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Penicillium griseofulvum possesses two endo-(1,4)-B-xylanase genes, PgXynA and PgXynB, belonging to family
11 glycoside hydrolases. The enzymes share 69% identity, a similar hydrolysis profile i.e. the predominant
production of xylobiose and xylotriose as end products from wheat arabinoxylan and a specificity region of
six potential xylose subsites, but differ in terms of catalytic efficiency which can be explained by subtle
structural differences in the positioning of xylohexaose in the PgXynB model. Site-directed mutagenesis of
the “thumb” region revealed structural basis of PgXynB substrate and inhibitor specificities. We produced
variants displaying increased catalytic efficiency towards wheat arabinoxylan and xylo-oligosaccharides and
identified specific determinants in PgXynB “thumb” region responsible for resistance to the wheat xylanase
inhibitor XIP-1. Based on kinetic analysis and homology modeling, we suggested that Pro130pgxyns,
Lys131pgxyng and Lys132pgxyns hamper flexibility of the loop forming the “thumb” and interfere by steric
hindrance with the inhibitor.

Homology modeling

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

-1,4-Xylan, the most abundant component of hemicelluloses in
the cell walls of monocots and hard woods, is a heteropolysaccharide
consisting of a backbone of 3-1,4-linked p-xylopyranosyl residues
substituted with r-arabinosyl, 4-O-methyl-glucuronosyl, and acetyl
side chains [1,2]. As xylan varies in structure between different plant
species, complete hydrolysis requires a large variety of cooperatively
acting enzymes such as xylanases, xylosidases, arabinofuranosidases,
glucuronidases, acetylxylan esterases, ferulic acid esterases, and p-
coumaric acid esterases [3-5]. All of these enzymes act cooperatively
to convert xylan into its constituent sugars. Of these, endo-(1,4)-p-
xylanases (xylanases; EC 3.2.1.8) are of particular significance since

Abbreviations: A[X, arabinose to xylose ratio; DNS, Dinitrosalicylic acid; GH,
Glycoside hydrolase; GST, glutathione-S-transferase; HPAEC-PAD, High Performance
Anion Exchange Chromatography-Pulsed Amperometric Detection; LVAX, Low viscosity
wheat arabinoxylan; MALDI-MS, Matrix-Assisted Laser Desorption lonization/Mass
Spectrometry; PfXynC, xylanase C from Penicillium funiculosum; PgXynA, xylanase A
from Penicillium griseofulvum; PgXynB, xylanase B from Penicillium griseofulvum; TAXI,
Triticum aestivum xylanase inhibitor; TLXI, thaumatin-like xylanase inhibitor; XIP-I,
xylanase inhibitor protein I; X1, xylose; X2, xylobiose; X3, xylotriose; X4, xylotetraose;
X5, xylopentose; X6, xylohexaose
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they can hydrolyse the internal 1,4-3-p-xylosidic linkages within the
xylan backbone to produce short-chain xylo-oligosaccharides of
varying length [5]. Many xylanolytic microorganisms secrete multiple
isoforms of xylanases that can cooperate to enhance the hydrolysis of
the complex xylan [6], fungi being the most potent producers [7,8].
Xylanolytic enzymes of microbial origin have received great attention
due to their biotechnological utility and potential application in a
range of industrial processes but the observed effects vary depending
on xylanase specificities [9]. In the past few years, the potential
applications of xylanases for bioconversion of lignocellulosic feed-
stocks to fuel-grade ethanol have been of particular interest to
researchers.

Based on amino acid sequence similarities, xylanases are mainly
clustered into families 10 and 11 of glycoside hydrolases (GH) (www.
cazy.org [10]). The two families have different molecular structures,
molecular weights, and catalytic properties (see [5] for a review).
Family 11 consists of 20-30 kDa molecular weight proteins with 21
structures folded as a p-jelly roll available from both bacteria and
fungi. GH10 xylanases exhibit higher affinity for shorter linear (3-1,4-
xylo-oligosaccharides than GH11 xylanases [11]. GH10 xylanases have
a (p/a)g-barrel as a catalytic domain and typically contain one or more
carbohydrate-binding domains, which increase the effective concen-
tration of the catalytic domain on polymeric substrates [12]. The
structure of GH11 xylanases has been described as a partially closed
right hand [13]. It consists of a single domain folding into two p-
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sheets, which are packed against each other, and one a-helix. The two
-sheets are strongly twisted and form a cleft on one side of the
protein in which the active site is situated. This cleft is covered by a
long loop region, called the “thumb” region and partly closed on one
side by the cord, a long irregular loop with a well-defined structure. A
consequence of the difference in structure is their difference in
substrate specificity. The active site of GH10 xylanases is a shallow
groove, which is reflected in their specificity towards a lower number
of unsubstituted consecutive xylose units. In contrast, GH11 xylanases
show higher affinity towards a larger number of unsubstituted
consecutive xylose units because of their cleft-shaped active site
[11]. Multiple xylanases also occur within each category of GH families
10 and 11 [6]. Typically many introns are present in GH10 xylanase
genes from filamentous fungi [14] whereas GH11 xylanase genes
contain one or two introns [15].

Microbial GH10 and GH11 xylanases are target of proteinaceous
xylanase inhibitors present in cereals, Triticum aestivum Xylanase
inhibitor (TAXI), xylanase inhibitor protein (XIP), and thaumatin-like
xylanase inhibitor (TLXI) (for a review, see [16]). The specificity of
these inhibitors is dependent on the source and nature of the xylanase
tested: TAXI and TLXI inhibitors can inhibit GH11 xylanases from both
fungal and bacterial origin but not those of GH10 whereas XIP-type
inhibitors typically inhibit GH10 and GH11 endoxylanases from fungal
sources (for a review, see [9]). Several lines of evidence point towards
a role of these inhibitor proteins in plant defense: (i) their lack of
inhibition activity against endogenous xylanases (ii) their ability to
inhibit xylanases from pathogens Fusarium graminearum and Botrytis
cinerea (iii) the fact that some TAXI and XIP genes are wound and
pathogen inducible and (iv) the homologies of TLXI and XIP with
pathogenesis-related (PR) proteins of family 5 (PR-5) and 8 (PR-8),
respectively [16].

The Penicillia are mostly saprophytic in nature and numerous
species have been exploited in the production of xylanolytic enzymes
(reviewed in [17]). The presence of family 10 and family 11 xylanases
has been reported for Penicillium purpurogenum [18], Penicillium
citrinum [15,19], Penicillium funiculosum [20,21] and Penicillium
capsulatum [22,23]. A xylanase from Penicillium griseofulvum (PgXynA)
was isolated using a screening method based on the ability to digest
wheat flour arabinoxylan and the corresponding gene was cloned and
expressed in Aspergillus oryzae [24]. We have previously characterised
PgXynA heterologously expressed in Escherichia coli [25]. Computa-
tional design methods was applied to guide structure-based site-
directed mutagenesis analyses of PgXynA enzymes with changed
specificity, altered pH profile, and improved overall catalytic activity
[26]. In the present study, we report the production and enzymatic,
biochemical and structural characterisation of PgXynB, a second
xylanase from P. griseofulvum with 69% identity to PgXynA [24]. The
enzyme was characterised in terms of kinetics towards arabinoxylan,
xylo-oligosaccharides products formation and inhibition sensitivity.
We engineered PgXynB variants displaying increased catalytic
efficiency towards wheat arabinoxylan and xylo-oligosaccharides
and identified unique PgXynB determinants in the “thumb” region
responsible for resistance to the wheat xylanase inhibitor XIP-1. The
PgXynA and PgXynB xylanases constitute an ideal system for the study
of structure-function relationships within family 11 xylanases.

2. Materials and methods
2.1. Materials, plasmids, and strains

E. coli DH5« strain was used for DNA manipulation and BL21 strain
(DE3) pLys for protein expression (Novagen, Merck Biosciences,
Fontenay, France). High purity salt-free oligonucleotides, pDONrZeo
and pDEST17 plasmids were from Invitrogen (Cergy Pontoise, France),
restriction endonucleases and DNA modifying enzymes were from
Promega (Madison, WI, USA), pGEX-1\T expression vector, GST

glutathione agarose beads, and thrombin protease from Amersham
Biosciences (GE healthcare, Orsay, France), BugBuster and benzonase
from Novagen, lysosyme, B-D-xylose, and dinitrosalicylic acid from
Sigma (Lyon, France), and low viscosity wheat arabinoxylan (LVAX)
and 1,4-B-p-xylo-oligosaccharides (xylose X1, xylobiose X2, xylotriose
X3, xylotetraose X4, xylopentose X5, and xylohexaose X6) from
Megazyme International (Wicklow, Ireland). Purified wheat arabinox-
ylan substrates with different arabinose to xylose ratio (A/X) were
kindly provided by C. Courtin (Katholieke University Leuven,
Belgium).

2.2. PgXynB cloning and site-directed mutagenesis

The intron present in PgXynB genomic sequence [27] was
eliminated by overlap extension method [28] using primers hybridiz-
ing with each exon of PgXynB. Two independent PCR reactions (PCRI
and PCRII) were performed using PgXynB as template (10 ng), together
with 125 U of DNA polymerase (Prime STAR DNA polymerase
TAKARA) and 0.2 mM dNTP. The primers used in this study are
given in Table 1. In a first PCR run, PCRI and PCRII reactions were
carried out using PGB1F and PGB2R primers (20 pmol) for PCRI and
PGB3F and PGB4R primers (20 pmol) for PCRII in 50 pL volume and for
25 cycles of denaturation (1 min 98 °C), annealing (2 min at 48 °C) and
extension (1.5 min at 72 °C) in a Mastercycler® gradient thermocycler
(Eppendorf, Hambourg, Germany). The resulting PCRI (195 bp) and
PCRII (426 bp) products were gel-purified using the QIAquick gel
extraction kit (Qiagen, Courtaboeuf, France). The final PCR run was
carried out with 150 ng of purified PCRI and PCRII products, 1.25 U of
DNA polymerase and 0.2 mM dNTP. After five cycles of denaturation
(1 min at 94 °C), annealing (2 min at 42 °C) and extension (3 min at
72 °C), either PGBHIF and PGBEIR or PGBGWF and PGBGWR primers
(20 pmol) were added and the reaction was subjected to 25 cycles of
denaturation (1 min at 94 °C), annealing (2 min at 53 °C) and
extension (1.5 min at 72 °C).

The final PCR product (597 bp) obtained with PGBHIF and PGBEIR
primers was gel-purified, digested by BamHI and EcoRI, and ligated
into the pGEX-1AT plasmid. After transformation in E. coli DH5a
strain, the recombinant vector pGEX-1NT/PgXynB was checked by
restriction mapping and double stranded DNA sequencing (Genome
Express, Meylan, France).

The final PCR product (627 bp) amplified with the help of the att
tagged primer pair, PGBGWF and PGBGWR, was combined with the
donor vector (pDONrZeo) following manufacturer's instructions
(Gateway® Cloning, Invitrogen) resulting in the formation of an
entry clone (pDONrZeo/PgXynB). After sequencing, the PgXynB coding
sequence was further transferred by a recombination reaction from
the Gateway® entry clone to the pDEST17 destination vector, allowing
expression of PgXynB with a poly-histidine tagged (His)s at the N-
terminal to produce (His)sPgXynB.

Table 1
Oligonucleotide sequences used for elimination of the intron sequence and construction
of pGEX1NT/PgXynB and pDEST17/PgXynB

Name Oligonucleotide sequences (5'—3’)

PGBIF GCT CTC TIT ACA AGC CAA ACT GGA G

PGB2R ATA GTG GAT GTT CCG GGC ACT ACC AGT GCT CCA GCC CTT GCC

PGB3F GGT AGT GCC CGG AAC ATC CAC TAT GCT GGA GAT TTC AAA CCC

PGB4R TAA CCA AAC AGA CAT GTC AGC GTA TCC

PGBHIF TTT TTT GGA TCC GCT CTC TTT ACA AGC CAA ACT GGA G

PGBEIR TTT TTT GAA TTC TCA CCA AAC AGA CAT GTC AGC GTA TCC

PGBGWF GGG ACA AGT TTG TAC AAA AAA GCA GGC TTA GCT CTC TTT ACA AGC
CAA ACT GGA G

PGBGWR GGG CCA CTT TGT ACA AGA AAG CTG GGT TTA CCA AAC AGA CAT GTG
AGC CTA TCC

Restriction sites and att-flanked sites are shown in bold and bold underlined,
respectively.
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Fig. 1. (a) Structural alignment of xylanase sequences from P. griseofulvum, PgXynB and PgXynA, with P. funiculosum PfXynC (1TE1.pdb) using ESPript [43]. The “thumb” region is
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Mutations were introduced into the pGEX-1NT/PgXynB plasmid
using the QuickChange® XL site-directed mutagenesis kit (Stratagene)
following manufacturer's recommendations using a pair of over-
lapping complementary oligonucleotides for each mutation designed
to contain the corresponding nucleotide changes.

2.3. PgXynB expression and purification of recombinant enzyme

E. coli BL21 (pLys) strain was transformed with pGEX-1\T/PgXynB
and pDEST17/PgXynB. Recombinant clones were grown at 37 °C in LB
media with shaking at 200 rpm. Expression of GST/PgXynB was
performed as described in [25]. Expression of (His)sPgXynB was
induced with 0.05% L-arabinose (w/v, Sigma) when OD600=0.6. After
incubation at 37 °C for 4 h, the cells were centrifuged at 8500 rpm for
30 min at 4 °C and stored at —80 °C until use.

Bacterial lysis, purification and cleavage of GST/PgXynB wild-type
and mutants were carried out as previously described [25]. Recombi-
nant (His)sPgXynB was purified by affinity chromatography following
manufacturer's instructions (His-Bind kit, Novagen). Briefly, after
bacterial lysis, the supernatant was loaded onto a Ni-NTA column and
the recombinant protein was eluted with 400 mM imidazole in
sodium phosphate buffer pH 8. Fractions were assayed for xylanase
activity, pooled and dialysed against Mcllvaine's buffer pH 4.5.

2.4. Protein assays, electrophoresis and mass spectrometry analysis
The protein concentration was determined using the Bio-Rad

protein assay kit with bovine serum albumin as the standard. SDS-
PAGE was performed in 12% (w/v) polyacrylamide gel (Bio-Rad,

Marnes-la-Coquette, France) using a Pharmacia LMW electrophoresis
calibration kit. Native IEF was carried out at 4 °C in the Bio-Rad gel
system, using ampholine carriers of pH range 3.0-6.0 (Sigma) and pl
standards ranging from 4.45 to 8.2 (Bio-Rad). Proteins were visualized
either by Coomassie or IEF gel staining solution (Bio-Rad). MALDI
mass spectra were obtained on an Ettan Maldi-Tof Pro (GE Healthcare
Uppsala, Sweden) operating in positive linear mode with delayed
extraction. The samples were treated as previously described [25].

2.5. Xylanase activity and inhibition assays

Purified xylanase activity was measured using the method
described in [29]. Briefly, 20 pL of enzyme (PgXynB) was mixed with
180 pL of substrate (LVAX or A/X with different ratio) in Mcllvaine's
buffer pH 4.5 at 30 °C for 5 min. The reaction was terminated by the
addition of 300 pL dinitrosalicylic acid (DNS) reagent, 1% (w/v), and
boiled for 5 min. The reactions were cooled and centrifuged for 5 min
at 13000 rpm and 200 pL was transferred to a microtitre plate. The
absorbance at 550 nm was measured relative to a xylose standard
curve (0-180 pg/mL™"). One unit of xylanase activity was defined as
the amount of protein that released 1 umol of xylose/min at 30 °C and
pH 4.5. Optimal pH for xylanase activity was estimated using LVAX
(10 mg/mL™1) in Mcllvaine's buffer in a pH range of 2.6 to 7.6. Optimal
temperature was estimated at temperatures ranging from 5 to 50 °C.
For determination of apparent Michaelis-Menten constants, the initial
velocities of the enzymes were measured at 30 °C in Mcllvaine's
buffer, pH 4.5, with substrate concentrations ranging from 3 to 30 mg/
mL. The kinetic parameters were estimated using weighted nonlinear
squares regression analysis with the Grafit software (Biosoft,
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Table 2
Kinetic parameters of PgXynB and PgXynA wild-type xylanases and PgXynB mutants on
wheat arabinoxylan (LVAX)

Km(app) kcat (57 ! ) kcat/Km(app) Ki (HM)

(mg mL™1) (mLs™ ' mg™!)
wt-PgXynB 447+3.3 1166+59 26.1 n.d.
AP130 PgXynB 41470 1104+126 240 n.d.
K131S/K132S PgXynB 39.4+24 1592 +65 40.4 n.d.
AP130/K131S/K132S PgXynB  33.8+6.3 1537184 45.5 16.5
wt-PgXynA? 3.8+0.7 545+29 143 n.d.

n.d. not detectable (up to 1:30 enzyme:inhibitor molar ratio).
2 Data from [25].

Cambridge, UK). Inhibition assays of the Penicillium xylanases were
determined using LVAX at 30 °C and pH 4.5. Recombinant PgXynA,
PgXynB and PfXynC [25] were incubated with XIP-I [30] up to an
inhibitor/enzyme molar ratio of 30:1.

2.6. High Performance Anion Exchange Chromatography-Pulsed
Amperometric Detection (HPAEC-PAD)

Xylo-oligosaccharides and their products generated after xylanase
hydrolysis were analysed by HPAEC (Dionex, Sunnyvale, CA, USA)
equipped with a CarboPac PA-100 analytical column (250x4 mm), a
GP40 gradient pump, and a AS3500 auto sampler. The hydrolysis was
carried out using appropriate enzyme and substrate concentrations in
Mcllvaine's buffer pH 4.5. The enzymatic reaction was stopped by the
addition of 1 M sodium potassium tartrate pH 11.5, boiled for 5 min,
cooled down and centrifuged for 5 min at 13000 rpm, prior to
injection (20 pL) on the HPAEC system. Elution (1 mL/min™') was
carried out using a 20-min linear gradient program from 100% A
(80 mM NaOH) to 60% A and 40% B (NaOAC 500 mM; NaOH 80 mM).
The effluent was monitored using an ED40 electrochemical detector.
Calibration curves were constructed using xylo-oligosaccharides (X1
to X6) from which response factors were calculated (PeakNet
program, Dionex) and used to estimate the amount of product
released in test incubations. To evaluate the activity of PgXynB (wild-
type and mutants) on xylo-oligosaccharides, initial slopes of progress
curves were used to determine the catalytic efficiency (kcat/Km) of the
reaction following the equation of Matsui [31]. All assays were carried
out in duplicate.

2.7. Homology modeling and docking of xylohexaose

The xylanase of P. funiculosum (PfXynC; 1TE1) [32] was selected as
the closest structure to align with PgXynB using Wu_Blast alignment
analysis (http://www.ebi.ac.uk/Tools/). The alignment of the two
sequences using ClustalW2 from the ebi [33] confirmed PfXynC as
3D template for PgXynB. Homology modeling was performed with
Modeler 9v3 [34], based on the coordinates of the chain B of the
xylanase of PfXynC. Thirty models of PgXynB were generated that
satisfy the spatial restraints issued from the alignment with the target
protein. Two models were selected with respect to the score function
that derives from a Modeler analysis and to the correct stereochem-
istry that was validated by PROCHECK [35]. The models were
minimized with Charmm, implemented in Accelrys® and one PgXynB
model was selected according to its potential energy value. For the
model of the structure complexed to a xylohexaose, the ligand was
positioned in the catalytic groove of PgXynB with respect to its
positioning in the highly homologous PgXynA. The docking was
optimized through a cascade of minimizations and short molecular
dynamics with Charmm, as previously described for PgXynA [26]. The
three mutations AP130/K131S/K132S were introduced in the sequence
of PgXynB wild type and aligned with the sequence of PfXynC.
Similarly, the triple mutant AP130/K131S/K132S was homology
modeled based on the chain B of PfXynC as the template structure

and refined with the identical protocol of minimization used for
PgXynB wild type.

3. Results and discussion

3.1. Functional expression, characterisation and molecular modeling of
PgXynB

PgXynB was produced in E. coli BL21 cells as a fusion with GST
(glutathione-S-transferase) or a poly-histidine (His)s tag, at the N-
terminus end. Optimum expression yields were obtained at 17 °C after
18-h induction for GST/PgXynB and at 37 °C after 5-h induction for
(His)sPgXynB. After purification, a major band of 21 kDa and 23 kDa was
seen on SDS-PAGE corresponding to purified PgXynB (after proteolysis
of GST/PgXynB by thrombin) and purified (His)sPgXynB, respectively
(not shown). The yields of purified PgXynB and (His)sPgXynB were
estimated to be around 3 mg/L of culture. Although both purified
xylanases were functionally expressed displaying activity towards
LVAX, the specific activity of thrombin-cleaved PgXynB was 5-fold
higher than (His)sPgXynB. Since this may be due to the presence of the
poly-histidine tagged sequence at the N-terminus end of the recombi-
nant xylanase, the thrombin-cleaved recombinant enzyme expressed
using the GST expression system was used in the rest of the study.

Mass spectrometry confirmed the presence of single component of
21300 Da in excellent agreement with the calculated masses of
21300.2 Da. IEF revealed one single isoform of pl 6.8, in agreement
with the theoretical pl. The effects of pH on the activity of PgXynB
revealed over 50% activity in the pH range of 3.5 to 5.5 with an
optimum pH of 4.5. Recombinant PgXynB was stable at 30 °C, pH 4.5 for
240 min, with more than 85% of the activity remaining (not shown).

Since no crystal structure of P. griseofulvum xylanases is available, a
molecular model of PgXynB was performed using the P. funiculosum
xylanase PfXynC as the 3D template (1TE1) (82% similarity and 69% strict
identity with PgXynB) (Fig. 1a and b). PgXynB exhibited the overall 3-
jelly-roll shape typical of GH11 xylanases, reminiscent of a right hand
with the fingers formed by the two [3-sheets packed against each other,
the palm by the twisted part of one B3-sheet and the a-helix (between
Thr152pgxyng and His162pgxyns), the cord by a loop positioned between
Gly93pgxyng and Lys104pgxyng and the “thumb” by a hairpin loop between
Val122pgxynp and Lys131pgxyns (Fig. 1b). The cleft corresponding to the
active site is lined with aromatic residues Tyr76pgxyns, TYIr87pgxyns,
Trp138pgxyng and Tyr171pgxyng strictly similar to PgXynA and the two
catalytic residues, Glu85pgxyng (catalytic nucleophile) and Glu177pgxyng
(catalytic acid-base) are positioned at 6.7 A distance (carbonyl oxygen
distance), entirely consistent with the catalytic apparatus of a “retaining”
glycoside hydrolase. The superimposition of the PgXynB model with that
of PfXynC 3D structure led to the root mean square deviations of 0.2 A.
The significant structural differences between PfXynC and PgXynB are
located between strand 5 and P6 (Ala52pgxyng—S€r55pgxyns), ON the
cord (Gly93pgxyns—Lys104pgxyns) and mainly within the thumb region
(GIn121pgxyns-Lys132pgxyns) that includes the insertion of Pro130pgxyns
with the two flanking lysine residues Lys131pgxyns and Lys132pgxynp that
are not conserved in PgXynA (Fig. 1a).

Table 3
Specific activities of PgXynB and PgXynA wild-type xylanases and PgXynB mutants on
wheat arabinoxylan fractions with different arabinose to xylose ratio (A/X)

Specific activity (U mg™!)

A[X 0.36 A[X 0.48 A/X 0.69
wt-PgXynB 721£33 393+13 176+22
AP130 PgXynB 584+29 298+20 14811
K131S/K132S PgXynB 862+65 440+27 212438
AP130/K131S/K132S PgXynB 1245+93 702+30 311+19
wt-PgXynA 1365+64 1159+47 909+54
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3.2. Enzyme kinetics and substrate docking

The kinetic parameters of PgXynB xylanase were determined at pH
4.5 and 30 °C using LVAX as substrate. PgXynB hydrolysed LVAX with a
rate of 1166 s™! and an apparent affinity of 44.7 mg mL™! (Table 2). The
catalytic efficiency of PgXynB was 5.5-fold lower than PgXynA, mostly
due to a ~12-fold higher Kmn@app) [25]. Using wheat arabinoxylan
fractions of varying A/X ratio, wt-PgXynB showed highest activity on
low substituted xylan: A/X 0.36>A/X 0.49>A/X 0.68 (Table 3). In order to
evaluate the mode of action of PgXynB, the products generated against
highly polymeric substrate and on short substrates ranging from
xylotetraose to xylohexaose were analysed by HPAEC-PAD. PgXynB
displayed typical endo-activity against wheat arabinoxylan (LVAX) i.e. a
mixture of xylo-oligosaccharides was generated during the initial stages
of hydrolysis (Fig. 2). As the reaction continued, the oligosaccharides
were progressively degraded yielding principally xylobiose and xylo-
triose towards the end of the reaction (Fig. 2). This characteristic is
common to PgXynA and PfXynC GH11 xylanases that yield xylobiose and
xylotriose as main end reaction products [25]. PgXynB had no detectable
activity on xylobiose and xylotriose and low activity on xylotetraose but
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cleaved xylopentaose and xylohexaose rapidly (Fig. 3). PgXynB exhibited
an endo-mode of action against xylo-oligosaccharides, as shown on
polymeric substrate. For example, xylohexaose was hydrolysed to
xylotriose, xylopentaose to xylobiose and xylotriose; whereas xylote-
traose was cleaved, initially, to produce mainly xylobiose and small
amount of xylotriose and xylose (Fig. 3). Initial rate data from hydrolysis
of individual oligomers at 30 °C and pH 4.5 indicated that the catalytic
efficiency (kcat/Km) increased with increasing chain length (n) of
oligomer up to n=6 (Table 4). The relative k.,/K,, of PgXynB on
xylotetraose, xylopentaose, and xylohexaose was 1:12:129. Noteworthy,
the catalytic efficiency value for PgXynB on xylopentaose (7.4x 10 min ™!
M™1) was 6-fold lower than that for PgXynA (4.6x10° min™! M)
(Table 4). The relatively high activity of PgXynB against xylohexaose
and the production of xylotriose from this substrate suggest that its
specificity region spans at least six xylose units.

In order to obtain structural insights for the substrate binding
differences between PgXynA and PgXynB, xylohexaose was modeled
in the binding cleft of PgXynB. As for PgXynA [26], xylohexaose
covered subsites (-3) to (+3) (Fig. 4a and b), in accordance with the
kinetic analyses reporting predominant production of xylotriose
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Fig. 2. HPAEC analysis of wheat LVAX hydrolysis by PgXynB. PgXynB (23.5 nM) was incubated with 5 mg mL™! wheat arabinoxylan in Mcllvaine's buffer of pH 4.5 at 30 °C. The reaction
was stopped after 0 (1), 30 (2), 60 (3) and 1024 min (4) and subjected to HPAEC analysis. a-f correspond to xylose, xylobiose, xylotriose, xylotetraose, xylopentaose, and xylohexaose,

respectively.
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Fig. 3. Progress curve of the xylo-oligosaccharides generated by PgXynB after hydrolysis
of xylohexaose (1), xylopentaose (2), and xylotetraose (3). Recombinant enzymes were
incubated with 20 uM of xylo-oligosaccharides in Mcllvaine's buffer pH 5.5 at 30 °C. The
quantity of xylose (-), xylobiose (O), xylotriose (A), xylotetraose (#), xylopentaose (),
and xylohexaose (x) produced during the course of the reaction is indicated. The
concentrations of enzymes used were 14.1 nM (1), 141 nM (2), and 392 nM (3). Values
represent the mean of two independent experiments.

from xylohexaose (Fig. 3). The residues involved in the binding of
xylohexaose in PgXynB and PgXynA, either through hydrogen bonding
or stacking are shown in Fig. 4. These include conserved residues
defining analogous subsites, namely Ile127pgxynp in subsite -3, Trp18-
paxyns aNd Pro125pgxynp in subsite =2, Tyr76pgxyng and GIn121pgxyng in
subsite — 1, Tyr95pgxynp and Trp138pgxyng in subsite +2 and Ser100pgxyng
in subsite +3. The xylose moiety at subsite -1 demonstrated a skew/boat
distortion which can be considered as the precursor geometry of the
transition state conformation observed by X-ray diffraction for the
oligosaccharide bound to B. agaradhaerens xylanase [36]. This is in
agreement with the recently solved structure of the family 11
“environmental” xylanase EnXyn1lA in complex with a decorated
xylotriose showing a boat distortion of the sugar at the -1 subsite [37].
A detailed comparison of PgXynA and PgXynB 3D models showed a
significant shift (up to 2 A on the aglycone side) of the xylohexaose
positioned in the active cleft of the xylanases, mainly through differences
in the positioning of both cord and thumb loops (Fig. 4). In the PgXynB
model, the thumb residues Pro125pgxyng, Gly129pexyns and 11e127pgxyng
are shown to be involved in subsites -3 and -2, respectively whereas the
cord residues Tyr95pexynp, Pro97pgxyng and Gly98pexyng which homo-
logous residues in PgXynA define subsite +2 are involved with Pro99-
pexyng iN the binding of xylose at subsite +3 in PgXynB. In addition,

several sequence variation between PgXynA and PgXynB could
contribute to the difference in binding specificity: Asn5pgxyna is replaced
by Ser5pgxyns Which side chain would be too short to hydrogen bond the
sugar; Asp130pgxyna is replaced by Pro130pexynp Which affects flexibility
of the “thumb” as discussed later; Ser44pgxyna is replaced by Asp44pgxyns
that displaces Trp18pgxyns Over 2 A away from its original position in
PgXynA, thus affecting substrate binding; and Tyr179pgxyna is replaced
by Phe179pexyng Which lacks an hydroxyl group to hydrogen bond the
substrate and which aromatic ring is likely to be located too far to form
van der Waals interactions with the substrate (Fig. 4). Together, those
divergences could explain the difference in the energy of interaction
(36 kcal mol™!) between PgXynA and PgXynB, probably due to PgXynA
forming a more stable complex with xylohexaose than PgXynB. The
energy of interaction between the oligosaccharide and its protein
receptor was calculated as the sum of electrostatic (columbic) and van
der Waals interaction energies using the Lennard-Jones 6-12 potential
functions [38]. This difference is fully consistent with the lower catalytic
efficiency of PgXynB (5.5-fold) compared to PgXynA, due to a ~12-fold
higher Kmapp)-

3.3. Inhibition sensitivity and molecular engineering of the “thumb”

The wheat protein inhibitor XIP-I is generally known to inhibit fungal
but not bacterial GH11 xylanases. The structural basis for the inhibition
of family 11 xylanases by XIP-I was provided by the detailed analysis of
the 3D structure of XIP-I in complex with PfXynC [32]. Inhibition is
mediated by the insertion of a XIP-I TT-shaped loop (148xp.1~153xip-1)
into the enzyme active site but interactions with regions (thumb and
palm) surrounding the entrance of the active site groove are also
important recognition determinants for XIP-I, with the overall shape and
amino acid composition of the thumb playing a significant role in
inhibitor binding [26,32,37,39-41]. As also reported for PgXynA [25] and
in contrast to most other fungal GH11 xylanases tested [42], PgXynB
showed no reduced xylanase activity up to a XIP-I/PgXynB ratio of 30:1.
The resistance of P. griseofulvum xylanases to XIP-I could be explained by
the structural determinants of XIP-I specificity around the “thumb”
region of the enzyme. From the 3D model and sequence alignments, we
postulated that the insertion of a Proline at position 130 in PgXynB
(whichis absent in the XIP-I-sensitive PfXynC) and/or the replacement of
the following Serines by Lysines (29SDSS™*?pgxyna— '2GPKK*?pgyyns)
or the combination of both could be responsible for the resistance of
PgXynB to XIP-I. Mutations AP130, K131S/K132S and AP130/K131S/
K132S were introduced by site-directed mutagenesis. All mutant and
wild-type xylanases were expressed in E. coli, purified as previously
described and characterised in terms of molecular mass using mass
spectrometry, pl and activity. The specific activity and kinetics
parameters (Kcar, Kmappy Ki) of PgXynB mutants were determined
using LVAX as substrate (Table 2). The mutants retained optimum pH
comparable to the wt-PgXynB (not shown). A slight pI shift was observed
for K131S/K132S and AP130/K131S/K132S mutants that displayed a pI of
6.5 whereas the pl of AP130 remained similar to the wild-type, i.e. 6.8.In
order to evaluate the mode of action of the K131S/K132S and AP130/
K131S/K132S mutants, HPAEC-PAD was used to analyse the hydrolysis
products generated on highly polymeric substrate, wheat arabinoxylan

Table 4
Catalytic efficiency of PgXynA and PgXynB wild-type xylanases and PgXynB mutants on
xylo-oligosaccharides

kcat/Km (min—l M )
X6 X5 X4 X3

wt-PgXynB 8.0x10° 7.4x10% 6.2x10% N.D.
K131S/K132S PgXynB 15x10° 1.9%10° 1.5x10* N.D.
AP130/K131S/K132S PgXynB 1.2x10° 1.8x10° 11x10% N.D.
wt-PgXynA? 2.55x10° 4.6x10° 3.0x10% 1.5%10?

N.D. Not Determined.
2 Data from [25].
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b

PgXynA

PgXynB

Fig. 4. Close up view of the 3D models of PgXynA (a) and PgXynB (b) binding sites in complex with xylohexaose. The amino-acid residues implicated in the binding of xylohexaose are
shown in grey; those conserved in PgXynA and PgXynB, in both type and subsite location, are sticked and coloured in purple. The catalytic residues are sticked and coloured in pink.

fractions of different arabinose/xylose ratio and oligosaccharides.
Although, the mutations did not alter the hydrolysis product profile of
LVAX (chromatogram identical to that obtained with the wild-type
enzyme, see Fig. 2), K131S/K132S and AP130/K131S/K132S showed a
marked increase in catalytic efficiency due to a 36% and 31% increase in
turn-over compared to wt-PgXynB, respectively (Table 2). The mutants
were also more active on wheat arabinoxylan fractions with varying A/X
ratio, with a maximum increase of up to ~50% on A/X 0.36 compared to
wt-PgXynB (Table 3). The increase in catalytic efficiency of K131S/K132S
and AP130/K131S/K132S using LVAX was also observed on xylo-
oligosaccharides with a 2.5 and 2.4-fold increase in catalytic efficiency,
respectively using xylopentaose, as compared to wt-PgXynB (Table 4).
In the PgXynB model, Lys131pgxyng and Lys132pexynp form salt bridges

XIP-1

Xylanase

with Asp123pgxyng and Asp128pgxynp, respectively. Asp123pgxyns,
Asp128pgxyne, Lys131pgxyng and Lys132pgxyng all define the thumb
loop and it is expected that the two salt bridges, in the presence of
Pro130, maintain the thumb in a position that would impede flexibility
as it could lock the loop in a conformation that should hamper
oligoxylose binding. In the K131S/K132S and AP130/K131S/K132S
mutants, abolition of the salt bridges by substitution of Lys131pgxyns
and Lys132pgxyng by the Serine residues could aid the thumb to recover
some of the plasticity observed in PgXynA [26].

We further investigated inhibition sensitivity to XIP-I of the
mutated xylanases compared to wt-PgXynB. Neither the deletion of
Pro130 (AP130) nor the replacement of the two Lysines by Serines
(K131S/K132S) altered the inhibition profile of the mutated enzymes

Fig. 5. (a) Overall view of the interaction between PgXynB (blue ribbon) and XIP-I inhibitor (orange ribbon). The inhibitor has been positioned with respect to its position in the
complex of XIP-I with PfXynC (pink ribbon) that has been superimposed onto PgXynB backbone. (b) Close-up view of the predicted volumic clashes between XIP-I and PgXynB. The
clashes between Pro130pgxyng and His147x;p_; and between Lys131pgxyng and lle180x;p; are circled in red. The intra-hydrogen bond between Asp128pgxyng and Lys132pgxyng is depicted

in green.
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whereas the triple mutation AP130/K131S/K132S conferred inhibi-
tion sensitivity to XIP-I with a Ki=16.5 nM (Table 2). The presence
of Pro130, Lys131 and Lys132 in wt-PgXynB may hamper the
binding of XIP-I, by impeding the flexibility required upon XIP-I
binding to the “thumb” region. In the model of XIP-I complexed to
PgXynB (see Materials and methods), strong steric clashes are
observed between Pro130pgxyng and Asn146xp_;; Pro130pgxyng and
His147xip-; Lys131pgxyng and 1le180xp; whereas Lys132pgxyng iS
involved in H-bond network, enhancing the “thumb” rigidity (Fig. 5)
These interactions are not seen in the model of the AP130/K131S/
K132S mutant, thus corroborating the experimental data. These
findings reinforce the important role of the “thumb” region in the
resistance of fungal GH11 xylanases to XIP-I. Although insertion of
an amino acid in the loop region after the conserved Glycine
(Asp130pgxyna, Pro130pexyng) is an important criterion of resistance
to XIP-I, the deletion of this residue is not enough to restore
inhibition sensitivity and it is essential that the loop region around
this residue acquires optimum conformation.

In summary, we have investigated the structure-specificity
relationships of P. griseofulvum xylanases, identifying important
residues responsible for substrate and inhibitor specificity of PgXynA
and PgXynB.
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