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a  b  s  t  r  a  c  t

Enzymes  active  at low  temperature  are  of great  interest  for industrial  bioprocesses  due  to  their  high
efficiency  at  a low  energy  cost.  One  of  the  particularities  of  naturally  evolved  cold-active  enzymes  is
their  increased  enzymatic  activity  at low  temperature,  however  the low  thermostability  presented  in
this type  of enzymes  is  still a major  drawback  for their  application  in  biocatalysis.  Directed  evolution
of  cold-adapted  enzymes  to a more  thermostable  version,  appears  as  an  attractive  strategy  to fulfill  the
stability  and activity  requirements  for the  industry.  This  paper  describes  the  recombinant  expression  and
characterization  of a new  and  highly  active  cold-adapted  xylanase  from  the  GH-family  10  (Xyl-L),  and
the  use  of a novel  one  step  combined  directed  evolution  technique  that  comprises  saturation  mutage-
nesis  and  focused  epPCR  as  a feasible  semi-rational  strategy  to improve  the  thermostability.  The  Xyl-L
enzyme  was  cloned  from  a marine-Antarctic  bacterium,  Psychrobacter  sp.  strain  2–17,  recombinantly
expressed  in  E. coli  strain  BL21(DE3)  and characterized  enzymatically.  Molecular  dynamic  simulations
using  a homology  model  of  the  catalytic  domain  of  Xyl-L  were  performed  to detect  flexible  regions  and
residues,  which  are  considered  to be the  possible  structural  elements  that  define  the thermolability  of

this enzyme.  Mutagenic  libraries  were  designed  in  order  to stabilize  the  protein  introducing  mutations
in  some  of  the  flexible  regions  and  residues  identified.  Twelve  positive  mutant  clones  were  found  to
improve  the T50

15 value  of  the  enzyme,  in  some  cases  without  affecting  the activity  at  25 ◦C. The  best
mutant  showed  a  4.3 ◦C  increase  in  its  T50

15. The  efficiency  of  the directed  evolution  approach  can  also
e pro
be  expected  to work  in th

. Introduction

Microorganisms living in cold environments have developed
tructural adaptations on their proteins to compensate and over-
ome the effects of low temperatures. These special features make

sychrophilic organisms very interesting for the identification and

solation of novel cold-active enzymes [1–4]. The use of enzymes
ith higher activity at low temperatures allows energy savings

Abbreviation: GH, glycosyl hydrolases.
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in industrial biocatalysis by lowering the required temperature
of a reaction without sacrificing enzyme activity. Cold-adapted
enzymes can also prevent undesirable chemical reactions occur-
ring at higher temperatures and exhibit a rapid heat-inactivation
derived from their structural thermolability, which is of special
interest in the food industry [5–9]. In spite of these important
advantages, the stability of a cold-active enzyme in a biocatalytical
process is still a drawback. A stable enzyme can tolerate the pres-
ence of solvents or other reagents, high temperatures and extreme
pH, common conditions affecting the folding integrity of proteins
or enzymes in industrial processes [10]. Therefore, the use of pro-

tein engineering to improve the stability of enzymes has a high
significance for industry and basic research [11,12]. Among pro-
tein engineering techniques, directed evolution utilizes random
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r semi-rationally guided mutagenesis, meaning that no or little
rotein structural knowledge is needed. This approach involves

terative cycles of gene mutagenesis and protein expression, fol-
owed by screening assays in order to find enzyme variants with
ptimized properties; subsequently the process can be repeated
nd mutations can often be combined to further improve the prop-
rties [13–16]. Directed evolution is one of the most effective
pproaches to engineer enzyme stability [17,18]. The typical strate-
ies applied when no detailed structural information of the enzyme
s available are error-prone PCR [19] and DNA shuffling [20]. On the
ther hand, the most common knowledge-driven approach is sat-
ration mutagenesis or cassette mutagenesis, where a given site of

 protein, comprising one or more amino acids, is randomized by
he introduction of all 20 canonical amino acids [21,22].

After the creation of directed evolution techniques based on
urely random [23,24] (e.g. epPCR, DNA shuffling) or semi-rational
ethodologies [25–27] (e.g. saturation mutagenesis, CAST, Itera-

ive Saturation Mutagenesis/B-factor), scientists have evolved in
he laboratory several industrially relevant enzymes to obtain
ariants with higher activity at lower temperature. These method-
logies have been mostly applied to meso- and thermophilic
nzymes to be able to catalyze reactions at low temperatures, and to

 lesser extent to cold-active enzymes for increasing their thermal
tability without affecting high activity at low temperature. These
re usually more challenging to evolve due to the reduced tolerance
o accept mutations without affecting stability or activity [28]. Suc-
essful examples of both alternatives were recently reviewed [9],
evealing that directed evolution techniques employing extended
pPCR cycles, DNA shuffling [29] and family shuffling [30] have
een used most often, although strategies targeting rigid and flex-

ble regions within proteins appear to be more rational. In this
egard, the identification of amino acids with high flexibility can be
erformed using the B-FITTER computer aid (www.kofo.mpg.de/
n/research/biocatalysis), which extracts the B-Factor values from
db-files [17]. However, punctual mutations targeting amino acids
howing high flexibility are sometimes not enough to increase local
igidity, and should be accompanied by co-mutations targeting sur-
ounding residues in order to induce synergistic anchoring effects
or structural stabilization.

Xylanases are glycosyl hydrolases (GH) normally reported as
embers of the particular GH-families 10 and 11 (GH10 and GH11

ylanases respectively) [31]. Xylanases hydrolyze the �-1,4 back-
one of the major constituent of hemicellulose, xylan, which makes
hem an attractive group of biocatalysts for industry [32]. The

ajor xylanase-mediated industrial processes are found in the
ulp, paper and cellulosic ethanol production [33]. Among cold-
ctive xylanases that have been identified, only a small number
ave been purified and characterized, showing common charac-
eristics such as high catalytic activities at low temperatures and
oor thermal stability [31].

Using directed evolution strategies, thermostability of xylanases
as been improved [34]. However, most of the improvements were
chieved for mesophilic enzymes belonging to GH11 and using
pPCR or saturation mutagenesis as protein engineering strategies
35]. Nevertheless, GH10 xylanases have larger substrate scopes
han its GH11 congeners, which, apart from D-xylose derived
ubstrates, include low molecular mass celluloses and aryl cellobio-
ides [31]. GH11 xylanases also show less versatility in catalysis
han GH10 xylanases [36,37]. Therefore, improvement of GH10
ylanases, showing higher thermal stability and catalytic efficiency
n various substrates, is of great importance in different industrial
ectors.
This work describes the use of a one-step combined saturation
utagenesis and region-focused epPCR as a feasible semi-rational

irected evolution strategy to improve the thermostability of a new
old-active xylanase (Xyl-L), overcoming the intrinsic difficulties
al Technology 100 (2017) 60–70 61

of evolving thermostability of enzymes with low thermal stability.
Additionally in this work, a novel cold-active xylanase isolated from
the Antarctic seawater bacterium Psychrobacter sp. strain 2–17 [38],
previously cloned and recombinantly expressed [39], was  char-
acterized. We  performed focused epPCR [40] with simultaneous
saturation mutagenesis in regions showing high degrees of flexibil-
ity. As will be seen, this enables the improvement of thermostability
between 1 and 4 ◦C in the T50

15 value of Xyl-L, while maintaining
catalytic activity at low temperatures. The simultaneous combi-
nation of focused epPCR and saturation mutagenesis at flexible
residues proved to be more efficient in finding better variants than
the solely saturation mutagenesis at the most flexible residues in a
cold-active xylanase.

2. Materials and methods

2.1. Material, strains, vectors and culture conditions

Elongase and T4 DNA ligase were supplied by Invitrogen.
Restriction enzymes were obtained from New England Biolabs.
Taq DNA polymerase was  purchased from Promega. KOD hot start
Polymerase, 10X KOD Buffer, dNTPs and MgSO4 were supplied
by Novagen. DNA sequencing was  done by Macrogen (Korea)
and Eurofins. Primers were synthesized by Eurofins and Invitro-
gen. Birchwood xylan was obtained from Sigma. TB medium, LB
medium, marine medium 2216 and granulated agar were acquired
from Difco. Tris, SDS and glycerol were purchased from Winkler.
Psychrobacter sp. strain 2–17 was  isolated from Antarctic-seawater
as previously described [38]. Escherichia coli strain DH5� was used
as the recipient strain for plasmids with genes encoding or partially
encoding recombinant xylanase protein and was obtained from
Invitrogen. E. coli strain BL21(DE3) and pET-22b(+), used as bac-
terial host and expression vector respectively, were obtained from
Invitrogen. Cells for genomic DNA manipulation were harvested
4 days after cultivation in marine medium 2216 with shaking
(200 rpm) at 4 ◦C.

2.2. Gene cloning and recombinant expression

A sense primer LF1 (5′-TGTTTTTTCATGGCGGCGG-3′) and
an antisense primer LF2 (5′-GGCGATAGTGCCGGCGG-3′) were
able to amplify a central region of the xylanase encoding gene
from Psychrobacter sp. strain 2–17 using Taq DNA polymerase
and the conditions reported by Parra et al. (2008) [38]. The
amplification products were cloned in a pGEM-T easy sys-
tem and sequenced. The complete xylanase encoding gene
was obtained using a genome walking method previously
described [39]. A forward primer to amplify the 3′ end (5′-
GATGCAAAGTTTTCAAGGTGATAAAGCCG-3′) and a reverse primer
to amplify the 5′ end (5′-CCATAAACGCTTCGTTAACTACATCCCAG-
3′) were used as first specific primers. For the second
round of PCR, a forward primer to amplify the 3′ end (5′-
CTGGGATGTAGTTAACGAAGCGTTTATGG-3′) and a reverse primer
to amplify the 5′ end (5′-CGGCTTTATCACCTTGAAAACTTTGCATC-
3′) were used as second specific primers. Primers XylFo
(5′-CTTTCCATGGCGTGCGGGGGGAATAATAAAG-3′ and XylRe
(5′-TAGGCTCGAGTTCGACCAAGGTTACCG-3′), carrying a NcoI and
XhoI restriction site respectively, were used to amplify a 1222 bp
fragment encoding the xylanase gene directly from the genomic
DNA of Psychrobacter sp. strain 2–17, using Elongase. The thermal
cycling conditions were; 5 min  at 95 ◦C; 25 cycles consisting of 35 s

at 94 ◦C, 45 s at 62 ◦C and 2.5 min at 68 ◦C; and 1 final additional
step at 72 ◦C for 10 min. After digestion with NcoI and XhoI, the
PCR product was ligated with the pET-22b(+) vector forming the
recombinant plasmid Xyl-l-pET. E. coli BL21 (DE3) electrocom-

http://www.kofo.mpg.de/en/research/biocatalysis
http://www.kofo.mpg.de/en/research/biocatalysis
http://www.kofo.mpg.de/en/research/biocatalysis
http://www.kofo.mpg.de/en/research/biocatalysis
http://www.kofo.mpg.de/en/research/biocatalysis
http://www.kofo.mpg.de/en/research/biocatalysis
http://www.kofo.mpg.de/en/research/biocatalysis
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etent cells were transformed with the recombinant plasmid.
he clones producing the highest levels of xylanase activity were
hosen based on the Congo red-polysaccharide interactions [41].
ne selected positive colony was grown in 250 ml  of TB medium
ontaining 100 �g/ml of carbenicillin (CB) at 37 ◦C with shaking.

hen an optical density of 0.5 at 600 nm was reached, isopropyl-
-d-thiogalactopyranoside (IPTG) with a final concentration of
.3 mM was added, and the growth temperature was lowered to
8 ◦C. After 40 h of cultivation, cells were removed by centrifuga-
ion at 10000 × g for 10 min  at 4 ◦C for enzyme purification from
he supernatant. Ammonium sulfate was added to the supernatant
o a final concentration of 80% (w/v). The solution was incubated
ith shaking at 4 ◦C for 12 h. The precipitate was collected by

entrifugation and dissolved in binding buffer (50 mM NaH2PO4,
00 mM NaCl, 10 mM Imidazole) followed by dialysis against the
ame buffer at 4 ◦C for 12 h. For purification from the periplasm,
he induction with IPTG was done for 24 h at 18 ◦C and cells were
ollected by centrifugation at 5000 × g for 5 min  at 4 ◦C. Periplasm
ollection was performed following instructions provided in the
andbook for purification of 6xHis-tagged proteins from “The
IAexpressionist” manual (Qiagen, USA). The protein solutions
ere applied to a Ni-NTA column equilibrated with binding buffer.

he elution was performed at a flow rate of 0.5 ml/min with elution
uffer (binding buffer 250 mM imidazole). Aliquots eluted from
he column were used for biochemical characterization.

.3. Characterization of Xyl-L

SDS-PAGE was performed using 12% acrylamide gels. Protein
oncentration was determined according to Bradford [42]. Activ-
ty of the purified enzyme was determined measuring the amount
f reducing sugars liberated from 1.5% soluble birchwood xylan
t pH 8 and different temperatures. Briefly, 50 �l of assay buffer
3% birchwood xylan in buffer Tris/HCl 50 mM,  CaCl2 2 mM,  pH 8)
ere mixed with 50 �l of supernatant sample. After 20 min, the

eaction was stopped by adding 100 �l of DNS reagent [43] into
00 �l of reaction. The samples were heated for 5 min  at 100 ◦C and
hen cooled to 4 ◦C for 10 min  and OD550 was measured. Enzyme
arameters kcat and Km were determinated by regression analysis
f the Michaelis-Menten equation. Birchwood xylan was  used as
he substrate at concentrations between 0 and 32 mg/ml. All the

easurements were made in triplicate. The effect of the pH on the
eaction rate was determined by measuring xylanase activity at
ifferent pH values at room temperature using a 100 mM Britton
nd Robinson buffer [44] in the range of 4–10. Thermostability was
etermined obtaining T50

15 (50% activity after 15 min  at the defined
emperature) values for the expressed mutant enzymes by mea-
uring the residual activity after the heat shock at temperatures
anging from 30 to 45 ◦C. Measurements for the activation energy
alculation were carried out starting the reaction by the addition of
he enzyme at different temperatures between 5 and 30 ◦C. The
cat and Km values, obtained from the determination of the ini-
ial reaction rates at different concentrations of substrate, using a
onstant enzyme concentration, were calculated for each temper-
ture. Effects of metal ions on the Xyl-L activity were examined by
dding 1 and 10 mM of ZnSO4, CoCl2, NiCl2, CuCl2, MnCl2 and CaCl2.
lso EDTA (1 and 10 mM),  SDS (1 and 10%) and TritonX-100 (1 and
0%) effects were studied. The substrate was added after incubat-

ng the enzyme with each metal ion, chelating agent or surfactant
or 30 min  at 25 ◦C, and the reaction was performed for 20 min.

.4. Three-dimensional modeling of Xyl-L and molecular

ynamics (MD) simulations

A homology model of the catalytic domain of Xyl-L was built
sing the MODELLER software [45]. The model was developed using
al Technology 100 (2017) 60–70

three previously described xylanase structures from family 10 of
glycosyl hydrolases. The structures included were: xylanase A from
Streptomyces halstedii JM8  (1NQ6) [46], with 34% identity; xylanase
XYN10A from Cellvibrio japonicus (1W32) [47] with 41% identity;
xylanase 10C from Cellvibrio japonicus (1US2) [48] with 41%. The
molecular structures were manipulated with the program Swiss-
Pdb Viewer [49]. The nucleotide sequence of the gene encoding
Xyl-L from Psychrobacter sp. 2–17 has been patented [50] and the
sequence has been deposited with the GenBank accession number
HH759472 (GenBank: HH759472). The in-silico structure manip-
ulations and molecular dynamics simulations were performed
using the Schrödinger software as described by Wu  and coworkers
[51]. Briefly, A Polak-Ribier conjugate gradient with a convergence
threshold on the gradient of 0.05 kJ/Å/mol was used for the mini-
mization of the structures. The selected force field for minimization
was OPLS 2005, and the surface area-based version of the general-
ized born (GB/SA) model was  used for treatment of solvent (water),
and its dielectric constant was  assigned a value of 1. In order to
generate the solvated systems for dynamic simulations, a cubic
periodic unit cell containing 70524 water molecules, 120 Na+ ions,
and 120 Cl- ions was used. This solvent cube was defined by adding
a minimum layer of 20 Å buffer molecules from the protein sur-
face, having 0.15 M NaCl. All simulations used the SPC water model,
and the OPLS-AA force field for protein. Long-range electrostatic
interactions using Particle Mesh Ewald (PME) and van der Waals
interactions were computed with a real space contribution trun-
cated at 9 Å. Bond lengths to hydrogens were constrained using the
SHAKE algorithm. A RESPA integrator with time steps set to 2 fs for
bonded and short-range nonbonded interactions was used, and to
6 fs for long-range electrostatic interactions. Before every dynamic
simulation, the solvated systems were relaxed into a local energy
minimum using 50 steps of a hybrid method of steepest descent
minimization and a limited-memory Broyden-Fletcher-Goldfarb-
Shanno (LBFGS) minimization. Additionally, the model systems
were relaxed before simulation through a series of minimization
and short dynamic simulations (NPT ensemble using a Berend-
sen thermostat and barostat) equilibrating the system at 300 K
and 1 bar. Finally, production simulation was  performed for the
solvated system during 2 �s, coupling the system using NPT sim-
ulation, maintaining 1 Atm at 300 K with a Martyna-Tobias-Klein
barostat (relaxation time of 2 �s) and a Nose-Hoover thermostat
(relaxation time of 0.5 �s). MD simulation was performed with
the Desmond program using an algorithm for high-speed parallel
execution, recording conformations every 1.2 �s [52]. The average
RMSD was calculated for each residue using the simulation frames
from the last 1 ns of the MD simulation using a molecular graphics
program VMD  [53].

2.5. Mutagenesis libraries design

The basic concept of the new directed evolution technique
involves simultaneous one-step epPCR focused on a specified
region of an enzyme and saturation mutagenesis at rationally cho-
sen residues (see Scheme S1 in the Supplementary Material). As
template, a Xyl-L variant with a punctual mutation; P35L (Xyl-
l-310B), was  used. This mutant shows a 2.3 fold increase in kcat

compared to the WT  xylanase and no differences in Km, and it was
obtained after one round of epPCR experiments (data not shown).

Two different sets of mutagenic libraries were designed and fab-
ricated: Saturation Mutagenesis (SM) libraries (Libraries A and B),
and epPCR + saturation mutagenesis libraries (Libraries C, D and E).
i) SM libraries were created with a codon degeneracy obtained
by a mixture of NDT, VHG, and TGG codons as described before
[54]. Since in both libraries (A and B) the two randomized amino
acids were located within less than 1 amino acid distance in the
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coding nucleotide sequence, a mixture of 18 mutagenic primers
(9 forward and 9 reverse; supporting information) was used in
a QuikChangeTM Site-Directed Mutagenesis reaction [55]. The
amplification reaction contained in a total volume of 50 �l;
10 x KOD Buffer, dNTPs 2 mM each, MgCl2 (25 mM),  mutagenic
primers (250 ng), template plasmid (50 ng), and KOD Hot start
polymerase (0.5 U). PCR conditions were; 1 cycle at 94 ◦C for
2 min; 25 cycles of 94 ◦C for 50 s, 65 ◦C for 50 s and 72 ◦C for
8 min  and a final additional extension step at 72 ◦C for 10 min

i) Focused epPCR + SM libraries were obtained after performing
the randomization of 2 amino acids using separated mutagenic
primers, therefore an amplified megaprimer is generated and
isolated, having the randomized nucleotides at the specific loca-
tion. Likewise, focused epPCR is performed to obtain and isolate
a second megaprimer harboring randomly distributed muta-
tions at a calculated frequency of 3 mutations per 120 pb. Both
megaprimers are combined in a third PCR reaction using the
described megaprimer methodology [56] (see Fig. 1). Focused
epPCR was performed using the GeneMorph II EZCLone Domain
Mutagenesis Kit according to the manufacturer’s manual (Agi-
lent Technologies). Two flexible regions in the catalytic domain
were chosen for the epPCR; from position E135 to L167 (primers
EPXIL135-167F2 and EPXIL135-167R2, supporting information)
and from position R244 to E276 (primers EPXIL244-276F2 and
EPXIL244-276R2, supporting information). After primers align-
ment during the focused epPCR, one of the sequence sections
was subjected to random mutagenesis including the nucleotides
coding the amino acids from position 243–277. In the second
focused epPCR, the randomized nucleotides included those cod-
ing from the amino acid at position 134 to position 168. To
standardize the conditions for focused epPCR, different template
concentrations were evaluated. The final amplification reaction
contained in a total volume of 50 �l: 10 × Mutazyme II reac-
tion buffer, dNTP mix  200 �M each final, primers (forward and
reverse 125 ng each), template plasmid (0.1 ng), Mutazyme II
DNA polymerase (2.5 U). The thermal cycling conditions were;
2 min  at 95 ◦C; 30 cycles consisting in; 30 s at 95 ◦C, 30 s at
60 ◦C and 1 min  at 72 ◦C; and a final additional extension step
at 72 ◦C for 10 min. SM libraries were also created with a codon
degeneracy generated by a mixture of NDT, VHG, and TGG
codons [54]. A mixture of 6 mutagenic primers (3 forward and 3
reverse; supporting information) was used in a single two-stage
whole-plasmid PCR [56]. The PCR conditions for the saturation
mutagenesis were; 1 cycle at 94 ◦C for 2 min; 8 cycles of 94 ◦C
for 30 s, 65 ◦C for 1 min  and 72 ◦C for 1 min; 25 cycles of 94 ◦C for
30 s and 72 ◦C for 45 s; 1 final additional cycle at 72 ◦C for 10 min.
Both PCR products were purified and used as megaprimers in a
QuikChange reaction for the amplification of the xylanase gene
containing plasmid. The PCR conditions were; 1 cycle at 94 ◦C
for 2 min; 25 cycles of 50 s at 94 ◦C, 50 s at 65 ◦C and 15 min  at
72 ◦C, and a final additional extension step at 72 ◦C for 10 min

The PCR products were digested with DpnI to hydrolyze the
emplate plasmid by adding 2 �l DpnI directly to the PCR product
nd incubating the reaction at 37 ◦C for 2 h. The sample was  used
or transformation by electroporation of E. coli BL21(DE3) electro-
ompetent cells. The integrity and quality of the coding region was
erified by DNA sequencing as previously described [54].

.6. Libraries expression and screening

For each library 1472 individual colonies were randomly picked

sing a colony picker QPIX (Genetix, Boston, MA)  and used to

noculate sixteen 2.2 ml  96-deep-well plates containing TB media
800 �l) supplemented CB (100 �g/ml) per well. Four wells in the
ast column of the 16 plates were inoculated with the parental
al Technology 100 (2017) 60–70 63

strain, resulting in 1536 colonies per library. Library expression
was performed as described previously [27]. Induction was per-
formed by adding 100 �l of an IPTG solution in TB medium 6.3 mM
(final concentration in each well; 0.7 mM IPTG). The expression
was performed at 18 ◦C for 40 h. The cells were harvested by cen-
trifugation (4000 rpm, 15 min) and the supernatant was used for
the screening. Screening was  performed by measuring the activity
at room temperature (20–25 ◦C) and the residual activity. For this
purpose a 96-head pipetting robot (Tecan) was used to dilute the
supernatants 1:1 in buffer (Tris/HCl, 2 mM CaCl2 pH 8) in a total
volume of 50 �l in 96-microtiter plates. The heat shock was  per-
formed at 42 ◦C for 7 min  using a 96 well plate heater and stopped
by cooling the plates at 4 ◦C for 10 min. The samples were kept
at room temperature for 15 min  before adding the substrate. The
residual enzyme activity was determined by adding 50 �l of 3% sol-
uble birchwood xylan in Tris/HCl, 2 mM CaCl2 buffer, pH 8, at 25 ◦C,
before and after the heat shock. Positive clones were detected cal-
culating the percentage of retained activity. Reproduction of the
cultures was performed for each potential hit as described by Reetz
and Carballeira [27].

The best mutants and the parental enzyme Xyl-L–310 B were
purified and the thermostability was  determined by T50

15 values
as described above.

3. Results

3.1. Cloning and sequencing of the xylanase-encoding-gene

A partial xylanase gene (240 bp) from a glycosyl hydrolase fam-
ily 10 (GH10) was  amplified from the genomic DNA of Psychrobacter
sp. strain 2–17 using primers LF1 and LR1. The xylanase encoding
gene was completed by genome walking [39] obtaining an open
reading frame of 2220 bp coding for a 740 amino acid protein (Xyl-
L). The primary structure of the enzyme was analyzed, identifying
a 20 residue signal peptide and two carbohydrate binding domains
flanking the catalytic domain. The Xyl-L amino acid sequence was
compared with those of other xylanases in the NCBI database find-
ing 94 and 93% of identity with two  family GH10 xylanases from
different Pseudoalteromonas sp. (unpublished). Based on the con-
served residues in the multiple sequence alignment of other GH10
xylanases, Xyl-L probably uses the catalytic residues E368 and E486.
Xyl-L has an apparently high molecular mass of approximately
90 kDa and a predicted low pI of 4.24. These characteristics are typ-
ically found in endo-�-1,4-xylanases of family 10 which have a high
molecular mass, a low pI and display an (�/�)8 barrel fold [31].

3.2. Expression and characterization of Xyl-L

The xyl-L gene was  expressed using the E. coli BL21(DE3)/pET-
22b(+) expression system. The recombinant Xyl-L was  overpro-
duced in the supernatant and periplasm in a catalytically active
form with a higher purity detected in the periplasm; therefore
the characterization of the recombinant enzyme was  performed
using the purified periplasmic fraction and birchwood xylan as the
substrate.

The temperature activity profile of Xyl-L was examined in the
range of 4–50 ◦C at pH 8. As expected for a cold-active enzyme,
Xyl-L shows above 50% of its maximum activity at temperatures
between 15 and 40 ◦C. 35 ◦C is the temperature where its maximum
activity is observed (Fig. 2A). The pH activity profile of Xyl-L was
determined in the range of 4–10, showing a maximum of activity

in a pH range of 7–9 at 25 ◦C (Fig. 2B).

The effects on Xyl-L activity of metal ions and other reagents
at two  different concentrations are shown in Table 1. Only ZnSO4
and EDTA affected significantly the activity of the enzyme, reducing
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ig. 1. Schematic representation of the new directed evolution method. As shown 

 and E generates four groups of randomized plasmids as a result of amplification u
ts activity by about 50%. Other reagents had no significant effect,
xcepting for CaCl2, which showed an enhancement in the activity
f the enzyme at 1 mM and 10 mM.
 scheme, plasmid amplification using the two  megaprimers in the case of library C,
ndividual or combined megaprimers.
Kinetic parameters of the recombinant xylanase were obtained
at different temperature and pH 8, and calculated from a
Lineweaver–Burk plot. At 25 ◦C, Xyl-L gave a Km value of 4.1 mg/ml,
and a kcat of 145.1 s−1, therefore the catalytic efficiency (kcat/Km)
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Fig. 2. Effects of temperature and pH on the activity of Xyl-L.
A. Xylanase activity measured at different temperatures using birchwood xylan as
substrate at pH 8.0 for 30 min  100% corresponds to maximal hydrolytic activity.
B.  Xyl-L was incubated with birchwood xylan in 100 mM Britton-Robinson buffer
at various pH values at 20 ◦C for 30 min  C. The residual activity of Xyl-L was mea-
sured after heat shocks at different temperatures. T5015 was  obtained plotting the
remaining activity versus the temperature of the heat shock.

Table 1
Effects of different chemicals on Xyl-L activity.

Chemical Relative activity (%)
1 mM chemical

Relative activity (%)
10 mM chemical

ZnSO4 75 58
CoCl2 101 79
NiCl2 105 77
CuCl2 112 73
MnCl2 108 91
CaCl2 114 120
EDTA 76 52
SDS  106a 91b

Triton 96a 81b

o
a
t
f

bine mutations. Following this semi-rational strategy, library A was
a 1% of surfactant added.
b 10% of surfactant added.

f the Xyl-L for the hydrolysis of birchwood xylan was  calculated
−1 −1
s 35.4 ml  mg sec . These are promising values, if we  compare

hem with other reported cold-active GH10 xylanases, such as XynA
rom marine Glaciecola mesophila (kcat 61 s−1 and Km 1.42 mg/ml  at
al Technology 100 (2017) 60–70 65

30 ◦C) [57], and r-XynA from Sorangium cellulosum (kcat 6 s−1 and
Km 27 mg/ml  at 30 ◦C) [58].

The activation energy for the hydrolysis of birchwood xylan
in Xyl-L was calculated using the slope of the Arrhenius plot and
Arrhenius equation, giving a value of 5.44 kcal/mol in the tempera-
ture range from 5 to 35 ◦C at pH 8.0. This value is lower than the one
reported for a xylanase from the psycrophilic yeast Cryptococcus
adeliae (11.4 kcal/mol) [59]. Activation energies of other enzymes
from cold-adapted bacteria have been measured [60] and they have
comparable values. The thermostability of Xyl-L was  examined by
measuring the residual activity at various temperatures (38–45 ◦C)
obtaining a T50

15 value of 39.5 ◦C, meaning that Xyl-L retained 50%
of its activity after 15 min  of incubation at 39.5 ◦C. The stability of
the enzyme rapidly decreased at temperatures above 38 ◦C (Fig. 2C).
This thermolabile behavior is a main drawback in the implementa-
tion of Xyl-L in a biocatalytic process; therefore, directed evolution
based on structural information given by molecular dynamics sim-
ulations of a Xyl-L homology model was  performed.

3.3. Homology model and molecular dynamics simulations of
Xyl-L

Overlap calculation studies had revealed that the structure of
GH10 xylanases is more conserved than other GH families [61].
Therefore, a 3D model of the catalytic domain of Xyl-L (343 amino
acids) was  built on the basis of the resolved structure of three
xylanases; Xylanase A from Streptomyces halstedii JM8 (1NQ6)
[46], with 34% identity; xylanase XYN10A from Cellvibrio japonicus
(1W32) [47], with 41% identity, and xylanase 10C from Cellvibrio
japonicus (1US3) [48], with 41% identity. The topology of the mod-
eled structure exhibits a common (�/�)8 fold typical of family 10
of glycosyl hydrolases (Fig. 3). The homology model was  used for
molecular dynamics (MD) simulations of the enzyme. MD  simula-
tions gave the root-mean-square deviation (RMSD) values for each
residue of the catalytic domain of the enzyme which represents a
numerical measure of the differences between all the positions that
the residue adopted during the MD simulation. Therefore, residues
with a high RMSD value can be selected as flexible amino acids.
This strategy is equivalent to the identification of amino acids with
higher flexibility using the B-FITTER computer aid, but instead of
using the B-factor values extracted from the pdb-file, MD  compu-
tations were performed, hence the resolved 3D structure is not
strictly necessary. This approach uses the deviation of the rela-
tive positioning obtained during a MD  simulation. In our work,
an additional difficulty is the fact that no information other than
the nucleotide sequence is provided to perform this type of anal-
ysis. This type of strategy has been previously applied to assess
conformational flexibility of protein structures [62–64].

3.4. Design and generation of mutagenic libraries

According to the MD  simulation results, the most flexible amino
acids are located mainly in two regions flanked by residues E135-
L167 and R244-E276 (Fig. 4) Each of these regions comprises a loop;
M138-V157 and R257-S271, respectively (Fig. 3). Therefore, fol-
lowing the (B-FIT method) and the B-FITTER computer aid [27], an
improved thermostability was aimed for by designing and building
mutagenic libraries targeting two positions in each flexible region.
Using this strategy, we planned to identify hot-spots in a first round
of saturation mutagenesis, and then to perform an iterative process
of saturation mutagenesis at the selected hot spots [27] or to com-
built using saturation mutagenesis at positions G262 and G263, the
two amino acids with the higher RMSD values at the loop R257-
S271. Library A was  designed based on previous knowledge, that a
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Fig. 3. Ribbon diagram of the catalytic domain of Xyl-L and design of mutagenic libraries.
The  topology of the modeled structure exhibits an (�/�)8 fold typical of family 10 of glycosyl hydrolases. The putative catalytic acid-base (E135) and nucleophile (E253)
residues are shown. The location of the amino acids for saturation mutagenesis are shown for each library: A (G262 and G263, green), B (D154 and S156, orange), C (N226
and  N260, red), D (N259 and T320, yellow) and E (Y143 and D195, violet). Flexible regions identified by MD simulation are highlighted in light blue (E135-L167) and blue
(R244-E276). These regions were targeted by focused epPCR for libraries C, D (region R244-E276) and E (region E135-L167).

F
T wo re
r

d
t
w
g
e
r
a
s
w
f
a

ig. 4. Identification of flexible regions in Xyl-L for focused epPCR libraries.
he graph shows each amino acid of the catalytic domain with it respective RMSD. T
esidues E135-L167 and R244-E276.

ecrease in the number of glycine residues in loops could improve
he thermostability of a protein [65]. A second library, library B,
as generated to stabilize the loop M138-V157 using the same

uidelines. This time, positions D154 and S156 showing the high-
st RMSD value of the region flanked by residues E135-L167 were
andomized using saturation mutagenesis (Fig. 3). For each library,

 total of 1536 variants (including four controls per plate) were
creened. Activity before and after heat shock at 42 ◦C for 7 min

as measured, and relative and residual activities were calculated

or each library variant (Fig. 5). Those mutants showing residual
ctivity higher than 40% under screening conditions (starting par-
gions were selected to perform focused epPCR. The regions selected are flanked by

ent retained 35% of its activity) and a relative activity above the 50%
of the parent activity were selected and tested again by a screen-
ing process as described earlier [27]. Among the two  libraries, only
one variant from library B showed positive results for both crite-
ria. Starting form a fresh culture, the variant was expressed and
purified, and activity against Birchwood xylan was  measured. T50

15

value for the expressed mutant enzyme was  obtained by measuring
the residual activity after the heat shock at different temperatures

(Table 2). A moderate increase in T50

15 was observed, going from
39.5 ◦C in the case of the parent mutant to 41.2 ◦C for the new ther-
mostable variant (See Table 2 and Fig. 6). This mutant was identified
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Fig. 5. Relative and residual activity before and after a heat shock of each clone in
the  five libraries.
Mutant clones with a relative activity higher than 0.5 are plotted against their resid-
ual  activity after the heat shock. Each library is represented by a different symbol
indicated in the legend. Potential hits were screened again under screening repro-
duction [27].

Table 2
Thermostability of improved xylanase variants found in this work.

Mutant Mutationsa T50
15

WT – 39.5
Lib B P4D7 D154P/S156P 41.2
Lib C P5F10 V249I 43.8
Lib C P8D1 N226L/G262S/I264S 43.6
Lib C P7B7 N226H 43.3
Lib C P5A2 N260S 42.7
Lib C P9H10 N226P 42.0
Lib D P1C7 N259L 42.2
Lib D P3A5 N259D 41.9
Lib D P3C3 N259K/T320N 41.9
Lib D P1B8 G262S/T320D 40.5
Lib D P1H7 T320M 40.4
Lib E P13C6 D195P 40.1

Underlined mutations were introduced by epPCR.
a The number of the amino acid mutated correspond to the position in the catalytic

domain.

Fig. 6. Relation between the catalityc activity and thermostability of the different
selected mutants. Measuring the catalytic activity at 25 ◦C without previous heat
s
a
a

a
r
o
t

hock treatment, and the thermostability values measured as T50
15, a plot was gener-

ted  to identify the relation between the variants with thermostabilizing mutations
nd  mutations that affect the catalytic activity of the xylanase.
s P4D7 showing interestingly the incorporation of two proline
esidues (D154P/S156P), which are known as a rigidifying element
f loops in protein structures [62]. However, this mutant is not
hermostable enough for expanding its application scope. Hence,
al Technology 100 (2017) 60–70 67

a different strategy was needed to be applied in order to find sev-
eral hot spots or several mutants with better thermostability in an
iterative step.

A second combined strategy was  tested, where saturation
libraries are designed to anchor a flexible loop to a rigid part of the
protein, as proposed by Vieille & Zeikus (2001) [66]. Accordingly,
the randomization of one residue located in a flexible loop and one
residue with a low movement rate localized in a structurally rigid
region of the protein were considered, while simultaneously ran-
domizing the flexible region comprising the flexible loop in order to
amplify the possibilities of creating viable synergistic combinations
of mutations.

For the loop R257-S271, two  libraries where created using this
approach. In library C, the flexible position N260 was random-
ized together with residue N226 located at a stable region, and
in the case of library D, N259 and T320 were subjected to satu-
rated mutations to generate the loop stabilization. In both cases,
the positions of the amino acids pairs were chosen according to
residue–residue distance feasibility to create molecular interaction
between the flexible loop and the rigid part after randomization
(Fig. 3). Since randomization positions are located at distant posi-
tion in the amino acid sequence, two  saturation primers were used
to create a megaprimer in the library C and D according to the
megaprimer method [56]. We  wanted to extend the possibility of
success in getting thermostability improvement by adding a second
megaprimer [56]. This second megaprimer comes from a focused
epPCR targeting the flexible regions identified by the RMSD val-
ues obtained from the MD simulation (regions flanked by residues
E135-L167 and R244-E276 as shown in Fig. 4. In the case of library
C and D, focused epPCR was performed between residues R244
and E276 (see Fig. 3, region highlighted in blue). Therefore, two
megaprimers containing site saturation mutagenesis and random
mutagenesis respectively, will be obtained for this flexible region.
Then, the use of these two megaprimers in one megaprimer PCR
reaction can be expected to increase the possibility of finding new
mutants with improved molecular interactions and thermostabil-
ity.

Similarly, library E was  designed to randomize two residues;
Y143 present in the flexible region E135-L167, and D195, the first
amino acid of a structurally stable alpha-helix. In this case, focused
epPCR was performed between residues E135 and L167 (see Fig. 3,
region highlighted in light blue). It is important to ensure the type of
randomization obtained when saturation mutagenesis and focused
epPCR are used in combination through megaprimer methodology.
As explained in Fig. 1, four groups of mutated plasmids are observed
during the creation of the libraries; the first one is obtained after
plasmid amplification using only the megaprimer created in the
saturation mutagenesis step, the second group comes only from the
megaprimer created during the focused epPCR, and the third and
fourth groups are a combination of both megaprimers generated
during the megaprimer PCR reaction. For further clarifying descrip-
tions, see Fig. 1 and material and methods section. Moreover, it is
important to notice that positions targeted in library A (G262/G263)
and library B (D154/S156), can also be targeted in focused epPCR
libraries C/D and E, respectively (Fig. 1).

A total of 1536 transformants per library (including four controls
per plate) were screened for libraries C, D and E in the same way as
for libraries A and B (Fig. 5). The potential hits of each library were
tested again by a screening reproduction [27]. Including the positive
hit obtained in library B, twelve mutants showing enhanced ther-
mostability were identify from library B, C, D and E (Fig. 6). The T50

15

values of each selected mutant enzyme are shown in Table 2. In

Fig. 6, T50

15 values are plotted against the relative catalytic activity
of the corresponding variant, highlighting the fact that thermosta-
bilizing mutations can in many cases affect the catalytic activity, as
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reviously mentioned in several publications [67], and few others
an improve the enzymatic performance as well.

. Discussion

A xylanase encoding gene was isolated from Psychrobacter sp.
train 2–17 and cloned into E. coli for its heterologous expression.
he properties of the recombinant enzyme were found to be con-
istent with those of a cold-active enzyme; the specific activity
as shown to be high at low temperatures. However, the wild-

ype enzyme was completely inactivated by a moderate increase in
emperature. Compared to thermophilic and mesophilic xylanases,
he higher efficiency of this enzyme at low to moderate temper-
ture (5–35 ◦C) was demonstrated, also when compared to other
ighly active cold-adapted xylanases [57,58,68–70]. An exception

s the GH8 cold-active xylanase from Pseudoalteromonas haloplank-
is [71] that shows similar efficiency as Xyl-L. Although an enzyme
ith high activity at low temperatures has great potential at the

ndustrial level in application where low temperature reactions
re preferred, applications are mostly restricted to food indus-
ry. In contrast, important applications in the biofuel and paper
ndustry are limited by the low thermostability of these types of
nzyme. Therefore, in this work we used a combination of directed
volution strategies to evolve a highly active enzyme at low to mod-
rate temperature to improve its thermal stability, while keeping
r increasing its activity at moderate temperature.

One of the criteria used for directed evolution experiments was
ased on a B-FIT-like strategy [27], targeting residues with a high
egree of flexibility selected by a high RMSD value obtained on the
asis of MD  simulations of the catalytic domain of Xyl-L. Two  satu-
ation mutagenesis libraries were generated, targeting two amino
cids in each one with the highest RMSD values (libraries A and
). Among the obtained variants, only one mutant xylanase was

dentified having a moderate increase in its T50
15 value, although

ith reduced catalytic performance. This clearly shows proving the
nefficacy of this strategy when used with this particular cold-active
nzyme.

In order to increase the possibility of finding positive hits in
he screening process, a second strategy was tested. This approach
nvolves random mutagenesis targeting a specific flexible region,
focused epPCR [40]), combined with saturation mutagenesis at
wo rationally chosen positions. One of the positions comprises a
esidue with a high RMSD value in a flexible loop, and the other is
efined by a nearby residue located in a rigid part of the enzyme
low RMSD value). This strategy was intended to generate muta-
ions in the structural niche where specific saturation mutagenesis
ccurs in order to increase the chances of creating new stabiliz-
ng interaction within the protein structure of the xylanase. Three
ibraries were generated using this combined strategy. Libraries C
nd D together provided a total of 10 hits with improved thermosta-
ility and variable degree of catalytic performance, and library E
ne hit.

In library C, five variants were found with T50
15 between 2.5 and

.3 ◦C higher than the parent (Table 2), where three of them resulted
rom the saturation mutagenesis megaprimer (P7B7 (N226H), P5A2
N260S), P9H10 (N226P)), one from the focused epPCR megaprimer
P5F10 (V249I)), and finally one from the combination of the two

egaprimers (P8D1 (N226L/G262S/I264S)). We  analyzed the best
ariant (P5F10: V249I) in the homology model using Swiss-Prot
49], where a cavity was found to be reduced in its volume in 10
f the 17 possible conformers. This could be an explanation of the

nhancement in thermostability, as reported previously by other
esearches [72,73]. Another hit of this library was  thermostabi-
ized to a similar degree (T50

15 was improved by 4.1 ◦C) and was
ound to have three mutations; N226L (consequence of the satura-
al Technology 100 (2017) 60–70

tion mutagenesis), and G262S and I264S (produced by the focused
epPCR) without showing a variation in the activity at room tem-
perature. It is important to point out that the combination of these
three point mutations could not have been generated simply by
combining possible hits from separate epPCR and saturation muta-
genesis libraries, since neither N226L nor G262S/I264S would have
been selected separately during the screening step of each library
for later combination. In simultaneous combination during the one-
step megaprimer PCR reaction, they were selected possibly due to
synergistic effects.

For library D, five hit variants with T50
15 between 0.9 and

2.7 ◦C higher than the parent were found (Table 2), where four of
them resulted from the saturation mutagenesis megaprimer (P1C7
(N259L), P3A5 (N259D), P3C3 (N259 K/T320N), P1H7 (T320 M))
and one from the combination of the two megaprimers (P1B8
(G262S/T320D)). In the case of library E, the performance of the
combined strategy was  less efficient, getting only one hit from the
saturation mutagenesis megaprimer (P13C6 (D195P)).

In library C, mutants with amino acids modifications at location
226 in the sequence showed either increased or reduced catalytic
activity, meaning this spot could be relevant not only for ther-
mostabilization but catalytic performance as well. In the case of
library D, amongst the mutants having modifications at the “ther-
mostability” locations 259 or 260, catalytic activity was adversely
affected notably, showing that this position is not a good location
for mutations.

Importantly, our results show that it is possible to improve the
thermostability of the Xyl-L without losing activity at 25 ◦C, and
in some mutants (e.g. P7B7) getting a significant improvement in
catalysis as well (Fig. 6).

In this study, the cold-active xylanase proved to be a challenging
enzyme to thermostabilize using at least the B-FIT strategy with
a limited screening effort, unlike other examples of enzymes in
the literature [27,74]. In contrast, the combination of saturation
mutagenesis and focused epPCR at individual steps of mutant gen-
eration proved to be successful, while still using a minimal number
of clones during the screening. This particular one-step strategy
allows the identification of combinations of mutantations from
mutual epPCR/saturation randomization that otherwise would not
be selected by sequential rounds of mutagenesis/screening of both
methods separately. To the best of our knowledge, this strategy
has not been explored previously. It is a viable alternative to other
recently developed thermostabilization strategies [75]. We  expect
that the combined approach will find applications in future stud-
ies of other enzymes with focus on thermostability, but also on
stereoselectivity [16,25,76].
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