FEBS 23302

FEBS Letters 467 (2000) 195-200

Novel substrate specificity of a membrane-bound [B-glycosidase from the
hyperthermophilic archacon Pyrococcus horikoshii

Ikuo Matsui®*, Yukihiro Sakai?, Eriko Matsui®, Hisasi Kikuchi®, Yutaka Kawarabayasi®,
Koichi Honda?

2 National Institute of Bioscience and Human-Technology, Tsukuba, Ibaraki 305, Japan
b National Institute of Technology and Evaluation, MITI, Nishihara, Shibuyaku, Tokyo, Japan

Received 14 December 1999; received in revised form 12 January 2000

Edited by Shozo Yamamoto

Abstract A B-glycosidase gene homolog of Pyrococcus hori-
koshii (BGPh) was successfully expressed in Escherichia coli.
The enzyme was localized in a membrane fraction and solubilized
with 2.5% Triton X-100 at 85°C for 15 min. The optimum pH
was 6.0 and the optimum temperature was over 100°C,
respectively. BGPh stability was dependent on the presence of
Triton X-100, the enzyme’s half-life at 90°C (pH 6.0) was 15 h.
BGPh has a novel substrate specificity with k., /K,, values high
enough for hydrolysis of B-p-Glcp derivatives with long alkyl
chain at the reducing end and low enough for the hydrolysis of 3-
linked glucose dimer more hydrophilic than aryl- or alkyl-B-p-
Glcp.
© 2000 Federation of European Biochemical Societies.
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1. Introduction

The current biotechnological interest in enzymes from ther-
mophilic microorganisms is motivated by their ability to work
under conditions normally denaturing for mesophilic en-
zymes. Whereas conventional enzymes are irreversibly inacti-
vated by heat, the enzymes from these extremophiles show not
only great stability but also enhanced activity in the presence
of common protein denaturants such as heat, detergents, or-
ganic solvents and proteolytic enzymes [1-5]. Thus, these mol-
ecules have considerable industrial potential by giving better
yields under extreme operational conditions. Among the pos-
sible applications of such enzymes from thermophiles, the
enzymatic synthesis of glycosides [6,7] and the saccharification
of cellulotic materials by B-glycosidases have long been rec-
ognized as important and have recently received renewed at-
tention from the pharmaceutical industry [6].

A PB-glycosidase gene homolog (ORF ID: PHO0366) was
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Abbreviations: BGPh, B-glycosidase from Pyrococcus horikoshii;
BMPh, a B-mannosidase gene homolog from P. horikoshii; BGPI,
B-glucosidase from Pyrococcus furiosus; BMPf, f-mannosidase from
P. furiosus; SP-gly, B-glycosidase from Sulfolobus solfataricus; 1IPTG,
isopropyl-B-p-thiogalactopyranoside; His-BGPh, BGPh with His-tag;
SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel electropho-
resis; X-Glu, 5-bromo-4-chloro-3-indolyl-B-glucopyranoside; p-Nph-
B-p-Glep, p-nitrophenyl-p-p-glucopyranoside; LA-B-p-Glcp, B-p-glu-
copyranosides with long alkyl chains

identified from the hyperthermophilic archaeon Pyrococcus
horikoshii through genome sequencing [8,9]. The gene
(BGPh) was successfully expressed in Escherichia coli and
proved to be a membrane protein. The gene product was
purified to homogeneity and the substrate specificity was char-
acterized in detail. Here, we report its novel substrate specif-
icity and enzymatic behavior as a membrane protein.

2. Materials and methods

2.1. Chemicals

The pET-11a vector was purchased from Stratagene. The pET-15b
vector and E. coli strain BL21(DE3) were obtained from Novagen.
Vent DNA polymerase was purchased from New England Biolabs.
Restriction enzymes were purchased from Promega and Toyobo (Osa-
ka, Japan), and were used according to the manufacturers’ recommen-
dations. Ultrapure deoxynucleotide solution (dNTPs) was obtained
from Pharmacia Biotech. Isopropyl-B-p-thiogalactopyranoside
(IPTG) was from Takara Shuzo (Otsu, Shiga, Japan).

2.2. Cloning and expression of the gene

The genome of P. horikoshii was sequenced using the method of
Kaneko et al. [10]. Standard cloning techniques were used throughout.
The gene encoding B-glycosidase (BGPh) was amplified by the PCR
method using the following two primers: TAAGAAGGAGATA-
TACATATGCCGCTGAAATTCCCGGAAATGTTTCTCTTTGG-
TACC (upper primer, containing an Ndel site as underlined);
TTTACTGCAGAGAGGATCCCTAATCCTAAAGTTGAAGTTC-
TGGTAG (lower primer, containing a BamHI site as underlined).
The PCR product was cloned into expression vectors pET-11a and
pET-15b using Ndel and BamHI sites. The resulted vectors were des-
ignated as pET-11a/BGPh and pET-15b/BGPh, respectively. The ab-
sence of additional mutations within the coding region of BGPh was
verified by sequencing on an Applied Biosystems 373A DNA se-
quencer (Taq DyeDeoxy Terminator Cycle Sequencing kit, Perkin-
Elmer).

The E. coli strain BL21(DE3) was transformed with the pET-11a/
BGPh plasmid to express mature BGPh and pET-15b/BGPh plasmid
to express His-tagged BGPh. The transformant colony was propa-
gated in 2XYT+ampicillin medium at 37°C and was induced at
ODgpp =1 with 1 mM IPTG for 4 h. The induced cells were collected
by centrifugation and stored at —20°C. The frozen cells (7 g) were
mixed with 10 ml of 50 mM Tris—HCI buffer (pH 7.5) containing 1 mg
of bovine DNase 1 (Sigma) and incubated at 37°C for 30 min. Triton
X-100 was added to the suspension, resulting in a final concentration
of 2.5%. Then, the cell suspension was heated at 85°C for 10 min and
centrifuged at 5000 X g for 20 min. The supernatant was collected and
stored at 4°C.

2.3. Purification of recombinant protein

The solubilized recombinant BGPh with His-tag (His-BGPh) was
subjected to affinity chromatography with Ni-conjugated Sepharose,
using a stepwise elution from 5 mM to 1 M imidazole in 20 mM Tris—
HCI (pH 8.0) with 0.5 M NaCl solution (His-bind Buffer kit, Nova-
gen) containing 0.1% Triton X-100. His-BGPh was eluted with 100
mM imidazole with 0.1% Triton X-100. The enzyme samples were
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analyzed by sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) [11]; a low molecular weight electrophoresis calibra-
tion kit, purchased from Pharmacia Biotech, was also run. The puri-
fied protein demonstrated a single band with a molecular weight of 35
kDa measured on SDS-PAGE followed by Coomassie blue staining.
The protein concentration was determined using a Coomassie protein
assay reagent (Pierce Chemical Company). The His-tagged protein
was detected with QIAexpress Detection System (Qiagen) after blot-
ting onto a nitrocellulose membrane (Pharmacia Biotech).

2.4. Cellular localization of the activity

Localization of the BGPh activity in E. coli transformant cells
(BL21(DE3)/pET-11a/BGPh or BL21(DE3)/pET-15b/BGPh) was ex-
amined by fractionation of the cell components. The cell membrane
was isolated as follows: 7 g of the induced cells, which were frozen at
—20°C, was thawed and mixed with 10 ml of 50 mM Tris—HCI buffer
(pH 7.5). The cell suspension (suspension I) was sonicated with a
Sonifier 250 (Branson) for 4 min at an output control level of 4 and
at 30% duty cycle. The sonicated sample was centrifuged at 9000 X g
for 10 min to remove cell debris, then the supernatant (12 ml) was
ultracentrifuged at 100000 X g for 1 h to separate the membrane frac-
tion (1 ml) from the supernatant. The enzyme reactions were carried
out at 90°C for 15 min in a solution (200 pl) containing 1.2 mM 5-
bromo-4-chloro-3-indolyl-B-glucopyranoside (X-Glu) and 5 pl of each
fraction, as the enzyme source, in 50 mM phosphate buffer (pH 6)
with 0.3 M NaCl. After the reaction, the solution was cooled in ice
and diluted with 1 ml of water; the absorbance at 620 nm was im-
mediately measured. As a control, the assay reactions were performed
under the same conditions but without X-Glu to subtract the turbidity
derived from each fractionated sample.

To analyze the solubilizing effect of Triton X-100, suspension I was
also heated with and without 2.5% Triton X-100 at 85°C for 10 min
and the supernatant was obtained by centrifugation at 15000X g for
10 min. The activity of the supernatants was measured using X-Glu as
shown above.

2.5. Measurement of the kinetic parameters

The enzyme reactions were carried out at 90°C in a solution (200
ul) containing the substrate and the purified His-BGPh in 50 mM
phosphate buffer (pH 6) with 0.1% Triton X-100 and 0.3 M NaCl.
For the hydrolysis of p-nitrophenyl (p-Nph)-B-p-saccharides, the re-
action was terminated by the addition of 1 M Na,COs (1 ml), then
centrifuged at 15000X g for 10 min. The concentration of the p-Nph
group in the supernatant was quantified by measuring the absorbance
at 400 nm. For the hydrolysis of B-p-glucoside, the released glucose
was analyzed with a Glucose C-II Test kit (Wako Pure Chemicals,
Japan). Initial velocities were obtained directly from the initial slopes
of the time course plots. The Ky, and k¢, values were calculated using
the Michaelis-Menten equation and the least squares method [12].
The subsite affinity for a long alkyl chain was determined using the
method reported previously [13-15] on the basis of the subsite theory
[16].

2.6. Dependence on Triton X-100, optimum temperature, optimum pH
and thermostability

To measure the dependence of the activity on Triton X-100, the
enzyme reactions were carried out at 98°C for 20 min in 50 mM
phosphate buffer (pH 6) containing Triton X-100 varying from
0.1% to 0.00002%, 3 mM p-Nph-B-p-glucopyranoside (p-Nph-B-p-
Glep), 57.5 pM of the purified His-BGPh and 0.1 M NaCl. Optical
density measurements at A4 were performed as described for the
enzyme assays.

The optimum temperature was measured from 50°C to 100°C in
150 mM citrate buffer (pH 5.0) without Triton X-100 and with 1 pl of
heated suspension 1 (BL21(DE3)/pET-11a/BGPh) as enzyme source.
Further details of the measurement were described in the dependence
on Triton X-100.

The optimum pH was measured at 90°C in 139 mM buffer systems
ranging from pH 3.9 to 5.5 in sodium acetate buffer and from 5.5 to
7.99 in phosphate buffer with 1 ul of heated suspension I (BL21(DE3)/
pET-11a/BGPh or BL21(DE3)/pET-15b/BGPh). Further details of the
measurement were reported in the determination of the optimum tem-
perature.

To measure the thermostability, the His-BGPh solutions (29 nM) in
50 mM phosphate buffer (pH 6.0) containing 100 mM NaCl and 0.1%
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Triton X-100 were heated in sealed Eppendorf tubes at 90°C in var-
ious increments up to 24 h. The heated enzymes were assayed in
phosphate buffer (pH 6.0) at 90°C as described for the determination
of optimum temperature.

2.7. Sequence alignment, phylogenetic tree and hydropacy profile

Sequence alignment of B-glycosidases was performed using the
GeneWorks program (IntelliGenetics) based on a PAM-250 scoring
matrix. The enzymes of interest were: BGPh studied in this paper and
B-mannosidase (BMPh) from P. horikoshii [8,9], B-glucosidase (BGPf)
and B-mannosidase (BMPf) from Pyrococcus furiosus [17], and B-gly-
cosidase (SB-gly) from Sulfolobus solfataricus [18]. Phylogenetic trees
for the same sequences were constructed using the GeneWorks pro-
gram based on the unweighted pair group method with an arithmetic
mean [19]. Each hydropacy profile was analyzed with DNASIS-Mac
v2.0 software based on the Kyte and Doolittle method [20].

3. Results and discussion

3.1. Localization of the activity in E. coli membrane

The intracellular localization of His-BGPh was examined
(Table 1). The activity was present in the membrane fraction
whereas very little activity was detected in the soluble fraction
after the ultracentrifugation. The solubilizing efficiency with
Triton X-100 was elevated by heating up to 85°C, whereas
only 22% of the activity was extracted at room temperature.
The best condition for the solubilization was 2.5% Triton X-
100 at 85°C for 15 min. The native-type BGPh was also solu-
bilized under the same condition as His-BGPh (data not
shown); however, the denaturation with 8 M urea and the
renaturation by direct dilution with buffer had no effect on
the solubilization of the activity (data not shown).

The activity of His-BGPh was dependent on the concentra-
tion of Triton X-100. At 0.00002% Triton X-100, the activity
decreased to 10% of that with 0.1% Triton X-100. Further-
more, His-BGPh was stabilized in the presence of 0.1% Triton
X-100: the half-life of the activity at 90°C and pH 6.0 was 15
h. These results strongly indicate that BGPh is a thermostable
membrane protein.

3.2. The substrate specificity of BGPh

For BGPh both with or without His-tag, the optimum pH
was 6.0 and the optimum temperature was over 100°C. The
substrate specificity of His-BGPh was examined using p-Nph-
B-p-saccharides and B-p-glucosides as substrates. The specific-
ity is summarized in Table 2 in comparison with that of SB-
gly [7,21]. His-BGPh hydrolyzed aryl glycosides efficiently,
showing ke, /Ky, values decreasing in the order p-Nph-B-p-
Glcp > p-Nph-B-p-Galp > p-Nph-B-p-Xylp > p-Nph-B-p-Man-
p. B-Linked glucose dimers tested were poorly hydrolyzed; the
order of preference was B1-3 > B1-4=B1-6. The k¢, values of
BGPh without His-tag for these B-linked glucose dimers ap-
proached 400 s~!, which is comparable with those of SB-gly
(Table 2). His-BGPh had approximately 50% of the activity of
BGPh due to interference by the His-tag located at the N-
terminus (data not shown). Surprisingly, the best substrates
for His-BGPh were B-p-glucosides with long alkyl chains (LA-
B-p-Glep). The Ky, values decreased according to the elonga-
tion of the alkyl chain from C; to Cj,, although the k¢, value
was constant (approximately 35 s™!) for each alkyl-B-p-Glcp.
The k., values of native-type BGPh for LA-B-p-Glcp ap-
proached 70 s!, calculated on the basis of the value of
His-BGPh, estimating a 50% decrease in the activity from
the inhibitory effect of the His-tag. The value was also appre-
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Table 1
Cellular localization of the activity
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Cell fractions

Activity after each treatment (Ag)

Sonication Non-heated Heated Non-heated with Heated with
2.5% Triton X-100 2.5% Triton X-100
Suspension 1 0.585 0.585 0.567 0.485 0.428
Supernatant at 9000 X g 0.112 ND ND ND ND
Supernatant at 15000 X g ND 0.008 0.005 0.107 0.255
Supernatant at 100000 X g 0.010 ND ND ND ND
Fraction precipitated at 100000 X g 0.478 ND ND ND ND

The transformant E. coli BL21(DE3)/pET-15b/BGPh cells were used for this experiment. The enzyme reactions were performed at 90°C and
pH 6 for 15 min using X-Glu as substrate, and then Ag) was measured as shown in Section 2.

ND: not determined.

ciable, around 30% of that of SB-gly (Table 2). The K, value
of His-BGPh for the hydrolysis of n-dodecyl-B-p-Glcp (alkyl
chain: Cj,) was extremely low, 30 uM at 90°C and pH 6.0. Of
the substrates examined thus far, the best substrate was n-
dodecyl-B-p-Glcp as shown in Table 2. The ke /Ky value of
His-BGPh against n-dodecyl-B-p-Glcp was five times higher
than that of p-Nph-B-p-Glcp and 870 times higher than that
of laminaribiose. Even the value for n-octyl-B-p-Glcp was 0.76
times higher than that of p-Nph-B-p-Glcp and 128 times high-
er than that of laminaribiose. The k¢ /Ky, value of SB-gly
against n-octyl-B-p-Glcp, with the longest alkyl chain so far
examined [21], was 0.4-fold higher than that for p-Nph-f-p-
Glcp and 0.48-fold higher than that for laminaribiose. Lami-
naribiose and cellobiose were not good substrates for the hy-
drolysis of His-BGPh because of their Ky, values higher than
100 mM. His-BGPh also hydrolyzed cellotriose and cellote-
traose with low efficiency: the kinetic parameters were not
determined because of the extremely high Kj, value, whereas
SB-gly was able to hydrolyze these oligosaccharides with high
efficiency: the k., /Ky, values descended in the order: cellote-
traose > cellotriose > cellobiose. Thus, the substrate specificity
of His-BGPh is different from those of the other B-glycosi-
dases, including SB-gly [7,17,21-23]. BGPh has a novel sub-

Table 2

strate specificity with high efficiency to hydrolyze LA-B-p-
Glep and low efficiency to hydrolyze any B-linked glucose
dimer which is more hydrophilic than aryl- or alkyl-B-p-
Glep. The subsite affinity (4(Cy;)) to bind a long alkyl chain
(Cy1) was calculated according to the following equation:
A(Cy1) = RTIn[(keat/Kn) for n-dodecyl-B-p-Glep/(keat/Kin) for
methyl-B-p-Glcp]. The affinity was determined to be 4.26
kcal/mol. The value was reasonable when compared with
the highest affinity (4.23 kcal/mol) known, that of the recog-
nition of one glucose unit in the subsite structure of Saccha-
romycopsis amylase [13,14]. These facts indicate that the hy-
drophobicity of the aglycon part of the substrates is strongly
recognized by the BGPh molecule and the hydrophobic sub-
strates, including aryl- and LA-B-p-Glcp, are hydrolyzed ef-
fectively with low Ky, values due to hydrophobic interaction
between the aglycon moiety and the BGPh molecule. Thus,
BGPh might be useful to synthesize novel B-glycosides, in-
cluding new biosurfactants, using its transglycosylation activ-
ity because of its stability in organic solvents (data not
shown).

Henrissat proposed an alternate and complementary classi-
fication scheme for glycosyl hydrolases based on amino acid
sequence similarities [24-26]. For example, glycosyl hydrolase

Comparison of the kinetic parameters between His-tagged BGPh from P. horikoshii and SB-glu from S. solfataricus strain MT-4 against p-Nph-

B-p-saccharides and B-p-glucosides

Substrates His-BGPh (90°C and pH 6.0) SB-gly* (75°C and pH 6.5)

kcat (Sil) Km (mM) kcal/Km (mM71 Sil) kcal (Sil) Km (mM) kcat/Km (mM71 Sil)
Laminaribiose 184 138.23 1.33 908 1.0 908.0
Cellobiose 194 1698.18 0.11 1333 30.0 444
Cellotriose ND ND ND 197 3.0 66
Cellotetraose ND ND ND 584 1.7 343
B-Gentiobiose ND ND ND 1360 100 14
p-Nph-B-p-Glep 79 0.35 225.67 542 0.5 1084.0
p-Nph-B-p-Galp 123 1.30 94.34 1020 4.7 217.0
p-Nph-B-p-Xylp 3 0.10 31.83 284 4.0 71.0
p-Nph-B-pD-Manp 2 0.14 14.60 NH¢ NH NH
Salicin 44 1.96 22.20 880 5.0 175.9
Methyl-B-p-Glcp (alkyl: Cy) 35 40.74 0.85 = - -
n-Amyl-B-p-Glep (alkyl: Cs) 31 2.02 15.11 256 1.1 232
n-Hexyl-B-p-Glcp (alkyl: Cg) 33 0.54 60.28 263 1.0 263
n-Octyl-B-p-Glcp (alkyl: Cs) 34 0.20 170.70 313 0.7 434
n-Nonyl-B-p-Glep (alkyl: Co) 39 0.08 471.57 - - -
n-Decyl-B-p-Glep (alkyl: Cyp) 37 0.08 469.62 - - -
n-Undecyl-B-p-Glcp (alkyl: Cyy) 43 0.05 944.37 - - -
n-Dodecyl-B-p-Glcp (alkyl: Ci,) 36 0.03 1152.90 - - -

2Cited from [7,21].

PND: the parameters were not determined because of too high K, values.
°NH: the substrate was not hydrolyzed by Sp-gly.

d_: The parameters were not reported in the references.
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BG Ph L WYYE Q------ IGK 37
BM Ph RDPYNIKNDL 44
BM Pf RDKTNIEKGL 47
BG Pf HDKENIASGL 45
Sb-gly 3 HDPENMAAGL 47
Consensus .D..NI..GL 50
‘__.___
BG Ph LPYRSG-KAC NHWE i ———————— 78
BM Ph VSGDLPEEGI NNYELY i CPTFNVEV 94
BM Pf VSGDLPEEGI NNYE & VPTTFIDV 97
BG Pf VSGDLPENGP AYWH! a PTFDVKV 95
Sb-gly VSGDLPENGP GYWG i NPLPRPQN 97
Consensus VSGDLPE.G. N.WE! KR .PT....V 100
BG Ph  mmmmmmmmmm e 5 iy 105
BM Ph EFERD-GYGL GFTT 143
BM Pf DYSYNESYNL KV 147
BG Pf DVEKD-EEGN TF 144
Sb-gly FDESKQDVTE GLYF 144
Consensus D O JRGLT. 150
BG Ph P [WF--===== ——==- E 142
BM Ph P HDPIETR 193
BM Pf P PIEAR 197
BG Pf P HDPIAVR 194
Sb-gly P 193
Consensus .K 200
BG Ph 190
BM Ph 243
BM Pf 247
BG Pf 244
Sb-gly 243
Consensus 250
BG Ph I--PIILPAS DKERD 226
BM Ph II-PAYPLDP NDSK 282
BM Pf NIGVAYPKDP NDSKD' 297
BG Pf F--AWH--DP LAEEYKD! 280
Sb-gly N--SSF--QP LTDKDMEA! 279
Consensus e DP ...KD.. 300
BG Ph KADNLFNWHF LDAIWSGKYR GVF---KTYR 272
BM Ph NYDLFHNRLF LEAVNRGNVD LDITGE-YTK 331
BM Pf NDNFFHSGLF FEAIHKGKLN IEFDGETFID 347
BG Pf EIRKKD---- YE-FV-==== ——=--- TILH 312
Sb-gly MAENDNRWWE FDAIIRGEIT RGN--EKIVR 327
consensus  ......... F .EAI..G... ...--E.... 350
BG Ph RHT---WNPL K--------- FFFEVK---L ADISERKTQM EiEing 307
BM Ph KYVEPKYEEL PLITFVGVEG YGYSGNPNSL SPDNNPTSDF FIPLIGLY 381
BM Pf TYQEPMFPSI PLITFKGVQG YGYACRPGTL SKDDRPVSDI LY|PEGMY 397
BG Pf GAKDGHLVPL P-------- G YGFMSERGGF AKSGRPASDF PEGLE 354
Sb-gly KRTEKGYVSL G-------- G YGHGCERNSV SLAGLPTSDF F'F Y 369
Consensus S O L P-------- G YG....... L S....P.SDF .Yl Y 400
BG Ph EFTIGHLQYV HKAIELGL 356
BM Ph RYII KKLIENGIL 430
BM Pf YYIA. KMI EKAFELG) 446
BG Pf HYLV. KAV YNAMKEG] 404
Sb-gly YYLV! QV HRAINSG 419
Consensus YI.GH. ..V .KAIE.G. 450
BG Ph [FERRERKSA 405
BM Ph TKERI S 480
BM Pf ITKERL S 496
BG Pf T Y] SA 453
Sb-gly ITKRL SA 468
Consensus . OKER. HRL. SA 500
BG Ph KEIKDELLKR YGL---PELQ L 423
BM Ph -GIE------ —=—======-= - 483
BM Pf NGVTKKIEE- ------ ELLR G 510
BG Pf KEIPEELAHL ADLKFVT--R K 472
Sb-gly GAITDEIEHL NSVPPVKPLR H 489

Consensus WILLELL.. LL.---..LR . 521
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Fig. 1. Aligned amino acid sequences of five B-glycosidases from hyperthermophilic archaea. The abbreviations of the sources of the enzymes
are: BGPh, B-glycosidase from P. horikoshii; BMPh, a B-mannosidase gene homolog from P. horikoshii [8,9]; BGPf, B-glucosidase from P. fur-
iosus [17]; BMPf, B-mannosidase from P. furiosus [17]; SP-gly, B-glycosidase from S. solfataricus [18]. The conserved residues, identified auto-
matically by the GeneWorks program, are shown in the open boxes. The reversed open triangles indicate the location of the nucleophile (E324)
and the putative acid/base catalyst (E155 and H111) with R75 in the spatial proximity of the nucleophile of BGPh. The arrow shows the prom-

inent deletion of more than 30 residues found in BGPh.
-

family 1 is composed of exo-acting, B-specific enzymes with
similar amino acid sequences. The five B-glycosidases, includ-
ing BGPh from the archaea domain (as shown in Fig. 1),
belong to family 1. Some family 1 glycosyl hydrolases also
have glycosyl transferase activities. The S. solfataricus B-glu-
cosidase has been implicated in the glycosylation of mem-
brane lipid components [27]. Similarly, the enzymatic analysis
of BMPf predicted its possible role in the synthesis of intra-
cellular components including protein, membrane components
or other compounds [17]. Since the localization of BGPh on
E. coli membrane strongly indicates the intimate interaction of
the enzyme and lipid components, the detection of BGPh on
the Pyrococcus cell surface using antibody against the enzyme
must be done to clarify its true function in the Pyrococcus cell.

3.3. The structural elements responsible for membrane
localization and the conservation of residues forming the
active site

The sequence alignment among BGPh and four different -
glycosidases, whose biochemical characteristics have been re-
ported [7,17,21-23], is shown in Fig. 1. According to the phy-
logenetic analysis based on the alignment, the tree has three
branches: one corresponding to a B-glycosidase group that
includes BGPf and SB-gly; another containing BMPh and
BMPf, which were close to B-mannosidase. BGPh belongs
to the third branch, located some distance from the first
two branches. The polypeptide length of BGPh is also ap-
proximately 13% shorter than those of the other four B-gly-
cosidases and might be one of the shortest sequences so far
reported [8,17,18,28]. As shown in Fig. 1, the residues E155
and H111 of BGPh correspond to E206 and HI150 as the
putative acid/base catalyst in the SP-gly molecule [28,29],
whose steric structure has been reported [30]. The residues
E324 and R75 of BGPh correspond to E387, the nucleophile,
and R79 in the spatial proximity of the nucleophile [28,29].
The complex structure of Bacillus polymyxa B-glycosidase
with the inhibitor gluconate has been reported [31]. The
BGPh residues, Q19, H111, N154, E155, Y267, E324, W362,
E369 and W370, are completely conserved (Fig. 1) and corre-
spond to the B. polymyxa B-glycosidase residues Q20, H121,
N165, E166, Y296, E352, W398, E405 and W406, which form
the intimate interaction with the inhibitor [31].

To understand the localization mechanism of BGPh to the
membrane, a major structural difference between BGPh and
the other soluble B-glycosidases was analyzed using the se-
quence alignment and the steric structure of SB-gly [30]. The
SB-gly molecule has the classic (B/a)s barrel fold first seen in
the structure of triose phosphate isomerase [32]. For BGPh,
the prominent deletion of more than 30 residues was found
after the 78th residue, as indicated in Fig. 1. The deletion
region of BGPh corresponds to loops from residues 89 to
125 of SB-gly, mainly shielding the helices 3 and 4 from sol-
vent. The hydrophilic loops, which pack against the outer face
of the barrel helices 3 and 4, were not present in the BGPh

molecule. The increased hydrophobicity at barrel helices 3 and
4 of BGPh is also indicated by the comparison of the hydro-
pacy plots of SB-gly (data not shown).

A tetrameric SB-gly structure has been reported, in which
these loop regions were located at the four edges of regular
tetragonal molecular arrangement [30]. Since BGPh as well as
SB-gly were proved to be tetramer by gel filtration using buff-
er containing 0.01% Triton X-100 (data not shown), the dele-
tion of these hydrophilic loops probably results in the expo-
sure of helices 3 and 4 to the solvent at the four edges of the
tetrameric structure. The exposed hydrophobic areas might
interact with lipid components to embed the molecule in the
membrane. Furthermore, the exposed hydrophobic areas may
lead the hydrophobic substrates to the active site and bind
them there. However, further studies using the crystallo-
graphic analysis are needed for a more definitive description
of the detailed mechanism for recognition of the hydrophobic
aglycon part, including a long alkyl-chain.
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