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Development of psychrophilic and thermophilic fusion

oxidoreductase by in vitro coevolution (2nd)
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Summary

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

coevolution

II. Purpose and Necessity of R&D

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.

IM. Contents and Extent of R&D
The gene of small laccase from the Planococcus donghensis, was cloned and
expressed in FEscherichia coli SoluBL21 cells. The biochemical properties of

psychophilic small laccase have studied. The gene encoding a quinoprotein aldose



sugar dehydrogenase (ASD) from Thermus thermophilus HJ6 (Tt_ASD) was cloned
and sequenced. The biochemical and structural properties of wild type and mutants

(Y156A and Y156K) Tt_ASDs were characterized.

IV. R&D Results

The open reading frame of small laccase from the Planococcus donghensis was
cloned and expressed in Escherichia coli SoluBL21 cells. The molecular mass was
determined to be about 28 kDa, which is similar to the molecular mass calculated
from the amino acid sequence (28597 Da). The purified enzyme exhibited the
laccase activity with the optimal catalytic temperature at 30°C. The optimum pH
for the oxidation of 2,2’'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
was 7.5.

The gene encoding a quinoprotein aldose sugar dehydrogenase (ASD) from
Thermus thermophilus HJ6 (Tt_ASD) was cloned and sequenced; it comprised
1,059 nucleotides encoding a protein containing 352 amino acids that had a
predicted molecular mass of 38.9 kDa. The deduced amino acid sequence showed
42.9% and 33.9% identities to the ASD proteins from Pyrobaculum aerophilum and
Escherichia coli, respectively. The biochemical properties of Tt_ASD were
characterized. The optimum pH for the oxidation of glucose was 7.077.5 and the
optimum temperature was 70C. The half-life of heat inactivation for the
apoenzyme was about 25 min at 85C. The enzyme was highly thermostable, and
the activity of the pyrroloquinoline quinone-bound holoenzyme was not lost after
incubation at 85C for 100 min. Tt_ASD could oxidize various sugars, including
hexoses, pentoses, disaccharides, and polysaccharides, in addition to alcohols.
Structural analysis suggested that Tyrl56 would be the substrate-binding residue.
Two mutants, YI156A and Y156K, had impaired activities and affinities for all
substrates and completely lost their activities for alcohols. This structural and

mutational analysis of Tt_ASD demonstrates the crucial role of Tyrl56 in

determining substrate specificity.



V. Application Plans of R&D Results
This study is the first report of a quinoprotein glucose dehydrogenase that

shows activity towards sugars and alcohols. The information presented in this
study contributes to a deeper understanding of sugar metabolism in 7.
thermophilus. Furthermore, these results elucidate the characteristics of an unusual
thermostable ASD enzyme with potential applications in the fields of biosensors

and biofuel cells.
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Laccase (EC 1.10.3.2)+= 8 & g3l multicopper oxidased] dF o= thi-

7FAl  cupredoxine-type domain®o.® TFAE H|=d FRE XYL ol &
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monophenols, polyphenols, methoxy-substituted phenols, aromatic amines, lignins
= stdEES ASA7IBR g 71d Sold S 7EITH43] o
9] laccase= 3719 FElol&S sty wlA Gz o 3714 (type-1, type-2,
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Laccase= +33°l[16], 2 =[17], <5 [18] & Al+[19, 20l A oAl +3x38kal 3

Axt nEAB AL BANA = Ao deA Yok AWTHA Aol BF
o $elel laccase’} F= AFEEQL20], A A Ao AA ARl w=

=
A Kol web Alet el laccased gk A4t &t A o] Fo AL

AA7FA] Ha" A3 laccaseZ=  Pseudomonas putida AKPSYLA-2 9
laccase[22]1¢} Pseudoalteromonas haloplanktis TAC125 -#19] laccase[23]7F 9o
Pseudomonas putida AKPSYL-2]¢] laccase®= E4AAEES 939 nano-enzyme

systemoll A -&3} 3L Pseudoalteromonas haloplanktis TAC125 @2l laccase= #F
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Ao M= A& (Planococcus donghaensis) 3 small laccaseE 287 ¢
sle] A 2719 small laccaseE 35 3}sl=
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K
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e
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7h AR wi

B Ao A AY83  Planococcus donghaensis (KCTC 13050)= A& AlE
(KCTC)o A Hdrol AF&3F a1, H ¥ wjx]:= Trypticase soy broth AW B]X =
Ab&ate] 25Tol Al 244 7F 5t vl gk C WAae] Basddvt. Ao wjek
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1. Laccase +3# 29 2 24 vector T

Planococcus donghaensis A2 A+= GeneAll GENEx Genomic kit (GeneAll
Biotechnology, Seoul, Korea)E& ©]-83}o] %39 th Small Laccase +3HAE E=24
3t7] 98te] Ax A7 dol B3 Planococcus donghaensis®] laccase A 7]
MES ntgo®, Zhzt JiA A= ARt FZ2AA=9 SR sdete kA
primer, forward primer® 5-TTGAAAGTGAAATTTTATGA-3' ¢} reverse primer=
5-CTA TTGCGTATTTTTGTTCA-3'E A}&3t9] polymerase chain reaction
(PCR)% initial denaturation 98CelA] 2%, denaturation 98ColA 10%, annealing
54.4CelA 30%, elongation 72ColA 1%#< 30 cycles® WHE3lal final elogation<
72T A 587 =333t PCR2 Pfu DNA polymerase (INTRON Biotech., Korea)
= AFE3te] DNA 9 S 523133 Topo blunt vector (Enzynomics, Korea)dl £
29 319t 249 ¥ DNA d#Hel d7]dS ABI Prism 3700 genetic analyzer
(Perkin-Elmer Applied Biosystems, USA)E A}&3ste] EA33t. Tdvector

pET-21acl] ®24& FHAE F2Y37] ¢35t ORFE vlg e =2 27} primer?!



forward primer 5-GGAATTCCATATGAAAGT GAAATTTTATGA-3'9} reverse
primer 5'-TAACTCGAGTTGCG TATTTTTGTTCATAGC-3'E #|#stal o] & o]
&3te] PCRE st 3% DNA 9SS Nde 19 Xho [22 st & 22
42 AW3 pET-2la vectordl GA3ta E  coli BL21(DE3)o &2 33l o).

E
AE
oftt
fuj
fr
ox

pET-2la® @3 duld 2 C-2d %o| His-tag7b F-2¥ &3 &9
A5 S tH(Figure 1).

o 3NN 2 A

E. coli BL21(DE3)/pET21a-PdLac(0.768kb)+= 100 ug/ml ampicilling © gk LB A
of HZE3te] 30TCeolA AwjFs st dujekade] 1%E LBU]A| (triptonen 10 g/L,
yeast extract 5 g/L, NaCl 5 g/L)ol HZF3ste] 30CeolA E widS s}
ODgoonm=0.4-0.6°] = A& @ 03 mM IPTGE Y3 25T 255 W59 1647 &

o fE etk MY AEE A4 Bestel @@FE AHF F ocell lysis

2

buffer (50 mM Tris—HCl buffer, pH 7.5, 1 mM CuSO,) = &g 3to] S92 cell
< st 94 st Aedy Fdoe=m ettt e S 045 um pore
size®] cellulose nitrate filter® filteringd}1 filter® w22 His-Trap HP column
(GE Healthcare)oll & -&3}ar, buffer A (50 mM Tris-HCl (pH 7.5) + 500 mM Nacl)
S A% 10 column volumelZ Ao A AdS AKTA start (GE
Healthcare) 2.2 Y4 4F Ao 025 mM imidazole® F=Fw=Z HA 2 mL
min ¢ fF%o2 8E3%th Small laccase FAS ¥ dEE BFYS Rol YM-10
membrane (Amicon, US.A)S o] &3 g2 FFA T Small laccased %
= SDS-PAGE° 9l&] &elstAr}t. @iz 5% = Bio-Rad protein assay system
(Bio—Rad, Hercules, CA, U.S.A)Z Al-&3lo] =A 314t}

l

g g4d=4
AAE G092 mg/mDe 1 mM ABTSe 50 mM MES buffer (pH 6.0),
a8 1 mM CuSO,E o]&3ste] 30ToA 5&E7F #wkg-stith. o Wl ABTS7}

2F3lE = A EE UV-spectrophotometer2 AF&3to] & 3% 420 nmol A 4 &9 o)

ol A4 ek A4 pH



gl &x oFEAL

=22 50 mM MES buffer (pH 6.0)¢} 7| 224 ABTSE Al-&314
5-40C9 &&= M= SAHs A 4 pHE ABTSE 7|22 AME3)

ol o

/V\-—A]I] 50 mM
sodium phosphate bufferES AF-&3te] pH 55-8.09 HH oA =A%t}
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Fig. 1. Construction of pET2la-Laccase.
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7F. Small laccase?] Fdx 24 2 A7 G4

M

Planococcus dongheansis @2 small laccase (PASLAC)E U3 3sle FHAAE
24 3st7] fskd, oln Alwm @drIAEel ¥E I Planococcus dongheansis®]
PASLAC #d# g7 49S wE o2 primerg X783, PCR 71¥& o] &34
PASLACE ¢33} st Aoz oqidHe= daAsE 2249 st 22499 Fd49
open reading frame (ORF):= 768 bpe Zo]& 255 ofn:=AkS ¢ts3talal ATt
(Figure 2). 249 % #2422 DNA agarose gel 7|50z EX3 4

3ol YEFATE Figure 41X 29 H FHAAZHEE G35 E ofn|xil Adz

AL A= gl dSs Ao R alignmentE A ST FEYE fdAE

o,
oft

Planococcus antarcticus r#19] laccase (NCBI Accession No. WP_065536877)2} 7}
T2 s (69.44% identity)S YEFWRA AL, Psychrobacter arcticus laccase (NCBI
Accession No. WP_011280528)2}  Psychrobacter cryohalolentis laccase (NCBI
Accession No. WP_011513464)¢} = z+2ZF 24.4%9F 23.8%9°] identity= UEFW T o] 9}
2o AEAHS B8 5319 Planococcus dongheansis®] G AZFEH F2Y 3+

S A= laccaseS Tzt Aoz dAE )

L}, Small laccase?] & & )

W vector pET-21a% T4 FAAE F24Y37] Y8l ORFE vl o= forward
primer®} reverse primerS Ab&3lo] PCRS 33ttt %% DNA ©HS Nde
I Xho [02 A 3 & e g4 pET-2la vector® dAsta dusE pET-2la
vectore] laccase geneS AA3] pET21a/PASLAC (6.2 kbh)E T=3Ftt o &
vectorg E. coli BL21(DE3)o| @A &stlaL, 37CelA wFste] F35% (Agw)dtol
04-0.501 =235 W IPTGE 3 7hste]

S C-¥d Zo] His-tag7} F-2d & dlde] Jez AyrE Ao}

9l Qe fEsd wdd wn

t}. EcoliZ%-E small laccase®] =& A 2 A A

2 AgoA  laccased] GASAHS FAHSHZ] HE AASAY. E coli

BL21(DE3)/pET21a-PdSLACY] %53 s ds dAdteglste Aesdy) doz &



gt A A JHdHE SDS-PAGE #7149 % ol Hetduy s Hurt

el A oF 3ujdE B &84 ddS FAethFigure 5). ¥ F5ds

ol
3R
il

0.45 pym pore size2] cellulose nitrate filterZ filteringst A th. @ 22 His-Trap HP
column (GE Healthcare)oll & 83}aL, buffer A (50 mM Tris-HCl, pH 7.5, 500 mM
Nac)S #Hol% 10 column volume® Z A Z3dlo] AgudmMaS AKTA start (GE
Healthcare) &2 U3k +FMojr 025 M Imidazole®] A& FulZ 2 2 mL min
+ 25 AEste] 15%9] SDS-PAGE
dolA ddwl=E gels th(Figure 6). o] 2 A BAlE PASLACS &Ae 544

Ot
rlr
M

o] ff&o =2 &E3Arh laccase@ S X5

AAE @MA092 mg mHe &=EJEHLS 50 mM MES buffer (pH 6.0)%F
71A2x ABTSE AMg3te] 5-40C2=W9z2 =A8dY. ¥4 pHe= ABTSE
71d&2 ARSI o 50 mM sodium phosphate buffer (pH 55-8.0)2 A}-&3}o]

0ColA w3 & ABTS7F A3tz A =E UV-spectrophotometersS AF-&-3}o]
4% 420 nmollAd A8tk 2 A3 H2 exE 30CTE e, HF pHE
7501t (Figure 7, 8). ©| ZA¥+= Pseudoalteromonas haloplanktis TAC125 3
laccase [67]¢] HA2X7} 10T AH¥ vluste] Planococcus donghaensis®] small

laccase= HALT7 ¢ =& Ao 7 e
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acid sequences of the small laccase gene.
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Fig. 3. PCR amplification of small laccase gene from Planococcus donghaensis.
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Fig. 4. Alignment of the deduced amino acid sequence of PdASLAC with its
homologues. The primary sequences of laccases from several organisms
were aligned with Clustal W. P.donghaensis, Planococcus donghaensis;
P.cryohalolentis, Psychrobacter cryohalolentis (WP_011513464); P.arcticus,
Psychrobacter arcticus(WP_011280528); P.antarcticus, Planococcus

antarcticus(WP_065536877). An aterisk (%) denotes that residues at that

position are exactly same. A colon () indicates that residues at that
position are very similar. A dot (.) indicates that residues are more or

less similar.
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Fig. 5. SDS-PAGE analysis of PASLAC. M, molecular mass marker; lane 1, soluble
protein fraction from supernatant of sonication for induced cell; lane 2.

insoluble protein fraction from sediment of sonication for induced cells.
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Fig. 6. purification of recombinant small laccase from Planococcus donghaensis:

Lane 1 represent the protein staining bands of molecular markers and

purified enzyme.
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Fig. 7. Effect of temperature on the activity of small recombinant laccase from P.
donghaensis. Small laccase was assayed at temperature range from 5 to 4

0C and pH 6 with ABTS as a substrate.



120

100 4

(=]
=]
1

60 1

40 -

Relative activity (%)

20 |

55 6.0 6.5 70 75 8.0 8.5
pH

Fig. 8. Effect of pH on the activity of recombinant small laccase from P.
donghaensis. The assay was carried out at 30C with ABTS as a

substrate, using sodium phosphate buffer (pH 5.5-8.5).



A 2 A Thermus thermophilus HJ6 -F2] aldose sugar

dehydrogenase?] wild-type % Tyrl56 mutants?] AA3}sh ol L

. =
z3d 54

1. A&

PQQ ¢+4 dehydrogenase= quino protein famillye] 7F¢ & &4 I o|t}
PQQE apoenzyme I ZA% 3ol holoenzymes FAETH PQQ enzymes
quinoprotein alcohol dehydrogenases (ADH)<} quinoprotein glucose
dehydrogenases (GDH)2| 27FA|2 ®FHt. ADHE €229 2k3E ZFulsa
Al 37FA = EFHt. Type 2 methanol dehydrogenase (MDH)®F ethanol
dehydrogenase®] 22  Type IIE C-Z@9 heme CE X33+ soluble
quinohemoprotein®] 32 Type III+= membrane-bound quinohemoprotein®| t}.
Quinoprotein GDH+ glucose®} W& aldose? 43S ZFHvwsta PQRE HEA R
Abg3 Tk PQQ-GDHYE 257 & #5753 3 soluble glucose dehydrogenase
(sGDH)¢] 21 t}& 3}y membrane-bound form (mGDH)e|t}.

off

Acinetobacter calcoaceticus sGDH (Ac_sGDH) [25]+ homodimerico] il &2}
50kDacl™ 171¢] subunit® 171¢ PQQE et Ca’ & sGDHeIA 234 JA
I PQQ At "HR3H26]. o] EAE A3 pentose®t hexose TS AH3FE A
lactoneS A et} 27]. sGDH+= N-methylphenazonium methyl sulfate [28] %
electroconducting polymers [29]¢} 22 T4 9 G4 HAAFEA o dAAE 5T
T Adoh Eg =2 turnover T % PQQY 7t A A sEES 7RI QLo
nho] @ Al A [25] B wlho] & A 5 #][30-32]° AF-&-H T}

H MEE soluble quinoprotein sugar dehydrogenase (Ec_ASD)7} tf &3t ol A
FAHEAJT. ©o] &4F monomer®| 2L glucose®t maltoseo] w2 IS 7HA
t}oF3sk mono-, di-, tri-saccharide aldose sugarEe°] &A4<S Yeldth. Ec_ASD
2} Ac_sGDH® ZAA F+xE& nlud] B B-propeller fold= ¥ <=3FA % loopet #E
W oxE FES dd o=vH33]. wEkA, Ec_ASDE PQQ-dependent soluble
dehydrogenases®] M Z2 1w S % FF3% 3 aldose sugar dehydrogenase (ASD)
aFoz WA 33l Aol A Pyrobaculum aerophilum 3 ASD



(Pa_ASD)= 54U, 72 2 Fvjd oA Ec_ASDe wi§ Hl=g 54L& 7}
R oH341.

B oAFo| = 1123 Thermus thermophilusel~l sGDH homolog #dAE F
29 3 pET-2la WHA|2ES o] &ate] el Tdeda, 75 5 AW

BEAg Batol /13 AT ool 2AshE Tyrls6 @719 4 e B4,

2. A

b

%y

7h ARSIt ok Wi g

B o AGo| A ALE3F Thermus thermophiluss ¥ Q2o A )k F5o]ar, wjok
<4 WXl= ATCC medium 1598 (bactotryptone, 2.5 g; yeast extract, 25 g;
nitrilotriacetic acid, 100 mg; CaS04-2H20, 4 mg;, MgCl2-:6H20, 200 mg; 0.01 M
Fe-citrate, 0.5 mL; 0.5 mL trace element solution, Na.K phosphate buffer (pH 7.2,
0.16 M), per liter)& AF-&3Fo] 80T A 24412 5k wjFet & 4T Ware Hs)

At

. Tt_ASD F#dx &2 2 wild-type and mutant enzymes® T3

Thermus thermophilus QXA+ GeneAll GENEx Genomic kit (GeneAll
Biotechnology, Seoul, Korea)E& ©]-&3te] F&39 k. Tt_ASD FAAE 249 317]
fste] As A7 do] w2 T thermophilus HBS, HB27, or JL-18¢] ASD ##
A @M LE S e e w, 47 JhA A= ARt FAA=Y sl sldete 7 Ut
Al primer, F1 primer® 5-GTCGGGGAAGGGGGTGGCTG-3'¢+ Rl primer=®
5'-AGGTCCGCTTCCGCAAGAGG-3'E A}F&3}e] polymerase chain reaction (PCR)

S initial denaturation 98 Ceoll A4 2%, denaturation 98 Ceol|l A4 10%, annealing 54.4C I

X

30%, elongation 72ColA 1%5 30 cycles® HFE-3}31 final elogation 72°C o] 4]

587 338t PCRE Pfu DNA polymerase (INTRON Biotech., Korea)S A}-&-3}

o] DNA @S FZ%3t%3L Topo blunt vector (Enzynomics, Korea)ol =4 3%
o #2249 ¥ DNA ©He H7[M¥E2> ABI Prism 3700 genetic analyzer

(Perkin—-Elmer Applied Biosystems, USA)E A}lg&3te] #4390tk Ldvector

pET-21a°l] T4 FHAAE F2Y37] 93ste] ORFE vlg o2 2714 primers! F2



primer 5-GGGGTGGCATATGGACCGGAGGCGCTTTCT-3' ¢} R2 primer
5'-CCGAAGCTTAAGGAGGCGTAGCACCCGG-3'& Al #stal o] & o] &3] PCRS
Ttk $% ¥ DNA @& Nde 13 Xho 102 HAdgh & e 48 Ao
pET-21a vectorel] ¥AA3}le] pET2la-asdE F+=3tal E. coli BL21(DE3)el] & & =3k
3 th pET-21a® w33 @wlae C-2dok o] His-tagZ} F2d &3 d@wze
FEl2 AAESAT Y156A mutantE T53H7] 84 27FA] primer?! F3  primer
5-GGGGAGGTCGCCGAGCGGGAG-3' <} R3 primer
5'-CTCCCGCTCGGCGACCTCCCC-3'E A #std L, Y156K mutants T5317] <
st 27FA] primer?] F4 primer 5-GGGGAGGTCAAAGAGCGGGAG-3'¢} R4 primer
5 -CTCCCGCTCTTTGACCTCCCC-3'E  AlZstdtt. ol  primer?t FIO=Z
pET2la-asdE A}83}o]  site-directed mutagenesis kit (Muta-Direct, iNtRon)<
protocolt 2 PCRS F33le] d EdWolE =dsta A7IMES &3kt

o &4 AL 2 AA

E. coli codon-plus (DE3)/pET2la-asd= 100 pg/ml ampicilling © g LBuj Ao H
Z3to] 30CoA AmFsS st dAujdAol 19%ES LBHIA (triptonen 10 g/L, yeast
extract 5 g/L, NaCl 5 g/L)oll BZF3ste] 30CANA ¥ wdS 39 ODgoonm=0.4-0.6
o] FE wW 0.3 mM IPTGE ¥ 25TE 55 W59 16417 ¢ F% widst
Act WS AEZE AA Boste] DWE AHE & cell lysis buffer (50 mM

4

Tris-HCI buffer, pH 7.5, 1 mM CuSO,) =2 dgste] =532 cells Ifsta, 94
w5ty ey HHe=z FEsdth dedS 045 um pore size9 cellulose
nitrate filter= filteringstal filter® w22 His-Trap HP column (GE Healthcare)
of A&3sta, buffer A (50 mM Tris-HCl (pH 7.5) + 500 mM Nacl)<S A% 10
column volume® 2 A& &to] A aS AKTA start (GE Healthcare) &2 53
AZ Ao 0.25 mM Imidazole®] FEZTWl2 HA 2 mL min'e &0z %359

th &4 84S FIEE BFS ol YM-10 membrane (Amicon, U.S.A.)S o] &3l

o)yt 2 FEAZ e g A =xi= SDS-PAGEY 9& #elsigla, vid Fx
+ Bio-Rad protein assay system (Bio-Rad, Hercules, CA, U.S.A)E Al&3lo] =4

st e,



2t PQQOl o 4] A5
A A ¥ apoenzyme (1.7 mg/ml) buffer (20mM Tris-HCl (pH 7.5), 100 mM NaCl
and 1 mM CaCl2)Z oA 108 &2 PQQSE g4 25TClAl 16A13F WE-S-3F T},

vk, g9 g4 9% Kinetic 4
o8 3
M D-glucose; 10 uL 6 mM DCIP (¢600 = 21.0 mM 'em); 10 uL 60 mM PMS; 20

YA =]
T

rlo
U
rlo

224860 puL 50 mM Tris-HCI (pH 7.5) buffer; 100 pL 1

uL of enzyme sample) .= &3 % 600 nmolA SF =5 =A3te] DCIPS &3 %
HArE SASAY. 71E BolAdE HIEsHZ] fste gds 71E s E[D-glucose
(0.01-0.8 M), D-galactose (0.01-0.8 M), D-mannose (0.01-1.2 M), L-arabinose
(0.01-0.8 M), D-xylose (0.01-1.2 M), D-ribose (0.01-05 M), 2-deoxy-glucose
(0.05-0.8 M), glucosamine (0.01-0.3 M), glucose 6-phosphate (0.01-0.3 M), maltose
(0.01-0.8 M), a-Lactose (0.01-05 M), D-cellobiose (0.01-0.4 M), maltotriose
(0.01-0.5 M), xylitol (0.02-0.5 M), mannitol (0.1-0.7 M), methanol (0.05-0.5 M), and
ethanol (0.05-0.5 M)]E AH&ste] kinetic #t= 54 st

il

3. Ay 2 31

7} Tt_ASD #F#=te] 54
123t (Thermus thermophilus HJ6) &l Tt_ASDE ¢ &stst= FdAE 224
7] ¢ske], olv] Al dA7IALEe] WX Thermus thermophilus HB272] GDH

A2 @71 ES v o R primers AAEa, PCR 71WS o] &3te] GDHE ¢33}

ol

= Aoz A= FHxE 29 st 2249 ¥ 73 A9 open reading
frame (ORF)¥= 1,059 bpe] Ao]& 352 o}miibs 4&dstar At ddsd 2A%
£ 389 kDa ol SHAHE 10.170t}. Thermus thermophilus H]6 @ Tt_ASD?
oln| it A EH FEAS Hole tE £ oinxAl AES HF SR alignmentE

24 31l th(Figure 9). Pa_ASD (identity 42.9%)¢} Ec_ASD (identity 33.9%)%} B] %]

i
rlo

BFERE BAR o] E4E ASD E4 IFd &t Aow FAsAT d71A
<2 DDBJ/EMBL/GenBank nucleotide sequence database®] accession number

AFN86158= & =3} 3t



L. Tt_ASDO] i+t 2ad 5 A

E. coli BL21(DE3)/pET2la-asd®] Z&3 3o A Egste] ool tfdho]
I A2 st T metal chelating column< AF&3Fe] A A&} tH(Figure 10). SDS-PAGE
A3 A 37 kDag WEbH o] ofn] =il oA AE EAF R 2w o 2t
t}. SuperdexTM 200 columng AF&3F gel filtration chromatography #2jolA & 49
A & 80 kDas YEFO] E &4 E homodimers HAstE 2oz gl

PQQ<} 233 holoenzyme< ultraviolete—visible (UV) absorption spectras =74 st

PQQ7F A&t Aoz FAs Ak (Figure 11).

o &4 249 H4 pH 2 2%

Tt_ASD®] pH ¢]F4-S pH 37959 WolA]l overlapping bufferE Ab&3fe] =4
ShATE 2 &4¢] HA pHe 7775% YWEUA Ec_ASDe| #4 pH 875H = o ¥
ot #HA 2EE 60780C WHelelA 90% ool E4e et 70CAA 7MY =
kot (Figure 12). webd 2 &4% T thermophilus H]6 59 HAAWHS% (80T)

Hus ¢ B 2504 HHFZALASAS 7HAE Ao® yebyth =3 2 g4 9
T

A

holoenzyme-2 85C 4] 100
S YaEAd S BAAT PQQ7F AFSHA 22 apoenzymes w43
A EAE PQQLHY AFE Fste UdAdel dEE Aoz ddE A thFigure

13).

—|~
X,
=
12
o,
2,
iteS
2
2L

B ogho 714 Eo]A& Michaelis-Menten 2o 93] ¥4 %A} (Figure 14). &4
2»3k aldose sugars (hexoses, pentoses, disaccharides, and polysaccharides)<}
alcoholol] i = SAS YelWATE (Table 1). H]Z alcohole]l W3k catalytic

efficiency (kea/Km)2 sugarel]l W3k ZtE = WA W ethanol®} methanolel] =5 &4

s
%
O

S ®BYth Ethanoldl W3 K, %S Comamonas testosteroni @ quinoprotein
ADH (2.23 mM) Xt} t] =t} Ethanold] w3+ catalytic efficiency (kew/Km)< C.
testosteroni @ ADH (8027 s' M) ®HoE o gt 7MF 9o K, @



glucosamine®] i, 7}F¥ =2 ke #< a-lactoseol™, 7MY =2 ke/Kn ratios
2-deoxy-glucose®|t}. Glucoseo w3+ K, #(021 M) Pa_ASD (068 M) %
Ec_ASD (0.4 M)E Tt} vrol 7] HslAdo] =& FHo=Z YEryth E3 disaccharides
2 trisaccharides®l] ™3t K, #+S glucose BEtte v vkt £g#H o7 712 2134

92 Zu) 84S Pa_ASD HU}E =3 Ec ASD RulEs e oz olx )

Tt_ASD &4¢] ¢l AstE olafstr] flste] @uide] 3-D +x 45 533
Aok B g4&T on 3x Fx27F wel T thermophilus HB8 8 putative
oxidoreductase (GDH) (PDB ID: 2ISM)¢} opvi=ib A Eej A 3708F T2 7] ufitof
Aol Fx7F vt & F glal, o]Ale HiEo® Tt ASDO & RS 35
TZZ2 g = AdAJH(Figure 15). Tt ASDY 32 +%E 67019 four-stranded
antiparallel B-sheetsE& ¥ 33+ B-propeller 7+%%5 7FX| 12 Pa_ASD¢} ®wj-$ -AFgH
T25 7FHY. Tt_ASD® Ac_sGDH®}e] ++Z+ long loopet W XA 24 S
el Atk (Figure 16). Tt ASD, Ac_sGDH (PDB ID:1CQ1), Pa_ASD (PDB ID:
3A9H) 9] 371#] ©@W A G += least-squares approachol] ]3] w9 YA 3t PQQ 2
stz = eI tH(Figure 16). Ac. sGDHE] ligand-complex TZolA GInl68 ZH7] &
glucosest A3 Fadael Add oz FQdn. Tt_ASDol FdstA EAst=
Tyrl56 #719] hydroxyl group® glucos #+#F2] hydroxyl Ol group 7+e] Az = 4.0
A o]t (Figure 18). Ac_sGDHS] long loop <Fel $1x3l= GInl68 #+7]&= Tt _ASDE]
Tyrls6 zk7]1¢} 22 x4 f1x]o &A1t Tt_ASD Ac_sGDH$] Ca backbone]
A= 51 A "ol 91X (Figure 17, 18). wabA Tt_ASD9] Tyrl56 71& 714
Aol #ofsts 2o ot Tt ASDeIA Tyrls6 719 A& #4387 918}
o] 27F4] mutant (Y1564, Y156K)E A&t a4st4 EAS FAstaith Table 1
ol Mt o]l 27FA] mutant 4= EE 71 tiete] Ky #ol S7FshAL kea #k°l
Hagh Aow wWol @A VA Mswrl &4 He Zdom #AdHdu. YIS6A
mutant®] vl &2 YIS6KY Fulge&Rt 9 ¢y 27FA mutant &
alcohol 7] &l tiate] 7o &5 o] Mt webA, Tyrls6 718 &L 714
A} Sl o] Fad gTS st 2oz FAHJTE AAA o= Tyrls6
b7 Tt_ASD®9| alcohol A% FIstAdS AAsteE Fdd 7= A A
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Alignment of the deduced amino acid sequence of Tt _ASD with its
homologues. The sequences were aligned with CLUSTALW and displayed
in ESPript along with secondary structure assignments for Tt_ASD (PDB
ID: 2ISM) and Ac_ASD (PDB ID: 1CQI1). Strain abbreviation of each
protein and Protein ID are as follows: TtHB8, T. themophilus HBS8
(UniProtKB code Q5SKS3); TtHJ6, T. themophilus H]6 (UniProtKB code
I7A144); Sc, Streptomyces coelicolor (UniProtKB code Q97Z571); Pa,
Pyrobaculum aerophilum (UniProtKB code Q8ZUNRS); Ec, Escherichia coli
(UniProtKB code MSPTY9); Ac, Acinetobacter calcoaceticus (UniProtKB
code P13650).
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Fig. 10. SDS-PAGE and gel filtration analysis of recombinant Tt_ASD. (A)
Purification of recombinant Tt_ASD. M, molecular mass marker; lane 1,
crude extract induced cells; lane 2, supernatant of crude extract after
heat treatment at 80 C for 20 min; lane 3, Histrap column peak
fractions. The gel was stained with coomassie brilliant blue. (B)
Molecular mass determination of recombinant Tt ASD. The molecular
mass of recombinant Tt_ASD was determined by analysis of the elution

of standard proteins from a Sephacryl S-200 HR 26/60 column.
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Fig. 11. UV-visible absorption spectra of recombinant Tt_ASD. Absorbance spectra
of Tt_ASD before (solid line) and after (dashed line) binding of PQQ.
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Fig. 12. Effects of pH and temperature on the enzyme activity. (A) pH dependence
of the activity. circles, 50 mM sodium acetate; triangles, 50 mM sodium
phosphate; squares, 50 mM Tris—HCIl;, diamonds, 50 mM glycine-NaOH.

(B) Temperature dependence of the activity.
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Fig. 13. Thermostability of recombinant Tt_ASD. The apoenzyme (circles) and
holoenzyme (triangles) was incubated for various lengths of time at 85T,

and the residual activity of samples were measured at 70C and pH 7.5.



Table 1. Kinetic parameters and substrate specificities of the wild type and mutant

Tt_ASDs. Data represent the mean (£SE) of duplicate measurements.

Wild type Y156A Y156K

Group and name et K Fea/ Kon eat K keat Kin Feat K ead Kon

) M) ("M " M) ("M " M) ("M
Simple sugars
D-Glucose 1054+203  0.21+0.08 502142543 339+10  0.47+0.03  719+291 316+23  0.25+£0.05  1287+485
D-Galactose 823+56  0.11+0.02  7488+2801 160+16 ~ 0.38+0.09  417+187 193+6 0.2+0.02 952+333
D-Mannose 1627+311  0.13+0.06  12518+5199 26516  0.14+0.03  1858+533 261x18  0.16£0.04  1610+482
L-Arabinose 1755+312  0.16+£0.06  10972+5211 142410  0.17+0.04 796264 154+7 0.14+0.02  1079+330
D-Xylose 1681+350  0.14+0.07 12011+5006 305446~ 0.46+0.16  699+291 204+29  0.23+0.10 8724294
D-Ribose 260+103  0.13+0.10 =~ 20624983 181417  0.07+0.02 27244835 715+135 0.44+0.13 1631+1034
Alcohols
Xylitol 15+2 0.09+0.03 173+60 ND* ND ND ND ND ND
Mannitol 38+4 0.09+0.04 414+103 ND ND ND ND ND ND
Methanol 76+42  0.15+0.18 506+237 ND ND ND ND ND ND
Ethanol 123+28  0.18+0.10 680+291 ND ND ND ND ND ND
Substituted glucose
2-Deoxy-glucose 1141£162  0.04+0.02 2948348503 69+2 0.08+0.01 9214249 128+11  0.14+0.04 903+275
Glucosamine 197+6 0.02+0.00  12989+2811 10416  0.02£0.01 5727+1846  117£29  0.02+0.01 869642475
Glucose 6-phosphate 192433 0.08+0.04  2543+918 ND ND ND ND ND ND
Disaccharide
Maltose 1022+150  0.17+0.05  6012+3003 186420  0.37+0.09  500+222 170£18  0.26+0.07 654+252
a-Lactose 1953+485  0.19+0.09 10280+5245 282+82  0.64+0.29  439+281 225+61  0.65+0.27 3434221
D-Cellobiose 1042+415  0.07+0.05 14893+8316 160+17  0.30+0.06  527+280 186+35  0.23+0.05 808+654
Polysaccharide
Maltotriose 772+247  0.13£0.08  6160+3143 822+169  0.60+0.20  1366+861 36334 0.16£0.03 22834961
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Fig.

showing purified Tt_ASD activity,

14. Michaelis—Menten Kkinetics data for Tt_ASD.
and 50 mM Tris-HCI

Michaelis—-Menten plots
(pH 75), 10 mM

D-glucose, 0.06 mM DCIP, 0.6 mM PMS, and wild type (@), YI56A (A), or
Y156K () enzyme (10 pg) with increasing concentrations of (A) D-glucose, (B)
D-galactose, (C) D-mannose, (D) L-arabinose, (E) D-xylose, (F) D-ribose, (G)
2-deoxy-glucose, (H) glucosamine, (I) glucose 6-phosphate, (J) maltose, (K)
a-Lactose, (L) D-cellobiose, (M) maltotriose, (N) xylitol, (O) mannitol, (P)
methanol, and (Q) ethanol.
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Fig. 15. 3-D structure model the Aldose Sugar Dehydrogenase from Thermus
thermophilus H]J6.



Ac_sGDH+PQQ+Glc (PDB ID: 1CQ1)
Pa_ASD+PQQ (PDB ID: 3A9H)
Tt_ASD (PDB ID: 2ISM)

Fig 16. Structural comparison of three sugar dehydrogenases (Tt_ASD, Pa_ASD
and Ac_sGDH). Structural superposition of the three enzymes is

represented as ribbon models.



Fig. 17. The orientation of the cartoon model is rotated 90 around the horizontal
axis on the panel. The open active site is exposed to solvent. The

ligand-binding region is indicated as dotted box.



Fig. 18. Close-up view showing the catalytic and ligand binding site. Residues
involved in PQQ and glucose binding are shown as stick models using

the same color code as shown in panel.
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Fig. 19. Cartoon representation of the superimposed wild-type PAMO (Green) and
mutant Gln93Asn/Pro94Asp (Blue) structures [7].
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