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Crystallographic analysis of family 11

endo-f-1,4-xylanase Xyl1 from
Streptomyces sp. S38

Family 11 endo-B-14-xylanases degrade xylan, the main
constituent of plant hemicelluloses, and have many potential
uses in biotechnology. The structure of Xyll, a family 11 endo-
xylanase from Streptomyces sp. S38, has been solved. The
protein crystallized from ammonium sulfate in the trigonal
space group P321, with unit-cell parameters a = b = 71.49,
¢ = 130.30 A, y = 120.0°. The structure was solved at 2.0 A
by X-ray crystallography using the molecular-replacement
method and refined to a final R factor of 18.5% (Rfec =26.9%).
Xyll has the overall fold characteristic of family 11 xylanases,
with two highly twisted pB-sheets defining a long cleft
containing the two catalytic residues Glu87 and Glul77.

1. Introduction

Xylan, a heteroglycan composed of linear chains of xylose
residues linked by B-1,4 glycosidic bonds, with a variety of
substituents (Joseleau et al., 1992), is the main constituent of
plant hemicelluloses and constitutes more than one third of
the recyclable organic carbon source on earth. The hydrolysis
of the xylan backbone is performed mainly by the action of a
complex set of enzymes, of which xylanases are crucial
enzymes for its depolymerization. They are produced by
fungi, yeast or bacteria and liberate xylo-oligosaccharides of
different lengths (Biely, 1985). One of the major objectives in
biotechnological research is the engineering of microbial
enzymes to efficiently improve their properties for industrial
processes. Endo-xylanases (Exs) have been found to present
several biotechnological applications, such as cellulose pulp
biobleaching (Buchert et al., 1994; Georis, Giannotta et al.,
2000), bread-making (Courtin et al., 1999) and saccharification
of lignocellulosic biomass (Lee, 1997). These applications
require enzymes capable of operating under different condi-
tions (biobleaching, for instance, requires thermostable and
alkali-stable enzymes). Considerable efforts are devoted to
identify new xylanases or to improve the properties of existing
ones in order to meet the industrial requirements. For the
design and protein engineering of endo-xylanases with
different characteristics, precise knowledge of their sequence
and structure is of great importance. As part of our interest in
adaptations of Exs to pH and temperature (Georis, de Lemos-
Esteves et al., 2000), we report here the 2 A crystal structure of
the family 11 endo-$-1,4-xylanase encoded by the xyll gene of
Streptomyces sp. S38.

A large number of endo-f-1,4-xylanases (E.C. 3.2.1.8) have
been described, purified, characterized and sequenced from
different microorganisms (Sunna & Antranikian, 1997).
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Xylanases, like all f-1,4-glycan hydrolases, utilize a general
acid mechanism of catalysis promoted by two acidic amino-
acid residues. Based on sequence similarities and hydrophobic
cluster analysis, they have been grouped in families 10 (or F)
and 11 (or G) of the glycosyl hydrolases (Gilkes et al., 1991;
Henrissat & Davies, 1997).

Family 10 endo-$-1,4-xylanases have a molecular weight in
the range 32-39 kDa. In addition to a catalytic domain, they
include a cellulose-binding domain and a linker region. The
structure of the catalytic domain of several family 10 xylanases
has been determined by X-ray crystallography and consists of
an eightfold B-barrel (Harris et al., 1996). Family 10 enzymes
present a greater catalytic versatility (Biely et al., 1997).

On the other hand, the catalytic domains of the family 11
endo-p-1,4-xylanases (Exs 11) have a smaller molecular mass
(2022 kDa) and usually exhibit basic pI values, although
acidic pI values have been observed for some fungal enzymes.
The three-dimensional structures of several of these enzymes
have been solved. They include the structures of Exs 11 from
Bacillus circulans (PDB code 1bcx; Wakarchuk et al., 1994),
Trichoderma reseei XYNI (1xyn; Torrénen & Rouvinen,
1995), T. reseei XYNII (1xyn; Torronen & Rouvinen, 1995),
T. harzianum (1xyn), Aspergillus niger (lukr; Krengel &
Dijkstra, 1996), A. kawachii (1bk1; Fushinobu et al., 1998),
Thermomyces lanuginosa (lyna; Gruber et al., 1998), Paeci-
lomyces varioti (1pvx; Eswaramoorthy et al., 1994; Kumar et
al., 2000), Bacillus agaradhaerens (1qh6; Sabini et al., 1999)
and Dictyoglomus thermophilum XynB (1f5j; McCarthy et al.,
2000).

All reported structures of family 11 endo-xylanases present
one single (catalytic) domain with an all-8-strand ‘sandwich-
like’ fold containing two B-sheets forming a large cleft that can
accommodate the xylan polymer (Torrénen & Rouvinen,
1997; Himmel et al, 1997). The active site contains two
conserved glutamate residues located on either side of the
extended open cleft. According to mutagenesis and
mechanism-based inhibitors, these residues have been identi-
fied as a nucleophilic and acid/base catalyst (Torronen &
Rouvinen, 1997). A precise hydrogen-bond network around
the catalytic residues is capable of fine-tuning the properties of
endo-B-1,4-xylanase. In this context, the structures of endo-$-
1,4-xylanase I from A. niger (Krengel & Dijkstra, 1996), of
XynC from A. kawachii (Fushinobu ef al., 1998) and a mutant
(N35D) of B. circulans xylanase (Joshi et al., 2000) demon-
strated that the pH optima of family 11 xylanases are well
correlated with the nature of the residue adjacent to the acid/
base catalyst. In xylanases that function optimally under acidic
conditions this residue is aspartic acid, whereas it is asparagine
in those that function under more alkaline conditions. On
structural comparison with xylanases with high pH optima
stability/activity, another striking feature of acidophilic
enzymes is the presence of a concentration of numerous acidic
residues on the surface of the protein. At least in the case of
XynC from A. kawachii, these acidic residues on the so-called
‘Ser/Thr surface’ and in the active-site cleft seem to be
important for the acid stabilization of the proteins (Fushinobu
et al., 1998).

Other noticeable differences among family 11 endo-
xylanases are the length of the N-terminal part of the protein,
potentially introducing an additional B-strand in the first
B-sheet, and the presence of a disulfide bridge in some
structures. This latter disulfide bridge, as well as an increased
density of charged residues throughout the protein, could in
part explain the thermostability of Thermomyces lanuginosus
DSM 5726 XynA (Gruber et al., 1998) and of a thermophilic
xylanase from Paecilomyces varioti (Kumar et al., 2000).

In the thermostable xylanase XynB from Dictyoglomus
thermophilum, there are three Cys residues but no disulfide
bond is formed. Curiously, two of those cysteines, which are on
adjacent pB-strands in the active-site region, appear close
enough to form a disulfide bridge, but the electron density
shows clearly that they do not (McCarthy et al, 2000).
Compared with other family 11 endo-xylanases, XynB has a
greater proportion of polar surface and has a slightly extended
C-terminus that gives additional hydrogen bonding and
hydrophobic packing, potentially accounting for the enhanced
thermal stability of this enzyme.

In a same way, an unusual cluster of surface aromatic resi-
dues forming sticky patches has been observed in the structure
of Bacillus D3 endo-xylanase (Harris et al., 1997) and could
contribute to the thermostability of this protein. Recently,
some of those structural features identified as potential
contributors to improve thermostability of Exs 11 have been
introduced by site-directed mutagenesis in Xyll of Strepto-
myces sp. S38 (Georis, de Lemos-Esteves et al., 2000).

Table 1
Data-collection parameters and refinement details.

Data collection

Wavelength (A) 0.94398
(BM30A, ESRF)

Space group P321
Unit-cell parameters

a=b(A) 71.49

c(A) 130.30

y ) 120.0
Resolution (A) 2.0
No. of reflections measured 177572
No. of unique reflections 22088
Data completenesst (%) 82.5 (84.96)
Ryt (%) 8.2 (23.6)
Io(I)t . 5.66 (3.23)
Wilson B (A?) 14.8

Refinement

Resolution range (A) 7.0-2.0

Rerysit (%) [I > 4o(1)]
Rcrys[i (%) (all data)

18.46 (16838)
20.38 (22088)

Rireet (%) 26.93 (563)
No. of atoms (non-H)
Total 3078
Protein 2858
Water 220
Deviations from ideal geometry
Bond lengths (1-2 distances) (A) 0.006
Angles (1-3 distances) (A) 0.024
Ramachandran analysis
Residues$§ in most favored region (%) 85.8
Residues in additionally allowed region (%) 13.9

+ Values in parentheses are for the highest resolution shell. § Numbers in parentheses
are the number of reflections. § 302 non-Gly and non-Pro residues.
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Figure 1
Amino-acid (one-letter code) sequence alignment of family 11 endo-xylanases.
Secondary-structure elements (ss) are given at the top of the alignments. Secondary-
structure elements have been numbered according to the crystal structures of 7. reseei
xylanases I and II (Torronen & Rouvinen, 1995). Coordinates of the proteins are
available in the Protein Data Bank: B. circulans (1bcx), T. reseei XYNI (1xyn), T. reseei
XYNII (1xyp), T. harzianum (1xnd), A. niger (lukr), A. kawachii (1bk1), T. lanuginosa
(1yna), P. varioti (1pvx), D. thermophilum XynB (1£5j). The two catalytic Glu residues
are marked in bold.

QTIQPGTGYN
QTIGPGTGYS
QTTPNSEGWH
GTTPNSEGWH
ALTSNASGTF
s VITTNQTGTN

cord
SWGTYRPT. .
DNHNY . . PAQ
DYGDYNPCSS
DYGDYNPCSS
NFGTYNPSTG
NEGTYNPSTG
NEGTYDPSSG
NFGSSNPSSG
SWGNWRPP.G
NWGTYRPT. .

A6
RQSKRPTGSA
RNSPR. .TSG
RESTR. .TSG
RESTR. . TSG
RRNHR. .S8G
RRNHR. .SSG
RQDKR . . TSG
RQDKR. . S8G
RTSKR. .TSG
ROSKR. . TGG

TVWYQYQVMA
SVSNGNGQMN
TISSSSSDFN
TISSSSSDFN
TVSGTGTMDY
TVSGTGTMDY
TVADVDVGNG

B2
STDYWONWTD
ASINYDONYQ
AGINYVONYN
AGINYVONYN
NGYFYSYWND
NGYYYSYWND
DGYYYSWWSD
DGYYYSWWSD
DGYYYELWKD
NGYYYSEFWTD

A5

GGGIVNAVNG
TGGQVSYSPS
GNLGDFTYDE
GNLADFTYDE
GHGGVTYTNG
GHAGVTYTNG
GGAQATYTNL
GGGDSTYTNN
. TGNTTMTVY
GGGSVSMNLA

GSPFRTINYN AGVWAPN.GN

.GSSAPINFG
.GSSKAITYS
.GSSNAISYS
GTKNKVINFS
GTKNKVINFS
GLNARAIHFE
GLNARAIHFT
SLGTIRITYS
.GARRTVNYS

B9
GTYKGTVKSD
GTVKGTVTSD
ATSLGTVYSD
ATSLGTVYSD
ATKLGEVTSD
ATKLGEVTSD
ATDLGTVECD
STDLGTVSCD
ATSLGQVTID
GTYKGTVTSD

HELIX

.GSFSVNSGT
.AEYSASGSS
_AEYSASGSS
.GSYNPN.
.GSYNPN.
.GVYQPN .
.GVYQPN.
.ATYNPN.
_GSFNPS

GN
GN
GN
GT
GN

-GN

GGTYDIYTTT
GATYTIWENT
GSTYQVCTDT
GSTYQVCTDT
GSVYDIYRTQ
GSVYDIYRTQ
GSIYRLGKTT
GSTYTLGQST
GGTYDIYRTT
GGTYDVYQTT

TITFTNHVNA WKSHGMNLGS
TVIVONHFNA WASLGLHL.G

TVTVANHFNF
TVTVANHENE

WAQHGFGNS .
WAQHGFGNS .

SVNTANHFNA WAQQGLTL.G
SVNTANHFNA WASHGLTL.G
TVQTGCHFDA WARAGLNVNG
TVQTGCHFDA WASAGLNVTG
TVTVTDHFRA WANRGLNL.G
SITAGNHFDA WARYGMPLGS

YQVVAVEGWG. . .
YQVMAVEAWS. . .
YQVMAVEAWS. . .
QIVAVEGYF....
QIVAVEGYF. ...
DHYYQIVATEGYF

2. Materials and methods

2.1. Data collection and structure solution

Details about overproduction and purification of the family
11 endo-B-1,4-xylanase encoded by the xyll gene of Strepto-
myces sp. S38 have been reported elsewhere (Georis et al.,
1999). Initial screening for crystallization conditions was
performed using the vapour-diffusion technique at room
temperature with several Hampton Research crystallization

A3
SGGNYSVNW .
NTG.FSVNW.
SAGTFSMYWE
SAGTFSMYWE
PGGQFSVNW .
GGGSFTVNW .
EGGTYEISW.
SGGTYEITW.
TQGRFSCOW .
SGGSYGTSW.

B5

GYLTLYGWTR
GLLSVYGWST
SYLAVYGWVN
SYLAVYGWVN
SYLSVYGWSR
SYLSIYGWSR
SYLAVYGWTR
SYLSVYGWTR
SYLCIYGWST
AYLTLYGWTA

thumb
RYNAPSIDGD
RVNEPSIOG.
RTNEPSITG.
RTNEPSITG.
RVNQPSIIG.
RVNQPSTIG.
RVNAPSIDG.
RYNAPSIDG.
RVNQPSIVG.
RVNAPSVEG.

B4
NWAYQVMATE
QOMNYQVVAVE
DFNYQVMAVE
DFNYQVMAVE
TMDYQIVAVE
TMDYQIVAVE
DHYYQIVATE
DHYYQIVATE
TIDQITLCVE
FNYYMIMATE

B3

. SNTGNEVVE
.NTQDDEVVG
DGVSSDEVVG
DGVSSDEVVG
. SNSGNEFVGG
. SNSGNFVAG
. GDGGNLVGG
. GNGGNLVGEG
. SNINNALFR
. TNCGNEVAG.,

B6
SPLIEYYVVD
NPLVEYYIME
YPQAEYYIVE
YPQAEYYIVE
NPLIEYYIVE
NPLIEYYIVE
NPLVEYYIVE
NPLVEYYIVE
NPLVEFYIVE
NPLVEYYIVD,,

B7
RTTFTQYWSV
TATFNQYISV
TSTFTQYFSV
TSTFTQYFSV
TATFYQYWSV
TATFYQYWSV
TQTFDQYWSV
TQTFNQYWSV
TATFDQYWSV
TKTFNQYWSV, 5o

a4
GYQSSGSSNV
GWGGSGSASQ
AWSGAGSASYV
AWSGAGSASYV
GYFSSGSASI
GYFSSGSAST
GYFSSGYARI
GYFSSGYARI
GYQSSGSANT
GYQSSGSSSI, s,

kits (GridScreen 6K, 6K + LiCl, NaCl, MPD, AS,
PEG ion Screen, Quick Screen, Crystal Screens I
and II). Clusters of small twinned hexagonal
plate-shaped crystals appeared in various very
different conditions. Surprisingly, it was observed
that spontaneous nucleation occurred at high
protein concentration, even in pure water. By
either lowering the protein concentration to 1-
3mgml~' or centrifugating protein samples
concentrated to 10 mg ml™" at high speed, lower
nucleation rate and larger crystals could be
obtained. Reducing the precipitant agent
concentration and/or the speed of vapour-diffu-
sion equilibrium yielded the best X-ray diffraction
quality crystals. The crystal used for this study was
obtained in 0.8 M (NH,),SO, buffered with 0.1 M
sodium citrate pH 5.0 and transferred in the same
mother liquor containing 30% glycerol as cryo-
protectant. A complete data set (2 A) has been
collected at the ESRF (beamline BM30A) from
this flash-cooled (100 K) hexagonal crystal of
Xyll, measuring about 0.4 x 0.4 x 0.05 mm, on a
MAR imaging-plate  area-detector system
(240 mm diameter) at a wavelength of 0.94398 A.
Each diffraction data frame was exposed for 20 s
for a total of 80° (1° oscillation per frame).
Intensity data were integrated, scaled and reduced
to structure-factor amplitudes with the HKL suite
of programs (Otwinowski & Minor, 1997). Table 1
gives the main data-collection parameters.

The structure has been solved by molecular
replacement with the program AMoRe (Navaza,
1994) assuming two different molecules in the
asymmetric unit. First trials using the coordinates
of endo-xylanase of B. circulans (1bcx) failed. As
a search structure for molecular-replacement
analysis, a model of Xyll was built based on the
coordinates of other family 11 endo-xylanases. To
build the molecular model of Xyll, the known
three-dimensional structures of Exs 11 were
superimposed to delineate structurally conserved
regions. The alignment of the sequences of those
enzymes, presented in Fig. 1, reveals strong
sequence similarities and served as the starting
point for the modelling of Xyll. Details of the
homology-modelling procedure have been
presented elsewhere (Georis, de Lemos-Esteves et
al., 2000).

The search model contained only residues 50-180 of
theXyll sequence. The rotation function, calculated at 3.0 A,
gave two strong peaks. The translation function was then run
on these solutions to search for the corresponding translation
solutions (R factor 55.5%, correlation coefficient 19.5%).
Rigid-body refinement using AMoRe reduced the R value for
the two solutions to 43.6%.

Molecular packing was verified by visual inspection on the
graphics screen after application of the symmetry elements
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(P321 space group) to the coordinates of the two molecules of
the asymmetric unit. Since no clashes between molecules were
observed, crystal packing seemed possible in principle. This
solution was used as input for the refinement.

2.2. Refinement

The initial model was subjected to rigid-body, simulated-
annealing and positional refinement using X-PLOR and CNS
(Briinger, 1992; Brunger et al., 1998). At this point, 2F, — F,
and F, — F, electron-density maps were calculated. The
missing residues were built step by step into the electron-
density maps with the program TURBO-FRODO (Cambillau
et al., 1997). Density-modification map (DM program; Cowtan
& Main, 1998) averaging improved the quality of electron-
density maps and allowed slow reconstruction of almost the
entire protein sequence. Once most of the N-terminal residues
of both molecules of the asymmetric unit were located,
refinement was carried out using SHELXL (Sheldrick &
Schneider, 1997). 5% of the data were kept for the Ry, test.
Non-crystallographic symmetry restraints were applied. The
structural models were examined periodically during refine-
ment with F, — F,., 2F, — F., 3F, — F. and fragment-deleted
difference electron-density maps. Manual adjustments were
made as necessary and solvent molecules were identified. The

60
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L)/ IR S W

\ L A A
10
0 T T T T T T T T T T T T T T T T T T 1
1 21 41 61 81 101 121 141 161 181
Figure 2

Mean B values for the final model of Xyll (only one molecule is
presented, chain A) from Streptomyces sp. S38 as a function of residue
number. Similar values are found for the second molecule in the
asymmetric unit cell. Secondary elements are marked on the graph by
lines.

Figure 3

Stereoview of the overall structure of Xyll from Streptomyces sp. S38.
Secondary-structure elements have been numbered according to the
crystal structures of 7. reseei xylanases I and II (Torrénen & Rouvinen,
1995). The figure was obtained with the help of the MOLSCRIPT
program (Kraulis, 1991).

validity of solvent molecules was assessed based on hydrogen-
bonding potential to appropriate protein atoms, examination
of electron-density maps and refinement of thermal factors
less than 75 A%

Disorder has been introduced for three side chains (Thr9,
Ser18 and Ser40 of chain B) when clearly visible in difference
electron-density maps (above 2.50), assigning half occupancy
to both alternative positions. In the final model, N-terminal
and C-terminal residues (Aspl, Thr2, Val3, Val189 and Ser190
for chain A, and Aspl, Thr2 and Ser190 for chain B) were
omitted from the structure, as the density was too weak to
define their positions with confidence. The refined structure
(final R factor of 0.185 and Ry.. of 0.269) consists of 372
(185 + 187) of the 380 (2 x 190) amino-acid residues and 220
water molecules.

The overall geometry of the model is good, as judged from
the r.m.s. deviation from ideal geometry of 0.006 and 0.024 A
for bond lengths (1-2 distances) and angles (1-3 distances),
respectively. The average B value is 23.5 A? for all protein
atoms and 31.6 A2 if the 220 solvent molecules are included
(Fig. 2). A Ramachandran plot was calculated for both
molecules of Xyll in the asymmetric unit cell using the
program PROCHECK (Laskowski et al., 1993). Only GIn180
of chain B lies in a ‘disallowed’ region. Pro84 is in the cis
conformation (in other Exs 11s, proline residues corre-
sponding to Pro84 are also in the cis conformation).

Coordinates and structure-factor amplitudes have been
deposited via the EBI deposition procedure in the Protein
Data Bank with identification code 1hix.

3. Results and discussion
3.1. Overall structure

The overall structure of xyll has a characteristic fold (Fig. 3)
which is unique to family 11 endo-xylanases and has the shape
of a right hand, as first described by Torronen & Rouvinen
(1995) for the structure of XYNII from 7. reesei.

Both molecules in the asymmetric unit adopt the same
conformation, the superposition of their C* atoms revealing a
r.m.s. deviation of the coordinates of 0.344 A. Therefore, most
of the further discussions are based on the coordinates of one
(chain A) of the two molecules of Xyll.

The structure of Xyll comprises a single domain and
contains one «-helix and 14 p-strands. The B-strands are
arranged in two mostly antiparallel S-sheets. Sheet B is highly
twisted and forms the long cleft defining the active site. The
only a-helix is embedded on the external side of this sheet.

The coiled regions are in general short and just provide
short links (reverse turns and type II turns) between two
B-strands. Pro84, which adopts a cis conformation, is involved
in one of those short connections (between BS and B6). As
seen from Fig. 1, this proline residue is conserved among the
Exs 11. Although most of the loop regions are rather limited in
size, some longer coiled stretches are found, in particular the
so-called cord region (residues 95-100). XynB of D. thermo-
philium is clearly different from the other endo-xylanase

1816 wouters et al. - Xyl
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Figure 4

(a) Topologies of family 11 endo-xylanases allowing the separation of
those enzymes into two groups. Exs 11 type I: endo-xylanases from
T. reseei XYNI (1xyn), A. niger (lukr), A. kawachii (1bk1), B. circulans
(1bex). Exs 11 type II: endo-xylanases from 7. reseei XYNII (1xyp),
T. lanuginosa (lyna), T. harzianum (1xnd), P. varioti (1pvx),
B. agaradhaerens (1gh6), D. thermophilum XynB (1£5]). An enlargement
of the arrangement of the secondary elements around the N-terminal
region of Exs 11 is presented in (b).

structures in the loop connecting strand B3 to strand B5 (LS,
residues 53-59). An insertion of five extra residues in this loop
in XynB causes those residues to adopt a different confor-
mation, introducing a 3;¢-helix and forcing the L5 loop as a
whole to fold back against the body of the molecule, burying
several hydrophobic residues.

The loop and turn regions of Xyll from Streptomyces sp.
S38 are characterized by higher temperature factors, while low
B-factor regions correlate well with secondary-structure
elements (Fig. 2). During the refinement, loops L5 (residues
53-59) and L13 (residues 150-158) had to be rebuilt, as the
starting conformation from the search
model used in the molecular-replacement
process did not fit the electron density well.
After rebuilding, the two loops L5 and L13,
which are spatially close to each other,
appear to have a different conformation
from that observed in other family 11 endo-
xylanases. A similar conclusion holds for the
so-called ‘cord’ region. As could be deduced
from the sequence alignment (Fig. 1), the
cord region of Xyll, composed of six
residues (residues 95-101, Gly-Thr-Tyr-
Arg-Pro-Thr), most closely resembles the
corresponding structure of EXI11 of
B. circulans. For other endo-xylanases,

Figure 5

although the cord regions share a similarity in amino-acid
sequence, the position of the similar residues are different.
This observation had previously been made for the enzymes
XYLI and XYLII of T. reseei (Torronen & Rouvinen, 1995).
The differences in conformations observed for the cord region
can be attributed to the absence of hydrogen bonds between
the cord and the rest of the molecule, this short segment of the
protein being stabilized only by hydrophobic contacts.

3.2. N-terminal region

The topology of the secondary-structure elements of Xyll
from Streptomyces sp. S38 is compared with those of related
family 11 endo-xylanases in Fig. 4. The major differences
between those proteins is the presence (or absence) of the Bl
B-strand. Endo-xylanases lacking this first S-strand [e.g.
proteins from 7. reseei XYNI (1xyn), A. niger (lukr),
A. kawachii (1bk1) and B. circulans (1bcx)] position their
N-terminal residues close to the C-terminal residue (Exs 11
type I; Fig. 4), in contrast to those containing this B1 S-strand
[e.g. proteins from T. reseei XYNII (1xyp), T. harzianum
(1xnd), T. lanuginosa (lyna), P. varioti (1pvx), B. agar-
adhaerens (1qh6) and D. thermophilum XynB (1f5j)] (Exs 11
type II; Fig. 4). The structure of Xyll belongs to the type II
family 11 endo-xylanases, as it contains B1. These differences
contribute to structural stabilization of the family 11 xylanases.
Indeed, several independant studies showed that mutations in
the N-terminal sequence of Exs 11 increase the thermo-
stability and thermophilicity of those proteins (Sung et al.,
1998; Shibuya et al., 2000; Georis, de Lemos-Esteves et al.,
2000).

Intramolecular hydrogen bonds stabilize the N-terminal
region of Xyll. The pattern of hydrogen bonds involving the
main-chain NH and C=O0 groups in that region is character-
istic of those observed in antiparallel B-sheets. Interestingly,
residue Gly4 is also stabilized by hydrogen bonding to Met29
(belonging to the A sheet). Residues 3, 4 and 5 adopt a
coplanar all-frans conformation of the main chain. No
coordinates for the two first N-terminal residues could be
assigned unambigously in the electron-density maps.
Hydrogen bonds involving side chains play an additional role
in the stabilization of the loop conformations. Conformation

Stereoview of the active site of Xyll from Streptomyces sp. S38.
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of the loop region composed of residues Thr5, Thr6 and Asn7
is imposed by hydrogen bonds involving the side chains of
Thr6 and GInS.

In a similar way, the loop region between Bl and B2,
composed of residues Asn13, Glyl4 and Tyr15, is stabilized by
hydrogen bonds involving the main-chain carbonyl C=0 of
Asn12 and NH main-chain functions of Asn13 and Gly14 plus
interaction of the lateral chain of Asnl3 (stabilized by a
hydrogen bond to residue 32).

3.3. Environment of catalytic glutamic acid residues

By analogy with the other family 11 endo-xylanases, the two
catalytic acid groups in Xyll are provided by two catalytic
glutamic acid residues (Glu87 and Glul77; Fig. 5) situated at
the bottom of the cleft. They are separated by 5.9 and 6.5 A,
for chain A and B, respectively, consistent with other struc-
tures of endo-xylanases. Indeed, the distance between the
catalytic acid groups is of the same length in the potential
active conformation observed in the xylanases from B. circu-
lans (5.9 A), T. reesei 1 (6.7 A) and T. harzianum (6.4 A). In
the T. lanuginosus and T. reesei 11 enzymes, where this
distance is longer (10.7 and 10.9 A, respectively), a confor-
mational change is expected to generate a catalytically active
species. We conclude therefore that Glu87 and Glul77 in Xyll
from Streptomyces sp. S38 are in the active conformation.

The catalytic Glu residues are further connected via
hydrogen bonding to a water molecule. In general, the struc-
ture and interactions in the Xyll active site match the other
family 11 xylanases very closely. Those interactions involve
residues that are fully conserved in the other endo-xylanases,
with one exception, residue Asn46, which is substituted by an
aspartic acid residue in enzymes with a low pH optimum
(Krengel & Dijkstra, 1996). In Xyl1, this Asn46 points into the
active site and is connected to Glul77 (3.6 and 3.8 A, for
chains A and B, respectively).

It has been proposed that the guanidinium group of Argl21
is close enough to Glu87 to maintain a low pK, for this acid
group. In Xyll, the distance between the side chain of Argl21
and Glu87 (measured between CZ 121 and CD 87) is 7.3 Ain
molecule A and 7.1 A in molecule B. This distance varies in
different family 11 endo-xylanases, underlying the flexibility of
this conserved residue Argl21. Therefore, it is postulated that
the binding of a substrate may induce a repositioning of the
Argl21 guanidinium group and thus modulate its involvement
in the catalytic mechanism.

A series of conserved aromatic residues line at the base of
the cleft. The position and orientation of those conserved
active-site residues in Xyll and in other EX11s are quite
similar. They define the substrate/inhibitor-binding site,
confirming the hypothesis made by others that the substrate-
binding site of family 11 endo-xylanases is essentially pre-
formed (Sabini et al., 1999; McCarthy et al., 2000).
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