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cDNAs encoding three �-glucosidases (HBGases I, II,

and III) from European honeybees, Apis mellifera, were

cloned and sequenced, two of which were expressed in

Pichia pastoris. The cDNAs for HBGases I, II, and III

were 1,986, 1,910, and 1,915 bp in length, and included

ORFs of 1,767, 1,743, and 1,704 bp encoding polypep-

tides comprised of 588, 580, and 567 amino acid res-

idues, respectively. The deduced proteins of HBGases I,

II, and III contained 18, 14, and 8 putative N-linked

glycosylation sites, respectively, but at least 2 sites in

HBGase II were unmodified by N-linked oligosaccha-

ride. In spite of remarkable differences in the substrate

specificities of the three HBGases, high homologies (38–

44% identity) were found in the deduced amino acid

sequences. In addition, three genomic DNAs, of 13,325,

2,759, and 27,643 bp, encoding HBGases I, II, and III,

respectively, were isolated from honeybees, and the

sequences were analyzed. The gene of HBGase I was

found to be composed of 8 exons and 7 introns. The gene

of HBGase II was not divided by intron. The gene of

HBGase III was confirmed to be made up of 9 exons and

8 introns, and to be located in the region upstream the

gene of HBGase I.
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�-Glucosidase (EC 3.2.1.20, �-D-glucoside glucohy-
drolase) is a group of typical exo-type carbohydrolase
that catalyzes the hydrolysis of �-glucosidic linkage on
the non-reducing terminal side of substrate to produce
�-glucose. �-Glucosidases have been classified into the
two families (I and II) based on the primary structure.1)

Family I enzymes, for instance, �-glucosidases derived

from Saccharomyces cerevisiae,2) Candida albicans,3)

Bacillus stearothermophilus,4) Drosophila melanogast-
er,5) and Aedes aegypti,6) have four conserved regions
important in the catalytic action. The regions are shared
by glycoside hydrolase family 13 (GH 13) enzymes,7,8)

such as �-amylase, �-glucosidase, dextrin 6-�-D-gluca-
nohydrolase, pullulanase, neopullulanase, cyclomalto-
dextrin glucanotransferase, and branching enzyme.
Family II �-glucosidases, for instance, enzymes derived
from Aspergillus niger,9,10) Schizosaccharomyces
pombe,11,12) human lysosome,13) and barley,14) do not
have four such regions, and belong to glycoside hydro-
lase family 31 (GH 31),8) consisting mainly of �-glu-
cosidases. It has been ascertained that some members
in GH 13 possess the ð�=�Þ8 barrel structure as the
catalytic domain, and that the C-terminal domain is
comprised of �-sheets. S. pombe �-glucosidase11,12)

belonging to family II has four regions, but the two of
the regions are not involved in the catalytic action. Of
the �-glucosidases in GH 13 and GH 31, the three-
dimensional structures of Bacillus cereus and Sulfolobus
solfataricus �-glucosidases15,16) were solely solved by
X-ray crystallographic analysis. The tertiary structures
of both the enzymes were shaped into ð�=�Þ8 barrel as
the catalytic domain, but the features of the active sites
involved in the catalytic reactions appears to be different
between GH 13 and GH 31.
We have reported that the imagoes of European

honeybees (Apis mellifera) have three kinds of �-
glucosidases (HBGases I, II, and III), which are different
in their substrate specificities.17–20) HBGases I, II, and III
exhibited high activity towards maltose, and towards
heterogeneous substrates such as aryl �-glucosides and
sucrose. Although the three �-glucosidases were mono-
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meric enzymes, allosteric properties were observed in
the reaction of HBGases I and II. HBGase I, which was
present in the ventriculus,21) showed positive- and
negative-cooperative reactions, depending on the kinds
of substrates.18) Sucrose was hydrolyzed in a mode of
negative cooperativity, meaning that the catalytic reac-
tion was unsuitable for the normal Michaelis–Menten
equation due to acceleration with an increase in the
concentration of sucrose.17,18) HBGase I showed little or
no activity towards nigerose, isomaltose, and soluble
starch.17) HBGase II, which was present in the ventri-
culus and the haemolymph, showed the positive-coop-
erativity in the reaction on sucrose, and the broadest
substrate specificity of the three enzymes, that is,
HBGase II was capable of attacking maltooligosaccha-
rides, glucobioses having �-1,2-, �-1,3-, and �-1,6-�-
glucosidic linkages, phenyl �-glucoside, sucrose, solu-
ble starch, and also �-glucosyl-phosphate.19) HBGase III
followed the typical Michaelis–Menten type of hydro-
lytic reaction, and showed no cooperativity.20) The
substrate specificity was relatively narrow to be limited
in maltose, maltotriose, sucrose, and aryl �-glucosides.
HBGase III was clarified to be localized in the hypo-
pharyngeal gland,21,22) and to be secreted into nectar
gathered from flowers by honeybees to make up honey
through the hydrolysis of sucrose in nectar.21,22)

Three HBGases were characterized by differences in
their substrate specificities, in particular, the individual
reactivity toward sucrose.18–20) The enzymes were dis-
criminated also by their own antibodies, since the
antiserum prepared from each �-glucosidase showed no
cross-reaction against the two other �-glucosidases.19–21)

The finding suggests that HBGases I, II, and III are
isoenzymes having different amino acid sequences. The
overall genome sequencing of European honeybee, Apis
mellifera, was recently completed.23) In the case of
eukaryote, however, even if the genome sequence is
disclosed, the amino acid sequence of the desired protein
is not always deduced readily from the nucleotide se-
quence which contains thousands of introns. Therefore,
we could not clarify the amino acid sequences of three
�-glucosidases of the honeybee using only the data of
GenBank. As for the amino acid sequence of honey-
bee �-glucosidase, the sequence22) of �-glucosidase
from the hypopharyngeal gland was reported on the
basis of the nucleotide sequence analysis of cDNA
encoding the enzyme, corresponding to HBGase III.

This paper describes the molecular cloning of cDNAs
encoding HBGases I, II, and III, the genomic DNA
structures of the three enzymes, and their heterologous
expression in Pichia pastoris cells giving the active
recombinant HBGases (rHBGases) II and III, which
have almost the same properties as those of native
enzymes. This is the first report that three HBGases are
proven to be isoenzymes encoded by the individual
gene, and that the insect �-glucosidase isoenzymes are
produced in heterologous host cells.

Materials and Methods

Honeybees and enzymes. Honeybees were purchased
from a beekeeper in Ishikari, Japan, and kept in hives on
the Hokkaido University campus. In this study, we used
honeybees kept at �80 �C. Three �-glucosidases were
purified from adult honeybees, as described previous-
ly.17,20)

Strains. The strains of Escherichia coli were NM522
and JM109 for DNA manipulations, and XL1-Blue
MRA (P2) and C600 hfl for plaque preparation. The
Pichia pastoris GS115 (his4) strain (Invitrogen, Carls-
bad, CA, USA) was used as a host for the enzyme pro-
duction.

Analysis of amino acid sequence. To analyze the N-
terminal and internal amino acid sequences of the �-
glucosidases, S-pyridylethylated enzymes were blotted
onto PVDF membrane using ProSorb (Applied Bio-
systems, Foster City, CA, USA) or digested with lysyl
endopeptidase (Wako Pure Chemical, Osaka, Japan) in
100mM Tris–HCl buffer (pH 9.0) containing 4M urea at
37 �C for 48 h. The peptides were isolated from the
digest by reverse-phase high performance liquid chro-
matography using a Capcell Pak C18 UG120 (�4:6� 15

mm, Shiseido Fine Chemicals, Tokyo, Japan). The pep-
tides were transferred on the blotted membranes and
then subjected to automated Edman degradation using
protein–peptide sequencer model 477A with an on-line
phenylthiohydantoin analyzer (model 120A; Applied
Biosystems).

Construction of cDNA library. Fresh honeybee ima-
goes (thorax, abdomen, and head) were crashed in a
mortar in liquid nitrogen, and total RNA was prepared
by the acid guanidine thiocyanate–phenol–chloroform
method.24) Poly(A)þRNA was isolated using Oligotex-
dT30 Super (Takara Bio, Otsu, Japan). cDNA was syn-
thesized with Superscript Choice System (Life Tech-
nologies, Rockville, MD, USA) using 10 mg of poly-
(A)þRNA as a template, ligated to an EcoRI-NotI-
BamHI adapter (Takara Bio), and dephosphorylated with
alkaline phosphatase (Life Technologies). After size-
selection using a Sephacryl S-500 HR column (Life
Technologies), double-stranded cDNA containing
EcoRI termini was ligated into the unique EcoRI site
of �gt10 phage DNA. The recombinant DNAs were
packaged with Gigapack III Gold Packaging Extract
(Stratagene Cloning System, La Jolla, CA, USA), and
propagated in E. coli.

Screening by plaque hybridization. As a probe for
screening cDNA libraries, cDNA was generated by
polymerase chain reaction (PCR) of 25 cycles at 94 �C
for 30 s, 55 �C for 30 s, and 72 �C for 1min using de-
generated primers designed on the internal amino acid
sequences (see the sequences in Figs. 1, 2, and 3). The
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designated primers for HBGase I were GAGTGGIGIG-
ATTTTGTIGATAATTATGCIGAGGA (sense) and GTT-
GTCCCATTGGAAIGGIGTICIGCAICCGTC (antisense)
on Glu277 to Glu288 and Asp410 to Asn420; for
HBGase II, CCITATGATGAGTATTATGTITGGTTI-
GATGC (sense) and TCIGCIATCAACATGAAGTTC-
AAIGGIAC (antisense) on Pro141 to Ala151 and
Val310 to Asp319; and for HBGase III, GTIGATAA-
TTGGATGACITATATGCCICC (sense) and TCGTC-
CCATTGGAAIGGIGTICIIGCIGGGTC (antisense) on
Val327 to Pro336 and Asp414 to Asp424, respectively.
The PCR products were labeled with digoxigenin (DIG)
using DIG-High Prime (Boehringer Mannheim, Man-
nheim, Germany), and were used to isolate cDNA
clones. Plaques were transferred onto duplicate nylon
membrane (Hybond-N+ membrane, Amersham Bio-
sciences, Buckinghamshire, UK) and were hybridized to
the DIG labeled probes in rapid hyb buffer (Amersham
Biosciences) at 65 �C for 15 h, followed by washing and
detection (DIG Luminescent Detection Kit, Boehringer
Mannheim). Isolation of the positive clones was com-
pleted by the second and third screenings, and DNA
prepared from the clones using QIAGEN Lambda Midi
Kit (Qiagen, Hilden, Germany) was subcloned into
pBluescript II SK(+) (Stratagene), and sequenced in
both strands by the dideoxy chain termination method25)

using automated DNA sequencer model 373A (Applied
Biosystems).

50 Rapid amplification of cDNA end (RACE). To the 30

end of single-stranded cDNA, extended from random
hexamer using poly (A)þRNA from honeybees as
template and Superscript II (Life Technologies), poly
(dA) tail was added with terminal deoxynucleotidyl
transferase (Life Technologies). 50 RACE was per-
formed using an anchor primer (AP, GGCCACGCGTC-
GACTAGTACTTTTTTTTTTTTTTTTT) and gene-spe-
cific primers (GSP, CGCTGTTATTCCAGATTCGAT-
GAAG for HBGase I, and GTACCAGTTGGCGTC-
CACGC for HBGase II) with 1 cycle at 98 �C for 5min,
50 �C for 2min, and 72 �C for 40min, followed by 28
cycles of 94 �C for 1min, 54 �C for 1min, and 72 �C for
3min after the addition of universal amplification primer
(UAP, GGCCACGCGTCGACTAGTAC). Triplet PCRs
were done for each cDNA, and the products were
sequenced as mentioned above.

Construction of expression vectors. For production of
the enzymes secreted using their own signal sequences,
the cDNA part including the 50 untranslated region
(UTR) was amplified by PCR to generate a BamHI site
using the following primers: CCGTAGGATCCAATC-
ATGAAGAGC (SP1) and CGCTGTTATTCCAGAT-
TCGATGAAG (ASP1) for HBGase I; GTCAATGG-
ATCCGCAAAATGTTTC (SP2) and TCIGCIATGAA-
CATGAAGTTGAAIGGIAC (ASP2) for HBGase II;
and ACTTCTGGATCCTAGCATGAAGGC (SP3) and
CTTCGATATCACCAATACCA (ASP3) for HBGase

III, where the underlined and bold-faced nucleotides the
indicate initial Met codon and BamHI site introduced,
respectively. The BamHI-HindIII DNA fragment of the
PCR products and the HindIII-NotI fragment of cDNA
were ligated into pPIC3.5 vector (Invitrogen) at the
BamHI-NotI sites, generating pPIC3.5on, pPIC3.5tw,
and pPIC3.5th for HBGase I, II, and III, respectively.
For production of the proteins equipped with N-

terminal signal peptide derived from Saccharomyces
cerevisiae �-factor, cDNA fragments encoding the
mature enzymes were introduced into pPIC9 (Invitro-
gen) as above, but with EcoRI instead of BamHI, and the
following primers: CGCGGTCGGCCTTGGCGAATTC-
CAAAAC (SP4) and ASP1 for HBGase I, CTCCGATC-
GAATTCGTGGACGCC (SP5) and ASP2 for HBGase
II, and CCATTGTGGAATTCGCATGGAAGC (SP6)
and ASP3 for HBGase III, where the underlined and
bold-faced nucleotides indicate the codon for the N-
terminal amino acid and the EcoRI site, respectively.
The resulting expression plasmids were named pPIC9on,
pPIC9tw, and pPIC9th for HBGase I, II, and III, re-
spectively. The whole cDNAs and their flanking regions
in the constructed plasmids were sequenced and con-
firmed to have no unexpected mutations.

Transformation of P. pastoris. Transformation of
P. pastoris GS115 with SacI-linearized expression plas-
mids was done by electroporation using Gene Pulser
(Bio-Rad, Richmond, CA, USA) according to the re-
commendations of Invitrogen, a manual of methods for
the expression of recombinant proteins in P. pastoris.
After incubation for 4 d at 30 �C on RDB agar plates
consisting of 1M sorbitol, 2% glucose, 1.34% Yeast
Nitrogen Base (w/o amino acid; Becton Dickinson,
Sparks, MD, USA), 4 mg/ml D-biotin, and 50 mg/ml of
each amino acid (Glu, Leu, Ile, Lys, and Met), the His-
autotrophic transformants (Hisþ) were selected and
retained on an RDB agar plate for further study.

Induction and purification of recombinant proteins.
The transformants were inoculated into 10ml of BMGY
medium (1% yeast extract, 2% peptone, 1.34% Yeast
Nitrogen Base, 4 mg/ml D-biotin, 1% glycerol, 0.1 M

potassium phosphate buffer, pH 6.0) in a 50-ml flask,
and then incubated at 30 �C for 18 h with vigorous
shaking. Induction of protein expression was achieved
by incubation with 0.5% methanol. The cells, collected
by centrifugation at 3;000� g for 5min at room tem-
perature, were transferred into 20ml of BMMY medium
exchanging 1% glycerol for 0.5% methanol in BMGY
medium, and cultivated at 30 �C for 50 h. At the in-
dicated times, the supernatant was collected by centri-
fugation at 10;000� g for 5min at 4 �C, and the enzyme
activity was measured.
To purify the recombinant HBGase II and III, the

transformants were cultured in 1.0 and 1.2 liters of
BMGY medium at 30 �C for 30 h, followed by induction
culture in 2 and 6 liters of BMMY medium for 200 h,
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respectively. The values of A600 at the beginning of in-
duction were 4.8 for HBGase II and 2.1 for HBGase III.
The supernatant was collected by centrifugation at
10;000� g for 10min, and then, to the clarified super-
natant, ammonium sulfate was added at up to 90%
saturation with stirring. The resulting turbid suspension
was kept at 4 �C for 12 h, and then the precipitate was
collected by filtration with Celite (Wako Pure Chem-
icals), dissolved in 50mM sodium acetate buffer
(pH 4.7), dialyzed against the same buffer, and applied
sequentially to columns of CM Sepharose CL-6B
(Amersham Pharmacia Biotech, Piscataway, NJ, USA),
Bio-Gel P-100 (Bio-Rad), DEAE Sepharose CL-6B
(Pharmacia), and BUTYL-TOYOPEARL 650M (Tosoh,
Tokyo, Japan). The homogeneity of the purified en-
zymes was confirmed by SDS–PAGE.

Enzyme assay and protein measurement. Measure-
ments of enzyme activity and protein concentration were
done by methods described previously.17,20) The protein
concentrations of rHBGases II and III were calculated
from the values of E1%

1 cm at 280 nm of 11.7 and 15.1,
respectively, which were obtained from the relationship
between the dry weight and A280 of each purified
enzyme preparation.

SDS–PAGE, western blotting, deglycosylation and
sugar contents. SDS–PAGE was carried out by the
method of Laemmli26) in 8% polyacrylamide gel, and
proteins were stained by Rapid CBB KANTO (Kanto
Chemical, Tokyo, Japan). Western blotting after SDS–
PAGE was performed by transfer onto PVDF membrane
(Immobilon; Millipore, Bedford, MA, USA) in a semi-
dry apparatus and detection using Blotting detection kit
(Amersham Pharmacia Biotech) and antisera for each
HBGase as the first antibody. Deglycosylation was per-
formed with endoglycosidase F (Boehringer Mannheim)
and endoglycosidase H (Roche Molecular Biochemical,
Basel, Switzerland). Native and recombinant HBGases
II and III (2 mg) in 30 ml of 0.1 M sodium acetate buffer
(pH 5.5) were incubated with endoglycosidase F (0.1U)
at 30 �C for 36 h. HBGase III (10 mg) was denatured by
treatment at 96 �C for 10min in 0.15% SDS, followed
by incubation at 37 �C for 20 h with endoglycosidase
H (5mU) in 0.05M sodium acetate buffer (pH 5.5)
containing 0.1% SDS. The sugar contents of the en-
zymes were measured as mannose by the phenol-sulfate
method.27)

Properties of the recombinant enzyme. The optimum
pH for hydrolysis in 5.8mM maltose was measured at
37 �C in Britton-Robinson buffer (pH 3–10) prepared
with 0.2 M NaOH and an acid mixture (40mM acetic
acid, 40mM phosphoric acid, and 40mM boric acid). The
pH and thermal stabilities were determined by measur-
ing the residual activity of the enzymes after they were
maintained at 4 �C for 24 h in Britton-Robinson buffer
(pH 2.5–12), and at various temperatures for 15min in

70mM sodium acetate buffer (pH 5.5) containing 0.05%
Triton X-100, respectively. The kinetic parameters, Km

and k0, for the hydrolysis of substrates were estimated
by 1=s versus 1=v plots, in which the initial velocities (v)
were measured under various substrate concentrations
(s). The ranges of s for recombinant HBGase II and III
were 0.5–8.0mM and 4.0–20mM for maltose, 1.0–6.5
mM and 4.0–18mM for maltotriose, 2.0–40mM and 10–
60mM for sucrose, and 0.2–20mM and 10–60mM for
phenyl �-glucoside, respectively. The enzyme reactions
were carried out under standard assay conditions.

Analysis of genomic DNA. Genomic DNA (0.2mg)
was prepared from honeybees (1 g) by the CTAB
method,28) and subjected to partial Sau3AI digestion.
The resulting DNA fragments were fractionated by
ultracentrifugation (5–20% NaCl; 200;000� g, for 270
min at 20 �C), and from DNA ranging in length from
9,000 to 23,000 nt, a library was constructed on
�EMBL3 at the BamHI site. The other libraries were
prepared from restriction fragments with expected
lengths. The restriction fragments cleaved by HindIII
and BamHI or SalI and BamHI were isolated by agarose
gel electrophoresis, ligated into Bluescript II SK(+)
(Stratagene), and used for transformation of E. coli
DH5� (library efficiency grade, Life Technologies).
Hybridization for the screening of positive clones was
performed as mentioned above. Inverse PCR29) was
performed in 25 cycles at 94 �C for 1min and at 68 �C
for 3min using cDNA sequence-based primers and self-
ligated restriction DNA fragments as template DNA.
Polymerases with high fidelity, KOD dash polymerase
(Toyobo, Osaka, Japan), LA Taq (Takara Bio), and
PrimeStar (Takara Bio), were employed in all PCR pro-
cedures.
The sequence of hbg1 was determined from inverse

PCR products (1–6,844 at the EcoRI site and 9,314–
13,325 at the HindIII site) and PCR products (2,764–
5,918, 5,871–8,243, 8,195–9,421, 9,314–10,885). The
hbg2 sequence was from the limited library (1–1,812,
SalI-BamHI) and PCR (877–2,759). The hbg3 sequence
was from inverse PCR (1–1,854 at HincII, 1,194–8,403
at BglII), the � library (6,234–20,965), the limited
library (19,012–25,493, HindIII-BamHI), and PCR as-
sisted by the genome project information in the anti-
sense primer (25,459–27,643).

Results

Isolation of �-glucosidase cDNAs
Prior to cDNA cloning, many peptide fragments were

isolated from lysyl endopeptidase digests of HBGases I,
II, and III to analyze the N-terminal and internal amino
acid sequences, and to synthesize oligonucleotide prim-
ers based on the sequences. Of 29, 22, and 12 peptide
samples isolated for HBGases I, II, and III, 22, 20, and
8 peptides were successfully sequenced, respectively
(shown in bold letters in Figs. 1, 2, and 3). The N-
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terminal sequence of HBGase I was not determined by
the sequencer, perhaps because of blocking by a mod-
ification of the terminus. By plaque hybridization, pos-
itive clones of 27 for HBGase I and 18 for HBGase II
were selected from 50,000 cDNA clones in the library
representing mRNA expressed in the thorax and abdo-
men of adult honeybees, and 7 for HBGase III were
obtained from 700 clones of the other cDNA library
prepared from the head. The clones harboring the
longest insert DNA, designated on211, tw522 and
th611 for HBGases I, II, and III, respectively, were
picked out and sequenced. On211 and tw522, lacking
the 50 terminal regions of the full-length cDNAs, had no

complete open reading frames (ORFs). 50 RACE gave
195 bp and 78 bp DNA fragments composed of the 180
bp and 58 bp known sequences already found in on211
and tw522, and 15 bp and 20 bp flanking sequences on
the 50-terminal side for HBGases I and II, respectively.
The extended short sequences included the initiation
codon ‘‘ATG’’ and 50 untranslated region (UTR).
Figures 1, 2, and 3 show the cDNAs and deduced

amino acid sequences of HBGases I, II, and III,
respectively. The cDNA for HBGase I was composed
of an ORF of 1,767 bp, 50 UTR of 12 bp, and 30 UTR of
207 bp including 66 bp poly (A). Three putative poly-
adenylation signals (TATAAA or AATAAA, double

Fig. 1. cDNA and Deduced Amino Acid Sequences of HBGase I.

The predicted N-terminal amino acid of the mature protein after cleavage of the signal peptide and the stop codon are marked by an arrowhead

and an asterisk, respectively. The amino acid sequences in bold underlines indicate the putative motifs (N-Xa.a.-S/T) for N-glycosylation, but

N121 was not N-glycosylated because of being capable of analyzing by automated protein sequencer. Amino acids in boldface indicate

sequences of internal peptides isolated from lysyl endopeptidase digest and analyzed with an automated protein sequencer. The underlined

nucleotide sequences are correlated with the sense and antisense oligonucleotide primers designed on the internal peptides. Double underlines

show three putative polyadenylational signals. The regions highly conserved in �-amylase family are boxed.
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underlines in Fig. 1) were located 18, 66, and 96 bp
upstream the poly (A) tail. The ORF encoded a protein
of 588 amino acid residues, in which the internal se-
quences analyzed in HBGase I were found (boldface in
Fig. 1). The N-terminal residue of mature HBGase I was
predicted to be Gln 19 by means of a peptide prediction
program.30) The deduced leader peptide of 18 residues
had a typical signal sequence comprised of hydrophobic
Val and Leu residues in the middle part and Gly and Ala
residues near the cleavage point. The molecular mass of
the predicted mature protein comprised of 570 amino
acids was 65,636, whereas the molecular weight of
HBGase I purified from honeybees, which contained
25% carbohydrate as glucose,17) was estimated to be
approximately 98,000 by SDS–PAGE.17) The 18 puta-

tive N-glycosylation sites (bold underlines, N-Xa.a.-T/S
in Fig. 1; Xa.a, amino acid residue except for Pro) were
found in the deduced amino acid sequence.
As for HBGase II, cDNA was found to have an ORF

of 1,743 bp, and 17 bp and 150 bp in the 50 and 30 UTR,
respectively, including the continuous 27 adenosine
residues at the 30 end. The 30 UTR of HBGase II cDNA,
as in the case of HBGase I cDNA, contained three
putative polyadenylation signals 26, 47, and 54 bp up-
stream the poly (A) tail. The ORF encoded a protein of
580 amino acid residues having 14 putative N-glyco-
sylation sites. All analyzed internal sequences in the
native HBGase II were included in the deduced amino
acid sequence (boldface in Fig. 2). The N-terminal
amino acid residue of the purified HBGase II was

Fig. 2. cDNA and Deduced Amino Acid Sequences of HBGase II.

All indications, asterisk, single and double underlines, bold-faced characters, and boxes, are the same as in Fig. 1. The arrowhead indicates the

N-terminal amino acid residue of the mature enzyme. Among Asn residues in the N-glycosylation motif, N123 and N512 were exclusively

detected as Asn by protein sequencing, implying that N123 and N512 were not N-glycosylated.
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revealed to be Val 22. The signal peptide was a typical
leader sequence, as in HBGase I, and the mature protein
was composed of 559 amino acids with a calculated
molecular mass of 64,377. The molecular weight of the
native HBGase II was estimated to be approximately
76,000 by SDS–PAGE. This difference might have been
due to sugar chain contents of 15% in the purified
enzyme.17)

The cDNA encoding HBGase III was composed of a
full ORF of 1,704 bp, and 90 bp and 121 bp in the 50 and
30 UTR, respectively. As shown in Fig. 3, a putative
polyadenylation signal (AATAAA) was found in the 30

UTR, and there was no poly (A) region, differently from
the cDNAs of the other two HBGases. The ORF en-
coded a protein of 567 amino acid residues, including all
analyzed internal sequences and 8 putative N-glycosyl-
ation sites. The N-terminal amino acid residue of native
HBGase III was Ala 18. The signal peptide also was

a typical leader sequence of 17 amino acid residues
similar to those of HBGases I and II. The mature
HBGase III was a protein made up of 550 amino acids
with the molecular mass of 63,758, of which the native
enzyme was estimated to be approximately 68,000 by
SDS–PAGE. This difference in mass might also have
been due to sugar chains contents of 7.4% in the
enzyme.20)

The deduced amino acid sequence of HBGase III was
consistent with the sequence on the analysis of the
cDNA encoding �-glucosidase of European honeybee
hypopharyngeal gland,22) but there were some differ-
ences in their nucleotide sequences. The cDNA of
HBGase III was 44 bp longer in 50 UTR than that of the
hypopharyngeal gland,22) and was lacking a poly (A) tail
at the 30 end. The replacements of 4 nucleotides were
found between the hypopharyngeal gland enzyme and
HBGase III cDNAs, and two of them occurred in the

Fig. 3. cDNA and Deduced Amino Acid Sequences of HBGase III.

All indications are the same as in Figs. 1 and 2.
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ORF. However, such discrepancies brought about no
change in the amino acid sequences of both enzymes.

The primary structures of HBGases I, II, and III
shared the four regions highly conserved in all enzymes,
designated �-amylase family enzymes,7) as shown in
Fig. 4. The multiple alignment of �-glucosidases of
honeybee (Apis mellifera), Japanese honeybee (A. cera-
na),31) mosquito (Aedes aegypti),6) yeast (Saccharomy-
ces cerevisiae),2) and bacterium (B. cereus)15) prepared
using the Clustal W multiple alignment program32) and
the PHD prediction secondary structures program33)

indicated that the sequences for HBGases resembled
each other, with 37 to 43% identities of the amino acid
residues. Recently, an �-glucosidase (JBGase I) was
purified from Japanese honeybees,31) and the enzymatic
properties were found to be highly similar to those of

HBGase I. Moreover, in the amino acid sequence
alignment, the enzyme showed 78% identity towards
HBGase I, compared with only 38 to 42% identities
towards HBGases II and III.

Selection of P. pastoris transformants
The expression plasmids derived from pPIC3.5,

harboring the cDNA encoding full-length HBGases
containing the signal sequence at the N-terminal end
under the control of the alcohol oxidase (AOX1) pro-
moter, were constructed, and P. pastoris GS115 trans-
formants were obtained. The transformants were cul-
tured in BMMY medium containing methanol to pro-
duce recombinant enzymes. Upon fermentation for 50 h,
the recombinant HBGases II and III were secreted into
the supernatant, the maltase activities were 0.08 and

Fig. 4. Multiple Alignment of �-Glucosidases from European Honeybee Apis mellifera (HBGases I, II, and III), Bacillus cereus (Bc aG),

Saccharomyces cerevisiae (Sc MAL6), and Mosquito Aedes aegypti (Aa Mal1).

Six amino acid sequences are shown in one-letter code. They were aligned by the Clustal W program.32) The N-terminal amino acids Q, V, and

A for HBGases I, II, and III correspond to Q19, V22, and A18, excluding the signal peptides in Figs. 1, 2, and 3, respectively. Reversal letters

represent the conserved amino acid residues in each aligned position. Arrowed lines and bars indicate �-strand and �-helix, respectively, in the

three-dimensional structure of the B. cereus enzyme.15) The four conserved regions are boxed with R1–R4.
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0.12U/ml, respectively, but no production of recombi-
nant HBGase I was found. P. pastris transformed
with pPIC9 derivatives encoding the mature forms of
HBGases II and III equipped with �-factor leader
peptide at the N-terminal secreted maltase activities of
0.11 and 0.09U/ml for the former and the latter into the
same culture supernatant. The culture media showing
the highest activities were selected for the production
of recombinant HBGases II and III. As for HBGase I
(pPIC3.5on11-9), maltase activity was at the control
level even with the use of �-factor signal sequence or its
own signal sequence. As for HBGase II transformant,
the activity of pPIC3.5tw21 was 0.08U/ml. And as for
HBGase III transformant, the activity of pPIC3.5th13
was 0.12U/ml, which increased up to 0.4U/ml under
long induction for 300 h.

Purification and characterization of recombinant
HBGases II and III

Recombinant enzymes, rHBGases II (6.7mg) and III
(42mg), were purified from 2 and 6 liters of culture
supernatant, respectively, after induction for 200 h, by
salting-out chromatography with ammonium sulfate,
and by CM Sepharose CL-6B, Bio-Gel P-100, DEAE
Sepharose CL-6B, and BUTYL-TOYOPEARL 650 M
column chromatographies. rHBGase II was separated
into three glycoprotein components 1 (3.3mg), 2 (2.5
mg), and 3 (0.92mg) by BUTYL-TOYOPEARL column
chromatography, and component 1, with the highest
sugar content (21% as mannose), was used as an
rHBGase II preparation in the subsequent experiments.
The three components 1, 2 (sugar contents, 19%), and 3
(sugar contents, 16%) gave nearly the same Km values in
the hydrolysis of maltose, 2.7, 3.0, and 2.7mM, respec-
tively, though they were different in sugar contents. As
shown in Fig. 5, rHBGase II showed a smear band
(molecular weight, 110,000) on SDS–PAGE. The pre-
paration of rHBGase III was separated into plural bands
between molecular weights 70,000 and 71,000 on SDS–
PAGE, but the proteins corresponding to those bands

were cross-reacted with antiserum21) specific for HB-
Gase III on western blotting (data not shown). There-
fore, the preparation giving plural bands around a mo-
lecular weight of 70,000 was used as purified rHBGase
III in the subsequent experiments.
The purified rHBGases II and III were compared with

the native enzymes for certain properties (Table 1).
rHBGases II and III exhibited optimum pHs at 5.3 and
5.7, and were stabled up to 37 and 40 �C for 15min, and
in the ranges of pH 4.9 to 9.4 and 5.0 to 10.3 at 4 �C for
24 h, respectively. These properties were almost the
same as those of the native enzymes. Their N-terminal
amino acid sequences were identical to those of the
native enzymes. Although the molecular weights and
sugar contents of rHBGases II and III were 110,000 and
21.2%, and 70,000, 10.0%, respectively, the molecular
weights of the recombinant enzymes were consistent
with those of the native ones, after the deglycosylation
treatment with endoglycosidase F (Fig. 5). Deglycosyl-
ated native HBGase II and rHBGases II showed ap-
proximately the same molecular weight (65,000), esti-
mated on SDS–PAGE, and the deglycosylated native
HBGase III and rHBGase III with endoglycosidases F
and H gave two bands of the molecular weights 67,000
and 63,000. As shown in Fig. 5B, however, the deglyco-
sylation with endoglycosidase H gave a single molecular
weight, 63,000, for both native HBGase III and rHB-
Gase III, fully denatured by boiling in 0.15% SDS. This
implies that HBGase III was unsusceptible to deglyco-
sylation with endoglycosidase F, compared with endo-
glycosidase H. The molecular weight was almost
consistent with the one calculated from the deduced
amino acid sequence. The Km and kcat values for mal-
tose, maltotriose, sucrose, and phenyl �-glucoside were
2.7, 3.0, 35 and 1.2mM, 33, 84, 80, and 83 s�1 (rHBGase
II), 13, 10, 46, and 29mM, and 39, 120, 200, and 150 s�1

(rHBG III), respectively (Table 1). The recombinant
enzymes expressed by P. pastoris appeared to be no
significant differences in the enzymatic properties of
their native enzymes, except for sugar contents.

Table 1. Properties of Native and Recombinant HBGases II and III

HBGase II HBGase III

Native Recombinant Native Recombinant

Optimum pH 5.1 5.3 5.5 5.7

pH stability (4 �C, 24 h, >90%) 4.9–9.4 4.9–9.4 5.0–10.0 5.0–10.3

Thermal stability (15min, >90%) <40 �C <37 �C <40 �C <40 �C

Molecular weight 76,000 110,000 68,000 70,000

Sugar content (as mannose) 15% 21% 7.4% 10%

Km

(mM)

kcat
(s�1)

Km

(mM)

kcat
(s�1)

Km

(mM)

kcat
(s�1)

Km

(mM)

kcat
(s�1)

Maltose 5.4 27 2.7 33 11 37 13 39.0

Maltotriose 4.0 44 3.0 84 10 135 10 120

Sucrose 6.7a 110 35 80 30 195 46 200

Phenyl �-glucoside 1.6 73 1.2 83 23 148 29 150

aSubstrate concentration giving one half of maximum velocity.19)
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Genomic DNA structures of HBGases
Genomic DNAs of 13,325 bp (1GAA–CTT13,325),

2,759 bp (1CTC–TCC2,759), and 27,643 bp (1GAC–
ATT27,643) were cloned and sequenced for HBGases I,
II, and III (accession numbers: AB253415, AB253416,
and AB253417 in DDBJ/EMBL/GenBank), respective-
ly. Figure 6 shows the schematic diagram of the gene
structures encoding the three HBGases.

The gene of HBGase I, which was located in the
region of 2,767 to 10,905 nt, was composed of 8 exons
and 7 introns: exon 1 was located in the range of 2,767
to 2,929 nt; exon 2, in 5,874 to 6,059 nt; exon 3, in 7,407
to 7,708 nt; exon 4, in 8,006 to 8,248 nt; exon 5, in 8,786
to 8,971 nt; exon 6, in 9,230 to 9,434 nt; exon 7, in 9,878
to 10,229 nt; and exon 8, in 10,623 to 10,905 nt, in the
DNA sequence.

The gene for HBGase II was included in the se-
quenced 2,759 bp genomic DNA fragment in the range
of 877 to 2,759 nt. It was considered to be prominent
characteristic of the HBGase II gene that the gene was
not divided by intron. The enzyme gene was located
continuously in the region between 1G and 1,883G, as
shown in Fig. 2.

The gene encoding HBGase III was divided into 9

exons. The prepared genomic DNA of 27,643 bp con-
tained exons 2 to 9, but exon 1 was not found in the
sequence, as shown in Fig. 6. Therefore, the position
of exon 1 in the gene was sought from the honeybee
genome project.23) Exon 1, corresponding to the nucle-
otides of 1C to 88A in 50 UTR of cDNA indicated in
Fig. 3, was confirmed to be located in front of the huge
intron 1 (34,514 bp) upstream of exon 2. In addition,
HBGase III became apparent to be located in the up-
stream region (5,247 bp) of the HBGase I gene in the
same genetic linkage of chromosomal LG6.
In the prepared genomic DNA of HBGase III, exon 2

was located in 16,534 to 16,692 nt; exon 3, in 17,726
to 18,060 nt; exon 4, in 19,108 to 19,233 nt; exon 5, in
22,397 to 22,807 nt; exon 6, in 25,339 to 25,594 nt; exon
7, in 26,208 to 26,403 nt; exon 8, 26,914 to 27,048 nt;
and exon 9, in 27,363 to 27,571 nt. All exon/intron
boundries in hbg1 and hbg3 conformed to the GT-AG
rules for splicing.

Discussion

In �-glucosidase family I, grouped into GH 13,8)

the three-dimensional structure has been solved so far

2 3 4 5 6 7 8 9

hbg3

2 3 4 5 6 7 81

hbg1

1

hbg2

5 kb

Fig. 6. Schematic Representation of Gene Structures for �-Glucosidases I, II, and III from European Honeybees.

The geomic DNAs isolated and sequenced in this study are indicated by plane lines. Gray boxes indicate the exons, and the genes for �-
glucosidases are expressed by arrows. The 50- and 30-termini are 1GAA–CTT13,325 in hbg1, 1CTC–TCC2,759 in hbg2, and 1GAC–ATT27,643

in hbg3.
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Fig. 5. SDS–PAGE Analysis of Deglycosylated Native and Recombinant HBGases II and III.

Panel-A shows native HBGase II before (lane 1) and after (lane 3) deglycosylation with endoglycosidase F, and recombinant HBGase II

before (lane 2) and after (lane 4) deglycosylation with the same enzyme. Lane M indicates the size markers: myosin H-chain (Mr, 200� 103),

phosphorylase b (Mr, 97:4� 103), bovine serum albumin (Mr, 68� 103), ovalbumin (Mr, 43� 103), and carbonic anhydrase (Mr, 29� 103).

Panel-B shows native HBGase III before (lane 1) and after (lane 3) deglycosylation with endoglycosidase F, and recombinant HBGase III before

(lanes 2 and 5) and after (lane 4) deglycosylation with the same enzyme. Recombinant HBGases III migrated as a single band (Mr, 63,000) after

deglycosylation with endoglycosidase H in the denatured state (lane 6).
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only for B. cereus �-glucosidase.15) As shown in Fig. 4,
HBGases I, II, and III showed high homologies (43 to
45% similarity) in the primary structure to B. cereus �-
glucosidase, and had four highly conserved regions (R1,
R2, R3, and R4, in Fig. 4) including the catalytic sites,
as well as B. cereus enzyme. This suggests that the
three-dimensional structures of HBGases are similar to
that of B. cereus �-glucosidase.15) The enzyme from
B. cereus has been elucidated to be comprised of three
domains, the N-terminal, sub-, and C-terminal domains,
and the catalytic amino acid residues are situated in the
N-terminal domain, consisting of ð�=�Þ8 barrel. On the
basis of the structure of B. cereus �-glucosidase, the
structures of HBGases were inferred from multiple
alignment of the primary structures and the predicted
secondary ones (Fig. 4). The numbers of the first amino
acid residues, Gln, Val, and Ala, for HBGases indicated
in Fig. 4, start off with Gln19, Val22, and Ala18,
excluding the signal peptides in Figs. 1, 2, and 3,
respectively. The regions of Gln19 to Thr123 and
Ser206 to Gly484 in HBGase I, Val22 to Ser125 and
Ala199 to Gly484 in HBGase II, and Ala18 to Thr125
and Pro199 to Ala478 in HBGase III corresponded to N-
terminal domain consisting of ð�=�Þ8 barrel. The amino
acid sequences from N�1 to N�4 regions in B. cereus �-
glucosidase constituting N-terminal domain and sub-
domain were highly conserved not only in HBGases but
also in yeast and mosquito enzymes. Such primary
structure is assumed to be important in the formation of
the active site. The catalytic residues were thought to be
Asp230, Glu299, and Asp361 in HBGase I, Asp223,
Glu292, and Asp354 in HBGase II, and Asp223,
Glu286, and Asp348 in HBGase III.

Production of recombinant HBGases was tried with
yeast P. pastoris. As mentioned above, however, at-
tempts to produce recombinant HBGase I were unsuc-
cessful, and the reason was not apparent. There were no
predominant differences in the properties between native
and recombinant enzymes of HBGases II and III. Some
recombinant enzymes were prepared bacteria and yeast
�-glucosidases,3,4,34,35) but no recombinant enzyme has
been reported on insect �-glucosidase. HBGase I and
II, both of which are monomeric proteins, are unique
enzymes having allosteric properties, though HBGase
III shows no such property. The construction of an
expression system of recombinant enzymes is useful for
investigations aimed at uncovering the reactivities and
protein structures of HBGases.

The overall genome sequences of European honey-
bee, Apis mellifera, have recently become apparent.
According to this information, the honeybee has 17
genetic linkages, chromosomal LG1–LG16, and mito-
chondorial MT. In the genetic linkage groups, the
HBGase II gene (hereafter referred to as hbg2) was
localized on LG8 (accession NC 007077). The genes of
HBGases III (LOC406131, hbg3) and I (hbg1) were
tandemly aligned on LG6 (accession NC 007075) in that
order, with 5,247 bp insertion between them.

The exons of hbg1 determined in this study were
identical to the cDNA and the equivalent part presented
by the genome project (hbg1 in Amel4) in nucleotide
sequences, while the introns contained many differ-
ences, 991 nt in total (Table 2). The large distinctions in
intron 2 were mainly caused by 891 bp sequence not yet
sequenced in Amel4.
The overall identity in the hbg1 regions between this

study and the genome project was 87%, including the
891 bp undetermined sequence.
As mentioned above, hbg3 was continuously located

in the upstream region of hbg1 on LG6. Based on the
sequences of the prepared genomic DNA for HBGase III
and the latest data of the genome project, the gene of the
enzyme was ascertained to be comprised of 9 exons and
8 introns. In hbg3, the variance was observed between
cDNA, our genome sequence, and the genome project
data even in the exons (Table 2). The nucleotide se-
quences of exons 2, 3, 4, 6, and 7 of hbg3 determined in
this study completely coincided with the equivalent part
of cDNA and the data of the genome project, but in
exons 1, 5, and 8, nucleotide substitutions were found
(Table 2). The single substitution in exon 1 was found in
the 50UTR, and the substitutions of other 8 nucleotides
were found in the ORF. Only one nucleotide replace-
ment at G1069 (cDNA numbering) gives an amino acid
substitution, from Val327 to Ile (Table 2). Introns
contained greater differences in nucleotides. In partic-
ular, long extra sequences of 45 and 22 bp in introns 5
and 6, respectively, were found only in Amel4 sequence.
The overall identity between our genome sequence and
the Amel4 data was 99%.
The hbg2 gene was confirmed to be located on LG8

without an intron. The cDNA and the genome data in
this study coincided with each other, but 15 nucleotides
different from the Amel4 sequence (Table 2). Only one
substitution at A1255 (in cDNA) led to a substitution of
Lys413 for Arg, and the others were all silent mutations.
The identity in the hbg2 region was 99%. The sequences
of 876 bp upstream hbg2 were identical with each other,
except for 11 bp substitutions (Table 2), and showed
99% identity.
The difference in genomic sequences between this

work and the genome project is thought to be due to
polymorphism observed in the same species. Genetic
polymorphism is also suggested in the nucleotide
differences in HBGase cDNAs between our data and
reference 22. Even though there were many nucleotide
substitutions, most of them were in introns, and only two
amino acids, one in HBGase II and one in HBGase III,
were replaced by similar residues, implying that the
genes produce active enzymes.
Besides the three HBGases genes mentioned above,

a BLAST search suggested the possibility that another
family I �-glucosidase encoded by the gene (LOC-
552357) exists in LG5. The homologue exhibited 34 to
37% identity to HBGases I, II, and III in amino acid
sequence. However, it is not clear as to whether such an
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enzyme is actually expressed in honeybee organs, due to
a lack of confirmation of its presence in the honeybees.

Ten homologous genes of family I �-glucosidase gene
have been analyzed in Drosophila melanogaster,5,36) and
two similar genes, in Drosophila virilis.37) The amino
acid sequences deduced from the genes showed 34 to
44% identity to those of HBGases I, II, and III, although
there was no evidence of the presence of the enzymes in
vinegar flies. There are also introns in the �-glucosidase
genes, but their nucleotides are appreciably short, below
100 bp, compared with the introns on honeybee �-
glucosidase genes. In vinegar flies, Drosophilae, several
�-glucosidase homologous genes containing relatively
short introns are continuously localized in a cluster on
the genomes, but no such clustering is found in the case
of honeybee genomes.
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