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Xylanases hydrolyze the �-1,4-linked xylose backbone of

xylans. They are of increasing interest in the paper and food

industries for their pre-bleaching and bio-pulping applications.

Such industries demand new xylanases to cover a wider range

of cleavage speci®city, activity and stability. The catalytic

domain of xylanase Xys1 from Streptomyces halstedii JM8 was

expressed, puri®ed and crystallized and native data were

collected to 1.78 AÊ resolution with an Rmerge of 4.4%. The

crystals belong to space group P212121, with unit-cell

parameters a = 34.05, b = 79.60, c = 87.80 AÊ . The structure

was solved by the molecular-replacement method using the

structure of the homologue Xyl10A from Streptomyces

lividans. In a similar manner to other members of its family,

Xys1 folds to form a standard (�/�)8 barrel with the two

catalytic functions, the acid/base and the nucleophile, at its

C-terminal side. The overall structure is described and

compared with those of related xylanases.
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PDB Reference: Xys1�,

1nq6, r1nq6sf.

1. Introduction

Endoxylanases (1,4-�-d-xylanohydrolases; EC 3.2.1.8) cata-

lyze the hydrolysis of the internal �-xylosidic glycosidic bonds

of xylan, the major component of hemicellulose in plant cell

walls, and are produced by several microorganisms. Xylanases

have many applications in the pharmaceutical and food

industries and enable a nature-friendly biobleaching process

in paper production. These industries demand enzymes with

increased stability and activity and with the ability to degrade

the variety of glycosidic bonds found in xylan.

Most xylanases fall into families 10 and 11 of the sequence-

based classi®cation of glycoside hydrolases (Henrissat, 1991;

Henrissat & Bairoch, 1993, 1996). Family 10 xylanases are

modular enzymes, usually with a catalytic domain (CD) and a

carbohydrate-binding domain, normally a cellulose-binding

domain (CBD) or a xylan-binding domain (XBD), connected

to the CD by a ¯exible linker. The CDs of these xylanases

typically adopt a (�/�)8 TIM-barrel-type fold (Banner et al.,

1975). The crystal structure of a full-length xylanase from this

family, FXYN from Streptomyces olivaceoviridis E-86 (Fuji-

moto et al., 2000), has been reported. High-resolution X-ray

structures are available for the CDs of XYLA from Pseudo-

monas ¯uorescens (Harris et al., 1994, 1996), Cex from Cellu-

lomonas ®mi (White et al., 1994) and Xyl10A from S. lividans

(Derewenda et al., 1994; Ducros et al., 2000), Clostridium

thermocellum (DomõÂnguez et al., 1995), Penicillium simpli-

cissimum (Schmidt et al., 1998) and Thermoascus aurantiacus

(Natesh et al., 1999, 2003). Structures of the complexes of

some of these enzymes with diverse substrates are also
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available. The structural analyses of trapped covalent inter-

mediates in the CDs of Cex from C. ®mi (White et al., 1996;

Notenboom et al., 1998) and Xyl10A from S. lividans (Ducros

et al., 2000) have provided valuable information on the cata-

lytic mechanism. Two glutamate residues are considered to be

the catalytic residues, one acting as a proton donor and the

other as a nucleophilic base in a double-displacement

mechanism (Henrissat & Davies, 1997).

Two forms of the family 10 xylanase Xys1 from the

actinomycete S. halstedii JM8, namely Xys1L and Xys1S,

occur naturally as a result of the expression of a single gene,

xysA (Ruiz-Arribas et al., 1997; GenBank accession No.

U41627). Xys1S (33.7 kDa) is the proteolyzed form of full-

length Xys1L (45 kDa) and comprises only the CD and a Gly-

rich C-terminal linker (Fig. 1). Whereas Xys1L is likely to

hydrolyze insoluble xylan and complex hemicellulose

substrates, rendering short soluble oligosacharides, the Xys1S

form (lacking the CBD) is probably more useful, hydrolyzing

these soluble fragments of xylan. Both forms have been

isolated, cloned, overexpressed, puri®ed and characterized

(Ruiz-Arribas et al., 1995, 1997, 1998). Although neither

Xys1L nor Xys1S formed crystals, the crystallization of the CD

was accomplished with a variant called Xys1� obtained by

removing the Gly-rich region of Xys1S (Ruiz-Arribas et al.,

1998). In this paper, we report the crystal structure determi-

nation of Xys1� at 1.78 AÊ resolution and compare it with

closely related structures.

2. Materials and methods

2.1. Crystallization and data collection

Xylanases Xys1L, Xys1S and their truncated form Xys1�
were cloned, expressed in S. lividans 66 and puri®ed according

to the previously described procedures (Ruiz-Arribas et al.,

1995, 1998). Attempts to crystallize the enzyme were

unfruitful until both the cellulose-binding domain and the

glycine-rich tail regions were removed from the gene, yielding

variant Xys1�. The ®rst of the 302 residues composing the

mature form of Xys1� is actually residue 46 of the original

Streptomyces open reading frame (ORF), as the ®rst 45 resi-

dues correspond to a long signal peptide which is cleaved and

lost. Crystallization of Xys1� was achieved using the vapour-

diffusion technique at room temperature. The crystals grew

from hanging drops containing 3 ml of 15 mg mlÿ1 protein and

3 ml of precipitant solution (10% PEG 4000, 0.1 M MgCl2 and

0.1 M sodium acetate buffer pH 5.5) equilibrated against

500 ml of precipitant solution. Crystals appeared in six weeks

with typical dimensions of 1.0 � 0.4 � 0.1 mm. They were

washed with harvesting buffer (20% PEG 4000, 0.2 M MgCl2

and sodium acetate buffer pH 5.5) and ¯ash-cryocooled under

an N2 steam.

A complete diffraction data set was collected on a MAR

345 image-plate scanner (MAR Research) from a single

crystal kept at 120 K using synchrotron radiation (� = 0.885 AÊ )

at the EMBL beamline BW7B at DESY (Hamburg). The

crystal-to-detector distance was 130 mm. The crystal

diffracted to 1.78 AÊ , belongs to space group P212121 with unit-

cell parameters a = 34.05, b = 79.60, c = 87.80 AÊ and contains

one Xys1� molecule per asymmetric unit. Data were indexed

and integrated with DENZO (Otwinowski, 1993) and scaled

with SCALA (Evans, 1993). The data set has an Rmerge of 4.4%

and a completeness of 97.1% in the resolution range 25±

1.78 AÊ . Data-collection statistics are shown in Table 1.

2.2. Structure determination and refinement

The structure was solved by the molecular-replacement

method with AMoRe (Navaza, 1994) using the homologue

Xyl10A from S. lividans (Ducros et al., 2000; PDB code 1e0w)

as a search model. Re¯ections within the resolution range 15±

3.5 AÊ were used for rotation- and translation-function calcu-

lations. One clear solution was found with a correlation

coef®cient of 42.7% and a crystallographic R factor of 45.1%

(values for the highest noise peak are 25.6 and 24.1%,

respectively).

Initial automatic density-map interpretation and model

building was performed with the warpNtrace application of

ARP/wARP (Perrakis et al., 1997). The program identi®ed 298

out of 302 side chains in accordance with the chemical

sequence. All data were used (25±1.78 AÊ ) with no low-

resolution or �-cutoff. Water molecules were added with the

automatic protocol of ARP/wARP and were checked visually

for reasonable stereochemistry and goodness of ®t to the

electron-density maps. Subsequent rounds of structure

re®nement were carried out alternating CNS (BruÈ nger et al.,

1998) and manual model building using TURBO-FRODO

Figure 1
Diagram of full-length xylanase Xys1L from S. halstedii showing its two
domains and linker. Natural proteolysis of the cellulose-binding domain
yields Xys1S. Engineered removal of both the cellulose-binding domain
and the Gly-rich linker allowed the crystallization of the catalytic domain,
the variant called Xys1�. The N-terminal residue of these three proteins
corresponds to residue 46 of the ORF.



(Roussel & Cambillau, 1989) on �A-weighted 2Fo ÿ Fc and

Fo ÿ Fc Fourier maps. A randomly selected 1658 re¯ections

(7.3%) were set aside for Rfree calculations. Bulk-solvent

correction was applied. In the ®nal cycles of re®nement,

alternate conformations were built for the side chains of

residues 57 and 68 and for the disul®de bond between residues

169 and 200. A magnesium ion was assigned on the basis of the

electron density, the octahedral coordination sphere and

ligand distances. A ®nal re®nement cycle was performed with

REFMAC5 (Murshudov et al., 1999), applying ten cycles of

TLS re®nement with two TLS chains (one for the protein and

one for the solvent molecules). The ®nal model has an R factor

of 0.148 and an Rfree of 0.176. Re®nement statistics are shown

in Table 1.

The ®nal structure was validated with PROCHECK

(Laskowski et al., 1993). The Ramachandran plot (Rama-

chandran & Sasisekharan, 1968) shows that 91.7% of the non-

glycine and non-proline residues in the asymmetric unit are

located in the most favoured regions, 7.9% are in additional

allowed regions and only one residue (0.4%) is in a generously

allowed region. None of the residues are located in a dis-

allowed region. There are only two outliers (0.7%) in the more

stringent Ramachandran plot devised by Kleywegt & Jones

(1996). The model has excellent stereochemical quality, with

r.m.s. deviations from ideal values being 0.009 AÊ for bond

lengths and 1.09� for bond angles. The mean protein

temperature factor calculated after TLS re®nement is 11.9 AÊ 2.

A least-squares superimposition of the ®nal model of

Xys1� with those of related xylanases was performed with

TURBO-FRODO (Roussel & Cambillau, 1989). B-factor

statistics were calculated with BAVERAGE from the CCP4

package (Collaborative Computational Project, Number 4,

1994). Figures were generated with RIBBONS (Carson, 1997)

and TURBO-FRODO.

3. Results and discussion

3.1. Overall structure

Only one molecule of Xys1� is present per asymmetric

unit, with 2300 non-H protein atoms, 341 water molecules and

a magnesium ion. Owing to the high quality of the data, only

four residues could not be traced automatically using

warpNtrace. Residues 1 and 2 (slightly disordered), residue

81 (affected by a non-prolyl cis-peptide bond) and the
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Figure 2
Ribbon representation of Xys1�. For clarity, only the major secondary-
structure elements forming the (�/�)8 barrel have been labelled.
Additional minor helices are coloured orange. (a) Side view of the
catalytic domain, with the carbonyl side of the �-barrel facing upwards.
(b) Top view of the molecule.

Table 1
Data-collection and re®nement statistics.

Values in parentheses correspond to the highest resolution shell (1.88±1.78 AÊ ).

Data collection
Space group P212121

Unit-cell parameters (AÊ ) a = 34.05, b = 79.6,
c = 87.8

Resolution range (AÊ ) 25±1.78
Completeness (%) 97.1 (85.8)
hI i/h�(I)i 13.1 (8.9)
Average multiplicity 3.4 (2.7)
No. of observed re¯ections 78251
No. of unique re¯ections 22905
Rmerge² (%) 4.4 (8.4)

Re®nement statistics
No. of molecules per asymmetric unit 1
Resolution range used for re®nement (AÊ ) 25±1.78
No. of re¯ections in working set 21207
No. of re¯ections in test set 1658
No. of protein atoms included in re®nement 2300
No. of solvent molecules 341
No. of cations 1 (Mg2+)
R factor/Rfree³ 0.15/0.18 (0.16/0.22)
R.m.s. deviation from target values

Bond lengths (AÊ ) 0.009
Bond angles (�) 1.090

Avarage B factors (AÊ 2)
Protein, overall 11.9
Main chain 11.4
Side chain 12.4
Water 22.6

Ramachandran statistics§
No. of outliers 2
Percentage of outliers 0.7

² Rmerge = �Phkl

P
i jIi�hkl� ÿ hI�hkl�ij=Phkl

P
i Ii�hkl�� � 100, where Ii is the ith

measurement of re¯ection hkl and symmetry-related re¯ections and hI(hkl)i is its mean
value. ³ R = Rfree =

P
hkl

��jFobs ÿ kjFcalcj
��=Phkl jFobsj calculated for the re¯ections of

the working and test (7.3%) sets, respectively. § Kleywegt & Jones (1996).
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magnesium-coordinating C-terminal residue 302 were traced

manually afterwards. The ®nal structure, re®ned employing

data to 1.78 AÊ resolution, extends from residue 1 to 302 (the

entire polypeptide chain) with no breaks in the main-chain

density. Side chains are also clearly de®ned, with only minor

disorder at the outermost atoms of some residues (Asp49,

Arg65, Gln71, Gln177, Gln193, Lys251, Lys273 and Lys291).

Possible alternate conformations were checked for all residues

with slightly disordered density. Serine residues 57 and 69

have clear double conformations for their O
 atoms, which are

in all cases hydrogen bonded to either water molecules or

residues from a neighbouring molecule in the crystal. As

discussed later, a further double conformation has been

assigned to atom S
 of Cys200.

Xys1� folds in an (�/�)8 barrel. Eight parallel twisted

�-strands (�1±�8) are surrounded by eight major �-helices

(�1±�8) in a right-handed �±�±�motif (Fig. 2). Long �� loops

at the carbonyl side of the �-barrel (top face in Fig. 2a) confer

a larger radius to the face where the active site is located and

give a `salad-bowl' shape to the molecule. Cross-sections are

quite elliptical at the C-terminal side of the barrel, with

maximum shorter and longer axes of �40 and �55 AÊ ,

respectively. The amino side (bottom face in Fig. 2a) is

rounder, with a diameter of �35 AÊ . The height of the barrel is

�30 AÊ . Helix �1 is, in fact, composed of a 310-helix (residues

21±23) and a �-turn followed by an �-helix (residues 27±36), as

in other members of the family 10 xylanases. Shorter �-helices

appear at the N-terminal end (�0, residues 3±9) and after

strands �2 (�10, residues 48±51) and �4 (�30, residues 141±

146). Two 310-helices in loop �8�8 (residues 272±274 and

residues 278±280) complete the helical content of the catalytic

core (see Fig. 3 for secondary-structure element de®nitions).

There are two disul®de bonds, Cys168±Cys200 and Cys256±

Cys262, another conserved feature within family 10.

3.2. Active-site structure

The catalytic activity of all known xylanases is based on a

double-displacement mechanism for the hydrolysis of the

xylosidic bond. In family 10 xylanases two conserved glutamic

acid residues take part in this double-displacement

mechanism, one acting as a nucleophile and the other one as a

general acid, at the carboxyl (wider) side of the barrel. In Xys1

from S. halstedii, Glu235 (in strand �7) plays the role of the

nucleophile, while Glu127 (in loop �4�4) is the acid/base

catalyst (Fig. 4a). Their two C� and carboxylate carbon (C�)

atoms are 12.7 and 7 AÊ apart, respectively. The side chain of

Glu235 takes part in two hydrogen bonds, one between its O"1

atom and His206 N"2, and one between its O"2 atom and

Asn170 N�2. The hydrogen bond with His206 may be neces-

sary to maintain the ionized state of the nucleophile Glu235,

as has been suggested for the equivalent residues in Xyl10A

from S. lividans (Roberge et al., 1997). Glu127 is hydrogen

bonded to Trp84 (Glu127 O"1 and Trp84 N"1) and Gln204

(Glu127 O"2 and Gln204N"2). An aromatic cage made by

Trp84, Trp268 and Trp276 surrounds the catalytic pocket. Two

water molecules inside this pocket, Wat173 and Wat256, are

only 2.18 AÊ apart. In spite of such a close contact, we decided

to assign two solvent molecules to the electron densities, as

Figure 3
Sequence-based alignment of xylanases from related species (S. halstedii,
S. lividans, T. aurantiacus and C. ®mi), with the secondary-structure
elements from Xys1� as de®ned by DSSP (Kabsch & Sander, 1983).
�-Barrel strands (blue): �1 (residues 14±19), �2 (residues 39±42), �3
(residues 76±84), �4 (residues 121±126), �5 (residues 166±171), �6
(residues 200±203/206±207), �7 (residues 230±238) and �8 (residues
262±267). Outer-barrel helices (yellow): �1 (residues 27±36), �2 (residues
61±73), �3 (residues 97±114), �4 (residues 150±161), �5 (residues 179±
194), �6 (residues 217±225), �7 (residues 242±257), �8 (residues 293±301).
Minor helices (orange): �0 (residues 3±9), �10 (residues 48±51), �30

(residues 141±146), [310]1 (residues 21±23), [310]2 (residues 272±274) and
[310]3 (residues 278±280).



both persisted after any attempt to move or remove one of the

molecules.

3.3. Remarkable structural features

Thr81 is one of the residues that could not be traced

automatically. The reason for this is the cis conformation of

the peptide bond between His80 and Thr81 (Fig. 4b). This

peculiar non-prolyl cis-peptide has been previously described

in the structure of xylanase Cex from C. ®mi (White et al.,

1994; PDB code 2exo). It was also reported in the structure of

the trapped 2-F xylobiosyl enzyme intermediate of Xyl10A

from S. lividans (Ducros et al., 2000; PDB code 1e0x). These

structures, together with site-directed mutagenesis (Roberge

et al., 1997), con®rm that His80 has to adopt such a confor-

mation in order to coordinate the O(3) hydroxyl atom of a

sugar substrate at subsite ÿ1 (Ducros et al., 2000).

Another outstanding observation is the alternate confor-

mation of the disul®de bond between Cys168 and Cys200

(Fig. 4c). Among xylanases, this feature has been reported

only for Xyl10A from S. lividans, in a structure that was

re®ned with data to 1.2 AÊ resolution (Ducros et al., 2000; PDB

code 1e0w). The two alternative positions for atom S
 from

Cys200 were re®ned for their occupancies, resulting in 66 and

33%, respectively. This con®guration gave a featureless pro®le

in Fo ÿ Fc density maps and balanced the B-factor values for

both positions (11.2 and 10.5 AÊ 2, respectively).

Thr281 is an outlier in the Ramachandran plot of Kleywegt

& Jones (1996), with dihedral angle values of ' = 31.7� and

 = 62.3�. Both 2Fo ÿ Fc and Fo ÿ Fc density maps are

featureless for this residue and there is little doubt that its

conformation has been assigned correctly. Thr281 is posi-

tioned between a 310-helix (comprising residues 278±280) and

Pro282. Its O
1 atom is hydrogen bonded to the O atom of

Gly240, as well as to two water molecules (58 and 176).

Together, these interactions can explain the slightly un-

favourable ' value. It should be noted that the equivalent

Thr279 residue in Xyl10A from S. lividans (Ducros et al., 2000;

PDB code 1e0w) has similar dihedral angle values (' = 31.4�

and  = 65.2�).

A close inspection of the C-terminal end reveals why the

glycine-rich tail had been hindering crystal formation and why

magnesium in the crystallization reagent had enhanced the

process. The last secondary-structure element in the sequence

of the crystallized variant is the outer helix �8, comprising

residues 293±301. This helix completes and hence closes the

barrel. Leu302, the last residue in the sequence, is ®xed to the

outer wall of the barrel by a hydrogen bond between its OXT

atom and the NZ atom of Lys11 and by participating in the

octahedral coordination of a magnesium ion (Fig. 4d). Five

water molecules within 2 AÊ of the central ion complete the

coordination. Any further unstructured extension of the

sequence, such as the Gly-rich linker, would protrude from the

highly compact catalytic core. As two neighbouring molecules

in the crystal are very close to the C-terminal end, a similar

packing would have never been attained with the Xys1S form

(with the Gly-rich linker).

3.4. Comparison with related xylanase structures

Although Xys1� shares the fold common to all family 10

xylanases, some differences can be pinpointed by super-

imposing it on related structures within the family. We have

compared Xys1� with the catalytic domain of Xyl10A from

S. lividans (Ducros et al., 2000; PDB code 1e0w), with the

ultrahigh-resolution structure of CTUX from T. aurantiacus

(Natesh et al., 2003; PDB code 1i1w) and with the structure of

Cex from C. ®mi (White et al., 1994; PDB code 2exo).

The least-squares superposition of these structures,

depicted in Fig. 5(a), shows that the secondary-structure

elements are highly conserved. The r.m.s. deviation of the C�
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Figure 4
Stereoviews of four structural details in the Xys1� structure. (a) Active
site of the enzyme, with the two catalytic glutamic acid residues coloured
red. (b) Conserved cis-peptide bond between His80 and Thr81. (c)
Double conformation at the Cys168±Cys200 disul®de bond. (d)
Magnesium-coordinating Leu302 at the C-terminal end of the polypep-
tide chain. The 2Fo ÿ Fc electron-density maps are contoured at the 1.0�
level.
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atoms after superposition on the Xys1� structure is 1.11 AÊ for

Xyl10A (S. lividans), 1.42 AÊ for CTUX (T. aurantiacus) and

1.61 AÊ for Cex (C. ®mi). Inner �-strands are almost identical in

the four structures and only some outer �-helices are slightly

displaced. In fact, in a comparison of the structure of the

thermostable xylanase from T. aurantiacus at two different

temperatures, the inner �-barrel is described as a rigid region,

whereas the outer helical ring is somewhat ¯exible (Natesh et

al., 2003). This can also be observed in terms of structure

conservation when xylanases from different organisms are

compared. The ��-loops of Xys1� have nearly the same

conformation as those in the other three structures, whereas

three of the ��-loops at the carboxy side of the �-barrel

clearly show structural divergences. In fact, the active site is

located at the carboxy side of the �-barrel and it is around this

region where structural rearrangements will be needed if a

different interaction with the substrate has to be ful®lled.

Loop �6�6 (residues 208±216) of Xys1� has the same

conformation as in the closely related Xyl10A from S. lividans

owing to the presence of a proline residue at equivalent

positions (212 in S. halstedii, 213 in S. lividans). In the CTUX

and Cex structures lacking the proline residue, the same loop

is slightly displaced toward loop �7�7. The Cex enzyme from

C. ®mi has ten extra residues after strand �7 when compared

with the xylanases from S. lividans or T. aurantiacus that

introduce a completely different structure at loop �7�7

(Fig. 5b). Xys1� has three extra residues at the start of helix

�7 (residues 243±245), which tend to adopt the conformation

of the equivalent but longer helical stretch in Cex. The third

loop where structural disagreement is obvious is loop �8�8. In

an attempt to introduce a structural subdivision into family 10,

two subsets were de®ned depending on the absence (subset 1)

or presence (subset 2) of a helical stretch at loop �8�8 (Lo

Leggio et al., 2001). Xys1� is clearly a member of subset 1, as

loop �8�8 does not have the extra helical stretch and is

identical to those of xylanases 10A from S. lividans and

T. aurantiacus. On the contrary, the Cex structure has the

typical helical extension of subset 2, which might be respon-

sible for the preference for shorter xylooligosacharides

compared with subset 1 enzymes (Lo Leggio et al., 2001).

Apart from the aforementioned differences at �� loops,

which arise mainly from variations in sequence length, the

structures of family 10 xylanases are highly conserved. The

two glutamic acid residues directly involved in catalysis

(Glu127 and Glu235 in Xys1�) occupy exactly the same

position in the four structures after superposition. The same

applies to the surrounding residues at the active site. The two

disul®de bonds described here for Xys1� are present in the

other structures except for the T. aurantiacus xylanase, which

has a Tyr instead of a Cys residue at position 170 (equivalent

to position 168 in S. halstedii). The nonprolyl cis-peptide bond

after the histidine at position 80 (or equivalent) is also a

conserved feature.
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