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Abstract: Xylanase J (XynJ) from alkaliphilic Bacillus sp. strain 41M-1 is a multi-domain enzyme consisting
of a glycoside hydrolase (GH) family 11 catalytic domain and a carbohydrate-binding module family 36
xylan-binding domain (XBD). Structural comparison of the GH family 11 catalytic domains indicated that
there were several specific salt bridges in the catalytic cleft of XynJ. Mutant enzymes were prepared by sub-
stituting several amino acid residues responsible for the characteristic salt bridges. Elimination of the salt
bridges caused an acidophilic shift in optimum pH, suggesting that the characteristic salt bridges contributed
to the alkaliphily of XynJ. On the other hand, reinforcing one of the characteristic salt bridges in the catalytic
domain shifted the optimum pH of XynJ from 8.5 to 9.0. Furthermore, introducing excess Arg residues on the
protein surface was also effective to improve the alkaliphily of XynJ. Xylan-binding properties of various
XBD mutants were investigated as fusion proteins with glutathione-S-transferase. Furthermore, the same sub-
stitutions were introduced into the XBD region of XynJ and insoluble xylan-hydrolyzing activity was mea-
sured. The results indicated that some Asp, Trp and Tyr residues were important for xylan-binding activity of
the XBD, and that xylan-hydrolyzing activity of XynJ was closely correlated to xylan-binding activity of the
XBD region.

Key words: glycoside hydrolase family 11, xylanase, carbohydrate-binding module family 36, xylan-binding
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Xylan, the major component of hemicellulose, has a
backbone of B-1,4-linked xylopyranose units. Xylanase
(1,4-B-p-xylan xylanohydrolase; EC 3.2.1.8) catalyzes hy-
drolysis of f-1,4 bonds of xylan to generate xylo-
oligosaccharides and xylose. Various applications of xyla-
nases in the bioconversion, food, and feed industries have
been suggested.™ Since the solubility of xylan in aqueous
solutions increases at alkaline pHs, xylanases active under
alkaline conditions are required for industrial applications.

We have isolated alkaliphilic Bacillus sp. 41M-1 from
a soil sample.” The strain produced a xylanase that had an
alkaline pH optimum.” The enzyme, named xyla-
nase J (Xynl]), consists of two functional domains: a gly-
coside hydrolase (GH) family 11 catalytic domain (CatD)
and a xylan-binding domain (XBD) belonging to
carbohydrate-binding module family 36 (http://www.
cazy.org/index.html) (Fig. 1).” Mutational analysis of the
CatD revealed some amino acid residues that were impor-
tant for catalytic activity.” The alkaline adaptation mecha-
nism of XynJ, however, had not been elucidated. On the
other hand, an XBD-truncated XynlJ derivative (AXBD),
and a fusion protein of glutathione-S-transferase (GST)
and the XBD (GST-XBD) were prepared.”” GST-XBD
bound tightly to insoluble xylan and AXBD showed far
lower hydrolyzing activity toward insoluble xylan than
full-length XynJ. These results indicated that the XBD

*Equal contribution.
“*Corresponding  author (Tel. +81-45-924-5765, Fax. +81-45~
924~5837, E-mail: nakamura.s.af@m.titech.ac.jp).

would bind to insoluble xylan and enhance hydrolyzing
activity of the adjacent CatD. The XBD was successfully
displayed on the surface of filamentous phage. Analysis
of the xylan-binding activity-deficient mutant phages re-
vealed that some Asp, Phe and Trp residues might con-
tribute to xylan-binding activity of the XBD.”

Recently, we have solved the crystal structure of XynJ
(Ihsanawati et al., manuscript in preparation). Structure
comparison between CatDs of neutral and alkaline xyla-
nases indicated that there were several salt bridges spe-
cific in alkaline xylanases, including XynJ. These salt
bridges lie in the catalytic cleft, suggesting that the salt
bridges might contribute to the alkaliphily of XynlJ. In this
article, we describe our recent findings from the analysis
of functional domains and successful improvement of the
alkaliphily of XynJ.

Structural comparison of CatDs from GH family 11

xylanases.

Structural comparison of GH family 11 alkaline xyla-
nase (Xynll) from Bacillus agaradhaerens with neutral
xylanases revealed that there was a characteristic salt
bridge network in Xynl11.” We also solved the crystal
structures of XynJ in two crystalline forms obtained from
pH 6.5 and 8.0 (PDB ID: 2DCJ and 2DCK, respectively).
There was also the same characteristic salt bridge network
(formed by Glul6, Arg48, LysS52 and Glul77) found in
Xynll. Moreover, an additional salt bridge (formed by
Aspl4 and Lys51) characteristic in alkaline xylanases was
discovered in the CatD region of XynJ (Fig. 2).>'" All
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these salt bridges lay in the catalytic cleft. Previous work
showed that mutant enzymes XynIpian (Aspl4 of Xynl
was replaced by Asn), XynJei6Q and XynJg177Q exhibited
acidophilic shifts in optimum pH.® These results sug-
gested that the characteristic salt bridges existing in the
catalytic cleft might contribute to the alkaliphily of XynlJ.

Mutations of the residues responsible for the charac-

teristic salt bridges found in the CatD.

The amino acid residues Argd48, Lys51 and Lys52,
which were responsible for the characteristic salt bridges,
were targeted for further mutational analysis. AXBD, con-
sisting of the CatD only and corresponding to Alal-
Pro222 of Xynl, was used as a parent enzyme for the mu-
tational study. To eliminate the salt bridges, Arg48, Lys51
and Lys52 were replaced by Gln according to our previ-
ous work (XynJei6Q and XynJei77Q).” To reinforce the
salt bridges, the concerned Lys51 and Lys52 were re-

GHfamily 11 CBMfamily 36
catalytic domain xylan-binding domain
Xynd HaN —{ CatD COOH
AXBD HoN -] CatD }-cooH

GST-XBD  H;N

Glutathione-S-transferase
Fig. 1. Molecular architectures of XynJ, AXBD and GST-XBD.

(B)
Aspi14 - Lys51
Glu16 - Lys52

| I
Arg48 — Glu177

Fig. 2. Three-dimensional structure of the CatD region of XynJ
(A) and characteristic salt bridges found in XynJ (B).

The catalytic residues and the amino acid residues responsible for
the characteristic salt bridges are shown in panel (A).
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placed by Arg. Salt bridges of AXBD should be elimi-
nated in mutants AXBDr4sq, AXBDks51Q and AXBDK52Q,
whereas they should be reinforced in AXBDk5ir and
AXBDkSs2R.

Wild-type AXBD, and mutants AXBDpi4n, AXBDE16Q,
AXBDRr480, AXBDk510, AXBDK51R, AXBDK52Q, AXBDk52R
and AXBDE177Q were assayed for xylanase activity at
various pHs. Wild-type AXBD showed a broad pH profile
and the highest activity at pH 8.5 (Fig. 3(A)). The pH op-
tima of AXBDE16Q, AXBDRr43Q, AXBDxks52Q and AXBDEI177Q
were changed to 5.0-6.0, while AXBDpian and AXBDK51Q
exhibited almost the same optimum pH as wild-type
AXBD.” These results suggested that the characteristic salt
bridges contributed to the alkaliphily of Xynl.

Unlike AXBDks1Q, AXBDksir exhibited somewhat
higher specific activity than wild-type AXBD in a broad
range of pH and had a pH optimum of 9.0 (Fig. 3(B))."”
On the other hand, AXBDxks2R showed lower activity at
alkaline pHs compared to wild-type AXBD, and had a pH
optimum of 8.0. These results indicated that reinforcement
of the characteristic salt bridge formed by Aspl4 and
Lys51 caused an alkaliphilic shift in optimum pH. The re-
inforcement of this salt bridge might increase the stability
of the cleft structure at alkaline pHs, and thus result in
improvement of the alkaliphily of XynJ. In the case of
AXBDEKs2R, the salt bridges might not be formed cor-
rectly, especially at alkaline pHs. As a result, AXBDks2r
exhibited an acidophilic shift in optimum pH. Further
studies need to be conducted to clarify why AXBDxks2r
has rather higher activity at neutral pHs compared to
wild-type AXBD.

Introduction of excess Arg residues on the protein

surface of the CatD.

Amino acid sequence comparison of some alkaline ser-
ine proteases revealed that high-alkaline adaptation is ac-
companied by an increase in the number of Arg on the
protein surface.'"” Some mutant enzymes were prepared
from Trichoderma reesei xylanase Il by introducing ex-
cess Arg residues on the Ser/Thr surface.”” The Ser/Thr
surface forms a major part of the outer surface of the
double-layered B-sheet and contains a large number of Ser
and Thr residues. These mutations shifted the optimum

(B)
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Fig. 3. Effect of reaction pH on activity of wild-type and mutant AXBDs.

The reaction was carried out at 37°C for 10 min using birchwood xylan as a soluble substrate. Xylanase activity was determined by mea-
suring the amount of liberated reducing sugars by the conventional method. One unit (U) was defined as amount of enzyme that released re-
ducing sugars equivalent to 1 umol of xylose per min. (A) @, wild-type AXBD; 4, AXBDpian; B, AXBDt16Q; €, AXBDEI77Q; 4,
AXBDRr4sQ; [, AXBDks1Q; <, AXBDk520. (B) @, wild-type AXBD; A, AXBDks1R; B, AXBDks2r; &, AXBDRs; [, AXBDRS/K51R.
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pH to the alkaline region by 0.5-1.0 pH unit. Moreover,
the temperature optima of these mutants increased by 5°C
compared to the wild-type enzyme.

The amino acid residues Ser26, Thr34, Asn74, Asn76
and Asnl192 at the Ser/Thr surface were selected for sub-
stitutions according to one of the 7. reesei xylanase II
mutants.”” Amino acid substitutions of these five residues
by Arg were introduced into AXBD and AXBDksIR to
construct AXBDrs and AXBDks1r/R5, respectively. The
positions of the substituted amino acids (Ser26, Thr34,
Lys51, Asn74, Asn76 and Asnl92) are shown on the
three-dimensional structure of the CatD region of XynJ
(Fig. 4). AXBDrs and AXBDks1r/R5 showed about 50%
of the activity of wild-type AXBD and had pH optima of
9.0 and 9.5, respectively (Fig. 3(B))."” These results sug-
gested that the introduction of five Arg residues on the
Ser/Thr surface could also improve the alkaliphily of
AXBD. It is noteworthy that the optimum pH of AXBD
has been successfully shifted from 8.5 to 9.5 by combin-
ing the two methodologies presented in this study.

Wild-type AXBD, and mutants AXBDksir, AXBDRrs
and AXBDxksir/R5 were assayed for xylanase activity at
various temperatures. As shown in Fig. 5, wild-type
AXBD was most active at 55°C. AXBDksir exhibited al-

Asn76 Asn74 Asn192
Fig. 4. Three-dimensional structure of the CatD region of XynlJ.

Ser26

The positions of substituted amino acid residues in mutant
AXBDxks51r/R5 are shown.

450
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Fig. 5. Effect of reaction temperature on activity of wild-type and
mutant AXBDs.

The reaction was carried out at pH 8.5 for 10 min using birch-
wood xylan as a soluble substrate. ©, wild-type AXBD; A,
AXBDK5IR; &, AXBDRs; [, AXBDKsIR/RS.

most the same temperature profile and temperature opti-
mum as wild-type AXBD. On the other hand, the tem-
perature optima of AXBDRrs and AXBDxksir/Rs were both
60°C.'" Although these mutants showed lower specific ac-
tivity than wild-type AXBD at 37-60°C, they showed ap-
parently higher activity at 65°C. These results indicated
that the introduction of excess Arg residues on the protein
surface increased the thermostability of AXBD.

Structure modeling of the XBD /xylotriose complex.

In the crystal structure of Xynl, the XBD region has
also the B-jelly-roll fold well observed in other CBMs. It
contains two Ca™ on the side and top of the fold, referred
to as Ca-1 and Ca-2. The structure of CBM family 36
XBD of Paenibacillus  polymyxa xylanase 43A
(PpCBM36) in complex with xylotriose has already been
reported.” PpCBM36 also contains two Ca™ and one of
the xylose residues is coordinated to the Ca™ on the top
of the fold via its O2 and O3 hydroxyls, suggesting that
PpCBM36 should be a Ca*-dependent XBD. The XBD
structure of XynJ (2DCJ) was superimposed with that of
PpCBM36 to construct the structure model of the XBD/
xylotriose complex (Fig. 6)." It seemed that the XBD
might follow the same Ca™-dependent xylan-binding
mechanism as PpCBM36 and that Ca-2 might interact

Xylotriose

Fig. 6. Three-dimensional structure model of the XBD/xylotriose
complex.

100

Binding rate (%)
- [=23 @
o (=] o

N
[~

Wild Y237A D313A W317A D318A

Fig. 7. Insoluble xylan-binding of wild-type and mutant GST-
XBDs in the absence (open bar) or presence (shaded bar)
of 10 mm CaCl.

GST-XBDs were incubated with insoluble oat spelt xylan at
room temperature and pH 7.5 for 3.0 h. The residual GST activity
in the supernatant was determined. The decrease of activity in the
supernatant corresponds to the protein bound to xylan. The mean =
SD of triplicate experiments is shown.
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Insoluble xylan-hydrolysis by wild-type and mutant XynJs in the absence (A) or presence (B) of 10 mM CaCl..

The reaction was carried out at 37°C and pH 7.5 using oat spelt xylan as an insoluble substrate. An increase of reducing sugars was moni-
tored at several points by the conventional method and expressed as xylose equivalent. ®, wild-type XynJ; A, Y237A; B, D313A; €, W317

A; x, D318A.

with Tyr237, Asp313, Trp317 and Asp318 as well as the
second xylose residue. In addition, it seemed that the xy-
lose ring at the nonreducing end might be wedged be-
tween the aromatic side chains of Tyr223 and Tyr237.

Mutations of the residues that coordinate to a Ca™ of

the XBD.

In the XBD/xylotriose complex structure model, Ca-2
seemed to interact with Tyr237, Asp313, Trp317 and
Asp318, as well as a xylose. These residues were replaced
with Ala. Insoluble xylan-binding of wild-type and mutant
GST-XBDs is shown in Fig. 7. In the absence of CaCl,,
all the mutants showed lower binding rates than wild-type
GST-XBD. This result indicated the importance of these
residues in insoluble xylan-binding. Binding rates of mu-
tants Y237A and W317A increased by adding CaCl,, al-
though those of mutants D313A and D318A did not. Mu-
tants Y237A and W317A showed higher Ka value com-
pared to wild-type GST-XBD in the presence of CaCls,
although binding rates of the mutants D313A and D318A
were too low to determine the Kd values (data not
shown).

Insoluble xylan-hydrolysis by wild-type and mutant
XynlJs is shown in Fig. 8." In the absence of CaCl,, all
the mutants showed lower hydrolyzing activity than the
wild-type XynJ. Hydrolyzing activity of mutants Y237A
and W317A was improved by adding CaCl,, although that
of mutants D313A and D318A was not. These results cor-
responded to those obtained with mutant GST-XBDs.

Figure 9 shows the coordination bonds to Ca™. Ca-2
seemed to coordinate to O of Tyr237, 081 of Asp313, O
of Trp317 and 082 of Asp318, as well as O2 and O3 hy-
droxyls of a xylose residue. When Asp313 and Asp318
were replaced with Ala, the coordinate bonds to Ca™
would completely break and Ca™ would not be taken in
any more. When Tyr237 and Trp317 were replaced with
Ala, the main-chain O atoms that coordinated to Ca* still
existed. It was thought, therefore, that Ca™ was compen-
sated and binding of the mutants Y237A and W317A in-
creased by adding CaCl..

Mutations of the residues in the XBD that stack

against a xylose ring.

The aromatic side chains of Tyr223 and Tyr237 might
make stacking interactions with a xylose ring. These resi-

o

° Xylotriose
“o

O 0

Asp313 %@
(Side-chairﬁ~ =
oS Tyr237
o Ca-2\ (Main-chain)
Trp317} 02
(Main-chain) Asp318
(Side-chain)

Fig. 9. Schematic diagram of the coordinate bonds to Ca™.

100

80

60

40

Binding rate (%)

20

Wild Y223F Y237F Y223A Y237A

Fig. 10. Insoluble xylan-binding of wild-type and mutant GST-

XBDs in the presence of 10 mM CaCl..

GST-XBDs were incubated with insoluble oat spelt xylan at
room temperature and pH 7.5 for 3.0 h.

dues were replaced with Phe or Ala. Insoluble xylan-
binding of wild-type and mutant GST-XBDs in the pres-
ence of CaCl: is shown in Fig. 10." Mutants Y223F and
Y237F showed the same binding rate as wild-type GST-
XBD. On the other hand, mutants Y223A and Y237A
showed a rather lower rate than wild-type GST-XBD. The
Ka values of mutants Y223F and Y237F were the same as
that of wild-type GST-XBD in the presence of CaCl
(data not shown). On the other hand, mutants Y223A and
Y237A showed higher Kd compared to wild-type GST-
XBD. These results indicated the importance of the stack-
ing interactions between the xylose ring and the aromatic
side chains of Tyr223 and Tyr237.

Insoluble xylan-hydrolysis by wild-type and mutant
XynJs in the presence of CaCl, is shown in Fig. 11."
Mutants Y223F and Y237F showed almost the same hy-
drolyzing activity as wild-type XynJ. On the other hand,
mutants Y223A and Y237A showed rather lower activity
than wild-type Xynl. These results corresponded to those
obtained with mutant GST-XBDs.
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Fig. 11. Insoluble xylan-hydrolysis by wild-type and mutant

Xynls in the presence of 10 mm CaCl..

The reaction was carried out at 37°C and pH 7.5 using oat spelt
xylan as an insoluble substrate. @, wild-type XynJ; A, Y223F; H,
Y237F; @, Y223A; x, Y237A.

Conclusions.

The characteristic salt bridges found in the CatD are
shown to contribute to the alkaliphily of XynJ. Reinforc-
ing the salt bridge formed by Aspl4 and Lys51 caused an
alkaliphilic shift in optimum pH. Introducing five Arg
residues on the Ser/Thr surface is also effective to im-
prove the alkaliphily of XynJ. The amino acid residues
Tyr237, Asp313, Trp317 and Asp318 of the XBD are im-
portant for xylan-binding activity, because the XBD binds
to xylan via Ca™ that is coordinated to by these residues.
The aromatic side chains of Tyr223 and Tyr237 also play
an important role in xylan-binding. Xylan hydrolyzing ac-
tivity of XynlJ is closely correlated to xylan-binding activ-
ity of the XBD region.

We thank Dr. Ihsanawati, Prof. T. Kumasaka and Prof. N.
Tanaka of Tokyo Institute of Technology for the cooperative work
in X-ray analysis. This work was partially supported by the Global
COE (Centers of Excellence) Program from the Ministry of Educa-
tion, Culture, Sports, Science and Technology of Japan (MEXT).
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