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Abstract

The Aspergillus niger xylanase (Xyn) was used as a model to investigate impacts of un-structured residues on GH11 family
enzyme, because the b-jelly roll structure has five residues (Ser1Ala2Gly3Ile4Asn5) at N-terminus and two residues
(Ser183Ser184) at C-terminus that do not form to helix or strand. The N- or/and C-terminal residues were respectively
deleted to construct three mutants. The optimal temperatures of XynDN, XynDC, and XynDNC were 46, 50, and 46uC, and
the thermostabilities were 15.7, 73.9, 15.5 min at 50uC, respectively, compared to 48uC and 33.9 min for the Xyn. After
kinetic analysis, the substrate-binding affinities for birch-wood xylan decreased in the order XynDC.Xyn.XynDNC.XynDN,
while the Kcat values increased in the order XynDC,XynDNC,Xyn,XynDN. The C-terminal deletion increased the GH11
xylanase thermostability and Topt, while the N- and NC-terminal deletions decreased its thermostability and optimal
temperature. The C-terminal residues created more impact on enzyme thermal property, while the N-terminal residues
created more impact on its catalytic efficiency and substrate-binding affinity. The impact of non-structured residues on
GH11 xylanase was different from that of similar residues on GH10 xylanase, and the difference is attributed to structural
difference between GH11 jelly-roll and GH10 (b/a)8.
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Introduction

Enzyme is widely used in industrial biocatalysis, such as

fermentation, bio-energy production, food, beverage, paper and

pulp, etc. However, the higher temperatures demand for robust

enzymes. Many strategies have been used to improve enzyme

thermostability. For example, disulphide-bonds were introduced to

the Trichoderma reesei xylanase and the Bacillus stearothermophilus

xylanase [1–3]. Homologous segments were recombined between

two Streptomyces lividans xylanases [4]. The N-terminus of

mesophilic S. olivaceovirdis xylanase was substituted with the

homologous region of thermophilic Thermomonospora fusca xylanase

[5]. Disulfide-bond was introduced to the T. reesei xylanase internal

region and the Thermomyces lanuginosus xylanase N-terminus [6,7].

From structural view point, enzyme is composed of irregular

segment, a-helix, and b-strand. The later two are known as regular

secondary structural elements. Unlike regular secondary struc-

tures, irregular segments are composed of amino-acids that are

referred to as non-structured residues. Compared with stabilizing

impact of regular secondary structures on enzyme thermostability

[8,9], impact of non-structured residue is seldom investigated.

Recently, the non-structured residues were shown to disturb the

Aspergillus niger GH10 xylanase thermostability and catalytic

activity [10]. However, the GH10 xylanase exhibits a (b/a)8
structure, which represents only one family of enzymes, and the

(b/a)8 structure consists mainly of a-helixes and b-strands [11].

The issue remains unsolved whether the non-structured residues

have a general role or not in other family of enzymes. GH11

xylanase is a big family, and its b-jelly roll structure consists of 6%
enzymes [12].

As a model of GH11 family enzyme, an xylanase (Xyn) was

cloned from A. niger (GenBank: EU375728) [13]. The 185 amino-

acid enzyme is the smallest GH11 xylanase, and exhibits the

typical b-jelly roll structure (PDB: 1UKR) [14,15], unlike (b/a)8
structure of GH10 xylanase. The GH11 Xyn structure resembles

a partially closed right hand, which is composed of two large b-
pleated sheets and one helix [12]. The sheets are composed of

anti- and parallel strands connected by irregular segments, and the

only one helix is regarded to have stabilizing contribution to

enzyme thermostability [8,9]. Analyzed from structural level, the

Xyn has five residues (Ser1Ala2Gly3Ile4Asn5) at N-terminus and

two residues (Ser183Ser184) at C-terminus that do not form to

helix or strand (Fig 1). The non-structured residue impacts on

enzyme properties are investigated by respectively deleting the N-

or/and C-terminal residues to construct three mutants, XynDN,

XynDC, and XynDNC. The deletions increase enzyme thermal

properties and catalytic efficiencies. The study gives more insights

into non-structured residue impacts on enzyme properties and

provides more strategies for enzyme rational engineering.

Results

Construction of the Mutants
The XynDN, XynDC, and XynDNC genes were amplified and

cloned to the pET20b (Fig. 1). After sequence accuracies of the

extracted recombinant plasmids had been confirmed by DNA
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sequencing, the transformed cells containing accurate recombi-

nant plasmids, pET20b-xynDn, pET20b-xynDc, and pET20b-

xynDnc, were induced to express xylanases. The proteins, XynDN,

XynDC, and XynDNC, appeared on the SDS-PAGE gel as

discrete bands at ,29 kDa (Fig 1, Table 1). The larger apparent

molecular masses are attributed to the xylanase having acidic

property and a C-terminal His6 tag. The xylanase pI is 4.42, and

its optimal reaction pH, pHopt, is 3.8. Acidic protein was found to

bind less SDS, and therefore had a larger apparent molecular mass

[17–19].

Enzyme Properties
The impacts of non-structured residues on enzyme properties

were determined by assaying the mutants in parallel with the wild

xylanase. Each data point was assayed for three independent

reactions. The pHopt values of three mutants were 3.6 in

imidazole-biphthalate buffer, 0.2 units lower than the Xyn (Fig 2,

Table 1). The optimal reaction temperatures, Topt values, of

XynDN, XynDC, and XynDNC, were 46, 50, and 46uC,
respectively, compared to 48uC for the Xyn (Fig 2, Table 1).

Thus, the C-terminal residue deletion increased enzyme thermal

activity, while the N- and NC-terminal residue deletions decreased

its thermal activities. After incubation at 50uC, the residual activity

were determined and fitted with the Arrhenius equation. The

thermal in-activation half-lives (t1/2), thermostabilities, of XynDN,

XynDC, and XynDNC were calculated to be 15.7, 73.9, and

15.5 min, respectively. Both XynDN and XynDNC were ,50%

thermostable as the Xyn; whereas, the XynDC was 2.2-times more

thermostable than the Xyn (Fig 3, Table 1). The C-terminal

residue deletion increased enzyme thermostability, while the N-

and NC-terminal residue deletions decreased enzyme thermosta-

bility. The increasing impact of C-terminal deletion on enzyme

Topt and thermostability was counteracted by the decreasing

impact of N-terminal deletion, showing that the impact of N-

terminal residues on enzyme thermal properties was bigger than

that of the C-terminal residues.

When enzyme kinetics were determined at pHopt and Topt

conditions, the substrate-binding affinities for birch-wood xylan

decreased in the order XynDC.Xyn.XynDNC.XynDN. The

Vmax values increased in the order XynDC,XynDNC,XynDN,

and the mutant Vmax values were 70–110% that of the Xyn. The

specific catalytic efficiencies (Kcat) increased in the order

XynDC,XynDNC,XynDN, and the mutant Kcat values were

80–110% that of Xyn (Fig 3, Table 1). Unlike the decreasing

impact of C-terminal deletion on enzyme activity, the N-terminal

deletion increased enzyme catalytic efficiency, while the NC-

Figure 1. Construction of the deletion mutants. The Aspergillus niger Xyn secondary structural units (upper) were shown as irregular segment in
thinner line (yellow), strand in middle line (blue), and helix in wider line (red). The genes, XynDN, XynDC, and XynDNC and Xyn, were amplified with
primers p2/p3, p1/p4, p2/p4, and p1/p3, respectively. The recombinant pET20b(+) plasmids containing accurate genes appeared on the 1.4% gel as
discrete bands at more than 2.3 kb (left), and the proteins appeared on the 12.5% SDS-PAGE as ,29 kDa (right).
doi:10.1371/journal.pone.0045762.g001
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terminal deletion created intermediate impact on enzyme catalytic

efficiency. Thus, the increasing impact of N-terminal deletion on

enzyme catalytic activity was counterbalanced by the decreasing

impact of C-terminal deletion. The N-terminal deletion produced

more impact on enzyme kinetic parameters.

Structural Analysis
The five N-terminal non-structured residues created more

impact on the enzyme substrate-binding affinity and catalytic

activity, while the two C-terminal ones created more impact on its

thermal properties. To explain the different impacts of N- and C-

terminal residues on enzyme thermal and catalytic properties, the

A. niger xylanase structure was drawn according to the PDB data

(1UKR) (Fig 4) [14,15]. Two active-site residues of the enzyme are

Glu79 and Glu170. The nucleophile residue, Glu79, is held in

place by interactions to Gln129 and Tyr70. The acid-base catalyst

residue, Glu170, is hydrogen-bonded with Tyr81 and Asp37.

According to the analysis of A. niger xylanase structure [14],

substrate-binding sites of the Xyn are Gln129, Tyr70, Twr72,

Tyr81, and Asp37. The N-terminal non-structured residues,

Ser1Ala2Gly3Ile4Asn5, are closer to the substrate-binding resi-

dues, therefore, have more impact on enzyme kinetics. The C-

terminal non-structured residues, Ser183Ser184, are more distal to

the substrate-binding residues, but closer to the C-terminal strand,

therefore, have less impact on enzyme activity, but more impact

on thermal properties.

Discussion

Rational Deletion of Terminal Non-structured Residues
Previously, either the entire domains were truncated complete-

ly, or the terminal residues were deleted successively [20–26].

Unlike that, the GH11 xylanase seven terminal non-structured

residues were rationally deleted based on structural analysis,

because the residues do not form to regular secondary structural

elements. The N-terminal deletion decreased enzyme Topt for 2uC
and thermostability for 50%, while the C-terminal deletion

increased enzyme Topt for 2uC and thermostability for 2.2-times.

This is consistent with the homologous recombination analysis of

S. lividans xylanase [4]. The deletion of N-terminal helix also

increased the N-glycanase deglycosylation activity [22]. The

successive truncation analysis showed that the seven N-terminal

and the three C-terminal residues were unnecessary for the

Clostridium thermocellum lichenase activity [23]. The five amino-acid

mutations at N-terminus might confer structural stability, and

hence, prevented the overall thermal unfolding of mesophilic S.

Table 1. Xylanase properties.

Xylanase pHopt/pI Topt (uC) t1/2 (50uC) (min) Vmax(umol/l/s)/Km(mg/ml)/Kcat(1/s)
MM(kDa) Apparent/
Theoretical

Number of
amino acids

Xyn 3.860.3/4.42 4860.1 33.9 14.662.8/14.664.4/200 29/21.1 184

XynDN 3.660.3/4.42 4660.2 15.7 16.163.9/38.8611.7/222.7 28/20.6 179 (sagin)

XynDC 3.660.2/4.42 5060.3 73.9 10.660.6/6.660.8/158.9 28/20.9 182 (ss)

XynDNC 3.660.2/4.42 4660.2 15.5 12.261.0/25.262.8/182.0 28/20.4 177 (sagin)(ss)

Note: Topt: optimal reaction temperature for activity, t1/2: thermal in-activation half-life, after incubation at 50uC for different intervals, residual activity was determined
and expressed as a ratio to the un-incubated enzyme, and data were fitted with Arrhenius function. The t1/2 was calculated according to the decay function to indicate
enzyme thermostability. Using the Student’s t-Test (p,0.05), the XynDC is more thermostable than the Xyn, and it is more thermostable than the XynDN and the
XynDNC. The latter two enzymes are statistically similar thermostable. Kinetics was determined for birch-wood xylan at each enzyme pHopt and Topt conditions, and the
data were fitted with Hill function to calculate Vmax and Km.

doi:10.1371/journal.pone.0045762.t001

Figure 2. Xylanase optimal pH and optimal temperature. The pHopt was determined from pH 3.2 to 4.2 at 0.2 unit interval in 50 mM
imidazole-biphthalate buffer (left). The Topt was determined from 42 to 54uC at 2uC interval (right).
doi:10.1371/journal.pone.0045762.g002
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olivaceovirdis xylanase [5]. The introduction of disulphide-bond

showed that the flexible N-terminus disturbed enzyme thermo-

stabilities [1–3,6,7]. The N- and C-terminal deletions created

opposite effects on the enzyme thermal properties, thereby, the

XynDNC Topt and thermostability decreased for 2uC and for

50%. However, the N-terminal deletion increased enzyme

catalytic activity. Structural analysis shows that the N-terminal

residues are closer to the substrate-binding residues, therefore,

probably involve in substrate-binding.

Different Impacts of Non-structured Residues between
GH11 and GH10 Xylanase
Very recently, we investigated the impacts of similar non-

structured residues on the GH10 xylanase. The N- or/and C-

terminal deletions increased enzyme thermostability for ,2 2 4-

fold and activity for 4 2 7-fold [10]. The N-terminal deletion

decreased the GH10 xylanase Topt for 6uC, but the C-terminal

deletion increased its Topt for 6uC. The impacts of N- and C-

terminal deletions were opposite on the enzyme Topt, but additive

on its thermostability. The impact of five N-terminal residues was

more on the GH10 enzyme kinetics, but less on its thermo-

property than that of the one C-terminal residue. Compared with

the two investigations, C-terminal deletion increased both GH10

and GH11 enzyme Topt values and thermostabilities, and N-

terminal deletion decreased both enzyme Topt values. Whereas, N-

terminal deletion decreased the GH11 enzyme thermostability,

but increased the GH10 enzyme thermostability. The impacts of

N- and C-terminal deletion were additive on GH10 enzyme

thermostability, but opposite on GH11 enzyme thermostability.

The inconsistence was attributed to the structural difference

between GH10 (b/a)8 and GH11 b-jelly roll. The (b/a)8 structure
is mainly composed of helixes and strands, with one (b/a) as
a repeat unit; while the b-jelly roll structure is composed of many

strands and only one helix, with one strand as a repeat unit. Unlike

(b/a)8, b-jelly roll does not easily fold to active conformation.

Moreover, the (b/a)8 structure is relatively more thermostable

than the b-jelly roll. Probably, N-terminal deletion seriously

disturbed the GH11 folding, but slightly disturbed the GH10

enzyme, because helix folds more easily than strand. The N-

terminal non-structured residues are seated at upstream of strand,

and probably, act as leading element for its folding. The C-

terminal non-structured residues are seated at downstream of

strand, therefore, scarcely disturb its folding.

At present, more and more structures were crystallized and

deposited in PDB. As to those un-crystallized enzymes, structures

can be modeled through comparative homologous modeling. All

these progresses provide more structural information for enzyme

rational engineering. According to the investigations of non-

structured residue impact on GH11 and GH10 xylanases, N- and

C-terminal non-structured residues are un-necessary for activities

of both (b/a)8 and b-jelly roll enzymes. Strategy for rational

enzyme engineering is proposed as that thermostability can be

increased by deleting C-terminal non-structured residues, and

catalytic efficiency can be increased by deleting N-terminal non-

structured residues.

Materials and Methods

Materials and Reagents
The A. niger Xyn gene (GenBank: EU375728), which encodes

a 185-residue mature xylanase, was cloned into pET20b(+)
(Novagen, Shanghai, China). Molecular biology reagents, in-

cluding Pfu polymerase, restriction endo-nucleases NdeI and

XhoI, T4 DNA ligase, DNA marker, protein marker, were

purchased from Takara Inc (Dalian, China).

Construction of the Mutants
Based on structural analysis, the non-structured residues,

Ser1Ala2Gly3Ile4Asn5 and Ser183Ser184, were respectively de-

leted to construct three mutants, XynDN, XynDC, and XynDNC.

PCR was carried out using 16.5 mg of pET20b-xyn, 1.0 mmol of

each of two related primers, 5 U of Pfu polymerase, 4.0 mmol of

dNTPs, and 16 polymerase buffer with the following thermal

cycling: 4 min denaturation at 94uC, followed by 30 cycles of

1 min denaturation at 94uC, 1 min annealing at temperature

given below, and 1 min extension at 72uC. The reaction was

extended for 5 min at 72uC and cooled subsequently to 4uC.

Figure 3. Xylanase thermostability and kinetics. After incubation at 50uC at 10-min interval from 10 to 30 min, the residual activity was assayed
and expressed as a ratio relative to the un-incubated xylanase activity. The data were fitted with the equation y = A*e-kt (Origin, version 8.0), and
thermostability (t1/2) was calculated according to the decay function. The kinetics were assayed at Topt and pHopt conditions using birch-wood xylan
at concentrations from 0 to 13 mg/ml. The data were fitted with the Hill function to calculate maximal activity (Vmax) and Km (Origin, version 8.0).
doi:10.1371/journal.pone.0045762.g003
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The XynDN gene was amplified using p2/p3 and annealing at

33.6uC. The XynDC and XynDNC genes were amplified using p1/4

and p2/p4 and annealing at 35.8uC. The wild Xyn was amplified

using p1/p3 and annealing at 37uC. The primer sequences used

are as follows, with the underlined letters showing NdeI/XhoI

restriction sites: p1: ggaattccatatgagtgccggtatca, p2: ggaattccatatg-

tacgtgcaaaactac, p3: ctaaattactcgagagaggagatcgtga; p4:ccaaattactc-

gaggatcgtgacactgg.

Following PCR amplification, the genes were cloned into

pET20b(+) plasmids that had been pre-digested with NdeI/XhoI

to delete redundant endo-nuclease sites. The recombinant

plasmids were transformed into E. coli BL21(DE3) competent

cells, then extracted and sequenced with an ABI 3730 automated

sequencer to confirm gene accuracy (Invitrogen Biotechnology,

Shanghai, China). The transformed cell containing accurate

recombinant plasmids were grown and induced to produce

xylanases according to standard protocols [16]. A C-terminal

His6 tag was included in the xylanase sequences to allow the

proteins to be purified with Co2+-binding resin (Amersham

Bioscience). Active fractions were pooled and further purified

using sephadex G-25. The xylanases were detected using 12.5%

polyacrylamide SDS-PAGE, stained with Coomassie brilliant G-

250. Protein concentration was measured by a Spectrophotometer

Figure 4. The Aspergillus niger Xyn structure. The N-terminal non-structured residues are Ser1Ala2Gly3Ile4Asn5, and the C-terminal non-
structured residues are Ser183Ser184. Only the Gly3Ile4Asn5 and Ser183 were shown, because the deposited structure (PDB: 1UKR) did not contain
the Ser1Ala2 at N-terminus and the Ser184 at C-terminus. The active-site residues are Glu79 and Glu170. The substrate-binding residues are Asp37,
Trp72, Tyr79, Tyr81, and Gln129. The N-terminal residues are closer to the substrate-binding residues, therefore, have more impact on enzyme
catalytic activity and substrate-binding affinity. The C-terminal residues are more distal to the substrate-binding residues but closer to the C-terminus,
therefore, have less impact on its catalytic properties but more impact on its thermal properties.
doi:10.1371/journal.pone.0045762.g004
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ND-1000 at 280 nm using derivatization (NanoDrop Technolo-

gies, Wilmington, U.S.A).

Enzyme Properties
The mutant enzyme properties were determined in parallel with

the wild Xyn. All of the data points were determined for three

independent reactions, and the averaged values were used. The

optimal reaction pH, pHopt, was determined from pH 3.2 to 4.2 in

50 mM imidazole-biphthalate buffer at 0.2 unit interval. The

optimal reaction temperature, Topt, was determined from 42 to

54uC at 2uC interval. The enzymes were pre-incubated at 50uC,
and the residual activity was assayed at 10-min interval from 10 to

30 min and expressed as a ratio relative to the un-incubated

xylanase activity. The data were fitted with the equation y = A*e-kt

(Origin, version 8.0), and the thermal in-activation half-life (t1/2)

was calculated. The kinetics were assayed at Topt and pHopt

conditions for 5 min using birch-wood xylan at concentrations

from 0 to 13 mg/ml (Sigma-Aldrich, Shanghai, China). The data

were fitted with the Hill function to calculate maximal activity

(Vmax) and Km (Origin, version 8.0).

The xylanase standard activity was determined on birch-wood

xylan using dinitrosalicylic acid method (DNS) [16]. Enzyme

reaction was carried out for 16 min using 100 mL enzyme, 100 mL
1% birch-wood xylan, and 600 mL imidazole-biphthalate buffer,

thereafter, 600 mL DNS was added and boiled. The reaction

system was added to 5 mL with water, and absorbance was

determined using UV2000 ultraviolet spectrophotometer at

550 nm.
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