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Abstract The 1.7 Å resolution crystal structure of recombinant
family G/11 b-1,4-xylanase (rXynA) from Bacillus subtilis 1A1
shows a jellyroll fold in which two curved b-sheets form the ac-
tive-site and substrate-binding cleft. The onset of thermal dena-
turation of rXynA occurs at 328 K, in excellent agreement with
the optimum catalytic temperature. Molecular dynamics simula-
tions at temperatures of 298–328 K demonstrate that below the
optimum temperature the thumb loop and palm domain adopt
a closed conformation. However, at 328 K these two domains
separate facilitating substrate access to the active-site pocket,
thereby accounting for the optimum catalytic temperature of
the rXynA.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Xylan is the most abundant hemicellulose in plant cell walls,

and is comprised of a b-(1,4)-DD-xylopyranoside backbone

which is generally substituted by acetyl, arabinose and 4-O-

methyl-glucuronose residues. A wide variety of microorgan-

isms produce xylan-degrading enzymes, and the enzymatic

cleavage of b-1,4-xylosidic linkages is performed by b-1,4-xylan
xylanohydrolase (EC 3.2.1.8). Xylanases have been grouped

into families F/10 and G/11 on the basis of amino acid sequence

homology, hydrophobic cluster and three-dimensional struc-

tural analysis [1]. The structures of the family G/11 xylanases

contain an a-helix and two twisted b-sheets forming a jellyroll

fold [2,3], yet despite the high similarity of amino acid se-

quences and structural homology, the G/11 xylanases exhibit

a wide range of temperature optima of catalytic activity.

A common approach to address the question as to the struc-

tural basis of thermostability uses the comparison between the

crystal structures of mesophilic and thermophilic homologues.
Abbreviations: rXynA, recombinant family G/11 b-1,4-xylan xylano-
hydrolase from Bacillus subtilis strain 1A1; RMSD, root mean square
deviation
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Superposition of the crystal structures of thermostable xylan-

ases from Thermoanaerobacterium saccharoclyticum [4] and

Clostridium thermocellum [5] reveals that an N-terminal exten-

sion forms an additional b-strand that increases the number of

hydrogen bonds in the b-sandwich finger domain, and has led

to the suggestion that the N-terminal regions of these enzymes

contribute to their thermostability. Hydrophobic interactions

and salt bridges have also been suggested to be important struc-

tural features for thermostability [6,7]. The hydrophobic core

of G/11 xylanases extends along the entire length of the internal

surface of the b-sandwich and is rich in highly conserved tyro-

sine and tryptophan residues, and indeed the thermostability of

family G/11 xylanases has been improved through the introduc-

tion of aromatic interactions by site-directed mutagenesis [7].

Salt bridges are distributed over the whole surface of the pro-

tein, and mutagenesis of His149 (located on the opposite side

of the active site) to Phe or Gln did not modify the catalytic

activity, but significantly improved the thermal stability [8].

Furthermore, the thermostability of family G/11 xylanases

has been improved by the inclusion of additional surface

charges [9], arginine residues [10] and disulphide bonds [11,12].

Several experimental approaches have been used to improve

the thermostability and thermophilicity of xylanases including

chemical modification, cross-linking, immobilization, treat-

ment with additives and protein engineering [13], and the results

of these studies suggest that multiple factors may contribute to

the structural basis of thermostability. In an effort to identify

the structural basis of thermostability, we have focused on

understanding the structural changes in the G/11 xylanases at

various temperatures leading up to the optimum temperature

for catalysis. With the aim of identifying and delineating the

structural basis for the catalytic activity at elevated temperature

of these industrially relevant enzymes, we report the crystal

structure at 1.7 Å resolution and molecular dynamics studies

in the range of temperature of a recombinant thermophilic fam-

ily G/11 xylanase from Bacillus subtilis 1A1 (rXynA).
2. Materials and methods

2.1. Expression, purification, crystallization and data collection
The gene encoding XynA was expressed in Escherichia coli strain

DH5a and the recovered protein was purified as described previ-
ously [14]. The expression system yields 26 mg L�1 of culture of
blished by Elsevier B.V. All rights reserved.

mailto:rjward@fmrp.usp.br 


6506 M.T. Murakami et al. / FEBS Letters 579 (2005) 6505–6510
protein (7.7% total yield), and N-terminal sequencing and mass-
spectrometry have confirmed that the signal peptide has been cor-
rectly processed to give as the final product the expected 185 amino
acid protein [14]. Crystals suitable for X-ray diffraction experiments
were obtained from 2 lL droplets containing 2.8 mg mL�1 of pro-
tein, 1.2 M sodium tartrate and 1% dioxane [15]. The data were
collected to 1.7 Å using synchrotron radiation and a MARCCD
detector at the CPr beam line, LNLS (Laboratorio Nacional de
Luz Sincrotron, Campinas, Brazil). Intensity data were integrated,
scaled and reduced to obtain structure factor amplitudes with the
HKL package [16].

2.2. Structure solution and refinement
The crystal structure of the rXynA was solved by molecular replace-

ment techniques with the AMoRe package [17] using the atomic coor-
dinates of the G/11 xylanase from Bacillus circulans (PDB code 1XNB,
[18]) as the search model. Positional and individual isotropic thermal
factor refinements were carried out using REFMAC5 [19] as incorpo-
rated in the CCP4 suite (Collaborative Computational Project Number
4, 1994). The 2Fob � Fc and Fob � Fc electron density maps were exam-
ined and the protein model was manually adjusted after each refine-
ment cycle using the TURBO FRODO program [20]. The
stereochemistry of the final model was analyzed using PROCHECK
[21]. The atomic coordinates and structure factors of XynA have been
deposited with the Protein Data Bank (code: 1XXN).

2.3. Thermal denaturation monitored by circular dichroism
Thermal denaturation experiments were performed using a J-810

spectropolarimeter equipped with a Peltier-type temperature control-
ler (PTC423S-JASCO Inc., Tokyo, Japan) with a heating rate of
1 �C min�1 using 1 cm path-length cuvettes and a protein concentra-
tion of 100 lg mL�1 in 20 mM phosphate buffer at pH 6.0. The
change in the ellipticity signal at 216 nm was monitored over the
temperature range of 25–75 �C (298–348 K). The fitting of the ther-
mal denaturation curve assumed a two-state mechanism and used a
least squares fitting routine derived from the van�t Hoff equation as
described previously [22,23].
Table 1
Data collection and refinement statistics

Data collection
Temperature (K) 100
Wavelength used (Å) 1.427
Detector MARCCD
Space group P2(1)2(1)2
2.4. Sequence alignment and structural analysis
The alignment of 5 amino acid sequences from the corresponding

3D structures was performed by structure-based alignment utilizing
the 3D-coffee alignment tool [24]. The superpositioning and structural
analysis was performed by TURBO FRODO program [20] and the
ConSurf program was used for the identification of functional regions
by surface-mapping using phylogenetic data [25].
Unit cell parameters (Å) a = 50.90, b = 70.37
and c = 42.04

Resolution range (Å) 42.03–1.70
No. of observed reflections 21487
Data completeness (%) 83.5 (81.3)
No. of unique reflections 14449
I/sigma(I) 7.16 (2.5)
aRmerge (%) 9.2 (26.9)
VM (Å3 Da�1) 1.68
Solvent content (%) 26.15
Molecules per asymmetric unit 1
Molecular replacement
Correlation coefficients (%)
Rotation 33.7
Translation 52.3
Rigid body refinement 65.4
Rigid body refinement R-factor (%) 36.4

Refinement
Rfactor (%) 16.2
Rfree (%) 20.9
RMSD bond distances (Å) 0.01
RMSD bond angles (�) 1.42
Average Bfactor (Å

2) 23.1

Values in parentheses are for the high-resolution bin.
aRmerge = RjI(h)I � {I(h)}j/R{I(h)}, where Ih is the observed intensity of
the ith measurement of reflection h and {I(h)} is the mean intensity of
reflection h calculated after scaling.
2.5. Molecular dynamics simulations
Molecular dynamics calculations were performed as isothermal–

isobaric ensemble under physiological conditions at temperatures
of 298, 308, 318 and 328 K. All molecular dynamics simulations
were run with the GROMACS 3.2 software package [26] using
the GROMOS-96 (43a1) force field [27]. The temperature and pres-
sure were controlled using the Berendsen method [28] with coupling
time constants of 0.1 and 3.0 ps for temperature and pressure,
respectively. The LINCS algorithm [29] was used to constrain pro-
tein covalent bonds involving hydrogen atoms, and the SETTLE
algorithm [30] was used to constrain water molecules. The ‘‘leap-
frog’’ algorithm [31] was used to integrate the equations of motion
with a time step of 2.0 fs over a total time of 5.0 ns. Initial velocities
were obtained from a Maxwell distribution at 298 K, and long-range
interactions were treated using the particle-mesh Ewald sum (PME)
method [32] with a cutoff of 1.5 nm. The long-range electrostatic
contributions were updated every 20 fs, and the van der Waals inter-
actions were calculated with a cutoff of 1.5 nm. The edges of the cu-
bic simulation boxes were initially fixed at 8.5 nm, and contained
about 19000 simple-point charge (SPC) water molecules [33] (con-
centration of �53.0 mol L�1). The Cl� and Na+ counter-ions were
inserted in the most electrostatically favorable positions in order
to locally neutralize the system. All simulations were equilibrated
for 100 ps restraining the positions of the protein atoms. The atomic
trajectories were analyzed by monitoring the peptide and residue
root mean square deviation (RMSDs) of atomic positions relative
to the crystal structure.
3. Results and discussion

3.1. Crystal structure

Crystals of rXynA were obtained as previously described

[15], and belong to the orthorhombic space group P21212 with

cell parameters a = 50.90, b = 70.37 and c = 42.04 Å. The Mat-

thews coefficient (Vm = 1.68 Å3 Da�1) indicates the presence of

one molecule per asymmetric unit with a corresponding sol-

vent content of 26.15%. Table 1 presents the full refinement

statistics of the final model, which shows that rigid-body mod-

el refinement using data in the resolution range of 20.0–2.5 Å

resulted in a correlation coefficient of 65.4% and a Rfactor of

36.4%. Structure refinement converged to a crystallographic

residual of 16.2% for all data between 42.03 and 1.75 Å (with-

out sigma or intensity cutoff, Rfree = 20.9% for 5% of the data).

The refined structural model of the rXynA contains 185 amino

acid residues, 1 tartrate molecule, and 112 solvent water mol-

ecules per asymmetric unit. Stereochemical analysis of the final

model indicates that the main-chain dihedral angles for all res-

idues are located in the permitted regions of the Ramachan-

dran diagram, and that the RMSD from ideal values are

within permitted ranges. Residual electron density was ob-

served at the surface of the molecule, and was attributed to a

single tartrate molecule which is hydrogen bonded by

Thr106, Gln135, Ser136, and two solvent water molecules,

and forms additional hydrogen bonds with the Ser74 in a sym-

metry equivalent protein molecule.

Fig. 1A shows that the rXynA has the canonical b-sandwich
�right-hand� fold of family G/11 xylanases, in which the indi-

vidual b-strands thread back and forth between the two

packed b-sheets to form the finger and palm domains. Resi-



Fig. 1. The three-dimensional structure of the rXynA. (A) Ribbon representation including the catalytic residues Glu78 and Glu 172 located at the
base of the cleft formed by the palm (P) and fingers (F) domains. Access to the active site cleft is determined by the position of the thumb (T) domain.
(B) Detail of the active site region showing the network of hydrogen bonds formed by Tyr69, Glu78, Tyr80, Glu175, Tyr177 and the positionally
conserved solvent water (WAT) molecules.
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dues lining the cleft formed between these two domains con-

tribute to the substrate binding and active sites of the protein.

An extended loop between the B7 and B8 strands forms the so-

called thumb domain, and a loop between the B6 and B9

strands forms a cord between the two b-sheet domains

(Fig. 1A) [34]. The active site is defined by a network of hydro-

gen bonded residues including Glu78 and Glu175, two struc-

turally conserved water molecules, and the neighboring

Tyr69 and Tyr80 residues that are involved in substrate bind-

ing (Fig. 1B). A two-step acid–base mechanism for xylan

hydrolysis has been proposed in which proton transfer occurs

to and from an oxygen atom in an equatorial position at the

anomeric center [35]. All the positions of the catalytic residues

involved in this mechanism are fully conserved in the rXynA

crystal structure.
Fig. 2. Thermal denaturation of the rXynA as monitored by the
change in circular dichroism in the ultraviolet region between 200 and
250 nm. The fraction of unfolded protein as a function of temperature
(main panel). The inset presents the raw ellipticity data at 216 nm
measured during the experiment (for clarity only half the total number
of data points are presented). In both the main panel and insert, the
solid lines represent the curves obtained after data fitting (see Section
2), which yielded a melting temperature (Tm) of 331.8 K.
3.2. Thermostability of the rXynA

Previous studies have shown that the profile of the far ultra-

violet circular dichroism spectra shows a minimum at 216 nm

[14], which is typical for b-sheet rich proteins and is in accord

with the secondary structure content observed in the crystal

structure. Fig. 2 presents the thermal denaturation curve of

the rXynA as monitored by the loss of secondary structure

measured at 216 nm, which reveals that the transition from

the native to the denatured enzyme starts at a temperature of

328 K. Previous results have demonstrated that the rXynA

has an optimum temperature for catalysis of 55 �C (328 K)

[14], which corresponds exactly to the maximum temperature

at which the rXynA maintains a native secondary structure.

At temperatures above this value both the catalytic activity

and b-sheet secondary structure are lost. With the aim of

understanding the structural basis of the thermostability of

this protein, a series of molecular dynamics simulations were

performed at four temperatures between 298 and 328 K.

3.3. Molecular dynamics

The atomic trajectories of rXynA were analyzed by monitoring

the RMSD of protein atom positions and the mean RMSD
per residue during a time period of 5 ns during the molecular

dynamics calculations in the isothermal–isobaric ensemble un-

der physiological conditions at 298, 308, 318 and 328 K. Fig. 3

shows the RMSD of rXynA at different temperatures, from

which mean RMSD values of 0.130 ± 0.016 nm (at 298 K),

0.148 ± 0.015 nm (308 K), 0.143 ± 0.014 nm (318 K) and

0.175 ± 0.030 nm (328 K) were calculated. These results dem-

onstrate that the protein conformations are highly stable at

all temperatures used in the simulations, an overview con-

firmed by the mean RMSD values per residue at the different

temperatures (Fig. 4). Mean RMSD values of most positions

in the palm domain (residues 41–50, 68–81, 93–110, 126–132

and 145–168), on which are located several active site and aro-

matic substrate-binding residues, demonstrate low deviations

at all temperatures. The majority of positions in the finger do-



Fig. 3. RMSD of atomic positions in the molecular dynamics
simulations of the rXynA at temperatures of 298 K (solid grey lines),
308 K (dotted black lines), 318 K (dotted grey lines) and 328 K (solid
black lines). The positions of the protein atoms in the crystallographic
structure were used as the reference for the RMSD calculations.
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main (residues 1–40, 52–67, 83–87 and 169–185) also show re-

duced RMSD values, which suggests that the protein has a

generally high stability even at 328 K. In contrast, many re-

gions in the vicinity of glycine residues (including positions

10–15, 20–22, 26–28, 100–104, 118–124 and 135–140) show a

higher mean RMSD per residue at all temperatures, which re-

flects the elevated mobility of the protein segments containing

these residues.

The comparison of the rXynA amino acid sequence with

four other G/11 xylanases (Fig. 5) reveals that many tyrosine

(Tyr53, Tyr69, Tyr79, Tyr80, Tyr107, Tyr130 and Tyr169)

and tryptophan residues (Trp9, Trp71 and Trp155) are highly

conserved. These residues not only play a key role in substrate

binding, but also contribute to the hydrophobic interactions

that confer rigidity and compactness to the palm domain

and active-site pocket. Other hydrophobic residues (Val37,

Val82, Pro90, Ile120 and Phe125) are also conserved, and are
Fig. 4. RMSD per residue. The results of four separate simulations are pr
figure). Conserved glycine residues at positions 12, 13, 14, 21, 23, 34, 45, 62,
likely to be important in the stability of the secondary and ter-

tiary structures. Fig. 5 further demonstrates that the majority

of glycine residues are also highly conserved, and occupy posi-

tions throughout the thumb and finger domains and in the

cord/connecting loops of the two packed b-sheets. The flexibil-
ity of these glycine residues is generally elevated at all temper-

atures (see Fig. 4), although the regions around Gly12-Gly14,

Gly23, Gly28 and Gly62 show no clear pattern of temperature

dependent conformation change. In contrast, the region

around Gly122 on the b-turn in the thumb domain presents

a clear trend in which an increase in temperature results in sig-

nificantly increased conformation change.

The thumb domain is highly conserved throughout the fam-

ily G/11 xylanases, and comparison of crystal structures has

suggested that the thumb loop is the most flexible region of

the molecule [36]. This is supported by molecular dynamics

simulations, and has led to the suggestion that the elevated

flexibility of the thumb loop is important to allow substrate ac-

cess to the active site residues [37]. The distance variations in

the molecular dynamics simulations between these two do-

mains are shown in Fig. 6, which reveals that the distance be-

tween the palm domain and thumb loop is around of 1.30 nm

at temperatures below the catalytic temperature optimum.

However, at the optimum catalytic temperature of 328 K, the

distance between the palm and thumb domains increases to

1.65 nm, and the substrate-binding cleft adopts an open con-

formation. These distances are significantly greater than those

observed in previous molecular dynamics simulation studies

[37], and we speculate that the optimum temperature of cata-

lytic activity is the consequence of the exposure of the active

site cleft by temperature dependent conformation change in

the thumb domain.

These results are in accord with previous NMR studies

which demonstrate that the conformation changes of the

xylanase A from Bacillus circulans on binding a substrate ana-

logue are confined to the substrate binding region and are rel-

atively slight, the exception being the significant conformation

changes observed in the thumb domain [38]. Both the NMR

study and the molecular dynamics simulation reported here
esented, at temperatures between 298 and 328 K (as indicated on the
93, 98, 104,105, 122, 159, 164 and 181 are indicated by the solid circles.



Fig. 5. Multiple amino acid sequence alignment of the rXynA (PDB code 1XXN) with other family G/11 xylanases. The sequences and
corresponding PDB codes are; endoxylanase 11A from Chaetomium thermophilum, (1H1A, [39]), xylanase from Paecilomyces varioti bainier (1PVX,
[40]), endo-1,4-b-xylanase from Thermomyces lanuginosus, (1YNA, [36]), and endoxylanase from Nonomuraea flexuosa (1M4W, [39]). The adopted
numbering scheme starts at �10 so as to place the N-terminal alanine residue of rXynA at position 1. Glycine residues are shown with a grey
background.

Fig. 6. Variation in the distance between the thumb and palm domains
during the molecular dynamics simulations of the rXynA at temper-
atures of 298 K (solid grey lines), 308 K (dotted black lines), 318 K
(dotted grey lines) and 328 K (solid black lines).
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indicate that the palm and finger domains are essentially rigid

structures, and the enhanced flexibility necessary for catalysis

lies in those segments in the immediate vicinity of glycine res-

idues. This conclusion focuses attention on the temperature

dependence of the conformation change in the thumb domain,

which is identified as a key event in determining the optimum

catalytic temperature of the enzyme. This work suggests that

site-directed mutagenesis studies with the aim of decreasing

the flexibility in this region may offer an alternative strategy

for rational design of thermostable xylanases.
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