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Xylanases (1,4-�-d-xylan xylanhydrolases; EC 3.2.1.8) hydrolyze the

1,4-�-d-xylopyranosyl linkage of xylans. The detailed structural

characterization of these enzymes is of interest for the elucidation of

their catalytic mechanism and for their rational modi®cation toward

improved stability and speci®city. An extracellular xylanase from

Geobacillus stearothermophilus T-6 (XT6) has recently been cloned,

overexpressed, puri®ed and biochemically characterized. Previous

crystallographic efforts resulted in a hexagonal crystal form, which

subsequently proved to be of limited use for structural analysis,

mainly because of its relatively poor diffraction quality and

resolution. A systematic search for more suitable crystals of XT6

recently resulted in a new crystal form of this enzyme with

signi®cantly improved diffraction characteristics. The new crystals

belong to a C-centred monoclinic crystal system (space group C2),

with unit-cell parameters a = 121.5, b = 61.7, c = 89.1 AÊ , � = 119.7�.
These crystals diffract X-rays to better than 1.5 AÊ resolution, showing

a very clear diffraction pattern of relatively high quality. The crystals

are mechanically strong and exhibit excellent radiation-stability when

frozen under cold nitrogen gas. A full diffraction data set to 1.45 AÊ

resolution (94.1% completeness, Rmerge = 7.0%) has been collected

from ¯ash-frozen crystals of the native enzyme at 95 K using

synchrotron radiation. Crystals of the E159A/E265A catalytic double

mutant of XT6 were found to be isomorphous to those of native XT6.

They were used for a full measurement of 1.8 AÊ resolution diffraction

data at 100 K (90.9% completeness; Rmerge = 5.0%). These data are

currently being used for the high-resolution structure determination

of XT6 and its mutant for mechanistic interpretations and rational

introduction of thermostability.
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1. Introduction
One of the main factors that limit the wide-

spread use of enzymes in industry is their

inherent instability. Like many other proteins,

they are readily subject to denaturation by

heat, chemicals and extreme pH conditions.

Signi®cant improvements of these character-

istics are required in order to obtain robust

enzymes with long half-lives that can operate

under industrial conditions. One approach to

overcoming these limitations is to alter the

stability of a particular functionally suitable

enzyme and make it more stable under

extreme conditions by rational chemical and/or

genetic modi®cation. For example, one can

enhance the stability of a given enzyme via a

series of speci®c amino-acid substitutions using

its detailed three-dimensional structure as

a guide. A xylanase (1±4-�-d-xylanxylano-

hydrolase; EC 3.2.1.8) from the thermophilic

bacterium Geobacillus stearothermophilus T-6

(XT6) has been selected in our laboratory in

order to examine the practical aspects of such

strategy. The study of this enzyme has been

particularly focused on rational enhancement

of its thermostability on the basis of its three-

dimensional structure and its detailed catalytic

mechanism.

In addition to serving as a readily available

prototype enzyme for such study, XT6 is a very

attractive target for various biotechnological

applications. Xylanases, like other hemi-

cellulases, have been studied extensively in

recent years because of their wide potential

range of industrial applications (Shallom &

Shoham, 2003). Such applications include their

use in biobleaching of paper pulp, bioconver-

sion of lignocellulose material to fermentative

products and improvement of animal feedstock

digestibility and their potential use in novel

organic synthesis (Mackenzie et al., 1998; Saha,

2000; Suurnakki et al., 1997; Wong & Sanddler,

1993). Obviously, for these enzymes to be

effectively integrated into industrial produc-

tion lines they have to be ef®cient, speci®c and

stable.
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XT6 is an extracellular endo-xylanase

belonging to glycoside hydrolase family 10

(GH10). It is secreted from the bacterium

into the environment, where it degrades

polymeric xylan into smaller units (Khasin et

al., 1993). These processed small sugar units

are then imported into the bacterium for

various purposes. The corresponding gene of

this enzyme has been characterized, cloned,

sequenced and overexpressed in Escherichia

coli (Gat et al., 1994; Fishman et al., 1995;

Lapidot et al., 1996; Shulami et al., 1999).

When overexpressed in E. coli, the recom-

binant XT6 is highly soluble and can make

up over 70% of the total host protein. The

mature enzyme consists of a single poly-

peptide chain of 379 amino acids, with a

calculated molecular weight of 43 808 Da.

The pI values of the puri®ed protein are 9

and 7 under native and denaturating condi-

tions, respectively. The optimal activity of

XT6 was shown to occur in the pH range

6.5±7; however, about 60% of the activity is

retained at pH 10. At 338 K and pH 7 the

enzyme is stable for over 10 h, while at

338 K and pH 9 the half-life of the enzyme

was shown to be approximately 6 h. Based

on sequence comparison with other GH10

xylanases and biochemical characterization

of catalytic mutants, it was shown that

Glu159 of XT6 is the acid±base catalytic

residue and Glu265 is the catalytic nucleo-

phile (Mechaly, 1998). These ®ndings led to

the preparation of several mechanism-

oriented mutated enzyme variants in which

one or both of these residues have been

replaced by site-directed mutagenesis. The

E159A/E265A double mutant is hence very

important for various structural studies,

especially its complexes with bound effec-

tors such as substrates and transition-state

analogues.

As a ®rst step in the rational thermo-

stabilization of XT6, we initiated a

systematic study of its detailed three-

dimensional structure. Our assumption was

that such structural information, especially

at high resolution, should serve as a good

basis for the understanding of its stability

characteristics and its mechanism of cata-

lytic action. Moreover, it was expected that

such information should be very useful for

the rational design of modi®cations that will

make this enzyme more speci®c, more ef®-

cient and more thermostable. The results of

this comprehensive study were expected to

be subsequently applied for further stabili-

zation of this and related enzymes, particu-

larly for industrial processes that require

extreme temperature conditions.

XT6 has been crystallized previously in a

hexagonal crystal form (H1 crystals, space

group P3221; Teplitsky et al., 1997). These

crystals diffracted X-rays to about 2.4 AÊ

resolution, but their usefulness in complete

structural analysis was realised to be very

limited because of their extraordinary

sensitivity to X-ray radiation and their rapid

damage on X-ray exposure. Moreover, an

extensive search for crystal-freezing and

cross-linking techniques that could be used

for the reduction of potential crystal radia-

tion damage only resulted in relatively

ineffective procedures (Teplitsky et al., 1997;

Mechaly et al., 2000).

In an attempt to overcome the practical

limitations of the hexagonal crystal form of

XT6, we conducted a systematic search for

an alternative crystal form with improved

diffraction properties. Such a search resulted

recently in a new and improved monoclinic

crystal form of the enzyme. The new crystals

diffract X-rays to signi®cantly higher reso-

lution (better than 1.5 AÊ ) and are relatively

less affected by X-ray radiation under ¯ash-

cooling conditions. In the following, we

describe this new crystal form of XT6 (M2

crystals) and report the measurement of a

full X-ray diffraction data set which was

obtained from native XT6 using synchrotron

radiation to 1.45 AÊ resolution. A similar

X-ray diffraction data set is reported here

for the E159A/E265A double mutant of

XT6 in the new crystal form, which was

obtained at 1.80 AÊ resolution using a

rotating-anode X-ray laboratory source.

These data are currently being used for a

detailed three-dimensional structure

analysis of the native enzyme and its cata-

lytic mutant at high resolution.

2. Enzyme expression and purification
from E. coli

The expression and puri®cation of XT6 were

performed using procedures similar to those

described previously (Teplitsky et al., 1997;

Mechaly et al., 2000). The mature xylanase

gene, without its leader sequence, was

cloned into the T7 polymerase expression

vector pET9d (Novagen) (Studier et al.,

1990) and overexpressed in E. coli strain

BL21DE3 (Novagen) (Lapidot et al., 1996).

The recombinant xylanase contained an

additional methionine residue at its

N-terminus and as a result the molecular

weight of the ®nal recombinant xylanase

(consisting of 380 amino acids) was

Figure 1
Typical single crystals of XT6 in the new monoclinic (M2) crystal form (space group C2; magni®cation of about
�100). These crystals were used for a diffraction data measurement of the E159A/E265A double mutant of XT6
to 1.80 AÊ resolution (a) and for the diffraction measurement of native XT6 to 1.45 AÊ resolution (b). Note the
variety of shapes and the sharp extinction of these crystals under polarized light.
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43 939 Da. Under this expression system,

XT6 comprised over 70% of the soluble

protein content of the growing E. coli and no

inclusion bodies were detected. Using this

system, we routinely obtained over 3 g of

puri®ed XT6 enzyme per litre of E. coli

cultures grown overnight on Terri®c Broth

(Sambrook et al., 1989).

3. Crystallization and crystal forms

3.1. The old H1 crystal form

As mentioned above, preliminary crys-

tallographic analysis has already been

performed in our laboratory on another

crystal form (H1) of XT6. The H1 crystals of

XT6 were obtained using a reservoir solu-

tion consisting of 1.6±1.8 M ammonium

sulfate and 8% MPD and drops containing

8±12 mg mlÿ1 protein and 50% reservoir

solution (Teplitsky et al., 1997). The resulting

H1 crystals appeared usually as transparent

`diamonds' with very distinct faces and

edges. The dimensions of these crystals were

usually around 0.3 � 0.3 � 0.2 mm and they

displayed X-ray diffraction to approximately

2.4 AÊ resolution (using strong synchrotron

radiation). From the diffraction pattern, it

was determined that these crystals belong to

the hexagonal space group P3221, with unit-

cell parameters a = b = 112.2, c = 122.9 AÊ .

Subsequently, these H1 crystals of XT6

proved to be of limited use, mainly because

of their rapid rate of crystal deterioration

during exposure to X-ray radiation. There

were also various dif®culties in the effec-

tiveness of ¯ash-freezing procedures for

crystallographic data measurement of these

crystals at low temperatures (Teplitsky et al.,

1997; Mechaly et al., 2000), as described

below.

The only procedure that seemed to

provide a signi®cant reduction in the radia-

tion damage to the H1 crystals involved their

soaking for 20±30 min in a solution

containing 25% glucose, followed by the

usual ¯ash-freezing techniques. This freezing

procedure turned out to be relatively

complicated to perform and dif®cult to

reproduce. This procedure also seemed to

signi®cantly reduce the practical resolution

limit of the diffraction of the crystals.

Moreover, the use of high concentration of

glucose in the freezing solution made it

impossible to diffuse substrates and ana-

logues into the XT6 crystals. Preliminary

soaking experiments of this type indicated

that several glucose molecules (originating

from the glucose freezing solution) bind

speci®cally to the enzyme and thus prevent

the binding of substrates and analogues in

the corresponding binding sites. These

limitations present obvious disadvantages

for the structural study of substrate binding

to XT6 and its implications for the detailed

catalytic pathway of this enzyme.

3.2. A systematic search for an alternative

crystal form

Considering the limitations of the H1

crystal form of XT6 for meaningful study of

its structure and catalytic mechanism, it was

clear that an alternative crystal type should

be obtained and/or an alternative crystal-

freezing procedure should be developed.

Unfortunately, re®nement of the original

crystallization conditions and the glucose-

based freezing procedures did not result in

signi®cant improvement in either the

diffraction quality or the crystal-freezing

effectiveness. Systematic variations around

the reported procedures indicated that the

crystals are extremely sensitive to even small

changes in the original crystallization

conditions and especially to the introduction

of organic solvents and organic additives, as

well as the addition of cryosolvents such as

glycerol and polyethylene glycol (PEG). It

was therefore concluded that efforts to

improve the old crystals should be discon-

tinued and efforts should be concentrated

on a systematic search for new crystal-

lization conditions, which should be

completely different. In the new search, we

tried to avoid high salt concentrations and

focused particularly on solutions with ¯ash-

freezing potential (i.e. glycerol content

of >10% and/or PEG content of >20%).

With these crystallization guidelines, it was

expected that a new crystal form of XT6, if

obtained, would be less sensitive to X-ray

radiation and easier to freeze for more ef®-

cient diffraction data collection.

In order to ®nd new starting conditions

for XT6 crystallization, we re-screened the

crystallization conditions for native XT6

with a series of solutions of different buffers,

precipitants, salts (<1 M), cryoprotectants

(PEG etc.) and other additives, following the

guidelines described above. Such systematic

crystallization screens have been used

recently in our laboratory and proved to be

successful for a number of related hemi-

cellulases from G. stearothermophilus T-6

(Teplitsky et al., 1997, 1999, 2000). Applying

these rationally designed screens for native

XT6 indicated that a new type of crystal

(M2) is obtained for this enzyme with

polyethylene glycol (PEG; 20±30%) as a

precipitant (and cryoprotectant) in the pH

range 6.0±6.5. Further re®nement of these

initial conditions led to the following

hanging-drop procedure, which produced

the best crystals for crystallographic

analysis.

3.3. The new M2 crystal form

The crystallization procedure that led to

the new M2 crystal form used a reservoir

solution containing 25% PEG 550 mono-

methyl ether (MME), 0.1 M MES buffer pH

6.5 and 10 mM ZnSO4. The M2 crystals were

obtained by mixing 5 ml protein solution

(containing about 5 mg mlÿ1 protein) with

4 ml reservoir solution and with 1 ml of 50%

methyl pentanediol (MPD) as an organic

additive in the drop (the ®nal MPD content

in the drop was �5%). Under these condi-

tions at room temperature (294±295 K),

initial crystals could be observed within 3±4

weeks and grew to their full size in about 2±3

months. Most of the M2 crystals appeared as

¯at polygons, each with three to six sharp

edges and typical dimensions of around

0.5 � 0.3 � 0.02 mm. Two crystals grown

according to this procedure were used for

full diffraction data collection of native XT6

at 1.45 AÊ resolution, as described below.

Re®nement of the crystallization condi-

tions of the initial M2 crystal form resulted

in larger crystals (Fig. 1), faster crystal

growth and improved stability of the crystals

in the X-ray beam. In the best conditions,

the initial drop contained 5±9 mg mlÿ1 XT6

protein (native or mutant), 7% PEG 4000±

6000, 5±10 mM zinc salt (ZnSO4 or ZnCl2)

and 0.1 M MES buffer pH 6.45. They were

equilibrated against a reservoir solution of

Figure 2
Representative two-dimensional section of the three-
dimensional diffraction pattern of native XT6 in its
new M2 crystal form. This diffraction pattern was
obtained at the X8C beamline of the NSLS
synchrotron facility (Brookhaven National
Laboratory, NY, USA) using X-ray radiation of � =
1.0093 AÊ . This image demonstrates the exceptional
quality of the diffraction, especially in the outer part
of the diffraction pattern. The 1.45 AÊ resolution limit
is indicated by an arrow.
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14% PEG 4000±6000, 10 mM ZnSO4 and

0.1 M MES pH 6.45 at room temperature.

Addition of MPD appeared to reduce the

quality of the XT6 crystals under these

conditions and was therefore avoided in the

®nal crystallization procedures. In these

experiments, the ®rst XT6 crystals could be

observed in the drop after about 2±3 d and

grow to their full size in about 3±4 weeks.

The resulting crystals appeared as trans-

parent ¯at polygons, similar to the M2

crystals observed previously. However, these

crystals appear to be signi®cantly thicker

than the original M2 crystals and often grew

to dimensions of around 0.5� 0.5� 0.1 mm.

Most of these crystals had distinct faces and

edges and showed very clear and homo-

genous polarization effects under polarized

light (Fig. 1). These crystals were recently

used for a full diffraction data collection for

the E159A/E265A double mutant of XT6 at

1.80 AÊ resolution, as described below.

4. Diffraction data measurement and
processing

4.1. Crystallographic data set for native XT6

Several crystals of the new M2 crystal

form of native XT6 have been used for

crystallographic characterization and

measurement of X-ray diffraction data

under cryogenic conditions. These experi-

ments were performed using synchrotron

radiation (� = 0.92±1.12 AÊ ) and a CCD area

detector (Quantum 4, ADSC Inc., USA) at

the X8C and X26C beamlines, National

Synchrotron Light Source facility (NSLS),

Brookhaven National Laboratory (NY,

USA). The crystal-freezing procedure used

for these experiments included a short

soaking of the target crystal (about 2±3 min)

in a cryoprotectant solution consisting of the

original crystallization reservoir solution of

these crystals (25% PEG 550 MME, 0.1 M

MES pH 6.5, 10 mM ZnSO4) and 10%(v/v)

glycerol. The pre-soaked crystal was then

submitted to immediate ¯ash-freezing

directly in a cold nitrogen-gas stream (95 K;

Oxford Cryosystems). The observed

diffraction pattern of some of these crystals

exceeded the 1.5 AÊ resolution limit and only

a relatively small amount of radiation

damage could be detected even at long

exposure times (about 8% of the adjusted

decay in the diffraction intensity after about

6 h). The observed diffraction pattern of

these crystals was sharp and clear and indi-

cated that the crystals belong to a C-centred

monoclinic crystal system (space group C2),

with average crystallographic unit-cell

parameters a = 121.5, b = 61.7, c = 89.1 AÊ ,

� = 119.7�. Different crystals of this batch

gave similar unit-cell parameters, with an

overall deviation from these average values

of less than 0.3%.

Two such crystals were used for a full

X-ray diffraction data measurement. The

®rst oscillation data set (�' = 0.5�), was

measured on a single crystal at the

NSLS/X8C beamline (� = 1.0093 AÊ , 95 K).

A representative diffraction pattern of this

data set is shown in Fig. 2. The second

oscillation data set (�' = 0.5�) was

measured on another single crystal at the

NSLS/X26C beamline (� = 1.100 AÊ , 95 K).

These two data sets were merged together in

order to increase the redundancy and the

completeness of the diffraction data. The

raw CCD diffraction images were processed

with the DENZO and SCALEPACK soft-

ware packages (Otwinowski, 1993).

A total of 383 803 accepted re¯ections

[F > 1.0�(F)] were measured in the 40.0±

1.45 AÊ resolution range and resulted in

95 911 independent re¯ections with 94.1%

completeness to 1.45 AÊ resolution (49%

completeness for the highest resolution shell

1.48±1.45 AÊ ). The overall redundancy of the

combined data set was 2, the overall

mosaicity was 0.48, the average hI/�(I)i was

10.3 and the total Rmerge was 7.0%. These

parameters demonstrate the relatively good

quality of the M2 diffraction data and its

suitability for a full crystallographic struc-

tural analysis.

The volume of the M2 crystallographic

unit cell as determined from the mean

value of the unit-cell parameters at 95 K is

5.84 � 105 AÊ 3. Assuming that the speci®c

ratio of volume to protein in the crystal (VM)

is within the normal range of VM values

observed for soluble protein crystals (1.68±

3.5 AÊ 3 Daÿ1; Matthews, 1968), there should

be 4±7 XT6 monomers (379 amino acids;

MW 43 808 Da) in the unit cell. Since there

are four symmetry operations in the C2

space group (and hence four copies of the

asymmetric unit), this number should be

four for the present crystals, indicating that

there is a monomer of XT6 in the

crystallographic asymmetric unit. With four

molecules in the unit cell of the M2 crystals,

the calculated VM is 3.3 AÊ 3 Daÿ1, a reason-

able value according to Matthews (1968).

The presence of only one monomer per

asymmetric unit in a relatively small unit

cell, together with the excellent diffraction

qualities demonstrated above, make the M2

crystal form an ideal system for high-

resolution structural analysis of XT6 and its

potential variants and complexes. This

analysis is currently in progress using an

initial model obtained from the low-

resolution data of the H1 crystal form of

native XT6.

4.2. Crystallographic data set for the

E159A/E265A double mutant of XT6

A single crystal of the M2 crystal form

(0.4 � 0.3 � 0.12 mm) was used for full

diffraction data collection on the E159A/

E265A double mutant of XT6. This diffrac-

tion data was measured at 100 K using a

rotating-anode X-ray laboratory source

(nickel-®ltered Cu K� radiation; � = 1.54 AÊ )

at the Hebrew University of Jerusalem

(Jerusalem, Israel). Crystal freezing

included a short soaking of the crystal

(1±2 min) in a cryoprotectant solution

containing the original crystallization reser-

voir solution (14% PEG 4000, 10 mM

ZnSO4, 0.1 M MES pH 6.45) and 27%(v/v)

PEG 4000. The pre-soaked crystal was then

submitted to immediate ¯ash-freezing

directly within a cold nitrogen-gas stream

(Oxford Cryosystems). The diffraction

pattern of this crystal exceeded the 1.7 AÊ

resolution limit, but owing to technical

limitations it was possible to collect only a

1.8 AÊ resolution data set. As for the native

XT6 crystals of the M2 form, the diffraction

indicated a C-centred monoclinic system

(space group C2), with unit-cell parameters

a = 121.5, b = 61.7, c = 89.1 AÊ , � = 119.7�,
demonstrating that these crystals are closely

isomorphous to those of native XT6. These

crystal parameters were determined from a

combination of still images and oscillation

images on an imaging-plate area detector

(Rigaku R-AXIS IV++ imaging-plate system

mounted on a Rigaku RU-300 rotating-

anode generator; Shibata, 1990; Sato et al.,

1992).

Similarly obtained oscillation images

(each with 0.5� rotation angle) were used for

a full data measurement. As for the previous

data set, the raw imaging-plate diffraction

data were processed with the DENZO and

SCALEPACK software packages (Otwi-

nowski, 1993). A total of 113 567 accepted

re¯ections [F > 1.0�(F)] were measured in

the 40.0±1.80 AÊ resolution range and

resulted in 48 254 independent re¯ections

with 90.9% completeness to 1.80 AÊ resolu-

tion (88% completeness for the highest

resolution shell 1.85±1.80 AÊ ), an overall

redundancy of 3, an overall mosaicity of 0.9,

an average hI/�(I)i of 13.3 and a total Rmerge

of 5.0%.

The data set collected and processed for

the E159A/E265A double mutant of XT6

represents a diffraction data set of relatively

high quality (especially for measurement on

a rotating-anode X-ray source) and as such
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will be used for detailed crystallographic

structural analysis of this important double

mutant.

It is planned to perform the full structural

analysis of the double mutant only after the

completion of the structure determination of

the native enzyme and to use the ®nal

structure of native XT6 as the starting model

for it. Once determined, the structure of the

catalytic mutant of XT6 should address

important structural and functional ques-

tions related to the active site of the enzyme,

such as the possibility of signi®cant struc-

tural changes around the mutated catalytic

amino-acid residues, if any.
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