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ABSTRACT:. The crystal structure of the thermostable xylanase frbnermomyces lanuginosusas
determined by single-crystal X-ray diffraction. The protein crystallizes in space @2y = 40.96(4)

A, b=5257(5) A,c = 50.47 (5) A, = 100.43(5}, Z = 2. Diffraction data were collected at room
temperature for a resolution range of-2655 A, and the structure was solved by molecular replacement
with the coordinates of xylanase Il fromrichoderma reeseas a search model and refined to a
crystallographid?-factor of 0.155 for all observed reflections. The enzyme belongs to the family 11 of
glycosyl hydrolases [Henrissat, B., and Bairoch, A. (19B®)chem. J. 293781-788]. K, calculations

were performed to assess the protonation state of residues relevant for catalysis and enzyme stability, and
a heptaxylan was fitted into the active-site groove by homology modeling, using the published crystal
structure of a complex between tBacillus circulansxylanase and a xylotetraose. Molecular dynamics
indicated the central three sugar rings to be tightly bound, whereas the peripheral ones can assume different
orientations and conformations, suggesting that the enzyme might also accept xylan chains which are
branched at these positions. The reasons for the thermostability df. tleuginosuscylanase were
analyzed by comparing its crystal structure with known structures of mesophilic family 11 xylanases. It
appears that the thermostability is due to the presence of an extra disulfide bridge, as well as to an increase
in the density of charged residues throughout the protein.

Xylanases (EC 3.2.1.8) belong to the large group of very low pH, chlorine bleaching is preceded by a hot, caustic
glycosyl hydrolases. They catalyze the degradation of xylan, treatment of the wood. Desirable properties of a biotech-
the most abundant hemicellulose synthesized in the bio- nologically useful xylanase, therefore, include stability and
sphere. Xylans are heteropolysaccharides consisting of aactivity at elevated temperatures and extreme pH values.

backbone of 1,4-linked xylose monomers and are typically  Efforts to improve the thermostability of ®acillus
branched with arabinose, glucuronic acid, and acetate sub-jrcylansxylanase by introducing extra inter- and intramo-
stituents at the 2- and 3-position of xylosk.( The degree |ecylar disulfide bridges via site-directed mutageneS)s (
of backbone polymerization and the nature and number of \yere only partly successful: while the introduction 6fS
substituents depend on the biological source of the xylan. pridges always improved the thermostability of the protein
Biologically, xylanases are synthe_5|zed by microorganisms (as judged from the residual enzymatic activity following
and secreted to degrade surrounding xylan as food supply thermal treatment), only one of the tested disulfide bridges
In recent years, xylanases are increasingly used in industrialanhanced the activity of the enzyme at elevated temperatures.
processes in the food and feed industrizs3) and in the  Ap industrially relevant xylanase fromBacillus strain D3
pulp and paper industriest) There, xylanases hold the s recently been describefl).( Its thermostability was
promise of reducing the amount of chlorine chemicals for a5criped to the presence of six surface aromatic residues,

the_ pulp_—bleaching process. Con_siderable efforts are C_jeVOtedarranged as sticky patches, that should induce aggregation
to identify new xylanases or to improve the properties of 5¢ high protein concentrations.

existing ones in order to meet the requirements of industrial

paper mills. While chlorine-free bleaching is carried out at Enzymatic cleavage of the glycosidic bond may follow

two different mechanisms resulting either in overall retention
T This work was supported by the Austrian national science founda- or inversion of the anomeric configuration( In both cases,

tion (FWF) through the Spezialforschungsbereich Biokatalyse and the reaction proceeds via general acid catalysis requiring a
through Project 11599 and by the Juibitasfonds def sterreichischen proton donor and a nucleophile. Accordingly, the first step

Na’*ti(c;nasltbeflulr(;kr(alljrf?ijéa gtog%?r}aigs%;\})e- been deposited in the Brookhavenin the reaction sequence consists of a protonation of the
Protei?: DatagB{fnk (accession no 1yna). P glycosidic oxygen. In the case of the inverting mechanism,
* Author to whom correspondence should be addressed. ¥4B a water molecule (activated by the nucleophile) attacks the
316 380 5417. Fax:+43 316 380 9850. E-mail Christoph.Kratky@  anomeric carbon atom from the backside, leading to inversion
Kf‘grl‘ggsrtﬁﬁta%f‘;hysika”sche Chemie of the absolute configuration. The retaining mechanism, on
I Institut fir Biochemie. ' the_ _other hand,_ involves two conse_cutive inverting nucleo-
Ulnstitut fir Biotechnologie. philic attacks (first by the nucleophile and subsequently by
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a water molecule) resulting in overall retention of the

Gruber et al.

For crystallization, the lyophilized protein was dissolved

anomeric configuration. It is still an open question, whether and dialyzed against 10 mM HEPES buffer gH7.5 for 48
the nucleophile forms a covalent bond to the anomeric carbonh. Crystals were obtained at°€ in hanging drops: 812
or if its negative charge only stabilizes the positive charge uL droplets contained about 4 mg/mL xylanase,~550%

of the reaction intermediate3);

w/v PEG-6000 and 0.1% whwoctyl-3-glucoside in 100 mM

At least three different types of active-site topologies are citrate buffer pH= 4.0. They were equilibrated against a

known to exist in glycosyl hydrolase®)( Pockets are

optimal for monosaccharidases, and enzymes adapted t®000 in citrate buffer.

reservoir solution with a 2-fold higher concentration of PEG-
Seeding after about 1 day of

substrates with a large number of available chain ends. A equilibration was necessary for suitable crystals to appear.

tunnel was observed in cellobiohydrolas&6)( This topol-

The elongated crystals reach a maximum length of 1 mm,

ogy requires the polysaccharide chain to be threaded throughwith a typical size of 0.5x 0.1 x 0.1 mm.

which is optimal for fibrous substrates such as native

Data Collection. Diffraction data were collected at two

cellulose. The tunnel appears to be a special case of thedifferent temperatures using a Siemens rotating anode X-ray
third topology, the cleft or groove. Clefts allow the binding source (CK, radiation, 1.542 A), equipped with a Siemens
of several consecutive sugar units in linear or branched X-1000 multiwire area detector mounted on a three circle

polymeric substrates, and they are commonly observed ingoniometer.

endo-acting polysaccharidases.

A first data set-which was subsequently used for the

So far, at least 50 sequences of xylanases have beerstructure solutiorrwas collected at-180°C from a crystal
published. Hydrophobic cluster analysis and sequencewith approximate dimensions of 0:3 0.1 x 0.1 mm. The
alignment showed them to be spread among two families of crystal was shock-cooled after soaking in a cryoprotectant

glycosyl hydrolasesl(, 12), belonging either to family 10
or 11 (former families F and G). For members of both

containing 30% v/v glycerol. Crystals are monoclinic, space
group P2;, with cell dimensions [at 93(2) K] o& = 40.32

families, 3D structures have been determined by X-ray (6) A, b =51.58(8) A,c =50.24(6) A, ang3 =100.1(1) ¥

diffraction: the xylanases froi8treptomycesdidans(13),
Pseudomonas Fluorescefis!, 15), Cellulomonas fim{16),
andClostridium thermocellunil?7) belong to family 10, the
ones from B. circulans Trichoderma harzianum(18),
Bacillusstrain D3 @), and the two xylanases (I and II) from
Trichoderma reesg(l19, 20) belong to family 11.

The present report deals with the xylanase froinermo-
myces lanuginosys thermophilic fungus previously called
Humicola lanuginosa The xylanase has a molecular mass
of about 21 kDa and is a member of family 11 of glycosyl
hydrolases, as judged from its primary structl2&)( This
class of enzymes is known to catalyze hydrolysis with
retention of the anomeric configuratioB)( The pl of the
enzyme is 4.1 and it is most active at 70 and a pH of

= 102 850 &). Reflections numbering 11 730 were mea-
sured (10 cm crystal-to-detector distanegscans, 0.25
oscillation angle) in the resolution range 1985 A,
yielding 2546 unique reflection®Rferge= 0.112,[M/o(1) =
6.2, average multiplicity= 4.6, completeness 96.4%).

A room temperature data set (which was used for structure
refinement) was subsequently collected from a crystal (0.5
x 0.15 x 0.1 mm) mounted in a sealed capillary: mono-
clinic, space groufP2;, a = 40.96(4) A,b = 52.57(5) A,c
= 50.47(5) A, = 100.43(5),V = 106 880 A& (at 298 K,

VIV = 3.8% compared to the 93K cel};, = 2.51 A¥/Da,
solvent content approximately 51%. Reflections numbering
81 936 were measured (crystal-to-detector distance 7.5 cm,
w-oscillation range 0.25) between 25.3 and 1.55 A; 26 211

6.5. The enzyme has been extensively studied with regardunique reflectionsRnerge = 0.075 (0.354 for the highest

to its production and biotechnological us22{26), and
recently its gene was cloned and characteriz4. (Here,

resolution shell),M/o(1)0= 7.7, mean multiplicity= 3.1,
completenesss 83.9% (30.7% for the last shel,90% for

we describe the results of a crystal structure analysis of thisreflections below 1.8 A), precentage of reflections with
enzyme and a comparison of its structure with other 1>2¢(1) = 74.2% (22.5%).

structures of family 11 xylanases. The roles of individual

Both data sets were indexed and processed with the XDS

residues involved in catalysis and the number of subsites inprogram 27—29) and programs of the CCP4 packa@é)(

the active-site cleft are determined by modeling studies. Structure Solution and Refinemerithe structure of the
Estimates of the g, values of ionizable groups are calculated T. lanuginosuscylanase was solved by molecular replace-
and discussed in view of the proposed catalytic mechanism.ment, using the coordinates of xylanase Il frdm reesei
Since this is a thermostable xylanase, its 3D structure is (20) as a search model (60.5% sequence homology, see
compared to available structures of the same class fromFigure 1). The entire molecule with all side chains,
mesophilic organisms in view of possible factors conferring excluding the N-terminal residue and the solvent molecules,
thermostability. These results should be useful for future were input into the molecular replacement computations
mutagenesis studies aimed at improving the thermostability [program X-PLOR 81)]. For the structure factor calcula-
of this biotechnologically important class of enzymes. tions, the model (approximate size 4440 x 34 /'X&) was
placed into a P1-box of dimensions 8080 x 70 A. The
MATERIALS AND METHODS cross rotation search was limited to an Euler space”af 0
Purification and Crystallization of the EnzymeThe o <360, 0° < <90 and O < y =< 36(°. The
xylanase was purified from culture filtrate as decribed integration range was-520 A; reflections from the low-
recently 1). The molecular mass is 21 kDa, as deduced temperature data set between 1@ dnA resolution withF
from the genomic DNA sequence after cleavage of a signal > 30(F) were used. The highest peak of the rotation function
peptide consisting of the first 31 residues. The apparent (later confirmed to be the correct solution) was 0above
molecular mass from SDSPAGE was determined as 24 the mean value, compared to &.for the second highest
26 kDa @4). There is no evidence for glycosilation. peak. The best 68 solutions were selected for a PC
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Ficure 1: Multiple sequence alignment of family 11 xylanases obtained with the program package BYP$he sequence alignment
is based on a structure alignment of the xylanases ffolanuginosusT. reeseiandB. circulans The figure was prepared with ALSCRIPT
(82). Shading indicates positions with a conservation index of 8 or greater according to an analysis using@@J&&dondary structure
elements and residue numbering correspond to the xylanaseTirtanuginosusThe sequences are THLAN T. lanuginosusTRIRE1
and TRIRE2= xylanases | and Il fronT. reese(84), BACCI = B. circulans(85), BACPU = Bacillus pumilis(86), SCHCO= Schizophyllum
commung80), ASPAKB and ASPAKC= xylanases B (Swissprot entry XYNB ASPAK) and C frakspergillus awamor(var. kawachi)
(87), STRLIB and STRLIC= xylanases B and C frorBtreptomyces didans (88), COCCA = Cochliobolus carbonuni89), CLOAB =
Clostridium acetobutylicun{90), CLOSR = Clostridium stercorarium(91), RUMFL = Ruminococcus fleefaciens(92), NEOPALl =
Neocallimastix patriciarun{60), FIBSU1 and FIBSU2= Fibrobacter succinogeng83). The sequences of the xylanases frbninarzianum
andB. subtilisas well as the second domain of the xylanase fideocallimastix patriciarunwere omitted because of their near identity
to other sequences in the alignment.

>
>

HELIX B4 A4

refinement 82), yielding two identical solutions with a  Engh—Huber parameter se8) was used throughout. Very
patterson correlation coefficient of 0.286. The second weak density was observed for the N-terminal residue, which
highest peak was at 0.139 with a distance of about’102 was best modeled by a pyrrolidone-carboxylic acid (PCA)
The best solution was used for a two-dimensional translation as in xylanase Il fronT. reesei(20).
search in thexzplane (0= x,z < 0.5) with a grid spacing of The X-PLOR-model was further refined with the program
1 A. The calculations were done using data from 10 to 3.5 SHELXL (37), first by conjugate gradient minimization and
A with F > 30(F), yielding one clear solution (T-function then using a blocked-matrix least-squares technique. The
6.30 above the mearRR-value after rigid-body refinement  quantity minmized wa§ w(Fo2 — F2)? with w = 1/[03(Fo?)
0.449). The resultingR, — 2F. map allowed to identify ~ + (0.1P)?], P = [max(F.%0) + 2F:2)/3 using all reflections
and build the missing and differing side chains, using the to a resolution of 1.55 A.
program O 83). The only exception was the N-termial Restraints for 1,2- and 1,3-distances were applied with
residue (see below). effective standard deviations of 0.015 A. Phenyl, imidazolyl,
At this stage, the high-resolution room-temperature data and indole rings as well as guanidinium, carboxylate, and
set became available, and it was used for another rigid-bodyamide groups were restrained to be planar wiih af 0.1
refinement of the modified MR solution against data with A3 (chiral volume). A largero (0.3 A% was used for
> 20(F)between 10.0 and 2.0 A resolution, followed by a restraining the planarity of the peptide groups.
slow cooling MD run 84) [starting temperature: 4000 IR Individual isotropic displacement parametetsipstead
= 0.253,Rree = 0.311 @5) for 10% of the data]. Several of B-values, following the recommendation of the Interna-
cycles of conventional positional refinement, restrained tional Union of Crystallography3g), B = 872U] were
B-factor refinement and manual model building resulted in refined for the non-hydrogen atoms. Thkkvalues were
a final model consisting of 1787 non-hydrogen atoms (1512 restrained to be similar for atoms close in space=(0.025
protein and 275 solvent atoms, 130 with a fixed occupancy A2 cutoff, 1.7 A). Hydrogen atoms were included at
of 0.5). This model gave aR-value of 0.184 Riee = 0.225) calculated positions. During the refinement they were treated
for all data up to 1.6 A resolution witF > 2¢(F). The as riding on the respective non-hydrogen atoms. The
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U-values of hydrogens were set to 1.2 or 1.5 times (methyl-
and hydroxy-hydrogen atoms, respectively) thealue of
the central atom.

Prior to the SHELXL refinement, the occupancies of all
water molecules were reset to 1.0 and fixed. Water
molecules were excluded from further refinement, when their
U-values exceeded 0.752A For solvent molecules, anti-
bumping restraints were applie87. The contribution of

Gruber et al.

concentration of 0.14 M (corresponding to a Debye length
of 8.0 A) was used throughout. No explicit water molecules
were included. Default values were used for thegof
the isolated amino acids in solution, e.g., 3.9 for Asp, 4.3
for Glu, 6.5 for His, 10.8 for Lys, and 12.5 for Arg.
Calculations included contributions of electrostatic interac-
tions as well as desolvation energidd)( Since the exact
calculation of a titration curve would necessitate the simul-

diffuse solvent to the scattering was accounted for by meanstaneous computation of the statistical mechanical average

of Babinet's principle 89): the termg exp[—8m2U(sing/
)3, U=2.0A2 g=5.1 e, was subtracted from the real
part of the scattering factor for each non-hydrogen atom.

over all possible 2 protonation states, the Tanford-Roxby
approximation 46) was used for weakly interacting ionizable
groups.

The current model consists of 1649 non-hydrogen atoms - Tgg; calculations resulted irkg estimates approximating

(1512 protein and 138 solvent atoms). Refinement of 6598

experimentally observed values within on& pinit (41).

parameters against 26211 intensity data and 6091 restraint$ncertainties arise from approximations of the model (e.g.,

converged at the following values for the reliability indices:
WR = [W(Fo? — FAIIW(F,?)3Y? = 0.378 (for all reflec-
tions),Ry = ||Fo| — |F¢|I/Y |Fol = 0.155 for 19 452 reflections
with F, > 40(F,) and 0.193 for all reflections; goodness-
of-fit S= SWF — F)(n — p)]¥? = 2.81 (= 26 211,
number of observationg = 6598, number of parameters).
Rms-deviations from ideal values [Enghluber paramters
(36)] are 0.008 A for bond lengths and 1.4 for bond angles.
The meanU-value is 0.20 A& for main-chain atoms, 0.25
Az for side-chain atoms, and 0.4& for the solvent.

The atomic coordinates of the refined model have been

deposited with the Brookhaven Protein Data Bank (accession

code lyna).
Structure Validation. The validity of the structure was
checked using the program PROCHECHKOQY. In this

analysis, values for stereochemical parameters typical for a

structure at a resolution of about 1.5 A were obtained. The
overallG-factor was 0.0, slightly better than expected(2).
Of the residues, 88.6% (except Gly and Pro) have their

andy-angles located in the core regions of a Ramachandran

plot, with no residues observed in the generously allowed
or forbidden parts. Leu45 was labeled i8¢, plot as being
in an unfavorable conformation. The electron density for
this residue, however, is very clear, abdvalues are low
(0.13-0.23 A?). The distribution ofv-angles was considered
by the program potentially unusu#&-factor,—0.69). It has
a mean value of 178%5and a standard deviation of 8.1
Ten residues have-angles deviating more tharoZrom
the mean value. The largest deviatiors3] are found for
Thr80 and Val76. Residues showing significant deviations
are clustered in the hinge region Bfsheet B.

Calculation of pK Values. The K, values of ionizable

the use of only two bulk dielectric constants for protein and
solvent) as well as from the fact that different conformations
may be present in the crystal and in solution. While the
absolute value of thel is thus prone to some error, the
directions of shifts upon changes in the protein environment
e.g., by amino acid substitutions) can be predicted more
reliably (41).

The computational results were validated by comparison
with experimental g, values for the homologouBacillus
xylanase. Thus, the Ky of the buried and conserved
BacillusHis149 was determined as2.3 by NMR spectros-
copy @7, 48), while the calculated value for the equivalent
His155 in theThermomycesnzyme was 0.9, also indicating
an uncharged imidazole at relevant pH values. Similarly,
the K, < 2 for Asp83 in theBacillus xylanase 48) was
reproduced for the equivalent Glu91Kp< 0). Four salt
bridges were observed in the structure of Termomyces
xylanase. In all cases, the directions of calculatégighifts
for the involved residues were reasonable (upward shifts for
bases, downward shifts for acids); their magnitudes, however,
were occasionally overestimated in the computations.

Modeling of a Heptaxylan Fragment into the Binding Cleft.
Modeling started from the crystal structure of an inactive
mutant of the xylanase fromB. circulanscomplexed with
xylotetraose [PDB code 1bcA9)]. In this structure, electron
density for two sugar subunits, occupying subsitdsand
—2, was observed.

The structures of the two xylanasd. CirculansandT.
lanuginosu¥ were superimposed by minimizing the rms
deviation between the-carbon atoms of Trpl8 (Trp9),
Glul78 (Glul72), and Glu86 (Glu78, residue numbers in

residues (except tyrosines) were estimated for the nativeparentheses refer to thg. circulansstructure, see Figure
enzyme, for the modeled heptaxylan complex (see below) 1). The three-dimensional arrangement of these three C
and for several mutants with single amino acid exchanges.atoms is highly conserved. The coordinates of the two sugar

The programs described by Yang et ad1) were used
throughout. Hydrogen atoms were generated (including
crystallographically observed water molecules) by the mo-
lecular dynamics program PMD1Z). This was followed

by a short dynamics run (approximately 5 ps) using version
22 of the CHARMmM force field 43) and retaining the
positions of known non-hydrogen atoms. Structures of
mutants were also built with PMD. Eletrostatic potentials
were calculated using the finite difference Poiss8oltz-
mann (FDPB) method4d) as implemented in the program
Delphi (45). The two values for the bulk dielectric constant
were set to 4.0 (protein) and 80.0 (solvent). A salt

residues were merged with the coordinates of xylanase from
T. lanuginosusand minimized by 500 steps of the powell
algorithm, with the atoms of the enzyme kept fixed at their
positions. Minimization did not lead to significant changes
in the conformation of the disaccharide.

Another round of 500 minimization steps was performed
with all atoms of the complex unrestrained. Again, no
significant changes in the structure were observed. The sugar
chain was extended by two residues in the direction of the
nonreducing end and three residues in the direction of the
reducing end, leading to an enzyme-bound heptasaccharide.
The conformation of the newly introduced sugar residues
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were manually chosen to cover hydrophobic areas in the s=
binding cleft and to saturate possible partners for hydrogen
bonding.

The modeled enzymesubstrate complex was surrounded
by a box of 1680 water molecules, using the Molecular
Silverware algorithm as implemented in the program SYBYL,
and subjected to 10 cycles of a slow cooling protocol. Slow
cooling was performed with XPLOR3() using the
CHARMmM force field @3) (version 19) for the protein
moiety and a provisional force field parametrization for the
heptasaccharidé&(). Each cycle of slow cooling included
setting the temperature to 5000 K and lowering the temper-
ature in steps of 25 K. Simulation for each step was
performed for 0.05 ps. The final structure of each cycle was
minimized by 500 steps of the Powell algorithm and used
as the input for the following cycle.

Non-hydrogen protein atoms were restrained to their
positions with a force constant of 20 kcal/mol/A; non-
hydrogen atoms of the two sugar residues at sitésand
—2 were restrained to their positions with a force constant
of 10 kcal/mol/A. Only two sugar residues at the nonredu-
ceing end, three at the reducing end, and all the water
molecules were allowed to move freely.

Extensive molecular dynamics runs were performed to FIGURE 2: fELeC_i_tf?n density B, — iZFc map corr]]tou!red ﬁt 15) QJ
valdate the positon of protein-bound Sugar by repetiive £Perienof e, ugrosusnyets cctre. howng e pepice
slow-cooling cycles with an unrestrained oligosaccharide
(51). Inthe majority of runs, the sugar residues at positions
—2,—1, and+1 collapsed to the same binding subsites with
very similar conformations of the glycosidic linkages.

and a “cord” (see Figure 3). This picture was first introduced
by Torronen et al. in their description of the structure of
xylanase Il fromTr. reesei(20).
RESULTS AND DISCUSSION The thumb is an 11 residue loop between strands B8 and
B7 and exhibits a severely distortedladder hydrogen-
We have determined the crystal structure of the xylanasebonding pattern. This pattern is interrupted by Asnl124,
from T. lanuginosusby molecular replacement and have which causes a sharp bend in the loop structure. The amide
refined the coordinates against room-temperature diffraction proton of 1le128 (at the tip of the loop) is in a favorable
data extending to a crystallographic resolution of 1.55 A. position for an interaction with the indole ring of Trp79. In
The distribution of mainchain torsion angles, the experi- NMR measurements of the xylanase fr@ncirculans the
mental electron density (Figure 2), and the final values of equivalent proton showed a strong upfield shift, indicative
the reliability indices indicate a high-quality structure of an interaction with the aromatic ring which appears to be
analysis, with few positional ambiguities for any of the main- necessary for stabilizing the loob3). In the crystal
chain or side-chain atoms. Overall views of the molecule structure, the thumb is well ordered by interactions with sheet
are shown in Figure 3. B and crystal contacts. Molecular dynamics simulations,
Molecular Structure. The xylanase fronT. lanuginosus  however, indicate that it is one of the most flexible parts of
is a compact, globular protein with approximate dimensions the molecule %1).
of 40 x 38 x 35 A. The most prominent feature of the The second extended loop region of special interest is the

structure is a long cleft (about% A high and about 89 cord, located between strands B6 and B9. It consists of eight
A deep) spanning the whole molecule and containing the residues and closes the cleft on one side. Two consecutive
active site. pB-turns form its central part, which results in an S-shaped

The structure is dominated by two heavily twisfggheets structure with a nearly planar arrangement of mainchain
(panels A and B, see Figure 3). Sheet A forms the “outer” atoms.
surface of the enzyme and consists of five antiparallel strands. The structures of all family 11 xylanases known so far
Its hydrophilic, solvent-accessible surface contains a large are similar. Table 1 shows the rms-deviations for C atoms
number of serine and threonine residues. Sheet B consist®f several xylanase structures [calculated with EB)|
of nine mostly antiparallel strands. One face forms the active together with the number of aligned atom pairs. The
site of the enzyme, while the other one is packed againstmaximum deviation of 1.4 A indicates the close similarity
sheet A to form the hydrophobic core of the protein. There of these structures, especially when the high percentage of
is only onea-helix in this structure, which follows strand  C atoms that was used for the least-squares fit is considered.
A6, consists of 10 residues, and is packed against theThe two central3-sheets are particularly well conserved.

hydrophobic face of sheet B. Insertions and deletions are mainly found in the loop regions
The overall shape of the molecule resembles a right-hand(thumb and cord, see Figure 1). It is noteworthy that the
with the twoj-sheets and the-helix forming the “fingers” first strand off-sheet B is lacking in the xylanase froin

and the “palm” and two loop regions forming the “thumb” circulansand xylanase | fronTr. reesei The similarity of
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A

sheei A

Ficure 3: (A) Two perpendicular views of the structure of the xylanase flofanuginosuggenerated with programs MOLSCRIPY4)
and Raster3D95)]. (B) Topology diagram.

Table 1: Rms-Deviations (A) and Number of Aligned &toms (in 59F18? (N, 3.0 A)' Another buried Water molecule is 0204,

parentheses) Resulting from a Least Squares Fit Using the Program Which is sequestered between thdielix ands-sheet B and

0 (33 is hydrogen bonded to Asp111 (01, 2.5 A), Tyr115 (OH,
Tr.reeseil Tr.reeseill Tr.harzianum B.circulans 2.8 A), and His155 (N2, 2.8 A). While 0201 is only present

T. Lanuginosus 1.3 (176) 0.9 (188) 1.0 (188) 1.3(174) in the T. lanuginosusstructure, 0204 is conserved among

Tr. reesei | 1.1(172) 1.1(173) 1.4 (172) several family 11 xylanased&—20, 54) and appears to play
Tr. Reesei Il 0.7 (189) 1.4 (173) . k .
Tr Harzianum 11(177) an important role in stabilizing the structuré7y.

Active Site pK Calculations. The active-site cleft is

family 11 xylanase structures to the %,8,4-glucanase from  formed byf-sheet B and is well suited to accept a polymeric
Bacillus (53) was noted before2(). substrate. Access to the cleft is partly impeded by the cord
As expected, almost all water molecules observed in the and the thumb. According to the currently accepted mech-
crystal structure are located on the surface of the enzyme.anism for retaining glycosidases, two residues are required
One exception is 0201, which was found to be deeply buried. for catalysis 7): a general aci¢tbase and a nucleophile.
It is located at the interface between the turns—-/&3 and Typically, aspartate or glutamate residues fulfill these tasks,
B4—A4 and is hydrogen bonded exclusively to mainchain but there are case8%, 56) where a tyrosine appears to be
atoms: Gly40 (O, 3.0 A), Gly43 (0, 2.9 A; N, 3.3 A), and involved in transition-state stabilization.
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Ficure 4: (A) Close-up view of the active site of the xylanase frormanuginosusOxygen and nitrogen atoms are shown as red and blue
spheres. The putative nucleophile Glu86 is shown in pink, the acid/base catalyst Glu178 in medium blue. Hydrogen bonds are indicated
with small green spheres. (B) View of the active site of the modeled complex of the xylanase and a xyloheptaose. Only the three central
sugar residues (subsited, —1, and—2) are shown in yellow. Possible interactions of the catalytic residues with the substrate are indicated
with small orange spheres.

For Bacillus xylanases, the active-site residues were the close proximity of the guanidinium group of Argl22
determined as Glu78 (nucleophile) and Glul172 (atidse) (about 5 A) appears to be another important factor for the
by mass spectrometry, using fluorinated xylobiose derivatives stabilization of the negative charge on Glu86. A mutation
(57) and mutational studiet9). According to a multiple of this residue to alanine is predicted to result in an increase
sequence alignment (Figure 1), the equivalent residues inof the K, of Glu86 (to 5.9), while Glu178 would not be
the Thermomycexylanase are Glu86 and Glul78. The affected. This arginine is almost fully conserved among
mechanism requires Glu86 to be unprotonated and Glul78family 11 xylanases (see Figure 1), the only exception being
to be protonated. In the crystal structure, both residues area histidine in the xylanase froleocallimastix patriciarum
almost completely inaccessible to solvent. Glu86, however, (60), underlining the importance of a positive charge at this
is hydrogen bonded to GIn136, Tyr77, and Tyr88 (Figure position.
4A). Glul78, on the other hand, is located in a rather The distance between the two active (carboxyl) groups
hydrophobic environment (built up by Tyr73, Glyl79, and varies depending on the stereochemical course of the
Tyrl80) and accepts only one hydrogen bond from Asn44 reaction. While distances around 5.5 A are found in retaining
(Figure 4A). glycosidases, larger values (typically around 10 A) are found

The estimated g, values also reflect this situation. While for inverting enzymes, because an additional water molecule
the K, of Glu86 was found to be virtually unchanged from has to be accommodated between the nucleophile and the
its value in solution (3.9 vs 4.3), indicative of a negatively anomeric carbon atom of the substra®. (The distance
charged side chain at neutral pH, the protonated, unchargedetween Glu86 and Glul78 (defined as the mean distance
state of Glu178 is most likely stabilized in this conformation of the carboxylic oxygen atoms) is large (10.7 A), which
(PKa=9.4). A similar, although smaller shift of thé<p of appears to be at variance with the sequence-inferred retaining
the equivalent Glul72 iB. circulansxylanase has also been mode of catalysis of this xylanase. The discrepancy,
observed in solution by FTIRSE) and NMR measurements  however, can be explained by the unfavorable conformation
(59). In addition to the hydrogen bonds mentioned above, of the side chain of Glu178, which points away from Glu86
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(Figure 4A). This situation is equivalent to the pH 4.5
structure of xylanase Il frorir. reesei(20) with a distance
of 10.9 A. In this conformation, there is no way for the
enzyme to access the substrate and to successfully cleave
the glycosidic bond. Since it was observed near the pH-
optimum of theTrichodermaenzyme, there has to be some
conformational change form the “inactive” to a potentially
“active” state. This change was indeed observed in the pH
6.5 structure of the same enzyme (approximately 1.5 pH
units away from the optimum), which brings closer together
the two glutamate residues (distance, 7.2 A). We believe
that the observed pH-induced change may also occur upon
substrate binding. Other xylanases with known 3D structure
adopt the potentially “active” conformation with short
distances between the two catalytic carboxylat®scircu-
lans 5.9 A, Tr. reesei | 6.7 A, andTr. harzianum 6.4 A.
Modeling Studies with Xyloheptaose in the AetiSite.
The xylobiose fragment, which was used as a starting point
for further modeling, is situated in the narrowest part of the
binding cleft. Trpl8 is involved in a stacking interaction
with the sugar at subsite2 (see Figure 4B), a frequently
observed type of interaction between protein and carbohy-
drate. The hydroxy groups of the substrate form hydrogen
bonds to a number of residues in the cleft (Figure 4B).
Especially noteworthy are three tyrosine residues (Tyr77,

Tyr88, and Tyrl72) that are nicely lined up on the inside of
the active site. Additional interactions were observed with .%. g
Arg122, GIn136, and the carbonyl oxygen of Pro126. The & 0

reducing end of the xylobiose fragment is relatively close

to the two catalytic residues. The actual distances between

the carboxylic oxygen atoms and their putative sites of attack +3' +2‘ +l 'l "2 "3 "4

on the substrate [01(Glu86)C1, 4.1 A, 01(Glul78)0, Ficure 5: Surface representation [GRAS®6]] of the T. lanugi-

5.5 A] and the conformation of the side chain of Glu178 are Nosusxylanase with the modeled heptaxylan. The lower part of
unsuitable for catalysis the figure shows a superposition of xylose ring projections from a

. . selection of heptaxylan conformations obtained by molecular
In order for catalysis to occur, a conformational change gynamics. See the text for details.

of the enzyme has to happen. A change of the torsion angles
1-3 of Glu178 and 3 of Glu86 reduces the distances between Slow cooling runs of the complex with the extended
the two carboxylic groups to 7.1 A, with a simultaneous substrate (xyloheptaose) were performed to identify ad-
change of the Tyr73 conformation necessary to prevent stericditional subsites in the binding cleft. Throughout these
clashes. The resulting structure closely resembles the pHsimulations, the xylose residue at subsite remained at its
6.5 structure of xylanase Il frorir. reesei(20). While position nearly unchanged, whereas all other sugar residues
the distance of 7.1 A is still longer than expected for a that were free to move visited multiple sites within the
retaining glycosidase, this conformation allows a nucleophilic binding cleft. Because of weak coordinate restraints, xylose
attack of Glu86 on the anomeric carbon and a hydrogen bondresidues at subsites2 and—1 remained close to their initial
of Glul78 to the glycosidic oxygen atom (Figure 4B). positions. This situation is depicted in Figure 5, showing
In the substrate-free enzyme, the conformational changesthat those sugar units that do not occupy one of the three
especially of Glul78, alter the local environment of both central subsites have considerable conformational and ori-
catalytic residues. Glul78 is no longer exclusively sur- entational flexibility.
rounded by hydrophobic residues, and the electrostatic It thus seems unlikely that the peripheral subsites are very
interactions between the two side chains increase, resultingspecific for unbranched xylose residues. As the cleft
in an approach of theirky, values (5.1 for Glu86 and 6.8 becomes broader and less specific toward its ends, it should
for Glul78). The K. values of other residues are not be able to accommodate sugar residues at these locations,
significantly affected by this conformational change. Very which are decorated with different kinds of substituents
similar results were obtained for calculations comparing the attached to the backbone.
pH 4.5 and pH 6.5 structures of xylanase Il frofm. Thermostability of the T. lanuginosus Xylanadaue to
reesei(data not shown). For the modeled enzyrsebstrate  their technological significance, thermophilic enzymes have
complex, the calculations predict an upward-shift of tkg p  attracted much attention, and several of them have been
of Glul78 to 8.5, most likely due to the interaction with the compared structurally with mesophilic counterparts. Several
glycosidic oxygen of the substrate. This indicates that factors conferring thermostability have been identified,
Glul78 is protonated in the substrate-bound state at relevanincluding extra disulfide bridgesbé, 61—-64), extra short-
pH values, consistent with its putative function in the range and long-range pairs, and networks of chaorge
catalytic mechanism. interactions §2, 65—70), oligomerization {1), hydrophobic
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Ficure 6: Potentially charged residues in the crystal structure of the xylanaseTiréanuginosugleft) and of xylanase Il fronT. reesei
(right).

interactions §7—69, 72), extra proline or glycine substitution  Table 2: Number of lon Pairs and Their Network Organization in a
sites @9, 72—74), protection or shortening of N- and Variety of Xylanase Crystal Structures

C-terminus 68, 69, 74), extra pairs or networks of hydrogen no. of no.with no.with no.with no.with no. with
bonds 70, 72, 75—77), an increase in polar surface area _ °rganism pars N=2 N=3 N=4 N=5 N=6

fraction (76, 78), and other factors. Very often, the T.lanuginosus 25 5 0 2 1 1

combination of several of the above factors was suggested? circulans 13 2 1 1 1 0

. . r. reeseil 11 2 0 2 0 0

to be responsible for thermostability. Tr. reesei Il 13 3 0 2 0 0

The only thermostable xylanase for which 3D structural Tr.harzianum 14 2 1 1 1 1
data have been reported so far is the on8adillus strain aTwo residues of potential opposite charge were considered an ion

D3 (6). The thermostability of this enzyme, which shows pair if their distance was below 8 A.
73% sequence identity to the mesophilg circulans

xylanase, has been accounted to six extra (as compared tQopological equivalents of the two above residues. Together
B. C|rcula_n9 hydrophoblp residues located at the surfacg of with two other disulfide bridges (a parallel one also con-
the protein. These residues were proposed to form sticky necting strand B9 with the helix plus one connecting N- and
patches, leading to (stabilizing) enzyme aggregation Upon c_terminus), these mutations enhanced the thermostability
high protein concentrations. However, a comparison of by as much as 15C without, however, always improving
solvent accessibility data of aromatic residues for mesophilic ¢,¢ catalytic performance of the enzyme at elevated tem-
family 11 xylanases . reeseil, T. harzianum and B.  peratyre.” The crystal structure of sucB acirculansmutant
circulang with theT. lanuginosugnzyme clearly shows that  reyveals close similarity to th&. lanuginosusenzyme with
a similar effect cannot be held responsible for the thermo- respect to the conformation of the (left-handed) disulfide
stability of the latter enzyme: the number of solvent exposed pridge. While it is thus beyond doubt that the disulfide
aromatic residues [more than 40% exposure, programpyridge enhances the thermostability of thelanuginosus
NAOMI (79)] is five in theT. lanuginosusstructure, five in - yyjanase, other factors also have to contribute. This is
Tr. reeseil, four in Tr. harzianum and 6 inB. circulans evident from the fact that thdl. lanuginosusenzyme

A detailed comparison with mesophilic family 11 xyla-  outperforms with respect to its thermostability the above
nases §1) has revealed two other structural factors that Bacillusmutant as well as the xylanase fr@ohizophyllum
contribute decisively to the observed thermostability, i.e., the communedespite 55% sequence homology and the presence
existence of a disulfide bridge and electrostatic interactions. of the S-S bridge in the latter protein.

The Disulfide bridge.There is one disulfide bridge in the Electrostatic Interactions.The result of a search for ion
T. lanuginosugnzyme which does not exist in the majority  pairs and networks of ion pairs in tfie lanuginosusylanase
of other family 11 xylanases. It connects the C-terminus of crystal structure as well as in structures of other family 11
the g-strand B9 (residue 110) with the N-terminus of the xylanases is summarized in Table 2. Residues of opposite
a-helix (residue 154). While a similar disulfide bridge charges were assumed to form an ion pair if the distance
probably also exists in thBchizophyllum communglanase  between charged atoms was below 8 A, without considering
(80), all other xylanases with known crystal structure have the dielectric properties of the environment. Evidently, the
a hydrogen bond at the corresponding position. T. lanuginosusylanase has the largest number of such ion

Interestingly, attempts to enhance the thermostability of pair interactions. This is illustrated in Figure 6, which
the B. circulansxylanase by introducing disulfide bridges compares the distribution of charged residues for The
via site-directed mutagenesi®)(have also targeted the lanuginosusstructure with xylanase Il fronir. reesei
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Residues of relevance for catalysis and for enzyme stability

are expected to be conserved in related proteins. Indeed,
the sequence alignment (Figure 1) reveals potentially charged

residues to be conserved either near or within the active site
(Glu 86, Arg 122, Glu 178) or quite far away, on the
“opposite” side of the enzyme (Glu9l, Asplll, Argl41,
Arg145, His155; the latter, however, is most probably in an

uncharged protonation state). There, they appear to stabilize
an area of the enzyme which seems less well integrated into

the compacts-sheet system of the protein scaffold. It is
likely that this part of the protein, which contains a nine
residue long loop connecting the helix with strand B4, is
prone to unfolding and is therefore protected by a conserved
ion-pair network. The sensitivity of this region of the
molecule is supported by the observation of an intricate
network of hydrogen bonds involving largely conserved
residues (Ser139, His155, Tyr115, Asp111, Argl41, Trp159,
Glu9l) as well as a buried conserved water molecule (W204).
In theT. lanuginosusylanase, this apparently delicate region
is further stabilized by three additional charged residues as
well as by the disulfide bridge.

The thermostability of th&. lanuginosusylanase is thus
due to a disulfide bridge plus an extension of an existing
network of charged residues, both stabilizing the most
sensitive region of the molecule. Thermostability is further
enhanced by an overall increase in the number of ion pairs,
without targeting a specific area.

CONCLUSIONS

The structure of the xylanase from lanuginosuglosely
resembles the structures of other family 11 xylanases. The
estimated K, values of the two active-site glutamates are
consistent with Glu86 acting as the nucleophile and Glu178
acting as the acidbase catalyst. The fully conserved residue
Arg122 stabilizes the negative charge on Glu86. Modeling
studies of an enzymexyloheptaose complex indicate that
only the three central sugar units (subsiteg, —1, and+1)
are rigidly bound. There is no room for this part of the

substrate to carry substituents, while the other monomers may 22.

well be decorated. The thermostability of this xylanase is
due to the presence of an extra disulfide bridge not observed
in most mesophilic variants, as well as to an increase in the
number of ion-pair interactions.
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