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ABSTRACT

This project involves the research and development of enzyme chitinase for industrial application,
especially for the hydrolysis of chitin waste from shrimp shell that has been discharged in a large amount from
frozen shrimp processing factory, which is one of the key agricultural sectors that generated high income for the
country. The project started from identifying an appropriate source of the enzyme, i.e., bacteria Bacillus
licheniformis strain DSM 8785 and DSM 13. Then, genetic engineering approached based on: polymerase chain
reaction (PCR) technique was used to clone the genes of these enzymes. Subsequently, the enzymes were
produced by using E. coli expression system. In this research we were able to develop an efficient method for the
production of high amount of pure and active enzyme. Analysis of purified recombinant enzymes both by
bioinformatic method and biochemical characterization revealed that the enzymes are highly attractive for
various bictechnological applications. These include bioconversion of chitin waste from shrimp shell into value-
added prqducts such as N-acetylglucosamine sugar or chito-oligosaccharides. Moreover, we also succeeded in
applying DNA shuffling technique that has been developed in our laboratory for the development of enzyme
property using directed evolution techaigue. The improved chitinase showed 2.7-fold higher activity at low pH
(3.0) than the wild-type enzyme. This enzyme will also be beneficial for bioprocessing of chitin in an industrial
scale in the future. In addition to three recombinant enzymes that are appropriate for industrial uses, the cutcomes
from this project also included two publications in international journals as well as parts of one master thesis and

cutput of one postdoctoral researcher.
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Directed evolution of a Bacillus chitinase
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Chomphunuch Songsiriritthigul’, Putarika Pesatcha?, Vincent G.H. Eijsink® and Montarop Yamabhai?
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Chitinases have patential in various industrial applications including bioconversion of chitin waste
from crustacean shells into chito-oligosaccharide-based value-added products. For industrial ap-
plications, obtzining suitable chitinases for efficient bioconversion processes will be beneficial. in
this study, we established a straightforward directed evolution method for creating chitinase vari-
ants with improved properties, A library of mutant chitinases was constructed by error-prone PCR
and DNA shuffiing of two highly simitar (99% identical) chitinase genes from Bacilius licheniformis.,
Activity screening was done in two steps: first, activity towards colloidal chitin was screened for on
culturing plates (halo formation). This was followed by screening activity towards the chitotriose
anzlogue p-nitrophenyl-B-1,4-N,N'-diacetyl-chitobiose at various pH in microtiter plates. From a
medium-throughput screening (517 colonies), we were able to isolate one mutant that demon-
strated improved catalytic activity. When using p-nitrophenyl-p-1,4-N,N'-diacetyl-chitobiose a3
substrate, the overall catalytic efficiency, k /K, of the improved chitinase was 2.7- and 2.3-foid
higher than the average k, /K of wild types at pH 3.0 and 6.9, respectively. The mutant contained
four residues that did not occur in either of the wild types. The approach presented here can eas-
Hly be adopted for directed evolution of suitable chitinases for various applications.

Keywords: Bacillus licheniformis - Chitinase - Directed evolution - DNA shuffling - Error-prone PCR
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tooligosaccharides of different lengths, which are

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 B-1,4 N-glycosidic bond. Endechitinases cleave
randomly at internal sites of chitin, generating sol-
uble low mass multimers of GlcNAc¢ such as chi-
iotetraose, chitotriose, and chitobiose [2, 3]. Chiti-
nases have potential in various industrial applica-
tions, including degradation of chitin into chi-
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Abbreviation: GlcNAc, N-acetylglucosamine; GH, glycosyl hydrolase;
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Chitin binding domain; Fniil, fibronectin type 11 domain
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useful in food and pharmaceutical applications [4,
5i. 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 landfili, 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 producis [6]. The
process of extracting chitin from crustaceans re-
guires the use of HCl to extract minerals and NaQH
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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ving protein and enzyme properties [8]. One
nt: technology termed directed evolution,
‘the natural selection process, where genes
volved through recursive rounds of mutation,
ombination, and selection [9]. One of the most
it methods used to direct the evoluticn of
ing is DNA shuffling [10]. This method allows
ch larger spectrum of diversity to be generat-
n by natural recombination or mutational
chamsms because two or more homologs from
wultiple species in different ratios are used for re-
ination [11, 12]. Successful applications of
‘shuffling and other directed evolution tech-
mes for the improvement or alteration of pro-
‘and enzymes for various purposes have been
eported. [9, 13]. Application of this technology for
the improvement of chitinases for bioremediation
ioconversion of chitin waste is attractive. One
e key issues is to develop methods that permit
h-throughput screening of chitinase properties
asonable costs.

‘this study, we have established a simple
eening method that permits relatively straight-
ard directed evolution of chitinases. The
od uses FLAG vectors that direct secretion of
hitinase. For testing the method we used a
Tis chitinase for which we previously demon-
ed efficient expression and secretion in E. coli
14]: Starting off with two almost identical chitinase
nies: {chid) from Bacillus licheniformis (sirains
SM13 and DSM8785), a mutant library was con-
ucted by a combination of error-prone PCR and
NA shuffling To demonstrate the feasibility of the
ad, we performed a medium-throughput
creening, which yielded one mutant with im-
roved catalytic activity.

aterials and methods
Bacterial strains and growth conditions

icheniformis DSM13/ATCC 14850 [15], and
MB785, which were used as the templates for
hitinase genes, were obtained from American
e Culture Collection and Prof. Dietmar Haltrich,
pectively The bacteria were grown and kept in
1 medium at 30°C. E. coli strains TOP 10 were used
Host for library construction and protein ex-
ssion. E. coli strains were culfured in Luria-
ertant (LB) medium at 37°C with shaking.

© 2009 Wilay-¥CH Verfag GmbH & Co. KGaA, Weinheim
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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 (chidl3, GenBank accession number
AATI21943, & 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 dATE 0.2 mM
dGTPE 1.0 mM dCTP 1.0 mM dTTE 2.9 mM MgCl,,
0.15 mM Mn(Cl,, 5 U Tag DNA polymerase (New
England BioLabs), 1x Taq DNA polymerase buffer,
and 0.3 uM of each of the primers: chiHind3 (5'-
CTGTGCAAG CTTTTGTCATGTTGCTGA GCT
TGT CAT TTG-3) and chiXhel (5'-CTG TGC CTC
GAGTCCATTTGACTTTCT GTT ATT CGCAGC
CTC-3").The reactions were runin a PCT-200 Pelti-
er Thermo cycler (M] 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 Xit (Qiagen}.

2.2.2 DNA shuffling

The second part of evolution invelved the shuffling
of the mutant genes from the first step according o
Joern TM [17]: approximately 5pg of each PCR
product (Erl3 and Er8785) were digested with 0.1 T
DNasel (Fermentas) in 50 mM Tris-HCl pH 7.4,
10 mM MnCl, 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 polyacrytamide gel, follow-
ing the Crush and Soak method [18]. Fragment re-
assembly and PCR amplification of reassembled
products were done according te previously pub-
lished protoco} [19]. The purified SH13/8785 prod-
ucts were then cloned into the pFLAG-CTS vector
and the constructs were transformed inic 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 martant chitinases was done such that the
mature enzymes were fused with E. coli OmpA sig-
nal peptide of the pFLAG-CTS {sigina) 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 pg/mL of ampicillin
and I mM isopropyl-B-p-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-
g0 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 (pFchil3 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% glyceral 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 controil were inoculated into 0.5 mL LB
medium containing 100 pg/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 ug/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
coliect the cells. The cells were resuspended in
50 pL cold (4°C) spheroplast buffer (100 mM Tris-
HCi, pHE 8.0, 0.5 mM EDTA, 0.5 mM sucrose, and
20 ug/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 pL cold sterile
water supplemented with a protease inhibitor
(PMSE from Sigma), The cell suspension was incu-
bated fer 45 s on ice and subsequently mixed with
1.67 pL 20 mM MgCl,. This procedure yielded a
periplasmic extract of nearly 60 gL 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 pL periplasmic fraction was
added to 100 pL 0.18 M p-NP-(GlcNAc), in 50 mM
buffer (glycine-HCl, pH 3.0; sodium phosphate,
pH 6.0, and giycine-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 pL 1 N NaQH,
and the amount of p-nitrophenyl released from p-

@ 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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NP-(GicNAc), 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 chiéH¥ho
(5'-GCA CAG CTC GAG TCA GTG GTG GTG GTG
GTG GTG TTC GCAGCCTCC 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 5, 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 Topl0. Transformants containing the correct
constructs were cultured in LB medium overnight
before transferring into 500 mL LB medizm con-
taining 100 pg/mL ampicillin. After culturing at 37°C
until 0D 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
26 min. Crude enzyme was prepared from bacteri-
al cells by resuspending in 1-2 mL lysis buffer
{50 mM Nat,70,, 300 mM NaCl and 10 mM imida-
zole, pE 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 10000 x g
and the supernatant was collected as the cell tysate.
The supernatant containing soluble chitinase was
used for further purification using Ni-NTA. resins
according to Qiagen’s profocol. The resin was
washed with washing buffer (50 mM Nall,?C,,
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 30 600). Concen-
trated enzyme solutions were divided into aliquots
and kept at -20°C in sodinum 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 pg pure enzyme and
0.008-0.7 mM of the substrate, p-NP~(GlcNAc),, in
100 mM sodium phosphate buffer (pH 6.0}, with a
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_fotal volume of 100 pL, unless otherwise stated. Af-
incubation at 37°C for 30 min, the reaction was
srminated by adding 10 uL 1 N NaOH, and the
amount of p-nitrophenol released from p-NP-
cNAc), was measured by recording absorbance
405 nim, vsing a standard curve for pNP Before
d‘etéi‘inining the kinetic parameters, it was estab-
s'hed that product formation was linear over time
‘under the conditions of this assay. Reaction condi-
ions were such that the amount of substrate con-
rted was below 20% of the total amount of sub-
rate added, at all substrate concentrations usedin
his study. The values of the kinetic constants were
ulated from the Michaelis-Menten plot using a
n-Hnear curve fitting method (GraphPad Prism 5).

Results
Construction of a library of mutant chitinases

ince chid genes from B. licheniformis DSM 13 and
M: 8785 were highly similar with only five base
5 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] werxe first cloned into the
ﬁpFLAG CTS vector and used as templates for er-
prone PCR, using low fidelity buffer conditions.
DNA seguence analysis of a population of the PCR
products revealed that the mutation rate was ap-
ximately 0.3% (which would correspond to
ot five point mutations for the chid gene). The
“Mhutations comprised all types of substitutions (i.e.,
ASG GoA, T—C and C—T) and were distributed
*the entire gene. Testing of chitinase activity in
en randomly picked clones yielded both variants
re the catalytic activity was completely lost and
ants that were still active. For example, one
Z'Varlant without chitinase activity had four substitu-
tions  (Glul57Gly, Seri93Asp, Ala216Val, and
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Figure 1. DNA shufiling of ChiA. Error-
prone PCR products of ChiA genes
from B. ficheniformis strain DSM13 and
DSMET85 were shuffled together, {A}
The results of DNasel digestion at var-
jous concentrations; M, 25-bp DA
ladder; 1, DNasel 0.0 Ufpg; 2, DNasel
0.02 Ujpg; 3, DNaset 0.04 Ufug: 4,
DNaset 0.07 Ufpg; and 8, DNasel

0.5 Ujpg. {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.

Pro5655er). 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 methoeds. 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 plaies
containing 0.2% colloidal chitin (Fig. 2}, Approxi-
mately 60% of the colonies {293 clones) showed en-

Figure 2. Primary screening on agar plate. £, cofi transformants were ar-
rayed on an LB/ampicillin piate containing 0.2% colloidat chitin. Colonies
praducing 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 pFchi8?85) show different halo sizes, indlcating
that there is 2 limited correlation between halo size and enzyme-specific
activity,
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Figure 3. Secondary screening in
microtiter piates. Chitinase activity
was measured for 293 variants, at
three different pH values, using p-
NP-(GleNAc), as substrate, Activi:
ties are expressed as total product
release per hour {UM/mLfh).
Squares, pH 3; circles, pH 6.0, tri-
angles, pH 10.0. The box indicates
the range of activities measured at
pH 8.0 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 wmol/

4 mifh), or pH 10.0. (0.03C pmolf
mb/h).

TR
WIm Wi 283mt

retanit

e pmeseags | e ‘ E-Li=ty Tt

Hargaas oY LR S MIIA Y CREEL] Husararasizwii-Hucuraril -+ 5T TR S O T LT o [ v B RS
FErE SYYPTHERYCREp vl Hiznya¥soeuicincurnriy Bruficoo Rl EllrncT 1viicorut o3 riShaco g 5
SEm rypsuiyyarip oM FhitaiyaeanscuilsHigurasy] Bruflzoiiepl s ClsnetIvillenrurpiepn dar £

= v sy uen. RENTATAD IEubclincnr DT it ufizanlniamg: bar HE Yy rvileorarrnide it il
T

§6 53 5§ 1o 1e4 s
———

DXXDXDEE
RAspAnAnaazanAnamannAng

s B2 0

2 - e Ll = e : L i
BN HARRr AR AN LRI O DV LPNE TP YA G0 5 U RS AP LD Kt KIREAETA Y T RLTIASGAT LYY
L kLl RsavelrLiax T ACVDLOWEY SVSECLHER, TR PR L ALY ALY HILLEXASCANLLY
e Lt LY RSAVIIrLRR I HCVDLDMETT ¥ EG SN, PEDK] EVRIKLIFEa L T L LTINS CAS LR
Ads N asHr Al s aVIF1RA Y SF DO VELOWR YTV AG LIRS HAPTD L] ek [3 lu:.nn (42 Ex BTErrIazchs Ao ¥F)
234

D.circulans
2.clrculane 33
LBTRY
preuiis 13
preNLIZtar 19

& ¢ i

[als)

——— apaan

onazanazae

B.clrzulane 163 YWERS T Bz v us s INRE SO VAR
P T PR P W 01 M e T v I LK S [T SV GOW T WS XA S DA R
prendty EE R 3021 E3HLK [ISVGENTHENREID YRS
Pprehildiat 1t i HIEVEEN TV ENRFITOAX,

QRohs  pARAfAARAApRAnSAAl

Bociroulann

164 200 204 234
R ARAANZL e o sonoa anaraapnsnn P —. POy — Cpe—eiannann
B.elrculans 262 A IRV DMINIHT IO Y HGEINCRI 2 SARHAP L TR FINAERIA QNP1 ITELAG ﬁQELh A PrXcRGNESCLLENE BRI e
ProRITIY 258 BRI ARHVEWI] THewot 1 sannAr i ropiiatEiadveBlatls a ARSI GV HeryenewbseEEisr3vors
preni 13 254 AR aarh ' EveR e sarnxri il or Halais ove Bl IR h i 43 WETYGROMEICIROIG LA LY .
Prehilzesy 258 HerarHuvnurwruTyorechivoljrsannapa firorpaitdacv g TR it prycnouBscfhdtatiztirofisN
271 £
zbo
S.circulans Tyee—es  eesspnpo e 20020020000408 e 23 RAGSAAALD ,
5. cireulane 382 X] HaruEoMARYPEL L Y AT sEEIr 2 f e o.0f 35000 e BY (s H [FAsGOEIRIT I i BlaDz| W r r FEEER
T Tl oy [k Y n ik vedryuaninEir apiy pos g sln s Bt WIS LEY Mlzcefecter Bext A T 3
preally 71 ¢ fayu o AP Y ATy nooten T e 2 1Y Weti fpeaniuiizri ARLEEOFARKAGHPE |
presiilae 377 Bnywepaxyplicymarisidlirsyrooi [ir2ptdrsd) & e by drxcBiab Bt S-Sl
35!! £51
ChBD
A.cieculan . .
n,cdreuians 503 v 7=A1Ea LARBTETE
pPahiSTES 438 - AHCRUAFNIR I T AL
prenLLy €55 L SEEREATRE T EAK YW
prehilites 495 « - CHERCADIERVIRARR K

a,efeculans o o P P .

,efreubane 628 T yRARER AUV S AACHANE TN TAALTTRMG Y S AT ATTRSOLY S THERTY
PrCREFINS 577 TEIDARSIT cieassmannr e ERJOHEMRLIGE ity can AZIEH,
FHehild 571 TAGPRPHOE PR I Ju kv LS B

Prenilaimt 547 InopREEE R P DN 1 - SR

Figure 4. Amina acid sequence alignment of wild-type and mutant 8, licheniformis chitinases and ChiAl from B. circulans. The picture shows the sequences
of recombinant wild-type Chid from 8. lichenifarmis strains DSM13 (pFchi13) and DSMB785 {pFchi8785) and of the selected mutant pFehii28mt. The se-
quence of the catalytic domain is annotated for secondary structure using the 3-D structure of the catalytic domain of ChiAl from B, circulans as a template
[27). ot helices and B strands are displayed as squiggles and arrows, respactively. 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. ficheniformis 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 Lype af enzyrnes are numbered without undeding [26, 28-31], according to the numbering of the B, lichenifarmis 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 ftafics, ChBD and FnlitD indicate the chitin binding domain
and the fibronectin type (1 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, circulars ChiAY; pdb code;
UTX).
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Figure 5. Expression and purification of recombinant chitinases. The pic-
nare shows SDS-PAGE gels stained by Coomassie. All lanes concern purifi-
cation of pFchill, uniess stated otherwise, M, size markers; 1, culture su-
pematant; 2, cell lysate; 3, flowthrough; 4-6, 40 mM imidazole wash; 7,
eluted pFchil3; 8, eluted pFchiB7850; 9, eluted pFchil28mt,

zymatic activity as indicated by the appearance of
a clearing zone, Repetitive plating of the positive
controls showed considerable wvariation 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 atlow pH was most
interesting for our application, we picked five
clones from the three piates 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

Biotechnol. . 2008, 4, 501509

the enzymes showed wild-type activity, one {128mt)
could hydrolyze coloidal 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
Asnd80 (Asp). Two of these mutations (A234V and
(Q387R) are in the catalytic domain, two are located
in the fibronectin type I domain (Fnlll} (V465A
and D480ON} and one (N298) 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, pFchil3, and
pFchil28mt. 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 detall 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

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

Enzyme Km vrnn! kcﬂl‘ kcathm
{mM} (mM/min) s 57 mM

pH 3.0

pFChil3 0.10£0.004 0.15+0.004 0.17+0.004 1.69£0.024

pFChi8785 ¢,1120.025 0.12+0.033 0.314+£0.037 1.360.667

128mt .06£0.001 0.2120.058 0.23+0.067 4,10=1.240

pH 6,0

pFChil3 0.06x0.011 0.38x0.113 0.43+0.126 7.55+0.745

pFChig785 {.03=0.003 0.28+0.063 0.31+£0.070 10.30+3.236

128mt 0.03x0.001 0.59+0.172 0.65£0.1%1 19.40x4.578

% Assays were carried out a5 described in material and methods, The SDs were determined from four independent experiments.

505 ® 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Biotechnal. |. 2009, 4, 501509

comuon 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, k_, /K, 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 subsegently
Access to such a pre-screen alse 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 halc 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 screecned for at the same
time, as demonstrated in this report, where catalyt-
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ic activity at both hkigh and low pH could be
screened for simultanecusly 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 generatiorn. 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 ef al. {6]) or by aligning the
B. licheniformis enzymes with the closely related
chitinase ChiAl 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 ChiAl structure showed that the A234V
mutation affects the C-terminal end of helix fourin
the (B/u), barrel of the catalytic domain and is thus
located on the side of the barrei 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 mutaticn. The other mutation, at po-
sition 387, is located in the so-called o+f domain
that is inserted in the (B/a), barrel between strand
seven and helix seven [26]. Residue 387 is likely to
be positioned on the surface of the protein and
point into seiution on a side of the ¢+ domain that
is not in contact with the substrate. Inspection of
the ChiAl structure suggested that a change from
Gln (or Thr as in ChiAl) 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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wiructural inspection, such as subtle long-range
structural changes and changes in dynamics (con-
atvable for the Ala 234-»Val mutation) or changes
1 long-range electrostatic effects (conceivable for
‘the Gln 387—Arg mutation),

' The 128mt¢ variant also had two mutations
(V465A and D48ON) in the FNIII domain, which,
remarkably, are the same amino acid substitutions
‘ound in ChiA1. A priori, mutations in the FNIII do-
‘main are not expected to affect activity towards the
emall oligomeric substrate pNP-chitobiose, but
‘they may affect activity towards certain forms of
‘¢hitin [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
‘Serratic 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 FNII 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 heneficial 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-
zZymes in the future.
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Chitinase (EC 3.2.1.14) is an enzyme with muitiple industrial applications, These include bioconversion of
chitin waste, a highly resistant and abundant biopalymer from crustacean food industry, into glucosa-
mine and chito-oligosaccharide value-added products. This paper reports on the expression of endoch-
itinase (ChiA} from Becillus licheniformis strain DSM8785 in E coli and tharacterization of the
recombinant enzyme. Recombinant ChiA could efficiently convert colloidal chitin to N-acetyl glucosa~
mine and chitobiose at pH 4.0, 6.9 and 9.0 at 50 °C and retainad its activity up to 3 days under these con-
ditions, suggesting that this enzyme is suitable for bicconversion of chitin waste,

@ 2070 Elsevier Ltd. All rights reserved.

1. Introduction

Chitin (-14 linked N-acetylglicosamine) is the major struc-
tural polysaccharide in insects, crustaceans, and fungi: therefore,
it is one of the most abundant biopolymers on earth, Each year, a
vast amount of chitin waste is released from the aquatic food
industry in Thaifand, where crustaceans (prawn, crab, shrimp
and lobster) constitute one of the main agricuitural products. This
creates 3 serious environmental probiem, because chitin is very
difficult 0 biodegrade (Hayes et al, 2008ab). Chitinases (EC
3.2.1.14} are enzymes that hydrolyze chitin hy cleaving its 5-1,4
N-glycosidic bond (Coutinho and Henrissat, 1999; Fujita et al.,
2006), and endo-chitinases cleave randomly at internal sites of chi-
tin, generating soluble low mass multimers of GlcNAc such as
chitotetraose, chitotriose, and chitobiose (Howard et al., 2003),
One of the potential applications of these types of enzymes is for
the bioremediaticn and bioconversion of chitin wastes from food
processing industry into pharmacological active products, namety
N-acetylgtucosamine (NAG) and chito-oligosaccharides (Hayes
et al, 2008a.b; Horn et al., 2008). Production of chitin derjvatives
with suitable enzyme is more appropriate for a sustainable
environment than using chemical reactions. in addition, they can
be used as anti-fungal agents (Tsujibo et al,, 2003} and for the
preparation of protoplasts of filamentous fungi (Dahiya et al,
2008). Potential roles of chitinase in bio-control of insects and

* Corresponding author, Tel.: +66 44 224152 4; fax; +56 44 224150,
E-mail address: montarop@sutac.th (M. Yamabhai},

0560-8524/§ - see front matter ® 2010 Elsevier Ltd, All rights reserved,
doi:10,1016fj.biortech.2010.01.036

maosquitoes and in production of single cell protein (5CP) have also
been suggested (Dahiya er al., 2008; Hayes et al., 2008a,b), Thus,
there have been many reports en cloning, expression and charac-
terization of chitinases from various organisms, including bacteria, )
fungi, plant and animals (Dahiya et al, 2006; Howard et al., 2003).

B. licheniformis strain DSM 8785 has been used extensively in
industry for the production of various enzymes and metabolites
(Schallmey et al., 2004; Veith et al., 2004); however, the chitinases
from this bacterium have apparentty not been studied. This article
describes the cloning; expression and characterization of recombi-
nant chitinase from 8. ticheniformis strain DSMB785 asing an Esch-
erichic coli expression system, The N-terminus of the mature
enzyme was fused with the £ coli OmpA signal peptide, allowing
the secretion of the enzyme into the periplasmic space; its Coter-
minus was fused with a hexa-histidine tag to facilitate affinity
purification using immobilized metal affinity chromatoagraphy
(IMAC). Characterizaticn of its biochemical properties suggested
that this recombinant B. licheniformis chitinase is appropriate for
various industrial applications, including bicconversion of colloidal
chitin into N-acety! glucosamine and chitabiose.

2. Methods
2.1. Bacterial strains and growth conditions

B, lickeniformis DSM8785, which was used as the source of
chitinase gene, was obtained from DSMZ; German Collection of
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rganisms and Cell Culture (Braunschweig, Germany}. E. coli
TOP10 (Invitrogen) was used as a host for cloning and pro-
pression. E. coli was cuitured in Luria-Bertani (LB} medium
C with shaking.

'ﬁaration of colloidal chitin

alloidal chitin was prepared according to the modified method
imahara and Takiguchi (1888). Ten grams of chitin flakes from
‘shells (Sigma-Aldrich, €9213) were mixed with 200 ml con-
-ated HC on ice with vigorous stirring for 3-4 k and continued
ncubatmn on ice overnight. Then, the mixture was filtered through
heesectoth and dropped slowly into 600 ml of 50% ice-cold etha-
with rapid stirring on ice. Then, the colloidal chitin was coil-
d by centrifugation at 8000g, for 30 min at 4 °C and washed
seral times with tap water until the pH was neutral (pH 7.0).
Hatively the filtrate was re-filtered with suction through
tman Ne. 1 filter paper and washed with water until the wash-
olution was neutral. The colloidal chitin was kept at 4 °C until

Molecular cloning of B. licheniformis ChiA gene

The oligonuciectide primers for the cloning of the ChiA gene
: ‘B, licheniformis strains DSMB8785 were designed from the
‘genomic database of B. licheniformis strains DSM13 (Rey et al.,
2004}, according to the DNA sequence of gene, YvbX (NCBI Acces-
n Number AAUZ1943,2), which are hypothetical protein for Gly-
‘coside Hydrolase (GH) family 18. To clone the gene of mature ChiA,
a single colony of B. licheniformis strain DSM8785 was boiled in ul-
“ra pure water and used as the tempiate for amplification. The gene
‘was'amplified by Pfu DNA polymerase using chillind3 (%-CTG TGC
G CIT TTG TCA TGT TGC TGA GCT TGT CAT TTG-3') and chibHX-
ho (5-GCA CAG CTC GAG TCA GTG GTG GTG GTG GTG GTG TIC
GCA GCC TCC GAT CAG €CC CC-3') as primers. The reverse primer
‘conifains a hexa-histidine tag for affinity purification of the recom-
biriant ChiA. The PCR thermal profite consisted of an initial dena-
‘turation at 95 °C for 2 min, followed by 30 cycles of 95°C for
455, 56 °C for 55 3, and 72 °C for 2 min, followed by final extension
Step at 72 °C for 1¢ min. The gene was then cloned inte the Hind I
and Xho | sites of the pFLAG-CTS vector {Sigma, 5t. Louise, USA}
such that the native signal peptide of B. fickeniformis ChiA was re-
Pplaced by the E. coli OmpA signal peptide to facilitate the secretion
of the recombinant enzyme as previously described (Yamabhai
et'al., 2008). The integrity of the construct was confirmed by auto-
mated DNA sequencing (Macrogen, Korea). The construct was
transformed into E. coli strain Top 10 for expression of the gene
in'the next step,

24 Structural based sequence alignment

Multiple sequence alignment was dene by CLUSTALW (Larkin
et al,, 2007) followed by ESPript {Gouet et al., 2003) to display
the secondary structure of the template seiected.

2.5, Protein expression and purification

To express the recombinant B, licheniformis ChiA, a single colony
of E. ¢oli Top10 harbouring recombinant plasmid was grown at
37°C in Luria Bertani (LB) medium containing 100 pgfmi ampicil-
lin unti} ODgga reached approximately 1.5, After that, the culture
was cooled down to 25 °C before chitinase expression was induced
by the addition of 1mM isopropyl thio-f-p-galactoside (IPTG).
After continuing incubation at 25 °C for 18 h the cell pellet was col-
lected by centrifugation at 4500g for 45 min. The freshly-prepared
cell pellet was resuspended in 10 ml of lysis buffer (20 mM Tris-
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HC) buffer, pH 8.0, containing 150 mM NaCl, 1 mM phenylmethyl-
sulphonyt fluoride (PMSF), and 1.0 mg/ml lysozyme), then lysed on
ice uvsing an Ultrasonic Processor; 60 amplitude, pulser 65, for
2 min, Unbroken cells and cell debris were removed by centrifuga-
tion at 12,000g for 30 min. The supernatant was immediately ap-
plied to a Ni~-NTA agarose affinity column contzining 1-2 mil of
bed volume (QIAGEN GmbH, Hilden, Germany), and the chroma-
tography was carried out gravitationzally at 4 °C, following the Qia-
gen's protocol. The column was washed two times with 50 ml of
wash buffer (20 mM Tris~HC] buffer, pH 8.0 and 150 mM Na(l}
containing 5 mM and 20 mM imidazole, respectively, Ni-NTA-
bound epzyme was eluted with 250 mM imidazoie in the same
buffer, The eluated fractions were then centrifugally dialyzed using
Vivaspin-20 ultrafileration membrane concentrators (M; 10,000
cut-off, Vivascience AG, Hannover, Germany) to rermove imidazole.
The enzyme was stored at —25 °C in the presence of 20% glycerol
until used. The level of purification was calculated from the specific
activities (Unit/mg protein} of the purified enzyme and crude en-
zyme preparation, using p-NP-chitobiose as substrate {Howard
et al,, 2003).

2.6, Determination of protein concentration

Protein concentrations were determined by the method of Brad-
ford (Bradford, 1976}, according to the manufacturer's protocol
(Biorad). The standard calibration curve was constructed frem 0
to 10 pg of Bovine serum aibumin (BSA).

2.7, SDS-PAGE analysis and Zymogram

Ten microliter of purified enzyme {3 g) was analyzed on a 12%
SDS-PAGE, according to the method of Laemmli (1970} The
protein samples were mixed with gel loading buffer containing
p-mercaptoethanoi before loading. Protein bands were visualized
by staining with Coomassie britliant blue R-250, The molecular
weight markers were from Amersham Pharmacia Biotech {Amer-
sham Biosciences, Piscataway, NJ, USA). Zymogram was performed
as previously described {Yamabhai et al., 2008).

2.8, Chitinase activity assay using p-NP-chitobiose (p-NP-{GlcNAc)z)

The relative activity of the chitinase was determined by pre-
incubating 0.5 mM of p-NP-chitobiose in 0.1 M phosphate buffer,
pH 6.0 at 37 °C {or 50°C) for 5 min with constant agitation in a
Thermomixer comfort (Eppendorf AG, Hamburg, Germany). After
adding t ug of the purified enzyme (0.015 nmol), the reactien
was incubated at 37 °C with shaking for 30 min (standard assay
conditon) or at 50 °C for 10 min, then terminated by adding 50 pi
of 1M NaOH into 100 pt of enzyme reaction at 50 °C or 37 °C,
depending on the assay condition. The amount of p-nitrophenol re-
leased from p-NP-(GlcNAC), was detected by measuring the absor-
bance at 405 nm, using a standard calibration curve constructed
with varying concentration of p-NP from 0 to 30 nmuol.

One unit of enzyme is defined as the amount of enzyme that lib-
erates 1 pmol p-NP per minute under the experimental conditions.

2.9, Effect of pH and temperature on enzyme activity

The aptima! pH of the chitinase activity was measured between
pH 2.0-12.0 under standard assay conditions, using 100 mM of
each buffer: phosphoric-phosphate (pH 2.0-3.0), glycine-HCI (pH
2.0-4.0), acetate {pH 4.0-6.0), potassium phosphate (pH 6.0-8.0),
Tris-HCl (pH 7.0-9.0) and glycine-NaOH (pH 9.0-12.0). To deter-
mine the pH stability of chitinases, the enzyme samples were incu-
bated at various pH values using the same buiffer system at 20 °C
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for 30 min or 18 h, and then the remaining enzyme activity was
measured at 37 °C under the standard assay condition.

The optimum temperature of chitinase activity was studied by
incubating the enzyme samples with the substrate at temperature
ranging from 0 to 100 °Cin 100 mM phosphate buffer pH 6.0. Ther-
maj stability of the enzyme was determined by incubating the en-
zyme samples in 100 mM phosphate buffer, pH 6.0 at varous
temperatures ranging from 0 to 100°C for 30 min, then the
remaining enzyrne activities were measured under standard assay
conditicns,

In addition, the residual enzyme activities after incubation in
100 mM phosphate buffer, pH 6.0 at 50 °C without substrate at 0,
0.5, 3, 6, 24, 48, 96 and 120 h were assayed at 37 °C under standard
conditions.

2.10. Chitinase activity assay using colloidal chitin

To determine chitinase activity using colloidal chitin as sub-
strate, the reaction containing 300 ul of 10 mg/m! colloidal chitin
in 0.1 M phosphate buffer pH 6.0 was mixed with 75 ul of the buf-
fer and pre-incubated for 30 min (at 37 *C or 50 °C}. Then, 25 pl of
1.0 mg/ml of purified enzyme was added and further incubated at
37 °Cor 50 °Cfor 30 and 10 min, respectively. The reaction was ter-
minated by boiling ar 100 °C for 10 rin. Then the reaction mixture
was centrifuged at 12,000z for 5 min to precipitate the remaining
chitin, The reducing sugar liberated in the enzyme reaction was as-
sayed by mixing 100 pl of the supernatant with 100 il of 3,5-
dinitrosalicylic acid {DNS) solution, beiling at 100 °C for 20 min,
cooling on ice and measuring the absorbance at 540 nm, using a
standard curve constructed with varying concentration of N-ace-
tylglucosamine (NAG, or G1) or {di-N-acety! chitohiose, or G2).

2.11. Kinetic analysis

Enzyme kinetic parameters were determined by setting up
reaction mixture consisting of 0.4 pg pure enzyme and 0.008-
0.7 mM of p-NP-{GIcNAc), and assaved under standard conditien
at 37 °C as previously described (Songsiriritthigu! et al, 2009).
The kinetic constants were calculated by nonlinear regression,
and the obrained data were fitted to the Henri-Michaelis—-Menten
equation (GraphPad Prism 5).

2.12. Hydrolytic analysis by TLC

Hydrolysis of chito-aligosaccharides (G2-GE) was carried out in
& 30-pl of reaction mixture, containing 10 nmol substrate and
500 ng of purified enzyme in 0.1 M phosphate buffer pH 6.0. The
reaction was incubated at 37 °C with shaking for 10 min, 1 h and
18 h, and then terminated by boiling for 10 min, To analyze the
product by TLC, each reaction mixture was applied five times
(1ul each) onto a Silicagel 60 Fosy aluminum  sheet
{6.0 » 10.0 cm) purchased from Merck {Damsladr, Germany} and
chromatographed two times (1 b each) in a mobile phase contain-
ing n-butancl; metharol: 28% ammonia solution: H.0 (10:8:4:2)
{v/v}. The products were detected by wiping the TLC piate with a
cotton ball scaked with 5% sulphuric acid followed by baking at
180 °C for 3 min. The standard mixture of 10 nmol chito-pligosac-
charides (G2-G6} was used, To analyze the hydrolysis preducts
using coiloidal chitin as substrate, 3 mg of colloidal chitin sus-
pended in 0.1 M phosphate buffer pH 6.0 was pre-incubated for
30 min at 37 °C befere 25 ug of purified enzyme was added and
incubated at 37 °C. The actual reaction comprised 75 il of 0.1 M
phosphate buffer pH 6.0, 300 2| of 10 mg/mi colloidal chitin in
the sarme buffer, and 25 pl of 1.0 mg/ml enzyme. The sample was
taken for TLC analysis at various time points (2, 5, 10, 15, 30 and
60 min).
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Product analysis when colloidal chitin was used as substrate at
different pHs was done in reaction mixtures containing 30 mg of
cotloidal chitin suspended 0.1 M of each buffer (glycine-HCl, pH
4.0; potassium phesphate buffer, pH 6.0 and Tris-HCl, pH 8.0}
After pre-incubation at 50°C for 30 min, 50 pg of chitinase was
added and further incubated at 50 °C for diffesent durations (1,3
6, 12, 24, 48 and 72 h) prior to terminatioa by boiling for 10 min;
The actual reaction comprised 150 ul of 0.1 M buffer (glycine-
HCl buffer pH 4.0, phosphate buffer pH 6.0 and Tris-HC pH 9.0%
600 pl of 50 mg/ml colloidal chitin, and 50 pl of 1.5 mg/mi enzyme:
Products released from the reactions were subsequently analyzed:
by TLC as described above, ;

3. Results and discussion

3.7. Amino acid sequence analysis of chitinase (ChiA) from B.
licheniformis strain DSM8785

The chiA gene from B. licheniformis strain DSM8785 (GenBank
Accession Number FI465148) and 8. licheniformis strain DSM13
{GenBank Accession Number AAU21543) (Rey et al, 2004) are
highly similar (99% identity) with only five base pairs and three
amino acid differences. Comparison of the specific activity and
expression level of the two recombinant enzymes indicated that
the enzyme from strain DSM 8785 was slightly better {data not
shown); therefere ChiA from B. licheniformis strain DSM8785 was
selected for further srudy. Amino acid sequence alignment be-
tween these two strains of 8. fichenifermis can be found in the pre-
vious publication (Songsiriritthigui et al., 2009),

Comparison ef amino acid sequence of B. licheniformis ChiA with
other chitinases revealed that the N-terminal catalytic domain of B.
licheniformis ChiA {pFchi8785) has highest identity (48.80%) to cat-
alytic damain {CatD) of chitinase A1 (ChiA1) from Bacillus circulans
WL-12; feliowed by chitinase B1 {ChiB1) from Aspergillus fumigatus
(24.79%); chitinase from the pathogenic fungus Coccidicides immitis
(23.42%); chitinase B (ChiB) from Serratie marcescens (22.42%); hu-
man chitotriosidase (21.05%); chitinase A {ChiA) from Vibrio har-
veyi (20.28%), chitinase A (ChiA) from Serratia marcescens
(15.80%) and acidic mammalian chitinase (18.74%). The enzyme
belongs to glycosyl hydrofase {GH) family 18, according to the
CAZy (Carbohydrate-Active enZYmes) system {Coutinho and Hen-
rissat, 1999} and shows the TIM (§/o)s-barrel architecture that is
typical to this class of hydralases. It comprises N-terminal catalytic
domain, sne fibronectin type III {Fnlli}-like domain and one C-ter-
minal chitin binding domain {ChBD).

The gene was cloned into the expression vector such that the
hypathetical native signal peptide was replaced with the £ coli
OmpA signai peptide that was included in the pFLAG-CTS vector.
In addition, the DNA sequence encoding hexa-histidine and stop
codon was incorporated into the reverse primers to create His-
tagged fusion enzyme for further purification step. The integrity
of the construct was confirmed by automated DNA sequencing.

3.2, Enzyme expression and purification

The gene of the recombinant B. licheniformis ChiA was under the
coatrel of tac promoter and could be efficiently expressed after
induction with T mM [PTG. The enzyme could be purified to appar-
ent homogeneity s seen as a band of approximately 65 kDa on
SDS-PAGE (Fig. 1A) and Zymogram analysis (Fig. 1B). These results
correspond to hypothetical M, of 66.801 kDa as predicted by Scan-
site program (Obenauer et al., 2003).

The mature ChiA gene was fused with E. coli OmpA signal pep-
tide for efficient secretion using E. coli expression system as has
been previously described (Yamabhai et al,, 2008). In this report,
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1. Expression and purification of recombinant B. licheniformis ChiA. Panel A
tates SDS-PAGE analysis of recombinant ChiA from various purification steps.
sproximately 10 pl of samples were loaded onto each lane and stained by
;omassie brilliant biue. Zymogram analysis of purified enzyme is shown in panel

‘e harvested the recombinant enzyme from both cytoesol and per-
iplasm after induction with 1 mM IPTG for 18 h. This is the opti-
ized condition for a smali-scale preparation as performed in
jis study. Routinely we obtain about 20 mg of purified enzyme
om 1-liter culture. The purification fold was 5.4 {this value was

lculated from the specific activity, using p-NP-chitobiose as sub-

4099

strate, which was 0.054 and 0.294 Ujmg for crude extract and
purified enzyme, respectively). We have found that the enzyme
could be kept in 20% glycerol at —25 °C for as long as one year
with more than 80% residual activity, when compared to freshly-
prepared enzyme, For a large-scale production, further optirniza-
tion is needed and it may be more convenient to harvest the en-
zyme from culture medium or periplasmic space (Pines and
Inouye, 1999). Since the C-terminus of the enzyme was fused with
hexa-histidine tag, the enzyme can be easily purified to apparent
homogeneity by affinity chromatography such as immobilized
metal icn affinity chromatography (IMAC). For industrial scale, it
might be more cost-effective to purify the enzyme from periplas-
mic extract, by ammonium sulfate precipitation and anion-ex-
change chromatography, as has been previously described (Chen
et al,, 2004).

3.3. Effect of pH and temperature

The relative activities of the enzyme at various pHs were mea-
sured at 37 °C after incubation for 3@ min {standard assay condi-
tion) The optimal pH of ChiA was 6.0 (Fig. 2A}. The enzyme is
more active when using glycine-HC} than acetate buffer at pH
4.0, The enzyme was stable within pH 4-11 after incubation for
30 min to 18 h without substrate (Fig. 2B). At pH 12, its remaining
activity was decreased to 68% after incubation for 18 h. The resid-
ual activity of the enzyme at pH 3.0, after incubation for 0.5 b, was
slightly {(and non-significant) better that that at pH 4.0, whereas
the residual activity at pH 3.0, after incubation for 18 h, was much
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Fig. 2. Effect of pH on catalytic activity. {A) The optimal pH was determined at 37

oH stability was determined by measuring the residual activity of ChiA after incubation at various pHs at 20 °C for 30 {solid line)
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°C in 100 mM of different buffers as indicated under the standard assay condition, (B) The

min or 18 h (broken fine) without substrate,
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Fig, 3. Effect of temperature en catalytic activity. {A) The optimal temperature was determined under standard assay conditions, (B} The temgperature stability was

determined by measuring the remaining activity after incubation at various temperatures at pH 6.0 for 30 min without substrate,

at 50 °C withour substrate at various time points were teported,

werse (significant) than that at pH 4.0. We have used two buffer
systems to test enzyme stability at pH 4.0, i.e. glycine-HCl and ace-
tate buffers. The actual relative activity of the enzyme when incu-
bated at pH 4.0 using acetate buffer after &.5 h was 82.93 + 3.48.
This value overlapped with the relative activity of the enzyme
when incubate at pH 3.0 using glycine-HCl buffer after 0.5 h,
which was 86.72 £ 1.329. Thus, we conciude that the stability of
the enzyme after incubation for 0.5 h was the same {not signifi-
cantly different) at pH 3.0 or pH 4.0, whereas at 18 h after incuba-
tion, the enzyme was more stable at higher pH (4.0). The optimal
temperatare for ChiAl was 60 °C (Fig. 3A). It was stable up to
60 °C (more than 80% residual activity) after incubation for
30 min at pH 6.0 (Fig. 3B) without substrate, After incubarion at
50 °C for S days without substrate, approximately 70% of the activ-
ity was retained (Fig. 3C),

Analysis of biochemical properties of the purified enzyme as de-
scribed above revealed that the B. licheniformis ChiA is retatively
thermostable when compared te other bacterial enzymes that have
been suggested to be appropriate for bioconversion of colioidal chi-
tin (Dahiya et al,, 2608; Kudan and Pichyangkura, 2009; Lee et al.,
2007; Yuhi et al, 2004). Moreover, it showed the widest pH stabil-
ity, ranging from pH 4.0-12.0, (Dahiya et al, 2006; Kudan and
Pichyangkura, 2009: Yuli et al., 2004). Purification and character-
ization of wild-type chitinase from B. licheniformis Mb-2, which
has identical N-terminal amino acid sequence and same molecular
weight to our recombinant enzyme, has previously been reported
(Toharisman et al,, 2005). The properties of the wild-type and re-
combinant ChiA were similar except that the optimal temperature
of the wild-type ChiA was 70 °C, instead of 60 °C for recombinant

{C) The remaining activities after incubation

enzyme. However, this different might be because of the different
in the method of enzyme assay.

3.4. Enzyme activity and kinetic analysis

Specific activities of recombinant B. licheniformis ChiA, when
using p-NP-chitobiose and colioidal chitin as substrates at 37 °C
or 50°C, are reported in Table 1. In addition, Michaelis-Menten
type kinetic parameters were determined using 0.008-0.18 mM
of p-NP-chitobiose as a substrate, This substrate concentration |
range was used because substrate inhibition became apparent at
higher substrate concentration as previcus shown for this type of
chitinases {(Brurberg et al., 1996; Synstad et al,, 2004). Kinetic anal- ©
ysis revealed that K, Vinay and ke, values of recombinant B, lichen-
iformis chitinase were (.03 % 0.003 mM, 0.28 % 0.063 mM/min, and
0.3140.070s577, respectively. The overall catalytic efficiency, ke
K of the enzyme was 10,30 £ 3.236 s~ 1/mM. .

Table 1
Specific activities of recombinant 8 licheniformis ChiA.

Substrate Specific activity {Unit/mg)’
377G 56G°C
p-NP-chitohiose® 0.254 £ 0,005 0,946 + 0.03CG

Colloidal chitin®* 1.50 40,20 {484+ 0.04) 51120201567 £ 037}

? Unit means micromale of pNP released per minute,
® Unit means micremole of G1 (in parenthesis) released per minute,
¢ Unit means micromole of G2 (in parenthesis) released per minute.
* The enzyme assay was dane at two teraperatures as described in Section 2.
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‘2.5, Hydrolytic analysis by thin layer chromatography (TLC) zyme. With G3 substrate, G2 could be detected after 10 min of
' incubation, and after incubation for 18 h, the band of G3 disap-
Product analysis by thin layer chromatography (TiC) using var- peared, indicating that B licheniformis ChiA has activity toward

ious substrates was performed to determine the hydrolytic activity (3. When G4 was used as substrate, G2 was the major product,

“of B. licheniformis ChiA. When the enzyme was incubated withk G2, suggesting that the enzyme efficiently cleaved the middle glyco-

‘o detectable products were observed even after 18 h of incuba- sidic bond of the tetrameric chain. When longer oligomers (G4-

E:fénn (Fig. 4}, suggestirg that G2 was not the substrate of this en-~ G6) were used to study, distinct patterns of product formation

G1
G2
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c\ R ™ (%] o ¢ - [a ¥ mO0 an "y 2
G2 G3 G4 G5 Gb Colloildal chitin

Fig. 4, TLC analysis of hydrolytic products. TLC analysis of chito-oligosaccharides (G2-G6) and colloidal chitin hydrotysis. The reaction preducts after incubation fer different
durations are indicated. Std: a standard mixture of G1-G6; SB: substrate blank: m: mipute; hr: hour. The hydrolytic reaction was carried out at 37 °C for up to 18 h. The
reactions comprised 100 aM chito-clignsaccharide substrates and 0.5 pg enzyme in 30-pl reaction volume, or 3 mg colloidal chitin and 25 pg enzyme in 400-p! reaction
volume,
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Fig. 5. Analysis of reaction products in various buffers, Upper panel illustrates TLC analysis of colloidal chitin hydrolysis by B. licheniformis ChiA1 at three different buffers.
The hydrolytic reaction was carried out at 50 °C for up to 3 days in the presence of 30 mg colloidal chitin and 50 pig enzyme in BOQ-pl reaction volume. The reaction products
after incubation for 1 h, 3 h,6 h, 12 h, 1 day, 2 day and 3 day are shown, Std: a standard mixture of G1-G6; SB: substrate blank; hr: hour; d: day. The contrast and brightness
of the pictures were enhanced by Image } software (Abrameff et al., 2004). Quantirative analysis of products released at various time puints, determined by DNS method
(Miller, 1959), is depicted in the lower panel.
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could be observed. Using G5, G2 and G3 were released as interme-
diates, and then G3 was further hydrelyzed to G1 and G2. The
hydrolysis of GB initizlly yielded G2, G3 and G4. Then, G4 and G3
were further hydrolyzed to G2 and G1.

The hydrolytic activity of ChiAT against colloidal chitin was also
stuctied at various incubation times. The TLC result showed that G2
was rapidly formed only after 2 min of the incubation, At the end of
the reaction, G2 was also observed as the major product, Taken to-
gether from the patterns of product formation, we concluded that
8. licheniformis ChiA is an endochitinase that can efficiently cleave
chitinous substrates that are equal or lenger than tri-otigomers,
The absence of longer lengths of chito-oligosachharide when chitin
was used as substrate suggested that the enzyme could net get ac-
cess to the compact structure of colloidal chitin.

3.8. Product analysis at different conditions

Te determine the applicability of the recombinant EnZYMme as a
biocatalyst for the production of N-acetylglucosamine (NAG) and
chito-oligosaccharides, the enzyme was incubated with colloidal
chitin in three different pHs at 50 °C for up to 3 days. We per-
formed an experiment at this temperature because higher termnper-
ature will reduce the chance of microbial contaminations and the
overall catalytic activity of the enzyme is higher. The reaction
was sampied at various time points to measure product released.
The B. licheniformis ChiA appeared to be stable during the course
of the study. Product analysis by TLC (Fig. 5 upper panel) revealed
that G1-G3 couid be produced at bath pH 4.0 and pH 6.0; whereas,
only G1 and G2 were obtained at alkaline condition {(pH 8.0} It is
worthwhile to note that T1.C analysis can only be used to estimate
the quantity of reaction productions. Proper evaluation of hydro-
lytic products has te be done by more sophisticated technique such
as HPLC analysis (Horn et al, 2008) (Vincent Eijsink's personal
communication). In addition to determination of hydrelytic pred-
uct by TLC, the amounts of reducing sugar released from various
pHs were guantitatively determined as shown in Fig. 5, lower pa-
nel. The enzyme nerformed egqually well at pH 6 ard 5, and was
slightly less active at pH 4, indicating that at 50 °C the enzyme
was more stable at pH 9.0 than at pH 4.0. These results were con-
sistent with the results shown in Fig. 4B, which showed that the
enzyme was significantly more stable at pH 9.0 than at pH 4.0 after
incubation at 20 °C for either 0.5 h or 18 h. Taken together, our re-
sults indicated that 5. licheniformis ChiA could be efficiently used to
covert colloidal chitin to G1 and G2 as major products, and G3 as a
minor product. This result is similar to small-scale (59-ui reaction)
hydrolysis products obtained from using chitinase from Bacilfus sD.
DAUT01T (Lee et al., 2007).

Thus, TLC analysis indicated that the enzyme is an endochitin-
ase that prefers substrate longer than tri-saccharide. When the en-
zyme was incubated with colleidal chitin at 50°C in three pH
conditions (pH 4.0, 6.0 and 9.0}, the only 2 majors products that
could be obtained were NAG and chitobiose (G2). This result sup-
ported the observation that chitin is a highly recalcitrant raw
material and additional proteins are needed so that chitinase can
gain access to the inside of the chitin fiber, in order to obtain &
longer chito-oligosaccharide or used directly on the solid chitin
(Eijsink et al., 2008). Nevertheless, the fact that the enzyme could
be efficiently used for bioconversion of cotloidal chitin from crab
shells into NAG and chitobiose for up te 3 days at 50 °C ia acidic,
neutral or alkaline conditions, made this enzyme attractive for
industrial applications. NAG has been shown to possess anti-
inflammatory effects and has been used to treat ulcerative colifis
and other gastrointestinal inflammations (Russeil, 1999}, In addi-
tion, it can also be used as a nutritional substrate for pediatric
chronic inflammatary bowel disease (Salvatore et al., 2080), The
derivative of NAG, glucosamine, has been shown to help regenerate

C Songsirinicthigul et al./ Bioresource Technology 167 (2010) 4096-4103

joint cartilage and has been used extensively to treat osteoarthritis
(Huskisson, 2008). Chitobiose can be used as a building block for
transglycosyiation reaction to generate longer chito-oligosaccha-
rides (Kobayashi et al,, 1997) or further modified to produce an en-~
zyme iohibitor (Terayama et al, 1993). Other applications of
chitinase inctude bio~control of piant pathogens and mosquitoes, -
single cell protein production and protopiast preparation (Hayes
et al, 2008a,b). :

4, Conclusions

In conclusion, endaochitinase from B, licheniformis (ChiA) was
cloned and efficiently produced using E. coli expression system.
Characterization of biochemical properties suggested that the en-
zyme is thermo and pH-stable, suitable for various biotechnologi-~
cal applications, inctuding biocoversion of celioidal chitin into NAG
and chitobiose.
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ﬁmawmwmvfmiumﬁmmmsmwau‘lmneﬂﬁamﬂmx bo aammawaﬁ uasfimanuiunsasa b
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awsenus R NUTuATARIITEHIG & - ol W oz 42T # ‘namﬂﬂu wo BIRIHALTIA HBATIATIA
&1 Sennastilu1¥den colloidal chitin mm vgil #o osruaidoa Aenruniiunsa &, b uaz g4
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maamnmmwmmmuﬂs £3104 Nuﬂammmmm"lﬂmwuﬂwsws‘-afuuaullﬁm“lwaaﬂgmmi %9
ol o ¥iin w"l@}wmmmumﬂmqmnwu Hanudamnayivmsitllse synata unsuys gy
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muu“lumsaﬂwuﬁa“lﬁ RITHYE wmammmulmu HIDANIZ auﬂmmwﬁﬂumiwaﬂ%ﬂﬂ chito-
oligosaccharide mmfmnmrxmm MTIZIAB T chlto-ohgosacchande wuﬁwanuuug'ﬂﬁm&
Fidnemmeeefniuwnasdu emdsiam product w"lmmms’mruﬂa NAG 1@ chitobiose Ay
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Autoclave:

Balance:

Centrifuge machine:

Deep freezer - 70°C:

ELISA reader:
Electroporator :

Freezer -20° C
Gel Docuinent set:
Gel dryer;

Gel electrophoresis:
Heat Box:
Incubator shaker:

Incubator:

Laminar hood:

Membrane transfer:

Microcentrifuge:
pH meter:

PCR machine:
Rotator:

Shaker:

Sonicator:
Spectrophotometer:

Stirrer:

Thermomixer:

Hiclave HA-3000MIV, Hirayama, Japan

Precisa 205A, Precisa Instruments, Switzerland

Precisa 3000C, Precisa Instruments, Switzerland

Sorvall RC5C plus, Kendro laboratory Products, USA
Eppendrof centrifuge 5810 R, Eppendrof, US

Heto, Ultra Freeze, Denmark.

Sunrise, TECAN, Austria

Eppendrof 2510, Eppeadrof, USA

Heto, HLLF 370, Denmark.

MyBio LFT420, DAIRE], Denmark

White/Ultraviotet Transilluminator GDDS7500, UVP, USA
Digital Graphic Printer UP-D8%0, Sony, Japan.

Drygel sr. SLAB GEL Dryer model SE1160,

Hoeefer Scientific Instruments, USA

Mini Protean® 3 celi, BioRad, USA

HB1, Wealtee Corp., USA

C24 Incubator shaker, New Brunswick Scientific, USA
Memmert, BE 500, WTB Binder B} 15,

Sheil-Lab 2020 Low Temperature Incubator, Sheidon, USA
Holten LaminAir HBB 2448, Denmark.

BH2000 Series Class Biological Safety Cabinets,
BHA120 & BHA180, Clyde-Apac,

Semni Phor, Hoefer Scientific instruments, USA

Mini spin plus, Eppendrof, USA

Eppendorf 54154, Eppendorf, Germany

Ultra Basic pH meter UB-10, Deaver Instruments, Germany
DNA Engine PTC 200 peltier Thermal cycler, MJ Research, USA
Certomat TCC, B. Braun Biotech International, Germany
Rotator AG, Fine PCR, Korea

Innova 2300 platform shaker, New Brunswick Scientific, UK. Certomat TC2,
B. Braun Biotech International, Germany

Waken GE100 Ultrasonic processor, Japan

Ultrospec 2000, Pharmacia biotech, UK

Variomag Electronicrithrer Poly 15, Germany

Magnetic stirer MSH300, USA

Hot plate stirrer Labtech, Korea

Thermomixer compact, Eppendrof, USA
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MARYIN s SRS
All chemicals were molecular grade or analytic grade.
1. Colloidal chitin

Ten gram of chitin from crab was hydrolyzed with 200 ml of cold conc. HCI acid and stir at 4 °C for
overnight. Then, 50% ethyl alcohol was added and fitrated troughs filter paper and then washed by water until
pH reach to pH 6.0.

2. 10X p-Dimethylaminobenzaldehyde (DMAB)

Stock Dimthylaminobenzaldehyde (DMAB) (Sigma) reagent: 10g DMAB was dissolved in 12.5% V/V
concentrated hydrochloric acid in glacial acetic acid. Stock reagent was diluted 1: 10 with glacial acetic acid
before use.

3. Reagent for PCR amplification
25 mM dNTP mix (New England BioLabs)
10X Pfu buffer (New England BioLabs)

4. Reagent for asarose gel elecirophoresis

Agarose low EEO. Molecular biology grade (Research organics)
25 bp DNA ladder (Invitrogen)
1X TAE Buffer
1 Kb Ladder marker DNA (Bio Lab)
6X Loading dyeReagent for transformation
5. Congo Red (Sigma) Reagent for assay chitinase on plate
6. 30% polvacylamide (BioRAD)
7. 1.5 M Tris-HCl pH 8.8
2. 0.5 M Tris-HCi pH 6.0.8
9. 10% Amonium persulfate
10. 10% Sodium dodecylsulfate
11. 0.01% glycol chitin
12. PVDF membrane (BioRAD)
13. Reagent for Western Blot
14. HisProbe-HRP (PIERCE)
15. ECL solution
16. 30% Hydrogen Peroxide (Sigma)
17. Enzymes
Taq DNA polymerase (New England BioLabs)
Pfiit DNA polymerase (New England BioLabs)
T4 ligase (New England BioLabs)
HindIlI {New England BioLabs)
Xhe! (New England BioLabs)
Ncol (New England BioLabs)
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DNasel (Fermentas)

8. Primer
chiHind3
(5-CTGTGCAAGCTTTTGTCATGTTGCTGAGCTTGTCATITG-3 )
chitXhol
(5’-CTGTGCCTCGAGTCCATTIGACTTICTGTTATTCGCAGCCTC- 3 M)
chiNcol
(5"-CTGTGCAAGCTTTTGTCATGTTGCTGAGCTTGTCATTTG-3 )

19. Reagent for enzymes purification
Ni-NTA resins (QLIAGEN)
Lysis buffer (50 mM NaH2P04, 300 mM NaCl and 10 mM imidazole. pH 8.0)
Wash buffer {50 mM NaH2P04, 300 mM NaCl and 40 mM imidazole. pH 8.0)
Elution buffer (50 mM NaH2PO4, 300 mM NaCl and 250 mM imidazole. pH 8.0)

20, Reagent for analysis of enzvime activity

4-nitrophenyl-B-D-N,N’-diacetyichitobiose (Sigma)
1N NaOH (Sigma)
Dimethylaminobenzaldehyde (DMAR)
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2PN 2 S1TUEH DNA tazlsfuveselss chitinase Nanualunisnaneail

A1eungy DNA lugifuuy FASTA

>pFChil3
ATGAARAAGACAGCTATCGCEATTGCAGTGGCACTGGCTGGTTTCGCTACCGTTGCGCAAGCTTTT
GTCATGTTGCTGAGCTAGTCATTTGTGAATGGGGAAGTTGCARAAGCCGATTCCGGARARRACTAT
AARATCATCGGCTACTATCCATCATGGGETGCTTATGGRAGGGATTTTICAAGTTTGGGATATGGAC
GTTTCGAARAGTCAGCCACATTAATTATGCCTTTIGCTGATATTTGC TGGGAGGGAAGGCATGGARAC
CCTGATCCGACAGGCCCCARTCCTCARACGTGGTCATGCCAGGATGAARACGGAGTGATCGACGCG
CCAARTGGAACAATCCTGATGGGCGATCCCTGGATTGACGCACARAAGTCAAATCCCGGGGATGTC
TCGEATGAACCGATCCGCGGCARCTTTARACAATTGTTGAAGCTCGARARAGAGCCACCCTCATTTG
AABACGTTCATATCGGTCGEGEEETEGACTTGGTCTARCCGCTTTTCAGATGTCGCGGCAGATCCT
GCGGCAAGGOAGAATTTCGCCECTTCGECCETTGAGTTTTTAAGGARATACGGGTTTGACGEGGTC
GATCTTGACTGGGAATATCCGGTCAGCGGAGGATTGCCGEGGAACAGCACACGTCCGGARAGATAAA
AGARACTACACGCTGCTCCTGCAAGAGGTGCGCARARAACTTGACGCTGCAGAAGCAARACGACGGC
AAGGAATACTTGCTGACGATCGCATCCGGCGCAAGTCCCGATTATGTAAGCARCACTGAGCTCGAT
ARAATCGCTCAARCCGTGGAT TGGATTAACATTATGACCTATGACTI TAATGGCGGATGGCARAGT
ATAAGCGCCCATAATGCACCGCTGTTCTATGATCCAAAAGCGARAGARAGCAGGCGTTCCAAACGCT
GRGACCTACAATATTGARAACACTGTGAARCGCTACAAGGAAGCCGGTIGTCAAGGGTGACAAATTA
GTGCTTGGAACACCGTTCTACGGAAGGGGCTGGAGCGGTTGTGAACCAGGGGEGCACGGAGAATAT
CAGAAATGCGGACCGAC TAAAGRAAGGCEACATGEGARAAGGGCGTATTCGATTTTTCAGATCTTGAA
AGGAACTATGTGAATCAAAACGGCTATARAAGGTATTGGAACGATCAAGCARARGTGCCGTTTITTG
TATAATGCGGAARAATGGCARTTTCATCACTTATGATGATGARCAATCATTCGGCCACAARACGGAT
TTTATTAAAGCARACGGATTAAGCGGAGCAATGTTCTGGGATTTCAGCGGCGATTCCAATCUGALG
CTTCTCAATAAATTGGCAGCCGATTTAGATTTTGCACCGGACGEGAGGCARTCCGGAGCCGCLCTTCA
TCGGCACCTGTGAATGTGCGTETAACCGGAAAGACTGCTACAAGTGTCAGCCTGGCETGGLATGEG
CCGAGCAGCGGAGCAAACATTGCGGAATATGTCGTGTCATTTGARARCCGGTCGATATCTGTARARL
GARACATCAGCGGAARATAGGCGEGUTTGARGCCGGGTACGGCCTACTCATTTACTGTTTCAGCARAG
GATGCGGATGGARAGC TCCATGCCGGACCARACGGTAGAGGTCACGACGAATTCTGACCAAGCCTGT
TCATATGACGAATGGAAAGAGACGAGCGCATACACAGGCGGAGAGCGGGTTGCATTTAACGGARAA
GTGTATGAAGCGARAATGGTGEACGARAGECGACCGGICTGATCARTCCEGTCGAATGGGGCGTATGS
CGGCTGATCGGAGGCTGCGAACACCACCACCACCACCACTGACTCGACTACARGGANCGATGA

>pFl28mt

ATGARAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTTGCGCARGCTTTT
GTCATGTTGCTGAGCTTGTCATTTGTGAGT GGGGAAGTTGCAAAARGCCGATTCCGGARARARCTAT
AARATCATCGGCTACTATCCATCATGGGGTGCTTATGGARGGGATTTICARGT TTGGGATATGGAC
GTTTCGAARAGTCAGCCACATTAATTATGCCTTTGCTGATATTTGCTGGGAGCGAAGGCATGGARAC
CCTGATCCGACAGGCCCCAATCCTCARACGTGGTCATGCCAGGATGAAAACGGAGTCATCGACGLG
CCAAATGGAACAATCGTGATGGGCGATCCCTGGATTGACGCACARAAGTCAAATCCCGGGGATETC
TGGGATGAACCGATCCGCGGCAACTTTAAACAATTGTTGRAAGCTGARAAAGAGTCACCCTCATTTG
AAAACGTTCATATCGGTCGGGGGGTGGACTTGGTCTAACCGCTTTTCAGATGTCGCGGCAGATCCT
GCGGCAAGGGAGAATTTCGCCGCTTCGGCCGTTGAGTTT T TAAGGARATACGEGTTTGACGGGGTC
GATCTTGACTGGGAATATCCGGTCAGCGGAGGATTGCCGGGEGAACAGCACACGTCCGGAAGATARA
AGARACTACACGCTGCTCCTGCAAGAGGTGCGCARARAACTTGACGCTGTAGAAGCAAAAGACGGC
BAGGAATACTTGCTGACGATCGCATCCGGCGCAAGTCCCGATTATGTAAGCAACACTGAGCTCGAT
AAAATCGCTCARACCGTGGATTGGATTAACATTATGACCTATGACTTTAATGGCGGATGGCARAGC
ATAAGCGCCCATAATGCACCGCTGTTCTATGATCCARAAGCGAARGRAGCAGGCGTTCCARACGCT
GAGACCTACAATATTGAARACACTGTGAAACGCTACAAGGAAGCCGGTGTCAAGGGTGACARATTA
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GTGCTTGGAACACCGTTCTACGGAAGGGGCTGGAGCGGTTGTGAACCAGGGGGGCACGGAGAATAT
CAGAAATGCGGACCGGCTAAAGAAGGGACATGGGAAAAGGGCGTATTCGATTTTTCAGATCTTGAA
AGGAACTATGTGAATCAAAACGGCTATAAAAGGTATTGGAACGATCGAGCAAAAGTGCCGTTTTTG
TATAATGCGGAAAATGGCAATTTCATCACTTATGATGATGAACAATCATTCGGCCACAAAACGGAT
TTTATTAAAGCAAACGGATTAAGCGGAGCAATGTTCTGGGATTTCAGCGGCGATTCCAATCGGACG
CTTCTCAATAAATTGGCAGCCGATTTAGATTTTGCACCGGACGGAGGCAATCCGGAGCCGCCTTCA
TCGGCACCTGTGAATGCGCGTGTAACCGGAAAAACTGCTACAAGTGTCAGCCTGGCGTGGAATGCG
CCGAGCAGCGGAGCAAACATTGCGGAATATGTCGTGTCATTTGAAAACCGGTCGATATCTGTAAAA
GAAACATCAGCGGAAATAGGCGGCTTGAAGCCGGGTACGGCCTACTCATTTACTGTTTCAGCAAAG
GATGCGGATGGAAAGCTCCATGCCGGACCAACGGTAGAGGTCACGACGAATTCTGACCAAGCCTGT
TCATATGACGAA?GGAAAGAGACGAGCGCATACACAGGCGGAGAGCGGGTTGCATTTAACGGAAAA
GTGTATGAAGCGAAATGGTGGACGAAAGGCGACCGGCCTGATCAATCCGGTGAATGGGGCGTATGG
CGGCTGATCGGAGGCTGCGAACACCACCACCACCACCACTGA

>pFchiB785
ATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTTGCGCAAGCTTTT
GTCATGTTGCTGAGCTTGTCATTTGTGAATGGGGAAGTTGCAAAAGCCGATTCCGGAAAAAACTAT
AAAATCATCGGCTACTATCCATCATGGGGTGCTTATGGAAGGGATTTTCAAGTTTGGGATATGGAC
GTTTCGAAAGTCAGCCACATTAATTATGCCTTTGCTGATATTTGCTGGGAGGGAAGGCATGGGAAC
CCTGATCCGACAGGCCCCARTCCTCAAACGTGGTCATGCCAGGATGAARACGGEAGTGATCGACGCG
CCAAATGGAACAATCGTGATGGGCGATCCC?GGATTGACGCACAAAAGGCAAATCCCGGGGATGTC
TGGGATGAACCGATCCGCGGCAACTTTAAACAATTGTTGAAGCTGAAAAAGAGCCACCCTCATTTG
AAAACGTTCATATCGGTCGGGGGGTGGACTTGGTCTAACCGCTTTTCAGATGTCGCGGCAGATCCT
GCGGCAAGGGAGAATTTCGCCGCTTCGGCCGTTGAGTTTTTAAGGAAATACGGGTTTGACGGGGTC
GATCTTGACTGGGAATATCCGGTCAGCGGAGGATTGCCGGGGAACAGCACACGTCCGGAAGATAAA
AGAAACTACACGCTGCTCCTGCAAGAGGTGCGCAAAAAACTTGACGCTGCAGAAGCAAAAGACGGC
AAGGAATACTTGCTGACGATCGCATCCGGCGCAAGTCCCGATTATGTAAGCAACACTGAGCTCGAT
AAAATCGCTCAAACCGTGGATTGGATTAACATTATGACCTATGACTTTAATGGCGGATGGCAAAGC
ATAAGCGCCCATAATGCACCGCTGTTCTATGATCCAAAAGCGAAAGAAGCAGGCGTTCCAAACGCT
GAGACCTACAATATTGAAAACACTGTGAAACGCTACAAGGAAGCCGGTGTCAAGGGTGACAAATTA
GTGCTTGGAACACCGTTCTACGGAAGGGGCTGGAGCGGTTGTGAACCAGGGGGGCACGGAGAATAT
CAGAAATGCGGACCGGCTAAAGAAGGGACATGGGAAAAGGGCGTATTCGATTTTTCAGATCTTGAA
AGGAACTATGTGAATCAAAACGGCTATAAAAGGTATTGGAACGATCAAGCAAAAGTGCCGTTTTTG
TATAATGCGGAAAATGGCAATTTCATCACTTATGATGATGAACAATCATTCGGCCACAAAACGGAT
TTTATTAAAGCAAACGGAT?AAGCGGAGCAATGTTCTGGGATTTCAGCGGCGATTCCAATCGGACG
CTTCTCAATAAATTGGCAGCCGATTTAGATTTTGCACCGGACGGAGGCAATCCGGAGCCGCCTTCA
TCGGCACCTGTGAATGTGCGTGTAACCGGAAAAACTGCTACAAGTGTCAGCCTGGCGTGGGATGCG
CCGAGCAGCGGAGCAAACATTGCGGAATATGTCGTGTCATTTGAAAACCGGTCGATATCTGTAAAA
GARRCATCAGCGGAAATAGGCGGCTTGAAGCCEGETAC

dvsrulusiuluzluuy FASTA

>pFchil3pt
MKKTAIAIAVALAGFATVAQAFVMLLS—SFVNGEVAKADSGKNYKIlGYYPSWGAYGRD
. FOQVWDMDVSKVSEINYAFADICWEGREGNPDPTGPNPQTHSCODENGVIDAPNGTIVMGD
PWIDAQKSNPGDVWDEPIRGNFKQLLKLKKSHPHLKTFISVGGWIWSNRFSDVAADPAAR
ENFAASAVEFLRKYGFDGVDLDWEYPVSGGLPGNSTRPEDKRNY TLLLOEVRKKLDAAEA
KDGKEYLLTIASGASPDYVSNTELDKIAQTVDWINIMTY DFNGGWOSISARNAPLFYDPK
AKEAGVPNAETYNIENTVKRYKEAGVKGDKLVLGTPFYGRGWSGCEPGGHGEYQKCGPAK
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EGTWEKGVFDFSDLERNYVNQNGYKRYWNDCAKVPELYNAENGNFITYDDEQSFGHEKTDF
IKANGLSGAMFWDFSGDSNRTLLNKLAADLDFAPDGGNPEPPSSAFVNVRVTIGKTATSVS
LAWDAPSSGANIAEYVVSFENRSISVKETSAEIGGLKPGTAYSFTVSAKDADGKLHAGPT
VEVTTNSDQACSYDEWKETSAY TGGERVAFNGKVYEAKWWT KGDRPDOSGEWGVWRLIGG
CEHHEHHH

>pFchilZ8mtpt
MKKTAIAIAVALAGFATVAQAFVMLLSLSFVSGEVAKADSGKNYKIIGYYPSWGAYGRD
FOVWDMDVSKVSHINYAFADICWEGRHGNPDPTGPNPOTWSCQDENGVIDAPNGTIVMGD
PWIDAQKSNPGDVWDEPIRGNFRKQLLKLKKSHPHLKTFISVGGWTWSNREFSDVAADPAAR
ENFAASAVEFLRKYGFDGVDLDWEY PVSGGLPGNSTRPEDKRNYTLLLOEVRKKLDAVEA
KDGKEYLLTIASGASPDYVSNTELDKIAQTVDWINIMTYDEFNGGWOSISAHNAPLEFYDPK
AKEAGVPNAETYNIENTVKRYXEAGVKGDKLVLGTPFYGRGWSGCEPGGRGEYQRCGPAK
EGTWEKGVFDFSDLERNYVNONGYKRYWNDRARKVPFLYNAENGNFITYDDEQSFGHKTDF
IKANGLSGAMFWDFSGDSNRTLLNKLAADLDFAPDGGNPEPPSSAPVNARVTGKTATSVS
LAWNAPSSGANIAEYVVSFENRSISVEETSAEIGGLEPGTAYSETVSAKDADGKLEAGET
VEVTTNSDOACSYDEWKETSAYTGGERVAFNGKVYEAKWWTKEDRPDOQSGEWGVWRLIGE
CEHHHHEH

>pFchi8785pt

MKKTAIATAVALAGFATVAQAFVMLLSLS FVNGEVAKADSGKNYKI IGYYPSWGAYGRD

FOVWDMDVSKYSHINYAFADI CHEGRHEGNPDPTGENPQTHSCODENGYIDAPNGTIVMGD
PWIDAQKANPGDVWDEP IRGNFKQLLKLKKSHPHLKTF I SVGGWTWSNRFSDVAADPAAR
ENFAASAVEFLRKYGFDGVDLDWEY PVSGGLPGNSTRPEDKRNYTLLLQEVRKKLDAAEA
KDGKEYLLTIASGASPDYVSNTELDKIAQTVDWINIMTYDFNGGWQSISAENAPLFYDPK
AKEAGVPNAETYNIENTVKRYKEAGVKGDKLVLGT PFYGRGWSGCEPGGHGEYQKCGPAK
EGTWEKGVFDFSDLERNYVNONGYRKRYWNDQAKVPFLYNAENGNFITYDDEQSFGHKTDF
TKANGLSGAMFRDFSGDSNRTLLNKLAADLDFAPDGGNPEPPSSAPVNVRVTGKTATSVS
LAWDAPSSGANIAEYVVSFENRSISVKETSAEIGGLKPGTAYSFTVSAKDADGKLEAGET
VEVTTNSDOACSYDEWKETSAY TGGERVAFNGKVYEAKWWTKGDRPDQPGEWGVHRLIGG
CEHHHHHE
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