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Abstract

To understand the molecular basis of higher pH catalytic adaptation of family 11 xylanases,
we compared the structures of alkaline, neutral, and acidic active xylanases and analyzed
mutants of xylanase Xyn11A-LC from alkalophilic Bacillus sp. SN5. It was revealed that alka-
line active xylanases have increased charged residue content, an increased ratio of nega-
tively to positively charged residues, and decreased Ser, Thr, and Tyr residue content
relative to non-alkaline active counterparts. Between strands 6 and (37, alkaline xylanases
substitute an a-helix for a coil or turn found in their non-alkaline counterparts. Compared
with non-alkaline xylanases, alkaline active enzymes have an inserted stretch of seven
amino acids rich in charged residues, which may be beneficial for xylanase function in alka-
line conditions. Positively charged residues on the molecular surface and ionic bonds may
play important roles in higher pH catalytic adaptation of family 11 xylanases. By structure
comparison, sequence alignment and mutational analysis, six amino acids (Glu16, Trp18,
Asnd4, Leu46, Arg48, and Ser187, numbering based on Xyn11A-LC) adjacent to the acid/
base catalyst were found to be responsible for xylanase function in higher pH conditions.
Our results will contribute to understanding the molecular mechanisms of higher pH catalytic
adaptation in family 11 xylanases and engineering xylanases to suit industrial applications.

Introduction

Xylanase (EC 3.2.1.8) can hydrolyze B-1,4-xylosidic linkages of xylan, a major component of
hemicelluloses in plant cell walls [1,2]. Based on hydrophobic cluster analysis and sequence
homology of the catalytic domain, xylanases are mainly classified into glycoside hydrolase
(GH) families 10 and 11 [3], which have a (0/B)s-barrel fold [4] and a B-jelly roll structure [5],
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respectively. Xylanase has potential economic environmentally friendly applications [6]. A
major application of xylanases is in the paper and pulp industry, in which the enzyme can
reduce the consumption of toxic chlorine-containing chemicals and improve the pulp bright-
ness [7]. Because of their small molecular mass (about 20 kDa) and cellulase-free activity, fam-
ily 11 xylanases can easily penetrate cellulose fiber networks without damaging the fibers and
are therefore suitable for the pulp bleaching process [8].

Xylanases used in the paper industry are required to be stable and active at high temperature
and alkaline pH [9]. However, most xylanases reported to date are active and stable at meso-
philic temperatures and neutral or weakly acidic pH. Investigators have carried out much
research on the thermophilicity of family 11 xylanases, which can contribute to improving the
thermophilicity of mesophilic enzymes for industrial applications [10-16]. However, little is
known about the molecular adaptation of family 11 xylanases to alkaline conditions. Such
adaptations are complex and the limited studies to date on high pH adaptation of proteins
[4,17-20] are not sufficient to draw universal conclusions on the adaptation mechanisms.
However, those findings provide clues for research into higher pH catalytic adaptation of fam-
ily 11 xylanases. Many crystal structures of family 11 xylanases have been determined, which
provide material for structural insights into higher pH catalytic adaptation of the enzyme.

In this paper, we collected structural information of all family 11 mesophilic xylanases with
known pH-dependent activity. By structural comparison of acidophilic, neutral, and alkaline
enzymes, molecular features of higher pH catalytic activity of family 11 xylanases were systemati-
cally identified. We have previously characterized a family 11 xylanase, Xyn11A-LC from alkalo-
philic Bacillus sp. SN5, that exhibited maximal activity at pH 7.5-8.0 and 55°C [21]. We purified
and crystallized this enzyme and solved the structure at 1.49 A resolution [22]. Here, site-directed
mutagenesis of Xyn11A-LC was performed to further investigate the molecular mechanism of
higher pH catalytic adaptation of family 11 xylanases. These results enhance the understanding
of molecular mechanisms of higher pH catalytic adaptation of family 11 xylanases, and may facil-
itate engineering of the enzyme to be active in higher pH conditions for industrial applications.

Methods
Phylogenetic analysis

The characterized family 11 xylanases were obtained from the website http://www.cazy.org/
GHI11_characterized.html. All mesophilic xylanases reported in literature with known pH-
dependent activity were selected from the characterized xylanases. Amino acid sequences of
their catalytic domains were retrieved from the GenBank database. Multiple sequence align-
ment of the amino acid sequences was performed using the ClustalW program [23]. Phyloge-
netic trees were constructed using MEGA 5.05 [24] with the neighbor-joining method [25] and
the minimum-evolution method [26] in the p-distance and Poisson models. Bootstrap values
were calculated based on 1,000 replications of the data.

Structural comparison with other family 11 xylanases

The total amino acid compositions of the catalytic domains were calculated using online tools
http://www.expasy.org/tools/protparam.html. The independent-samples T test was performed
using SPSS 16.0. The coordinates of thirteen family 11 mesophilic xylanases with known pH-
dependent activity were extracted from the Protein Data Bank (PDB). The surface residues that
have >30% accessible surface areas were identified in Swiss-PDB Viewer [27] using the default
parameters. The hydrogen bond content was calculated with DSSP [28]. Structure-based align-
ment was performed using ENDscript [29] and ESPript [30]. Three-dimensional structures of
all xylanases were superimposed with the PYMOL program [31]. Salt bridges were calculated
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online by submitting the coordinate files to http://bioinformatica.isa.cnr.it/ESBRI/; salt bridges
were assigned when the distance between the two atoms of opposite charge was less than 4 A.
In all calculations, water molecules and hetero-atoms were excluded from the coordinate files.
Mutant structures were modeled using Discovery Studio software. Structure visualization was
performed using PyMOL software.

Mutant construction

Site-directed mutagenesis was performed by PCR of whole plasmid using primers containing a
mutant codon. The recombinant plasmid pET28a-Xyn11A-LC containing the xylanase gene
Xynl1A-LC was used as the template. The mutagenesis PCR products were transformed into
Escherchia coli BL21 (DE3) for expression after Dpnl digestion. The variant genes were con-
firmed by DNA sequencing.

Expression and purification of the wild-type protein and mutants

The expression and purification of the wild-type and mutant proteins was performed following
the same procedure as described previously [21]. The purity of the proteins was analyzed by
12% SDS-PAGE. The concentration of the proteins was determined with a protein assay kit
(Bio-Rad, Hercules, CA, USA). Purified enzyme was stored at 2 mg/mL at —80°C in 20 mM
Tris/HCI (pH 8.0) until use.

Enzyme assay

The catalytic activities of the purified wild-type and mutant xylanases were determined by
measuring the amount of reducing sugar released from beechwood xylan by the 3,5-dinitrosa-
licylic acid (DNS) method, as described previously [32]. One unit (U) of xylanase activity was
defined as the amount of enzyme required to release 1 pmol reducing sugar from xylan per
min under the assay conditions. The pH profiles of the wild-type and mutants were determined
at 55°C in different buffers from pH 4.5 to 10.0. The buffers used were citrate/Na,HPQO, buffer
for pH 4.5-8.0, 0.05 M boric acid/borate for pH 8.0-9.0, and 0.05 M borate/NaOH for pH 9.5-
10.0. All assays were performed in triplicate.

Results

To understand the molecular basis for higher pH catalytic adaptation of family 11 xylanases,
all selected xylanases with known pH-dependent activity (as reported in the literature) were

mesophilic (optimum temperature between 40 and 60°C), to avoid confusing features of pH
adaptation and temperature adaptation (S1 Table).

Phylogenetic analysis of family 11 xylanases showed that bacterial
xylanases have higher pH catalytic adaptation

A molecular phylogenetic tree of 68 xylanases is shown in S1 Fig. Major branches form two
clusters, A and B. Cluster B is divided into clusters B1 and B2. Cluster A mainly consists of bac-
terial xylanases; cluster B1 comprises xylanases from bacteria (including actinomycetes) and
fungi; cluster B2 comprises xylanases from fungi. From data on the characterization of xyla-
nases, the pH optima of xylanases in cluster A is higher than of the enzymes in cluster B (S2
Table), and the pH optima of cluster B1 is higher than that of cluster B2 (S3 Table). Therefore,
xylanases in clusters A, B1, and B2 are identified as alkaline, neutral, and acidic active xyla-
nases, respectively. To study the molecular basis of higher pH catalytic adaptation of the
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xylanases, we compared the amino acid sequences, secondary structures, and tertiary structures
of alkaline, neutral, and acidic active xylanases.

Analysis of amino acid composition of family 11 xylanases indicates that
a higher frequency of charged residues contributes to higher pH catalytic
adaptation

Alteration of amino acid composition is related to protein adaptation to extreme environments
[19]. Based on a comparison of the amino acid compositions between alkaline and non-alkaline
xylanases, the alkaline active xylanases have more charged residues (Lys, Asp, and Glu) and a
low ratio of negatively to positively charged residues (S2 Table). The higher frequency of
charged residues may increase the number of polar interactions. An increase in hydrophobic
residue content (Leu and Ile), and a decrease in polar residue (Ser, Thr, and Tyr) and Val con-
tent, are also observed in the alkaline active xylanases. These findings indicate that increasing
the number of hydrophobic residues with large side chains and of charged residues, as well as
decreasing the number of polar residues and hydrophobic residues with small side chains, may
contribute to higher pH catalytic adaptation of family 11 xylanases.

On comparison of the amino acid compositions between neutral and acidic active xylanases,
the most significant difference is in charged residue content (53 Table). The acidophilic xyla-
nases have fewer positively charged residues, which leads to a high ratio of negatively to posi-
tively charged residues. An increase in hydrophobic residue content is also observed in the
acidophilic xylanases.

Secondary structure comparison of family 11 xylanases elucidated that
different sub-structures contribute significantly to higher pH catalytic
adaptation

To understand the structural basis of higher pH catalytic adaptation of family 11 xylanases, the
three-dimensional structures of 13 family 11 mesophilic xylanases were obtained from the PDB.
Based on phylogenetic analysis (see above), the 13 xylanases were divided into three groups, alka-
line active xylanases, neutral active xylanases, and acidic active xylanases (Table 1). The secondary
structure compositions of the three groups of enzymes are generally similar and mainly consist of
B-sheet strands (Fig 1). However, there is a remarkable difference in secondary structures between
the alkaline and non-alkaline xylanases. There is a helix ol connecting strands 36 and B7 in the
alkaline xylanases, while there is a B-turn or loop in the corresponding position in the non-alkaline
xylanases (Fig 2). Alkaline xylanases have more hydrogen bonds in the a-helix between strands 6
and B7 than their non-alkaline counterparts have in the corresponding B-turn or loop (Table 1).
In addition, the alkaline xylanases have an inserted stretch of seven amino acids rich in
charged residues between strand 6 and helix a1l (Fig 1). To confirm the effect of these charged
residues on alkaline adaptation of xylanases, the mutants K52Q and D54N of alkaline
Xynl1A-LC were constructed. Recombinant Xyn11A-LC and the mutants were purified from
crude extracts to electrophoretic homogeneity by Ni-affinity chromatography (S2 Fig). The
pH-dependent activity profiles of the wild type and mutants are shown in Fig 3A. The muta-
tion K52Q lowered the pH optimum from 7.5 to 6.5 and activity was nearly undetectable at pH
8.5. The pH profile of D54N was similar to that of the wild type at acidic and neutral pH, but
its activity at alkaline pH (from 8.0 to 10.0) was lower than that of the wild type. The specific
activity of the wild type was 4452 + 247 U/mg at pH 7.5. The mutant K52Q exhibited decreased
specific activity (2930 + 92 U/mg) at its optimum pH (6.5), while the specific activity of D54N
was 4532 + 137 U/mg at pH 7.5, similar to that of the wild-type enzyme (Fig 3B). These muta-
tional results preliminarily showed that the charged residues in the inserted stretch might
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Table 1. The type of secondary structure and the number of hydrogen bonds between 36 and B7 of family 11 mesophilic xylanases with known
structure and pH-dependent activity.

Enzyme Source PDB Optimum Phylogenetic The secondary structure The number of
abbreviation code pH analysis between g6 and g7 hydrogen bond
Xynd (AXBD) Bacillus sp. 41M-1 2DCK 9[34] Cluster A a-helix 9
Xyl C alkalophilic Bacillus (NCL  2F6B 8[47] Cluster A a-helix 9
87-6-10)
Xyn11X Bacillus subtilis B230 11GO 8[48] Cluster A a-helix 7
BadX Bacillus agaradhaerens 1H4G 8[49] Cluster A a-helix 9
AC13
Xyn11A-LC Bacillus sp SN5 41XL 7.5-8[21] Cluster A a-helix 8
XynA Bacillus subtilis 168(1A1)  1XXN 6-6.5[50] Cluster B1 B-turn 5
Xyl Streptomyces sp. S38 1HIX 6[51] Cluster B1 loop 5
Bex Bacillus circulans 1XNB 5.7[52] Cluster B1 B-turn 6
Xyn2 Hypocrea jecorina 1XYO 5.3[53] Cluster B1 loop 10
RUT-C30
XYNI Trichoderma reesei 1XYN 3.5[42] Cluster B2 loop 3
XYL1 Scytalidium acidophilum ~ 3M4F 3.2[54] Cluster B2 loop 7
XynA Aspergillus niger CBS 1UKR 3[8] Cluster B2 loop 2
513.88
XynC Aspergillus kawachii 1BK1 2[55] Cluster B2 loop 5

t=4.667,P =0.001.

doi:10.1371/journal.pone.0132834.t1001

contribute to the alkaline adaptation of family 11 xylanases. To confirm the role of helix o1
and the inserted stretch, we will introduce other mutations, such as truncation of the inserted
stretch and replacement of the fragment between strands 6 and p7, in future work.

Tertiary structure comparison of family 11 xylanases elucidated that
solvent exposed amino acids and the number of ionic bonds affect
higher pH catalytic adaptation

Proteins can adapt to extreme conditions if the amino acid content on the solvent-accessible
surface is changed [19]. In family 11 xylanases, fewer acidic residues (Asp and Glu) and more
basic residues (Lys and Arg) are on the surface of the alkaline and neutral enzymes except 4IXL
from Bacillus sp. SN5, while more acidic residues and fewer basic residues are on the surface of
acidophilic xylanases except 1XYN from Trichoderma reesei (Table 2). The Ser residue content,
which is easily decomposed, is lower in the alkaline xylanases than in the non-alkaline
enzymes. Acidophilic xylanases have more polar uncharged residues and fewer hydrophobic
residues on their surfaces.

As shown in Table 2, no obvious difference in hydrogen bond content is observed among the
alkaline, neutral, and acidic active xylanases, which indicates that there is no correlation between
hydrogen bond content and pH-dependent activity of family 11 xylanases. However, the number
of ionic bonds in the alkaline active xylanases is higher than that in non-alkaline active xylanases,
indicating ionic bonds may be involved in alkaline adaptation of family 11 xylanases.

Some important active site residues are key to higher pH catalytic
adaptation

Amino acid residues within a radius of 12 A from either of the two catalytic amino acids were
identified as residues that may play important roles in determining the optimal pHs of the
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Fig 1. Structure-based sequence alignment of family 11 mesophilic xylanases with known structure and pH-dependent activity. Coils, arrows, and
the symbol T represent helices, strands, and turns, respectively.

doi:10.1371/journal.pone.0132834.g001
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Fig 2. Three-dimensional structure superposition of family 11 mesophilic xylanases with known
structure and pH-dependent activity. The difference in secondary structure between alkaline and non-
alkaline xylanases is shown enlarged. PDB codes: 11GO (pale green), 4IXL (red), 2DCK (green), 2F6B (blue),
1H4G (yellow), 1XYO (magenta), 1XXN (cyan), 1XNB (orange), THIX (wheat), 1XYN (gray), 3M4F (olive),
1UKR (light blue), and 1BK1 (pink).

doi:10.1371/journal.pone.0132834.9002

homologous family 11 xylanases. Thirty-one residues adjacent to the two catalytic amino acids
are not conserved among the alkaline xylanase 2DCK, the neutral xylanase 1XXN, and the aci-
dophilic xylanase 1BK1. Sequence alignment of thirteen xylanases with different optimal pH
and known structure shows that eight conserved residues within the alkaline group may be the
key amino acids determining the pH optima of family 11 xylanases (Fig 4).

To evaluate the effect of these eight residues on the pH activity profiles of xylanases, muta-
tions (E16Q, W18Y, N44D, L46V, R48G, E177Y, T181A, and S187G) of Xyn11A-LC were per-
formed by site-directed mutagenesis and the mutants were characterized. The wild-type and
mutants were purified from the crude extracts to electrophoretic homogeneity by Ni-affinity
chromatography (S2 Fig). Fig 5 shows the pH activity profiles of the wild type and mutants
E16Q, W18Y, N44D, 146V, R48G, and S187G. The optimum pH for catalysis by the wild-type
enzyme was 7.5-8.0, and 60% residual activity was retained at pH 9.0. The pH activity profiles
of the mutants E16Q, W18Y, N44D, L46V, R48G, and S187G were all shifted towards acidic

A B
120 -
—a—WT | —=—WT
——K52Q 5000 —e—K52Q
100 A —a&— D54N —&— D54N
= s g 4000 -
(=] -
s I 5 I
2 ~ 3000
> 604 =
o 404 G 2000+
2 9]
@ =
= O
[J) E 1000
x 2 3
(%)
04 04
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4 5 6 7 8 9 10 4 5 6 7 8 9 10
pH pH

Fig 3. Effect of pH on the activity of wild-type Xyn11A-LC and the mutants K52Q and D54N. (A) pH-dependent relative activities of the wild type and the
mutants. (B) pH-dependent specific activities of the wild type and the mutants.

doi:10.1371/journal.pone.0132834.9003
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Table 2. Solvent-exposed residues, hydrogen bonds content and the number of ionic bonds of structure-determined family 11 mesophilic
xylanases.

PDB
code
2DCK
2F6B
11GO
1H4G
4IXL
1XXN
1HIX
1XNB
1XYO
1XYN
3M4F
1UKR
1BK1
mean

Optimum
pH

Acidic
residues (%)
7.3

6.4

9.1

71
23.8
10.3
2.3

9.1

25

0

29.0
17.6
18.6
10.6

doi:10.1371/journal.pone.0132834.1002

Basic Ser Uncharged, polar Hydrophobic Hydrogen No. of ionic
residues (%) residue (%) residues (%) residues (%) bonds (%) bonds
9.8 9.8 58.5 24.4 70.3 6

12.8 6.4 55.3 25.5 75.0 9

11.4 9.1 56.8 22.7 78.3 9

11.9 24 54.8 26.2 75.7 10

4.8 2.4 45.2 26.2 69.7 6

10.3 15.4 46.2 30.8 77.8 3

9.1 9.1 65.9 22.7 70.3 3

114 15.9 52.3 25.0 751 5

7.5 25 55.0 325 73.7 4

25 15.0 75.0 22.5 75.3 3

0 9.7 58.1 12.9 79.3 1

0 23.5 64.7 17.6 74.9 3

0 23.3 60.5 20.9 74.9 2

7.0 114 57.9 23.8 74.6 4.8

pH values (Fig 5A and 5C). W18Y and N44D were maximally active at pH 7.0. W18Y retained
17% of its maximum activity at pH 9.0, but the activity of N44D was nearly undetectable at the
same condition. The pH optima of E16Q and R48G decreased to 6.5 and 6.0, respectively, and
their activities were negligible at pH 9.0 and pH 8.0, respectively. The optimum pH of S187G
decreased to 5.5-6.0. The L46V mutant was optimally active at pH 6.5 and no activity could be
detected at pH 9.0. In addition, Leu46 was mutated to other residues with smaller side chains
such as Ala and Gly; the pH activity profile of L46A was similar to that of L46V, but L46G
showed a narrower pH profile. The E177Y mutant was inactivate at all pHs tested, and the pH
activity profile of T181A was similar to that of the wild-type enzyme. These results show that
six amino acids in Xyn11A-LC, E16, W18, N44, 146, R48, and S187 might play an important
role in catalysis by xylanase at higher pH.

All mutants except S187G exhibited decreased specific activities to varying degrees, relative
to the wild-type enzyme, in their respective optimum pH conditions (Fig 5B and 5D). The spe-
cific activities of R48G, L46A, and L46G were 7.1%, 11.0%, and 11.4% of that of the wild-type
enzyme, respectively.

Discussion

The relationship between amino acid composition and higher pH
catalytic adaptation in family 11 xylanases

It is difficult to analyze the effect of each amino acid residue on the properties of the overall
protein; nonetheless comparison of homologous proteins might reveal some trends in amino
acid frequencies correlated to protein adaptation to extreme environments. Several studies
have reported on the relationship of amino acid content to pH adaptation of enzymes [4,5,17-
20]. For alkaline protease and cellulase, a decrease in the negatively charged residue (Asp and
Glu) and Lys residue content, and an increase in Arg and neutral hydrophilic amino acid (His,
Asn, and Gln) content, was observed during the course of alkaline adaptation [18,20]. An
increase of Arg residue content was also observed in alkaline adaptation of the family 5 alkaline
mannanase [19]. In contrast, family 10 alkaline active xylanase had an increase in negatively
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2DCK
2F6B
1IGO
1H4G
4IXL
1XXN
1HIX
1XNB
1XYO
1XYN
3M4F
1UKR
1BK1

2DCK
2F6B
1IGO
1H4G
4IXL
1XXN
1HIX
1XNB
1XYO
1XYN
3M4F
1UKR
1BK1

2DCK
2F6B
1IGO
1H4G
4IXL
1XXN
1HIX
1XNB
1XYO
1XYN
3M4F
1UKR
1BK1

R el e e e e e

153
154
153
154
153
138
146
138
147
134
139
140
140

--AITSNEIGTHDGYD T SGGSGSMTLNSGGTFSAQWSN- - P GKKFDETQTHQQIGNMSINY-GATYNP
—TIVTDNSTGNHDGYD SGGSGTMILNSGGTFSASWNN- - GKKFNETQTHQQVGNMSINY-GANFQP
ATTITSNQTGTHDGYD SGNT-SMTLNSGGAFSAQWSN--I GKKFDSTKTHSQLGNISINY-NATFNP
—-EIVTDNSIGNHDGYD SGGSGTMILNHGGTFSAQWNN- - GKKFNETQTHQQVGNMSINY-GANFQP

--QITGNEIGTHDGYD EGGYGSMTLNSGGTFSAEWTD--V. GQKFDTTQTHQQLGNINIDY-GVNYQP
———————— ASTD---YWQ DGGGIVNAVNGSGGNYSVNWSN--T KG-—----—--WTTGSPFRTINYNAGVWAP
DTVITTNQTGTNNGYYY|S DGGGSVSMNLASGGSYGTSWTN--C KG------- WANG-ARRTVNY-SGSFNP
———————— ASTD---YWQ DGGGIVNAVNGSGGNYSVNWSN--T KG-—-—---—--WTTGSPFRTINYNAGVWAP
--ETIQPGTGYNNGYFY|S GHGGVTYTNGPGGQFSVNWSN--S KG------- WQPGTKNKVINF-SGSYNP
———————— ASIN---YDQ TG-GQVSYSP-SNTGFSVNWNT--Q G-----—--WTTG-SSAPINF-GGSFSV
—————— NPGGID---YVQ GDVADFQYNE-GAGTYTCGWDG--S LG-------WSTG-AARDITY-SATYNA
——————— SAGIN---YVQ GNLGDFTYDE-SAGTFSMYWEDGVS LG---—-—---WTTG-SSNAITY-SAEYSA
——————— SAGIN---YVQ GNLGDFTYDE-SAGTFSMYWEDGVS LG-------WTTG-SSNAITY-SAEYSA

NGN-SYLTVYGWTVDPLVEFYIVDSWGTWRP-PGGTPKGTINVDGGTYQIYETTRYNQPSIKG-TATFQQYWSVRTSKRT
NGN-AYLCVYGWTVDPLVEYYIVDSWGNWRP-PGATPKGTITVDGGTYDIYETLRVNQPSIKG-IATFKQYWSVRRSKRT
GGN-SYLCVYGWTKDPLTEYYIVDNWGTYRP-TG-TPKGTFTVDGGTYDIYETTRINQPSIIG-IATFKQYWSVRQTKRT
NGN-AYLCVYGWTVDPLVEYYIVDSWGNWRP-PGATPKGTITVDGGTYDIYETLRVNQPSIKG-IATFKQYWSVRRSKRT
NGS-SYLAVYGWTTDPLVEFYIVDSWGTWRP-PGAESKGTIHVDGGTYEIYETTRVQQOPSIEG-TATFQQYWSVRTDKRT
NGN-GYLTLYGWTRSPLIEYYVVDSWGTYRP-TG-TYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQSKRP
SGN-AYLTLYGWTANPLVEYYIVDNWGTYRP-TG-TYKGTVTSDGGTYDVYQTTRVNAPSVEG-TKTFNQYWSVRQSKRT
NGN-GYLTLYGWTRSPLIEYYVVDSWGTYRP-TG-TYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQSKRP
NGN-SYLSVYGWSRNPLIEYYIVENFGTYNPSTGATKLGEVTSDGSVYDIYRTQRVNQPSIIG-TATFYQYWSVRRNHRS
NSGTGLLSVYGWSTNPLVEYYIMEDNHNYP--AQGTVKGTVTSDGATYTIWENTRVNEPSIQG-TATFNQYISVRNSPRT
GGSGSYLAVYGWVNSPQAEYYIVESYGDYNPCSNAEGLGTLESDGSTYTVCTDTRTNEPSITG-TSTFTQYWSVRQSERT
SGSASYLAVYGWVNYPQAEYYIVEDYGDYNPCSSATSLGTVYSDGSTYQVCTDTRTNEPSITG-TSTFTQYFSVRESTRT
SGSSSYLAVYGWVNYPQAEYYIVEDYGDYNPCSSATSLGTVYSDGSTYQVCTDTRTNEPSITG-TSTFTQYFSVRESTRT

177 181 187 Optimum pH Adaptation
SGT---ISVSEHFRAWESLGMNMG-NMYEVALTVEGYJS|SGSANVYSNTLTI - —-— -~ 9 alkaline
SGT---ISVSNHFRAWENLGMNMG-KMYEVALTVEGYQSSGSANVYSNTLRINGNPL- g alkaline
SGT---VSVSEHFKKWESLGMPMG-KMYETALTVEGYQSNGSANVTANVLTIGGKPL- g alkaline
SGT---ISVSNHFRAWENLGMNMG-KMYEVAL/TVEGYQS|SGSANVYSNTLRINGNPLS 7.8 alkaline
SGT---ISVSEHFHAWEAHGMPMG-NMYEVALTVEGWQSSGSADVYRNNLTI - ——— -~ 7.5-8 alkaline
TGSNATITFSNHVNAWKSHGMNLGSNWAYQVMATEGYQS|SGSSNVTVH-—-—-——-——— 6-6.5 neutral
GGS---ITAGNHFDAWARYGMPLGSFNY YME‘Jm;TEGY GSSSISVS--—--—-———- 6 neutral
TGSNATITFTNHVNAWKSHGMNLGSNWAYQVMATEGYQS|SGSSNVTVH-—————-——— 5.7 neutral
SGS---VNTANHFNAWAQQGLTLG-TMDYQIVAVEGYESSGSASITVS-—————————~ 5.3 neutral
SGT---VTVQNHFNAWASLGLHLG-QMNYQVVAVEGWGGSGSASQSVSN-—-——-——- 3.5 acidic
SGT---VTVGNHFNYWAQHGFGDS-- YNFQVMAVEAFSGSGSASVSVS—————————— 3.2 acidic
SGT---VTVANHFNFWAHHGFGNS-DFNYQVVAVEAWSGAGSASVTISS——-—————— 3 acidic
SGT---VTVANHFNFWAQHGFGNS -DFNYQVMAVEAWSGAGSASVTISS-—-—-—-—— 2 acidic

Fig 4. Sequence alignment of family 11 mesophilic xylanases with known structure and pH-dependent activity. The boxed amino acids indicate the
key residues to determine the pH activity profile.

doi:10.1371/journal.pone.0132834.g004

charged residue (Asp and Glu) content relative to non-alkaline enzyme, which resulted in a
high ratio of negatively to positively charged residues [17]. Consistent with these observations
on family 10 xylanases, family 11 alkaline xylanases also have increased negatively charged resi-
due content relative to non-alkaline enzyme, but the latter also have an increase in Lys content,

which results in a low ratio of negatively to positively charged residues. These results suggest

that the mechanism of alkaline adaptation of an enzyme by changing the composition of
amino acid residues might not be universal, but specific for each protein.
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Fig 5. Effect of pH on the activity of wild-type Xyn11A-LC and mutants. (A) pH-dependent relative activities of the wild type and mutants E16Q, W18Y,
N44D, R48G, and S187G. (B) pH-dependent specific activities of the wild type and mutants E16Q, W18Y, N44D, R48G, and S187G. (C) pH-dependent
relative activities of the wild type and mutants L46V/A/G. (D) pH-dependent specific activities of the wild type and mutants L46V/A/G.

doi:10.1371/journal.pone.0132834.9005

The relationship between secondary structure and higher pH catalytic
adaptation in family 11 xylanases

A helix ol between strands 6 and 7 in the alkaline xylanases is substituted by a B-turn or
loop in the non-alkaline counterparts (Fig 1). Further analysis indicates that the number of
hydrogen bonds in this region of the alkaline xylanases is higher than that in their non-alkaline
counterparts. We suggest that hydrogen bonds in this location might avoid instability intro-
duced by the inserted stretch of seven amino acids between strands 36 and B7 in the alkaline
xylanases.

Family 11 alkaline xylanases have an inserted stretch of seven amino acids rich in charged
residues to adapt to alkaline conditions. In family 10 xylanases, the alkaline enzymes have
three inserted stretches of >10 amino acids rich in negatively charged residues [4]. The alkaline
mannanases have lost two inserted stretches of >10 amino acids rich in polar residues that
were easily deaminated and oxidized at alkaline pH [19]. These observations suggest that alka-
line adaptation of proteins can be acquired by inserting or deleting short sequences rich in par-
ticular types of residues, instead of gradual change over the entire protein chain [33]. In order
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to confirm the role of charged residues of the inserted stretch, the mutants K52Q and D54N of
alkaline xylanase Xyn11A-LC were constructed. The mutants both lowered the catalytic activ-
ity under higher pH condition (Fig 3). Maybe the mutants changed the electrostatic and/or
dynamic aspects of the active site, or their structure are unstable under alkaline condition. In
order to verify the hypothesis, it will need a combination of kinetic, structural and >C NMR
studies. We will carry out detailed research on it in the future.

The relationship between tertiary structure and higher pH catalytic
adaptation in family 11 xylanases

Proteins can adapt to extreme conditions by changing amino acid content on the solvent-acces-
sible surface [19]. The alteration of the solvent exposed residue content may be involved in
adaptation to extreme pH. In family 11 xylanases, alkaline and neutral enzymes have more sol-
vent-accessible positively charged residues (Lys and Arg), and fewer negatively charged resi-
dues (Asp and Glu), than acidophilic xylanases, in agreement with observations for M-protease
and porcine pepsin [20]. Several mutagenesis studies also indicated that introduction of Arg
residues into the Ser/Thr surface improved the alkalophilicity of xylanases [14,34]. The basic
residues (Lys and Arg) have high pK, values and can retain net positive charge even at high
pH, which may result in high stability of enzymes with Lys/Arg rich surfaces at high pH. Nev-
ertheless, alkaline active phosphoserine aminotransferase, mannanase, and family 10 xylanase
have many negatively charged residues and a high ratio of negatively to positively charged resi-
dues on their surfaces [17,19,35]. These results suggest that changes in the ratio of negatively to
positively charged residues on the surface may not be universal for alkaline adaptation of pro-
tein, but specific for different proteins.

An increase in the numbers of hydrogen bonds and ionic pairs can contribute to protein sta-
bility and may be involved in the adaptation of protein to extreme conditions. Alkalophilic M-
proteases and aminotransferase have more hydrogen bonds than the non-alkalophilic enzymes.
However, there is no correlation between hydrogen bond content and higher pH catalytic
adaptation in family 11 xylanases. In agreement with our study, the hydrogen bond content of
alkaline mannanases was similar to that of their non-alkaline counterparts [19]. These observa-
tions suggest that an increase in hydrogen bond content is favorable but not essential for high
pH adaptation of proteins.

The correlation between the number of ionic bonds and extreme pH adaptation also varies.
In this study, alkaline active xylanases have more ionic bonds than their non-alkaline active
counterparts. Similar observations were made for the M-proteases and family 10 xylanases
[17,20]. However, compared with their non-alkalophilic counterparts, the alkalophilic phos-
phoserine aminotransferases had fewer ionic bonds [35]. There was no obvious difference in
the number of ionic bonds between alkalophilic and non-alkalophilic mannanases [19]. Fur-
ther, alkaline adaptation of cellulase might not require an increase in the number of ionic
bonds, but a remodeling of ion pairs from Lys-Asp to Arg-Asp [18]. This remodeling of ion
pairs may be a general phenomenon in alkaline adaptation of protein, but an increase in the
number of ion pairs is specific for each protein.

The relationship between some important active site residues and higher
pH catalytic adaptation in family 11 xylanases

In general, the pH activity profile of glycoside hydrolases is determined by the pK,, values of
two catalytic residues: the nucleophile and the acid/base catalyst [36,37]. Some key amino acid
residues in proximity to the catalytic residues can interact with them directly or indirectly and
change their pK, values by changing the electrostatic potential of the active site [36,38,39].
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Fig 6. Structural models of six-point mutation sites around the catalytic center in Xyn11A-LC (PDB:
4IXL). (A) E16Q. (B) L46V/A/G. (C) R48G. (D) S187G. E16, L46, R48 and S187 are shown in green. The
corresponding mutation sites are shown in cyan. V46, A46, and G46 are shown in cyan, magenta, and
yellow, respectively. Hydrogen bonds and salt bridges are represented in yellow by dashed lines.

doi:10.1371/journal.pone.0132834.9006

Consequently, these proximal amino acid residues are presumed to be responsible for the dif-
ferent pH activity profiles of homologous enzymes. In general, these key residues can be identi-
fied by structure comparison and sequence alignment of homologous proteins with different
pH activity profiles. In the family 11 xylanases, eight residues within a radius of 12 A of either
of the two catalytic residues in Xyn11A-LC (Glu93 and Glu183) were selected and six (Glul6,
Trp18, Asn44, Leud6, Arg48, and Ser187) were proved by mutational analysis to be key amino
acids that determine the catalysis of Xyn11A-LC at higher pH.

It is critical to maintain the protonation state of the acid/base catalyst when the enzymes
function in alkaline conditions (i.e., low [H']). In theory, amino acids with larger side chains
could protect the positively charged group of the catalytic residues from the solvent [38]. The
side chain of Leu46 is located 3.74 A from the acid/base catalyst (Glul183); the loss of one
methyl group in the mutant L46V might weaken the protective effect on the catalytic residue
so that L46V had a lower pH optimum (Fig 6B). With a smaller side chain of residue 46, the
enzyme was indeed more sensitive to the solvent. The mutant L46G had a narrower pH profile
than L46V (Fig 5C). These results suggest that the side-chain group of residue 46 is responsible
for the solvent accessibility of the acid/base catalyst. A decrease in the solvent accessibility of
the acid/base catalyst may elevate its pK, value by protecting it from hydroxide ions.

Local or overall negative charge can attract protons and raise the pK,, values of ionizable
groups [40]. Therefore, the introduction of negatively charged residues (Asp and Glu) or the
removal of positively charged residues (Arg and Lys) in the vicinity of the active site may
increase the pK, value of the catalytic residue. The mutation E16Q lowered the catalytic pH
optimum relative to the wild type by decreasing the local negative charge and eliminating the
salt bridge between Glul6 and Arg48 (Fig 6A). The mutation R48G removed a positively
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charged residue in proximity to the acid/base catalyst; this might be expected to increase the
pH optimum to a more alkaline value. However, in mutational analysis of Xyn11A-LC, R48G
variation decreased the pH optimum from 7.5 to 6.0. By structural analysis, it was found that
the R48G mutation eliminated hydrogen bonds and ionic bonds between Arg48 and Glul6/
Glul77 (Fig 6C). Therefore, the pH activity profile shift of the R48G mutant combines effects
of charge and electrostatic interaction.

It was also counter-intuitive that the N44D mutation of Xyn11A-LC lowered the pH opti-
mum from 7.5 to 7.0. However, several mutational studies of family 11 xylanases have con-
firmed this paradoxical result [41-45]. In the analysis of the high-resolution structure of BCX
from Bacillus circulans, it was observed that the hydrogen bond distance (2.7 A) between
Asp35 O and the acid/base catalyst Glu172 O%* of the mutant N35D was shorter than that
(3.3 A) between Asn35 N and Glu172 O in the wild type. This shortening enhanced the
hydrogen bond between Asp35 and Glul72, which tended to deprotonate the acid/base catalyst
residue Glul72 and lowered its pK, value [45]. Asn44 and Glu193 in Xyn11A-LC correspond
to Asn35 and Glul72 in BCX from B. circulans, respectively.

The mutation W18Y decreased the alkalophilicity of Xyn11A-LC. A similar result was
obtained for the xylanase Xyll from Streptomyces sp. S38, where mutation of W20Y of Xyll1
lowered the pH optimum of Xyl1 by one unit [46]. Modeling showed that the W20Y mutation
led to the formation of a hydrogen bond between Tyr20 and Asn48, which induced a reduction
of the distance between Asn48 N°* and the acid/base catalyst Glu191 O%, from 3.6 A t0 2.95 A,
and thereby decreased the pK,, value of Glu191 [46]. Trpl8, Asn44, and Glul93 in Xyn11A-LC
correspond to Trp20, Asn48, and Glul91 in Xyl1 from Streptomyces sp. S38, respectively.

The mutation S187G also decreased the alkalophilicity of Xyn11A-LC. The distance of
Ser187 from the acid/base catalyst Glu183 is 9.35 A. Ser187 can form hydrogen bonds with
Trp39, Ser78, and Trp185 adjacent to Glul83 (Fig 6D). The mutation S187G might change the
electrostatic potential of the active site by eliminating hydrogen bonds and thus lower the pK,
value of the catalytic residue.

From mutational analysis, we can draw the conclusion that the six amino acids Glul6,
Trp18, Asnd4, Leu46, Arg48, and Ser187 are important for catalysis by Xyn11A-LC at a higher
pH. These amino acids might influence the electrostatic potential of the active site by changing
the charge, hydrogen bonding, ionic bonding, or solvent accessibility around the catalytic resi-
dues and modify the pK,, values of the catalytic residues.

Conclusions

By structural comparison and mutational analysis of xylanase Xyn11A-LC from alkalophilic
Bacillus sp. SN5, the molecular mechanisms of higher pH catalytic adaptation of family 11
xylanases were studied systematically. Alkaline xylanases have increased charged residue con-
tent and decreased Ser, Thr, and Tyr residue content for activity at relatively high pHs. Between
strands B6 and B7, different secondary structure elements may affect the pH-dependent activity
of xylanases. One inserted stretch of seven amino acids rich in charged residues is probably
beneficial for enzyme catalysis at relatively high pH. Positively charged residues are favored on
the molecular surface of family 11 alkaline xylanases. Ionic bonds are beneficial for xylanases
to adapt to an alkaline environment. Mutational analysis of Xyn11A-LC further revealed that
at least six amino acids (E16, W18, N44, 1.46, R48, and S187) are involved in rendering the
enzyme active at elevated pH. These findings help in understanding the molecular basis of
higher pH catalytic adaptation of family 11 xylanases and may facilitate engineering of
enzymes to suit industrial applications.
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