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An arginine residue in loop 4 connecting $ strand 4
and «-helix 4 is conserved in glycoside hydrolase family
10 (GH10) xylanases. The arginine residues, Arg?** in
xylanase A from Bacillus halodurans C-125 (XynA) and
Arg!® in xylanase B from Clostridium stercorarium F9
(XynB), were replaced by glutamic acid, lysine, or
glutamine residues (XynA R204E, K and Q, and XynB
R196E, K and Q). The pH-k.y/K,, and the pH-k .y
relationships of these mutant enzymes were measured.
The pK; and pK. values calculated from these curves
were 8.59 and 8.29 (R204E), 8.59 and 8.10 (R204K), 8.61
and 8.19 (R204Q), 7.42 and 7.19 (R196E), 7.49 and 7.18
(R196K), and 7.86 and 7.38 (R196Q) respectively. Only
the pK,. value of arginine derivatives was less than
those of the wild types (8.49 and 9.39 [XynA] and 7.62
and 7.82 [XynB]). These results suggest that the
conserved arginine residue in GH10 xylanases increases
the pK, value of the proton donor Glu during substrate
binding. The arginine residue is considered to clamp the
proton donor and subsite +1 to prevent structural
change during substrate binding.

Key words: glycoside hydrolase family 10 (GH10);
xylanase; pH activity; arginine

Xylanase (EC3.2.1.8) catalyzes the hydrolysis of the
main polysaccharide chain (B-1,4 xylosyl bond) in
xylan, the most abundant component of plant cell walls
except for cellulose. Recently, xylanase has been found
to be applicable in the paper industry, replacing the use
of toxic chlorinated species to remove lignin from kraft
pulp.? Most xylanases are classified into two families
based on their amino acid sequence similarity,® glyco-
side hydrolase families 10 and 11 (GH10 and GHI11).
GHI10 xylanase takes a TIM barrel structure.*® Cata-
Iytic amino acid residues has been identified as two
glutamic acid residues.>'? It is known that several
amino acid residues are widely conserved as well the
catalytic amino acid residues, forming subsite —2 to +1
in GH10 xylanases.''~!® The roles of some of the amino

acid residues around the active cleft have been deter-
mined by mutation analysis and structural analysis with
substrate complex.!*!® We noticed that an arginine
residue is conserved near the proton donor glutamic acid
residue in the middle of loop 4 following f strand 4 in
the three-dimensional structures of GHI10 xylanases.
Because the arginine residue is located approximately
4A from the glutamic acid residue and tyrosine or
phenylalanine residues forming a part of subsite +1, the
arginine residue does not directly interact with the
proton donor glutamic acid residue or substrate binding
sites. In this study, we investigated the role of the
arginine residue using two GH10 xylanases, xylanase A
from Bacillus halodurans C-125 (XynA) and xylanase B
from Clostridium stercorarium F9 (XynB).'?9 We
concluded that the arginine residue plays a role in
keeping the pK, of the proton donor glutamic acid
residue high when the enzyme is bound with a substrate.

Materials and Methods

Construction of arginine mutants. Arginine residues
of XynA and XynB were replaced by glutamic acid,
lysine, or glutamine residues using mega-primer poly-
merase chain reaction?" with KOD plus polymerase
(Toyobo, Osaka, Japan), and the primers shown in
Table 1. Plasmid DNA of XynA and XynB prepared
previously!” were used as templates. The amplified
fragments and pET28a vector (Novagen, Darmstadt,
Germany) were digested with Ncol and Xhol before the
ligation step, which employed a DNA ligation Kkit,
Ligation High (Toyobo). In the construction of the
expression plasmids, Ile’> from XynA and Asn’ from
XynB were replaced by Val and Asp respectively, to
produce an additional Ncol restriction enzyme site. At
the C-terminus of each fragment, a Leu-Glu-His-His-
His-His-His-His sequence was added to facilitate the
purification process. The expression plasmids were used
to transform Escherichia coli BL21 (DE3).
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Table 1. Nucleotide Sequences of the Primers Used for Mega-Primer PCR
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Nucleotide sequence (5" — 3)

AATGTAGTCGGTACCTGTTATTTGATACCATTCCGATTCCTCCAGGCCGCCGCCATCGTC
AATGTAGTCGGTACCTGTTATTTGATACCATTCCGATTCCTTCAGGCCGCCGCCATCGTC
AATGTAGTCGGTACCTGTTATTTGATACCATTCCGATTCCTGCAGGCCGCCGCCATCGTC
TACCATGGATAAATTCTTAAACAAAAAATGGAGCTTAATTTTAACTATGG

XynA-N CCATGGTTACACTTTTTAGAAAGCCTT

XynA-C CTCGAGATCAATAATTCTCCAGTAAGCAGG

R204E

R204K

R204Q

XynB-N

XynB-C ATCCTCGAGTTCCCGCAACCGTGAA

R196E TACTCGGTACCGGTAATCTGATACCAAGGACTGTTTTCCATACCGCCGG
R196K TACTCGGTACCGGTAATCTGATACCAAGGACTGTTTTTCATACCGCCGG
R196Q TACTCGGTACCGGTAATCTGATACCAAGGACTGTTTTGCATACCGCCGG

The restriction enzyme sites are underlined and mutations are indicated by bold letters.

Production and purification of the recombinant
xylanases. Each transformant was cultivated at 30°C
with shaking in LB medium containing 50ug/ml
kanamycin until the absorbance at 600nm reached a
level of 0.5. Protein expression was then induced by the
addition of isopropyl-1-thio-B-D-galactoside at a final
concentration of 0.5 mMm, followed by further incubation
for 20h at 30°C with shaking. Mutant enzymes were
purified from the cell-free extract prepared from the
100 ml culture described below. The cells were harvest-
ed by centrifugation at 15,000 x g for 10 min and then
were resuspended in 20mM sodium phosphate buffer
(pH 7.0). The resuspended cells were sonicated using a
sonifier (Branson Ultrasonic Corporation, Danbury, CT,
U.S.A.), and the cell debris was removed by centrifu-
gation at 17,000 x g for 30 min. Each enzyme was
purified using an AKTA purifier (Pharmacia Biotech,
Uppsala, Sweden) with Ni-NTA agarose (Qiagen,
Hilden, Germany) and DEAE-Toyopearl (Tosoh, To-
kyo) column chromatography, as described previous-
ly.'” The homogeneity of the purified enzymes was
confirmed by SDS-PAGE analysis.??

Protein measurement and xylanase activity. Protein
concentrations were determined using theoretical ex-
tinction coefficients calculated from the amino acid
sequences of the proteins.”” The Ej% o - values
calculated for the arginine mutants from XynA and
XynB were 20.96 and 17.42 respectively. Xylanase
activity was determined by measuring the amount of p-
nitrophenol liberated from p-nitrophenyl-S-D-xylobio-
side (pNP-Xg)Z‘” as substrate. Reactions were performed
at 40°C in 50mMm MES buffer (pH 6.6) containing
0.01% Triton X-100 and 1.3 mm pNP-X,. The reactions
were stopped by the addition of an equal volume of 1M
sodium carbonate solution, and the amount of p-nitro-
phenol generated was quantified by measuring absorb-
ance at 400nm. One unit of xylanase activity was
defined as the amount of the enzyme liberating 1 pumol
of p-nitrophenol per min under the conditions described
above. Xylanase activity for soluble birch wood xylan
was measured using the copper—bicinchoninic acid
method.? The soluble xylan was prepared as described

previously.?® The enzyme in 25 ul of 20 mM phosphate
buffer (pH 7.0) containing 0.04% Triton X-100 was
preincubated with 50 ul of various 0.2 m buffer solutions,
as described below, for 3 min, and incubated with 25 ul
of 0.003% substrate for 5 min. The reaction was stopped
by adding 100 pl of copper—bicinchoninic acid reagent.
The reaction mixture was incubated at 100 °C for 15 min
and kept on ice for 20min. Reducing power was
measured based on absorbance at 560 nm using xylose
as the standard.

pH-Activity studies of the xylanases. To investigate
the relationships between pH and enzyme activity, each
enzyme solution was diluted in 0.13 mMm of each of the
following buffers, containing 0.01% Triton X-100 with
various concentrations of the substrate (0.038—1.14 mwm)
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 and pK.s and pK. values were
calculated by curve-fitting the experimental data to the
Michaelis—Menten equation (Eq. 1) and the bell-shaped
curves (Eq. 2 and Eq. 3)*” using the GraFit computer
program.”®

v = (keat[Elo[Slo)/(Km + [S]o) (Eq. 1)
Vinax (PH) = Vigay /((10PKPD 1)1 0PHPRe) 1),
(pKes1> pK, for the nucleophile with substrate; pKeg,
pK, for the proton donor with substrate binding)
(Eq. 2)
Vimax/Km(pH)
= (Viax/Kin)/(10PEP - 1)(10PHPES - 1)),
(pKe1, pK, for the nucleophile without substrate;
pKe2, pK, for the proton donor without substrate
(Eq. 3)

The dissociation pattern of the proton donor and
nucleophile is illustrated in Fig. 1.

binding)
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Results and Discussion template. Around the proton donor residues, the struc-
tures of loop 4 were different especially in the front part
Modeled structure onynA and XynB due to their low Slmllar]ty That of XynB was more

To confirm that the arginine residue was mutated, the
predicted three-dimensional structures of XynA and

XynB were constructed on the web site program of pH

SWISS-MODEL (http://www.expasy.org/swissmod/)>” low =ommmemmmmmmemmn e > high
based on the three-dimensional structure of GHI0 Proton donor

xylanase from Geobacillus stearothermophilus T-6 COOH COOH COO™
(PDBID: 1HIZ).3” They showed 75% and 68% amino pK,, pPKy

acid sequence similarity (Fig. 2A) with XynA and XynB
respectively, suggesting the reliability of the general
structure. The amino acid sequences of XynA and XynB
have 51% identity and 73% similarity. The modeled inactive active inactive
structure of XynA and XynB are shown in Fig. 2B to be . o o

. . Fig. 1. Model for the Dissociation Pattern of an Enzyme Containing
comparable with the template structure. The location of Two Catalytic Residues
the conserved residues such as catalytic and substrate pKa1 and pK,, show the dissociation constant for the nucleophile
binding residues were topologically identical with the and proton donor residues respectively.

—> A
COOH COO™ COO~
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A
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XynA 1:i IITLF GNV QGGPPKSGVFGENEIRNDQPFAWQVA-S-|#S AV N IGAAVEPH EGRQA-GIIAMH 86
T -ELY|&K

XynB l: ------------ MNKF NKKWSLILEMGGIFLMATLILIFATGKAFNDQTSAEDIPS FRDY)JPPYELVATINYGMTTGQIA - 76
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176
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Fig. 2. Alignment of Amino Acid Sequences (A) and Modeled Structures (B) for XynA and XynB and Template 1HIZ.
(A) Amino acid sequences of XynA, XynB, and 1HIZ are aligned. Reversal letters represent identical amino acid residues at each position.
The region of loop 4 is boxed. Asterisks show the conserved residues in the active center shown in Fig. 4. Dotted lines show a-helixes and p-
strands constructing the (B/w)g barrel. (B) Structures of XynA, XynB, and 1HIZ are shown in ribbon-style, colored white, black, and gray
respectively. These structures were superimposed by SWISS Pdb-Viewer software.>” Amino acid residues, proton donor Glu'®, and loop 4
constituents containing Arg?** show a stick form (numbering from XynA).
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bulky than those of XynA and 1HIZ because XynB was
two amino acid residues longer in the front part of loop
4. But the locations of the arginine residue (Arg?** for
XynA and Arg'®® for XynB) were well conserved,
approximately 4.5 A apart from the side chain of the
proton donor residue.

Construction of the arginine mutants

To investigate the function of the arginine residue, the
strongly basic residues (Arg) in XynA and XynB were
replaced by acidic (Glu), neutral (Gln), or less basic
(Lys) residues. All the mutated enzymes were expressed
as soluble proteins and successfully purified through the
His-tag trapping system. They showed hydrolytic activ-
ities on both pNP-X, and xylan.

Basic characterization of the mutant xylanases

The activities of the purified mutant xylanases are
listed in Table 2. We report that the K;, values toward
pNP-X, of the mutant enzymes were identical with
those of the corresponding parental enzyme. The k.,
values on pNP-X, of the mutants were slightly less than
those of the corresponding parental enzymes, especially
with XynA. Specific activities for birch wood xylan also
decreased slightly by the mutations, but the differences
were not so significant as to establish that the arginine
residue was essential in the catalytic action or substrate
recognition. Additionally, it should be noted that no
significant difference in the activity with the difference
in the residues after substitution was observed. Hence
we conclude that the arginine residue does not play a
direct role in the catalysis of GH10 xylanases.

The thermal stabilities of the parental and mutant
xylanases were assessed by determining the residual
activity after incubation at 60 °C. The half lives of the
activity for mutants were smaller than those of the
corresponding parental enzymes, but again the differ-
ences were not very significant, only small decreases in
a stable temperature range within a few degrees. Thus
we do not consider that the stabilization of the enzyme is
the main role of the arginine. Furthermore, the decreases
in stability did not affect the measurement of pH-activity
relationships for mutant enzymes under the assay
conditions used.

Table 2. Comparison of the Characterization for Arginine Mutants

keat K Specific activity t/2
for pNP-X, for pNP-X, for xylan at 60°C
(sec™hy* (mm)* (U/mg)* (min)*
XynA 324 0.20 16.2 59.4
R204E 15.7 0.21 10.2 24.5
R204K 18.9 0.18 12.3 36.6
R204Q 225 0.20 12.2 51.7
XynB 58.1 0.09 10.3 249
RI196E 50.8 0.14 6.50 101
R196K 51.4 0.10 8.35 123
R196Q 54.3 0.12 8.96 101

The enzyme reaction was performed at pH 6.6 (*) or pH 7.0 (#).

pH-Activity relationships of the mutant xylanases

The pH-activity relationships of the mutant xylanases
were measured using pNP-X, as a substrate. Relative
Viax/Km and V. and K, values were determined at
various pH levels, as shown in Fig. 3. It is obvious that
the drastic increases of the parental enzymes in K,
values with the increase in pH disappeared with the
mutation. The pK.s and pK, values were calculated by
regressing the experimental data with formulae (2) and
(3), as shown in Table 3.

Considering the dissociation of the nucleophile
glutamic acid residue, small increases in both the pK.;
and pK.s values were observed with both xylanases, but
the A; values (pKesi—pKe1) did not change with the
mutations. The arginine residue might have some weak
long-range interaction with the nucleophile.

In the case of the dissociation of the proton donor
glutamic acid residue, significant differences in pKes
were observed, whereas pK., did not change with the
mutations. The differences are obvious by comparing
the difference in A, (pKes»—pKez). Both the parental
enzymes have positive A, values, but those of all the
mutants turned negative. These results suggest that the
side chain of arginine residue plays an important role in
keeping pK., value high only when the enzymes form
complexes with substrates.

It should be noted that the pK., value of all the
mutants of each parent were identical even though the
charge of the replaced residues were different, indicating
that the function of arginine cannot be explained only by
the charge of the residue. Thus, the effect of the arginine
residues should be related not merely to the charge, but
to the whole structure of the arginine.

The location of the amino acid residues well con-
served in GH 10 xylanases around Arg?%* in the modeled
structure of XynA is schematically illustrated in Fig. 4.
The distances between the residues were almost iden-
tical with XynB, as shown in Fig. 4. The arginine
residue appears not directly to interact with substrate
judging from the structure of G. stearothermophilus T-6
xylanase with substrate binding (PDB ID: 1R87). The
positive charge of Arg?** appears not directly to interact
with the side chain of the proton donor Glu'® because of
the distance of 4.5 A (between N72 of Arg?** and Oe1 of
Glu'®®). This accords with the fact that the pK., values
did not change with the mutation of the arginine
residues.

A charged nitrogen atom of Arg?® (N72) was found
to make a hydrogen bond with the phenolic oxygen atom
of Tyr*®*, which fixed substrates at subsite +1 by
stacking interaction.’) Roberge et al. substituted the
conserved tyrosine residue with phenylalanine in Strep-
tomyces lividans xylanase A and concluded that this
hydrogen bond did not appear to be important for the
catalytic activity.*” Furthermore, some GH10 xylanases
naturally have phenylalanine residue at the position,'?
again indicating that the phenolic hydroxyl group is not
essential for the activity. These results agree with our



908 M. NISHIMOTO et al.

100 100
& ©
< 80 S g0
z 2
2 z
5 60 g 60
2 2
S 40 5 40
& &
20 20
0 0
3 4 5 6 7 8 9 10
pH
100 100
S s
< 80 < 80
2 ol
2 =
S 60 5 60
2 2
5 40 g 40
] )
~ [
20 20
0 0
3 4 5 6 7 8 9 10
pH
17 0.5
08 0.4
06 F S 03
= g
g F
e 04 A 0.2
9
02 r 0.1
0 L 1 1 1 1 1 J 0
3 4 5 6 7 8 9 10

Fig. 3. Comparison of pH-Activity Profiles.

These profiles show the pH versus Viax/Km (A and D), Viax (B and E), and K, (C and F) for arginine mutants. Open circles, XynA and XynA

derivatives; closed circles, XynB and XynB derivatives; circles, wild type; squares, glutamic acid mutants; triangles, lysine mutants; diamonds,
glutamine mutants.

Table 3. Comparison of pK. and pK. Values for Arginine Mutants

pKe] pKes] A] pKeZ pKeSZ AZ
XynA
Wild type 4.72+£0.21 4.10+0.08 —0.62 8.49 £0.18 9.39£0.08 +0.90
R204E 5.10+0.12 4.56 £0.07 —0.56 8.59+0.12 8.29 +0.06 —0.30
R204K 4.99+£0.10 4.52£0.09 —0.47 8.59+0.10 8.10+0.08 —0.49
R204Q 5.15+0.10 4.59 £0.09 —0.56 8.61 +0.10 8.19+0.08 —0.42
XynB
Wild type 4.23+£0.09 3.86 +0.09 —0.37 7.62£0.09 7.82 £ 0.08 +0.20
R196E 4.39+£0.09 4.09 £0.06 —0.30 7.42+£0.09 7.19 £0.07 —-0.23
RI196K 4.45+0.08 4.13£0.06 —0.32 7.49 £0.08 7.18 £0.08 —0.31

R196Q 4.31+£0.07 4.18 £0.05 —0.13 7.86 £0.06 7.38 £0.05 —0.48
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Fig.4. A Schematic Diagram of the Interaction of Well-Conserved
Residues in GH 10 Xylanases around Arg’** in the Modeled
Structure of XynA.

Amino acid residues that are the major focus of this paper are
represented in line form. The expected hydrogen bond is shown by
the dotted line (distances are indicated with XynA/XynB in A). N;2
and Ne atoms of Arg?™ form hydrogen bonds with the phenolic
oxygen atom of Tyr>* and the carbonyl oxygen of the main chain of
Glu'® respectively. Tyr*® and Trp'® constitute part of subsite +1
and —1 respectively. Ne1 of Trp' has a hydrogen bond with Og1 of
Glu'®. The indole ring of His'3 is located 3.7/3.6, 3.3/3.4, and
3.6/3.4A from Nyl of Arg?®, Oel of Glu'®>, and Nel of Trp!®
respectively.

results that the arginine mutants that lost the hydrogen
bond showed comparable activities with the correspond-
ing wild-type enzymes.

The Ne atom of Arg?™ has been found to form a
hydrogen bond with the carbonyl oxygen in the main
chain of the proton donor Glu'®>. Considering the two
hydrogen bonds, Arg?* might play a role as a structural
clamp between proton donor Glu'® and subsite +1 to
protect from structural changes during substrate-binding.
This clamping explains the small decreases in thermal
stability through the mutations. The clamping might also
explain how it is that the effect of the mutation of Arg?**
appeared only with pKe.

The real mechanism in the decrease in pKes is not
readily available with the experimental results above,
but a possible explanation is the following: His'® is
located close to the proton donor Glu'®> with a distance
of 3.3 A between Cel of His'*® and O¢1 of Glu'%®. Thus
the positive charge of His'3® might affect the pK, of the
proton donor Glu'®>. The distance between Ne2 of
His'® and Nnl of Arg?® is relatively close at 3.7 A.
Arg?** might prevent His'*® from approaching Glu'® by
preventing a structural change, by clamping the proton
donor and subsite +1 or by a steric hindrance. The
histidine residue also neighbor Trp'* and has important

roles for both activity and substrate binding as subsite
—1 as demonstrated by mutational analysis.>>* Thus
the effect of His'*® to Glu'®> might not be direct, but
rather through Trp'3>.

In conclusion, the conserved arginine residue plays an
important role for GH10 xylanases to keep pK, of the
proton donor glutamic acid high during substrate bind-
ing by clamping the proton donor and subsite +1.
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