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1 Introduction

Chitinases (EC 3.2.1.14) belong to glycosyl hydro-
lase (GH) family 18 and 19 [1]. They comprise a
group of enzymes that hydrolyze chitin by cleaving
its β-1,4 N-glycosidic bond. Endochitinases cleave
randomly at internal sites of chitin, generating sol-
uble low mass multimers of GlcNAc such as chi-
totetraose, chitotriose, and chitobiose [2, 3]. Chiti-
nases have potential in various industrial applica-
tions, including degradation of chitin into chi-

tooligosaccharides of different lengths, which are
useful in food and pharmaceutical applications [4,
5]. In Thailand, crustaceans (prawn, crab, shrimp,
and lobster) constitute one of the main agricultur-
al products and they represent an abundant source
of chitinous co-products. Traditional methods for
chitin waste disposal include landfill, incineration,
and ocean dumping. These methods are costly, in-
efficient, and, most importantly, harmful to the en-
vironment. An alternative method for the exploita-
tion of chitin-rich co-products is using enzymes to
convert the chitin into useful products [6]. The
process of extracting chitin from crustaceans re-
quires the use of HCl to extract minerals and NaOH
to degrade proteins [7]. Thus, obtaining chitinases
that are active under acidic or alkaline conditions,
in addition to being stable and thermo-tolerant,
will be beneficial for the exploitation of these en-
zymes in industrial applications.

Recent advances in molecular biology and ge-
netic engineering have led to rapid methods for im-
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proving protein and enzyme properties [8]. One
current technology, termed directed evolution,
mimics the natural selection process, where genes
are evolved through recursive rounds of mutation,
recombination, and selection [9]. One of the most
efficient methods used to direct the evolution of
proteins is DNA shuffling [10]. This method allows
a much larger spectrum of diversity to be generat-
ed than by natural recombination or mutational
mechanisms, because two or more homologs from
multiple species in different ratios are used for re-
combination [11, 12]. Successful applications of
DNA shuffling and other directed evolution tech-
niques for the improvement or alteration of pro-
teins and enzymes for various purposes have been
reported [9, 13]. Application of this technology for
the improvement of chitinases for bioremediation
and bioconversion of chitin waste is attractive. One
of the key issues is to develop methods that permit
high-throughput screening of chitinase properties
at reasonable costs.

In this study, we have established a simple
screening method that permits relatively straight-
forward directed evolution of chitinases. The
method uses FLAG vectors that direct secretion of
the chitinase. For testing the method we used a
Bacillus chitinase for which we previously demon-
strated efficient expression and secretion in E. coli
[14]. Starting off with two almost identical chitinase
genes (chiA) from Bacillus licheniformis (strains
DSM13 and DSM8785), a mutant library was con-
structed by a combination of error-prone PCR and
DNA shuffling.To demonstrate the feasibility of the
method, we performed a medium-throughput
screening, which yielded one mutant with im-
proved catalytic activity.

2 Materials and methods

2.1 Bacterial strains and growth conditions

B. licheniformis DSM13/ATCC 14850 [15], and
DSM8785, which were used as the templates for
chitinase genes, were obtained from American
Type Culture Collection and Prof. Dietmar Haltrich,
respectively. The bacteria were grown and kept in
M1 medium at 30°C. E. coli strains TOP10 were used
as a host for library construction and protein ex-
pression. E. coli strains were cultured in Luria-
Bertani (LB) medium at 37°C with shaking.

2.2 Construction of mutant chitinase library

2.2.1 Error-prone PCR
Error-prone PCR was preformed according to a
published protocol [16]. Recombinant chitinase
genes from B. licheniformis strain DSM13 and
DSM8785 (chiA13, GenBank accession number
AAU21943, & chiA8785, GenBank accession num-
ber FJ465148, respectively) [14] were used as the
templates to amplify the chitinase genes under
conditions promoting misincorporations of nu-
cleotides. The PCR reaction mixtures consisted of
10 ng DNA template, dNTPs (New England Bio-
Labs) at concentrations of 0.2 mM dATP, 0.2 mM
dGTP, 1.0 mM dCTP, 1.0 mM dTTP, 2.9 mM MgCl2,
0.15 mM MnCl2, 5 U Taq DNA polymerase (New
England BioLabs), 1× Taq DNA polymerase buffer,
and 0.3 μM of each of the primers: chiHind3 (5’-
CTG TGC AAG CTT TTG TCA TGT TGC TGA GCT
TGT CAT TTG-3’) and chiXhoI (5’-CTG TGC CTC
GAG TCC ATT TGA CTT TCT GTT ATT CGC AGC
CTC-3’).The reactions were run in a PCT-200 Pelti-
er Thermo cycler (MJ Research). Preheating at
95°C for 2 min was followed by 40 cycles of denat-
uration at 95°C for 30 s, annealing at 55°C for 50 s,
and extension at 72°C for 2 min, with final exten-
sion at 72°C for 10 min. The products (designated
Er13 and Er8785) were verified for correct size on
an agarose gel, and purified using the QIA PCR pu-
rification Kit (Qiagen).

2.2.2 DNA shuffling
The second part of evolution involved the shuffling
of the mutant genes from the first step according to
Joern J.M [17]: approximately 5 μg of each PCR
product (Er13 and Er8785) were digested with 0.1 U
DNaseI (Fermentas) in 50 mM Tris-HCl pH 7.4,
10 mM MnCl2 at 15°C for 7 min. The reaction was
terminated by addition of ice-cooled 0.5 M EDTA
pH 8.0. The DNA fragments sizes between 25 and
250 bp (designated DNaseEr13 and DNaseEr8785)
were isolated from the polyacrylamide gel, follow-
ing the Crush and Soak method [18]. Fragment re-
assembly and PCR amplification of reassembled
products were done according to previously pub-
lished protocol [19]. The purified SH13/8785 prod-
ucts were then cloned into the pFLAG-CTS vector
and the constructs were transformed into E. coli
TOP10 by electroporation as described by Sam-
brook and Russell [18], using an Electroporator
2510 (Eppendorf, Germany). The cloning of the li-
brary of mutant chitinases was done such that the
mature enzymes were fused with E. coli OmpA sig-
nal peptide of the pFLAG-CTS (sigma) expression
vector, as described previously [14].
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2.3 Medium-throughout screening of mutant 
chitinases

2.3.1 First round screening on plate
E. coli transformants carrying a library of SH13/
8785 genes were grown in parallel on two types of
LB agar plates containing 100 μg/mL of ampicillin
and 1 mM isopropyl-β-D-thiogalactopyranoside
(IPTG). The screening plate contained 0.2% col-
loidal chitin, whereas the master plate did not. Af-
ter incubating the plates at 37°C for 18 h, 0.2% Con-
go Red (Sigma) was poured onto the screening
plate. Colonies that produced clear zones (positive
clone) were selected for a second round screening.
E. coli carrying pFLAG-CTS constructs with the
wild-type genes (pFchi13 and pFchi8785) and the
pFLAG-CTS vector, were used as positive and neg-
ative controls, respectively. Chitinase-positive
clones were picked from the master plate to pro-
duce 15% glycerol stocks, which were kept at –20°C
for further analysis.

2.3.2 Second round screening in microtiter plate
The positive colonies from the first round of
screening, as well as the two positive controls and
the negative control were inoculated into 0.5 mL LB
medium containing 100 μg/mL ampicillin in 96-
deep well plates (Eppendorf, Germany), and incu-
bated at 37°C with shaking. After 6 h of incubation,
enzyme production was induced by adding 0.5 mL
LB medium containing 100 μg/mL ampicillin and
2 mM IPTG (final concentration was 1 mM). After
another 16 h of incubation at 37°C with shaking, the
cultures were chilled in an icebox for 5 min and
then centrifuged at 4000 rpm for 20 min at 4°C to
collect the cells. The cells were resuspended in
50 μL cold (4°C) spheroplast buffer (100 mM Tris-
HCl, pH 8.0, 0.5 mM EDTA, 0.5 mM sucrose, and
20 μg/mL phenylmethylsulfonyl fluoride, PMSF).
After incubation for 5 min on ice, bacterial cells
were collected by centrifugation at 4000 rpm at 4°C
for 20 min and re-suspended in 25 μL cold sterile
water supplemented with a protease inhibitor
(PMSF, from Sigma).The cell suspension was incu-
bated for 45 s on ice and subsequently mixed with
1.67 μL 20 mM MgCl2. This procedure yielded a
periplasmic extract of nearly 60 μL that was collect-
ed by centrifugation at 4000 rpm at 4°C for 20 min.
To measure catalytic activity in microtiter plates
(Nunc, Denmark), 10 μL periplasmic fraction was
added to 100 μL 0.18 mM p-NP-(GlcNAc)2 in 50 mM
buffer (glycine-HCl, pH 3.0; sodium phosphate,
pH 6.0, and glycine-NaOH, pH 10.0) and the mix-
ture was incubated at 37°C for 1 h. The enzyme re-
action was terminated by adding 10 μL 1 N NaOH,
and the amount of p-nitrophenyl released from p-

NP-(GlcNAc)2 was measured by recording the ab-
sorbance at 405 nm. Control measurements
showed that the wild-type enzymes converted less
than 20% of the substrate under these conditions.

2.4 Chitinase expression and purification

To avoid artifacts, the screening and selection pro-
cedure was done using ChiA without any affinity
tag. To purify ChiA variants, the wild-type and
128mt genes were fused to a C-terminal His-tag
and inserted into the pFLAG-CTS expression vec-
tor by PCR cloning using chiHind3 and chi6HXho
(5’-GCA CAG CTC GAG TCA GTG GTG GTG GTG
GTG GTG TTC GCA GCC TCC GAT CAG CCG CC-
3’) as primers.The reverse primer contains a hexa-
histidine tag for affinity purification of the recom-
binant ChiA. The PCR thermal profile consisted of
an initial denaturation at 95°C for 2 min, followed
by 30 cycles of 95°C for 45 s, 56°C for 55 s, and 72°C
for 2 min, followed by final extension step at 72°C
for 10 min.The constructs were transformed into E.
coli Top10. Transformants containing the correct
constructs were cultured in LB medium overnight
before transferring into 500 mL LB medium con-
taining 100 μg/mL ampicillin.After culturing at 37°C
until OD600 reached 1.0, cells were induced with
IPTG at a final concentration of 1 mM, followed by
further culturing at 28°C for 4 h.The cells were then
harvested by centrifugation at 8000 rpm at 4°C for
20 min. Crude enzyme was prepared from bacteri-
al cells by resuspending in 1–2 mL lysis buffer
(50 mM NaH2PO4, 300 mM NaCl and 10 mM imida-
zole, pH 8.0), followed by sonication (Ultrasonic
Processor; 60 amplitude, pulses of 6 s, for 2 min) on
ice.The cell debris was then spun down at 10 000 × g
and the supernatant was collected as the cell lysate.
The supernatant containing soluble chitinase was
used for further purification using Ni-NTA resins
according to Qiagen’s protocol. The resin was
washed with washing buffer (50 mM NaH2PO4,
300 mM NaCl and 40 mM imidazole, pH 8.0), and
eluted with elution buffer containing 250 mM imi-
dazole. Fractions containing eluted chitinase were
pooled and concentrated using Vivaspin mem-
brane concentrators (MW cut-off 30 000). Concen-
trated enzyme solutions were divided into aliquots
and kept at –20°C in sodium phosphate buffer,
pH 6.0 containing 15% glycerol for further analysis.

2.5 Chitinase assay

To determine kinetic parameters, enzyme reactions
were set up consisting of 0.4 µg pure enzyme and
0.008–0.7 mM of the substrate, p-NP-(GlcNAc)2, in
100 mM sodium phosphate buffer (pH 6.0), with a
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total volume of 100 μL, unless otherwise stated. Af-
ter incubation at 37°C for 30 min, the reaction was
terminated by adding 10 μL 1 N NaOH, and the
amount of p-nitrophenol released from p-NP-
(GlcNAc)2 was measured by recording absorbance
at 405 nm, using a standard curve for pNP. Before
determining the kinetic parameters, it was estab-
lished that product formation was linear over time
under the conditions of this assay. Reaction condi-
tions were such that the amount of substrate con-
verted was below 20% of the total amount of sub-
strate added, at all substrate concentrations used in
this study. The values of the kinetic constants were
calculated from the Michaelis-Menten plot using a
non-linear curve fitting method (GraphPad Prism 5).

3 Results

3.1 Construction of a library of mutant chitinases

Since chiA genes from B. licheniformis DSM 13 and
DSM 8785 were highly similar with only five base
pairs and three amino acid differences, we decided
to create more diversity in the population of the
genes by error-prone PCR before DNA shuffling.
The chiA genes [14] were first cloned into the
pFLAG-CTS vector and used as templates for er-
ror-prone PCR, using low fidelity buffer conditions.
DNA sequence analysis of a population of the PCR
products revealed that the mutation rate was ap-
proximately 0.3% (which would correspond to
about five point mutations for the chiA gene). The
mutations comprised all types of substitutions (i.e.,
A→G, G→A, T→C, and C→T) and were distributed
over the entire gene.Testing of chitinase activity in
ten randomly picked clones yielded both variants
where the catalytic activity was completely lost and
variants that were still active. For example, one
variant without chitinase activity had four substitu-
tions (Glu157Gly, Ser193Asp, Ala216Val, and

Pro565Ser). These observations suggest that the
error-prone PCR had worked well and could be
used to generate diversity in the enzyme library.

After the error-prone PCR, a library of mutant
chitinase genes was created by DNA shuffling, as
described in Materials and methods. Results from
the key steps in this procedure are depicted in
Fig. 1.The shuffled genes were cloned into pFLAG-
CTS, where they are fused to the E. coli OmpA sig-
nal peptide that directs secretion to the periplasmic
space [14]. This greatly facilitates the screening
process in the next step.

3.2 Screening for improved chitinases

In the primary screening, chitinase activity was
tested by plating transformants on LB agar plates
containing 0.2% colloidal chitin (Fig. 2). Approxi-
mately 60% of the colonies (293 clones) showed en-

Figure 1. DNA shuffling of ChiA. Error-
prone PCR products of ChiA genes
from B. licheniformis strain DSM13 and
DSM8785 were shuffled together. (A)
The results of DNaseI digestion at var-
ious concentrations; M, 25-bp DNA
ladder; 1, DNaseI 0.0 U/μg; 2, DNaseI
0.02 U/μg; 3, DNaseI 0.04 U/μg; 4,
DNaseI 0.07 U/μg; and 5, DNaseI
0.5 U/μg. (B) Products after reassem-
bling using Pfu DNA polymerase. (C)
The shuffled ChiA genes (1.7-kb band)
that have been amplified by PCR in the
presence of specific primers.

Figure 2. Primary screening on agar plate. E. coli transformants were ar-
rayed on an LB/ampicillin plate containing 0.2% colloidal chitin. Colonies
producing active chitinases show a clearing zone, after staining with 0.2%
Congo Red. Positive (+) and negative (–) controls were plated in the trian-
gles in the upper right and the upper left part of the plate, marked with +
and –, respectively. Note that the colonies of the positive control (all ex-
pressing the wild-type pFchi8785) show different halo sizes, indicating
that there is a limited correlation between halo size and enzyme-specific
activity.
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Figure 3. Secondary screening in
microtiter plates. Chitinase activity
was measured for 293 variants, at
three different pH values, using p-
NP-(GlcNAc)2 as substrate. Activi-
ties are expressed as total product
release per hour (μM/mL/h).
Squares, pH 3; circles, pH 6.0, tri-
angles, pH 10.0. The box indicates
the range of activities measured at
pH 6.0 for clones expressing the
wild-type enzymes (in total 293
samples of each of the two wild-
type enzymes were analyzed). Only
trace amount of enzyme activity of
the wild-type enzymes could be de-
tected at pH 3.0 (0.042 μmol/
mL/h), or pH 10.0. (0.030 μmol/
mL/h).

Figure 4. Amino acid sequence alignment of wild-type and mutant B. licheniformis chitinases and ChiA1 from B. circulans. The picture shows the sequences
of recombinant wild-type ChiA from B. licheniformis strains DSM13 (pFchi13) and DSM8785 (pFchi8785) and of the selected mutant pFchi128mt. The se-
quence of the catalytic domain is annotated for secondary structure using the 3-D structure of the catalytic domain of ChiA1 from B. circulans as a template
[27]. α helices and β strands are displayed as squiggles and arrows, respectively. TT and TTT indicate turns. Fully conserved residues are printed as white
characters on black background. Similar but not fully conserved residues are boxed. The amino acid sequences of the three B. licheniformis chitinases start
with the remaining part of the (predicted) leader peptides (see [14] for further details). Residues that have been reported to be important for catalytic activi-
ty of this type of enzymes are numbered without underline [26, 28–31], according to the numbering of the B. licheniformis enzymes. Two diagnostic se-
quence motifs are shown in boxes, above the sequence. The mutated residues in 128mt are marked by underlined sequence numbers. Residues that are
different between the two wild-type enzymes are marked by underlined sequence numbers in italics. ChBD and FnIIID indicate the chitin binding domain
and the fibronectin type III domain, respectively, as predicted by Pfam, [32]). The sequence alignment was made using CLUSTAL W (1.83) multiple se-
quence alignment software [33], then ESPript [34] was linked to display the secondary structure of the template selected (B. circulans ChiA1; pdb code;
1ITX).
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zymatic activity as indicated by the appearance of
a clearing zone. Repetitive plating of the positive
controls showed considerable variation in halo
sizes (Fig. 2), indicating that the halo radius only
gave limited quantitative information about activi-
ty (enzymes purified from cultures inoculated with
wild-type colonies giving large or small clearing zo-
nes had identical specific activities; data not shown).

After the primary screening, 293 positive clones
were picked from agar plates and subjected to sec-
ondary screening in microtiter plates at three dif-
ferent pHs (3.0, 6.0, and 10.0). The results from the
secondary screening are shown in Fig. 3. Since ob-
taining an enzyme with activity at low pH was most
interesting for our application, we picked five
clones from the three plates that showed relatively
high activity at pH 3.0 (43mt, 128mt, 197mt, 199mt,
204mt). These clones were cultured in 10 mL LB
supplemented with ampicillin to confirm enzyme
activity. Enzyme preparations, obtained from cell
lysates, prepared as described in Materials and
methods, were then used to study specific activity
towards colloidal chitin at pH 3.0. Whereas four of

the enzymes showed wild-type activity, one (128mt)
could hydrolyze colloidal chitin better than the
wild-type at pH 3.0 (approximately three times
faster), while showing near wild-type activity at pH
6.0. The 128mt clone contained five residues that
differed from both of the wild types: Ser29 (Asn),
Val234 (Ala), Arg387 (Gln), Ala465 (Val) and
Asn480 (Asp). Two of these mutations (A234V and
Q387R) are in the catalytic domain, two are located
in the fibronectin type III domain (FnIII) (V465A
and D480N) and one (N29S) is located in the re-
maining part of the N-terminal signal peptide of
the chitinase (see legend to Fig. 4 and below for fur-
ther discussion).

3.3 Analysis of an improved enzyme

To further characterize the potentially improved
enzyme, genes encoding the two wild-type ChiA
from B. licheniformis strains DSM13 and DSM8785,
and the gene encoding the 128mt mutant were sub-
cloned into a pFLAG-CTS expression vector such
that a hexa-histidine tag was fused to the C ter-
minus of the enzyme. These recombinant chitinas-
es were designated pFchi8785, pFchi13, and
pFchi128mt. All recombinant enzymes could be
over expressed and affinity purified using Ni-NTA
column chromatography to apparent homogeneity
as shown in Fig. 5. Both wild-type and mutant chiti-
nases showed optimal activity in the temperature
range of 45–60°C, and had an optimal pH for activ-
ity at 6 (data not shown), indicating that the mutant
generally had properties similar to those of the
wild-types. To elucidate in more detail the proper-
ties of each enzyme, Michaelis-Menten type kinet-
ic parameters were determined using p-NP-chito-
biose as a substrate (Table 1). Kinetic parameters
were determined from a subset of the data span-
ning the 0.008–0.18 mM substrate concentration
range because substrate inhibition became appar-
ent at higher substrate concentrations (as is quite

Figure 5. Expression and purification of recombinant chitinases. The pic-
ture shows SDS-PAGE gels stained by Coomassie. All lanes concern purifi-
cation of pFchi13, unless stated otherwise. M, size markers; 1, culture su-
pernatant; 2, cell lysate; 3, flowthrough; 4–6, 40 mM imidazole wash; 7,
eluted pFchi13; 8, eluted pFchi8785l; 9, eluted pFchi128mt.

Table 1. Kinetic parameters of wild-type chitinases and the selected mutant, determined with p-nitrophenyl-chitobiose as a substratea)

Enzyme Km Vmax kcat kcat/Km
(mM) (mM/min) s–1 s–1/mM

pH 3.0
pFChi13 0.10±0.004 0.15±0.004 0.17±0.004 1.69±0.024
pFChi8785 0.11±0.025 0.12±0.033 0.14±0.037 1.36±0.667
128mt 0.06±0.001 0.21±0.059 0.23±0.067 4.10±1.240

pH 6.0
pFChi13 0.06±0.011 0.38±0.113 0.43±0.126 7.55±0.745
pFChi8785 0.03±0.003 0.28±0.063 0.31±0.070 10.30±3.236
128mt 0.03±0.001 0.59±0.172 0.65±0.191 19.40±4.578

a) Assays were carried out as described in material and methods. The SDs were determined from four independent experiments.
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common for this type of chitinases [20, 21]). Kinet-
ic analysis revealed that the 128mt mutant was
more effective in hydrolyzing p-NP-chitobiose
than the wild-type enzymes at both at pH 6.0 and
3.0.The overall catalytic efficiency, kcat/Km of 128mt
was approximately 2.7- and 2.3-fold higher than
the average value for the wild-type enzymes at pH
3.0 and 6.0, respectively.Table 1 also shows that the
two wild-type enzymes have similar properties.
The difference between 128mt and each of the wild
types is larger than the difference between the wild
types.

4 Discussion

An efficient method for directed evolution of chiti-
nases has been established by taking advantage of
the ability to secrete Bacillus hydrolytic enzymes
into the culture medium [14]. Secretion of the chiti-
nases allowed the use of a simple, cheap agar-
plate-based first screening step for pre-selection of
active enzyme variants only.This pre-screening re-
duces the number of more laborious microtiter-
plate-based enzyme assays required subseqently.
Access to such a pre-screen also facilitates the use
of higher mutation frequencies, since inactive mu-
tants are discarded before expensive enzyme as-
says are run. It is important to note that we found
that the halo size did not correlate well with en-
zyme activity, whereas the size of the clearing zone
has been used successfully for estimating enzyme
activity in other publications [22, 23].The different
sizes of the clearing zones could simply be the re-
sult of differences in the expression and/or secre-
tion levels that are caused by local variation on the
(hand-picked) plates or the size of the inocula.
Thus, the simple plate assay described here was
only used to discard clones that did not show any
activity at all. In the second screening we use a mi-
crotiter-plate-based assay that allowed us to screen
for enzyme activity at three different pH values.
Clearly, this screening procedure not only identi-
fies improved variants, but is also affected by mu-
tational effects on and variation in protein expres-
sion and/or secretion. Therefore, clones that
seemed most promising in the microtiter-plate-
based screen were cultured on a larger scale and a
more optimal temperature with respect to expres-
sion for further analysis.This led to selection of one
clone producing an improved chitinase as proven
by subsequent kinetic characterization. The meas-
urement of enzyme activity in microtiter plates has
a number of advantage, mainly because many en-
zyme properties can be screened for at the same
time, as demonstrated in this report, where catalyt-

ic activity at both high and low pH could be
screened for simultaneously. However, a limitation
of the microtiter plate assay is that the plate is not
resistant to high temperature or certain organics
solvent, unless special plates are used [24].

Since the two starting genes were highly similar
(Fig. 4), and since the two wild-type enzymes have
similar properties (Table 1), there was no a priori
reason to include DNA shuffling into the protocol
for diversity generation. We included this step to
demonstrate that it could be implemented in the
new method for directed evolution of chitinases
that we present. Interestingly, the selected mutant,
128mt, is in fact most likely the result of shuffling
of the two wild-type genes (see Fig. 4; residue 22 in
128mt comes from DSM8785, whereas residues 124
and 585 come from DSM13) as well as from the
changes introduced through error-prone PCR.

The chitinases used in this study belong to gly-
cosyl hydrolase family 18 [25] for which there is
ample structure-function information, at least for
the catalytic domain. Thus, it is easy to get an im-
pression of the approximate structural location of
the selected mutations by simply aligning the se-
quence of the B. licheniformis enzymes with a
structure-based alignment of family 18 chitinases
(as in for example Horn et al. [6]) or by aligning the
B. licheniformis enzymes with the closely related
chitinase ChiA1 from B. circulans for which the
structure is known (Fig. 4). The 128mt mutant con-
tains two mutations in the catalytic domain (A→V
at position 234 and Q→R at position 387). Inspec-
tion of the ChiA1 structure showed that the A234V
mutation affects the C-terminal end of helix four in
the (β/α)8 barrel of the catalytic domain and is thus
located on the side of the barrel that is opposite
from the active site. Inspection of the ChiA1 struc-
ture further suggested that residue 234 may be in-
volved in the interaction between helix four and
helix three of the barrel and this interaction may be
affected by the mutation.The other mutation, at po-
sition 387, is located in the so-called α+β domain
that is inserted in the (β/α)8 barrel between strand
seven and helix seven [26]. Residue 387 is likely to
be positioned on the surface of the protein and
point into solution on a side of the α+β domain that
is not in contact with the substrate. Inspection of
the ChiA1 structure suggested that a change from
Gln (or Thr as in ChiA1) to Arg at this surface-lo-
cated site far from the catalytic center would have
no effects other than the charge difference. All in
all, there are no obvious explanations for the ob-
served mutational effects, as is often the case for
mutants coming out of directed evolution experi-
ments [23, 25, 33]. Probably, the changes in activity
are caused by effects that are difficult to capture by
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structural inspection, such as subtle long-range
structural changes and changes in dynamics (con-
ceivable for the Ala 234→Val mutation) or changes
in long-range electrostatic effects (conceivable for
the Gln 387→Arg mutation).

The 128mt variant also had two mutations
(V465A and D480N) in the FNIII domain, which,
remarkably, are the same amino acid substitutions
found in ChiA1. A priori, mutations in the FNIII do-
main are not expected to affect activity towards the
small oligomeric substrate pNP-chitobiose, but
they may affect activity towards certain forms of
chitin [31, 32]. Further studies are necessary to
study whether this is the case. FNIII domains tend
to interact strongly with the catalytic domains as
shown by the crystal structure of chitinase A from
Serratia marcescens, which has an FNIII domain
coupled to the N terminus of the catalytic domain
[26]. So, at least in the case of chitinase A, it is pos-
sible that mutations on the FNIII domain have sub-
tle effects on the catalytic center itself and, thus,
perhaps on activity towards pNP-chitobiose. Un-
fortunately, there is no such structural information
for a family 18 chitinase with a C-terminally locat-
ed FNIII that could shed light on the situation for
the B. licheniformis enzymes.

Generally, rationalizing the outcome of directed
evolution experiments is often difficult. Selected
mutants with beneficial properties often contain
several mutations with no obvious structural and
functional implications. Clearly, the selection for
non-obvious but useful mutations is one of the
powers of directed evolution.The latter is also illus-
trated by the present study, where a simple and
straightforward procedure for expression, muta-
tion and selection of chitinases resulted in identifi-
cation of a mutant with improved properties after
screening less than 600 colonies only. The method
described in this study can be used for directed
evolution of chitinases and other hydrolytic en-
zymes in the future.
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