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ABSTRACT. f3-D-Xylosidases are hemilcellulases that hydrolyze short xylooligosaccharides into xylose units.
Here, we describe the characterization and kinetic analysis of a famjfyxg®sidase frontzeobacillus
stearothermophilug-6 (XynB3). Enzymes in this family use an inverting single-displacement mechanism
with two conserved carboxylic acids, a general acid, and a general base. XynB3 was most actR@ at 65
and pH 6.5, with clear preference to xylose-based substrates. Products analysis indicated that XynB3 is
an exoglycosidase that cleaves single xylose units from the nonreducing end of xylooligomers. On the
basis of sequence homology, amino acids Aspl5 and Glul87 were suggested to act as the general-base
and general-acid catalytic residues, respectively. Kinetic analysis with substrates bearing different leaving
groups showed that, for the wild-type enzyme, khgandk../Km, values were only marginally affected

by the leaving-group reactivity, whereas for the E187G mutant, both values exhibited significantly greater
dependency on theip of the leaving group. The pH-dependence activity profile of the putative general-
acid mutant (E187G) revealed that the protonated catalytic residue was removed. Addition of the exogenous
nucleophile azide did not affect the activities of the wild type or the E187G mutant but rescued the activity
of the D15G mutant. On the basis of thin-layer chromatography8nNMR analyses, xylose and not
xylose azide was the only product of the accelerated reaction, suggesting that the azide ion does not
attack the anomeric carbon directly but presumably activates a water molecule. Together, these results
confirm the suggested catalytic role of Glu187 and Aspl5 in XynB3 and provide the first unequivocal
evidence regarding the exact roles of the catalytic residues in an inverting GH43 glycosidase.

pB-D-Xylosidases (EC 3.2.1.37) hydrolygel,4 glycosidic most abundant hemicellulose in the plant cell wall. Hemi-
bonds between two xylose () units in short xylooligosac-  cellulases are utilized in many biotechnological applications,
charides. These enzymes are part of an array of hemicellu-and their structurefunction relationships are a subject of
lases responsible for the complete degradation of xylan, theintense research in recent yeats-8).
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Ficure 1: Proposed mechanistic pathway of inverting glycosidases.

displacement mechanism, where one catalytic residue func-

tions as a nucleophile and the other as a generat-dwzde.

Inverting glycosidases operate through a single displacemen
mechanism, in which usually one carboxylic acid acts as a

general acid and one as a general based) (Figure 1).

Currently, more than 12 600 glycosidase sequences are
known, and the sequence-based classification of their cata-

lytic domains into glycoside hydrolase (GH) families and

clans is available on the continuously updated Carbohydrate-

Active Enzymes (CAZy) server (http://afmb.cnrs-mrs.fr/
CAZY). p-Xylosidases are found in the retaining GH families
3, 39, 52, and 54 and in the inverting GH family 43.
GHA43 family, which is assigned together with family
GH62 to clan GH-F, includes enzymes with different
substrate specificities such @sxylosidaseso-L-arabino-

Shallom et al.

detailed kinetic analysis with substrates bearing different
leaving groups, pH-dependence activity profiles, and azide
rescue of activity. These techniques are often used with
retaining glycosidases, but their exploitation for the identi-

fication of the catalytic residues of inverting glycosidases

was only seldom described. The results provide the first
unequivocal evidence regarding the exact role of each of the
catalytic residues in an inverting GH43 glycosidase.

MATERIALS AND METHODS

Cloning, MutagenesisProtein Expression, and Purifica-
tion of XynB3ThexynB3gene (GenBank accession number
AY690618) was amplified from genomic DNA o6.

tstearothermophiIusT-6 by a PCR reaction (N-terminal

primer: 3-AAAGGGGGACGAGTACCQATG GCCAAAAT-
CAAAAATCC-3'; C-terminal primer. 5GCTTCGGTTT-
TATTGGATCCCTTTCACATTTGTTTG-3) and cloned
into the T7 polymerase expression vector pET9d (Novagen).
Site-directed mutagenesis was performed using the
QuikChange site-directed mutagenesis kit (Stratagene), using
the wild-type pET9dxynB3as the template. The mutagenic
primers were as follows (the mutated nucleotides are shown
in bold): E187G, 5CTTAAGAATTACAGGTGGGCC-
CCATTTGTATAAAATC-3" and B-GATTTTATACAAA-
TGGGGCCAACCTGTAATTCTTAAG-3; D128G, 5-CAG-
CTCTGGATTTGGGCCCTCTCTTTTTCATGATG-3 and

furanosidases, arabinanases, and xylanases. The crystaﬁ"CATCATGAAAAAGAGA GGGCCCAAATCCAGAG-

structure of theo-L-arabinanase Arb43A frorCellvibrio
japonicusis currently the only 3D structure of a GH43
glycosidase®). This structure revealed a five-bladgepro-
peller fold, and it was the first demonstration of such enzyme
topology. More recently, this kind of topology was observed
also for the GH32 invertase froirhermotoga maritimand

the GH68 levansucrase froBacillus subtilis(8, 9). Both

CTG-3; D15G, B-GCTTCCATCCCGGCCCTCCATTT-
GCCG-3 and 3-CGGCAAATGGAGGGCCCGGGATG-
GAAGC-3. The mutated genes were sequenced to confirm
that only the desired mutations were inserted.

Expression of thecynB3gene or its mutants was carried
out by growing overnight cultures &scherichia colBL21-
(DES3) carrying pET9dkynB3in Terrific Broth medium 25)

of these enzymes are retaining glycosidases that belong to500 mL in 2 L shake flasks, shaken at 220 rpm and'G},

clan GH-J. The similarity between glycosidases of GH-J and

supplemented with kanamycin (2&/mL), without induc-

GH-F clans was noted before the crystal structures were tion. After growth, cells fran 1 L of overnight culture (Okyo
available, on the basis of protein sequence comparisons thapf 14—18) were harvested (1409@r 10 min), resuspended

showed several conserved blocks in these enzyrh@s (
12). One of the most characteriz¢tixylosidases is from
Bacillus pumilusPRL B12. This enzyme was subjected to

in about 55 mL of 50 mM Tris-HCI at pH 7.0, 100 mM
NaCl, and 0.02% Nadl and disrupted by two passages
through a French-Press (Spectronic Instruments, Inc.) at room

detailed mechanistic studies, including binding experiments temperature. The cell extract was centrifuged (140fa0

of various substratesy-deuterium kinetic isotopic effect

15 min), and the soluble fraction was heat-treated (et@&0

measurements, inhibition studies, and hydrolysis of different for 30 min) and centrifuged again at room temperature. The

aryl-5-p-xylopyranosides]3—17). Unfortunately, the protein

soluble fraction (about 50 mL) contained the recombinant

sequence of this enzyme and therefore its GH classification XynB3 as the main product at a concentration of about 20
was never determined. However, because this enzyme is armg/mL. Final purification of the enzyme was performed by

inverting glycosidase, it is likely that it belongs to family
GH43 (18).

Geobacillus stearothermophilu$-6 is a thermophilic
bacteria that was originally isolated based on its ability to

gel filtration using a Superdex 200 26/60 column, AKTA
explorer (Pharmacia), running at 2.5 mL/min with 50 mM
Tris-HCI buffer at pH 7.0, 100 mM NaCl, and 0.02% NaN
The enzymes appeared as distinct protein peaks, which were

produce alkaline-tolerant, thermostable xylanases that couldthen collected and used for biochemical characterization.

be used in biobleaching of wood pulp9) and since then
was shown to have an extensive hemicellulolytic systdm (
20). Two p-xylosidases fromG. stearothermophilug -6,
XynB1 from GH39 and XynB2 from GH52, were previously
isolated and fully characterize@1—24). Here, we report
the isolation and characterization of a thitcylosidase from
this strain, XynB3, which belongs to the inverting GH43.
The catalytic residues of the enzyme were identified by a

Protein concentrations were determined by the Bradford
method, with bovine serum albumin (BSA) as a standard
(26).

Substrates.4-Nitrophenyl 5-p-xylopyranoside (pNPX),
4-methylumbelliferyl 5-p-xylopyranoside, and all of the
4-nitrophenyl glycosides were obtained from Sigma Chemi-
cal Co. 4-Bromophenyl-p-xylopyranoside and 3,4-di-
methylpheny|3-p-xylopyranoside were obtained from Char-

combination of several independent techniques, including lock Enterprises Ltd. (London, U.K.). Xylooligosaccharides
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were purchased from MegaZyme Ltd. (Bray, Republic of The effect of temperature on the reaction rate was
Ireland). 2,5-Dinitrophenyf-p-xylopyranoside, 3,4-dinitro-  determined by performing the standard reaction with pNPX
phenyl 5-p-xylopyranoside, and 3-nitrophenyi-p-xylo- as a substrate in 100 mM sodium citrate buffer (pH 5.0) for
pyranoside were synthesized as described by Ziser &7l. (20 min at different temperatures ranging from 30 to°T5
2-Naphthyl3-p-xylopyranoside was synthesized as described The thermostability of XynB3 was determined after incubat-
in Bravman et al. Z3). 4-Nitrophenyl 5-p-xylobioside ing the purified enzyme for 10, 20, and 30 min at different
(PNPX;) was synthesized as described previougl§).( temperatures in 100 mM sodium citrate buffer (pH 5.0), in
Kinetic Studies.Steady-state kinetic studies were per- the presence of 1 mg/mL BSA. The residual activity was

formed by following the spectroscopic absorbance changesMeasured with pNPX at 46C and pH 5.0. The extinction

in the UV—visible range, using an Ultrospec 21¢00 coefficients of 4-nitrophenol at pH 5.0 were determined at
spectrophotometer (Pharmacia) equipped with a temperature£ach temperature.

stabilized water-circulating bath. All substrates were initially ~ Thin-Layer Chromatography (TLC)lhe hydrolysis of
dissolved in dimethyl sulfoxide (DMSO), and the reaction Xylohexaose and pNPXby the wild-type XynB3 and the
contained DMSO in a final concentration of 10% (v/v). Initial hydrolysis of pNPX by the D15G mutant in the presence of
hydrolysis rates were determined by incubating 200of sodium azide were monitored by TLC analysis. The xylo-
different substrate concentrations in 100 mM phosphate hexaose hydrolysis reaction included 8.3 mM xylohexaose
buffer at pH 7.0 and 40C within a water-heated cell inthe and 0.3 mg/mL XynB3. The pNPxXhydrolysis reaction
spectrophotometer, until thermal equilibration was achieved. included 1.5 mM pNPX and 0.02 mg/mL XynB3. The
Reactions were initiated by the addition of 2@@ of pNPX hydrolysis reaction by D15G included 40 mM pNPX,
appropriately diluted enzyme containing 1 mg/mL BSA. The 0.375 M sodium azide, and 2 mg/mL D15G XynB3. All three
release of the phenol-derived product was monitored at thereactions were performed at 4C and 100 mM phosphate
appropriate wavelength. For highly reactive substrates, blankbuffer (pH 7.0). At different time points, samples were taken
mixtures containing all of the reactants except the enzyme and the reactions were stopped by either boiling the sample
were used to correct for spontaneous hydrolysis of the Or by adding H§" to a final concentration of 1 mM (which
substrates. The extinction coefficients used and wavelengthcompletely inhibits the enzyme). Chromatography was
monitored for each substrate at pH 7.0 were as follows: 2,5- carried out on silica gel 60 plates (Merck), using EtOAc/
dinitrophenyl, 420 nm,Ae = 3.68 nM™! cm%; 3,4- MeOH/H,O (6:3:1) as a developing solvent. Spots were
dinitrophenyl, 400 nmAe = 11.15 nM~! cm™%; 4-nitro- visualized by charring with yellow solution containing (lH
phenyl, 420 nmAe = 7.61 nM~* cmr 'y, 4-methylum- ~ M07024 4H0 (120 g) and (NH)Ce(NQ)es (5 g) in 10%
belliferyl, 355 nm,Ac = 2.87 nM cm?; 3-nitrophenyl, ~ H2SO (800 mL).

380 nm,Ae = 0.455 nM~* cm%; 4-bromophenyl, 289 nm, IH Nuclear Magnetic Resonance (NMRhe hydrolysis

Ae = 0.626 M1 cm%; 2-naphthyl, 330 nmAe = 0.871 of pNPX by D15G in the presence of sodium azide was
mM~! cm%; 3,4-dimethylphenyl, 285 nn\e = 0.90 M ! monitored by'H NMR on a Bruker Avance 500 MHz
cm 1. Values ofK,, andk were determined by nonlinear  spectrometer. The mutant enzyme D15G was dialyzed against
regression analysis using GraFit 529). In cases where the a5 mM triethanolamine hydrochloride buffer at pH 6.0 and
Km values were too high to be estimat&d/K, values were 30 mM NacCl, lyophilized, and resuspended ig@ pNPX
calculated from the reaction rates at low substrate concentra-and sodium azide were dissolved in deuterated buffer (5 mM
tions ([§ < Kp). triethanolamine hydrochloride buffer at pH 6.0 and 30 mM

The effect of various metal ions on the activity of XxynB3 NaCl). *H NMR spectra were recorded at 4Q. After the
was investigated by adding 0.1 or 1 mM of various salts or SPectrum of the substrate was recorded (0.5 mL of 80 mM),
EDTA to the standard activity assay. Activity rescue experi- the reaction was initiated by adding the D15G enzyme and

ments were performed by adding different concentrations of S0dium azide to final concentrations of 2.5 mgl/mL and 1.2
sodium azide to the standard activity assay. M, respectively, in a final volume of 0.85 m!H NMR
. . . spectra were recorded after 0.5, 2, and 24 h and after 7 days.
pH-dependence studies were carried out at’@Owith

pNPX as a substrate. Mixtures containing @Q0of different The.aSS|gnment of the resonance peaks was based on
. X . . published data24, 31).

concentrations of substrate solutions in the appropriate buffer

were prewarmed until the reaction was initiated by the RESULTS AND DISCUSSION

addition of 200uL of appropriately diluted enzyme contain-

ing 1 mg/mL BSA. The buffers used were at final concentra- ~ Sequence Analysi€loning and Purification of XynB3.

tions of 106-200 mM and were citric acidNaHPO, (pH The xynB3gene is a part of the hemicellulolytic system of

2.6—7.2), phosphate buffer (pH 5-8.0), Tris-HCI buffer G. stearothermophilu$-6 and is located downstream to the

(pH 7.5-9.0), and sodium carbonatsodium bicarbonate  xylan and glucuronic acid utilization gene cluster that was

(pH 9.2-10.2) B0). The pH range employed in this study previously characterize@(). The gene encodes a 536 amino

included only pH values for which the enzyme was stable acid protein with a calculatel; of 61 898. The sequence

for at least 5 min. Reactions were monitored continuously, of the XynB3 protein was scanned with BLAS82) and

and upon completion, the actual pH was measured to verify showed homology tB-xylosidases that belong to GH family

that the pH had not changed. Extinction coefficients of 43. Of the 176 genes currently classified as GH43 glycosi-

4-nitrophenol were determined at each pH, and values of dases, XynB3 showed the highest protein homologies to the

Km, keas andkeo/Km were determined as described above. j-xylosidases from (identity percentages are in parenthe-

The pH-dependence plots and thi€,pralues assigned to  ses): Oceanobacillus iheyensi$TE831 (72%) Bacillussp.

the ionizable groups were determined using GraFit 5.0.  KK-1 (66%), B. subtilis(65%), Clostridium acetobutylicum
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Table 1: Purification Table of XynB3
purification step  volume (mL) total protein (mg) total activity (units)  specific activity (unitsthg yield (%) purification (fold)

cell-free extract 50 1085 26.3< 1C° 24.2 100 1
heat treatment 45 316 15:410° 48.7 58 2.0
gel filtration 80 174 11x 10° 63.2 42 2.6

a Cell-free extract was obtained frol L of overnight culture (Ol = 15) of recombinank. coli BL21(DE3) pET9dxyrB3.

(64%),B. pumilusiPO (64%), andSelenomonas ruminantium 100F ey w®
(60%). According to the phylogenetic analysis made by Qian s T

et al. 33), GH43 enzymes can be divided into four 95 80

subfamilies, and it appears that XynB3 belongs to group |I. 2 60:

The xynB3gene does not include any recognizable Gram- %

positive bacterial signal peptide, as determined by the SignalP é’ 40+

server 84); thus, XynB3 is intracellular. Other GH43 3

glycosidases from different sources were found to be either . 2oj

intra- or extracellular35—37) and could also be found as ob v
part of multidomain enzymes, such as thaAgene from 30 40 50 60 70 80

(]
the extreme thermophil@aldicellulosiruptor which contains Temperature {°C)

(38, 39) XynB3. The effect of temperature on XynB3 activity was measured

. . at pH 5.0 for 20 min at the given temperatur€s {). The residual
ThexynB3gene fromG. stearothermophilu$-6 included activity after incubating for 30 min at the given temperatures was
the alternative starting codon UUG, followed by UCC (Ser). measured at 40C and pH 5.0 @, - - -).

To improve the overexpressionh coli, the starting codon
of the cloned protein was replaced to AUG (Met) and the ) o
second residue was replaced to GCC (A#))(The cloned ~ Sphere, causing them to elute as larger proteins in the gel-
gene was overexpressed efficiently using the T7 polymerasefiltration analysis.
expression system, and the gene product was purified using The optimal temperature for XynB3 activity in a 20 min
two steps, heat treatment and gel-filtration chromatography reaction at pH 5 was 63C (Figure 2), and the Arrhenius
(Table 1). Typically, over 150 mg of purified XynB3 were plot revealed a calculated activation energy of 10 kJ/mol.
obtained fron 1 L of overnight culture, with an overall yield The enzyme retained full activity up to 60C, after
of 42%, a purification factor of 2.6, and over 95% purity, as incubation of up to 30 min. The activity of XynB3 was not
estimated by SDSPAGE. affected by the presence of 1 mM¥eCa&*, Co**, Mg?",
Biochemical CharacterizatioThe apparent/; of XynB3 Be?*, Ni**, K*, Zn?*, Cw?*, or EDTA, indicating that the
in solution was estimated by gel-filtration chromatography enzyme does not require a specific metal ion for its activity.
calibrated using protein markers of known molecular masses.The addition of 1 mM Hg" has completely inhibited the
XynB3 was eluted in an elution volume corresponding to a €nzymatic activity, and the addition of 0.1 mM Hgand 1
protein with aM, of about 180x 1%, suggesting that the MM Ag* has resulted in a residual activity of 7 and 3%,
protein is a trimer in solution. Similarly, thé-xylosidase  respectively.
from B. pumilusIPO (which shares 64% protein sequence  Substrate Specificitfdost glycosidases are highly specific
identity with XynB3) was also suggested to be a trimer based with regard to the identity of the substrate glycon, which
on gel-filtration chromatographyt(). However, the GH43  occupies the-1 subsite at the active site [subsite nhomen-
arabinanase fronT. japonicus(Arb43A) is a dimer based clature according to Davies et ad3)]. Yet, in family GH43,
on its crystal structure7j. The apparent difference in the there ares-xylosidasesg-L-arabinofuranosidases, arabinan-
oligomeric forms could be explained by the fact that the ases, and xylanases, as well as bifunctighaylosidased.-
pB-xylosidases fromG. stearothermophilusnd B. pumilus L-arabinofuranosidase enzymdg{46). Other glycosidases
show sequence identities of only 26% to the dimeZic from GH families 3, 51, and 54 were also shown to have
japonicus Arb43A, and they are significantly larger than this polyspecificity between xylo- and arabino-based sub-
Arb43A, containing about 200 additional residues at their C strates47, 48), resulting probably from the spatial similarity
terminus. In the GH43 classification made by Qian et al. of the orientation of the hydroxyl groups and glycosidic bond
(33), theC. japonicusArb43A belongs to group IV, whereas in S-p-xylopyranosides andx-L-arabinofuranosides. The
the-xylosidases fronG. stearothermophiluandB. pumilus activity of XynB3 was tested on several synthetic substrates
belong to group I. It is possible therefore, that the two groups composed of-nitrophenyl (pNP) attached to different sugar
differ in their oligomeric state. In this regard, it was recently units. The highest activity was observed with pj®B-
shown that ther-glucuronidases from GH67 are divided into  xylopyranoside (pNPX), wittk.o¢ of 57 571, Ky of 17 mM,
three subfamilies, where the proteins from one subfamily and ke./Km of 3.3 s* mM™t at pH 7.0 and 4C0°C. The
are monomers and the proteins from the two other subfami- catalytic activity of XynB3 with pNPe-L-arabinofuranoside
lies are dimers, which form two different dimeric structures as a substrate was 4.5% of the activity with pNPX, vkith
(42). Alternatively, however, it is also possible that the of 2.6 s, Ky, of 6 mM, andka/Kr, of 0.43 st mM~1, under
p-xylosidases fronts. stearothermophilusnd B. pumilus the same conditions. With other sugar units as the glycons,
are in fact dimers (like th€. japonicusArb43A), but their including 5-p-galactopyranosidey-L-arabinopyranosidey-L-
effective molecular radius is longer than that of an ideal rhamnopyranosidej-p-fucopyranoside 3-p-glucopyrano-
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Ficure 3: Hydrolysis of X% by XynB3. TLC analysis of the reaction B
products. The reaction included 8.3 m\ nd 0.3 mg/mL XynB3. Fr——— W
Lanes -6, X;, X5, X3, X4, X5, and X standards. Lanes—714, pNPX 1

hydrolysis of % by XynB3 after 0.1, 0.5, 1, 3.5, 5, 6.5, 8.5, and
20 h. respectively, at 40C and pH 7.0.

pPNPX,

side, angs-p-mannopyranoside, XynB3 had less than 0.05%

activity compared to pNPX.
Glycosidases can be also characterized by their endo/exo X, .

mode of action: endoglycosidases cleave glycosidic bonds r . .

whithin the polysaccharide backbone, while exoglycosidases

cleave off mono- or disaccharides either from the reducing X .

or the nonreducing end of the polysaccharide chain. In family i

GHA43, there are endoglycosidasé9)( exoglycosidase$0),

and also glycosidases with both modes of actid@).(To

determine the XynB3 mode of oligomer hydrolysis, its

activity on xylohexaose (& was monitored by TLC (Figure

3). The first hydrolysis product observed after 6 min was

xylopentaose (¥, followed by xylotetraose (¥ after 1 h,

xylotriose (%) and X; after 3.5 h, and xylobiose @X after

8.5 h. The final hydrolysis product after full hydrolysis was

X3. These results indicate that XynB3 removes single X

units from the terminal ends of the xylooligosacchrides and dilliii2smmasiraiEsalEesi-gsiEaio

therefore is an exoglycosidase. Ficure 4: Hydrolysis of pNPX% by XynB3. (A) Spectrophotometric
To determine whether XynB3 removes the terminal sugar monitoring of pNP formation during the hydrolysis reaction, at

from the reducing or nonreducing ends of the xylooligomers, different concentrations of pNRXO, 1 mM pNPX; ®, 0.7 mM

P ; P pPNPX; andd, 0.36 mM pNPX%. The reactions were performed at
the activity on pNPXwas examined by monitoring the pNP 40°C and pH 7.0. (B) TLC analysis of the reaction products. Lane

formation spectrophotometricaly and by TLC analysis. At 1 x, standard; lane 2, Xstandard; lane 3, pNPX standard; lane 4,
all substrate concentrations tested, the initial rates of pNP pNPX, standard; lanes-59, hydrolysis of pNPX by XynB3 after
formation gradually increased with time, until reaching 2,7, 15, 20, and 25 min, respectively, at 4D and pH 7.0.
constant rates (Figure 4A). This complex behavior could be
explained only if pNPXis first hydrolyzed to give Xand carboxylic residue acts as a general-acid catalyst, protonating
pNPX, and the latter is then hydrolyzed to Xnd pNP. the leaving aglycone groups,(6).
Accordingly, the initial rate enhancement results from the  The crystal structure of thé&. japonicus Arb43A in
elevation in the pNPX concentration. If pNP was released complex with its substrate arabinotriose revealed three
first, then the rate of its formation should have been constant. carboxylic acids located near the scissile glycosidic bond.
In addition, TLC analysis of the pNRXiydrolysis by XynB3 On the basis of the relative positions of these residues and
revealed that the first hydrolysis product was pNPX, followed of the substrate, it was proposed that Glu221 is the catalytic
by X1, and at no time, Xwas formed (Figure 4B). Together, acid, Asp38 is the catalytic base, and Asp158 is involved in
these results indicate that XynB3 removes the terminal unit pK, modulation and orientation of Glu221 (residues num-
from the nonreducing end of xylooligomers. bered according to the Arb43A sequencg). (ndeed, the
Identification of the Catalytic Residues of XynE3-143 replacement of these residues to Ala in Arb43A have resulted
glycosidases hydrolyze the glycosidic bond by a single- in a 6-7 orders of magnitude decrease in the activity
displacement-inverting mechanism, using two conserved compared to the wild-type enzyme, confirming that these
acidic residuesq1) (Figure 1). One carboxylic acid acts as residues are essential for catalysis. These three residues are
a general-base catalyst, deprotonating a nucleophilic watercompletely conserved and are a part of conserved blocks not
molecule that attacks the anomeric carbon of the target sugaonly in GH43 proteins but also in GHs 32, 62, and 8-
from the opposite side of the glycosidic bond. The second 12). Interestingly, while GH43 and 62 belong to clan GH-F,
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Table 2: Kinetic Parameters for Hydrolysis of Agtp-xylopyranosides by XynB3 and Its E187G Mutant

aglycone Ka enzyme  kea(SY ratiokeat [WT/E187G]  Km (MM)  kealKm (STMM™Y)  ratio KealKm [WT/E187G]

2,5-dinitrophenyl 515 WT 25 0.8 6.3 4.0 15
E187G 30 11 2.7

3,4-dinitrophenyl 536 WT 77 43 35 22 6.7
E187G 1.8 0.55 3.3

4-nitrophenyl 7.18 WT 57 4071 17 3.3 1222
E187G 0.014 5.2 2% 103

4-methylumbelliferyl 753 WT 20 2.6 7.7 1100
E187G nd nd nd

3-nitrophenyl 8.39 WT nd nd 1.8 900 10°
E187G  1.0x 10°° 5.0 2.0x 10°®

4-bromophenyl 9.34 WT nd nd 0.48
E187G <1.0x 10°° nd nd

2-naphthyl 9.51 WT nd nd 0.13
E187G <1.0x 10°° nd nd

3,4-dimethylphenyl 10.32 WT nd nd 0.02
E187G <1.0x 10°° nd nd

and = not determined.

families 32 and 68 were assigned to clan GH-J and perform affect the rate of the reaction; i.&sa: Should decrease as
the catalysis using the retaining mechanism. Recently, thethe K, of the leaving group increases. Assuming that the
crystal structures of enzymes from GHs 32 and 68 revealedvalues of the association and dissociation constants of the
that they also share a five-bladgepropellers fold, similar Michaelis complex K; and k-;) do not depend on the
to that of the GH43C. japonicusArb43A (8, 9). Structural reactivity of the substrate, thég./Km,, which equals Kxk;)/
comparison of the three structures indicated that the three(k, + k_;), should also decrease whép decreases. In a
conserved carboxylic acids can be superimposed to give verycatalytic mutant in which the general-acid residue has been
similar catalytic-site architecture. Remarkably, it appears thatremoved, there is no activation of the leaving aglycon, and
what actually determines whether these enzymes operate irtherefore, the reactivity of the substrate will have much
an inverting mechanism (GH43) or a retaining mechanism greater influence on the activity of the enzyn&8)( This
(GHs 32 and 68) is the different ways by which the substrates kind of analysis was performed with tiflexylosidase from

are positioned in the active site8)( More commonly,  B. pumilusPRL B12 (presumably a GH43 glycosidase) and
retaining and inverting glycosidases differ one from another with wild-type and mutants forms of the inverting GH6
in the distances between the two catalytic residues, about 9endoglucanase A frorellulomonas fimiand cellobiohy-

A ilf\hinV?]fting and abOUé_) A if)dfetain.ingxenzg’éneﬁ)d . drolase fromTrichoderma reesefl3, 55, 56).

e three conserved residues in XynB3 are Glu The steady-state values kof;, Knm, andkea/Km for XynB3
fSUtig\ée(;(atﬂzgilaagfg')A?g(ljitg’ut:]aet'r\éeigzﬁbgécggzﬁ()a’n?i'jd and its E187G mutant are presented in Table 2, and the
calpdata toasupport the éuggestéd role of these residues. T fesulting anSteq plots, correlating Ih&for ng KeadKim 1O
identify the exact catalytic function of the residues, they Wére (?h_e i of the leaving group, are shown in Figure 5. For the
replaced to Gly, and the resulting mutants were s’ubjected toW”d_tyloe XynB3, theke values showed no dependency on

' the leaving-group ability of the substrate and the/Kn

detailed kinetic analysis. values showed only little dependency, with a relatively low

Activity toward Substrates Bearing Different L@ag e >
. ; : : _ Brensted coefficientAig) of —0.46. Similar results were
Groups.Different arylglycosides, which are synthetic sub obtained with the-xylosidase fromB. pumilusPRL B12,

strates widely used with glycosidases, are distinguished by -

the (K. of their aglycon leaving group: the lower th&p }Nh%re rt]he calc(;JIated Brralnsted coefficients are arotcB
the better the leaving group is. Kinetic analysis with such or both keat andkealKm values 13).

substrates provides one of the major strategies for mecha- For the XynB3 E187G mutant, however, much greater
nistic characterization and identification of the catalytic dependency of both the activity and efficiency toward the
residues of glycosidases. Most commonly, this approach wasleaving-group ability of the substrate was observed, with
applied almost exclusively on retaining glycosidases, which Bransted coefficientsfg) of —1.9 and—1.8 for k. and
operate through a double-displacement mechanism. In thiskea/Km, respectively. For substrates with excellent leaving
mechanism, the aglycon group is cleaved during the first groups (such as 2,5-dinitrophenyl) that require little assistance
step of the reaction; therefore, only the rate of this step of the general-acid residue for their departure, the activity
(glycosylation) is influenced by the leaving-group ability of and efficiency of the E187G mutant were similar to those
the substrate. The rate-limiting step of the reaction could be of the wild-type enzyme. However, with substrates bearing
determined by measuring the dependenck.bn the K, poorer leaving groups, the activities of the mutant were much
of the leaving group. A comparison of these values for wild- lower than the wild-type enzyme and in some cases were
type and mutant enzymes has enabled the identification oftoo low to be measured. The larger absolfitevalues for

the acid-base catalytic residues in many retaining glycosi- the E187G mutant as compared with those of the native
dases§3, 54). Inverting glycosidases use a single-displace- XynB3 suggest that in the E187G mutant a higher amount
ment §2 mechanism, in which the leaving group departs of negative charge is developed on the glycosidic oxygen in
simultaneously with the attack of the nucleophilic water the transition state. This difference probably results from the
(Figure 1). Therefore, the reactivity of the substrate should little proton donation that the mutant provides, exactly as
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Ficure 5: Brgnsted plots relating turnover numbers and catalytic
efficiencies of wild-type XynB3 ©) and its E187G mutant@,
with the leaving-group ability of the substituted phenols. (A) Plot
of log(kea) versus [K, of the aglycon phenol. (B) Plot of lok/
Km) versus [, of the aglycon phenol. The reactions were performed
at 40°C and pH 7.0, in the presence of 10% DMSO.
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Table 3: Activity of XynB3 and Its Mutants with 3,4-Dinitrophenol
Xylopyranoside (K, = 5.36) as the Substrate

activity at 10 mM substrate Keal Km
enzyme [units (mg™ of protein)] (stmM™)
wild type 37 22
E187G 0.8 3.2
D15G 0.001 1x 10752
D128G 0.0002 4¢ 10752

aThese values were estimated at low substrate concentrations.

subsite. Consequently, the removal of this residue could
influence the ionization state of both catalytic residues, as
well as substrate binding, resulting in major decreases in the
activity observed for the Arb43A D158A7) and the XynB3
D128G mutants.

Interestingly, unlike XynB3, where the E187G mutant had
higher activity than the D15G mutant, the activity of the
mutant in the putative base of th@. japonicusArb43A
(D38A) was higher than the activity of the mutant in its
putative acid (E221A). While D38A exhibited 3.6 107°
of the wild-type enzyme activity toward linear arabinan, the
activity of the E221A mutant was even lowet107 of the
wild-type activity (7). The difference of this activity pattern
compared to the activities of the XynB3 mutants results
probably from the different substrates used: Arb43A mutants
were tested against the natural substrate arabinan, whereas
the activities of the XynB3 mutants were tested against
synthetic substrates with substituted phenols as the leaving

would be expected in the absence of the acid residue. Overallgroups. In the natural substrate, the leaving group is an
these results are in agreement with E187 being the general-arabinose unit, which is a very poor leaving group with a

acid residue of XynB3.
It is worth noting that the derived absolytg values for
the general-acid mutant E187G1.8 and—1.9) are in fact

pK, of around 14-16. Because the activity of a mutant in
the acidic residue is influenced considerably by the reactivity
of the leaving group, it is reasonable that with natural

larger than the value obtained for the spontaneous hydrolysissubstrates the activity of the acid mutant will be very low.

reaction of 2-aryloxytetrahydropyrans in watgg & —1.18)
(57). This implies even less proton donation in the mutant
than in free solution and could be explained by the
hydrophobic character of thel subsite environment. Such
hydrophobic character of thel subsite was also observed
in the B-xylosidase fromB. pumilusPRL B12 (15).

For XynB3, if we extrapolate the Brgnsted plots of the wild
type and the E187G mutant to substrates wkh yalues of
14 (Figure 5), then indeed thie,; and k.o/Kn values of
E187G will be 13 orders of magnitude lower than the wild-
type values.

pH-Dependence Aclity Profiles.pH-dependence activity

For the D15G mutant, the activity on most substrates was profiles of glycosidases are typically bell-shaped, reflecting

too low to determine eithek.,: or Ki. The hydrolysis of
3,4-dinitrophenyl 3-b-xylopyranoside (K. = 5.36) and
PNPX (K, = 7.18) have resulted in simildg./Kn, values
of 1 x 10°and 2x 1075, respectively, suggesting that the

the ionization state of the two carboxylic catalytic residues
in the active site. Elimination of one of the catalytic residues
should result in the removal of the corresponding limb from
the profile. That is, in a general-acid mutant, the profile

pK, of the leaving group has no considerable effect on the should reflect the ionization of only the general-base residue

activity of D15G, as would be expected from a mutant in
the general-base residue.

and vice versaHq3). The kinetic constants of XynB3 and its
mutants were determined at different pH values (Figure 6).

As described above, Asp128 is the third carboxylic residue The pH-dependence profiles of the wild type are typical bell-
that is conserved in all of the glycosidases belonging to clansshaped curve, with optimal activity at pH 6.5 and almost no

GH-F and GH-J. The catalytic activity of the XynB3 D128G

activity at pH 8.5 and 3.5. TheKy values of the general-

mutant was lower than that of the E187G and D15G mutants base and general-acid ionizable groups in the free enzyme,
(Table 3), and on most substrates, the activity of D128G derived from the plot ok../Kn, versus pH, are 5.3 and 7.1,
was too low to be accurately measured. This result is quite respectively. Likewise, the Ky values in the enzyme
surprising because, in the Arb43A structure, the homologous substrate complex, derived from the plotlgf; versus pH,
residue Aspl158 is located in such a position that does notare 4.5 and 7.2.

allow it to directly participate in catalysig). However, this
residue is ont 4 A from the putative acidic residue Glu221

The pH-dependence profiles of the E187G mutant were
completely different: at pH values of 58.0, thek.;values

and about 6.5 A from the putative basic residue Asp38 and changed only slightly and the./Kn values were constant.

could therefore be involved iny modulation of these two

Unfortunately, determination of the activity of this mutant

catalytic residues. In addition, Asp158 could potentially make at pH values lower than 5.5 was not feasible, because the

a hydrogen bond with the 3-OH of the sugar in thé

protein precipitated rapidly. Regardless, the absence of the
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A the wild-type enzyme to around 5.5 in the D15G mutant in
1207 7 7 7 7 +71003 the presence of sodium azide. Thus, the higly pf the
100 - general acid in the wild-type enzyme, which is necessary to
oI its function as a proton donor, is maintained by the presence
=80T 0.02 ® of the nearby general-base residue. It should be noted
2 ol o3 however, that because the pH-dependence profile of the
£t ki D15G mutant was determined in the presence of azide, the
4o 0.01 real (K, of the general-acid residue (in the general-base
20k mutant) could be different.
r In retaining glycosidases, the distance between the two
0 s 4 5 6 7 B o 0 catalytic residues is around only 5 A, leading to electrostatic
pH repulsion between these two carboxylic groups. This elec-
B 11— 0.03 trostatic repulsion is essential for the correct ionization state
- 0o m} of the catalytic residues during the catalytic cyd)( In
O 8r o ] * inverting glycosidases, the distances between the two cata-
s T gb doo2s lytic residues can vary between 7 and 116866). In the
E® "@ @ E C. japonicusArb43A structure, the average distance between
2 7T = 2 the two putative catalytic residues Glu221 and Asp38is 7.1
< N i _ele Jo01¥ A and the shortest distance between two carboxylic oxygens
g, "B ol B is 5.9 A. Assuming similar active-site architecture in XynB3,
‘ o it seems that electrostatic repulsion between the two catalytic
ol 1 TOm@s 0 residues could also take place.
A Azide RescueActivity rescue of catalytic mutants with

Ficure 6: pH dependence of the kinetic parameters for the exqg'elnous nucleophi!es, ".k.e a;ide ion, is one.of the most
hydrolysis of pNPX by XynB3 ©), XynB3 E187G mutant®), definitive tools for the identification of the catalytic residues
and XynB3 D15G mutant in the presenckIoM sodium azide of retaining glycosidases and was used with many retaining
(O). At pH values lower than 5.5, the activity of the mutant proteins GH families 63). In retaining glycosidases, an exogenous
could not have been determined because of protein precipitation.yycleophile like azide ion could rescue the activity of

The numbers next to the curves are thg palues of the ionizable - . - - .
groups, as determined by fitting the data 6, @quations, using enzymes with mutations in either the acidase residue or

GraFit 5.0. (A) Plot ofks versus pH. (B) Plot ok.a/Kr, versus in the nucleophilic residue, yielding each time a glycosyl-
pH. azide product with different anomeric configuratid@vy. In

inverting glycosidases, where the hydrolysis proceeds via a
basic limb of the curve for this mutant suggests that the single-displacement mechanism, the addition of exogenous
protonated catalytic residue had been removed, in agreemennucleophile could potentially reactivate a mutant in the
with Glu187 being the general-acid residue. Similar behavior general-base residue but should not reactivate a mutant in
was observed also for the general-acid mutant of the invertingthe general-acid residue.

GH®6 endoglucanase A frof. fimi (58) and for many aciet The catalytic activities of XynB3 and its mutants were
base mutants of retaining glycosidases from various families tested after the addition of different concentrations of sodium
(21, 48, 59-61). azide. For the wild type and the two mutants E187G and

The catalytic activity of the D15G mutant was too low D128G, no rate enhancement was observed with pNPX after
for measuring its pH dependency. However, because thethe addition ®1 M sodium azide. However, the hydrolysis
exogenous nucleophile azide has rescued the activity of thisrates of pNPX by the putative basic residue mutant (D15G)
mutant (as described below), the additionloM sodium were significantly accelerated when increasing concentrations
azide to the reaction has made it possible to determine theof sodium azide were added (Figure 7A). The presence of
activity at pH values between 5.5 and 8.0. It was not possible 1.4 M sodium azide increaség, by 35-fold, compared to
to reach lower pH values at this azide concentration, eventhe activity without azide. No rate enhancement was observed
with very acidic buffers. TheK,, of this mutant in the  with formate as the exogenous nucleophile.
presence of azide seemed to be very high, and even at 40 There are two possible mechanisms by which the azide
mM pNPX, the activity was still in the linear part of the ion could rescue the activity of general-base mutants of
Michaelis—-Menten plot (first-order kinetics). Therefore, only inverting glycosidases (Figure 8). The azide ion could replace
keafKm values were estimated. The resulting pH-dependencethe nucleophilic water molecule itself and perform direct
profile shows that the D15G activity in the presence of attack on the anomeric carbon, forming a glycosyl-azide
sodium azide decreased considerably as the pH was raisedoroduct. Alternatively, the azide ion could replace the
Although the ionization curve was incomplete and included general-base residue by activating the nucleophilic water
only the basic limb, thel§, corresponding to an ionization  molecule that will attack the anomeric carbon, forming free
state of a protonated group could be estimated to be aroundsugar with inverted anomeric configuration. The latter
5.5 and is probably attributed to the general-acid catalyst mechanism was previously proposed for the general-base
(Figure 6B). This pH-dependency profile, together with the mutant of the inverting GH18-amylase fronB. cereug68).
very low activity of this mutant, is in agreement with Asp15 To determine in which of these two mechanisms the azide
being the general-base catalytic residue. In addition, it ion accelerated the activity of XynB3 D15G, the pNPX
appears that the removal of the general-base Aspl5 affecthydrolysis by D15G in the presence of 0.375 M sodium azide
the K, of the general-acid residue and shifts it from 7.1 in was monitored by TLC (Figure 7B). The only reaction
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A - | Lo SR reaction was monitored b¥H NMR. Because of the high
I pNPX concentration used (above 45 mM) and the slow rate
008 . of the reaction, the reaction did not reach completion even
E after 7 days at room temperature. During the reaction, the
S 006 . : i
= | resonance at 5.10 ppm, which corresponds to the anomeric
2 0.04 . proton of the substrate, got smaller. Concomitantly, new
2 peaks appeared at 4.45 ppth= 8 Hz) and at 5.06 ppm

(J = 3.5 Hz), corresponding to the anomeric protons of free
o- and 3-X;. At all times measured, the only products

1 L 1 L r

oo lka s (k=221 & observed were the- and 3-X; rings and pNP. The ratio

[Sodium Azide] (M) between thes anda anomers of the formed Ywas 1:0.4,

B which is typical to free X at equilibrium @4, 31). Thus, it
PNPX - .6“' - seems that enzymatic formation ofi ¥y the mutant was

slower than the rate of its spontaneous mutarotation, and
therefore the initial anomeric configuration of the liberated
X ' L J . ' ‘ X1 could not be determined. Nevertheless, the fact that no
: Xi-azide intermediate was observed by both TLC &Hd
NMR suggests that the azide rescue reaction proceeds
through the second mechanism proposed, where the azide
ion activates a water molecule to perform the hydrolysis,

and not through the formation of a>&zide product (Figure
A k2 s s s e g 8A).

FIGURE 7: Azide rescue of the XynB3 D15G activity. (A) Activity . .
of XynB3 D15G with 45 mM pNPX at different concentrations of ~_ INterestingly, as suggested from the pH-dependence activ-
sodium azide, at 46C and pH 7.0. (B) TLC analysis of the reaction ity profiles described above (Figure 6), the presence of the
products. Lane 1, Xwith 0.375 M NaN; lane 2, pNPX with 0.375  negative azide ion did not alter th&pof the general-acid

wny?fféé'i;ﬁ;éﬁgmﬁ hﬁ’%;’cﬁ/yssiiss(gfgmzé tbO;XISTéGp'\rlnpugll’lt residue Glu187 as the general-base residue Asp15 did in the
in the presence'of 0.375 M NaNafter 0.3, 1, 2. 3. 4, and 5 h, wild-type enzyme. Thus, although the azide ion can replace

respectively, at 40C and pH 7.0. the general base in the activation of the nucleophilic water
molecule, it does not fully imitate the role of Aspl5, in

/E_ /E_ agreement with the fact that the azide ion accelerated the
. D15G mutant only 35-fold, and it did not fully restore the

© ° o~ o activity to the wild-type level.

voz ('(:'\R O In conclusion, the results obtained here indicate that

¢ S - N, HOR Glu187 and Aspl5 are the catalytic acid and base residues
Na of XynB3, respectively. The kinetic activities of the E187G

mutant on substrates bearing different leaving groups and
the pH-activity dependence profiles of this mutant are
_|_ _|_ characteristic to an inverting glycosidase in which the
general-acid residue has been removed. The fact that the
addition of the exogenous nucleophile azide ion has rescued

the activity of the D15G mutant (but not those of the E187G
and D128G mutants) is a clear indication that this residue is
(9" o 07 o the general-base catalytic residue of the enzyme. The result
o (H o of the D15G pH-activity dependence assay is also in
No=—\"0-Rr ml HOR agreement with the suggested role of this residue. Together,
(CI’—H -~ HO the results allow for the first time direct biochemical
M identification of the catalytic residues of a GH43 glycosidase.
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