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Synthesis of L-threo-2,3-Dihydroxyphenylserine (L-threo-DOPS) by Thermostable L-Threonine Aldo-
lase Expressed in Corynebacterium glutamicum R. Baik Sang-Ho*. Department of Food Science and
Human Nutrition, and Research Institute of Human Ecology, Chonbuk National University, Jeonju 561-756,
Korea — In order to examine efficient L-threo-3,4-dihydroxyphenylserine (L-threo-DOPS) synthesis process
using whole cell biocatalyst, a thermostable L-threonine aldolase (L-TA), which cloned from Streptomyces
coelicolor A3(2) and improved for stability, was expressed in a Corynebacterium glutamicum R strain. The
constructed Corynebacterium expression vector, pCG-H44(1) successfully expressed L-TA in C. glutamicum
R strain, but showed very low expression level. In order to improve the expression level, the expression vector
named pCG-H44(2) was reconstructed by eliminating | nucleotide between SD sequence and start codon of L-
TA. The pCG-H44(2) vector plasmid was able to overexpress L-TA approximately 3.2 times higher than pCG-
H44(1) in C. glutamicum R strain (CGH-2). When the whole cell of CGH-2 was examined in a repeated batch
system, L-threo-DOPS was successfully synthesized with a yield of 4.0 mg/ml and maintain synthesis rate
constantly after 30 repeated batch reactions for 130 h.
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2 QFAEL o]Ae AToIM S. coelicolor A3(2)%] 7
FAHEE o] 43} L-threo-DOPSY] EAF ¢} 7153t
Al7+¢] aldolase®] cloning @ Escherichia colio|A1$] 14
Holl A3l ¥ 445 Error-prone PCR} 185
238 Al2aE S o] 43l deiAA el FUd FARE
5 4= QIoleh1]. =3}, o] WeA3} EA fAAE ®
g3 A= TS whole cell biocatalystZ- ©]-43}d B-
hydroxy amino acid®] F%X4] L-threo-DOPSE A 4}
el oA FAo] 7lsdS gt v e (11 284,
B APl MR A2 AT 3771 whole cell
HkSAlollE E. coli] lysisol]l 2JefA] EA7) E. coli W22
WEE o] TAEE S S AR d4a] k79 AAA]
B4} 72Ee] U EEE AAF § v A
A=At melA L-TA FA2k] 2238 whole cell
biocatalyst ©|-§&te] L-threo-DOPSE E-&% 22 A4k}
7] YleiME oS Qs Az 45 AL o Jg g
S8 Aol dFHH. detA B AT M= S coelicolor
A3 L-TAS o83 34 P 58 ¥
FAE etz kg Ade] FRE LTA A7
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Isopropyl-B-D-thiogalactoside(IPTG), glycine, ZL2]1 34-
dihydroxybenzaldehydel: Wako chemicals(Japan)ll A ¢
s}l AM-31lw}. L-threonine®} ortho-phthalaldehyde(OPA)
+ LancasterAH(Alfa Aesar Co. Ltd., USA)o| A F43}4
AF8-5}91 o}, Research Institute of Innovative Technology
for the Earth(RITE, Kyoto)ollA] £ Corynebacterium
glutamicum R9] wjofoll = AvI=|(Table 1) ARE3l91om,
E. coli®] w]°F& Luria-Bertani(LBIA| & AMEslgdc}. 814
2 C glutamicum R R Escherichia coli®] Wl ool &=
50 ug/ml chloramphenicol®] YE2-E H718led Aelul=]
= Algalslc

AEET U vector plasmids

£ AFolM AR SFNERE E. coli IM10%(endAl,
recAl, gyrA96, thi, hsdR17(ry", my"), relAl, supFA4, k-,
Allac-proAB), [F', traD36, proAB, lacl"ZAMI5)EA]
plasmid 34 @ WA w802 AM3193E. L-Threonine
aldolase(L-TA) 4 A} 3¢ plasmid= S. coelicolor A3(2)
2] error-prone PCR3} high-throughput screening(HTS)

Table 1. Composition of A-media for Corynebacterium gluta-
micum R strain.

Urea 2g
(NH,),80,4 Tg
KH2PO4 0.5 g
K>HPO, 05¢g
MgSO47H,0 05¢g
Yeast extract 2g
Vitamin assay Casamino acids 78
Metal solution™! 1 ml
0.02% Biotin solution™ Il ml
0.03% Thiamin solution™ 2 ml
50% Glucose 80 ml
Distilled Water Up to 1000 m]
Adjust the pH to 7.0.

*Metal solution (100 ml): 0.6 g FeSO,-7H,0, 0.42 g MnSOy, 1~2
drop Conc. HySOq4,

o 23N GRS YA L-TARAAR] H44 Ho|E
S8 WA L4 vector plasmidd] pTrc99(APY cloninggk
plth-SCA3(2)-H44(H177Y)Z AH8-313eH1]. Corynebacterium
oA L-TAS & 913 $5F%= C glutamicum R straing:
AH2-3t 2| vector2E Corynebacterium-E. coli shuttle
vector?! pCRB1E RITE®] YukawaifALZHE] Fof Hlo} A}
S35 11,

C. glutamicum R H8& =g} vector plasmide| H|Zf
3 FEME

C. glutamicum R 84 A 23} vectorS: T=317] Y3}
o detA 3} L-TA, HME T35 plth-SCA3(2)-H44E E.
colidl X AAE F, plth-SCA3(2)-H442] DNAE F3oz
g FgA4 HR-(PCRYS ]88ty FX3h= L-TA 34
£ $31A e PCRel| AR8E primerst= Nt} Cdo]
247t BeoRUPst®] AZEAN-9E T3l F A sigic)
PCR HH&-2 50 ng9 template DNAE F3 22 5 Ul
LA Taq polymerase, 1 xhigh GC buffer, 2.5 mM dNTP
2231 25 pmol oligonucleotide primersE X g5} A4S
AHEI.00 9400 M 402, 60°CellA 303 2E)R 72°C
oA 27 293] uHEslsict. PCR % ©9& QIAGEN
PCR Purification kitS- AF&3fed AA|3 F EcoRI/PstIoE
ATEAE Alg F oA LTA 32 b9 S 53
EcoRI/PstI&2. #| 3t &A= A 2]8t Corynebacterium 234
vector plasmide]l pCRB1|| AZ3BLTL E. coli IM109E- 33
A B A A2 vector plasmid pCG-H44(1)E 531
2. 753 vector plasmid pCG-H44(1)YE E. coli IM1093
HE] A8 ¥, electroporatione]] &J3fA] WHE e C
glutamicum RE A A 11].

THHE 8l |-threo-DOPSS| £4.
U ehiliAle] BNl 12.5%9] polyacrylamide gel:
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ARg3te] A7 F2] ¥ Coomassie brilliant blues AHE3}ed
I 8FHTH17). L-threo-DOPSS] #-41-& HPLC(HITACHI,
column, COSMOSIL 5C18-MS 4.6 x 150 mm; °]54, 0.1%
(w/v) 1-heptanesulfonic acid sodium salt/10% MeOH)<
AME-3le] EA 5ot

g3 % nF

L-TARNX}e| WaE X|=8 vector plasmide| T&

Whole cell biocatalysiss o83 4718 X844 L-
threo-DOPS A& AEHHS7]9] L&A ZEALE F
317 QAste] v NEHE A C glutamicum RS
o|-83F whole cell biocatalysis #5415 F=3}13ic). £ 4
TFoll AMS3E C. glutamicum R straind YHPH 22 ALL-F
= AT gel viAE AEsez FAE FAl AA
7} 73817 Wl AR Sue] BEAQl wHolgo] 7}
S AHE JHA A k. C glutamicum R strain©]
whole cell biocatalystg ©|-8-3le] 83t 3} L YAk
= gle] YukHQl WS S5} AR o fEg A
2= oA sles, 11, 25].

C. glutamicum R strain® 2 L-TA FAAE L&A
717] 91813 lacPel] &3t F=228A vector plasmidE T
3 oh(Fig. 1). 92H4 3} L-TA, H44E 3} pith-SCA3
(2)-H445 EcoRI/PstI®-E. A5 cohesive B] L-TAS
W= & Corynebacterium-E. coli shuttle vectorg] pCRB1
9] 1acP?] a5l 4F33le] 5861 bpe] Corynebacterium 2
4§ vector plasmid pCG-H44()E T53+3ivt. A5
pCRB1-& pUCH Q2] &2'3-4 vector plasmid2A chloro-
amphenicol WAl A1® markers} lacPE A%l pHSG398
vector plasmidE 7N&Fsle] C. glutamicum RS ST 9J)
Az S 7Ess AR Corynebacterium 28
4 vector plasmide] v}, 3% pCG-H44(1)E heat shock

lacP+O

tacP

pCG-H44(1)

5861 bp ;

L-TA

Corinebacterium
ori

Fig. 1. Construction of vector plasmid for overexpression of L-
TA in C. glutamicum R.

el 23| E. coli IM1092 3FAAZAZ] F plasmidE:
343led AMIE L-TA, H449) 97 9S 243 29, 4
b Bel| JgFE A= A stetn] Akl HITTYE BEH
o] qlslent 1 9]9] druidel M PCRell &3 o]
£ 9t

C. glutamicum R strain SF0Me] L % BMFH3T

T53 pCG-H44(1)E o83l 3AAIAZ F oiAl
AN238 C glutamicum(CGH44-1)% chloroamphenicol 50
pg/ml T3k AviAlell AEgt - 33°Cel|A] 154|7F Al
kstdct. wioFE 6,000 rpmellM 1057 PAlEelsled o
o}zl T E 34 ¥, 20 mM QAEZESEN (pH 8.0y A}
43t 13 AAsSGS. F74 0.5 g& 1.5 ml2) 0.5 mM
dithiothreitol(DTT)¥ 0.01 mM pyridoxal phosphate acid
£ et 20 mM JAFEEEA (pH 8.0)l F=Hslsdet.
ZEANLE Het FA S 2592 28] A3 F 14,500
rpmell A 1087 Pl Bejsle] dojzl Aoz sjed.
pCG-H44(1 el A gR= dAA L-TAY HE S s}
7] $18led SDS-PAGEZ £A 389 th(Fig. 2). S. coelicolor
A3(2) %2l L-TA: 1071 bp2] DNAS} 356702] eolm|xAke.
2 FAEe] ol AR FAEE gAY Exjare
37 kDao|H gel filiration®] 23} o}& w|AEF2 L-TAZ
ol 7EAl & homotetramer® A R}, C. glutamicum R
strainol| A LA 7) L-TAS] SDS-PAGE ¥4} 23}, Fig. 2
o] 24 lanedl|M B4R AAF CGH44(1)M+= Fig. 2,
3 lanedl|A Bl L-TA §3AE T3slA] & 2854
A3} vjw3le] oF 37kDa®] L-TAS o] FaA=glon} o
A2 gkl v S-S #eldt 4 slsich 3 Table
2004 Holx 7AH CGH44 ZFH AN Lthreo-DOPS &
A A4S ZARE 29, CGH44 a4 whaial metd
0433 mge FATE & F UKk o)A AFeA S
coelicolor A3(Q2) 3 L-TAE AT 2&EAH S A
pETAIEY] 8 vectorAl A= L-TA 233fe] - Ugko
v}, pTrc99A vector plasmidell AAFYSET Ngwke] 37]w)
94  Met-Asn(5-GTGAAC-3)9 A Met-Glu-Phe-Asn(5-
ATGGAATTCAAC-3)2 HIA|A 7529719 Arshat 73
$ EH3l= S, coelicolor A3(2) ] L-TAZ t)AbFol A
A AL oF 15% o)} TEHAIA 4= 9lgic) w3t =
A i med 1.62 mg® L-threo-DOPSE 4 3141
hwhole cell ¥H-2] 7% F 4.0 mg/ml). ¢|=13 d7+43}
= 754 AxE C glutamicum RS CGH44(1)2] 735
7ol Bl L-TAS] Halgfe] w]$- ol L-threo-DOPS
FATEERL 702 oA 5 Q)

L-TA f8Xe] DU#E XY=l vector plasmide| X7
i o) Q2 SFA L LE X vector,
promoter, RBS(Ribosomal-Binding Site), gene fusion
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Fig. 2. Expression of L-TA from S. coelicolor A3(2) in C.
glutamicum R strain. Expressed proteins were analyzed on a
12.5% polyacrylamide gel after a staining with Coomassie bril-
liant blue. Lane M; molecular mass standard, lane 1; cell-free
extract of E. coli, pCG-H44(2) expression vector, constructed with
the a nucleotide deleted pCRBI vector plasmid between SD
sequence and start codon, lane 2; cell-free extract of E. coli, trans-
formed by pCG-H44(1) expression vector, constructed with the
intact pCRB1 vector plasmid containing thermostable L-TA gene;
lane 3, cell-free extract of E. coli, pCRB1 expression vector only.

Table 2. Comparison of L-threo-DOPS synthesis activity of two
constructed vector plasmid for C. glutamicum R strain.

Constructed ve. Oynthesized o~ . Specific activity
tor plasmid L-threo-DOPS (mg) (g L-threo-
o plast concentration e DOPS/mg)

CGH44-1
[pCG-H44(1)] 0.352 0.975 0.433
CGH44-2 122 106 38

[pCG-H44(2)]

partner @ transcriptional terminator 52} & o3 Q&
o] Iedzhe Ao A U2, 191 & ATA C
glutamicum R straing SF3E L-TA FHAE o] £3F L-

threo-DOPS 34 whole cell AEHVE F58laa) 319
21 of|AF9] 2 L-TAS] Whege] sto} EgAe] AslE A
o] dlA=Eledieh. whetA Corynebacterium 84 vector
plasmidE A T-5302H L-TAY Walzks A7) A}
st9lt}. Fig. 22] pCG-H44(1)9) lacP2] 3}5ol ZA)sle
Shine-Dalgarno(SD) #1843} A% L-TA F4#k2] 7|A] =
E Alo]9] H71E skt AHAIZE 5860 bpSl Corynebacterium
W38 vector plasmid pCG-H44(2)yS Al 75315+ 758
pCG-H44(2)& C. glutamicum R strainel] 3FAA A7) 7|
Z3F TF(CGH44-2)% AMH-3led A<9] pCG-H44(1)yE 3
AA A7) CGHA4-19F Y& =73el A AFd &t s
coelicolor A3(2) 3l 9eHA3} 1-TAS W& FEsigr)
C. glutamicum R strainol| Al 23 A]7) L-TA%] SDS-PAGE
2A Az} Fig. 22] 14 lanedlA 2o R RAHE CGH44-
2014 Fig. 29 24 lanedl|A] o] CGH44-1 a4
3} v)@sle] oF 37 kDa9] L-TAo] 218 2s|o] i
HEo] Sl5S IIT 4 AUsdet. =3 Table 2041 Kol
ZAXE CGH44-2 ZEANS] L-threo-DOPS A EAEA
< CGH44-1 284 il med 0433 mgict B2 &
WA mge 138 mgs FATE & 4 Al et
vector plasmid®] A 7355 3le] A Aol oF 3.2
W AsE AS o s

C. glutamicum R £52€ 0|28} L-threo-DOPS9| &M
MZE8 C. glutamicum RS o]83le] 7% L-TAE o]
23} L-threo-DOPS®| #2715 27] $l8le] ghAdut
SZ271el sl HAEsIH. FHHuhE pHE A E A3
Fig. 3(a)°llA] Eoli= A3 pH 8.0 ¢4}, pH 5.0 ©]5}¢]
AtRIFlR el e BAagAo] oFg)em pH 7.001A4 9] L-
threo-DOPS®| g3 &3 e] 714 ¥4t Bufferd] S5l o
£ Corynebacterium A Z3& L-TAS] whole cell ¥FH-&-A] L-
threo-DOPS®] A &2 |- A pHel 7.0014 AEF-<]
buffers AMg-ste] ]t A3}, Fig. 3ellA B ule} 7ol
pH 7.08] 0.1 M cirtric acid bufferell A 5 pHS] 0.1 M
sodium phosphate buffer®} 0.1 M potassium phosphate
bufferel] Bl$|A ¥& L-threo-DOPSY] A A S B}
AN z3 L-TAY whole cell ¥H-A] 32 LEE 20~50°CY]
WA &A3 A3}, 30°Col| A 2 L-threo-DOPSS] &
A& e} 40°CollME L-threo-DOPS §Ad%5o] 54|
7t o) ¥ ZhAEE AE Bglon, 50°C 27 e
S5 7R ket A7 Al A J43) e A
S 2ok webr Corynebacterium A 23 L-TAS
whole cell ¥H-A] 2ALexx= 30°C7) 7 Aghet Aoz
AFEF ST}, L-threo-DOPSY] H A A S $1st AHEAI Aol
Hsle] HESE H3 Fig, 40| Bedz2= AAH, AHgA
AE 7B b2 AR} ARSAAE A28 734 o
B2 Lthreo-DOPS7F EAE IV AME 5572 A
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Fig. 3. Properties of the recombinant C. glutamicum R harboring thermostable L-TA from S. coelicolor A(3). A. Optimal temperature
was determined in a temperature range from 20°C to 50°C for 25 h. B. For estimating the optimal pH, whole cells of the recombinant C.
glutamicum R harboring thermostable L-TA was mixed (0.5 g/m}) with substrate solutions adjusted with each buffer solutions of various pH
ranges: pH 3-9, 100 mM Briton-Robinson buffer (filled circles); pH 9-11, 100 mM glycine-NaOH buffer (unfilled squares). All the

measurement was conducted in triplicate.

AA Z TritonX-1007} Tween202.t} © =2 L-threo-

DOPS9] FABAS Hei7] wgoll AmEAAY S5l o
2} L-threo-DOPS®] Aol Alol7} vehdE AlAFIEH. of
Y3t A= Ad AV 2D =] 7)1} whole cellite]
2] mass transfer rates A AT7] L2 FA A

M=8 C. glutamicum RE} UEZE 0|88t L-threo-
DOPSe| &4 H|L.

HAZ2AE AN L-threo-DOPSY C. glutamicum R2]
whole cell FHEAE AxF E. colith vl o)A
Aol debdAdo] dFAHEl L-TAQl H449) 7 Fig. 4]
A BARE S. coelicolor A(3)2] wild type L-TAS A
70 ARl HlsiA M OR L-threo-DOPSE FAE &
g2}, 203] o)A} HEE-31EA] ubgollA 10047} o] F A
2} 5ol oS o 4 . 2 23, wild type
L-TA9] 73 oF 2.0 mg/mlE P8I0, GeAd3t a4
o]l H449] 7%, ¢F 4.0 mg/ml®] FAS Hef FAo uke-
< A Qi 2y ukSo] 100A17ke] A ARk
WA 1 HREEE oS FAFe] FHEX 2 wild type L-
TAY 7% < 1.6 mg/mlE Ao, A3 844
H449] 79, of 34 mgml®] A4S Bt vt £ 4
TFollM T8t CGH44-12] 75 wh-g-2] Al7ko] AAkw iR
A= ET3lT HEA oz AR ubAIZ WA oF 4.0
mg/mle] L-threo-DOPSE IS & o AUde}. of=ist 2
= T4 I3 9 Corynebacterium®] T4l 2]3)
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Fig. 4. Effect of buffers used for L-threo-DOPS synthesis reac-
tion. Effect of buffer addition on the L-threo-DOPS synthesis reac-
tion activity using whole cell L-TA catalyst expressed in C.
glutamicum R strain was determined. The whole cell of L-TA
expressed in C. glutamicum R strain (1 g wet weight) was incu-
bated in each buffer solution containing substrate for L-threo-
DOPS and the synthesized L-threo-DOPS was measured by HPLC.
Symbols: filled triangles, 0.1 M sodium phosphate buffer (pH 7.0);
filled circles, 0.1 M potassium phosphate buffer (pH7.0); filled
squares, 0.1 M citric acid buffer (pH7.0).
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Fig. 5 Effect of surfactant for L-threo-DOPS synthesis by
recombinant whole cell catalyst of L-TA expressed in C.
glutamicum R strain. For estimating the optimal surfactant, the
whole cell of CGH44-2 was incubated in buffer solutions contain-
ing each two surfactants: 0.5% (w/v) TritonX-100 (filled circles),
0.1% (w/v) TritonX-100 (filled triangles), 0.5% (w/v) Tween20
(filled squares), 0.1% (w/v) Tween20 (unfilled circles), and the
synthesized L-threo-DOPS was measured by HPLC.
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Fig. 6 Comparison of synthesis reaction of L-threo-DOPS by a
whole-cell conversion reaction using recombinant C. glu-
tamicum R and E. coli harboring thermostable L-TA. The enzy-
matic synthests of L-threo-DOPS by E. coli cells harboring the
wild-type L-TA (filled squares) or H44 mutant enzyme (unfilled
squares) and C. glutamicum R cells harboring H44 mutant enzyme
(unfilled circles) were performed in 50-ml falcon tubes with a vig-
orous shaking at 30°C for 5 h. E. coli cells were harvested by a
centrifugation (10,000 rpm, 10 min), resuspended by a substrate
solution, and followed by a continuous shaking at 30°C for the
next whole-cell conversion reaction.

AN EEH0| 1 QYA LR Lthreo-DOPSE T4 7153t Wb
SN AL FZo] FPsHS AL

2 o

Erro-prone PCRell &J3lA Gk o] 33H Strepromyces
coelicolor A(3) & ¢] L-threonine aldolaseE Corynebac-
terium glutamicum RAA & A)717] $48te] Coryne-
bacterium$- vector plasmidg] pCRB1¢] SDej\} 7fA| =
Exbel9] 19718 AlAZ 884 vector plasmidg] pCG-
H4)E 7531995 pCG-H44200 3N 3AAed ¢
glutamicum R TF(CGH44-2) A L-TAZ 8A7) A,
712¢] Corynebacterium%- vector plasmidq] pCRB1(CGH44-
1) ¥} L-TAS] W ako] ¥k}, L-threo-DOPSS] A&
A3t FAH27-L 30°C, 0.1 M cirtric acid buffer(pH 7.0)°)
%27, 0.1% TritonX-1005 H71819E 739 2o} ¥
AL By HA x| A CGH44-22 whole cell
biocatalyst2. o]-8-8F MM HA R AZPNATFE &
F2 o183 -2 AZF Corynebacterium$ ©1-431%&

¥, BA3R L-threo-DOPS®] o] MM LR o] Fo]
At

Atel 2

£ Aol A4% Corynebacterium$ vector plasmidZ
AlFlFA] RITES Yukawa #Abd A AAt==u g

REFERENCES

1. Baik, S. H.,, H. Yoshioka, H. Yukawa, and S. Harayama.
2007. Synthesis of L-threo-3,4-dihydroxyphenylserine (L-
threo-DOPS) with thermostabilized low-specific L-threonine
aldolase from Streptomyces coelicolor A3(2). J. Microbiol.
Biotechnol. 17: 721-727.

2.Gold, L., D. Pribnow, T. Schnerder, S. Shinedling, B. S.
Singer, and G. Stormo. 1981. Translational initiation in pro-
caryotes. Annu. Rev. Microbiol. 35: 365-403.

3. Goldstein, D. S. 2006. L-Dihydroxyphenylserine (L-DOPS):
a norepinephrine prodrug. Cardiovasc. Drug Rev. 24: 189-
203.

4. Greenberg, W. A., A. Varvak, S. R.Hanson, K. Wong, H. I.
Huang, P. Chen, and M. J. Burk. 2004. Development of an
efficient, scalable, aldolase-catalyzed process for enantio-
selective synthesis of statin intermediates. Proc. Natl. Acad.
Sci. USA 101: 5788-5793.

5. Hannemann, E,, C. Virus, and R. Bernhardt. 2006. Design of
an Escherichia coli system for whole cell mediated steroid
synthesis and molecular evolution of steroid hydroxylases. J.
Biotechnol. 124: 172-18]1.

6. Herbert, R. B., B. Wilkinson, G J. Ellames, and E. K. Kunec.



134 BAK

1993. Streospecific lysis of a range of B-hydroxy-ai-amino
acids catalyzed by a novel aldolase from S. amakusaensis. J.
Chem. Soc. Chem. Commun. 205-206.

7.Hui, A., J. Hayflick, K. Dinkelspiel, and H. A. de Boer.
1984. Mutagenesis of the three base pair preceding the start
codon of the b-galactosidase mRNA and its effect on
translation in E. coli. EMBO. J. 3: 623-629.

8. Karasek, M. A. and D. M. Greenberg. 1957. Studies on the
properties of threonine aldolases. J. Biol. Chem. 227: 191-
205.

9. Kataoka, M., M. Ikemi, T. Morikawa, T. Miyoshi, K. Nishi,
M. Wada, H. Yamada, and S. Shimizu. 1997. Isolation and
characterization of D-threonine aldolase, a pyridoxal-5'-
phosphate-dependent enzyme from Arthrobacter sp. DK-38.
Eur. J. Biochem. 248: 385-393.

10. Kumagai, H., T. Nagatae, H. Yoshida, and H. Yamada.
1972. Threonine aldolase from Candida humicola: purifi-
cation, crystallization and properties. Biochim. Biophys.
Acta. 258: 779-790.

11. Kurusuy, Y., M. Kainuma, M. Inui, Y. Satoh, and H. Yokawa.
1990. Electroporation-transformation system for Coryne-
bacteria by auxotrophic complementation. Agric. Biol. Chem.
54: 443-447.

12. Liu, J. Q., T. Dairi, N. Itoh, M. Kataoka, S. Shimizu, and H.
Yamada. 1998. Gene cloning, biochemical characterization
and physiological role of a thermostable low-specificity L-
threonine aldolase from Escherichia coli. Eur. J. Biochem.
255: 220-226.

13.Liw, J. Q., S. Tto, T. Dairi, N. Itoh, S. Shimizu, and H.
Yamada. 1998. Low-specific L-threonine aldolase of
Pseudomonas sp. NCIMB 10558: purification, characteriza-
tion and its application to B-hydroxy-oi-amino acid synthesis.
Appl. Microbiol. Biotechnol. 49: 702-708.

14. Liu, J. Q., T. Dairi, N. Itoh, M. Kataoka, S. Shimizu, and H.
Yamada. 2000. Diversity of microbial threonine aldolases
and their application. J. Mol. Catal. B: Enz. 10: 107-115.

15.Liu, J. Q., M. Odani, T. Yasuoka, T. Dairi, N. Itoh, M.
Kataoka, S. Shimizu, and H. Yamada. 2000. Gene cloning
and overexpression of low-specific D-threonine aldolase
from Alcaligenes xylosoxidans and its application for

production of a key intermediate for parkinsonism drug.
Appl. Microbiol. Biotechnol. 54: 44-51.

16.Liu, J. Q., S. Nakata, T. Dairi, H. Misono, S. Shimizu, and H.
Yamada. 1997. GLY1 gene of Saccharomyces cerevisiae
encodes a low-specific L-threonine aldolase that catalyzes
cleavage of L-allo-threonine and L-threonine to glycine:
expression of the gene in Escherichia coli and purification
and characterization of the enzyme. Eur J. Biochem. 245:
289-293.

17. Nielsen, T. B. and J. A. Reynolds. 1978. Measurements of
molecular weights by gel electrophoresis. Methods Enzymol.
48: 3-10.

18. Ohashi, N., S. Nagata, K. Ishizumi, and K. Maeshima. 1984.
Process for producing threo-3(3,4-dihydroxyphenyl)serine.
European patent 0084928,

19.Ra, K. S., H. S. Baik, Y. S. Lee, and J. W. Choi. 2000. Effect
of random Shine-Dalgarno sequence on the expression of
bovine growth hormone gene in Escherichia coli. Kor: J. Life
Sci. 10: 422-430.

20. Roberto P, L. Roberto, T. Lucia, C. John, P. Maria, and M.
Enrico. 1991. DL-allothreonine aldolase in rat liver. Biochem.
Soc. Trans. 19: 346-347.

21.Schmid A., J. S. Dordick, B. Hauer, A. Kiener, M. G
Wubbolts, and B. Witholt. 2001. Industrial Biocatalysis
today and tomorrow. Nature 409: 258-268.

22. Schoemaker H. E., D. Mink, and M. G Wubbolts. 2003.
Dispelling the myths - biocatalysis in industrial synthesis.
Science 14: 1694-1697.

23. Schirch, L. V. and T. Gross. 1968. Serine transhydroxy-
methylase: identification as the threonine and allothreonine
aldolase. J. Biol. Chem. 243: 5651-5655.

24. Shepard, M. G, E. Yelverton, and D. Y. Goeddel. 1982. In-
creased synthesis in E. coli of fibroblast and leukocyte
interferons through alterations in ribosome binding sites.
DNA. 1: 123-131.

25. Straathof A. J., S. Panke, and A. Schmid. 2002. The pro-
duction of fine chemicals by biotransformation. Curr. Opin.
Biotechnol. 13: 548-556.

(Received May 1, 2008/Accepted May 26, 2008)



