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ABSTRACT. A f;-mannosidase gene (PH0501) was identified in Rlyeococcus horikoshigenome and

cloned and expressed . coli. The purified enzyme (BglB) was most specific for the hydrolysis of
p-nitrophenyl$-b-mannopyranoside (pNP-Mank¢: 0.44 mM) with a low turnover ratek{sz 4.3 ).

The g-mannosidase has been classified as a member of family 1 of glycoside hydrolases. Sequence
alignments and homology modeling showed an apparent conservation of its active site region with,
remarkably, two unique active site residues, GIn77 and Asp206. These residues are an arginine and
asparagine residue in all other known family 1 enzymes, which interact with the catalytic nucleophile and
equatorial C2-hydroxyl group of substrates, respectively. The unique residResoifikoshiiBglB were
introduced in the highly activg-glucosidase CelB dPyrococcus furiosuand vice versa, yielding two

single and one double mutant for each enzyme. In CelB, both substitutions R77Q and N206D increased
the specificity for mannosides and reduced hydrolysis rates 10-fold. In contrast, BglB D206N showed
10-fold increased hydrolysis rates and 35-fold increased affinity for the hydrolysis of glucosides. In
combination with inhibitor studies, it was concluded that the substituted residues participate in the ground-
state binding of substrates with an equatorial C2-hydroxyl group, but contribute most to transition-state
stabilization. The unique activity profile of BglB seems to be caused by an altered interaction between
the enzyme and C2-hydroxyl of the substrate and a specifically increased affinity for mannose that results
from Asp206.

Family 1 glycosidases are found in all domains of life and tightly regulated and, in analogy to family 11 xylanases,
have been classified g8-glucosidasesf-galactosidases, presumed to cycle during catalysisg{. Hydrogen bonds
6-phosphgs3-glycosidases, lactase-phlorizin hydrolasgs, between the enzyme and substrate are crucial in the hydroly-
mannosidases, and myrosinasg&s (While many members  sis reaction, and the interaction with the C2-hydroxyl group
of this family have been demonstrated to be involved in of the glycoside contributes most to the stabilization of the
energy supply or cell defens@-6), not all characterized transition state 19, 20. All family 1 glycoside hydrolases
enzymes have clearly established metabolic raled-amily of which the 3-D structure has been determined revealed a
1 enzymes have been shown to hydrolyze their substrateq5/a)s-barrel as fold, although different quatenary organiza-
via a general acid/base-catalyzed mechanism with overalltion forms have been observed, ranging from monomeric to
retention of the configuration at the C1 atom of the octameric 10, 21-28). The enzyme substrate interactions
nonreducing sugar residu@, 9. In this reaction, a covalent  have been evaluated from enzymes that have been cocrys-
substrate-enzyme intermediate is formed, which has been tallized with ligands 23, 28, 29. Nine residues in the active
trapped, allowing establishment of 3-D enzyme structures site pocket have been found to interact directly with the
(10—-13). The transition state in the retaining hydrolysis is substrate, and appear to be highly conserved throughout
generally believed to have a substantial oxycarbenium-cation-family 1 enzymesZ3). Only the 6-phosph@-glycosidases
like character, as supported by the high sensitivity of family make up a separate group, since they have developed a
1 glycosidases for inhibition by glycoside derivatives with phosphate binding site that enables the hydrolysis of 6-phos-
a trigonal geometry at the anomeric carbon atom, such aspho-glycosidesZ6, 29.
glucono-lactones g, 9, 14. Two glutamate residues are ThefS-glucosidase CelBof the hyperthemophilic archaeon
essential for the hydrolysisl$—17). Their Ky -value is Pyrococcus furiosugepresents the most thermostable family
1 enzyme described to daté5, 30. The enzyme is active
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as a tetramer and displays a high hydrolytic activity with a on the presence of a putative Shifiealgarno sequence, the
half-life of 85 h at 100°C (30). In agreement with its  translation start site of thieglB gene was predicted, which
involvement in the degradation of glucars 80, 3, CelB resulted in a protein that corresponded in size and composi-
displays the highest hydrolytic efficiency on glucosides and tion to other family 1 enzymes. The gene was amplified by
fucosides, but the enzyme is also capable of hydrolyzing PCR using the "oligonucleotide BG461 and the'-3
galactosides and, to a lower extent, mannosides as 8&ll (  oligonucleotide BG462. BG461'¢§cgcgcCATGgcaAAGTTT-
32). The mechanism of glycoside hydrolysis By furiosus TACTGGGGC GTCGTT-3 (bglB sequence in capitals)
CelB at extremely high temperatures was found to be similar introduced an alanine residue following the initiator me-
to that of the related mesophilig-glucosidase fronAgro- thionine in order to create &lcd site (underlined) that
bacterium faecalig32). CelB has been crystallized, and a allowed a translational fusion &fgIB to the T7 promoter of
structural model of the enzyme was constructed based on epET9d. BG462 (5gcgcgcgctcagc TTATTTTCTTCCAGG-
3.3 A resolution X-ray diffraction data se2§). Analysis of TAGTTTCAT-3) introduced aBlpl site (underlined) after
CelB'’s active site revealed a high structural similarity to that the stop codon obglB. The alanine at position 2 will be
of the previously determined 6-phospfigzalactosidase  referred to as Ala2, which results in an identical residue
LacG of Lactococcus lacti$26). numbering for a large part of both proteins. PCR reactions

In the genome sequence of the hyperthermophilic archaeon(50 uL) contained 2.5 units ofPfu DNA polymerase
Pyrococcus horikoshiitwo open reading frames have been (Stratagene) in the supplied buffer, 0.2 mM of each dNTP,
annotated as family 1 glycoside hydrolasg3,(34. PH0366 20 ng of chromosoma?P. horikoshiiDNA, and 10 pmol of
encodes a membrane-associated protein with high efficiencyeach primer. The reactions were subjected to a denaturation
for the hydrolysis of long-chain alkyl-glycoside85). The  step of 5 min at 95C followed by 35 repeats of 1 min at
hydrolase encoded by PH0501 has been annotated as &5°C, 45 s at 50C, and 90 s at 72C, followed by 5 min
B-mannosidase3@) based on amino acid homology with the at 72°C. PCR products were recuperated in 2 mM Tris-
characterizeg8-mannosidase BmnA fror. furiosus(7). HCI, pH 8.0, after purification using a PCR purification kit
However, this has not yet been verified experimentally. ~ (QlAgen). The PCR product and pET9d vector were digested

This study describes the cloning and expression of by Ncd andBlpl, isolated from agarose gel using the Qiaexll

PHO501, and the characterization of its gene product, the 9€! extraction kit (QIAgen), and ligated togeth&. coli
p-mannosidase BglB. This new thermostable member of BL21(DE3) was transformed with the ligation mix by
glycoside hydrolase family 1 has a low hydrolytic activity. electroporan_on and platgd on se_lectlve TY plates containing
Multiple sequence alignment and 3-D modeling reveal that X-9IU- Colonies expressing functionaiglycosidase activity
BgIB represents a new subgroup of family 1 glycoside Were selected by thelf blue phenotypg, since X-glu cannot
hydrolases, characterized by two unique active site residuesP® hydrolyzed bi. coli LacZ f-galactosidase. The nucleo-
Their role was studied by substituting them for the corre- td€ sequence of theglB gene in plasmids from positive
sponding residues of the well-characterizéglucosidase colonies was verified by DNA sequence analysis using the
CelB of P. furiosusby site-directed mutagenesis, and vice 1hermosequenase cycle sequencing kit (Amersham-Phar-
versa. The catalytic activity of the mutant enzymes has beenMacia-Biotech) with infrared dye-labeled primers. This
compared to wild-type variants, and the effects of the provided the same sequence as deposited in the dat&3ase (

substitutions on substrate binding and catalysis are discussedt€actions were analyzed on a LiCor 4000L automated

in detail. sequencer (data not shown). The resulting construct was
denoted pLUW527.
MATERIALS AND METHODS Homology Modeling.The BgIB primary sequence was

submitted to the Swiss model homology serv@r)( The

Strains, Plasmids, and Chemicals. Escherichia coli structures of thg-glycosidases fronSulfolobus solfataricus
BL21(DE3) was used as a host for the cloning and production (LacS, PDB: 1GOW) an@hermosphaera aggrega(Bgly,
of wild-type and mutant enzymes. All genes were cloned PDB: 1QVB) and the 6-phosph®-galactosidase LacG from
in the expression vector pET9d (Novagen). Expression Lactococcus lacti$PDB: 2PBG) were used as templates in
plasmid pLUW511 was used for the production of wild-type the modeling procedure. The quality of the model was
CelB, as described3g). All chemicals were of analytical verified using the programs Proched8) and Prosa39).
grade. The chromogenic substrapesitrophenylf-p-gluco- A galactose molecule was modeled in the active site of BglB
pyranoside (pNP-Glcp-nitrophenylS-p-galactopyranoside by superposition of the active sites of BglB ahdlactis
(PNP-Gal), ando-nitrophenylf-p-mannopyranoside (PNP-  LacG, crystallized with the ligand in the active sig8( 29.
Man) were obtained from Sigma. 5-Bromo-4-chloro-3-indolyl-  Construction of MutantsMutations were introduced in
B-p-glucopyranoside (X-glu) was purchased from Bio- celBandbglB usingPfu DNA polymerase using the PCR-
synth (Staad, Switzerland). The thermostable transition-statebased overlap extension methetd), For each mutation, a
analogue (R,6R,7S89-5-(hydroxymethyl)-2-phenyl-5,6,7,8-  sense/antisense primer pair was designed. R77Q was intro-
tetrahydroimidazol[1,2]pyridine-6,7,8-triol (PheImGIc) was  duced in CelB by BG652 (ATGGATTGTAACAAGG-
synthesized as described4]. Chromosomal DNA ofP. TGGCATTGA)/BG653 (TCAATGCCACCTGTATAC-
horikoshii OT3 was kindly provided by Ir. C. Verhees AATCCAT) (Acd). BG530 (3-GACATGTGGICGAC-
(Wageningen University, Wageningen, The Netherlands). AATGGACGAACCAAAC-3)/BG531 (3-GTTTGGTTCGT-

Cloning of the P. horikoshii bglB Gen&he open reading CCATTGTCGACCACATGTC-3) (Sal) introduced N206D
frame PHO501 coding for BgIB (GenBank AP000002) was in CelB (introduced mutations in boldface type, introduced
identified by a BLAST search of th®. horikoshii OT3 restriction sites underlined, and restriction enzymes in
genome sequence using the CelB amino acid sequence. Basgoarentheses). BG654 (TTGAATGCTTATEATTAACG-
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ATAG)/BG655 (CTATCGTTAATCGATAAGCATTCAA)
(Clal) introduced Q77R in BgIB. BG528 (855ATTACTG-
GTCGACATTTAATGAACCAATG-3)/BG529 (3-CATTG-
GTTCATTAAATGT CGACCAGTAATC-3) (Sal) resulted

in D206N in BgIB. These primers were used in combination
with BG238/BG239 in the case oélB(36) and with BG461/
462 in the case dbgIB (see above). MutateloglB andcelB
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20 mM Na R (pH 7.5) and diluted to 4.6 and 4/M in
dialysis buffer, respectively. After 10 min degassing and
equilibration, samples were analyzed in a VP-DSC dif-
ferential scanning micro-calorimeter (MicroCal) between 50
and 125°C at 0.5°C/min against the dialysis buffer. Enzyme
scans were corrected using a buffeuffer baseline.

Kinetic Analyses.The optimal pH for hydrolysis and

genes were cloned and isolated as described above. Plasmillinetic constants by wild-type and mutant enzymes at 90

pLUW511 (CelB wild-type) was used for the construction
of pLUW524 (CelB R77Q) and pLUWS525 (CelB N206D).

°C were determined as described in earlier studiék The
optimal pH for hydrolysis was determined for 15 mM pNP-

Plasmid pLUW525 served as template for the construction Glc. To determine the kinetic parameters of the enzyme

of pLUW526 (CelB R77Q/N206). Likewise, pLUW527
(wild-type BgIB) was used to construct pLUW528 (BgIB
Q77R) and pLUW529 (BgIlB D206N). Plasmid pLUW533
(BglB Q77R/D206N) was constructed using pLUW529.

variants at their respective optimal pH at 90, enzyme-
catalyzed hydrolysis was determined at—1® different
concentrations of pNP-Glc {20 mM), pNP-Gal (6-25
mM), and pNP-Man (612 mM) bracketing thé&,, when

Introduced mutations were confirmed by restriction analysis possible. Liberated pNP was measured at 405 nm using a

and DNA sequence analysis (see above).

Enzyme Production and PurificationEnzymes were
produced and purified essentially as described bef28g (
The cell-free extracts of wild-type and mutant BgIB-

U-2010 spectrophotometer (Hitachi) equipped with a tem-
perature controller. Specific absorption coefficients of pNP
were determined at 90C: €sspnag 556 M1 cm?
€405,pH5.0 905 M1 Cm_l, €405,pH5.2 1200 Mt cm™. Data

producing BL21(DE3) strains were subjected to an extra were fitted according to MichaekaVienten kinetics using

centrifugation step of 10 min at 6000 rpm followed by a the nonlinear regression program Tablecurve 2D (Jandel
heat incubation of 40 min at 80C. Heat-stable cell-free  Scientific). The turnover numbekg,, has been defined as
extracts were applied on an anion exchange column (Q-the amount of substrate molecules converted per second per
Sepharose, Amersham-Pharmacia-Biotech) equilibrated withactive site in which molecular masses of 54 664 and 56 467
20 mM Tris-HCI (pH 8.0) and eluted with a linear NaCl Da were used for subunits of wild-type CelB and wild-type
gradient (6-1.0 M). Pure protein was obtained after applying BgIB, respectively. TheK-value for the inhibition by

the pooled active fractions on a hydrophobic interaction PhelmGlc was first estimated by measuring the enzyme-
column (phenyl-Sepharose, Amersham-Pharmacia-Biotech),catalyzed hydrolysis at a fixed concentration of pNP-Glc

equilibrated with 20 mM Tris-HCI (pH 8.0) wit1 M (NHy)2-
SO, followed by elution during a linear decreasing (NH
SO, gradient (1.6-0 M). Active fractions were pure as
judged by SDSPAGE analysis, and pooled fractions were
dialyzed against 20 mM NafpH 7.5). The protein solutions
were stored at 4C and contained 0.02% NaNo prevent

close to theK,-value in the presence of varying inhibitor
concentrations and plotting the data in a Dixon plot.
Activities of enzyme-catalyzed hydrolysis were determined
at five different substrate concentrations, bracketingthe
and seven different inhibitor concentrations, around the
estimated;-value. The finaK; was calculated from fitting

microbial growth. Protein concentrations were measured atthe data using the nonlinear regression program Tablecurve

280 nm according to Gill and Hippel4l), in which
calculatedeyggrvalues of 128 280 and 120 740 Mcm™t
were used for CelB and BgIB, respectively.

Molecular Weight Determination by Gel FiltratioBamples
of 100 ug of purified BgIB and CelB were loaded on a

Superdex 200 HR16/60 column (Amersham-Parmacia-Bio-

tech) equilibrated with 100 mM NacCl in 20 mM Tris-HCI
(pH 8.0) and eluted at a rate of 0.5 mL/min using aktaA

3D (Jandel Scientific) using a formula for competitive
inhibition (43).

RESULTS AND DISCUSSION

Primary Sequence Analysis of P. horikoshii Bg®en
reading frame PHO0501 d¢f. horikoshiiis predicted to code
for a 483 amino acid protein with a calculated size of 56 457
Da, designated here as BgIB, and has been classified as a

FPLC (Amersham-Pharmacia-Biotech). Besides the CelB member of family 1 of glycoside hydrolases in the CAZy

protein with a previously determined size of 230 k38)(
blue dextran (2000 kDa), thyroglobin (669 kDa), ferritin (440
kDa), catalase (232 kDa), chymotrypsin (25 kDa), and

databasel). It shows the highest protein sequence identity
(>70%) and clusters together in a phylogenetic tree with
putative BglB-like proteins from other species from the order

ribonuclease (13.7 kDa) were used as standard mass markeraf Thermococcales (Figure 1A). The well-characteriged

Kinetic Stability. Kinetic stability was measured as de-
scribed 42). Aliquots of wild-type BgIB and CelB were
diluted to 0.05 mg/mL in 150 mM sodium citrate (pH 5.0).
Samples of 10@L were dispensed in glass vials closed with
a Teflon cap and submersed in silicon oil of 106. At
regular intervals, vials were removed from the oil and
immediately chilled on ice. Residual activity was determined
using a routine activity assag?). Half-lives of inactivation

furiosusp-glucosidase CelB (37% amino acid identit§p)

and S. solfataricusf-glycosidase LacS (38%)44) are
relatively distantly related to BgIB. Since crystal structures
of CelB and LacS and th&hermosphaera aggregans
pB-glycosidase Bgly (40%) are availabl@4(26), these
enzymes can be used for structural interpretation of the BgIB
sequence as well as for the construction of a 3-D model.
The f-mannosidase BmnA (56%) frorR. furiosusis the

were calculated from data fits according to first-order kinetics characterized glycosidase most closely related tdori-
using the nonlinear regression program Tablecurve 2D koshiiBgIB (7).

(Jandel Scientific).
Differential Scanning CalorimetryProtein solutions of
wild-type CelB and BgIB were dialyzed extensively against

A remarkable characteristic of family 1 glycoside hydro-
lases is the high degree of conservation of the amino acid
residues that are involved in catalysis and substrate binding.
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A, Sso LacS
Pfu CelB
_I Tag Bgly
PfuBmnA
_: Pab BmnA
Tko BgiB
Pab BgiB

_: Pfu BglB
0.1 Pho BglB

]3 Pho BglB 40 : KNDLVSGDLPEEGINNYELYEIDHRLAKELGLNAYQLTIEWSRIF : 85
° Pfu BglB 40 : KNELVSGDLPEEGINNYDLYEIDHRLAKDLGLNAYQLTIEWSRIF : 85
Pab BglB 40 : KNELVSGDLPEEGINNYELYEIDHRLAKELGLNAYQLTIEWSRIF : 85

Tko BglB 41 : KNDLVSGHLPEDGINNYGLYEIDHQLAKDMGLNAYQITVEWSRIF : 86

Pfu BmnA 43 : EKGLVSGDLPEEGINNYELYEKDHEIARKLGLNAYRIGIEWSRIF : 88

Pab BmnA 43 : EKGLVSGDLPEDGINSYELYEVDHNLAKDLGLNMYRIGIEWSRIF : 88

Pfu CelB 41 : ASGLVSGDLPENGPAYWHLYKQDHDIAEKLGMDCIRGGIEWARIF : 86

Tag Bgly 42 : AAGLVSGDFPENGPGYWNLNQNDHDLAEKLGVNTIRVGVEWSRIF : 87

Sso LacS 43 : AAGLVSGDLPENGPGYWGNYKTFHDNAQKMGLKIARLNVEWSRIF : 88

i

1

Pho BglB 174 : VDERTIIEFAKYAAYVAWKFDNYVDYWSTFDEPMVTAELGYLAPY : 219
Pfu BglB 174 : VDEKTIVEFVKYVAYVAWKFDQYVDYWATFDEPMVTVELGYLAPY : 219
Pab BglB 174 : VDERAIVEFSKFAAYVAWKFDKYVDFWATFDEPMVTAELGYLAPY : 219
Tko BglB 175 : VDERAILEFAKFAAFVAWKRWDLVDYWATFDEPMVTVELGYLAPY : 220
Pfu BmnA 178 : VNPRTVIEFAKYAAYIAYKFGDIVDMWSTFNEPMVVVELGYLAPY : 223
Pab BmnA 178 : INKRTVIEFAKFAAYIAYKFGDIVDMWSTFNEPMVVVELGYLAPY : 223
Pfu CelB 175 : LDEKTVVEFVKFAAFVAYHLDDLVDMWSTMNEPNVVYNQGYINLR : 220
Tag Bgly 176 : LNEESVVEFAKYAAYIAWKMGELPVMWSTMNEPNVVYEQGYMFVK : 221
Sso LacS 174 : LSTRTVYEFARFSAYIAWKFDDLVDEYSTMNEPNVVGGLGYVGVK : 219

Mg

2
bPho BglB 463 : RIPRRRSVEIYKKIVM-EGIE------=w-c-comammmm oo : 483
Pfu BglB 463 : RIPRRKSVETYKMIVA-EGIE------~-----~--—--~«-=-~—= : 483
Pab Bng 463 : RIPRRKSVETYKKVVK-EGIE-----------—------=--—=—-~ : 483
Tko BglB 463 : RIPRPRSVETYKKIVR-EGLP------=---------c-m-uo-- : 483
Pfu BmnA 478 : RIPREKSVSIFREIVANNGVTKKIEEEL---LRGM------ ~=-=-=- 1: 510
Pab BmnA 479 : RKPRKRSVEVFSRIIS-EGTTKGLQDEFRLKVRGERYENDSG--- : 520
Pfu CelB 437 : RYLR-PSALVFREIATQKEIPEELAHLADLKFVTRK--------- s 472
Tag Bgly 451 : RYLR-PSALVFREIATHNGIPDELQHLTLIQ-------------- : 481
Sso LacS 452 : LYWR-PSALVYREIATNGAITDEIEHLNSVPPVKPLRH------- : 489

Ficure 1: (A) Phylogenetic tree of thermostable (putative) family 1 glycoside hydrolases: Pho_Bgirikoshiif-mannosidase (GenBank
AP000002), Pab_BgIB:P. abyssiputative f-mannosidase BgIB (AJ248288), Pfu_BgI®. furiosusputative f-mannosidase BgIBR.

furiosus genome ORF Pf_368506), Tko_BglBThermococcus kodakaraengmitative S-mannosidase BgIB (GenBank AB028601),
Pfu_BmnA: P. furiosusf-mannosidase BmnA (U60214), Pab_BmnR: abyssiputative3-mannosidase BmnA (AJ248285), Pfu_CelB:

P. furiosus3-glucosidase CelB (AF013169), Tag_Bgly: aggregang-glycosidase (AF053078), Sso-LacS: solfataricugi-glycosidase

LacS (M34696). Alignment and tree were generated in Clust&, @nd the tree was visualized using Treeviés)( (B) Alignment of

partial protein sequences of the above-mentioned thermostable family 1 glycoside hydrolases; “1” and “2” indicate positions of unique
glutamine and aspartic acid residues in BgIB, respectively, and “#” indicates active site catalytic acid/base residue.

Surprisingly, all BgIB sequences were characterized by two production yields (data not shown). The biochemical proper-
active site residues which are different from those presentties of the purified BglB were compared to those f
in other family 1 glycoside hydrolases. i horikoshiiBgIB, furiosusf-glucosidase CelB. The native form and thermo-
these residues are the glutamine at position 77 and thestability of BgIB and CelB were studied by boiling of protein
aspartic acid at position 206 (Figure 1B, indicated by 1 and samples. When BgIB was not boiled, it was found to migrate
2). In all other family 1 enzymes, these residues are an as a complex of high molecular mass on a SIPAGE gel
arginine and an asparagine, respectively. This identifies the(Figure 2, lane 1, A). After 10 min boiling in SDS-sample
BgIB proteins as a new subfamily of family 1 glycoside buffer, virtually all BglB has been denatured, although a
hydrolases. small portion is still present as a multimer with an apparent
Characterization of P. horikoshii BgIB. P. horikosOiRF size of about 160 kDa (Figure 2, lane 2, B). On the other
PHO501 was overexpressedincoli BL21(DE3). Although hand, the CelB protein is mainly present in what is generally
the majority of the protein was expressed as nonsoluble,accepted as the tetrameric for29), which appears as a
inactive inclusion bodies, a small fractior%%) was soluble protein band of about 150 kDa (Figure 2, lane 3). When CelB
and active and could be purified to homogeneity (Figure 2, is boiled for 10 min, only a fraction of the protein is fully
lanes 1, 2). Attempts to improve the functional expression denatured and appears at the position of the size of a single
of thebgIB gene by varying the addition and amount of IPTG subunit (Figure 2, lane 4). The position of denatured
induction, or growth temperature, did not result in increased monomeric BgIB (Figure 2, C) correlates with the calculated
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Table 1: Kinetic Parameters for the Hydrolysis of pNP-Glc, pNP-Gal, and pNP-Man and PhelmGlc Inhibition of Wild-Type BgIB and BgIB
Mutants at 9¢°C in 0.1 M Sodium Citrate/0.1 M NaP

enzyme substrate Km (MM) Keat (71) Keal Km (STMM™1) % Ki pheimaic (NM)

BgIB wild-type pNP-Glc 13.5£ 3.3 344+ 4.3 2.58 26 1.0< 10°
pNP-Gal 7.3 1.1 13.5+£ 1.0 1.9 20
pNP-Man 0.44+ 0.10 4.2+ 0.3 9.8 100

BglB Q77R pNP-Glc 16.2 2.3 255+ 2.2 1.6 100 1.1x 10°
pNP-Gal 16.8+ 2.9 142+ 1.4 0.85 54
pNP-Man 1.1+ 0.2 1.6+0.1 1.4 91

BglB D206N pNP-Glc 0.3@t 0.04 252+ 9 870 100 14
pNP-Gal 7.8£1.0 571+ 32 75.8 8.7
pNP-Man 3.2+11 45.0+ 5.0 14.7 1.7

BgIB Q77R/D206N pNP-Glc 30.4 3.5 439+ 36 14.4 100.0 2. 10¢
pNP-Gal 36. 1+ 5.7 66.5+ 7.3 1.8 13
pNP-Man 0.68t 0.4 6.8+ 0.4 9.9 69

@|n the assays, between 0.48 and idLof protein was used.

Optimal hydrolytic activity of BgIB at 90C was observed

1 2 3 4
LY. T at pH 4.75 (data not shown). The kinetic parameters of the

;‘: 200 enzyme for the hydrolysis of pNP-Glc, pNP-Gal, and pNP-
® Man were determined at 9 (Table 1). IfP. horikoshii
66 BglB can be taken as a representative, the members of this
g Z subfamily display very low hydrolytic activities, as compared

to the relategg-mannosidase BmnA arftiglucosidase CelB
from P. furiosus(7, 30, 43 (Tables 1 and 2). Although BgIB
has the highest turnover rates for the hydrolysis of pNP-Glc
and pNP-Gal, it should be classified #smannosidase,
because it has the highest catalytic efficiency for the

Ficure 2: SDS-PAGE gel of purified BgIB and CelB. Lanes 1 hydrolysis of pNP-Man. o
and 2 are BgIB (1%g); lanes 3 and 4 are CelB (2iy). Before 3-D Structural Model of BgIB and Acte Site Topology.

loading, lanes 1 and 3 were not incubated; lanes 2 and 4 wereThe 3-D model of BgIB as obtained from the PDB homology
incubated for 10 min at 100 in SDS-sample buffer. M: BioRad = seryer was analyzed with Proche@8) and Prosa39). The
broad range marker, sizes in kDa. Arrows indicate positions of BgIiB L . o . .
multimer complex (A), CelB tetramer (B), BglB monomer (C), and majority of the residues (96%) were located in the energeti-
CelB monomer (D). cally most favorable or allowed regions of the Ramachandran
plot of dihedral angles, with few in the generously allowed
(2%) or disallowed (2%) regions. Thé-score of theP.
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subunit size (56.5 kDa), which is slightly larger than that of
monomeric CelB (52.1 kDa) (Figure 2, D). In gel filtration horikoshiiBglB model was—10.14, which makes it a reliable
studies, the active form of BgIB eluted at a position that model @9). As expected from the modeling procedure, the
corresponded to a molecular size of about 250 kDa. This overall structure of the BgIB model shows @/d)s-barrel
suggests that the active form of BgIB is a tetramer, as hasthat resembles that of CelB to a high extent. An overlay of

been found for both the-glucosidase CelB and thg-
mannosidase BmnA d®. furiosus the 5-glycosidase LacS
of S. solfataricusand theg-glycosidase ofT. aggregans
(7, 25, 45, 48,

The thermostability of BgIB was compared to CelB by
heat incubation at 102C. The half-life of activity of BglB

the active sites of BglB and CelB shows the conservation of
the positions of the active site residues (Figure 3A). A
galactose molecule modeled in the active site visualizes the
position of the two unique active site residues GIn77 and
Asp206 with respect to the catalytic glutamate residues and
the substrate (Figure 3B). These residues are located close

was 27 min, while that of CelB was over 10 h at this to the two catalytic glutamate residues, which act as a
temperature. For BgIB and CelB, apparent melting temper- nucleophile (BglB Glu399, CelB Glu372) and a catalytic
atures of 100.7 and 106°C were determined, respectively, acid/base (both Glu207) in the hydrolysis reaction. The
which correlated with the determined half-lives at 12 positions of backbone atoms of the unique glutamine 77 and
The lower stability of BgIB can be partly explained by the aspartic acid 206 in BgIB are identical to the corresponding
relatively short C-terminus of BgIB. The longer C-terminus residues of CelB (Figure 3B). Due to the shorter side chain,
of S. solfataricusLacS is involved in an intricate ion-pair  therefore, GIn77 is not able to reach into the active site of
network that bridges the four subunits at the center of the BgIB as far as Arg77 in CelB. Arg77 presumably forms a
protein @4). A similar, though less extensive, interaction is salt bridge with the catalytic residue Glu372 in CelB, while
postulated too foP. furiosusCelB, where the penultimate in BgIB there is no interaction possible between GIn77 and
arginine residue is reaching toward an aspartic acid residuethe corresponding catalytic residue Glu399. Asp206, the other
of an adjacent subunit to form a salt bridg&7). These unique active site residue, occupies the same space as its
interactions in LacS and CelB contribute to their stability isosteric CelB counterpart Asn206. The corresponding
(47, 48. Such stabilizing interactions are ruled out for BgIB, residue of Asp206 in BgIB has been found to interact with
where the C-terminus is 16 residues shorter compar@d to the hydroxyl group at carbon atom 2 of glucosides and
furiosusCelB. galactosides in resolved crystal structures of other family 1
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Table 2: Kinetic Parameters for the Hydrolysis of pNP-Glc, pNP-Gal, and pNP-Man and PhelmGlc Inhibition of Wild-Type CelB and CelB
Mutants at 9C°C in 0.1 M Sodium Citrate/0.1 M N&P

enzyme substrate Km (MM) Keat (S71) KealKm (STMM ™) % Ki pheimaic(NM)

CelB wt pNP-Glc 0.19+ 0.06 1140+ 86 7337 100 6.5
pNP-Gal 5.0+ 0.25 2827+ 46 561 7.6
pNP-Man 1.3+0.1 65.9+ 1.6 49.8 0.7

CelB R77Q pNP-Glc 13.& 3.0 207+ 25 14.9 100 97
pNP-Gal 21. 4 3.0 69.2+ 5.8 3.2 21
pNP-Man | 0.64+ 0.12 1.22+ 0.05 1.9 13
pNP-Man Il 0.15+ 0.04 0.85+ 0.07 5.7 38

CelB N206D pNP-Glc 4.6 0.06 116+ 7 24.9 100 9.8« 1¢°
pNP-Gal 154+ 2.0 180+ 13 11.5 46
pNP-Man 0.63+ 0.07 1.97+ 0.07 3.1 13

CelBR77Q/N206D pNP-Glc 1341.2 172+ 8 12.3 100 2% 108
pNP-Gal 22.0+ 2.6 29.2+ 2.1 1.3 11
pNP-Man | 1.5+0.2 1.9+ 0.1 1.3 11
pNP-Man Il 0.10+£ 0.01 1.024+ 0.03 10.2 83

CelB N2063 pNP-Glc 12 309 26 100
pNP-Gal 200 109C¢ 55 21
pNP-Man 4.7 15 3.2 12

an the assays, between 85 ng and 2d) of protein was used. Mutants CelB R77Q and R77Q/N206D showed a biphasic behavior for the
hydrolysis of pNP-Man (Figure 4) with separate kinetic parameters above (1) and below (1) 1 mM pNP-M&nes obtained from Lebbink et
al. (36). ¢ Estimated values, due to the limited solubility of pNP-Gal.

glycosidases with bound ligands in the active si8,(29. pH Optima of Mutant and Wild-Type EnzymeRhe
The almost identical position of BgIB Asp206 to that of CelB optimal pH for hydrolysis of pNP-Glc at 90C was
Asn206 suggests that it is close enough for an interaction determined (pH 38). It was found that both the wild-type
with the hydroxyl at position 2 of the galactose molecule and mutant BglB and CelB variants show optimal catalysis
(Figure 3B). Interestingly, this is the hydroxyl group which at pH 4.75-5.0 (data not shown). Above pH 5.0, however,
is axial in mannose and equatorial in glucose. However, the the k.,; of BgIB Q77R decreased more rapidly than that of
interactions of a mannoside with the enzyme can be expectedhe wild-type. In contrast, BgIB D206N was relatively
to be different from those in Figure 3B. Upon binding in insensitive to a pH change above pH 5.0. The CelB mutants
the active site, the sugar ring is likely to be distorted, as showed pH profiles identical to wild-type CelB. These
found previously in family 5 endg-glucosidase Cel5A of  findings are remarkable, since the known cases of removal
Bacillus agaradhaeranés0). This will bring the glycosidic or introduction of charges in the active site of CelB and other
oxygen atom of the mannoside in plane with catalytic acid S-glycoside hydrolases have resulted in significant pH-shifts
Glu207, after which the glycosyl-enzyme intermediate is for optimal hydrolysis 26, 52.
formed 60). The 8-1,4-glucanase Cex fror@ellulomonas Kinetic Parameters of Mutant and Wild-Type Enzymes
fimi hydrolyzesg-glucosides by the retaining mechanism, The catalytic parameters of wild-type CelB and CelB mutants
like CelB. The C2-hydroxyl group of a covalently bound for the hydrolysis of pNP-Glc, pNP-Gal, and pNP-Man have
glucose residue in the 1 subsite in the active site of Cex been determined (Table 2). Wild-type CelB can be regarded
has been found to have a strong interaction with the carbonylas as-glucosidase; it has the highest catalytic efficiency for
oxygen of the carboxyl group of the nucleophilic glutamate the hydrolysis of pNP-Glc. However, the broad substrate
(13). This interaction is highly stabilizing in hydrolysis, hence specificity commonly found for family 1 enzymes was
the reduction in activity ofi-glycosidases upon removal of illustrated by CelB’s considerable galactosidase activity and,
the equatorial C2-hydroxyl group of a glycosidic substrate although modest, mannosidase activity. When the unique
(19, 5J). Due to the axial C2-hydroxyl, a mannose molecule residues of BgIB were introduced in CelB, the hydrolyses
is not capable of a similar interaction. of pNP-Glc and pNP-Gal were affected similarly: both the
Production of Mutant Enzyme$o analyze the role of the  rate of hydrolysis and the substrate affinity decreased (Table
unique residues in the BgIB active site, their CelB counter- 2). R77Q and N206D also reduced the turnover rate for pNP-
parts were introduced in BgIB and vice versa. This resulted Man in CelB (77- and 33-fold, respectively); however, the
in two sets of mutants. The first set consisted of BgIB affinity for pNP-Man was increased (8- and 2-fold, respec-
variants that possess one or two CelB residues in the activetively). When Asn206 was replaced by a shorter and
site, two single mutants (BgIB Q77R and BglB D206N), and uncharged serine, the affinity of CelB for all substrates
one double mutant (BglB Q77R/D206N). The second set wasdecreased, although the increase in Kygvalue for the
made up by three CelB counter-mutants, two single mutantshydrolysis of mannosides was moderate compared to those
(CelB R77Q and CelB N206D), and one double mutant for hydrolysis of gluco- or galactoside3@). Thekgy in this
(CelB R77Q/N206D). The enzymes were produceH.icoli mutant, however, is less affected, compared to N206D (Table
BL21(DE3). The mutant enzymes resembled the correspond-2). CelB N206D has a higher affinity for all tested substrates
ing wild-type enzymes in production and purification, than CelB N206S. This indicates the presence of an inter-
indicating proper folding. Similar as for the wild-type protein, action between D206 and the substrate in CelB N206D. The
about 5% of the BgIB mutants were present in the soluble drop inke:in this mutant, compared to N206S, suggests that
fraction, and up to 2 mg of each BgIB variant protein could the aspartic acid is dissociated during the catalysis cycle. It
be purified per liter of cell culture. is this charge, however, that seems to result in an increased
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. mutants. This indicates that besides the unique active site
residues, the position of the other conserved active site, or
second-shell residues, contributes to the specificity differ-
ences between the two wild-type enzymes, similar to what

has been found in earlier studie2s).

In BgIB, the introduction of an arginine at position 77
Q77 (Q77R) and an asparagine at position 206 (D206N) has
R77 different effects (Table 1). When glutamine 77 was replaced
by an arginine, none of the catalytic parameters on all three
substrates was improved. However, upon the introduction

of D206N, thek:,: 0N all substrates increased about 10-fold,

and theK, for the hydrolysis of pNP-Glc was reduced 45-

Ficure 3: Superposition of the active site residues BgIB (black) ; ; ~ ;
and CelB (gray; only residue numbers that differ from BgIB have fold. This made BglB D206N effectively #-glucosidase.

been indicated)26) that align with substrate binding residues of AS in the CelB double mutant, BglB Q77R/D206N showed
L. lactis LacG (9) andB. polymyxaBglA (23) (A); close-up of  the combined characteristics of the respective single mutants.
unique BgIB residues and catalytic glutamic acid residues (black) These results show that the differences in activity between
superimposed with corresponding CelB residues (gray) and aCe|B and BgIB are the result of their active site composition.
?;g?g'ﬁg 3@5‘;&223 T;fg”;%\s\?v)i'ré%“éges were made in PDBVieWer g retaining enzymes, the hydrolysis of saccharides by BglB
and CelB occurs by formation of a glycosyl-enzyme inter-
affinity for mannosides. The combination of R77Q and mediate in which the glycosidic bond is hydrolyzed. Next,
N206D showed an additive effect and gave an enzyme with the glycosyl-enzyme bond is hydrolyzed. Since nitrophenol
the combined activities of both separate mutants: the is an excellent leaving group, the parameters obtained in this
substrate affinity of R77Q combined with the slightly higher study provide information about the latter, deglycosylating
activity of N206D. This resulted in an increased efficiency step of the reactior8], as previously was demonstrated for
for the hydrolysis of mannosides. The mutants containing wild-type CelB 32). However, this has not been verified
the substitution R77Q were more efficient in the hydrolysis for wild-type BgIB or the BgIB and CelB mutants.
of pNP-Man, than of pNP-Gal. The Lineweaveéurk plot Inhibition of Mutant and Wild-Type Enzymes by PhelmGlc
for the hydrolysis of pNP-Man by these mutants was biphasic Many glucose derivatives with a more or less trigonal C1
(Figure 4), which is an indication for oligosaccharide atom, such as glucono-lactone, inhibit family 1 glycoside
synthesis, as observed previousy 82. Indeed, products  hydrolases, but are insufficiently stable under hydrolytic or
corresponding in size to saccharide oligomers were detectedhermal conditions to be suitable for inhibition experiments
by FPLC analysis in samples containing pNP-Man and CelB at elevated temperatures. The inhibitor PhelmGlc has a
R77Q or CelB R77Q/N206D after prolonged incubation at trigonal geometry at the center corresponding to C1 and is
90 °C (data not shown). Previously, oligosacharide synthesis thermostable, as expected on the basis of the aromatic
by CelB from pentose substrates has been descri®®d (  character of the imidazole ring (Figure 5). PhelmGlc was
Although thes-mannosidase activity was increased relative used to test the inhibition of pNP-Glc hydrolysis at 90
to the-glucosidase and-galactosidase activityi-glucosi- by CelB, BglB, and mutants (Tables 1 and 2). At this
dase activity was still the most dominant activity in all CelB temperature, the inhibitor PhelmGlc was stable within the

E399 372
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5 turnover saccharide hydrolysis, BgIB is adapted for the
R2=0.79 specific, low rate catalysis of mannoside conversion. This
specificity results directly from the unique active site residues
as demonstrated by exchanging these residues with those
present in thes-glucosidase CelB of. furiosus We have
shown that inP. furiosusCelB the affinity for mannosides
was increased at the cost of the turnover rate, wRile
horikoshiiBgIB could be turned into an efficieftglucosi-
dase. An altered interaction between the glycoside 2-hydroxyl
and the enzyme upon substrate binding could explain the
differences in activity between these two enzymes. This study
Ficure 6: Correlation of activation free energy for turnover of confirms the importance of the inferaction betvv_een the CZ.'
PNP-GIc [log keafKn)] by the CelB and BglB variants with the ~ hydroxyl of the substrate and the enzyme during catalysis
corresponding free energy of binding of the transition-state analoguein family 1 glycoside hydrolases.

PhelmGlc [log (1K;)]. CelB wt (a), CelB R77Q ©), CelB N206D
(O), CelB R77Q/N206D ®), BgIB wt (@), BglB Q77R @), BgiB
D206N (®), BgiB Q77R/D206N 4).

-2 0
log VK|

-6 -4
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found to be 6.5 nM. This value is lower than found with

PhelmGlc for thes-glucosidases from almond (100 nM) and REFERENCES
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analogy 63), that this inhibitor is at least a partial transition-
state analogue, this means that the active site of CelB (at 90
°C) is slightly more adapted to stabilize the reaction transition
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