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We report here the molecular cloning and characterization of a glucocerebrosidase [EC
3.2.1.45] from Paenibacillus sp. TS12. The open reading frame of the glucocerebrosidase
gene consisted of 2,493 bp nucleotides and encoded 831 amino acid residues. The en-
zyme exhibited no sequence similarity with a classical glucocerebrosidase belonging to
glycoside hydrolase (GH) family 30, but rather showed significant similarity with GH
family 3 P-glucosidases from Clostridium thermocellum, Ruminococcus albus, and As-
pergillus aculeateus. The recombinant enzyme, expressed in Escherichia coli BL21-
(DE3)pLysS, had a molecular weight of 90.7 kDa and hydrolyzed NBD-labeled glucosyl-
ceramide, but not galactosylceramide, GMla or sphingomyelin. The enzyme was most
active at pH 6.5, and its apparent K^ and V,^ values for NBD-labeled glucosylceramide
andp-nitrophenyl-p-glucopyranoside were 223 nJVI and 1.60 umol/min/mg of protein, and
593 |JLM and 112 jimol/min/mg of protein, respectively. Site-directed mutagenesis indi-
cated that Asp-223 is an essential amino acid for the catalytic reaction and possibly
functions a catalytic nucleophile, as in GH family 3 p-glucosidases. This is the first
report of the molecular cloning and characterization of a glucocerebrosidase from a
procaryote.

Key words; GH family 3 P-glucosidase, glucocerebrosidase, glucosylceramide, Paeniba-
cillus sp., site-directed mutagenesis.

Glycosphingolipids (GSLs) are abundant in the outer leaf-
lets of the plasma membranes of vertebrates, and could
function as regulators of cellular differentiation, adhesion,
and recognition (i). In mammals, GSLs are hydrolyzed by
exo-glycosidases in lysosomes (2), while the microbial deg-
radation of GSLs in natural habitats has not been fully elu-
cidated. Very recently, we found a bacterium, Paenibacillus
sp. TS12, that decomposed various GSLs by producing a
series of exoglycosidases including glucocerebrosidase
(GCase) (Sumida et al., unpublished data).

GCase (EC 3.2.1.45, GH family 30, also known as gluco-
sylceramidase) is an enzyme that hydrolyzes the (3-gluco-
sidic linkage between glucose and ceramide (Cer) in gluco-
cerebroside (glucosylceramide, GlcCer), a precursor for al-
most all GSLs, and potentially important in axonal mor-
phology and neuronal functions (3, 4). A genetic deficiency
of GCase causes Gaudier disease, in which GlcCer is accu-

1 Nucleotide sequence data reported are available in the DDBJ da-
tabases under accession number AB084154.
2 To whom correspondence should be addressed. Phone: +81-92-642-
2898, Fax: +81-92-642-2898 or 81-92-642-2907, E-mail: makotoi
©agr.kyushu-u.acjp
Abbreviations: Cer, ceramide; GalCer, galactosylceramide; GCase,
glucocerebrosidase; GlcCer, glucosylceramide; GTA buffer, 50 mM
3,3-dimethyl-glutaric acid, 50 mM Tris[hydroxvmethyl]aminometh-
ane, and 50 mM 2-amino-2-methyl-l,3-propanediol; 4MU-(J-Glc, 4-
methylumbelliferyl-p-D-glucopyranoside; NBD, 4-nitrobenz-2-oxa-
1,3-diazole; pNP, p-nitrophenyl; SDS-PAGE, sodium dodecyl sul-
fate-polyacrylamide; SM, sphingomyelin; TDC, taurodeoxycholate;
TLC, thin-layer chromatography.

© 2002 by The Japanese Biochemical Society.

mulated in lysosomes (5). GCase does not hydrolyze the
same linkage if an oligosaccharide is linked with Cer, and
thus is distinguishable from an endoglycoceramidase (EC
3.2.1.123, GH family 5), which hydrolyzes the p-glucosidic
linkage between the oligosaccharide and Cer of various
GSLs except cerebrosides. GCases have been cloned from
Homo sapiens (6), Mus muscidus (7), and Pan troglodytes
(8). However, there have been no reports on the molecular
cloning and characterization of a procaryote GCase, al-
though Salmonella typhimurium possesses unknown pro-
teins showing sequence similarity with GCase (9).

In this paper, we report the molecular cloning, expression
and characterization of a novel GCase of Paenibacillus sp.
TS12.

MATERIALS AND METHODS

Materials—Escherichia coli strains DH5a and BL21-
(DE3)pLysS, and Pyrobest DNA polymerase were pur-
chased from Takara Shuzo (Shiga). Plasmids pET23a and
pBluescript II SK(+) were obtained from Novagen (Madi-
son, WI) and Stratagene (La Jolla, CA), respectively. Re-
striction enzymes, T4 DNA ligase, and GlcCer were ob-
tained from Wako Pure Chemical Industries (Osaka). Pre-
coated Silica Gel 60 TLC plates were purchased from
Merck (Germany). 4-Methylumbelliferyl-P-D-glucopyrano-
side (4MU-p-Glc) and various p-nitrophenyl-glycopyrano-
sides (pNP-glycopyranosides) were from Sigma (St. Louis,
MO). C12-NBD-Cer (NBD-C12:0/dl8:l), C12-NBD-GMla
(NBD-C12:0/dl8:l), and C12-NBD-sphingomyelin (NBD-
SM, NBD-C12:0/dl8:l) were prepared by use of sphin-
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golipid ceramide iV-deacylase (SCDase), as described in
Refs. 10 and 11. C12-NBD-GlcCer and C12-NBD-GalCer
were synthesized as previously described (12). [14C]GlcCer
([14C]C12:0, P4C]C16:0, [14C]18:0, 1.85 GBq/mmol) was pre-
pared as described in Ref 13. AH other reagents were of the
highest purity available.

Bacterial Strains—Paenibacillus sp. TS12 was isolated
from soil from Fukuoka prefecture (Sumida et al., unpub-
lished results). TS12 is a short rod-shaped, Gram-negative,
catalase-positive, oxidase-negative bacterium with peritric-
hous flagella. The G+C content of the DNA is 49 mol%.
This bacterium was assigned to the genus Paenibacillus
based on biochemical and physiological properties, and the
results of 16S rDNA analysis. The strain was grown at
30°C in medium containing 0.5% polypepton, 0.1% yeast
extract, 0.2% NaCl, 0.05% TDC, and 0.05% crude bovine
brain gangliosides, pH 7.4. The medium was solidified with
1.5% agar if necessary. E. coli DH5a and BL21(DE3)pLysS,
used as host cells for the expression of GCase, were grown
in Luria-Bertani (LB) medium.

Construction of a Genomic DNA Library of Paenibacillus
sp. TS12—Genomic DNA was prepared from Paenibacillus
sp. TS12 by the method described in Ref 14 and then par-
tially digested with Sau3AI. The Sau3AI-fragments (2-10
kbp) were gel-purified and ligated to BamHI-digested
pBluescript II SK(+) DNA. The plasmids were used for the
transformation of E. coli DH5a.

Expression Screening of the Gene Encoding GCase—E.
coli DH5a cells transformed with the plasmids containing
Paenibacillus DNA fragments were seeded (approximately
400 colonies/9.2-cm plate) on LB agar plates supplemented
with 100 [ig/ml of ampicillin and then incubated at 37°C for
16 h. Colonies were transferred from the plates onto nylon
membranes (Biodyne A, Pall Co.), which were then incu-
bated with 0.3 mM 4MU-[S-Glc in 200 (xl of 25 mM sodium
acetate buffer, pH 5.5. Following incubation at 37°C for 30
min, positive colonies, visualized under a UV transillumi-
nator, were picked up with sterilized toothpicks and trans-
ferred to 5 ml of LB medium. Following incubation at 37°C
for 16 h with shaking, cells were harvested by centrifuga-
tion, suspended in 100 nJ of 25 mM sodium acetate buffer,
pH 5.5, and then lysed by sonication. The cell lysate was
centrifuged at 8,000 xg for 10 min, and the supernatant
obtained was used as the crude enzyme solution. The activ-
ity of GCase was measured using C12-NBD-GlcCer as a
substrate as described below. The positive clone was desig-
nated as pGlc4.

DNA Sequencing and Sequence Analysis—Nucleotide se-
quences were determined by the dideoxynucleotide chain
termination method with a BigDye Terminator Cycle Se-
quencing Ready Reaction Kit Ver.3 (Applied Biosystems,
USA) and a DNA sequencer (Applied Biosystems, model
377). Computer analyses were performed using DNASIS
(Hitachi Software Engineering, Tokyo).

Construction of an Expression Vector—The following
primers were used for PCR: UGlc4V (5'-ATA GCT AGC
ATG GCG CAA CTC ACG CTT GAA GAA-30 and LGlc4/
2493 (5'-ATT CTC GAG TCC TCT GAC TAC ACT CAA
GTC GGT-3'). UGlc4V and LGlc4/2493 contained an Nhel
site (underlined) and an Xhol site (double underlined),
respectively. PCR was performed in 50 JJJ of a reaction mix-
ture containing each primer at 0.2 (xM, 50 ng of template
DNA (pGlc4), 0.2 mM dNTPs (dATP, dCTP, dGTP, and

dTTP), and 2 U of Pyrobest DNA polymerase using a T-per-
sonal 48 (Biometra, Germany) for 30 cycles (each consisting
of denaturation at 98°C for 10 s and extension at 68°C for
2.5 min). PCR products were extracted from a 0.7% agarose
gel, and the amplified products were digested with Nhel
and Xhol. The NheUXhol fragments were cloned into Nhel/
.X7iol-digested pET23a. The recombinant plasmid was des-
ignated as pETGlc4.

Construction ofAsp-223 Mutants—Mutagenesis was per-
formed by the PCR overlap extension method (15), with
UGlc4, LGlc4/2493 and the following oligonucleotide prim-
ers: D223E, 5'-GTC GTA TCG GAA TGG GGC GCC-^ and
5'-GGC GCC CCA TTC CGA TAC GAC-3': and D223N, 5'-
GTC GTA TCG AAC TGG GGC GCC-3' and 5'-GGC GCC
CCA GTT CGA TAC GAC-3' (underlining shows the loca-
tions of the mutations). PCR products were extracted from
a 0.7% agarose gel, and the amplified products were di-
gested with Nhel and Xhol. The Nhel/Xhol fragments were
cloned into Miel/XTioI-digested pET23a. The recombinant
Asp-223 mutant plasmids were designated as pETD223E
and pETD223N.

Expression and Purification of Recombinant GCase and
Asp-223 Mutants—E. coli BL21(DE3)pLysS cells trans-
formed with pETGlc4 (or pETD223N or pETD223E) were
grown at 25°C for 16 h in 5 ml of medium A (LB medium
containing 100 tig/ml of ampicillin and 35 ng/ml of chlo-
ramphenicol) with shaking. The culture was then trans-
ferred to a 300-ml flask containing 100 ml of medium A and
incubated at 25°C for 16 h with shaking. Then, isopropy-
lthio-(}-galactopyranoside (IPTG) was added to the culture
to a final concentration of 0.1 mM to cause transcription.
After an additional 1 h culture at 25°C, cells were har-
vested by centrifugation, and suspended in 10 ml of buffer
A (10 mM Tris-HCl, pH 7.5, containing 150 mM NaCl, and
0.1% Triton X-100) containing protease inhibitors (5 |xg/ml
of leupeptin, chymostatin, and pepstatin). After sonication,
cell debris was removed by centrifugation (8,000 xg for 10
min), and the supernatant obtained was loaded on a
HiTrap Chelating HP column (1 ml; Amersham Bio-
sciences, Buckinghamshire, United Kingdom), pre-equili-
brated with buffer A. The column was washed with 10 ml of
buffer A and then the GCase was eluted with buffer B (10
mM Tris-HCl, pH 7.5, containing 150 mM NaCl, 0.1% Tri-
ton X-100, and 20 mM imidazole), buffer C (10 mM Tris-
HCl, pH 7.5, containing 150 mM NaCl, 0.1% Triton X-100,
and 50 mM imidazole), and buffer D (10 mM Tris-HCl, pH
7.5, containing 150 mM NaCl, 0.1% Triton X-100, and 200
mM imidazole). The active fractions were pooled and used
for the characterization of the enzyme.

Enzyme Assay—The activity of GCase was measured by
the following three methods. Assay I (pNP-p-Glc being used
as a substrate); the reaction mixture contained 100 nmol of
pNP-p-Glc and an appropriate amount of the enzyme in
100 j j of 25 mM sodium phosphate buffer, pH 6.5. Follow-
ing incubation at 37 °C for a specified period, the reaction
was stopped by adding 100 fxl of 1 N NaOH, and then the
absorbance was measured at 405 run. One unit of the
enzyme was defined as the amount that catalyzed the
release of 1 ^jnol of p-nitrophenol per min from pNP-fJ-Glc
under the conditions used. Assay II (Cl2-NBD-GlcCer
being used as a substrate); the reaction mixture contained
200 pmol of C12-NBD-GlcCer and an appropriate amount
of the enzyme in 20 \il of 25 mM sodium phosphate buffer,
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(A)
QCGTTACOGTAATGCGTTACTGATAAAGqAQQAGAGTCTAAATTGAAAAAIATCG<7rQAAATTGTGGCQCAACTC^^

H A Q L T L E E K A G L C S Q E 8 F W

-194
-64

58

178 ACGTWnTrCCQACCGCCOCCGGGCTTGCGAGCTCCTCXWACCGCGAACTGGTGCaAAiOOTAOa^^
60 T C F P T A A G L A S 8 W D R E L V R K V G E A L G K E S Q A E N V S I L L G P

29B GGCGCGAATATTAAACGTTCOCCACTGTGCGGGAGGAACTrCGAGTATTTCTCGGAAGATCCGTATCTGACGG^
100 G A N I K R 8 P L C G R N F B Y F S E D P Y L T G E L A A A H I A G V Q S Q G V

41S
140 H F A V N H Q E H R R M T T D A

ATTrATTTOACCGOCTrcGAGATTGCCffrc
E R T L R E I Y L T G F E I A V

53B
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65B
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260
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340
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3B0

AAGAAATCGCAGCCATOC»CGGTCATOTCGGCGTACAACCG<^TOAACOGAACCTACT^
K K S 0 P W T V H S A Y N R M N G T Y C 9 E N E T L L T R I L K B E W G H E G I

GTCGTATCGGACTGGGaCGCCGTCAACGAAaCGaCTGCGAGCGTGGCGGCCGGCATGGAGClWy^GATtXXXnt:CAGCCATGGCAT
V V 3 D W G A V H E A A A 8 V A A G N E L E M P S 3 H G I G 0 R K I V A A V E S

GGAGAACTGTCCGTCGAGGCQCrGGATCGGGCArmwCGCGGCTITTGACTaTGATTTTCAAAGC^
G E L 8 V E A L D R A V T R L L T V I F K A V D S R K T D A T Y D K E A H H L L

GCCCGCGAAATCGCCCGClSAATCGATQOTGCTGCTCAAAAATGAAGaO^TCTGCTCCCGCTGGCAAAGACGGGCAAACTGGCGAI^
A R E I A R E S M V L L K N E G N L L P L A K T G K L A I I G A H A E O V R Y O

OOTaoa3GAAGCrcCCACATCAAGCCGACAAAGCTGGATAGCATCAGGGACGAMTO3MAAATCOCK^
G Q G S S H I K P T K L D S I R D E I E K S A R S A E I R Y S K G Y L L E S D E

VKGACGAGTCTTTGm^CGAGaCGAAGCAAGCCGCAaCTaACTCTGATaTCaCGGTGCT
9 D E S L L N E A K Q A A A D S D V A V L

TCGTCGGGCTQCCGGACCOTTACGAATCGGAAOaCTACGATCQGACGCATCrGAAT
F V G L P D R Y S S E G Y D R T H L H
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125B TTaCCOGCTAACCACATCaAACTGATCGAGCGGATCGCATCCGTICAGCCGAACCTCTTTCT^ 1377
420 L P A N H I E L I E R I A S V Q P N V V V I L S N G S P V V N P H L G H A K A V 459

137B CTCGAAGCTTACCTGG<^3<nxrAGGCTaCGOGCGaAQCaATCGCCGACCTGTTGTrCGGCGACGCCAArCCGAaCOGCAAG^^ 1499
460 L E A Y L G G Q A A G G A I A D L L F G D A N P S G K L A E T P P H S L K H H P 499

149B TCCCATOJlTlTrATCCTO<XXy^QOGaWTa3GACG<lAATACCGGaAAQGCATTrTT^ 1619
500 S H P F Y P a E G D R T S Y R E O I F V G Y R Y P D A K D I E P L F P F G H G L 539

1618 AGCTATACGGCGTTTTCCTATTCCGGATTGAAGCTlSGACAAAAGCGAGATGACAGACCGC^CATCGrrGCA^ 1739
540 S Y T A F S Y S O L K L D K S E M T D R D I V Q V R V N V I N T G G R P a K E T 579

1738 GrrCAGCTTTACGTCCACAGTCGGAATICCAGCGTCATTCGTCCGGAAAAAGAGCraAAAGGCTTTGCGAAGGTATCGTTA^ 1B59
580 V Q L Y V H S R H S S V I R P E I E L K G F A K V S L N P E E E Q T V T F A L D 619

1858 AAACGAAGCTTTGCCTATTACAACGCGGAATTGAAAGAGTGGCATGCIKWAACGOGCGAATAl^^ 1979
620 I C R S F A Y Y N A E L K E K H A E T O E Y E I L I G S S S R D I A L R T A L T V 659

1978 CAGTCC3U^WCCGAAATCOTCCCAACATriX^TCGaAATACGACACTCGGAGAGCTaATGaAAAATCCGaCAAaMnx:CCG^ 2099
660 O S T T E I V P T F H R N T T L G E L M E N P A T L P I L A H L O S H A P Q Q Q 699

2098 G<^3CAATCGGACrCGGTOTCXXXy^GACATGATGATG<K^WTGATGCGATACATGCCGCrQaKXKXK7rGCrTCCCT^ 2219
700 A Q S D 3 V S P D M H P 4 A H M R Y M P L R A L L P P T G a A M T E E T L G M L L 739

2218 CWK^UnTTAATCAGGCCaTrCfKKOCGAAAAGAATCAACCTCATGCAAGCGAOGGAAGTTCTGCGGCTTTrAACGAA 2339
740 E Q F N Q A V R G E K N O P H A S E G S S A A F N E Y B T L G D L L A H E A A V 779

233B GCTGTATTAGAAAAGCATCrcCCCGGavrATCGACaAATCCGATGATCAG^TGQGGAAAGGJUTrCA^ 2459
7B0 A V L E K H L P G I 8 T N P M I S M G K G L T L K Q L A G 1 P 0 A N I P E E L I 819

245B TCTACAATTOTOACCGACTrGACn'OTAaTCAGAGGATAATTaCCCGATCaTACAaaAOGGCTTXKCL'n^^ 2579
820 8 T I V T D L 3 V V R 0 • 831

257B GAO<»TAGAGaGGCrcCAGAAAGATAAAAa»™WTGGAGGAATAAAAAAAAATGaCTTTCAACGAA^ 2699
269B AAAAGCATCTTCCCGG<>TTra3ACGAATCCGATOSXAGTATGGCGAAATrATT<^^ 2819
2 BIB TrGCCGACTTG<XJ^GaAA7XX^GAaAAAGaCGTTCAOQCQACTTCCQAGaAAAaCCCTrTGGCATCTGTO 2939
2B3B CTATCGTAACGGGAGCGGGTAGCGGOATC

(B)

O
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o

2
-o
X

101 201 301 401 501 601 701 801

Number of Amino Acid Residues

Fig. 1. DNA and deduced amino acid sequences (A),
and hydropathy plot (B) of the TS12 GCase. (A) The
deduced amino acid sequence is shown as a one-letter
code below the nudeotide sequence. The possible Shine-
Dalgamo sequence is underlined. The termination
codon is indicated by an asterisk (*). (B) Hydropathy
analysis of the coding region was performed based upon
the deduced amino acids according to Kyte and Doolit-
tle (23).
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pH 6.5 or Tris-HCl buffer, pH 7.5, containing 0.1% (w/v)
TDC. Following incubation at 37°C for a given period, the
reaction was stopped by heating in a boiling water bath for
5 min. The sample was dried with a Speed Vac SCI 10
(Savant Ins), and the residue was dissolved in 10 u,l of chlo-
roform/methanol (2:1, v/v) and applied to a TLC plate,
which was then developed with chlorofonn/methanol/25%
ammonia (90:20:0.5, v/v, solvent I). C12-NBD-Cer (NBD-
dodecanoylsphingosine) released through the action of the
enzyme and the remaining C12-NBD-GlcCer were visual-
ized under UV illumination, and then analyzed and quanti-
fied with a Shimadzu CS-9300PC chromatoscanner (excita-
tion 475 nm, emission 525 run). Assay HI ([14C]GlcCer
being used as a substrate); the reaction mixture contained
100 pmol of P'KUlGlcCer and an appropriate amount of the
enzyme in 20 pj of 25 mM sodium phosphate buffer, pH
6.5, containing 0.05% (w/v) TDC. Following incubation at
37°C for a specified period, the reaction was stopped by
heating in a boiling water bath for 5 min. The sample was
dried, dissolved in 10 \A of chloroform/methanol (2:1, v/v),
and then applied to a TLC plate, which was then developed
with solvent I. The P4C]Cer released through the action of
the enzyme and the remaining P4C]GlcCer were analyzed
with an imaging analyzer (BAS1500 model, Fuji Film).

Protein Assay and Polyacrylamide Gel Electrophoresis—
The protein content was determined by the bicinchononic
acid method (Pierce, Rockford) or SDS-PAGE using bovine
serum albumin as the standard. SDS-PAGE was carried
out according to the method of Laemmli (16). The proteins

on the SDS-PAGE gel were visualized by staining with Co-
omassie Brilliant Blue.

Western blotting—The proteins, separated by 10% SDS-
PAGE, were transferred to a FVDF membrane using a
semi-dry blotter (BIO-RAD, Hercules, CA). The membrane
was then incubated with anti-polyhistidine tag mouse IgG
monoclonal antibodies (Invitrogen Japan, Tokyo) for 6 h at
room temperature. The bands were visualized with HRP-
labeled anti-mouse IgG antibodies and a peroxidase-stain-
ing kit (Nacalai Tesque, Kyoto).

RESULTS

Molecular Cloning, Sequencing, and Alignment of GCase
of Paenibacillus sp. TS12—A clone (pGlc4) carrying a
3,149-bp Sau3M fragment was isolated from a TS12 ge-
nomic library by expression cloning, as described under
"MATERIALS AND METHODS." One open reading frame
(ORF), 2,493 bp long and encoding 831 amino acids, was
identified in the clone (Fig. LA). A possible Shine-Dalgarno
ribosome binding sequence started 7 bases upstream from
the initiation codon, GTG. The molecular weight and pi of
the enzyme were estimated to be 90,707 and 5.34, respec-
tively, from the deduced amino acid sequence. No hydro-
phobic region was found in the N-terminal region, which
was also clearly indicated by hydrophobicity plots (Fig. IB).
The deduced amino acid sequence of TS12 GCase exhibited
58, 51, and 29% identity to that of GH family 3 p-glucosi-
dases from Clostridium thermocellum, Ruminococcus

.a o . . . .30 .

• •• « + • » • »« *

1B0 . . . 1*0
VD«HE .

IMALIKII...aiTDKE . . . HVIffltXSBZlffilVIHlfl

70 . . . I
o . .
D C
AlODEDiai

EI9XE0ACLEE
TOIED
DE 1HD

Fig. 2. Alignment of the TS12 GCase and other bacterial p-glu- by points (•). Alignment was performed using CLUSTAL W (24). The
cosidases. TS12 GCase is aligned with other bacterial ^-giucosi- conserved catalytic Asp residue (•) is indicated below the sequence
dases. Residues conserved in more than 75% of the strains are shown Patterns conserved throughout the GH family 3 fj-glucosidases are
on a black background, while those found in all the strains are indi- shown by underlining,
cated by asterisks (*). Gaps inserted into the sequences are indicated
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albus, and Aspergittus aculeatus, respectively (Fig. 2). The
SDW motifj the Asp of which would function as a nucleo-
phile {17), and typical patterns conserved throughout the
GH family 3 p-glucosidases were found in the sequence of
the TS12 enzyme. The identity of PaenibacUlus GCase to
the human GCase is only 6% at the amino acid level.

- N B D - C C T

- N B D - G I C C C T

^ • B -<-Ongin

Fig. 3. Hydrolysis of NBD-GlcCer by the recombinant GCase.
TLC showing the hydrolysis of NBD-GlcCec Aliquots of 200 pmol of
NBD-GlcCer were incubated with 10 mU of the enzyme at 37°C for
30 min in 20 (J of 25 mM sodium phosphate buffei; pH 6.5, contain-
ing 0.1% TDC. The hydrolysis of NBD-GlcCer was examined as de-
scribed under "MATERIALS AND METHODS." Lane 1, NBD-
GlcCer; lane 2, cell lysate of mock transfectant + NBD-GlcCer; lane
3, cell lysate of transfectant carrying pETGlc4 + NBD-GlcCer; lane
4, NBD-Cer.

(A) 1 2 3
200 k—

116k—

66 k—

45 k —

31 k —

-GCase

(B)
200 k-

116 k-

66 k-

45 k-

3 1 k -

" - G C a s c

Fig. 4. SDS-PAGE of the recombinant purified GCase. (A) E. coli
BL21(DE3)pLy8S cells transformed with pETGlc4 were cultured at
25°C for 1 h after the addition of HTG to a final concentration 0.1
mM. The cell lysate was analyzed by 10% SDS-PAGE. Proteins were
stained with Coomassie Brilliant Blue. Lane 1, marker proteins (mo-
lecular weights in parentheses): rabbit muscle myosin (200,000), E.
coli (3-galactosidase (116,250), bovine serum albumin (66,200), oval-
bumin (45,000), carbonic anhydrase (31,000), soybean trypsin inhib-
itor (21,500), and lysozyme (14,400); lane 2, cell lysate of the trans-
fectant carrying pETGlc4; lane 3, purified recombinant GCase. (B)
Western blotting of the recombinant GCase. The cell lysate was ana-
lyzed by 10% SDS-PAGE and then transferred to a PVDF membrane
for detection with anti-His tag (C-term) monoclonal antibodies as de-
scribed under "MATERIALS AND METHODS."

( B ) control

EGTA

EDTA

Hg£h

CuCb

MnO:

MgCb

CtCh

KO

40 60 80

Relative activity (%)
120

Fig. 5. General properties of the recombinant GCase. (A) Effect of pH. Ali-
quots of 200 pmol of C12-NBD-GlcCer were incubated with 1 mU of enzyme at
37°C for 30 min in 20 u.1 of 150 mM GTA buffer, with the indicated pHs, contain-
ing 0.1% TDC. (B) Effects of metal ions. Aliquots of 200 pmol of C12-NBD-GlcCer
were incubated with 1 mU of enzyme at 37°C for 30 min in 20 jil of 25 mM Tris-
HC1 buffer, pH 7.5, containing 5 mM of the metal ion indicated and 0.1% TDC.
(C) Effects of detergenta Aliquots of 200 pmol of C12-NBD-GlcCer were incu-
bated with 1 mU of enzyme at 37°C for 30 min in 20 (J of 25 mM sodium phos-
phate buffer, pH 6.5, containing various concentrations of Triton X-100 (D),
Lubrol PX (o), TDC (•), Tween 20 (A), or sodium cholate (•).
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Expression and Purification of the Recombinant GCase—
Expression vector pETGlc4 was constructed by inserting a
fragment of the coding sequence of GCase between the
Nhel and Xhol sites of plasmid pET23a. In pETGlc4, tran-
scription of the recombinant gene is controlled by the T7
promoter and can be induced by IPTG. A cell lysate of the
transfectant carrying pETGlc4 hydrolyzed NBD-GlcCer to
produce NBD-Cer (Pig. 3, lane 3), whereas that of the mock
transfectant showed no activity (lane 2), indicating that the
gene encodes the GCase. The recombinant GCase was puri-
fied from the lysate of the recombinant E. coli carrying
pETGlc4 by chromatography on a HiTrap Chelating HP
column, as described under "MATERIALS AND METHODS."
The final preparation of the enzyme gave a single protein
band corresponding to a molecular weight of 90.7 kDa on
SDS-PAGE with Coomassie brilliant blue staining (Fig. 4A,
lane 3), which exactly corresponded to the band obtained
on Western blotting using anti-polyhistddine tag (C-term)
monoclonal antibodies (Fig. 4B). The molecular weight of
the enzyme estimated by SDS-PAGE well agreed with that
deduced from the nucleotide sequence.

General Properties of the Recombinant GCase—The ac-
tivity of the enzyme was found to be optimal at around pH
6.5 with 150 mM GTA buffer when C12-NBD-GlcCer was
used as a substrate (Fig. 5A). The enzymic activity was
strongly inhibited by various metal ions; complete inhibi-
tion was observed with Cu2+, Co2+, Hg2*, and Ni2+, and
strong inhibition with Mn2+, Mg2*, and Ca2+ at 5 mM,
whereas K+, Na+, EDTA, and EGTA did not have a signifi-
cant effect on the activity (Fig. 5B). This enzyme was acti-
vated on the addition of detergents when C12-NBD-GlcCer,
but not pNP-p-Glc, was used as a substrate. For Triton X-
100, Lubrol PX, TDC and Tween 20, the optimum concen-
trations were found to be 0.05-0.15%, whereas it was 0.5%
for sodium cholate (Fig. 5C).

Substrate Specificity of the Recombinant GCase—First,
the substrate specificity of the enzyme was examined using
various (glyco)sphingolipids. The enzyme hydrolyzed NBD-

TABLE I. Substrate specificity of rGCase.
Substrate

NBD-GlcCer
NBD-GalCer
NBD-GMla
NBD-SM
[14C]GlcCer (C12:0)

(C16:0)
(C18:0)

Relative activity (%)
100

0
0
0

100
82.6
40.1

pNP-P-Glc
pNP-p-Gal
pNP-p-GlcNAc
pNP-P-GalNAc
pNP-P-GlcP l-4Glc(CeUobioside)
pNP-p-Xyl
pNP-a-Glc
pNP-a-Gal
pNP-a-GlcNAc
pNP-a-GalNAc

100

0
0
0.9
7.3
0
0
0
0

Aliquots of 200 pmol of C12-NBD-substrates and 100 pmol of
["CJGlcCer were incubated with 4 mU of enzyme at 37'C for 30
min in 20 p.1 of sodium phosphate buffer, pH 6.5, containing an ap-
propriate amount of TDC, as described under "MATERIALS AND
METHODS." pNP-glycosides (100 nmol) were incubated with 0.2
rail of enzyme at 37'C for 30 min in 100 p.1 of sodium phosphate
buffer, pH 6.5. Values are the means for triplicate determinations.

GlcCer efficiently, whereas NBD-labeled GalCer, GMla and
SM were completely resistant to hydrolysis by the enzyme
Among 14C-labeled GlcCers containing different fatty acid
molecules, the enzyme most preferred the GlcCer contain-
ing lauric acid (C12:0), followed by those containing palm-
itic acid (C16:0) and stearic acid (C18:0) in this order. The
initial reaction velocity of the enzyme for NBD-GlcCer
(NBD-C12:0) was 5-times faster than that for P"C]GlcCer
([14C]C12:0), suggesting that the susceptibility of the
GlcCer to the enzyme increases with the attachment of
NBD to the fatty acid moiety of ceramide. It should be
noted that the same tendency was observed for the neutral
ceramidase (18). To elucidate the specificity of the enzyme
in more detail, various pNP-glycopyranosides were em-
ployed. It was found that the enzyme hydrolyzed pNP-p-
Glc most efficiently, but did not hydrolyze pNP-p-Gal, pNP-
P-GlcNAc, or pNP-a-Glc, indicating that the enzyme is a (3-
glucosidase. However, the cellobioside, a glucose dimer
linked by a (31,4 linkage, is strongly resistant to the en-
zyme. Interestingly, the enzyme showed weak activity to-
ward pNP-(3-Xyl (Table I). The apparent K^ and V ^ values
for NBD-GlcCer and pNP-p-Glc were 223 [iM and 1.60
|junol/min/mg of protein, and 593 (AM and 112 p.mol/min/mg
of protein, respectively.

Analysis of Mutants D223E and D223N—We found the
SDW motif, which is a putative catalytic nucleophile of GH
family 3 (3-glucosidases, in the deduced amino acid se-
quence of the TS12 GCase. Thus, to elucidate whether or
not Asp223 is crucial for the catalytic reaction of the en-
zyme, two mutant enzymes, in which Asp-223 was replaced
by glutamate (D223E) or asparagine (D223N), were pro-
duced by site-directed mutagenesis. Fig. 6 shows the time
courses of hydrolysis of NBD-GlcCer by the wild-type and

Time(h)

Fig. 6. Time courses of the hydrolysis of NBD-GlcCer by the
wild-type and mutant GCases. Aliquots of 200 pmol of NBD-
GlcCer were incubated with 10 ng of the wild-type enzyme, 600 ng of
D223E, or 3 M« of the D223N mutant enzyme at 37°C for the periods
indicated in 20 p.1 of 25 mM sodium phosphate buffer, pH 6.5, con-
taining 0.1% TDC. The hydrolysis of NBD-GlcCer was examined as
described under "MATERIALS AND METHODS."

TABLE U. Mutation
Enzyme

Wild type
D223E
D223N

of catalytic Asp in
K , ((iM) V_

593
1,350

ND

the TS12 enzyme.
I (nmol/min/mg protein)

111.8
8.4
ND

ND, not determined. Values are the means for triplicate determi-
nations.
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mutant GCases. It was found that the replacement of Asp-
223 by Glu greatly reduced the reaction velocity whereas
that by Asn completely abolished the activity. The apparent
K^ and V ^ were also determined for the wild-type and
mutant CGase (D223E) using pNP-3-Glc as a substrate.
Replacement of Asp223 with Glu increased the K^ by 2.3-
fold whereas it decreased the V ^ by one-thirteenth (Table
II). These results indicate that Asp-223 in the SDW motif of
the GCase is crucial for hydrolysis of the p-glucosidic link-
age of GlcCer as well as pNP-p-Glc, suggesting that the
residue functions as a catalytic neucleophile in fj-glucosi-
dases belonging to GH family 3.

DISCUSSION

Recently, O-glycoside hydrolases, which hydrolyze the O-
glycosidic linkage between two or more carbohydrates or
between a carbohydrate and a non-carbohydrate moiety,
have been classified into 87 GH families based on their
amino acid similarities but not substrate specificity (29).
The TS12 GCase can be placed in GH family 3 based on the
following observations; (i) the deduced amino acid sequence
of the TS12 enzyme shows high similarity to (J-glucosidases
belonging to GH family 3 (20) such as C. thermocellum, R.
albus, but A aculeatus, and little similarity to the known
GCases belonging to GH family 30. (ii) Although exo-type
(3-glucosidases [EC 3.2.1.21] mainly belong to GH family 1
or 3, the TS12 enzyme showed no similarity to the GH fam-
ily 1 enzymes, (iii) Furthermore, the TS12 enzyme was
found to behave as a GH family 3 enzyme, being active
against pNP-p-xyloside but notpNP-f}-galactoside (Table I).
In contrast, GH family 1 (3-glucosidases can hydrolyze
pNP-p-galactoside but not pNP-p-xyloside. In conclusion,
the TS12 enzyme can be classified into GH family 3 based
on sequence similarity and as a member of EC 3.2.1.45
given the substrate specificity for GlcCer. It remains to be
elucidated whether or not the known p-glucosidases
belonging to GH family 3 can hydrolyze GlcCer.

On resolution of the three-dimensional structure of GH
family 3 p-glucosidases, Asp-285 and Glu-491 in the barley
enzyme were suggested to function as a nucleophile and a
general acid/base catalyst, respectively (17). The function of
Asp-285 in the SDW motif as a nucleophile was also sup-
ported by active-site affinity labeling (21) and site-directed
mutagenesis (22). This study clearly indicates that Asp-223
in the SDW motif of the TS12 enzyme is crucial for the
reaction in which the (3-glucosidic linkage of GlcCer as well
as pNP-substrate is hydrolyzed, and suggests that Asp-223
functions as a catalytic nucleophile.
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