Prof. Dr. A. Steinbiichel of Westfalische
Wilhelms-Universitat, Germany.

2.3. Sodium dodecyl sulfate-polyacrylamide gel

is assumed that PGA depolymerase serves as a potenelectrophoresis of PGA

tool for such purposes. Here we describe the produc-

tion, simple purification, and substrate selectivity of
this useful enzyme.

PGA was subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) using the
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Mini-Proteanll Ready Gel J with the HMW marker
kit and visualized by methylene blue stainifig].

2.4. PGA analysis and determination

To examine the stereochemical compositions of
PGA and determine the polymer yields, PGA was first
hydrolyzed with 6N HCI at 105C for 8 h in vacuo
using a Hydrolysis Station AHST-1 (Shimadzu, Ky-
oto, Japan). Hydrolysates were lyophilized, dissolved
in 0.2ml of distilled water, and analyzed by high
performance liquid chromatography (HPLC) with a
CHIRALPAK MA(+) column (46 mm x 50 mm;
from DAICEL, Tokyo, Japan) under the conditions
described previouslyd]. Both pr ratio and yield of
PGA can be determined by the use of the standard
curves forp- andL-glutamate (showing relationships
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200 ml of Luria-Bertani brotH16] containing ampi-
cillin (50, g mi~1). When the turbidity of the culture
at 600 nm had reached 0.6, 1 mM IPTG was added.
The cultivation was continued at 3C for another

12 h. The harvested cells (wet weight, 0.6 g) were sus-
pended in 1.2ml of a TGS buffer (20 mM Tris—HCI,
10% glycerol, and 0.3 M NaCl, pH 8.0), and disrupted
by sonication at 4C. After centrifugation at 12,000

g for 1h, the resulting supernatant was applied to
the HisTrap column (bed volume, 1 ml) equilibrated
with the same buffer. The column was washed with
10ml of the TGS buffer and then with 30 ml of the
TGS buffer with 10 mM imidazole. It was developed
with the TGS buffer containing a stepwise gradient
of imidazole of 30, 60, and 200 mM (each 5ml). The
histidine-tagged protein (corresponding to the mature
PGA depolymerase) was eluted with the TGS buffer

of the amounts and the apparent peak area on thecomprising 200 mM imidazole.

HPLC profiles): yg-glu = 2.9% (fmol) and yj-giu

= 2.91x (fmol), wherex represents each peak area.
These curves gave a good linearity in a range of
0.5-100 nmol of glutamate.

2.5. PCR amplification and gene cloning

The internalpgdSgene encoding the mature PGA
depolymerase was amplified by LA-PCHA4,15]
with a sense primer PPGDSi-NF{6CGCCATGG-
AGGAGGATAGGATCCATGGATACATCATCAGA-
ATTGATTGTCAGC-3), in which anNcd site (bold
types), the ribosome-binding site (underlined) and
an initial codon (double-underlined) were designed,
and an antisense primer PPGDS-CRECGGTC-
GACTTAGTGGTGGTGGTGGTGGTGTGCACC-
CGTATACTTCCTGCGTA-3) having a Sal site
(bold types) and the histidine-tag sequence (under-
lined). The amplified fragment (1.2 kb) was digested
by bothNcd and Sal and ligated into the same site
of pTrc99A. The constructed plasmid was designated
pTPDA42.

The nucleotide sequence of the cloned gene was

verified by the use of the PRISM kit with an Applied
Biosystems 373A DNA sequencer.

2.6. Enzyme purification

E. coliJM109 cells were transformed with the plas-
mid pTPD42 and the clone was grown at°&7 in

Protein concentrations in the enzyme fractions were
determined by the use of the protein assay kit with
BSA as a standard.

2.7. Enzymatic PGA digestion

Enzymatic PGA degradation was performed as
follows: The reaction mixture (400l) consisted of
40pmol of Tris—HCI buffer (pH 7.0), Z2xmol of
dithiothreitol, 100.g of PGA, and enzyme and was
incubated at 37C. After termination of the reaction
by heating the reaction mixture at 100 for 5 min,
the mixture was centrifuged at 8060g for 10 min.

A 2.5l of the supernatant was withdrawn and sub-
jected to SDS-PAGE (see above).

3. Resaults

3.1. Production and simple purification of the
mature PGA depolymerase

In order to obtain effectively the mature PGA de-
polymerase, we first studied the construction of its
producer. As shown irfrig. 2A, the mature enzyme
with a molecular mass of about 42 kDa was produced
in cells of theE. coli JM109 clone harboring the plas-
mid pTPD42.

As the C-terminus of the enzyme was modified with
the histidine-tag, the enzyme was rapidly and simply
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Fig. 2. Production and purification of the mature PGA depolymerase. (A) Protein visualization by the Coomassie-blue staining of the
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SDS-PAGE gel (12.5% polyacrylamide). Lane M, the LMW marker kit; lane 1, the crude extract &.theli IM109/pTrc99A clone
(10pg of protein); lane 2, the crude extract of tke coli IM109/pTPD42 clone (1@g); and lane 3, the purified enzyme (8). The

corresponding band to the mature PGA depolymerase produced (42kDa) in the lane 2 partially lies upon that of a genuine 43kDa

protein of E. coli JIM109 in the lane 1. (B) Visualization of the purified enzyme by the histidine-tag staining of the SDS-PAGE gel. The
corresponding band to the histidine-tagged enzyme is shown by an arrow.

purified by the nickel-chelating affinity chromatog-

raphy Fig. 2A, lane 3). By means of histidine-tag

staining, the purified enzyme was verified to be a
histidine-tagged proteirHg. 2B).

3.2. Substrate selectivity of the PGA depolymerase

In the characterization of PGA depolymerase, it is

preparation fromB. subtilis PGA or from B. mega-
terium PGA. This suggests that the enzyme digests
PGA in an endopeptidase-like fashion.

3.3. Probable recognition site of the PGA
depolymerase

Both PGAs fromB. subtilisandB. megateriumare

essential to examine whether the enzyme exhibits a copolymers composed af andL-glutamate but not

certain selectivity for PGA that is stereochemically
various, as such information possibly leads to the
processes of the structurally controlled PGASs. In this
work, the enzymatic degradation of three types of
PGAs was conducted. As shownhing. 3, B. subtilis
PGA containing thep-glutamate units in consider-
able amounts was the best substrate, followedby
megateriumPGA comprising highly the.-glutamate
units. However,N. aegyptiacaPGA composed only

of a mixture of thep- and L-homopolymerg4,18].
Therefore, it remained to be investigated whether the
PGA depolymerase cleaves theamide linkages be-
tween thep- andL-glutamate units or those between
the p- andp-units Fig. 4). If the enzyme recognizes
only they-amide linkages between tlme andL-units

of PGA, it could not digest either region composed
mainly (or only) ofp-glutamate or of.-glutamate in
PGA. A mixture of the fragments composed mainly

of L-glutamate was apparently inert as a substrate of p-glutamate and those of theisomer would re-

(Fig. 3Q. The results indicated that the PGA de-
polymerase recognizes tmeglutamate unit in PGA.
Moreover, by the use of theL-glutamate assay sys-
tem with both glutamate racemase andglutamate
dehydrogenadd 7], we obtained evidence that no glu-

main in the fraction of high-molecular-mass products
(Fig. 4A and B. Eventually, there may be little differ-
ence in the stereochemical compositions of the sub-
strate PGA and the high-molecular-mass products. Its
low-molecular-mass products (corresponding to the

tamate monomer was included in either the digested recognition sites) are theoretically composed of 50%
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Fig. 3. Substrate selectivity of the mature PGA depolymerase. As descrilfection 2 the purified enzyme (Lg) was incubated with

either PGA (10Qwg) of B. subtilis (A), B. megaterium(B) or N. aegyptiaca(C) at the indicated times (lane 1, Oh; lane 2, 0.5h; lane

3, 1h; lane 4, 6h; and lane 5, 24h), and these reaction mixtures were subjected to SDS-PAGE with the HMW marker kit (lane M) to
observe changes in the molecular size of each PGA during the enzyme reaction.

p- and 50%:t-glutamate. On the other hand, when the products). As shown irFig. 5, the L-glutamate ra-
enzyme cleaves the bonds betweenrthandp-units, tios of the high-molecular-mass products gradually
high-molecular-mass and low-molecular-mass prod- increased during the enzymatic digestion (also re-
ucts probably consists mainly af-glutamate and  sulting in a gradual decrease in the amounts of high
mainly of the p-enantiomer, respectively=ig. 40). molecular mass PGAs). We further found that the
The digested fragments frorB. subtilis PGA or low-molecular-mass products generated by the diges-
from B. megateriumPGA were each subjected to tion of B. subtilisPGA (average 15kDa; sd€g. 3,
the SUPREC-02 system and the high-molecular-masslane 5) consisted mainly ob-glutamate Fig. 6).
products (more than 200kDa; sédg. 3, lane 5) Moreover, although the theoretical linkage numbers
were collected (by removing low-molecular-mass between the- andL-units of B. subtilisSPGA (thep/L
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Fig. 4. Proposed mechanisms of the enzymatic PGA digestion.pTfad L-glutamate units in PGA are shown by the open and closed

circles, respectivelyB. subtilisand B. megateriunPGAs (4, 18) were abbreviated as Ps and Pm, respectively. N and C show the amino

and carboxyl termini of PGA, respectively. Dots indicate the internal regions being lined with the identical units. (A) The cleavage between
the p- and L-units in PGA. (B) The cleavage between theand p-units in PGA. (C) The cleavage between tixeand p-units in PGA.

Probable recognition sites are indicated by arrows. Because the PGA depolymerase is an endopeptidase, the reaction products should be
v-glutamyl peptides with certain molecular masses but not glutamate monomers and dipeptides.
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Fig. 5. The quantitative and stereochemical analysis of high-molecular-mass products obtained after the enzymatic PGA degradation. The
reaction conditions were the same as those describédgin3. The p- and L-glutamate contents of the reaction products are shown by

white and black columns in bars, respectively. (A) DegradatioB.osubtilis PGA by the purified depolymerase. (B) DegradationBof
megateriumPGA by the purified depolymerase.

ratio, 70/30) and oB. megateriunPGA (p/r, 30/70) as shown irFigs. 3 and 5Accordingly, our observa-
should be similar to each otheFi§. 4A and B, tions support the latter mechanism that the enzyme
B. subtilis PGA was obviously preferable thal. cleaves between the andp-glutamate units in PGA
megateriunPGA as the substrate of the depolymerase, (Fig. 40.

L 4. Discussion
of 10 _
: : : : - Until now, both exe and endotypes of PGA de-
s0F polymerases have been identified and clarified to
be extracellular enzymes in every cafd. Abe
OoF P ; et al. [8] showed that extracellulary-glutamyl

transpeptidases @. subtiliscorrespond to the PGA

Yields of low-molecular-mass products (Lg)

30 : : : : exodepolymerases. ThB. subtilis ggtgene encodes

1 the enzyme[19]. Similarly to the organization of
: : : : the gene cluster involved in PGA metabolism Bf

(1] S A I subtilis the PGA depolymerase-encoding gene of
: ] : Bacillus anthracisdep lies immediately downstream

0 0 05 1 6 24 of the encapsulation genes at the same direction
Reaction time (h) [20]. The dep gene, however, encodesyaglutamyl

transpeptidase-like enzyme, which degrades PGA in
Fig. 6. The quantitative and stereochemical analysis of low- an exopeptidase manngt0]. Tanaka et al[18] pu-
molecular-mass products obtained after the enzymatic degradation rified the PGAendedeponmerase cleaving between

of B. subtilis PGA. The reaction conditions were the same as th d its of PGA f fil t i
those described ifrig. 3. The p- andL-glutamate contents of the €L- andL-unis o rom a filamentous tungus,

reaction products are shown by white and black columns in bars, Myrotheciumsp. TM-4222, and it was then desig-
respectively. nated as PGAndoeL-depolymerase. King et gl21]
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characterized an extracellular enzymeBflicheni-
formis as the PGAendadepolymerase cleaving be-
tween thep- and p-units, and it was then termed
as PGAendoebp-depolymerasdl1]. Our study is the
first example showing that thB. subtilis pgdSgene
encodes PGAendop-depolymerase. These PGA de-
polymerases would serve for the detailed structural
analyses of the polymer.

Structurally controlled PGAs are required for its
further application[1]. PGAs with variable molec-

ular sizes are indispensable for establishment of a

drug-delivery system operating in tissugld. Tan-
imoto et al. [22] reported that PGA fromnatto
mucilage, the molecular sizes of which would be

various due to digestion by the depolymerases, in-

creased C& solubility in vitro and in vivo and
intestinal C&t absorption. Such digested PGA may

be useful as a therapeutic tool for osteoporosis. The [13] M- Ashiuchi,

chemical, physical, biological, and biochemical di-
gestions of PGA[1,2,18,21,23]and the molecular
size-controlled production of the polymgt3] have
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