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Two regions in xylanase A from Bacillus halodurans C-125 (XynA), an alkaliphilic
xylanase, were identified to be responsible for its activity at basic pH by comparing
the dissociation constants of the XynA proton donor Glu residue (pKe2 and pKes2)
with those of xylanase B from Clostridium stercorarium F9 (XynB) and their mutants
constructed by substituting either Ser137/Asn127 of XynA/XynB or the 4th loop,
designed based on the structural difference close to the proton donor. The
substitution of XynB at Asn127 into Ser increased pKe2 by 0.37. The effect is
explained that the positive charge of His126 likely affects the proton donor via
Asn127 and a water molecule in XynB, resulting in a decrease in pKe2, whereas such
interactions were not observed with Ser. The substitution of XynB at the 4th loop
into XynA (XynB Loop4A) increased the pKe2 and pKes2 values by 0.29 and 0.62,
respectively. The effect of the 4th loop in XynA is likely due to a hydrogen bond
between Asp199 in the loop and Tyr239, which interacts with both the proton donors
Glu195 and Arg204, with flexibility of the loop. Both the mutations independently
affected the increases in pKe2.
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Abbreviations: XynA, xylanase A from Bacillus halodurans C-125; XynB, xylanase B from Clostridium
stercorarium F9; XynT6, xylanase T6 from Geobacillus stearothermophilus; pNP-X2, p-nitrophenyl
xylobioside.

Xylanases, enzymes that hydrolyse the b-1,4-xylosyl
bonds in xylan, are classified mainly into the glycoside
hydrolase families 10 and 11 (GH10 and GH11), based on
their amino acid sequence similarity (1). GH10 xylanase
A from alkaliphilic Bacillus halodurans C-125 (XynA) is
an alkaline xylanase because it has a wide range of pH
optima, e.g. pH 5.8–8.8 in the hydrolysis of p-nitrophenyl
xylobioside (pNP-X2) (2). This property makes XynA
useful in the paper industry, as it can be used instead
of toxic chlorinated species to remove lignin from kraft
pulp (3). Therefore, it is important to understand the
mechanism responsible for the activity of alkaline
xylanases, such as XynA, at basic pH. Generally,
the decreases in activity at acidic and basic pH can
be explained by protonation of the nucleophile and
deprotonation of the proton donor, resulting in a
bell-shaped curve for activity versus pH (Fig. 1). Thus,
the acid dissociation constant of the proton donor residue
in XynA should be higher than those of normal
xylanases.

The acid dissociation constants of catalytic residues
are strongly affected by topologically neighbouring
amino acid residues. For example, in Streptomyces
lividans xylanase A (GH10), mutation of Asn127,
which is close to the catalytic centre, to Asp decreased
pKes1 from 4.9 to 4.1 and pKes2 from 9.4 to 9.0 (4).

Moreover, both pKe1 and pKe2 of GH11 xylanase from
Bacillus cereus were reduced by mutation of Asn35,
which is near the active site, to Asp (5), and deletion of
the salt bridge located 15 Å from the catalytic residue
increased pKes1 and pKes2 of GH11 xylanase from
Streptomyces sp (6). These results led to the identifi-
cation of regions in XynA that keep the pKa of the proton
donor high, which could lead to the design of other
mutant enzymes active at basic pH.

The 3D structure of GH10 xylanases shows that they
consist of a TIM barrel (7–11), with their catalytic amino
acid residues, a nucleophile and a proton donor, being
two glutamic acid residues (12, 13). In addition to the
catalytic residues, several amino acid residues are widely
conserved, forming subsite �2 to þ1 (14–16). The roles of
some of the amino acid residues around the active cleft
have been determined by mutational and structural
analyses (17–21).

To identify the regions of XynA important for activity
at basic pH, we compared the pKe values with xylanase B
from Clostridium stercorarium F9 (XynB), which shared
55% amino acid identity with XynA. The pKes2 value of
XynB (7.82) was much smaller than that of XynA (9.39),
whereas both shared similar pKes1 values (XynA, 4.10;
XynB, 3.86) (22). Then, amino acid sequences of XynA
and XynB were subdivided into four at highly homo-
logous regions present in their primary structures
(Fig. 2): an amino-terminal region (A), a region contain-
ing the putative proton donor (P), a region containing the
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putative catalytic nucleophile (N) and a carboxyl-term-
inal region (C). Chimeric xylanases were constructed by
selective substitution of the four fragments and two of
them were found as active as the parental enzymes. The
pKes2 of chimera 1 (‘A’ from XynA) and chimera 2 (‘A’ and
‘P’ from XynA) were 8.50 and 9.10, respectively, higher
than that of XynB (22). We also found that a conserved
arginine residue, located 4 Å from the proton donor
residue, affected the acid dissociation constant during
substrate binding, because replacement of this residue
with glutamic acid, glutamine or lysine in XynA and
XynB markedly decreased their pKes2 and �2 (see Fig. 1
for the definition) became negative (23). In the present
study, we determined the crystal structure of XynB, and
compared it with the modelled structure of XynA.
Mutant enzymes around the proton donor were analysed
to identify the region responsible for the activity of XynA
at basic pH.

MATERIALS AND METHODS

Crystallography of XynB and Construction of Model
Structure for XynA—Crystallization and X-ray data
collection of the mature part of wild-type XynB (from
Ala41 to Glu388) have been reported previously (24).
The crystal belongs to the space group P212121, with
unit-cell parameters a¼ 64.76, b¼ 96.60, c¼ 138.44 Å,
and diffracted to 1.8 Å resolution with a Rigaku
R-AXIS IVþþ system. The X-ray data collection statistics
have been reported previously (24). Initial phases were

obtained by the molecular replacement method, using the
structure of the extracellular alkaline-tolerant xylanase
(XynT6) from Geobacillus stearothermophilus T-6 (25)
(Protein Data Bank code 1HIZ) as a search model.
Molecular replacement was performed with MOLREP
(26) in the CCP4 program suite (27). The program ARP/
wARP (28) was used for automatic model building. Visual
inspection of the models was performed using XtalView
(29). Crystallographic refinement was carried out using
CNS 1.1 (Table 1) (30). The quality of the present model
is good, with all residues being in their most favourable
(89.3%), additionally allowed (10.2%) or generously
allowed (0.5%) regions of the Ramachandran plot.
LSQMAN (31) was used for superposition. The coordi-
nates and structure factors have been deposited in the
RCSB Protein Data Bank with the accession code 2DEP.
The predicted structure of the 4th loop of XynA was
constructed by mutating residues of the 4th loop of the
crystal structure of XynT6. The positions were refined by
50 steps of energy minimization using CNS 1.1.
The figures were prepared using ESpript (32),
Raster3D (33), Molscript (34), XtalView and PyMol (35).
Preparation of Mutant Enzymes—Polymerase chain

reaction (PCR) was performed using KOD-Plus polymer-
ase (Toyobo, Osaka, Japan) and oligonucleotide primers
(Table 2). The plasmids prepared previously were used as
template DNAs for XynA and XynB (22). To prepare
mutations, an AatII recognition site was introduced at
the 50 end of the 4th loop in XynB by silent mutation
using the mega-primer PCR method (36). Megaprimers
were prepared for amplification using the mutation
primer and pET upstream primer (50-agatctcgatcccgc
gaaat-30). Second-round PCR was performed using
the amplified megaprimer and T7 terminator primer
(50-ctagttattgctcagcgg-30). The PCR product was ligated
into the pET28 vector (Novagen, Darmstadt, Germany)
at the NcoI/XhoI sites using a Ligation High DNA
ligation kit (Toyobo). XynA mutants, XynB N127S and
XynB L4-3 were also prepared using the mega-primer
PCR method. XynB L4-1 and -2 were prepared using the
two oligonucleotides shown in Table 2. These two
oligonucleotides, with AatII and KpnI sites, were
inserted into the XynB plasmid directly after annealing
for 5 min at 508C. The other mutants were constructed by
the cassette method. PCR products amplified using
each set of mutation primers and pET upstream/T7
terminator primer were ligated into the NcoI and
KpnI or AatII and XhoI sites of each plasmid.
All plasmids were designed to add a histidine tag
sequence at the carboxyl terminus of the mutated
enzyme to facilitate purification. Plasmid DNA was
used to transform Escherichia coli BL21 (DE3) after
sequence confirmation.
Production and Purification of Recombinant

Xylanases—Each transformant was cultivated at 308C
with shaking in LB medium, containing 50 mg/ml
kanamycin, until the absorbance at 600 nm reached
0.5. Protein expression was induced by addition of
isopropyl-1-thio-b-D-galactoside at a final concentration
of 0.5 mM, followed by incubation with shaking for an
additional 20 h at 308C. Cells were harvested by
centrifugation at 15,000� g for 10 min, resuspended in

Fig. 1. Model of the dissociation patterns of an enzyme
containing two catalytic acidic residues with substrate
binding. pKe1, pKa for the nucleophile without substrate; pKe2,
pKa for the proton donor without substrate; pKes1, pKa for
the nucleophile with substrate binding; pKes2, pKa for the proton
donor with substrate binding. The differences in acid dissocia-
tion constant before and after substrate binding, (pKes1 – pKe1)
and (pKes2 – pKe2), are defined as �1 and �2, respectively.
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Fig. 2. Alignment of the amino acid sequences of XynT6,
XynA and XynB. The putative proton donor and catalytic
nucleophile residues are shown in reversed shading. Asn127/
Ser137 and the 4th loop are boxed. Conserved residues are shown

in bold. The secondary structures and their designations are
indicated above XynT6 and below XynB. The four regions
investigated in our previous study (A, P, N and C) (22) are
indicated.
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20 mM sodium phosphate buffer (pH 7.0), and sonicated
using a sonifier (Branson Ultrasonic Corporation,
Danbury, CT), with the cell debris removed by
centrifugation at 17,000� g for 30 min. Each enzyme
was purified from cell-free extract using an AKTA
purifier (Pharmacia Biotech, Uppsala, Sweden) with
Ni-NTA agarose (Qiagen, Hilden, Germany) and
DEAE-Toyopearl (Tosoh, Tokyo) column chromatog-
raphy, as described (2). The homogeneity of the purified
enzymes was confirmed by SDS–PAGE (37). Protein
concentrations were determined using theoretical
extinction coefficients calculated from the amino acid
sequences of the proteins (38). The extinction coefficients
values calculated for the XynA and XynB mutants were
91, 320 and 77, 390/M/cm at 280 nm, respectively.
Measurement of Enzyme Activity and Calculation of

Acid Dissociation Constant—Xylanase activity was
determined by measuring the amount of p-nitrophenol
liberated from the substrate pNP-X2 (39). Reactions were
performed at 408C in 50 mM MES buffer (pH 6.6)
containing 0.01% Triton X-100 and 1.3 mM pNP-X2

and stopped by addition of an equal volume of 1 M
sodium carbonate solution. The amount of p-nitrophenol
generated was quantified by measuring the
absorbance at 400 nm. One unit of xylanase activity
was defined as the amount of enzyme that liberated
1mmol of p-nitrophenol per min under these conditions.
To investigate the relationships between pH and enzyme
activity, the enzymatic hydrolyses of pNP-X2 at various
concentrations (0.038–1.14 mM) were carried out in
100 mM of each of the following buffers, all of which
contained 0.01% Triton X-100, at the pH levels indicated:
citrate (pH 3.2 and 3.7), acetate (pH 3.9, 4.3, 4.8, 5.3 and

5.8), MES (pH 5.2, 5.6, 6.1 and 6.6), HEPES (pH 6.5, 6.9,
7.3, 7.8 and 8.3) and CHES buffer (pH 7.7, 8.2, 8.8, 9.2
and 9.7). The kinetic parameters, pKes and pKe, were
calculated by fitting the experimental data to the
Michaelis–Menten equation (Eq. 1) and the bell-shaped
curves (Eqs 2, 3; see Fig. 1 for the parameters) (40) using
the GraFit computer program (41).

v ¼ kcat½E�½S�=ðKm þ ½S�Þ

VmaxðpHÞ ¼ Vmax=ðð10ðpKes1�pHÞ þ 1Þð10ðpH�pKes2Þ þ 1ÞÞ

Vmax=KmðpHÞ ¼ ðVmax=KmÞ=ðð10ðpKe1þpHÞ þ 1Þð10ðpH�pKe2ÞÞÞ

The differences in acid dissociation constant before and
after substrate binding, (pKes1� pKe1) and (pKes2� pKe2),
were defined as �1 and �2, respectively.

RESULTS AND DISCUSSION

Crystal Structure of XynB—The XynB crystal
contained two protein molecules per asymmetric unit,
which are related through a non-crystallographic two-
fold axis. The structure was solved by molecular
replacement using the XynT6 structure as a search
model. The final refined model of the structure of
XynB contains residues Asp43–Pro382 of molecule A,
Ile44–Asp381 of molecule B and 708 water molecules.
The two molecules had similar structures throughut the
polypeptide. Root mean square deviations for Ca and all
atoms between residues 44 and 381 (XynB numbering)
were 0.245 and 0.891 Å, respectively. Therefore, our
descriptions are mainly for molecule A, unless otherwise
noted. The XynB structure was very similar to that of
XynT6, as expected from the high degree of amino acid
sequence similarity (56% identity). The root mean square
deviation between XynB and XynT6 was 0.909 Å for
318 residues. The additional ‘subdomain’ with three
antiparallel b-strands (b8b, b8c and b8d) in the
C-terminal region (Asp330–Lys352) of XynT6 (25) was
deleted in XynB. Compared with XynT6, XynB has an
insertion of two residues in the loop connecting b-strand
4 and a-helix 4 (4th loop, Fig. 2). The conformation of the
4th loop was determined unambiguously (Fig. 3). The
main-chain trace of the N-terminal half of the 4th loop
(Pro189–Gly193) shows significant deviation from that of
XynT6 (Asp163–Gly165) due to the insertion of

Table 1. Crystallographic refinement statistics.

Resolution (Å) 50.14–1.80
R/Rfree

a (%) 18.4/21.0
No. of protein atomsb 5543
No. of water atoms 708
RMSD from ideal values

Bond length (Å) 0.005
Bond angles (degree) 1.3
Coordinate error (Å) 0.18

a Calculated using a test data set containing 5% of the total data
selected at random from the observed reflections.
b Two molecules in asymmetric unit.

Table 2. Primer sequences.

Mutant Sequence (5’! 3’)

AatII silent tcatgggacgtcgtgaatgaggtaattga
XynA S137N ctcgtttggcacaaccaagtaccagaa
XynA Loop4B acttcatgggacgtcgtcaatgaagttattgaacccaatgatcccg

gcggtatgagaaacagtccttggtatcaaataacaggtaccgactacatt
XynB N127S gtgtggcatagtcagacgcccgac
XynB Loop4A cgtgaatgaggtaattgacgatggcgggggcctgcgtgaatcggaatggtatcagattaccggtac

cggtaatctgataccattccgattcacgcaggcccccgccatcgtcaattacctcattcacgacgt
XynB Loop4A-1 cgtgaatgaggtaattgacgatggcgggggcatgagaaacagtccttggtatcagattaccggtac

cggtaatctgataccaaggactgtttctcatgcccccgccatcgtcaattacctcattcacgacgt
XynB Loop4A-2 cgtgaatgaggtaattgaacccaatgatcccggcggtctgcgtgaatcggaatggtatcagattaccggtac

cggtaatctgataccattccgattcacgcagaccgccgggatcattgggttcaattacctcattcacgacg
XynB Loop4A-3 gtactcggtaccggtaatctgataccattccgagttacgcatgcccccgc
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two residues, and this region adopts a short helical
conformation. In contrast, there was almost no deviation
between the C-terminal half of the 4th loops of XynB and
XynT6. The main chain and side chain atoms of
Arg196 in XynB also overlapped with those of Arg168 in
XynT6. We previously reported that this conserved
arginine residue increases pKes2, because it was thought
to clamp the proton donor residue and subsite þ1 to
prevent structural changes during substrate binding
(23). The results of the present crystallographic study
allowed determination of the conformation of the 4th loop
of XynB, which had been difficult to predict from the
XynT6 structure due to the insertion of two residues.
Since the length of the 4th loop of XynA was the same as
that of XynT6, we constructed a model of XynA based on
the crystal structure of XynT6.
Structural Comparison of XynA and XynB—Two

notable differences were found between the structures
around the proton donor residues of XynA and XynB,
Glu195 (XynA) and Glu185 (XynB) (Fig. 4). Ser137 in
XynA, which is located in the 3rd loop and connects
b-strand 3 and a-helix 3, is Asn127 in XynB. The side
chain of Asn127 in XynB points to the proton donor
residue Glu185, but the side chain of Ser137 in XynA,
which was modelled based on Ser101 in XynT6, adopts a
different conformation. Another difference was found in
the structure of the 4th loop due to their low level
of sequence similarity (Fig. 2). To study the effects of
these differences on activity, six mutant enzymes
were prepared: XynA S137N, XynA Loop4B, XynA
S137NþLoop4B, XynB N127S, XynB Loop4A and XynB
N127SþLoop4A (Fig. 5). The levels of activity of all the
mutants were comparable to those of the wild-type
enzymes (Table 3).
Effects of the Mutation at Ser137(XynA)/

Asn127(XynB)—The acid dissociation constants of the

nucleophiles of all the mutant enzymes were about the
same as those of their respective parent enzymes, in both
the presence and absence of substrate (Table 3). These
results suggest that these mutations did not affect the
nucleophile. In contrast, the pKe2 and pKes2 values of
XynB N127S were higher than those of XynB by 0.37 and
0.34, respectively. Since the reverse mutations for XynA
(XynA S137N) decreased both pKe2 and pKes2, Ser137 in
XynA was confirmed as one of the factors responsible for
maintaining a high pKe2 value.

The pKe2 value of XynB N127S (7.99) was identical to
that of chimera 1 (7.98) (22), suggesting that the single
mutation is responsible for the effect of the A region
(substitution from the N-terminus to Val192; Fig. 2) on
the increase in pKe2. In contrast, the �2 value of XynB
N127S (0.17) was identical to that of XynB (0.20),
whereas chimera 1 had a much larger �2 of 0.52. Thus,
another part of the A region must be responsible for the
increase in �2 value, the size of the increase in the acid
dissociation constant of the proton donor during sub-
strate binding.

In the crystal structure of XynB and the predicted
structure of XynA, the side chain of Asn127 (Nd2) and
Ser137 (Cb) was located 4.4 and 5.2 Å from the Oe1 of
their corresponding proton donor residues. Due to the
distance separating them, this replacement is not likely
to directly affect dissociation of the proton donor. In both
enzymes, these residues are neighboured by Trp125 and
His126 (numbered according to XynB), both of which are
conserved among GH10 xylanases (9). In the XynB
structure, the distance between Ne2 of His126 and Od1
of Asn127 is 3.5 Å, suggesting that these residues
interact weakly. A water molecule (Wat519) may form
hydrogen bonds with both Asn127 (3.0 Å from Nd2) and
the proton donor Glu185 (2.8 Å from Oe2). Thus, the
positive charge of His126 may indirectly affect Glu185

Fig. 3. Stereoview of superposition of the structure of
XynB (yellow) and XynT6 (green). The electron density map
around the 4th loop of the XynB crystal structure is shown.

Residue names and numbers are given in the order of XynB/
XynT6. Residues flanking the deviated region are indicated by
arrows.

Molecular Anatomy of Alkaliphilic Xylanase 713

Vol. 141, No. 5, 2007

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


through Asn127 and Wat519, resulting in a decrease
in pKe2.

In contrast, the Ser101 residue of XynT6 (corre-
sponding to Ser137 of XynA) likely does not interact
with His100. Although Wat356, which forms a hydrogen
bond with the proton donor Glu159, is located at a
similar position (Wat519 in XynB), it is far from Ser101,
making it unlikely that His100 interacts with Glu159 in
XynT6. Because these residues are conserved by both
XynT6 and XynA, His136 probably does not affect

the XynA proton donor Glu195, thus causing no decrease
in pKe2.
Effects of the Substitution of the 4th Loop—The

substitution of XynB at the 4th loop into XynA (XynB
Loop4A) increased the pKe2 and pKes2 values by 0.29 and
0.62, respectively. The pKe2 and pKes2 values of the
reverse mutant, XynA Loop4B, were smaller than those
of XynA by 0.32 and 0.63, respectively, suggesting that
the 4th loop also plays a role in controlling activity at
basic pH. The double mutations showed a cooperative

Fig. 4. Stereoview of superposition of the crystal
structure of XynB (yellow) and the predicted structure
of XynA (green) (a), and the structure of XynB
(yellow) and XynT6 (pale cyan) (b) around the proton

donor residue. Water molecules of XynB and XynT6 are
coloured red and cyan, respectively. Residue names and
numbers are labelled in the order XynB/XynA (a) and XynB/
XynT6 (b).
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effect. The pKe2 value of XynB N127SþLoop4A was 0.58
higher than that of XynB, close to the sum of the effects
of both single mutations alone (0.37þ 0.29). The same
effect was also observed with XynA S137NþLoop4B.
Thus, Ser137 and the 4th loop independently increased
the pKa value of the proton donor.

The pKe2 values of XynB N127SþLoop4A and chimera
2 were identical, 8.20 and 8.19, respectively. The factors
responsible for the increase in pKe2 in chimera 2 can be
explained completely by N127S mutation and replace-
ment of the 4th loop in XynA. The �2 values of XynB
N127SþLoop4A and chimera 2 were 0.62 and 0.91,
respectively, with the difference, 0.29, similar to that
between XynB N127S and chimera 1 (0.35). This finding
suggests that the increases in pKe2 and �2 observed
when the P region (from Val193 to Asp265, Fig. 5) in
chimera 2 was replaced were only due to the replacement
of the 4th loop. The reason for the pKe2 difference of 0.29
between XynB N127SþLoop4A (8.20) and wild-type
XynA (8.49) has yet to be determined, indicating that
other areas in the N or C regions are responsible for the
remainder of the increase in pKe2.
Mechanism of the Effect of the 4th Loop—To identify

the amino acid residues in the 4th loop responsible for
the activity at basic pH, we generated two XynB-based
mutants: XynB Loop4A-1, in which the N-terminal half
of the 4th loop was replaced with that of XynA; and
XynB Loop4A-2, in which the C-terminal half of the 4th
loop was replaced with that of XynA (Fig. 5). The pKe2

value of XynB Loop4A-1 was 7.90, which was identical to
that of XynB Loop4A (7.91), whereas that of XynB was
7.62. However, the �2 value of XynB Loop4A-1 (0.18) was
identical to that of XynB (0.20). These results suggest
that the N-terminal half of the 4th loop of XynA alone
was responsible for the increase in the acid dissociation
constant of the proton donor in the absence of substrate,
but does not participate in its increase during substrate
binding.

This region of XynA contains a negatively charged
aspartic acid residue (Asp199), whereas there is no
corresponding residue in XynB (Fig. 4). However, the
distance between Asp199 and Glu195 (proton donor) is
8.4 Å (Od1 of Asp199 to Cd of Glu195), indicating that
Asp199 does not affect the proton donor directly. No
water molecule was found to interact with both Asp199
and Glu195. Arg204, which is located between Asp199
and Glu195, likely does not play a mediating role,
because substitution of Arg204 did not affect pKe2 (23).
The effect of Asp199 can be explained by the formation of
a hydrogen bond between this residue and Tyr239 (2.7 Å,

DDGGGMRNSP

EPNDPGGLRESE

DDGGGMRNSE

XynB

XynA S137N+Loop4B

Chimera 1

XynA S137N

XynA Loop4B

XynB N127S+Loop4A

XynB N127S

XynB Loop4A

Chimera 2

XynA

XynB Loop4-1

XynB Loop4-2

XynB Loop4-3 

A P N C

Proton donor Glu Nucleophile Glu

Fig. 5. Schematic diagram of the primary structures of
mutated xylanases. White and gray boxes are derived from
XynB and XynA, respectively. The letters A, P, N and C indicate
the division in chimeric xylanases described in our previous
report (22).

Table 3. The kcat values and acid dissociation constants for wild-type and mutated xylanases.

kcat (s�1) pKe1 pKes1 �1 pKe2 pKes2 �2

XynBa 58.1� 0.7 4.23� 0.09 3.86� 0.09 �0.37 7.62� 0.09 7.82�0.08 0.20
XynB N127S 53.7� 0.7 4.26� 0.09 3.82� 0.08 �0.44 7.99� 0.07 8.16�0.06 0.17
XynB Loop4A 46.2� 0.2 4.36� 0.08 3.79� 0.09 �0.57 7.91� 0.07 8.44�0.06 0.53
XynB N127SþLoop4A 34.4� 0.3 4.44� 0.11 3.94� 0.06 �0.50 8.20� 0.09 8.82�0.05 0.62
XynA S137N 33.5� 0.6 4.70� 0.10 4.23� 0.06 �0.47 8.36� 0.08 9.05�0.07 0.69
XynA Loop4B 32.6� 0.5 4.63� 0.09 4.28� 0.08 �0.35 8.17� 0.08 8.76�0.08 0.59
XynA S137NþLoop4B 31.3� 0.9 4.61� 0.09 4.29� 0.06 �0.32 8.03� 0.08 8.48�0.06 0.45
XynB Loop4A-1 58.1� 0.4 4.35� 0.08 3.92� 0.07 �0.43 7.90� 0.07 8.08�0.07 0.18
XynB Loop4A-2 52.7� 0.4 4.16� 0.07 3.93� 0.06 �0.23 7.83� 0.07 7.98�0.05 0.15
XynB Loop4A-3 54.4� 0.7 4.39� 0.08 3.90� 0.07 �0.49 7.89� 0.07 8.37�0.06 0.48
Chimera 1a 38.2� 0.4 4.73� 0.11 4.17� 0.12 �0.56 7.98� 0.09 8.50�0.10 0.52
Chimera 2a 40.3� 0.5 4.83� 0.11 4.27� 0.09 �0.56 8.19� 0.10 9.10�0.03 0.91
XynAa 32.4� 0.4 4.72� 0.21 4.10� 0.08 �0.62 8.49� 0.18 9.39�0.08 0.90
aDerived from reference (22).
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Oe1 of Asp199 to OH of Tyr 239) and the close location of
Tyr 239 and Glu195 (3.5 Å, Tyr239 Cd2 to Glu195 Oe2).

The �2 value of XynB Loop4A-2 did not differ much
from that of XynB, suggesting that this region does not
affect the �2 value directly. Thus, the N-terminal half of
the 4th loop must act in concert with its C-terminal half
in increasing the �2 value. We prepared XynB-based
mutant, XynB Loop4A-3, in which the proline residue at
the loop end of XynB Loop4A-1 was replaced with the
glutamic acid residue in XynA (Fig. 3), and found that its
pKe2 and �2 values were identical to those of XynB
Loop4A. A comparison of XynB Loop4A-1 and XynB
Loop4A-3 suggested that the glutamic acid residue
located at the end of the 4th loop, in concert with the
N-terminal half of this loop, was necessary to increase
the �2 value.

We previously reported that substitution of the
conserved arginine residue in the 4th loop of XynA
(Arg204) and XynB (Arg196) with several residues had
no effect on each pKe2 value, but resulted in �2 being
similar, around �0.3, in both enzymes, despite the
considerable difference in �2 values between native
XynA (0.90) and XynB (0.20) (23). Thus, the conforma-
tion of the arginine residue is responsible for the high �2

value of XynA.
This arginine residue forms a hydrogen bond with a

tyrosine residue (Tyr239/231 for XynA/XynB), forming
subsiteþ 1 (14) and restricting the conformational
change of the 4th loop during substrate binding (23).
The formation of the hydrogen bond between Asp199 and
Tyr239 thus likely affects the conformation of Arg204
through Tyr239 during the substrate binding at subsite
þ1. A proline residue at the end of the loop would reduce
its flexibility, possibly preventing Arg204 from attaining
the proper location for substrate binding. A water
molecule (Wat469) forms hydrogen bonds with both
Glu188 (2.7Å, Oe1) and Arg196 (2.9Å, NH1) in XynB
(Fig. 4). The difference in �2 between XynA and XynB is
also explainable with these hydrogen bonds, because they
likely fix the side chain of Arg196.

This work was supported in part by the Program for
Promotion of Basic Research Activities for Innovative
Biosciences (PROBRAIN), and the National Project on
Protein Structural and Functional Analysis.
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