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V. d7ned 3t

A&7t (Planococcus donghensis) 2 &1 (Thermus thermophilus HJ6)Z5-H
laccase®} glucose dehydrogenase f-AA = E 2ol g MEANA TEH S
th Al 8 laccase™ WOl E84 HHE I &4 FHS 6M
Qi S AFE3te] 7H-8-38138k9l 3 Ni—chelation A7 <Foll Al 214 & (refolding)
I} gel filtration= E3Fe] AA AT UV—-Vis? EPR spectrum #4olA AAE &
2+ type I Cu(Il)Z} type III binuclear Cu(Il) FEje] FE]YRE ETs= Fo=
stol F o). A Z3 laccases HA 2% 75CE Yehdar, ABTS®}F syringaldazine
of thak 4 pHi 247} 4.59F 6.0 oAt 24d9] wbzk7]= 85ColA 50z &<l
Hol w2 WEAdS 7He AoE AT E 54 A4S sodium azide,
L—cystein, EDTA, dithiothreitol, tropolone %2 kojic acidol] 2&]&] Z3}Al A &l = At}
Kinetic 4ol A 2 §4 % syringaldazined] s 714 =& 712 2322 Jepggl
a1, guaiacoldl eI E 7FY =& Zuf At (keat) S B o, v &8 (kcat/Km)
< 2,6—dimethoxy—phenol®] 7}F& 2 o7 YeElth AA3 1224 laccases
Aol gk HA 2wl Gt AFolE HeldE st AR
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Summary

1. Title
Development of psychrophilic and thermophilic fusion oxidoreductase by in vitro

coevolution

IT. Necessity and objective

Enzymes from psychrophiles, mesophiles, and thermophiles usually perform
efficient catalysis under low, moderate and high temperatures, respectively.
Comparing studies of either naturally evolved homologous enzymes or artificially
engineered enzymes have demonstrated that there is a trade—off between the
rigidity required for stability and the flexibility necessary for activity in most
enzymes. Nevertheless, some variant enzymes coupling high activity and high
stability have been engineered by directed evolution or site—directed
mutagenesis. Thermostability is one of the main requirements for commercial
enzymes, because thermal inactivation represents a common problem in the
application of enzyme. Meanwhile, enzymes with high catalytic activity at low
temperatures offer economic and environmental benefits through energy savings.
The psychrophilic and thermophilic laccases share high identities (27~37%), as
well as psychrophilic and thermophilic glucose dehydrogenase, providing us an
opportunity to improve our understanding of structure stability—activity
relationship in enzymes adapted to different temperatures.
In this study, we have subjected the psychrophilic and thermophilic fusion
oxidoreductase by in vitro evolution in order to understand the structural

mechanisms important for enzyme activity and stability.

. Contents and scope
The genes of laccase and glucose dehydrogenase from the Planococcus
donghensis and Thermus thermophilus HIJ6, was cloned and expressed in

Escherichia coli SoluBL21 cells. The biochemical properties of thermophilic



laccase have studied.

IV. Results

The open reading frames of laccase and glucose dehydrogenase from the
Planococcus donghensis and Thermus thermophilus HJ6, were cloned and
expressed in Escherichia coli SoluBL21 cells. Thermus thermophilus HJ6 laccase
was formed inclusion bodies in E. coli cells. The resulting insoluble bodies were
separated from cellular debris by centrifugation and solubilized with 6 M
guanidine HCI. The solubilized protein was refolded by a simple on—column
refolding procedure using Ni—chelation affinity chromatography and then the
refolded protein was purified by gel filtration chromatography. The results from
UV—visible absorption and electron paramagnetic resonance (EPR) analysis
suggested that the enzyme had the typical copper sites, type—1, 2, and 3 Cu(Il)
of laccase. The purified enzyme exhibited the laccase activity with the optimal
catalytic temperature at 75°C. The optimum pH for the oxidation of
2,2'—azino—bis(3—ethylbenzothiazoline —6—sulphonic acid) (ABTS) and
syringaldazine was 4.5 and 6.0, respectively. The recombinant protein showed
high thermostability, and the half—life of heat inactivation was about 50 min at
85°C. The enzyme oxidized various known laccase substrates, its lowest Km
value being for syringaldazine, highest kcat value for guaiacol, and highest
kcat/Km for 2,6—dimethoxy—phenol. The enzyme reaction was strongly inhibited
by the metal chelators and the thiol compounds. Although psychrophilic and
thermophilic laccases differed in the optimal temperature for activity, both laccases were

showed high homology for protein structure.
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Laccase (EC 1.10.3.2)= T8& &3l multicopper oxidase? dF oz i
2 37}A cupredoxine-type domainl.® FAE H]=3 FLXE 7R ol 4
monophenols, polyphenols, methoxy-substituted phenols, aromatic amines, lignin
rotsle Be dHE SEES ASTZIEE g 71d BoldEs JHn
(Thurston, 1994). W]§-&9] laccase™ 371 FElo]=& shfiah 9 G2 uo
3714 (type-1, type-2, type-3)¢ TE|Z2¢dAe]lE 7HAaL vk @AnkgelA 714
o] AbsRbE-2 type-1 TElol 93] Fwj ¥Ho] HA= trinulear cluster (1719]
type-2 copper®t 2719] type-3 cooper® TA4)E uwEl o]Eslal, AtAaFEzLe] Y
I = A BES ERtskA dn ofd AAelE wiFUES HlE S Rlaccases
monomer®] WAFAZA, polymer?] &3] H WEFH S ol HoAGT o] e} 2
] T oolyEt e whg TE wio] 98 g4
(Claus, 2002), €3 3z (Palonen, 2004), ¥&3%4 37 A 3}(Murugesan, 2003),
Z2lM 4 (Huttermann, 2001), ¥le] 2 AlA (Peter, 1997) 2 wlol e A=A A](Liu,
2011) =2 o8 FopolA &8l Ut

Fe

o
=

i
N

()
Jm
HE

o] laccase: TU}OF3 o]

¢

Laccaset® +39°|(Baldrian, 2006), A= (Mayer, 1987), +%(Dittmer, 2004) %
M F(Arias, 2003; Martins, 2002)o 4 t}dshA ¥ stal YA 2S5 E A=

A%A] &&= Aoz A ok A3yl A-8ol = w3Fo] FAllY laccase’} F

Hol| wet Mt 2 laccaseol g A% st o] Fox i At At 2
laccase™ T2 =T AEFH FGo] & gyguo] i, 53] 24 AL
el laccase= 713 AMA AN @4 MEAS FAT F AdueE AES T
A et AR, 1A Al FoNAE= Thermus thermophilus HB27 2 laccase
(Miyazaki, 2005)¢} Aquifex aeolicus -+ metallo-oxidase (Fernandes, 2007)<]
o] e AaL, 717 92T 75T 9 %2 HAREREE 7HA+= Ao=Z YErwt.

2 AFddAe= A= (Planococcus  donghaensis) R 27 (Thermus
thermophilus HJ6) -2 laccaseE AAtel7] §18te] A& 2 31279 laccases
dsstete FAAE FRYetal A7IAES HA ST B3 pPALT B+ pET-21a
HE Al 2~H S o] &35l ol AZF laccaseE AAF 2 AASL a4y 5

e $A shevk
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7}. Laccase #3424 249 % @& vector ++5

At B Lo AMAE= GeneAll GENEx Genomic kit (GeneAll Biotechnology,
Seoul, Korea)& ©|&3}] &3}t Laccase F1AE 249 317] 93] Als |7
Aol B3R T. thermophilus HB27 2 Planococcus donghaensis® laccase 7 A}
A7NAAE e vtdow, 7zt MA A= et FAFAEY ol gt FrHA
primerE A}83}e] polymerase chain reaction (PCR)S 433ttt PCRE Pfu DNA
polymerase (INTRON Biotech., Korea)E A}g£3sle] DNA ©HS 53313 Topo
blunt vector (Enzynomics, Korea)oll 221 3}ttt 2 ¥ DNA @ o] 7| d&
ABI Prism 3700 genetic analyzer (Perkin—Elmer Applied Biosystems, USA)E A}-&
slo] BEAtgin), wd W E pPAL7 T pET-21a0] &4 FAAE F2Y387] Y8t
ORFE HbFo®= 27b4 primerE #l1%}8tal o] & o]§38te] PCRE 33t T34

DNA @S Nde 13 Xho (0.2 Auk 3 & 7o 7

= C-2d Hol| His-tag7t F2¢ & @uid o] dej= A o

9 BHES e



Thermus thermophilus HI6
Genomic DNA Xho |

F1 origin l Nde |
X

PCR amplification

Nae | Xho | Ap oET-21a
'. (5443bp) focr
Laccase DNA + \\-.\
. Ori /

F1 origin
\ kHis-tag

pET-21a -laccase

Ap

lacl

o34 AL 2 A
Laccase 3WEIZS E coli SoluBL21(DE3)d dAHAsIs F  50pg/mlY
ampicillin®} kanamycing #7}38F LB ®iA|(triptonen 10 g/L, yeast extract 5 g/L,

NaCl 5 g/L)ollA] 37C= 16A17F &<k AujeF it Aujga S Q=8 x| A

of\

3 3 FFE=(Aso)’t 0.57F =9S dwl isopropyl-B-D-thiogalactopyranoside
(IPT@E 0.3 mM %2 7stal 25TC=2 16A12F FEu sholch widd A5
AAEYE B3t H#3skaL buffer A (20 mM sodium acetate, pH 6.0, 250 mM
NaCl, 0.1 mM CuSOpl =% v Z3= st 2539 33 & d4lie

Fo] A5z JAE g5t 224 laccase?] 45 - B84 Fio 24

ol



H97] WFEol] &3} o] in vitro refolding WH o R FAE 71&3lslo] ALE
st WA ey & HHES binding buffer (20 mM Tris-HCl pH 8.0, 500

NaCl, 6 M guanidine HCI, 5 mM imidazole, 1 mM 2-mercaptoethanol)el]l <+
A3 =<2 & HisTrap HP column (GE Healthcare, bed volume, 5 mDe] && 4
g =X FE-zZA7It}h, 50mle] washing buffer (20 mM Tris.HCl pH 8.0, 500 mM
NaCl, 6 M urea, 20 mM imidazole and 1 mM 2-mercaptoethano)E& =% 39
150 ml®] Refolding buffer (20 mM Tris.HCI pH 8.0, 500 mM NaCl and 20 mM
imidazole)Z gradient® o ZA¥Y QoA aAE refolding A7 $] 50 mlg]
Elution buffer (20 mM Tris.HCl pH 8.0, 500 mM NaCl and 500 mM imidazole)
E Z9 7H8ste s4E &=t 858 & oA Aol e IE o}
Amicon (Milipore) filter® &3 t3 buffer C (20 mM sodium acetate, pH 5.0)

5.
2 EAsIg T gmAde] AAEE SDS-PAGE (10% acrylamide gel)& E3lo] kol

o
o

3R a1, A7) % W=+ coomasie staining® & o ML)

t}. Laccase &4 =

Laccase 42 AAl® &4E 01 mM CuSO.& XE3l= 50 mM sodium
acetate buffer (pH 5.0)°4 1 mM guaiacols 71Z=Z 3}o] 75TA 107 ¥k
3 T S35 470 nmolA SASAT. 249 pH gL 50 mM sodium acetate
(pH 4.0~5.5), 50 mM sodium phosphate (pH 5.5~7.0), 50 mM Tris-HCI
(7.0~8.5), 50 mM glycine-NaOH (8.5~10.0)¢] buffers A8-3le] F4349a, &%
o]F/42 50 mM sodium acetate (pH 5.0) bufferg AF&3to] 40~100°C %] ol A]

o

4315 slatel kinetic e t} ksl 714 (2,2 -azino
bis(3-ethylbenzthiazoline-6-sulfonate)(ABTS), guaiacol, 4-hydroxyindole,

4-methylcatechol, catechol, syringaldazine)S AFg&3lo] =431t}

2. UV-visible 3 EPR =¥ Ed %4

A Z3% Laccase? UV-visible 4 2 EHL 20 mM sodium acetate (pH 5.0)
o4 UV/VIS spectrophotometer (Optizen 2120UV, Mecasys, Korea)g A}-8-3}¢]
=43t AAAARA & (electron  paramagnetic resonance, EPR) A3EZH LS

Bruker EMX spectrometer (X-band) (Bruker BioSpin, Karlsruhe, Germany)E A}



g3l AP @A 0.27 mMY FEZE 10% glycerol, 90% 50 mM sodium
phosphate buffer (pH 6.0)ol A4 =% 3} ¢}

=

3. A% % uF

A

7}, A&d(Planococcus donghaensis) 8] laccased F3A S22 % g+ &4
Ak
A1t (Planococcus donghaensis) @ laccaseE ¢33}st= xS F249 o
7] ¢ste], olnl Ay GrIA Lol Y8R Planococcus donghaensis® laccase %
2k A7 EE v OS2 primerE AASkAL, PCR 7S ©]-&3}9] laccaseE o3}
e dlow dqids FAAE 229 st 229 ® 444 open reading
frame (ORF):= 912 bpe| #o]= 303 opv|iths grashstal JATHIAH 1-2). <
B A S 34,223 Daltono]al, 5AHL 7.15 oAtk A 8 laccases
pPAL7 WAMWEE o]&sto] thadqtolA 3 g Ay dulde] N-gheho] eXact tag
(8.5 kDa)7} &+ 0] 42.5 kDa®l &8 ©ujdo] et 2 1-3¢4 9k o]

Yzl mme Av AEe wH e Aow glugr

1 ttgcacagtc aacatcgtca atttaatatc aattcgacag tccggctctt taatgcaget
61 gggctgtett tttttacget taacttgttt catattgetg tacttctgtt ttggcttatt
121 ttatatttaa aaaaggtgat gacattgaaa gtaaaatttt atgcgaacaa tactaatttt
181 gtatctggca taacattaaa agagttagct gctcctgaag agaataatat ggctttgcat
241 gottgcaaaa acccagaggc ggttttatca aatcgaaaaa gtttagecgga atttctagac
301 gtttctctgg atgattttat ttgtacgcaa caaacacata gtgcgaactt ccgacgcgtc
361 gatagacatc gtaaaggacg tggagcgtat actgtcgaaa ccgecatttc tgatacggac



421 ggtttgtata ctttcgatce tggaattgta ttgtgcaget ttgcagecga ctgtgetect
481 gttattattc acgataaaac aacgggatta attggtgtga tccattccgg atggcaaggce
541 actgttaaag aaattacgct taaattttta aagcacatca tttccataga acaatgtaat
601 cctaccgatt tagagattca aattggcgca tctattagcc aacaacagtt tgaagtcgac
661 caagatgttt atttaaagtt tgaaactttg goatacgcta atgaatttat gtattttaat
721 tcggctacga ataaatatca tatcgacaac caagctactg taaaaaaaca atgcgaactt
781 gctggaattc cttctagtca gattctegtt gattctacat gtacgttttt aaattccoat
841 goattttctt accgtcaaga tcgtaaatgt ggcaggcatt taatttttgc tattaacaaa

901 aatacgcaat ag

1 mhsahrafni nstvrifnaa glsfftinlf hiavllfwli lylkkvmtIk vkfyanntnf
61 vsgitlkela apeennmalh acknpeav!ls nrkslaefld vslddfictg gthsanfrrv
121 drhrkgrgay tvetaisdtd glytfdpgiv lcsfaadcap viihdkttgl igvihsgwag
181 tvkeitlkfl khiisieqcn ptdleigiga sisqqafevd aqdvylkfet!| gyanefmyfn
241 satnkyhidn gatvkkagcel agipssailv dstctflinsd gfsyradrkc grhlifaink
301 ntaq

718 1-2. Planococcus donghaensis 8 laccase® DNA @714 <d 2 olm| =il A

[e=]
=



a M 1 2 3 4

100

70

50

30

a3 1-3. AR 73 laccase?] #& AAL M, 4% marker; 1, &4 Wd i3
2239 v & AT 2 gty gt 7 229 v 3 A
oo 3, T U dAY 223 I & A5 4, R ddT FAY 2559

. 3121 (Thermus thermophilus HI6) -2 laccased 4 =24 2 &+ &
3

27 (Thermus thermophilus HJ6) 2 laccase? F#x 24 % iFdH =



242 o | Ak rEgtstal AATHLH 1-4). dldE EAEE 26.2 KDael, T3
AL 8.92 oA, 229 ¥ FHA= T. thermophilus HB27 24| laccase®}t 7}
T w2 AEAH0O9% identity)s YWERWRAIL, Escherichia coli r#l] laccase,
Geobacillus stearothermophilus 3] laccase, bovine rumen -2 polyphenol
oxidase®} Z+Z} 31.1%, 37.6%, 26.3%9] identityS YEFWT ole} & A& H st
wAS &3t T. thermophilus HI69 |MAZHEEH S22 3 FH1A= laccases:
dzstets Aom o FHATh o] FHAE NCBI @714 wlolgue] 2o A= &
laccase FHAZE 5533 tH(GeneBank Accession No. GU233492).

His-tag &A= E sl pET-21a WEA|AES 0|83l T. thermophilus
HJ6 laccase (Tt-laccase) A5 249 3tal pET-LACO.Z WH3lqlt}. o 7| A]
Eh AME 1% &5 #FE2E E coli SoluBL21(DE3)E AME-3FSith. Plasmid
pET-LACS AMg-3ke] E. coli SOluBL21(DE3)E FAM#a}AaL, 37°Cell A wl Fa}od
T3 =(As00) ol 0.5~0.601 =238 W IPTGE H7hete] @ AitS fr=st
Aok a2 laccaseE E. coli SoluBL21e4 w&d A B84
(inclusion body)s @A (d 1-5). webA 31384
refoldings Al=sk3ivh. @¥de] &84 IH=

[e]
guanidine HCIE A}g3to] 7}83}8lal metal-chelating columne] 3274 3}3k

B
o

s

ol

Ll

AFE3E in vitro

oH
=L

)

e

et z

rﬂ
m
dlo
i)
i)
2
o
()]
=

o

mM CuCly 8 NS AFE3e] 6 M guanidine HCIS H#H 3] A7 sHHAA refoldingS A
3} a1, o] 3 imidazoleS AFE3}e] columnol A €313t 1 23 27 kDa9l 7}f
84 laccase @¥ldo]l AAl HATHZH 1-5). BAE w2 Asishs EA4S

qahed AHgatg,

H

A

1 gtgaccctcc tgcgcaccecc cctececcggtg ccccacgget tcaccacccg ggaaggcgag

61 gtctccgagg ggceccttecg cagectcaac ctcteccgecg ccaccgggga cgaccccgag



121
181
241
301
361
421
481
541
601
721

1
61
121
181
241

1% 1-4. Thermus thermophilus HJ6 2 laccase®] DNA 7] % oln| =

A

agggtggccg
cteccgecagg
gacggcectcce
ccectectece
gtogtoggag
cctacggagg
gaggagatag
gccccgggaa
gggcttagag

ccecgttaa

mtllrtplpv
| ravhgtevh
vvggi Ipkal
apgky | Idle

pr

agaaccagcg
tccacggcac
tcacccgeac
tctaccaccc
ggatcctgec
tccacctcge
tggccegett
agtacctctt

aggagcggat

phgfttregg
pvegpg | weg
er leavyr |d

kalllgarra

ccgggtacte
ggaggtccac
cceeggecte
gaagggggcc
caaggccctg
catcggceccce
cgccgagacy
ggacctggaa
ctaccgggtg

vsegpfrsin
dglltrtpgl
ptevhlaigp

glreeriyrv

gcggcctteg
ccggtggagg
ctececteeggg
gtgggggccce
gagcgccteg
gggatcggaag
gggctttteca
aaggccctec

gggctttgea

| saatgddpe
| |rvgvadcy
giggacyavg
glcthcapnl

gccatcegece
ggccgaggct
tgggggtagc
tgcacgccgg
aggcggtcta
gggegtgcta
ccttecgega
tcctccaggc

cccactgegce

rvaenarrvl
pl | lyhpkga
eevvar faea

fshrrdrgrt

cgtggcgggc
ctgggagagg
cgactgctac
ctggcgeggag
ccgectgoac
ccaggtgggce
ggacccegee
gcggcgaacyg

ccccaacctce

aafghppvag
vgalhagwrg
glftfredpa

grmwglvmlp
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a9 1-5. 2223 3 laccased]
g FAY 2S9 g3, &k
3 A dAY ey v AS;

xq of - 6’

i T

e A 2, T
0E g FAC 2e% Bl 4wl
W g A 285 AT

23 HHAe] 6 M guanidine HCI 2]k 7}&-31; 7, refolding

2 A4 1, 2% marker;

_4

5, &4&

nN'

l‘kﬂ

laccase®] metal-chelating column gA|l; 8, gel filtration chromatography®l

3 AAE laccase

.

Laccaser= ¥Ht4 o

o] UV-visible

HI6) -2 laccase®] UV-visible &5 ~FER
S YEepdTE AAE

L_'—IE
= type I

23 (Thermus thermophilus
o= FEE

PN
=5 =9 E

foi3
=l

k7] wtel v}

=k

T

Hs ax X blue copper

A}

SRR

605 nmol| »
A O A A

o{o
Oll

centerol eaksS H. 31, type Il binuclear copper centerol

33 peak FEHE YEMNATHIZE 1-6A). o9}

O

dedhe nm



7 SHEY A= v laccasedlME $EH] SHoR A vk

a4E EPR spectrum® =z 243 A3} type2 Cu(l) signale] gl = 2.23, All =

rlo
ol

0.0194 cm™, and g1 = 2.050=2 #<2lxlo] o]Ade] B Rumen polyphenol
oxidase (RL5)?] signal #(2.23, 0.0195 cm™!, and 2.05)3} §-A}sled T1, T2, T3¢9
T FARYE 2% 7FA = laccase® FHEHJTH LY 1-6B).

2}, 319 (Thermus thermophilus HI6) 2 laccase?] A3}tstd 54

Laccase® Telsmkol e a4 249 &4 0.0001~1 mM CuSO4¢] H <l
A guaiacols 7] =2 AR&Sto] 75TeA 1023 WHg8te] &S SAHS Y. 1 4
I FEEE o= SA HESar, Hd g g midpoint® 154 uM = YE}
Yoy 1-7A). pH oA S pH 3~99 HAA overlapping buffer& ARE-3}o]
=Asg . 1 A3 ABTSS} syringaldazinell tsix] z+zb 4.59F 6.5¢] H#ZA pHE
YERAATH L 1-7B). Laccase® 30~90T<2 WA 4& A A, 75T
oA 7Y & S YEe] 7ol B o]F9 laccasedl W3 2 FHAE
T8 YEATHIE 1-70). B 2 @4+ 70ToA 1008 &9 €Az s 4
100%9] 45 FA8tAaL, 85T = 504 vl &4 wztr]E vepdlo] wf S

=& YEALS 7IAE Aoz A HAYT (2% 1-7D). Laccase?] 713 5olAd &
HESH] fst vgdst A 9 vds sgEe dste] 75CAA &8 4313

o g4 49 71E sE9e] #AE YER & kinetic % Michaelis—Menten 2]
7} least squares methodS ©|&3te] A4kt 2 &4+ syringaldazineol] o &)
7P e Mst=E WEllaL, guaiacolel WA= 7MY 2 ARSI (Kead) S
Btk = 549 Fvl & (ka/Kn)S 2,6-DMPO] 71 %S S dehdle], &

ko) 7Y EAHQ 714 Ae ¢ 5 UATHE 1),
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13 1-6. Laccase®] (A) UV-visible absorption spectrum¥} (B) EPR spectrum.
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; D, dBA75C (@), 80T

O

T (W.

(A), 85



=5

1. 25 (Thermus

thermophilus HJ6) 2 Laccase2] 714 ESo|A

Wavelengt
Substrate (M"Sfrcl:drxn'l) (n}lln) (HIfK‘/I) (Ks°f‘3 (rlgﬁ/-{g‘-“l)
2,6-Dimethoxy-phenol 35,645 470 0.11 2.93 26.63
Syringaldazine 65,000 530 0.04 0.35 8.75
Guaiacol 12,100 465 0.73 3.75 5.14
Catechol 2,211 450 0.83 3.06 3.68
ABTS 36,000 420 0.49 1.48 3.02
4-Methylcatechol 2,091 420 0.96 1.48 1.54
Pyrogallol 4,400 450 1.83 1.09 0.59




e

2. L (Thermus thermophilus H]6) 2| Laccaseol] st A3 A2 a3}

Compound o " Inhibition (%)
. 1 55.3
L-cysteine 10 100.0
. _ 1 67.3
Sodium azide 10 100.0
1 72.9
EDTA 10 100.0
1 50.5
Tropolone 10 100.0
o ) 1 94.4
Dithiothreitol 10 100.0
1 100.0
2-Mercaptoethanol 10 100.0
S 1 58.0
p-Coumaric acid 10 75.8
; 17.1
Acetyl acetone 10 27.0

d

}. 312+ (Thermus thermophilus HIJ6) 3 laccase?] & st 50| 2 A

&
B g g4 tist F£0]e 2 inhibitord &HE ol 7] 93 kst 4



o2 Bl AsAle] =4 stoll A guaiacols 71HA= AREStY] 75TAA a4 SAHS =
A3+l th. Multicopper oxidases (MCOs)®] ZA$- Cu' #uto] olye} Fe® 9} Mn®' 9

EA M E xS YEE AR dA YA, B G #eAE 2
Cuol giaiAet a4 48 Yehdo] MCO9E the A4 laccase?] 54 <
2t (data not shown).

Laccase® AsfiAlol Wt &35 A 23 55F58E<¢ NaNs, EDTA,

N

e

tropolone, p-coumaric acid®}f thiol 3}etE9Ql -cysteine, DTT,

)
Jus
rﬂ‘*

2-mercaptoethanole &4 S 7ZsAl A sl tHE
2 acetyl acetones TE compound®} H|uste] AjHor vre A3 g3E vE
WAk AsfA] FollA sodium azide® @& Fx oto] EAjste 7] YA} A
sto] Axpe] o]F o WS How oidHrt. w3 faof tigh dithiothreitol?}
2-mercaptoethanol?] &3t A A= 2SR 8] LAF9} thiol 3}&E3F

o w9 Ago] 9o Aow AztH.

JFH - p—coumaric acid

rie

vl A 2 324 laccase?] ofH|:=AF A E H]al A
323t (Thermus thermophilus HI6)¥ A-&3t(Planococcus donghaensis) -
laccaset= 25.4%2] identityE YERHJAAL 3 Ao thdF =3k o] ARkl
o ETekal e e] N-2uS AQletd Hlwd & S Mt E 1-8).
02 221 (Geobacillus sp. AR1)¥ A+ (Planococcus donghaensis) 3|
laccaset™ 27.4%¢] Identitygs YWERHO] N-2ehS HIZS dA widedA =& 5
e 7 1-9).

ut

b
rot

=

Ab, AL @ 3124 laccased] 7% RdE @ 33 F% H W

-1 (Geobacillus sp. AR1, Thermus thermophilus HJ6) 2 laccase®} A2+t
(Planococcus donghaensis) +3] laccaseol] W3ste] 3z F+x2E wlalslr] ¢se]
w2l el @) Alo] E(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) 2]
e ARgEte] 2z @ e] 3 25 RdY itk A 2 LS4 laccase
= 79 50CH Aolue HAR® A e Easta dde] dA Al 33 7%
w9 FAFsE Y. ohu, 3124 (Geobacillus sp. AR1) laccaset™ A=A (Planococcus

donghaensis) laccaseols= Z&A5t4 &+ #E a-helix+Zx7F &A™

(e

fl



1-10). =3+ A4 (Planococcus donghaensis) laccaset
gt olE HFFol

laccasedl= EAst= B-sheet F+27F EA5HA]

>
S,

of mAI= & el = FF ofn|mAal HolAE A=

[¢)

Fol ZAREE oA ol



Thermus MTLLRTPLPVPHGFTTREGGY

Planococcus MHSQHRQFN INSTVRLFNAAGLSFFTLNLFHTAVLLFWL I LYLKKVMTLKVKFYANNTNF
A SO S
Thermus SEG-PFR———~ SLNLSAATGDODPERVAENQRRVLAAFGHPPY—————————— AGLRQ
Planococcus VSG I TLKELAAPEENNMALHACKNPEAVLSNRK-SLAEFLOVSLDDF | CTQQTHSANFRR
E I T B I L *x k]
Thermus VH-———GTEVHPVEGPGLWEGDGLLTRTPGLLLRVGVADCYPLLLYH-PKGAVGALHAGW
Planococcus VDRHRKGRGA-YTVETAISDTDGLYTFDPG | VLCSFAADCAPY | IHDKTTGL I GV IHSGW
* * X X Ll kkk ok Kk Lk Ckkk kDLl Lk Lk Lk lkk
Thermus RGVVGG | LPKALERLEAVYRLDPTEVHLA | GPG | GGACYQVGEEVVARFAEAGLFT-FRE
Planococcus QGTVKE I TLKFLKHI I STEQCNPTOLE I Q1 GAS I SQQQFEVDQDVYLKFETLGYANEFMY
R R R R T I T 3 DIk ik Ik % %
Thermus DPAAPGKYLLDOLEKALLLQARRAGLREER | YRVGLCTHCAPNLFSHRRDRGRTGRMWGLY
Planococcus FNSATNKYH | DNQATVKKQCELAG | PSSQ | LVDSTCTFLNSDGFSYRQDRKCGRHL I FA |
hokkx Tk DLl k. kkL ik Lokk Lokk Lkl kK o
Thermus MLPPR
Planococcus NKNTQ

19 1-8. 112 (Thermus thermophilus HI6)3} A -&+F(Planococcus donghaensis)

2 laccase®l alingment H| 1l



Geobaci | lus
Planococcus

Geobaci | lus
Planococcus

Geobaci | lus
Planococcus

Geobaci | lus
Planococcus

Geobaci | lus
Planococcus

Geobaci | lus
Planococcus

———————————— MPD | FQQEARGWLRCG————————-APPFAGAVAGL TTKHGGESK—— 36
MHSQHRQFN INSTVRLFNAAGLSFFTLNLFHTAVLLFWL [ LYLKKVMTLKVKFYANNTNF 60

1 2 : * ok x 1L

————————— GPFASLNMGLHVGDDRTDVVNNRRRLAEWLAFPLERWVCCEQVHGAD I QKV 87
VSG | TLKELAAPEENNMALHACKNPEAVLSNRKSLAEFLDVSLDDF | CTQQTHSANFRRY 120
L okk kKL *Lokk. kkklk k. ik Ik Kk _K..l.%
TKSDRGNGAQDFATAVLGVDGLYTDEAGVLLALCFADGVP | YFVAPSAGLVGLAHAGWRG 147
DRHRKGRGAYTVETAISDTDGLYTFDPG I VLCSFAADCAPV | THDKTTGL | GV IHSGWQG 180
Ltk kk | kKD kkkkk kK, *kk k. L Dikk Ikl klkk ik
TAGG | AGHMVRLWQTREH I APSD 1 YVA I GPA | GPCCYTVDDRVVDSLRPTLPPESPLPWR 207
TVKE ITLKFLKHI ISTEQCNPTOLE Q1 GAS I SQQQFEVDQDVYLKF-ETLGYANEFMYF 239

* okl 1100 Lokl kIk DD Kk Dk Lokkl ok L k%

ETSPGQYALDLKEANRLQLLAAGVPNSHIYVSERCTSCEEALFFSHRRORGTTGRMLAF | 267
NSATNKYH | DNQATVKKQCELAGIPSSQILVDSTCT-FLNSDGFSYRQDRKCGRHL IFAI 298
RN S S kkik_ Kkik Kk Kk : kK Lok kK il ok
GRREEWT 274
NKNTQ— 303

a8 1-9. 22+ (Geobacillus sp. AR1)I} A2+t (Planococcus donghaensis) -2l

laccase®] alingment W]l



Geobacillus sp.(1-21) laccase Planococcus donghaensis (M-&t)
laccase

Thermus thermophilus H/6( 10 27 laccase Planococcus donghaensis (X2 laccase

a8 1-10. 223 (Geobacillus sp. AR1, Thermus thermophilus HJ6) W A&+

(Planococcus donghaensis) 3 laccase®| 3% G+ H|1L

A 2 A AL2F(Planococcus donghaensis) % 2 (Thermus
thermophilus HJ6) -2 glucose dehydrogenase (GDH)2] tj#

o uE YA



25392 €48 A (quinoprotein glucose dehydrogenase, GDH (EC: 1.1.5.2)
= HE2ZFE9Y Fi=(pyrroloquinoline quinone, PQQ)E HAaA=E A3l 4=
A PQQE FAA7IVA SF32 Y g8 SE2E ASAAN dree-5-FES A
At A4S YHEdY, B g4hAE & 34 3 (turnover number)E 7}A| 11,
PQQ HxAAe] H7|stetA AL A B ALHE oAe Ze B4 an §l
of gA olFolXtt webA, B Eihv F HH nlo] L AA S} Hlo] e Ag A FRE

ol gH = &3 F Asta ol

Hlo] @ A &4 2] (Biofuel cell; BFO)+&= &A%t vAE Fo] z2ta 9= AEY 7S
o] g3t HaArg oAl 71do] 7HA L Q= FEUAE H7IAUAZ HEst= A
Ag ougtt, FAH R, Gk T vAE
HAGo A T = st UAE A7]d | AR HMEA7|= et 7] dskE 27
AUAE 3|48t

715 Adtsts A E Audn SdHoR, vejedadA s ddas Be oE

rir
-
2
o
ke
i)
ol
£
iin)

<
2

o}
utl

Ir
a=)
o
i
flo
>
ofo
ol
&
)
()
tl
e
)
)

3
o
>,
rr
=)
ox
(il
-
k]
ol
it}
o
©
v

Z(anode) A=, Atgta st T o]& WAAZ| = W

HEAAA AR ors 7] Ade T8 dF4ez dAR7t 2274 dn. o3
ol e Ag Aol A2 7} A5d nA4d a4 = vAERA A7 74 a4 Ee
A zol 71 gkl dake] A a&o] S7HEFE ARdA oA A

A= 7)9) Aakare] b H.

= Aol M wleleAdnA| e AMEShe EFAL s BrAEaS YR §

r }0

al, A7 (Planococcus donghaensis) ¥ 3l-23F(Thermus thermophilus HJ6) 2

glucose dehydrogenase (GDH)E A4tst7] flste] A2 2 11239 GDHE ¢3%



stet= xS FRYSta drIMdS 248t 3k pET-21a MHAI~H & 9
gate] gl A A= GDHE 2 AXF sk

7}, GDH 42 229 2 24 vector 15

Azt 2 272 A= GeneAll GENEx Genomic kit (GeneAll Biotechnology,
Seoul, Korea)& ©|-&slte] F+&313th. GDH 425 224 st7] 918t Al A71A
o] W2 T. thermophilus HB27 2 Planococcus donghaensis® GDH F+dA} &3 7]
MAS g om, 247 WA A= et F23=9 shioll sid et F7HA] primers
ARg3te]  polymerase chain reaction (PCR)S Fd33itt. PCRS Pfu DNA
polymerase (INTRON Biotech., Korea)E& A}&3le] DNA ©HS S53E3F 3 Topo
blunt vector (Enzynomics, Korea)d 24 3ttt 29 ¥ DNA @ 9] d7jAde

ABI Prism 3700 genetic analyzer (Perkin—Elmer Applied Biosystems, USA)E A&

sfe] ®Asloc, WA pET-21ac) ik FA%E 22937 9)she] ORFE whgo.
2 27H4) primer A %313 o] 2 o] §3ko] PCRS 8519t $%5 DNA B8& Nde

[} Xho 1.2 At 3 & 2 A

k)

alr sk 3 pET-21a WE o] 433 E. coli DH5
aoll FAA3SSIE T pET-21a% 2& sk il Ao C-ot %o His-tag’} 5249 %
G o JEj 2 AY4kE QAT

FFEEAe g 2 24 (860 uL 50 mM Tris-HCl (pH 7.5) buffer; 100 uL
1 M D-glucose; 10 ul. 6 mM DCIP (¢600 = 21.0 mM'ecm™); 10 ul. 60 mM
PMS; 20 pl of enzyme sample)2.Z £33t & 600 nmolA] SHEES =AH3Io
g5t

o
a
av}
1o
ol
ofd
k1
ol
P>
il
|\
o
Olr

7}, A3t (Planococcus donghaensis) “rd] GDHE FHdx} =2y U o e



A& (Planococcus donghaensis) 8l GDHE 9 &38tste FHAE 249 317
Hste], oln] A D71 Eo]l 82 Planococcus donghaensis®] GDH H A 7]
MEE vt o2 primers AAISHaL, PCR 7|H& ¢l §3te] GDHE ¢wsl 3t Ao
2 qAEE fFAxE 224 9. F29 " F449 open reading frame
(ORF)= 1,011 bpel Aol& 336 ofv]ieAbs <tsststal AATHLH 1-2). <74+
FAFS 36,605 Daltone]lil, THHL 4.32 o]t} His-tag FHAE Egsle
pET-21a WEA|2ES 0] 839 Planococcus donghaensis GDH FHAE F=24
&tal pET-PAGDHZ WHetith. 7|4 &4 As A% 5 #F=2% E colf
SoluBL21(DE3)E  AF&3}tlh.  Plasmid pET-PdGDHS AF&38ted  E coli
SoluBL21(DE3)E FAd2aqlar, 25°ColA s Fste]l Fd=(Ag0) #ko] 0.5~0.6°1

Ldaidles W 0.3 mM IPTGE #H7bste]l dwd AAs fFrakdivh. A2 F

laccaseS E. coli SoluBL219|A 2d3st A3} 7184 SR A 36.6 kDag HI=E
QletA ey 2-2). 2y -9 vlast Ay Asbge w2 ke Flow 9l

= ATt

Y. 3123t (Thermus thermophilus HJ6) 2 GDHE Fdx =249 2 4+ ¥
N

-

—
[ﬁ

-1+ (Thermus thermophilus HI6) 3] GDHE Y= 3}sl= F3AE
7] 9lste], oln] Alm fA7IM Lol ¥re 2 Thermus thermophilus HB272] GDH %1
A @71 LS g O R primerg AAEAL, PCR 7IWH& ol&3te] GDHE <tsst 3t
= Ao=Z dAHE FHAAE 2249 . 229 #H FHA¢ open reading

frame (ORF)E 1,059 bpe Zo]z 352 ou|xAbs & &slsla JArhad 2-4),

ullt
il

3

ol
-

O]

dAtel B2 38.9 kDa ©]dt}l. His—tag F+dAS ¥3H6}= pET-21a W E A~ H

o

o] 83} Thermus thermophilus HI6 GDH #dx= F2Y st pET-TtGDH
BHstath A7 g4 S 91 55 dF =S E coli SoluBL2Z1(DE3)E Al

1 ttattcgttc aatttataca gcttatcaac gtcgtccget ggtgtaccgc ggccgteggt

61 attgttggtt ataaagtaaa gcgagtctcc acccgacaat acgtctcgga cacgaccaaa



121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

61
121
181
241
301

gcecttcaatt
ccgaagtgca
ttggtctgag
aatggttggc
ttgtccgtat
gtgacctgat
cacggagcct
tgtaccgtct
ttctagtaaa
attgaaatct
daaatcttgt
cgaaaaacta
agttcgetcet
tcctgtggcea
gcagccggcet

mkkiImts|t
ayidedgtvt
tlvlengewr
i IkInssdef
akedglespf
vradvlsggds

gaatctgtca
gcgacgtata
ccggtagtga
catccgtaat
tcagaagcgt
gagtaaattt
aagtcttgag
tcatctaatg
acttggettt
ttgcegttac
tttaagacaa
actggttgat
gaaatataaa
atttcttcaa

aaaaacagta

[ I flagcnns
hapvsfsdkl|
esqvl legip
eiyssghrnp
fttgsdatwa
lyfitnntdg

cttcagcatt
ggagcccatc
aaaatggaga
tattgecttc
acatggtgtc
caaattcatc
caagctctgg
ctaaacgccce
ctcgecattce
gttcgtaaac
accctaaaaa
gtgtcactgt
actcatccce
aaggtgccgt
acgttagtga

aadpekatap
sgaseagf lg
tgnvhhagr |
qgitwdedtm
psgiamhdgl
rgtpaddvdk

ttcaggatcc
gtgcatagca
ttctaatcca
ttcaataata
ttcgtcccaa
ggaagaattg
agtagaggca
gcegtgatga
accattttct
ataataacca
accagcettct
accatcttca
caatttgttg
tgctttttca

agtcattaaa

feeiatglet
fvlikadfetn
aldedgt!|fa
yasehgagsan
lyvaalrgta

lykIne

19 2-1. Planococcus donghaensis -3 GDHEJ

actactttta
atgccgcetceg
tcttctttag
ttgagttcat
gtaatacctt
agctttaaaa
tcgccaaccg
acattacctg
aacacaagtg
tatgcttctt
gatgcaccgg
tcaatataag
attgcccatg
gagtccgeag
atctttttca

pwainklgde
geaygyyvye
tvgdastpel
delniieegn

ikvvdpenae

DNA 9714 <E % olu] =2k A

tggcagtacc
gagcccaagt
ccttgectte
cgttagccga
gagggtttcg
ttttgccatt
ttgcaaaaag
ttggaatgcce
tgataatttt
gottggtttc
aaagtttatc
cgacgttgce
gtgtctctag
ctgagttatt

C

fyisertgnv
rngkdfnki i
aqd|gsvngk
nygwpt i egk
vtdsiegfgr



Plasmid pET-TtGDHE A}83}] E. coli SoluBL21(DE3)E & A ds3sl9lar, 25°C

off 4 wlste] FFE(Ason) wel 0.5~0.69 =3}

S o 0.3 mM IPTGE #H7}8)

of thlzl MALS FrE9ith e §3 GDHE E coli SoluBL21dA &3t 4



o AR 9 a2/ GDH ofvli=ih A vl 4

323t (Thermus thermophilus HIJ6) 2 A3t (Planococcus donghaensis) -
GDH®| ofr|x=it EE 37.6%9 identityE WEFW AL 112 B Ao gt =%=3H
do] 50C o] Atololl e &+-ekal Bl A F2 S HEHATH(ZHE 2-5).

2}, A2 9 1A GDHY 7% =d¥ % 33 7% Hlu
&g (hermus  thermophilus  HI6) 3 GDHe} A2+ (Planococcus

donghaensis) & GDHell wi&to] 3xF x5 Blusty] §lsto] o d e Alo]E

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index)8] X =133 A}-& 3}

Zbzy el e] 31 25 BdY stk A2 R LA GDHeOl 34

B-strand”7} ¥HEE= WEFTE7F 9P o2 BAX FEHE o]FaL faL, 53], A=A

GDH+ N-Zdo] #2 a-helixd- &7} S8R T3 A2 2 3124 GDH+ N-
Doty C-gd BHjolA 7 g2 x4 FEHE YER At ™ 2-6).

1 gtggaccgga ggcgetttct cgtggggctt ctcggectgg gectcgeccg ggggcaggag
61 ctacgggtog aggaggtggt ggoggacctc gaggtcccct gggeccctgge cttecctgecg



121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

gacgggggga
ctttccacct
gcectecacce
gggggcectga
cgggtagtec
gcetteggee
gcccaggacce
gccccgggaa
caccgcaacc
cacgggccga
gggaactacg
ctctacttct
tacgtggcegg
cgctgacgag
caggtgggcc

tgctcatcge
acgcecgagcet
ctaggtttcc
ggaaccaggt
tggacgggat
ccgacgggat
tcgecteett
accccttect
cccagggcect
gcggggagca
gctggecgag
ggcccecagag
gcctecgaag
ttttgcoggt
ccgatggagc

ggagaggccce
tccegtctac
cgaggcgecce
ggtgcgectyg
cceegeecgy
gctctacgtg
999g999gaag
ggggcgaagg
cgcctggeac
gggctatgge
ggtgogtagag
cttceccecceg
gcaggcecctce
ggagaccgcec

cctttacgtce

gggaggatcc
€accgggaag
tacgtctacg
aggcacctgg
cceeacggec
accacggagg
atcctcegece
g9g9gcgaggce
ccaaagaccg
cacgacgagg
€gggggaacg
gggaacctcg
ttgaggctcg
ctttccggct

accacctcca

1021 gtgcgececcg gggacgaccg ggtgectacge ctectttag

61
121
181
241
301

718 2-3. Thermus thermophilus HJ6 @] GDHS DNA 714 <d 2 ofw] =2k A

ol
=

mdrrrflvgl

lglglargag |rveevvggl evpwalaflp

Istyaelpvy hrgesgllgl alhprfpeap yvyayrtvae

rvvidgipar phglhsggri afgpdgmlyv ttgevyerel

apanpflgrr garpevyslg hrnpaglawh pktgel fsse

gnygwprvvg rgndpryrdp lyfwpagfpp gnlaffrgdl

rwrvirveta Isgfgrlrev gvgpdgalyv ttsnrdgrgg

ggctctttag
agtctgggct
cctaccgcac
g9g9aaaggag
tccactcgog
aggtctacga
tcaccccgga
ccgaggtgta
gggagetttt
tgaacctgat
acccccggta
ccttettecg
tcctggagag
tcggccgect

accgggacgg

dggmliaerp
gglrngvvr |
aqdlas!|ggk
hgpsgeagyg
yvaglrgaal
vrpgddrvir

g9agggcagg
tttgggcectce
cgtggcggaa
ggtcttggac
ggggcgeatce
gcgggagcetce
aggggagcecce
tagcectgggce
ctccagegag
cgtcceeggg
ccgggaccee
gggggacctc
ggagaggggc
tagggaggtg
gaggggccag

grirlfregr
rhlgergv!d
ilrltpegep
hdevn! ivpg
Irlviegerg
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Thermus
Planococcus

Thermus
Planococcus

Thermus
Planococcus

Thermus
Planococcus

Thermus
Planococcus

Thermus
Planococcus

Thermus
Planococcus

MDRRRFLVGLLGLGLARGQ—————— GLRVEEVVGGLEVPWALAFLPDGGML | AERPG 51
—MKK TLMTSLTLLFLAGCNNSAADPEKATAPFEE | ATGLETPWAINKLGD-EFY | SERTG 58
S TR 2 LKk kkk _KkkkD ok k| kikk %

RIRLFREGRLSTYAELPVYHRG——ESGLLGLALHPRFPEAPYVYAYRTVAEGG-LRNQ 106
NVAY | DEDGTVTHQPVSFSDKLSGASEAGFLGFVLKQDFETNQEAYGYYVYERNGKDFNK 118
. . * | * . . . *:*:**:_*: * I X * .
VVRLRHLGERGVLDRVVLDG | PARPHGLHSGGR | AFGPDGMLYVTTGEVYERELAQDLAS 166
| ITLVLENGEWRESQVLLEGIPTG-—NVHHGGRLALDEDGTLFATVGDASTPELAQDLGS 176
L% .. ':*:*:***: * ***:*:' ** *:‘*'*:' *hkkkkk *x

LGGK | LRLTPEGEPAPGNPFLGRRGARPEVYSLGHRNPQGLAWHPKTGELFSSEHGPSGE 226
VNGK'I LKLNSSDE FE'YSSGHRNPQG | TWDEDT-—MYASEHGQSAN 220

DokkkkLKk K Kk ikk kkkkkkk Ik *

Lllkkkk x|

QGYGHDEVNL I VPGGNYGIWPRVVGRGNDPRYRDPLYFWP—QGFPPGNLAFFRGDLYVAG 284
————— DELN| IEEGNNYGWPT | EGKAKEDGLESPFFTTGSDQTWAPSG | AMHDGLLYVAA 275

kkIkIk Kk kkkkk L kI 1l Lkl * Lk IkI Kk kkkk
LRGQALLRLVLEGERGRWRVLRVETALSGFGRLREVQVGPDGALYVTTSNRDGRGQVRPG 344
LRGTAIKVVDPEN—=——— AEVTODS | EGFGRVRDVLSGGD-SLYF ITNNTDGRGTPADD 327
*kk kI 1 K, koLl kkkkIk Ik Kk Kk Lkk | Kk Kk Kkkk*k

DDRVLRLL- 352
VDKLYKLNE 336

LI S

¥ 2-5. 312 (Thermus thermophilus HI6)3} A -&+F(Planococcus donghaensis)

3 GDH9| alingment H|xl



Thermus thermophilus H)6 (124) GDH  Planococcus donghaensis (M-2+) GDH

o 2-6. 2 (Thermus  thermophilus

donghaensis) & GDH® 3xF 4-% H]al

H 4 & A7dE5x 24845 &

HJ6) % AL+ (Planococcus

el 7] =



b
=

jze)

B

xr
il

N
X
il
7K
‘.mo

oo

2. AEFu

o
o

=1
=
1=1]
P

glucose dehydrogenase A &=

laccase F+HAF S22
laccase FHAA F24

2§ Ak
- A&+t (Planococcus donghaensis) ] glucose dehydrogenase F73AF E=24

- 3125 (Thermus thermophilus HIJ6) -2
- 129 (Thermus thermophilus HI6) <2

- A L3t(Planococcus donghaensis) &l

il

il

- a3t 77 laccase]

Ton

;Qnﬂ

wK

N—
o

: 100%)

S

o

il

: 100%)

H

0

&

;OU

A

i)



Al 2 A 7=

o)

A

mK

W AlA

0

)A
B

A

B
|

s
oF

mj

B

olo
olo
7K

N

s
7

B

e

all

B

—_
fie)

,.mo

i

p—

0

N

)

0

¢+

~

;.oE

N
el

- In vitro coevolution 7]

B

=X ApAA A 2t

A =]

3} o
o
S

S|
&

Stal H

Aol o

[2IR=X
AN

[e]
4g

] A2 @ 129

7] %

HEREIIES
-n

5]

T

o
=

ALl A In vitro coevolution

el

£33t o

Z]
&

}'H implantable biofuel cell®l|

Nats
AE] AE] Ao 2

=
=

2. AAA 7)o =

B

i

- Laccase? & &3}

op

HH



ol

040

—L

__o__._._

—

B

A 5

e A+t (Planococcus donghaensis) +3 laccase2] A3}st

il

2] glucose dehydrogenase®] A33}st

il

point mutation®] ¢

=i}
=

- DNA shuffling

tel High throughput screening

5|

g 9

su

wK

2e ¢

T2 74 el

o

In vitro coevolution®] <]

st 28

¥ 9]

3
glo] Ardsle] FA 7193 Aoz 7|giEt)k, T3 in vitro coevolution

3% 704, white biotechnology, &4 A& 59 Fofol A

-
5y

wo] A

"

AN G Rk ope) A}

+a

s

s



X-|| 6 &t A+

o A

MO
rok

Alexandre, G. and 1. B. Zhulin. (2000) Laccases are widespread in bacteria. Trends
Biotechnol. 18: 41-42.

Arias, M. E., M. Arenas, J. Rodriguez, J. Soliveri, A. S. Ball, and M. Hernandez.
(2003) Kraft pulp biobleaching and mediated oxidation of a nonphenolic
substrate by laccase from Streptomyces cyaneus CECT 3335. Appl
Environ. Microbiol. 69: 1953-1958.

Baldrian, P. (2006) Fungal laccases - Occurrence and properties. FEMS Microbiol.
Rev. 30 215-242.Claus, H., G. TFaber, and H. Konig. (2002)
Redox-mediated decolorization of synthetic dyes by fungal laccases. Appl
Microbiol. Biotechnol. 59: 672-678.

Dittmer, N. T., R. J. Suderman, H. Jiang, Y. C. Zhu, M. J. Gorman, K. J. Kramer,
and M. R. Kanost. (2004) Characterization of cDNAs encoding putative
laccase-like multicopper oxidases and developmental expression in the
tobacco homworm, Manduca sexta, and the malaria mosquito, Anopheles
gambiae. Insect Biochem. Mol. Biol. 34: 29-41.

Feller, G. (2003) Molecular adaptations to cold in psychrophilic enzymes. Cell.
Mol. Life Sci. 60: 648-662.

Feller, G, Gerday C. (2003) Psychrophilic enzymes: Hot topics in cold
adaptation. Nat. Rev. Microbiol. 1: 200-208.

Fernandes, A. T., C. M. Soares, M. M. Pereira, R. Huber, G. Grass, and L. O.
Martins. (2007) A robust metallo oxidase from the hyperthermophilic
bacterium Agquifex aeolicus. FEBS J. 274: 2683-2694.

Georlette, D., Damien, B., Blaise, V., Depiereux, E., Uversky, V. N., Gerday, C.
and Feller, G. (2003) Structural and functional adaptations to extreme
temperatures in psychrophilic, mesophilic, and thermophilic DNA
ligases. J Biol. Chem. 278: 37015-37023.

Huttermann, A., C. Mai, and A. Kharazipour. (2001) Modification of lignin for the



production of new compounded materials. Appl Microbiol. Biotechnol. 55:
387-394.

Jaenicke, R. (1981) Enzymes under extremes of physical conditions. Annu. Rev.
Biophys. Bioeng. 10: 1-67.

Liu X, Gillespie M, Ozel AD, Dikici E, Daunert S, Bachas LG. (2011)
Electrochemical properties and temperature dependence of a recombinant
laccase from Thermus thermophilus. Anal. Bioanal. Chem. 399: 361 366.

Martins, L. O., C. M. Soares, M. M. Pereira, M. Teixeira, T. Costa, G. H. Jones,
and A. O. Henriques. (2002) Molecular and biochemical characterization of
a highly stable bacterial laccase that occurs as a structural component of
the Bacillus subtilis endospore coat. J. Biol. Chem. 277: 18349-18859.

Mayer, A. M. (1987) Polyphenol oxidases in plants - Recent progress.
Phytochemistry 26. 11-20.

McCullum, E. O., Williams, B. A., Zhang, J. and Chaput, J. C. (2010) Random
mutagenesis by error-prone PCR. Methods Mol. Biol. 634: 103-109.

Miyazaki, K. (2005) A hyperthermophilic laccase from Thermus thermophilus HB27.
Extremophiles 9. 415-25.

Murugesan, K. (2003) Bioremediation of paper and pulp mill effluents. Indian J.
Exp. Biol. 41: 1239-1248.

Palonen, H. and L. Viikari. (2004) Role of oxidative enzymatic treatments on
enzymatic hydrolysis of softwood. Biotechnol. Bioeng. 86: 550-557.

Peter, M. G. and U. Wollenberger. (1997) Phenol-oxidizing enzymes: mechanisms
and applications in biosensors. FXS. 80: 63-82.

Smalas, A. O., Leiros, H. K., Os, V. and Willassen, N. P. (2000) Cold adapted
enzymes. Biotechnol. Annu. Rev. 6: 1-57.

Stemmer, W. P. (1994) Rapid evolution of a protein in vitro by DNA shuffling.
Nature. 370: 389-3891.

Thurston, C. F. (1994) The structure and function of fungal laccases. Microbiology
140: 19-26.

Wu, S., Acevedo, J. P. and Reetz, M. T. (2010) Induced allostery in the directed



evolution of an  enantioselective  Baeyer Villiger = monooxygenase.

Proceedings of the National Academy of Sciences. 2107: 2775-2780.



o E2M

QM YL

1.

i =)
e ol
Bl 00
N iy
o .
50 jod
+ O
" Bl
= =
=) <
M- OF
gl - ol
3R
oF = AI____
X oo~
= m ol
_ﬂ Al

™
gl oU rr




