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Abstract

Two combinatorial libraries of glycosyl hydrolase family 11 (GH11) Bacillus subtilis endoxylanase XynA were constructed and dis-
played on phage. Both phage-displayed libraries were subjected to three consecutive biopanning rounds against immobilized endoxylan-
ase inhibitor TAXI, each time preceded by an incubation step at elevated temperature. DNA sequence analysis of enriched phagemid
panning isolates allowed identification of mutations conferring enhanced thermal stability. In particular, substitutions T44C, T44Y,
F48C, T87D, and Y94C were retained, and their thermostabilizing effect was confirmed by testing site-directed XynA variants. None
of these mutations was identified in earlier endoxylanase engineering studies. Each single mutation increased the half-inactivation tem-
perature by 2–3 �C over that of the wild-type enzyme. Intriguingly, the three selected cysteine variants generated dimers by formation of
intermolecular disulfide bridges.
� 2008 Elsevier Inc. All rights reserved.
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Endo-b-1,4-xylanases (EC 3.2.1.8) (further referred to as
endoxylanases) are crucial for (arabino)xylan depolymer-
isation, as they break down the xylan backbone by catalyz-
ing the hydrolysis of b-1,4-xylan linkages. Their substrate is
the predominant hemicellulose in cell walls of plants and
the second most abundant polysaccharide on earth. Endo-
xylanases are widely used as improvers and processing aids
in biotechnological processes such as industrial bread-mak-
ing, feed production, biobleaching of pulps in paper man-
ufacturing, and bioconversion of agricultural residues to
fuel ethanol [1]. Apart from this, endoxylanases of micro-
bial origin play an important role in phytopathogenesis,
as they provide essential means to attacking microorgan-
isms to break through the plant cell wall [2]. Based on
amino acid sequence similarities and hydrophobic cluster
analysis, endoxylanases have been classified mainly into
glycosyl hydrolase families (GH) 10 and 11 [3]. GH11
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endoxylanases adopt a b-jelly-roll fold, in which two large
b-pleated sheets and one a-helix form a structure that
resembles a partly-closed right hand [4].

An important factor governing endoxylanase function-
ality in industrial applications is their stability under the
often harsh conditions of biotechnological processes. Many
endoxylanases used in industry today are of mesophilic ori-
gin. As a consequence, numerous protein engineering
efforts have been directed towards improvement of their
thermostability. Among them, many studies focussed on
the designed incorporation of intramolecular disulfide
bridges [5–12]. Other rational design approaches include
the introduction of surface charges [13,14], aromatic inter-
actions [15] or a thermostabilizing N-terminal domain [16].
In addition, several directed evolution tactics were applied,
in which the endoxylanase encoding gene was subjected to
random mutagenesis over its full length [17–21].

We here report on the identification of thermostabilizing
mutations in the B. subtilis GH11 endoxylanase by use of a
newly developed phage display based selection system. In
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contrast to previous studies, our method involved a semi-
rational molecular evolution approach, since variation
was introduced in a controlled way and was restricted to
delineated regions of the enzyme.
Materials and methods

Strains, plasmids, phagemid, and helper phage. Escherichia coli CJ236
(FD(HindIII)::cat (Tra+ Pil+ Cmr)/ung�1 relA1 dut�1 thi�1 spoT1 mcrA)
(New England Biolabs) and helper phage R408 (Stratagene) were used for
preparation of deoxy-uridine-containing single stranded (dU-ss)DNA.
E. coli TG1 (supE hsdD5 thi D(lac-proAB) F0 [traD36 proAB+ lacIq

lacZDM15]) was used for transformation of the phagemid pHOS31 library
and as acceptor strain for helper phage VCSM13 (Stratagene) and phage
infections during successive rounds of biopanning. E. coli XL1-Blue MRF0

(supE44 hsdR17 recA1 endA1 gyrA46 thi relA1 lac� D(mcrA)183 D(mcrCB-

hsdSMR-mrr)173 F0 [proAB+ lacIq lacZDM15 Tn10 (tetr)]) (Stratagene)
and E. coli BL21 (DE3) (F� dcm ompT hsdS (rB

� mB
�) gal (DE3)) were

used as host strain for subcloning and heterologous expression via
expression vector pEXP5-CT (Invitrogen), respectively.

Construction of the xynA combinatorial libraries. The phage-displayed
combinatorial xynA libraries were constructed essentially as described
earlier [22]. Briefly, pHOS31-xynA dU-ss-DNA was used as template for
the Kunkel mutagenesis method with either mutagenic oligonucleotide
LibG39-F48 or LibT87-K95 (Table 1) designed to introduce mutations at
the regions connecting b-strands B3 and A5, and B6 and B9, respectively.
E. coli TG1 electrocompetent cells were transformed with each mutagen-
esis reaction mixture and after coinfection with VCSM13 phages were
produced during overnight incubation at 37 �C. Phage particles were
precipitated as described elsewhere [22] and resuspended in phosphate
buffered saline (PBS). Prior to selection, phage solutions were cleared from
traces of polyethylene glycol (PEG) by centrifugation through Microcon
YM-100 filters (Millipore).

Selection and enrichment of the xynA combinatorial libraries. To select
for stabilizing mutations, the biopanning rounds were preceded by an
extra incubation step under denaturing conditions. Phage preparations
(�4 � 1010 colony forming units, CFU) were heated to 60 �C for 15 min.
After cooling to room temperature, phage solutions were added to Max-
isorbTM plate (Nalge Nunc International) wells, which were coated with
�1 lg endoxylanase inhibitor TAXI. Following a 2-h incubation to allow
phage binding, the plates were washed eight times with PBS and eight
times with PBS containing 0.1% Tween-20. Bound phages were eluted by
10 min incubation with 100 mM triethyl amine (pH 12.0) and the eluate
was neutralized with 1.0 M Tris–HCl, pH 7.4. For all selections, an equal
number of uncoated wells were used as negative control. A fraction (�1/
100 volume) of the neutralized eluted phage solution was plated in serial
dilutions on selective agar plates (containing 100 lg/ml ampicillin) to
Table 1
Oligonucleotides used in this study

Sequence

XynApEXf 50-ATGGCTAGCACAGATTACTGGCAAAATTG
XynATOPOr 50-CCACACTGTTACATTAGAAC
LibG39-F48r 50-CGGCGCCCAAACTCCGGCATTATAGTTTATCGTCC

TAHRCSRCNMACCGNHAVHCCAACCMNHACVAACAA
LibT87-K95r 50-GTCATATGTACCCCCATCACTTTTTACAGTACCMN

WANNGDHTCCADWAGGTYYATAMBHACCCCATGAA
XynA-T44Cf 50-GTTGTTGGTAAAGGTTGGACTTGCGGTTCGCCATT
XynII-T44Yf 50-GTTGTTGGTAAAGGTTGGACTTACGGTTCGCCATT
XynA-F48Cf 50-GGACTACAGGTTCGCCATGTAGGACGATAAACTAT
XynA-T87Df 50-GTAGTGGATTCATGGGGTGATTATAGACCTACTGG
XynA-Y94Cf 50-GACCTACTGGAACGTGTAAAGGTACTGTAAAAAG

Underlined nucleotides correspond to mutated codons, bold nucleotides corres
G; S, G/C; N, A/C/G/T; M, A/C; V, A/C/G; W, A/T; D, A/G/T; Y, C/T; B
determine the phage titers. Eluted phages were amplified in E. coli TG1
and used for further rounds of selection. The selection process was
monitored by titering the phage suspensions before selection and after
elution.

DNA sequencing. Phagemid and expression plasmid inserts were
sequenced by the chain-termination dideoxynucleoside triphosphate
method with the BigDye� Terminator V3.1 CycleSequencing Kit (Applied
Biosystems) and vector-specific primers.

Site-directed mutagenesis and recombinant expression. Expression
plasmid pEXP5-CT-xynA was constructed for use as vector for heterol-
ogous expression in E. coli. To this end, xynA was PCR amplified with
primer couple XynApEXf/XynATOPOr (Table 1) using pQE-EN-xynA

[23] as template. The resulting PCR product was cloned into the pEXP5-
CT/TOPO vector (Invitrogen). Site-directed mutagenesis was carried out
using the Quick Change Site-Directed Mutagenesis Kit (Stratagene) with
pEXP5-CT-xynA as template DNA and a pair of complementary muta-
genic primers according to the manufacturer’s instructions. Table 1 lists
sequences of the forward primers for each mutation.

Recombinant XynA and variants thereof were produced in E. coli

BL21 (DE3) cells transformed with pEXP5-CT-xynA or mutant con-
structs, respectively. Protein expression was performed according to
instructions of the pEXP5-CT/TOPO TA Expression Kit (Invitrogen).
Cultures were grown in tryptone and yeast extract medium (2� TY)
supplemented with 100 lg/ml ampicillin at 37 �C with shaking at 250 rpm
until the absorbance at 600 nm (A600) reached approximately 0.5.
Expression was induced with isopropyl-b-D-thiogalactopyranoside (IPTG)
(0.2 mM) and cells were further grown at 18 �C. After �18 h incubation,
cells were harvested by centrifugation at 2800g for 20 min. Pellets were
resuspended in an appropriate amount of lysis buffer (20 mM NaH2PO4,
500 mM NaCl, 30 mM imidazole, pH 7.4) for a 50-fold concentration of
cell density. Protease inhibitor Pefablock� SC (Merck-Eurolab) was added
to a final concentration of 1 mM. Lysis was performed by incubation with
1.0 mg/ml lysozyme (Sigma–Aldrich) for 30 min on ice followed by three
cycles of freeze-thawing (�80 �C to 25 �C) and sonication on ice (three
bursts of 15 s with 1 min pause in between for 2.0 ml lysates by using the
microtip of a Vibra CellTM model VCX 13 PB sonicator (Sonics & Mate-
rials) set at an amplitude of 40%). Ni–NTA Spin Columns (Qiagen) were
used to purify the His6-tagged proteins from the lysate under native
conditions according to the manufacturer0s instructions. Protein expres-
sion and purification were assessed by standard sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–PAGE) and Coomassie blue
staining. Protein concentrations were estimated after digitalization of gels
with Un-Scan-it gel version 5.1 software (Silk Scientific). The low
molecular weight SDS–PAGE marker of Amersham Biosciences was used
to compare band sizes.

Endoxylanase activity and functional stability assay. Enzyme activity of
recombinant endoxylanase was determined with the colorimetric Xyla-
zyme-AX method (Megazyme). Ni–NTA purified endoxylanase fractions
were diluted in 0.5 ml sodium acetate buffer (25 mM, pH 5.5). The
Mutated residue(s)

CAAAATTTCCGGTATTAGACC
G39–K40–T43–T44–S46–
P47–F48

TCCACTACATAATATTCTATGAGAGG
T87–R89–T91–Y93–Y94–
K95

TAGGACG T44 ? C44

TAGGACG T44 ? Y44

AATG F48 ? C48

AACG T87 ? D87

TG Y94 ? C94

pond to mutations, degeneracies are indicated as follows: H, A/C/T; R, A/
, C/G/T.



Table 2
Enrichment of XynA mutant phages from both combinatorial libraries
selected against TAXI during three consecutive panning rounds
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suspension was incubated for 10 min at 40 �C, prior to addition of a
Xylazyme AX tablet. These tablets consist of azurine-crosslinked wheat
arabinoxylan, which, upon hydrolysis by endoxylanase, produces water-
soluble dyed fragments, the rate of release of which (increase of A590) can
be related directly to enzyme activity. Incubation was prolonged for
60 min at 40 �C and stopped by adding 2.0% (w/v) Trizma base solution
(5.0 ml) and vortex stirring. After filtering through a 90 mm filter (Merck-
Eurolab), the A590 of filtrates was measured. One enzyme unit (EU) cor-
responds to an increase in A590 of 1.0 under the conditions of the assay.
Functional temperature stability of recombinant XynA and mutants was
determined by incubating the enzymes (�1 lg/ml) at various temperatures
(from 45 to 65 �C) for 10 min. After cooling the samples in an ice water
bath, residual activities were determined at 40 �C. All tests were performed
in triplicate and data were analyzed by non-linear regression fits using
GraphPad Prism software. Good correlations were obtained for all fits
(R2 > 0.99).

Results and discussion

High-throughput selection strategy for enhanced

thermostability

The functional display of endoxylanases on phage parti-
cles [23] opens perspectives to study, improve or alter their
biochemical properties using displayed combinatorial pro-
tein libraries. Screening of such libraries allows for the
exhaustive exploration of a defined region of sequence
space within the protein [24]. For instance, following bind-
ing selection and sequence analysis of endoxylanase
Fig. 1. Molecular view of the XynA protein (PDB code 1XNN), showing
the location of the amino acids targeted for mutagenesis. (A) Residues of
the first combinatorial library (region connecting b-strands B3 and A5) are
highlighted. (B) Residues of the second combinatorial library (region
connecting b-strands B6 and B9) are highlighted. Both figures were
generated using Pymol (http://pymol.sourceforge.net/).
displaying phages, the contribution of several residues to
inhibitor interaction could be deduced based on obtained
amino acid frequencies, since these correlated well with
the functional importance for the selected feature [22,25].
Here, we extended the previously developed phage display
based endoxylanase selection system to screen for ther-
mostabilizing mutations. In adapting phage display tech-
nology from the more common selection for binding
affinity, displayed proteins undergo an extra selection step
by incubating recombinant phage particles under denatur-
ing conditions prior to their capture on immobilized
ligands [26,27]. Since only variants that retain binding
capacity are captured, stabilizing mutations are enriched
during consecutive panning rounds, with the implicit
assumption that a properly folded protein is required for
an intact binding interface.

In this study, two combinatorial libraries of the GH11
B. subtilis endoxylanase XynA were constructed and dis-
played on phage. Combinatorial variety was restricted to
the region connecting b-strands B3 and A5 on the one hand
(Fig. 1A), and the region connecting b-strands B6 and B9
Library/
selection
temperature

Titer of
eluted phages
(CFU/ml)

Recovery
(output/
input)a

Enrichment
ratiob

LibG39-F48/40 �C
Uncoated
wells (BSA)

Round 1 <1 � 104 <2.5 � 10�7

Round 2 <1 � 104 <2.5 � 10�7

Round 3 �1 � 104 2.5 � 10�7

Wells coated
with TAXI

Round 1 �4 � 106 1 � 10�4 >400
Round 2 �2 � 107 5 � 10�4 >2000
Round 3 �4 � 107 1 � 10�5 4000

LibG39-F48 / 60 �C
Uncoated
wells (BSA)

Round 1 <1 � 104 <2.5 � 10�7

Round 2 <1 � 104 <2.5 � 10�7

Round 3 �2 � 104 5 � 10�7

Wells coated
with TAXI

Round 1 �5 � 104 1.25 � 10�6 >5
Round 2 �2 � 106 5 � 10�5 >200
Round 3 �1 � 107 2.5 � 10�4 500

LibT87-K95/40 �C
Uncoated
wells (BSA)

Round 1 <1 � 104 <2.5 � 10�7

Round 2 <1 � 104 <2.5 � 10�7

Round 3 �1 � 104 2.5 � 10�7

Wells coated
with TAXI

Round 1 �2 � 106 5 � 10�5 >200
Round 2 �1 � 107 2.5 � 10�4 >1000
Round 3 �3 � 107 7.5 � 10�4 3000

LibT87-K95/60 �C
Uncoated
wells (BSA)

Round 1 <1 � 104 <2.5 � 10�7

Round 2 <1 � 104 <2.5 � 10�7

Round 3 �3 � 104 7.5 � 10�7

Wells coated
with TAXI

Round 1 �4 � 104 1 � 10�6 >4
Round 2 �3 � 106 7.5 � 10�5 >300
Round 3 �4 � 107 1 � 10�3 1333

a Recovery of the indicated selection round was estimated by dividing
the number of eluted phages by the number of phages applied to the well
(�4 � 1010 CFU).

b The titer of phages eluted from wells coated with target protein divided
by the titer of phages eluted from uncoated wells.

http://pymol.sourceforge.net/
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on the other (Fig. 1B). These regions were targeted, firstly
because they are located outside the active cleft (but instead
on opposite sides of it, Fig. 1), and hence, do not directly
affect the catalytic activity, secondly, because in neither
of both regions stabilizing substitutions could be detected
by previous directed evolution approaches [17–21]. The
generated diversity was not totally at random as residues
displaying unfavorable torsion angles at the distinct posi-
tions (as indicated by structural analysis using Pymol soft-
ware, Delano Scientific) were underrepresented in the
designed degenerated codons, wherever possible, taking
Normalized frequencyA
Fig. 2. Mutant amino acid frequencies of occurrence in the enriched GH11 end
b-strands B6 and B9 (B). For each mutated position the following procedure [2
of sequenced clones (50) � # different amino acids encoded in the library at t
into account the nature of the genetic code (Table 1).
Hence, the restricted set of substitutions introduced in
the libraries was expected to enhance the likelihood of
identifying stabilizing mutations. Moreover, by choosing
a limited number of substitutions at defined positions, in
contrast to complete randomization, diverse yet manage-
able populations of molecules were obtained. The libraries
generated after several transformations contained
�3 � 108 unique members, and DNA sequencing of several
randomly picked clones of each naive library revealed that
roughly 50% of them had incorporated the mutagenic
Normalized frequencyB
oxylanase combinatorial libraries comprising b-strands B3 and A5 (A), and
2] was applied: counted number of each encoded amino acid/total number
hat position.
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oligonucleotide. Hence, the theoretical diversity for combi-
natorial mutagenesis at the selected positions (�1.5 � 106

and �9.9 � 105, respectively) was exceeded by at least
102-fold.

Biopanning and sequence analysis of the phage-displayed

combinatorial libraries

Both phage-displayed libraries were subjected to three
consecutive biopanning rounds against immobilized TAXI,
each time preceded by incubation at control (40 �C) and
elevated temperature (60 �C). Table 2 shows that the titer
of phages pre-incubated at 40 �C after the first round was
already considerably higher for selection against TAXI
than for selection in control wells [uncoated wells blocked
with bovine serum albumin (BSA)]. This initial strong
enrichment increased only slightly (�2–5-fold) throughout
the panning procedure, reflecting the fact that no selection
pressure was exerted on the phage pools. In contrast, the
enrichment ratio of phages pre-incubated at 60 �C enlarged
up to �100-fold after a panning round against TAXI
(Table 2). These data clearly pointed to functional selection
of thermostabilized endoxylanase variants.

After three rounds of biopanning, the XynA sequence of
50 clones of each enriched library was sequenced. At each
mutated position, the occurrences of wild-type or each tar-
geted substitution were tabulated. Their percentage contri-
bution was calculated and normalized to the total number
of different amino acids encoded in the library at that
position, as described previously [22] (Fig. 2). The obtained
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Fig. 3. Functional temperature stability of wild-type XynA and selected mut
treatment at 40 �C for 10 min, which were expressed as 100%. Means and sta
frequency of occurrence of specific amino acids at the
mutated positions indicates the importance of these resi-
dues for adaptation to the selection pressure, and, hence,
the stabilization of the enzyme. Fig. 2 shows that wild-type
residues were, in general, quite well represented in the
enriched phage pools. Still, based on the most striking fre-
quencies, one can deduce that the following mutations had
a stabilizing effect: T44C, T44Y, F48C, T87D, and Y94C.

Evaluation of functional temperature stability of enriched

XynA mutants

The impact of mutations T44C, T44Y, F48C, T87D,
and Y94C on enzyme thermostabilization as deduced from
the screening results was verified by construction of site
directed mutants of each of them. After recombinant
expression in E. coli via expression vector pEXP5-CT and
subsequent Ni–NTA purification, their functional temper-
ature stability was measured. All five mutants displayed
an improved thermostability in comparison to the wild-
type enzyme (Fig. 3). The half-inactivation temperatures
(midpoints of the inactivation curves) of the mutants
increased with �3 (±0.15) �C and �2 (±0.15) �C for
F48C/Y94C and T44Y/T44C/T87D, respectively. While
the wild-type enzyme completely lost activity after pre-
incubation at 60 �C, the mutants retained 5–10% of their
activity under the conditions of the assay.

Since three enriched mutations involved the introduc-
tion of a cysteine residue at the surface of the enzyme, we
wondered whether potential dimer formation occurred
55 60 65

XynA-wt

XynA-F48C

XynA-T44C

XynA-T44Y

XynA-T87D

XynA-Y94C

rature (°C)

ants. Residual activities are relative to the activities measured after heat
ndard deviations of triplicate experiments are shown.
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Fig. 4. SDS–PAGE analysis of purified Cys mutants. Samples were
incubated in presence and absence of DTT (1 mM). Lane 1, low molecular
weight protein marker; lane 2, XynA-Y94C (+DTT); lane 3, XynA-T44C
(+DTT); lane 4, XynA-F48C (+DTT); lane 5, XynA-Y94C (�DTT); lane
6, XynA-T44C (�DTT); lane 7, XynA-F48C (�DTT).
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through intermolecular disulfide bridges. To check this
possibility, XynA-T44C, XynA-F48C, and XynA-Y94C
were incubated both in presence and absence of the reduc-
ing agent dithioreitol (DTT, 1 mM) and subjected to SDS–
PAGE. Fig. 4 shows that, in presence of DTT, the purified
enzymes migrated as single bands with apparent molecular
weights of �23 kDa, which is in good agreement with the
molecular mass of the native His-tagged monomer. In
absence of DTT, however, all three Cys mutants migrated
partly as dimers with an apparent molecular mass of
�45 kDa, revealing the formation of intermolecular disul-
fide bridges. Presumably, dimerization of the Cys mutants
also occurred on the surface of phage particles during the
selection process. Protein dimerization can indeed take
place in phage display formats as has been repeatedly
shown in previous studies [28–30]. Although GH11 endo-
xylanases have been extensively subjected to protein engi-
neering approaches to improve their stability, formation
of intermolecular disulfide bridges—in contrast to intramo-
lecular disulfide bridges [5–12]—has been achieved very
rarely. In fact, to the best of our knowledge, only substitu-
tion of Ser at position 179 by Cys has been reported [20] to
give rise to a disulfide linked dimer. However, even for this
endoxylanase variant there is no consensus on intermolec-
ular disulfide bridge formation, as different forms (dimeric
or monomeric) are observed by different authors [5,20,21].
In addition, the enlargement of hydrophobic contact
between monomers, rather than disulfide bridge linking,
has been suggested to account for the thermostabilizing
effect of the S179C mutation [20]. The same probably
applies for the T44C mutation identified here, as replace-
ment of Thr44 by the hydrophobic side chain of Tyr
resulted in a variant with similar stability. Mutants
XynA-F48C and XynA-Y94C, on the other hand, seem
to be stabilized exclusively through formation of the inter-
molecular disulfide bridge. Variant XynA-T87D, finally, is
most likely stabilized by creation of an additional salt-
bridge between Asp87 and Lys135 as the carboxyl group
of the former is modeled to be in close proximity (�4 Å)
to the positively charged ammonium group of the latter.
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