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We report the crystal structure at 1.59 AÊ and the proposed amino acid
sequence of an endo-1,4-b-xylanase (PVX) from the thermophilic fungus
Paecilomyces varioti Bainier (PvB), stable up to 75 �C. This fungus is
attracting clinical attention as a pathogen causing post-surgical infections.
Its xylanase, known as a skin-contact allergen, is the ®rst protein from
this fungus whose three-dimensional structure has been elucidated. The
crystals of PVX conform to the space group P212121 with a � 38.76 AÊ ,
b � 54.06 AÊ and c � 90.06 AÊ . The structure was solved by molecular
replacement techniques using polyalanine coordinates of the Thermomyces
lanuginosus xylanase (PDB code 1YNA) and a careful model building
based on the amino acid sequence known for two trypsin-digested pep-
tide fragments (17 residues), the sequence and structural alignment of
family-11 xylanases and electron density maps. The ®nal re®ned model
has 194 amino acid residues and 128 water molecules, with a crystallo-
graphic R-factor of 19.07 % and a free R-factor of 21.94 %. The structure
belongs to an all-b fold, with two curved b-sheets, forming the cylindrical
active-site cleft, and a lone a-helix, as present in other family-11 xyla-
nases. We have carried out a quantitative comparison of the structure
and sequence of the present thermophilic xylanase (PVX) with other
available native structures of mesophiles and thermophiles, the ®rst such
detailed analysis to be carried out on family-11 xylanases. The analysis
provides a basis for the rationalisation of the idea that the ``hinge'' region
is made more compact in thermophiles by the addition of a disulphide
bridge between Cys110 and Cys154 and a N-H � � �O hydrogen bond
between Trp159 near the extremity of the lone a-helix and Trp138 on
b-strand B8. This work brings out explicitly the presence of the C-H � � �O
and the C-H � � �p type interactions in these enzymes. A complete descrip-
tion of structural stability of these enzymes needs to take account of
these weaker interactions.
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Introduction

Xylanases (EC 3.2.1.8) have become a focus of
interest in the paper industry (Viikari et al., 1994)
because they decrease the demand for chlorine-
based chemicals in the wood pulp deligni®cation
process, thereby reducing the toxic industrial ef¯u-
ents, which are the by-products of organochlorine
(Amant, 1993). The other applications are in the
food and beverage industry (Biely, 1985). Structur-
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al and sequence classi®cations have demonstrated
the presence of more than 60 families of glycosyl
hydrolases. Two such hydrolases are xylanases,
which hydrolyse the polysaccharide xylan, and
have been categorised based on sequence simi-
larities, namely, family-10 usually possessing an
(a/b)8 fold and family-11, having predominantly
b-strands with one a-helix (Henrissat & Davies,
1997). Family-11 xylanases have been well studied
because of their direct usage in bio-bleaching in the
paper industry (Gilkes et al., 1991; Henrissat &
Bairoch, 1993; Wakarchuk et al., 1994a), especially
the mesophilic xylanases expressed by Bacillus cir-
culans (PDB code 1XNB) and Trichoderma reesei
(PDB codes 1ENX and 1XYN). These enzymes are
gaining importance as model enzymes for investi-
gating protein folding, thermal stability, and
modes and speci®cities of enzymatic action on
their substrates (Wakarchuk et al., 1994b; ToÈ rroÈnen
et al., 1994; ToÈrroÈnen & Rouvinen, 1995, 1997).

Cellulases, xylanases and various other hydro-
lytic enzymes used in many industries and house-
holds have been studied intensely with a clinical
perspective of locating enzyme-allergens
(Tarvainen et al., 1991). Some of these enzymes,
including xylanases and cellulases, have been
found to cause occupational and non-occupational
allergies, such as respiratory and irritant contact
dermatitis. Based on the clinical examinations of
several industrial workers dealing with xylanases
and cellulases in their daily chores, there have
been suggestions to include these enzymes as ``air-
borne skin-contact allergens''. Paecilomyces varioti
Bainier (PvB) was believed to be rarely a human
pathogen. But there are now many clinical reports
(Castro et al., 1990; Byrd et al., 1992; Dhindsa et al.,
1995; Shing et al., 1996), where PvB fungal growth
has been identi®ed as the source of infection in
several post-surgical complications. These results
open up a new direction of research on xylanases
with a clinical perspective, and it becomes necess-
ary to understand the nature of pathogenicity of
this fungus at the molecular structure level through
some of the major enzymes it expresses. Xylanase
is one such enzyme that is expressed extracellu-
larly by PvB, and its structure described here rep-
resents the ®rst such study of a protein from this
organism.

Because of the tremendous applications in the
industries, which require enzymes functioning ef®-
ciently at elevated temperatures, a detailed struc-
tural and sequence comparison of a thermophilic
enzyme system with the members in the mesophi-
lic regime becomes necessary. The improved ther-
mal stability is a concerted effort of several local
adjustments on the sequence and the structure of
the enzyme. Several such factors contributing to
thermal stability have been recorded in the litera-
ture (Vogt & Argos, 1997; Vogt et al., 1997; Querol
et al., 1996). Three-dimensional native structures of
two thermophilic (including endo-1,4-b-xylanase
(PVX)) and four mesophilic family-11 xylanases
have been determined so far. In this work, we
have made a detailed structural comparative anal-
ysis, and have derived the differences in the
sequences and structural properties among them.
PVX shares more sequence and structural simi-
larity with Thermomyces lanuginosus xylanase (PDB
code 1YNA) than with mesophilic enzymes
(Table 1), the key feature being the presence of a
disulphide linkage, which is absent in the mesophi-
lic forms. We have designated this region of the
molecule as the hinge region, as the stability of the
enzyme seems to hinge very much on the S-S
bridge and related interactions seen in its neigh-
bourhood. An examination of the PVX structure
suggests that there may be a signi®cant link
between the functions of this part and the active-
site cleft on the opposite side of the molecule, as
detailed in the section Engineering possibilities,
below. Among other factors that could contribute
to better thermal stability is the presence of speci®c
ion pairs and buried water molecules, and a lower
packing value as found in a few other families of
thermophilic enzymes (Facchiano et al., 1998).

We have reported the thermal stability of the
crystals of PVX mounted in a glass capillary tube,
containing ammonium sulphate solution at 30 %
saturation. The optical behaviour of the crystal was
studied by heating it in increments of 5 deg. C.
The crystal completely lost birefringence at around
65 �C and exhibited no X-ray diffraction
(Eswaramoorthy et al., 1994). Thermal stability stu-
dies using biochemical techniques revealed that the
enzyme demonstrated 55 % activity for ten minutes
at 75 �C. On further heating to 80 �C for ten minutes,
the enzyme displayed only 35 % activity and
completely lost its activity after an hour
(Krishnamurthy, 1989).

At the time of structure determination, the com-
plete amino acid sequence information for PVX
was not available. Knowledge of only 17 amino
acid residues was available due to the trypsin
digestion of PVX. Two such trypsin-digested frag-
ments were sequenced using Edman degradation.
The process of determining the structure of PVX
using high-resolution X-ray diffraction data
(1.59 AÊ ) was augmented by the information
derived from sequence and structural alignment of
family-11 xylanases and partial amino acid
sequence elucidated using biochemical means. The
resulting high-quality electron density map (see
Figure 3) allowed us to trace the complete primary
structure of PVX, which was not possible with our
earlier crystals that gave an X-ray intensity data set
only up to 2.7 AÊ resolution (Eswaramoorthy et al.,
1994).

Results and Discussion

PVX structure determination

The structure of PVX was determined by apply-
ing molecular replacement techniques using the
program AMoRe (Navaza, 1994). As the complete
amino acid sequence of PVX and the family to
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which it belongs were not available, polyalanine
models of both family-10 and family-11 xylanases
were used as starting models. The rotation and
translation solutions con®rmed that PVX belongs
to the family-11 xylanase, yielding a high corre-
lation coef®cient and a low R-factor for the model
from 1YNA (Table 1). The availability of the
sequence of the two trypsin-digested peptide frag-
ments by Edman degradation, GWNPGLNAR -
(50-58) and YNAPSIDG - (123-130) provided the
starting point to anchor these residues in the elec-
tron density map. On the basis of the positions of
these two sequence signatures, the other conserved
residues were located. Further iterative rounds of
model building and re®nement resulted in
the complete primary and tertiary structure.
Information from the classi®ed PROSITE database
containing sequence signatures present in the
family-11 xylanases was also used to con®rm the
authenticity of the residues ¯anking the active-site
glutamate residues (Glu86 and Glu178) (Hofmann
et al., 1999). Ambiguities concerning the identity of
Asn/Asp and Gln/Glu were resolved by maximis-
ing the hydrogen bonding capability and from the
probability of the occurrence of that particular
residue from sequence alignment (McDonald &
Thornton, 1994).

Quality of the refined model

The ®nal re®ned model of PVX consists of 194
amino acid residues and 128 water molecules, with
the possibility that the N-terminal Gly could
be acylated, as determined biochemically
(Krishnamurthy, 1989). PVX contains the same
Table 1. Sequence and structural properties of family-11 xyla

Property PVX 1YNA 1

No. of residues 194 194
No. of non-

hydrogen atoms 1493 1504 1
No. of b-strands 14 14
Hydrophobic

residues (%)
(A,V,L,I,P,M,F,W) 27.3 32.4 3

Surface area (AÊ 2) 8130 8068 7
Normaliseda surface

area(AÊ 2) 41.9 41.6 4
Volume (AÊ 3) 19,070 19,320 18
Normalised volume (AÊ 3) 98.3 99.6 9
Active site volume (AÊ 3) 1841.1 1600.5 17
rmsd (AÊ 2) - 0.4
Sequence identity (with

PVX) (%) - 86
Mean packing 0.375 0.386 0
Buried water 7 6
No. of ion pairs 3-8 AÊ 17 23
No. of aromatic pairs

(3-8) AÊ 27 30
No. of hydrogen bonds 197 197
No. of C-H � � �O

hydrogen bonds 44 52

a The values for surface area and volume are normalised over the
b The two values refer to the two chains A and B present in 1ENX
number of amino acid residues as 1YNA, and the
tertiary structure is very similar. The possibility of
occurrence of extra residues at the N and C termini
was ruled out, based on the stereochemical con-
straints imposed by the symmetry-related mol-
ecules proximal to the terminal residues. The
backbone electron density is continuous and hence
the possibility of any insertion or deletion with
respect to the 1YNA model is ruled out. Of the
non-glycine residues, 90 % are present in the most
favoured regions and the rest in the additionally
allowed regions of the Ramachandran plot as cal-
culated by PROCHECK (Laskowski et al., 1993).
There is no non-glycine residue in the generously
allowed or disallowed region of the plot.

The structure of PVX

The overall structure of PVX conforms to the
fold of other family-11 xylanases, as shown in
Figure 1. It is isostructural to 1YNA, yet crystallises
in the space group P212121, whereas 1YNA crystal-
lises in the space group P21 (Gruber et al., 1998).
The ®nal model of PVX contains one a-helix and
14 b-strands forming two curved b-sheets, A and B
(Figures 1 and 2). The curved b-sheet B, the cord
and the thumb of PVX form the cylindrical active-
site cleft. PVX belongs to the class of retaining
enzymes, as do other family-11 xylanases. This has
been veri®ed experimentally for the family-11
xylanases (Gebler et al., 1992), where the enzymic
hydrolysis of a sugar with an equatorial bond
results in a product with a retained anomeric con-
®guration. The catalytic mechanism is similar to
that found in the hen eggwhite lysozyme (HEWL)
nases

XNB 1XND 1XYN 1ENX

190 190 178 190

448 1473 1348 1485
13 14 13 15

0.2 30.0 33.1 30.0
820 7805 7472 7983

1.2 41.1 42.0 42.0
,590 18,820 17,330 18,970
7.8 99.0 97.4 99.8
32.1 1908.2 1240.1 1829.3

1.4 0.9 1.3 0.8

50 60 45 61
.389 0.393 0.384 0.391/0.392b

8 6 8 -
9 15 13 16

21 29 16 27
180 188 157 180/189b

45 53 46 56

total number of amino acid residues.
.



Figure 1. A cartoon represen-
tation of the PVX enzyme. The N
and C termini are marked and the
active-site cleft of the enzyme is
shown on the right. The charged
residues in the cylindrical active-
site cleft, Glu86, Glu178 and
Arg122, the two cysteine residues,
Cys110 and Cys154, and the aro-
matic pair between Tyr180 and
Phe181 are represented as ball-and-
sticks. The single a-helix in the
enzyme is on the left-hand side of
the Figure. The hinge region
referred to in the text is at the pos-
ition of the disulphide linkage. The
strand B9 connecting the thumb
region to the hinge region is also
shown. The colouring follows a
rainbow with blue at the N termi-
nus and red at the C terminus. The
Figure was prepared using MOL-
SCRIPT (Kraulis, 1991).
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(Inoue et al., 1992; Gebler et al., 1992). As in the
other family-11 xylanases, the catalytic Glu86
(nucleophile) and Glu178 (acid/base catalyst) of
PVX are located in the active-site cylindrical cavity
of this enzyme where xylan enters. In addition,
Glu178, the proposed acid/base catalyst (Lawson
et al., 1997) exists in the down conformation where
the distance between Glu86 and Glu178 is more
than 10 AÊ (Figure 1). This is in agreement with the
structures of 1YNA and 1ENX, where Glu178
adopts the down conformation. This feature can be
attributed to the pH of our crystallisation, which
was around 4.5, as suggested by other workers
(ToÈrroÈnen et al., 1994; Gruber et al., 1998). This resi-
due is liable to conformational change with respect
to change in pH. Inference from the 1ENX struc-
ture suggests that Glu178 might prefer the up con-
formation at its pH optimum of 6.5. This has direct
signi®cance for the activity of the enzyme, as the
polysaccharide xylan would not be cleaved at pH
values less than 6.0, when the distance between the
catalytic glutamate residues would be large. The
enzyme possesses a disulphide linkage between
Cys110 and Cys154, with the most favourable geo-
metry. Arg187 exists in two different confor-
mations, with conformation A forming an ion pair
with Glu36 on the surface of the protein.

The deduced primary structure compares well
with the sequence and structural patterns of
family-11 xylanases as illustrated in Figure 2. Mass
spectra of PVX crystals show a major peak corre-
sponding to a molecular mass of 21,374 Da. The
molecular mass as derived from the proposed
amino acid sequence corresponds to 21,365 Da.
This very close agreement between the two masses
imparts a high degree of con®dence in the assign-
ment of the amino acid sequence to the PVX
enzyme from its electron density map.

Elucidation of probable thermostability
parameters in family-11 xylanases

Various sequence and structural parameters
have been suggested as possible reasons for ther-
mostability in proteins (e.g. see Vogt et al., 1997;
Querol et al., 1996). It is also known from exper-
iment that the energy barrier between mesophilic
and thermophilic forms of an enzyme is quite
small and can be overcome by the addition of a
few hydrogen bonds or the presence of a disul-
phide linkage (Fersht & Serrano, 1993). Increase in
the aromatic-aromatic interactions on the surface
has been suggested to be the reason for
the increased thermostability of the xylanase from
the Bacillus D3 strain (Harris & Perez, 1997), and
the presence of a disulphide linkage and increased
number of ion pairs have been found to be the
reason for thermostability in T. lanuginosus xyla-
nase (1YNA) (Gruber et al., 1998). In this work, we
have analysed the following parameters as
suggested in the literature (Vogt et al., 1997; Querol
et al., 1996) among the family-11 xylanases;
environment of the disulphide linkage, electrostatic
interactions, weak and strong hydrogen bonds,
hydrophobic packing, aromatic-aromatic inter-
actions, role of buried water molecules, residue
substitutions based on sequence alignment,
C-H � � �O and C-H � � �p interactions and several
other parameters related to molecular surface area
and volume of the enzyme and the volumes of
the active-site cleft. All the above-mentioned struc-
tural parameters have been calculated for four



Figure 2. Sequence and structural alignment of PVX with other family-11 xylanases. 1YNA, xylanase from Thermo-
myces lanuginosus; 1XNB, Bacillus circulans; 1XND, Trichoderma harzianum; 1XYN and 1ENX, xylanases I and II from
Trichoderma reesei; 1UKR, Aspergillus niger. Residues in green represent the a-helix, magenta represents residues in the
b-strands, and orange represents residues in the 310-helix. This representation was made using the programs COM-
PARER (Sali & Blundell, 1990; Zhu et al., 1992) and JOY (Mizuguchi et al., 1998). The secondary structural elements
(sheets A and B, helix) and other regions (cord, thumb) are denoted below the alignment. The yellow patches on the
alignment refer to the highly conserved residues in family-11 xylanases. Also shown is the conserved motif His155-
Tyr115-Asp111-Ser139 using the caret (^) symbol. The other conventions used in the Figure are: upper case, solvent-
inaccessible; lower case, solvent-accessible; italics, positive f; breve, cis-petide; tilde, H-bond to other side-chain; bold,
H-bond to main-chain amide group; underline, H-bond to main-chain carbonyl group; cedilla, disulphide bond.
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mesophilic and two thermophilic family-11 xyla-
nases, and their respective amino acid sequences
were analysed for differences. This is the ®rst such
detailed analysis to be carried out on this family.
The idea was to look for any clear emerging trend
towards the differences between the thermophilic
and mesophilic xylanases contributing to an
improved thermal stability.

The disulphide linkage in thermophilic xylanases

Sequence comparison studies reveal that, while
mesophilic xylanases have Ser and Asn at position
110 and 154, respectively, the thermophilic xyla-
nases have Cys at both these positions (Figure 2).
Structural comparisons demonstrate the replace-
ment of a hydrogen bond between Ser and Asn in
the mesophilic xylanases, by a much stronger di-
sulphide bridge between Cys110 and Cys154 in
both PVX and 1YNA. As a consequence, the di-
stance between the two Ca atoms of Cys110 and
Cys154 is shorter by approximately 0.5 AÊ in ther-
mophiles than in their mesophilic counterparts.
This disulphide bond is least accessible to the sol-
vent region and is in the immediate vicinity of the
structural motif (His-Tyr-Asp-Ser-Wat) in the hinge



Figure 3. (a) Figure shows the (2Fobs ÿ Fcalc) electron
density map contoured at 1.0s, after the ®nal round of
re®nement, for the disulphide region comprising resi-
dues Cys110 and Cys154. (b) Electron density around
Trp139 and Trp159. The hydrogen bond between Ne1 of
Trp159 and the carbonyl oxygen atom of Trp139 is also
indicated. The Figure was prepared by BOBSCRIPT
(Esnouf, 1997).
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region, conserved in both mesophiles and thermo-
philes, which includes the buried water Wat278,
the neutral buried His155 and the residues Tyr115,
Asp111 and Ser139. Interestingly, in the thermo-
philes, Ser139 adopts a different rotamer compared
to the mesophiles, making a markedly more stable
interaction between His155 Nd1 and Ser139 Og. The
introduction of the disulphide bridge and the
above-mentioned hydrogen bond suggests that the
hinge region in thermophilic xylanases is inher-
ently more stable than in the mesophiles. Muta-
tional studies carried out on 1XNB showed that the
introduction of a disulphide linkage at this position
confers a slight increase in thermal stability
(Wakarchuk et al., 1994a). A comparison of the
sequences of family-11 xylanases reveals this as a
major difference, and suggests it as a main factor
in the hierarchy of factors contributing to the
increased thermostability. This feature was pointed
out earlier in the case of the thermophilic xylanase
1YNA (Gruber et al., 1998).

Ion pairs

The presence of additional ion pairs in a thermo-
philic protein can be expected to increase its
thermal stability compared to its mesophilic
counterparts (Vogt et al., 1997; Querol et al., 1996).
We have calculated the ion pairs in all the family-
11 xylanases (Table 1) (Barlow & Thornton, 1983).
The distances were calculated between Nd1/Ce2

of His or Nz of Lys or Cz of Arg and Cd of Glu or
Cg of Asp. Interestingly, the cluster Glu91-
Arg141Arg145-Asp111-His155 is almost completely
buried and forms a part of the conserved, rigid,
His-Tyr-Asp-Ser-Wat motif (Figure 4). Although
we could detect no obvious correlation between
the number of ion pairs and thermal stability, we
®nd that there are regions where there are a great-
er number of ion pairs. In particular, the ion pairs
between residues His10 and Asp11, and Glu36 and
Arg187, which feature only in the thermophiles
can be thought of as factors that bring greater
cohesion to this region than in the mesophiles.
Interestingly, four other ionic residues His61,
Asp104, His170 and Asp192 are found only in the
thermophiles, but they make ion pairs with resi-
dues that are present also in the mesophiles. There
are many other ion pairs in the structure, but the
advantage that they may confer either as speci®c
to thermophiles or as common to the family-11
xylanases could not be clearly seen.

Buried water molecules

We have made a detailed comparison of family-
11 xylanases for the possibility of thermophilic
xylanases possessing more buried water molecules
(Vogt et al., 1997) using the program PRO ACT
(Williams et al., 1994). The buried water molecule
in the histidine motif, Wat278, is highly conserved
in terms of its environment. The environment of
Wat238 is partially conserved. We also ®nd in PVX
several frameworks of three to ®ve amino acid resi-
dues stabilised by buried water molecules not
found in the mesophiles; namely, Wat204, 207, 216
and 297. One would expect that thermostability
would require that water molecules that are stabi-
lising the structure should stay attached to the
enzyme even at higher temperatures. These water
molecules are bound by three or more hydrogen
bonds with neighbouring donor or acceptor atoms,
as shown in Figure 5(a).

Packing

Better packing of the protein interior would
favour more van der Waals interactions between
interacting groups and thus contributing to the
increase in the stability of the protein (Vogt &
Argos, 1997). We have made a detailed calculation
of the mean packing value for each of the family-



Figure 4. The highly conserved
His-Tyr-Asp-Ser-Wat motif present
in family-11 xylanases. The partici-
pating residues in this motif are
represented along with the second-
ary structures they belong to. The
disulphide linkage is formed
between Cys110 and Cys154 in
PVX. Ser and Asn occupy the cor-
responding positions in the meso-
philes, respectively. The hydrogen
bond between Ne1 of Trp159 and
the carbonyl oxygen atom of
Trp138 is found only in the ther-
mophiles. The Figure was prepared
using VMD (Humprey et al., 1996)
and rendered using Raster3D
(Merrit & Bacon, 1997).
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11 xylanases (Table 1). This calculation was per-
formed on the basis of the occluded surface of each
atom in a given protein (Pattabiraman et al., 1995).
We ®nd that PVX possesses the lowest packing
value, followed by one of the mesophiles, 1XYN
and the thermophile 1YNA. All the other meso-
philes have higher values. The observed decrease
is admittedly only a small percentage (�3 %), but
is in line with the recent recognition that such frac-
tional changes in intramolecular packing are an
important factor of thermophilicity (DeDecker et al.,
1996) and that thermophilic proteins in certain
families tend to possess the lowest packing
value compared to the mesophilic counterparts
(Karshikoff & Ladenstein, 1998).

C-H � � �O interactions

That the C-H group in biological systems can act
as another conventional hydrogen bond donating
group like N-H and O-H has been highlighted by
several workers (Derewenda et al., 1994, 1995;
Fabiola et al., 1997). Using locally available pro-
grams, we have now explored the possibility of
such hydrogen bonds being present in PVX and
the related structures. In the process of determin-
ing the C-H � � �O bonds, the hydrogen atoms were
®xed on the basis of stereochemistry using the soft-
ware BIOSYM (INSIGHTII, 1993). Every possible
C-H � � �O interaction was visualised using a
graphics system, with care taken to select only the
best, with distances between C and O atoms within
2.5 to 3.5 AÊ and the hydrogen bond angle in the
range 140 � to 180 �. Even using this stringent
hydrogen bonding criterion, we ®nd a large num-
ber of amino acid residues favourably exposed to
form the C-H � � �O type interaction (Table 1) and a
strong C-H � � �O type interaction is shown in
Figure 5(c).

Aromatic pairs

Aromatic pairs are supposed to contribute
1-2 kcal molÿ1 (Fersht & Serrano, 1993) and are an
important factor in intramolecular packing in pro-
teins. Figure 5(d) shows the angular geometry of a
selected aromatic pair (Tyr88-Trp138) observed in
PVX. As performed in an earlier analysis (Burley &
Petsko, 1985), the distances between the centroids
of the aromatic residues Trp, Phe and Tyr in the
family-11 xylanases were calculated. The inter-
action was considered to be of the type aromatic-
aromatic only if the distances were between 3.5 AÊ

and 8 AÊ . On this basis, the strong aromatic-aro-
matic interactions found are Y88-W138, W79-F134,
Y87-F156, Y180-F181 and Y14-W9 in PVX. In some
of them, the dihedral angle between the two aro-
matic rings is almost 90 � and the H-atom of a C-H
group in a phenyl ring is directed towards the
middle of its aromatic neighbour making a T type



Figure 5. Representative inter-
actions found in the PVX structure.
(a) Buried water 278, forming three
hydrogen bonds with the neigh-
bouring donor and acceptor atoms
of His155, Tyr115 and Asp111. This
region is in the hinge portion of the
molecule. The Figure shows the
C-H � � �p interaction from His155 to
Tyr115. (b) A C-H � � �p interaction
between Cd1 of Phe181 and Tyr180.
(c) A C-H � � �O interaction between
Thr107 and Tyr115. (d) The aro-
matic-aromatic pair Tyr88 and
Trp138. The Figure was prepared
using VMD (Humprey et al., 1996)
and rendered using Raster3D
(Merrit & Bacon, 1997).
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of interaction (Figure 5(b)). There is also the occur-
rence of the type where the C-H group makes a
close approach to only two or three carbon atoms
of an aromatic neighbour.

C-H � � � p interactions

Several aromatic pairs have geometries charac-
teristic of C-H � � �p type interactions between far-
off aromatic residues in the polypeptide chain.
X-ray structures of small molecules have shown a
great deal of evidence for the presence of such
interactions. For a good C-H � � �p interaction, only
those distances between the interacting C atom
and the centroid of the phenyl group lying
between 2.5 and 3.5 AÊ were chosen. One such
weaker interaction conserved among all the family-
11 xylanases is between Ce1 of His155 and the
p-electron cloud of Tyr115 (Figure 5(a)), in the con-
served motif His-Tyr-Asp-Ser-Wat containing the
buried Wat278 (Connelly & McIntosh, 1998). The
distances are consistent with the metrics expected
for a C-H � � �p interaction. This interacting motif
occurs in close proximity to the disulphide linkage
as shown in Figure 4. It has been noted (Fersht &
Serrano, 1993) that a histidine-phenyl pair could
stabilise an a-helix and does contribute �1 kcal
molÿ1 to protein stability. In the case of the ther-
mophilic family-11 xylanases, the histidine ring
His155 is found closer to the conserved Tyr115 by
�0.3 AÊ than in the mesophiles. This difference can
be attributed to the presence of the S-S bridge sur-
rounding this conserved motif. The residues of this
conserved motif are thus more tightly packed in
thermophiles with the buried Wat278 having per-
haps less tendency to be disturbed in comparison
with mesophiles, because of the surrounding S-S
bridge. Another notable C-H � � �p interaction is
from the side-chain Cb belonging to Glu86, one of
the catalytic residues, to the centre of Trp79.

Molecular surface area and volume

Deviations from globularity of proteins have
been correlated to their thermal stability (Vogt et al.,
1997). The molecular surface area and volume of
the mesophilic as well as the thermophilic xyla-
nases were calculated using the softwares NAC-
CESS (S.J. Hubbard & J.M. Thornton, Department
of Biochemistry and Molecular Biology, University
College, London, UK) and VOIDOO (Kleywegt &
Jones, 1994). They are listed in Table 1, along with
values normalised with respect to the total number
of amino acid residues in each protein. They do



Table 2. Data collection and re®nement statistics of PVX

A. Data collection
Resolution range (AÊ ) 20.0-1.59
Observed reflections 124,152
Unique reflections 24,200
Rmerge (%)a 9.30/35.84b

Completeness (%) 92.5/78.0b

I/sI 25.7/3.2c

B. Refinement
Resolution range (AÊ ) 20.0-1.59
Rcryst (%) 19.07
Rfree (%) d 21.94
No. of protein atoms 1493
No. of water molecules 128
rmsd bond lengths (AÊ ) 0.015
rmsd angles (deg.) 1.3
Overall B-factor (AÊ 2) 23.56
Mean B-factor, protein main chain (AÊ 2) 21.21
Mean B-factor, protein side-chain (AÊ 2) 23.10
Mean B-factor, solvent (AÊ 2) 40.4

a Rmerge � �jIi ÿ hIij/�Ii, where Ii is the intensity of an indivi-
dual re¯ection and hIi is the mean intensity of that re¯ection.

b The value after the slash refers to the highest resolution
shell, 1.7-1.59 AÊ .

c The ®rst value is the average and the second value refers to
the highest resolution shell, 1.7-1.59 AÊ .

d Rfree is a cross-validation agreement factor computed for a
test set of re¯ections (10 % of the total) that were not used in
the re®nement process.

Figure 6. The secondary structure of the PVX enzyme
and the active-site cleft volume superimposed on it. The
orientation shows the two residues, Trp18 and Pro126,
that have the closest contact of �6 AÊ in the active-site
cleft. In some of the mesophiles, Tyr replaces Trp at
position 18. These two residue positions are highly con-
served among the family-11 xylanases. The Figure was
prepared by SURFNET (Laskowski, 1995) and rendered
using BIOSYM (INSIGHTII, 1993).
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not exhibit any clear trend that, could be related to
thermostability of xylanases. The active-site cleft
volumes of family-11 xylanases calculated using
the software SURFNET (Laskowski, 1995) (Table 1)
also do not show any distinct differences to
suggest that a characteristic change in this volume
is an essential feature of thermophiles. The active-
site cleft volume is shown in Figure 6, superim-
posed on the secondary structure representation of
PVX.

Sequence differences

Several other parameters based on the sequence
differences between mesophiles and thermophiles
have been quoted in the literature (Vogt et al.,
1997; Fersht & Serrano, 1993) as possible reasons
for thermostability. The differences in terms of the
environment of each residue (i.e. hydrogen bond-
ing, solvent accessibility, etc.) were scanned based
on the COMPARER alignment (Sali & Blundell,
1990; Zhu et al., 1992). The resulting representation
from the program JOY is shown in Figure 2 (Mizu-
guchi et al., 1998). The most notable change in the
helix is the mutation of Asn to Cys at position 154.
This contributes to the disulphide linkage with
Cys110, as already discussed. The other notable
difference between the mesophiles and the thermo-
philes is the hydrogen bond formed between Ne1

of Trp159, near the end of the helix, and the carbo-
nyl group of Trp138, from b-strand B7 (Figures 3(b)
and 4). Such side-chain/main-chain interactions
impart additional stability, making the helix better
adapted for retaining the structure (Facchiano et al.,
1998). The capping of a helix with a negatively
charged residue on the N terminus and a positively
charged residue on the C terminus has been
suggested as a factor in the thermal stability of a
protein (Querol et al., 1996). We do not ®nd any
such mutation altering the capping in the a-helix
of the family-11 xylanases. The sequence vari-
ations, Lys! Arg, Asp! Glu and Gly! Ala,
referred to as Argos replacements (Querol et al.,
1996), are also supposed to impart greater stability
to protein structures. Our analysis does not ®nd
any Argos replacements in the family-11 xylanases.

The sequence comparison of family-11 xylanases,
however, shows several other important amino
acid changes, notably His61 and the aromatic resi-
due Tyr185, which are replaced by Asn and Ser in
the mesophiles. The other notable differences are at
the following positions; Trp17, Asn52, Leu55,
Asp104, Gln132, Trp159, Gly168, His170 and
Tyr172. The basic differences between the thermo-
philes and the mesophiles must be embedded in
such contrasts in amino acid sequences. These
changes are perhaps designed in parallel to bring
about greater stability at various points of the
enzyme, but it is dif®cult to assess how they might
contribute to increased stability; we can, however,
talk about the more speci®c change, the disulphide
bridge.
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Engineering possibilities

In the literature pertaining to family-11 xyla-
nases, there has been no proposal to link the con-
served histidine motif on the helix in the hinge
side of the molecule, to the thumb region on the
opposite side of the molecule (Figure 1). A careful
analysis of the structure reveals that Cys110, which
forms a disulphide bridge with Cys154 in the
hinge, also forms part of the strand B9 (Figure 1),
leading to the thumb, above the active-site cleft.
This, together with the fact that the distance
between the two Ca atoms of 110 and 154 is shorter
by approximately 0.5 AÊ in thermophiles than in
their mesophilic counterparts, suggests that there
may be a signi®cant link between the functions of
these two parts, perhaps in the opening of the
cleft. Mutational studies of this region (Figure 4)
should hopefully lead us to understand the nature
of the role played by this motif in the enzyme and
aid in engineering more stable family-11 xylanases.
The constitution of xylan is diverse, depending on
its botanical origin, and different xylans can have
different side-chain substituents attached to the
xylose backbone. There will be a great deal of
interest if one were to design a xylanase enzyme
that has activity against a broad spectrum of
xylans. The details of such design must depend in
a complicated way on several factors, but one of
the reasons why only particular types of xylan are
permitted into the active-site cleft may be related
to the spatial separation between the residues lin-
ing the cleft. The conserved residue Pro126, at the
tip of the thumb and Trp/Tyr18, at the end of
strand B2, could be of interest in this context. The
active-site cleft is closest between these two resi-
dues, measuring approximately 6 AÊ (Figure 6),
which may well restrict the entry of the xylan sub-
strate into the active-site cleft to a particular size
and type. Any mutation carried out on these two
residues will bring about changes in this distance
and it would be of interest to see whether this
helps engineer family-11 xylanases for broader
substrate speci®city.

Conclusion

We describe the crystal structure of a family-11
xylanase from the thermophilic organism Paecilo-
myces varioti Bainier. The structure has been deter-
mined at high resolution (1.59 AÊ ), permitting the
assignment of the complete amino acid sequence
from the electron density. We have used the struc-
ture as a basis for analysing the factors that con-
tribute to thermostability in this family by
comparing it with one other thermophilic xylanase
and four mesophilic enzymes from the same
family. It provides a basis to the idea that the S-S
bridge between the helix and the loop B7, and
other close-by interactions yield a more compact
structure in the hinge region that can be expected
to raise the barrier to thermal instability. Other
determinants include the associations involving
buried water molecules, additional ion pairs and
C-H � � �O and C-H � � �p type interactions dispersed
in selected areas, perhaps as a necessary require-
ment for thermal stability throughout the structure.
We do not ®nd any deviations in packing density,
molecular volume or surface area that can be
attributed to the thermophiles, except that the
thermophiles show a slight tendency for a lower
packing value.

Materials and Methods

Isolation, purification and crystallisation of PVX

The fungus PvB was grown in 300 ml batches in coni-
cal ¯asks with orbital shaking for 16 days at 60 �C, with
crude paper as the major source of xylan in the growth
medium at pH 6.5. The culture medium was then ®ltered
and the dark brown protein solution was used for
further puri®cation steps. To the ®ltrate, ammonium sul-
phate was added to 70 % saturation and left at 4 �C over-
night for the proteins to precipitate. The precipitated
proteins were removed by centrifugation and suspended
in distilled water. This was extensively dialysed against
double-distilled water. The entire protein fraction was
desalted using a G-25 Sephadex column. The major con-
stituent of this fraction was PVX and was directly crys-
tallised to obtain pure xylanase without any further
chromatographic puri®cation, which is normally necess-
ary in purifying proteins from culture ®ltrates. These
crystals were collected and re-crystallised with 20 %
(w/v) ammonium sulphate in the reservoir using the sit-
ting drop/vapour diffusion method at pH 4.5. The
purity of the sample was veri®ed using SDS-PAGE
(Laemmli, 1970).

Amino acid sequencing and mass spectra

The re-crystallised protein was subjected to reduction
and carboxymethylation. The isolated product was sus-
pended in 0.2 M ammonium bicarbonate solution and
treated with trypsin in the ratio 1:50 (w/w), and the
reaction proceeded for 20 hours at 30 �C. After this time,
the solution was brought to pH 1.0 by the addition of tri-
¯uoroacetic acid. The digested peptide fragments were
separated on a reverse-phase chromatography column
using a gradient of 0 %-40 % (v/v) binary mixture of
water and acetonitrile in 0.1 % tri¯uoroacetic acid. The
N-terminal sequencing of the protein yielded no N-term-
inal amino acid, possibly due to the blocking of the
amino group. Two selected peptides, which were
obtained in a highly pure state by rechromatographing
on the same column, were sequenced using Edman
degradation with a Shimadzu gas-phase protein seque-
nator. The sequencing was carried out using standard
manufacturer's protocols.

Mass spectra of a PVX crystal were recorded using
electron spray ionisation mass spectrometry (ESIMS) on
an HP mass spectrometer (model HP-1100) interfaced
with an HPLC instrument, at the Molecular Biophysics
Unit of this Institute. The spectra were recorded in posi-
tive ionisation mode, with the sample in water, adjusted
to pH 3.0 maintaining the ¯ow rate at 0.l ml/minute.
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Data collection and processing

The complete three-dimensional X-ray diffraction data
were collected using a MAR imaging plate detector
coupled with a Rigaku RU200 X-ray generator. Low and
high-resolution data were collected in two separate sets
to maximise the completeness and data quality. The
details of the completeness and the quality of the data
collected are given in Table 2. The crystals diffracted
well beyond 1.5 AÊ , but the best quality data could be
derived only up to 1.59 AÊ resolution. The intensity data
were integrated using the MARXDS suite of programs,
and the different data sets were scaled and merged
using the program MARSCALE (Kabsch, 1988, 1993).
The crystal belongs to the orthorhombic space group
P212121, with one PVX molecule in the asymmetric unit.
The unit cell dimensions are a � 38.76 AÊ , b � 54.06 AÊ

and c � 90.06 AÊ . Assuming one molecule of PVX in
the asymmetric unit, the calculated value of Matthew's
coef®cient, VM � 2.19 cm3/g, for a molecular mass of
21.5 kDa, which is within the limits reported (Matthews,
1968).

Structure solution

The initial phases were obtained by molecular replace-
ment techniques, using AMoRe (Navaza, 1994). Polyala-
nine models of the family-10 and family-11 xylanases
were used to ®nd the model that best satis®es the
observed diffraction data, between 15 and 4 AÊ . The best
results, a higher correlation coef®cient and lower R-fac-
tor, were achieved using the polyalanine model from
1YNA. There was no short contact between symmetry-
related molecules.

Model building, electron density sequencing
and refinement

The rotation and translation matrices were applied to
the 1YNA coordinates to bring it into the orthorhombic
cell and were used for calculating the structure factors
using the program X-PLOR (ver. 3.851) (BruÈ nger, 1992a).
A fraction (10 %) of the re¯ections was kept aside
throughout for free R cross-validation (BruÈ nger, 1992b;
Kleywegt & BruÈ nger, 1996). A few cycles of rigid body
re®nement followed by positional re®nement reduced
the R-factors to Rcryst � 42.0 % and Rfree � 46.0 %. A
(2Fo ÿ Fc) sigma-weighted map (Read, 1986) computed
at this stage had no discontinuity in the backbone elec-
tron density. The map also clearly showed no extra den-
sity beyond the N and C termini or elsewhere along the
protein chain, suggesting that 1YNA and PVX have the
same number of amino acid residues. At this stage we
could trace the sequence corresponding to the two tryp-
tic peptides unambiguously, using the bulky aromatic
residues as markers. Because of a large degree of simi-
larity between 1YNA and PVX, we could use the
sequence of 1YNA as the reference and trace the other
side-chains. This model was subjected to further re®ne-
ment by extending the structure factor calculations to a
lower resolution of 20 AÊ and by the application of bulk-
solvent correction (Jiang & BruÈ nger, 1994). With the
availability of a rotamer library in the model-building
program O (Jones et al., 1991), we could ®t the side-
chains unambiguously, resulting in further reduction in
both Rcryst and Rfree. Though some of the residues did
not have the exact rotamer for the corresponding elec-
tron density, especially Tyr170, the bulkier and longer
side-chain residues could be ®tted with ease, with the
rotamer library available in O. A few more iterative
rounds of model building, sequence interpretation, pos-
itional re®nement, followed by simulated annealing at
5000 K and individual B-factor re®nement, further
reduced the R-factors to Rcryst � 25.6 % and Rfree � 27.9 %
(Engh & Huber, 1991; BruÈ nger et al., 1987, 1990). At this
stage, (Fo ÿ Fc) maps showed a large number of spherical
densities, suggesting solvent molecules. Peaks above 4s
and having good hydrogen bonding interactions with
potential atoms of the protein were assigned as a water
molecule. After successive rounds of water addition, the
R factors were Rcryst � 20.1 % and Rfree � 23.6 %. At this
stage, simulated annealing omit maps were calculated
(starting temperature T � 4000 K) to verify the ambigu-
ous regions of the electron density and the model bias in
PVX (BruÈ nger et al., 1987; Hodel et al., 1992). Thereafter,
the REFMAC program (Murshudov et al., 1997) of the
CCP4 suite of programs (Collaborative Computation
Project, No. 4, 1994), was used to re®ne the model aniso-
tropically. This gave an improved model with agreement
factors Rcryst �19.07 % and Rfree � 21.94 % with all data
in the resolution range 20.0-1.59 AÊ . At this stage,
approximately 90 % of the non-glycine residues were in
the most favoured regions and the rest in the addition-
ally allowed regions of the Ramachandran plot, as veri-
®ed using the program PROCHECK (Laskowski et al.,
1993). The rms deviations of the bond length and angles
from standard values are 0.015 AÊ and 1.3 �, respectively.

Accession numbers

The coordinates and structure factors have been
deposited in the PDB (Bernstein et al., 1977) with acces-
sion codes 1PVX for the coordinates and r1pvxsf for the
structure factors, respectively. The amino acid sequence
has been deposited in the SWISS-PROT (Bairoch &
Apweiler, 1999) sequence data bank with the accession
number P81536.
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