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SUMMARY

(HE2RAHE)

L-Lysine is one of the most important amino acids for food and feed additives.
This amino acid is currently produced on a scale of about 250,000 tons per
year by fermentation with classically derived mutants of Brevibacterium
lactofermentum and Corynebacterium glutamicum.

B, lactofermentum, important microorganism in the industrial production of
lysine, has both the diaminopimelate(DAP) pathway and the meso-DAP-
dehydrogenase(DDH) pathway for L-lysine biosynthesis. The DAP pathway
reguires four step from tetrahydrodipicolinate(THDP) to meso-DAP in
the lysine biosynthesis. In the DDH pathway, meso-DAP is directly formed
from THDP by single enzymatic step, catalyzed by DDH. It is presumed
that the DDH pathway has more merit by not requiring acetyl-CoA or
succinyl-CoA and abbreviating the enzymatic reaction of four steps as
found in the DAP pathway.

To investigate importance of DDH pathway and the related ddh gene in
lysine production of B. lactofermentum, we introduced site-specific
mutagenesis technique. The results revealed that inactivation of the
DDH pathway in B. lactofermentum leads to dramatic reduction of lysine
production as well as decrease of the growth rate, indicating that the
DDH pathway is essential for high-level lysine production as well as
biosynthesis of meso-DAP. Also, we investigated the effect of amplif-

jcation of the ddh gene on lysine production in B. lactofermentum. For this



purpose, we constructed B, lactofermentum-E. coli shuttle vectors pEB1, pEBZ,
and pEB3. The recombinant plasmids pRK1, pRK2, and pRK3, containing the ddh
gene of B lactofermentum, were introduced into B, Ilactofermentum by
electroporation. The results revealed that the specific activity of DDH by
amplification of the ddh gene was increased 7~14 fold and also L-lysine
production of B. lactofermentum strains harboring recombinant plasmids

were 18~22% higher than that of the control.
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aspartate semialdehyde dehydrogenase
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N-acetyltransferase N-succinyltransferase
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N-Acetyl-2,6-L,L —diaminopimelate
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meso-DAP-decarboxylase(lysA)

L-Lysine

Fig. 1. Biosynthetic pathway of L-lysine in procaryotes.

The acetylated intermediates(left) and succinylated intermediates(center)
of the diaminopimelate(DAP) pathway and meso-DAP-dehydrogenase( DDH)
pathway(right) are utilized for biosynthesis of lysine in procaryotes.
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Escherichiacoli & H]| £ 3 2 E Gran(-) o5 4 t| 2] Gran(+) u| FEE
o] o] &3l F 2ol m®, DDH 7 28 Flo] lysined A4 st F& A
o} © ™ Bacillus sphaericusolld Z Q¥ o] o,
8L} lysine At #F59U C glutamicum W B lactofermentumolX= F
712 %=, & DAP Z =9t DDH B 27t #7 283t lysined Y43
M AgH g lysine WFAtGol] de] o[ &H Yt?® . =53] DDH 7
2= lysine AP2dol oA DAP ZF 29 4TtA ZANGS VUAERE A
BA 7 EY JabdFolA DAP F Z o} ©A 2E5te] lysined YA
3l7] 2o £ &9 lysined F4H3ted 78 Z1eg AlEHch

2 AF]L2 B lactofermentum?] lysine At 7 2ol gloj A DDH 7 Zof
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cloningdti 18] sequenced HIL¥ W} ol Tp®,

2 @ 1xpdE dAF BEE “Gene disruptionol] &J3t ddh gene?]
inactivationo] 3t A3~ 24, B ALY gene-direct mutagenesis
& B3} B, lactofermentum genome W ollA] ddh genes disruptionA]# DDH 7
28 AAlsle 4BE +Bstch

23 A Eo A= 17 EFEJ} “expression vector(shuttle vector)?] HZE %
ddh gene?] disruptionol 213t TiAZE ZAol B A" X IXEE AT
E =E3lo 53 B lactofermentum mutant(DDH A E 2cH 2RE @2 4
% 28 W lysine 443 A% 5 worphology HIE ZALSHTH x3 B
Jactofermentum o] DDH 7 2ol #o] 3t= ddh gened ZZA|717] 43t
o], B. lactofermentum-E. coli shuttle vector(expression vector)& A|Z3}
3, ddh gene& THI A2 INAE F-&319cl.

HE TAQ 3xdxe] AFEHHAAE ddh gened U AZY DNAE B
Jactofermentuns FAATNFA dRFF &4 A o lysine AAFFES H]
2 EAste] molth ddh gened] ZzZo E3le] DH FEHCE metabolic
flux® Z7I AL lysine AT NZFFHo} 18-22% B= Z 71314
c}.

agrg B dFode AYHes lysine wiatgdel]l f8% A B
lactofermentun® EXE] lysine A4 7 2ol Bodst= DDH B2 2 ddh gene
o 2aAHe Al SAA 22E Bt lysine BAES PN I = AT
2 2351gly] wEol lysine B ZEe| metabolic fluxo] tig olziet

lysine A WAHS AT 71& Aol loid Ze® Andh
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Al 2 & olME0| 2t lysine MoK SOHE
3 A ZE U AR et AP

A1d 77 U

1. Bacterial strains X plasmids

Brevibacteriumlactofermentum KCTC1844= wild type +FF A} &34 2,
B. lactofermentum KCTC1846"' AEC U4 WolF = o] &3t gch
Escherichia coli S17-1%'& mobilizing donor @& AMR3} 1L, E coli
IMI09% plasmid DNAS A SIA RBAIE FFE AHLstdct.
Plasmid vectori{- ddh gened §H-F%H pXX1425_26)§ A2l ¢l © 1 mating
ARG 9l5te} peM1We AFRstgTh B, lactofermentum-E. coli shuttle
vector A ZE ¢|slod = B. lactofermentum 2] plasmid pBLI®' 3} E.
colivector pHSG299 I pJUB01*® o] A} &5 ¢l o m Sahn*’ o 2 H&] B
plasmid pJCl& Corynebacterium glutamicum-E. coli shuttle vector®

Abgstgnt, 2 Algo] A8 R FF 2 plasmidsE Table 10 Q. of3t &t}

a3
stdon, [a-P1dCTP ¥ [ a -P]dATPE= Amersham Co. HE& A1§3t4
T}. Probe A Zo] A} ¥ oligolabeling kit PharmaciaZH ¥ ¢}
3  hybridization®¢] membrane Schleicher & Schuell®] nitro-
cellulose membraned A}&3}oitl. DAP(mixture of L,L-D,D and meso-

isomer), ampicillin(Ap), kanamycin(Km), 22|31 1 2]2] A]e}2 Sigma Co. &
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Table 1. Bacterial strains and plasmids used in this study

Strain/plasmid Genotype Source/reference
B. lactofermentum
KCTC1844 Wild type NX° KCTC
KCTC1846 ser AECT Nx* KCTC, 27
KMl KCTC1846 ddh: : pEMddh-int This work
Nx" Km"
E coli
S17-1 mobilizing donor strain 28
hsR red\, tra from RP4 derivative
integrated in the chromosome
JM109 recAl supE44 endAl hsdR17 Promega
gyrA96 relAl thiA(lac-proAB)F.
[ traD36 proA’ proB" lacl®
lacZAM15]
plasmid
pXX14 Ap", ddh’ 25,26
PEMI K" oriVecors, PK19:: [oriTee] 14
pEMddh-int Km" pEMI:: internal ddh fragment This work
pBL1 B. lactofermentum 29
cryptic plasmid
pHSG299 Km" Takara
pJUBO1 Ap’, Cm" 30
PEBI Km" This work
PEB2 Km™ This work
PEB3 Ap’, C’ This work
pJCl1 Km" 31
PRK1 Ka®, ddh’ This work
PRK2 Ap’, Cn’, ddh’ This work
PRK3 K", ddh’ This work

Abbreviations: AEC, S-2-aminoethyl-L-cystein; Nx, nalidixic acid: Km, kanamycin: Ap,
ampicillin; Cm, chloramphenicol: KCIC, Korean Collection for Type Cultures
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o] FUFT BIFIA YL AHEsigch Lysine MR wjdE 2.5¢ jar

fermentor(EYELA, M-100)& A}LR3lg o, Lysine &L amino acid
g olaste B4

analyzer(Pharmacia, Biochrom 20) W HPLC(Waters)

girt.
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3. ufA] & ez

AR A}2H BE F3 wjdol: LB(Luria-Bertani)wjx**'& 13}
dom, WQo uwet ampicillin(Ap), kanamycin(Km), chloramphenicol
(Cm) 28]3 nalidixic acid(Nx)& A 713l wjRstact. E8tAIE o)
£3% lysine LAMAEE GAWAZA CGI ¥ =] ** (Bacto-pepton 10g,
Bacto-yeast extract 10g, NaCl 25g/¢)&, X 4uAZA CGXw)| ]
3)(glucose 40g, (NH4)2S04 20g, KH:POs 0.5g, KeHPOs 0.5g, MgSO4. 7H0
0.25g, MnSO4. 7H20 0.01g, FeS04.7H:0 0.01g, ZnS04 He0 0.001g, CuS04
0.2mg, NiClz 0.02mg, biotin 0.2mg, CaCO3 2%/ %) % modificationH
cGeuf <)) (glucose 50g, (NH4)2S0s 20g, KH:POs4 0.5g, KoHPOs 0. 5g,
MgS04. 7TH20 0.25g, MnSO4.7H20 0.0lg, FeS04. 7H20 0.01g, ZnSO04H20
0.001g, CuSO4 0.2mg, NiCl: 0.02mg, NaCl 0.1g, CaClz 0.0lg, biotin
0.5mg, nicotinamide 0.5mg/ £ )& Al&3tHRLem, 2.5£ jar gz Ald
2 918 A= glucose?} (NH4)280.8 22} 10% L 4%= modification
gt ceeu MM E Al gstdct. B Aol A8 ¥ B lactofermentum o E

colit 371 A zAsIA 2tz 30C & 37CAA gttt

4. DNA ®e| ¥ AR

B lactofermentum?) chromosomal DNAX: Asubel % 2] ¥ off utel 2] 83l
t}. Coryneform strains© 2% ¥ plasmid DNAE 2= Miwa =¥Mo] wpoj
931, EZE, coliplasmid DNA= Sambrook =%)o) alkaline lysis %ol
ujal F2EArt. E coli?l FAIJR/LZ Sambrook =30 wido] wiet
10-100ng DNAZS 200uL competent cellol 7}3to] 42T o A 28 7t heat-shock

o A7) The, AR AL wiAlof 2t 37Coll vl G A colonyS
=l 3} g ot

B. lactofermentum®) EAAHL FAHE penicillin G(1U/ml) 2 A 2T

= 2500 voltageol Al electroporationss)ﬁo"ﬂii 4331},
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5. DNAS] enzymatic digestion %! ligation

Recombinant DNAE | Z3}7] $13lA = plasmid DNAZ A3 H A unitol ufe}
AchA 7 on T QA Sambrook 5%'¢] uhHol wle} calf intestine phosphatase
(CIP)= A 2|3}gct. 2|3l agarose gelolA] Q3}= DNA fragmentE 2| o
ol =AMutg AMgstod electroelution WHP o2 FEIAU EE gene
clean kit& A}&3}o 3 43stgrt. LigationA|oll plasmid DNA®} foreign DNA2]
&L Sambrook 5%e] o uwle} $=3stHc.

6. meso-DAP-dehydrogenase(DDH) & 4 A o bWz AHgr
DDH B &AL Yeh £¥0] A}23t whHo] utal ks FAIE 0.2 glycine-
KC1-KOH buffer(pH 10.5)o ®ESI AHNEE 323 F gty €& 4

Z o1 crude extract® AMR3lgcr) HAEHLS 7|AR 10mM diaminopimelic

»

acidE A3l ZEASA 0.1mM NADP'7} E3H 0.2M glycine-KC1-KOH
buffero] crude extractE B7}8te] npx|at HuE 1mE 2ZETHE 37TolA
3057t B2A)A 340 molA] THHF NADPHY & FA3ldrh &4 1 wnite
129 1 gmole NADPHE AJatsle o2 ZAdtgon vBAP2S ol mgd
wnitsE FASHGCh T BFE Lowry 509 ol whet 750mmel A FP
5% =339 bovine serum albumin(0.3 mg/ml)& standard® AME-3}Y
c}.

7. Southern hybridization

Southern hybridizationo]]l A} probe DNA¥ Pharmacia LKB protocoloj
ula} A 23t gt pXX142] 2. 4kb Xho I fragmentE [ a -3p1dCTPR labeling
&}51 o] E probe® A} &3}, Southern”)_"J wh of w2} B, lactofermentum®]
chromosomal DNAs &} hybridization& Al A| 8}l T}, Southernblot gel A} 2]
DNAsS capillary %8 -& o] €3} nitrocellulose membrane & & o]t

probeg} hybridization ¥t-&& A ZItl. 21 ¥ intensifying screeno] & 2
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2 Eol9=cassetted] LAH A I X-ray filmS Go] -70 T A 12~36A] t
#uA ¥ gt

8. Mating experiments

B. lactofermentum KCTC18463} E. coli S17-19] mating A ¥ Schafer
=% wiwo) ulz} £3stgct. WA plasmid pEMddh-int& mobilizing
straingl E. coli S17-1% HA AR A A Kn(50ug/ml)S T-73 LBufX]| ol A
th 4= 7] 74A] kAl Z o1 o] & donor cel 12 A}£3} 9T}, recipient cellQl
B. lactofermentum KCTC1846& Nx(30ug/ml)E T-H3+ LBujR]oll A 48417
Zot S gl om 713t of g restriction system& 7] ¢35t 48.5C,
9E = o} of A 2] 3} t}. Donor#} recipient cell®] THH &L 1:52 3tH L
o 20 C ol A YA Ee o] pellet(matingmixture)E 231500 LBu)A]
ol &} BtA] ZAt}. B. lactofermentum transconjugants+ Km(25.4g/mé )2} Nx(30
pug/ml)E 58 LBl ] o A selection® ¥ o™, mating AH AAlE Fig.
20] ZRstA Ueht 9Tt

9, L-Lysine % glucose A&

Cremer £ @ shrumpt ') whof whel a3l 7 4 71 CGII) =] ofl A
Al FAE JAEEsY 2L 0.9% NaClE 23] AMFHstS Z}
sample?] ODgoo ZtS S U 3HA 3ted C6X L modification® CGCuixZ A HF
3to] 9641 7+ St i kst FA 43 A (0Dsoo), glucose &M & E lysine
A are] B 9|8t 342 ulth sample 2 A & #3tAon, wiFTd
10NNHOHE 3 7}8}od pH7.4& R 31 ATt Lysine  Z2 vl & AL 2
3ol 92 AFZ o)L 0. 45m membrane filter® filtration¥t F HPLC
(Waters) T 24| 3loj o, 33 o]AF vtE AHste HFZL2E Leh AT
Glucose A 22 glucose oxidaseE A}-&3lo SigmartollA FHZ A A]of

mal 24t
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Donor strain Recipient strain

E. coli S17-1(pEMddh-int) B. lactofermentum KCTC1846
seed culture seed culture
5x10°cells 2.5x10%ells

'

Heat treatment at 48.5C for 9min

i Mix and centrifuge at 20T

Suspend in LB medium

i

Plate on LB medium containing Km(25ug/ml) and Nx(30ug/ml)

l

Select B. lactofermentum transconjugant with Km™ and Nx

Fig. 2. Procedure of mating experiments between E. coli S17-1
and B. lactofermentum.

Mating experiments were done at the donor-recipient ratio of 1:5.
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A2d A7AYE Azt 4 Bl vzt A

1. 1AMAE HPEH: Gene disruptionOf 2|5t ddh gene?| inactivationOf

met ol

7}. ddh gene?] E¥d3E ¢13 pEDI5 A Z

o] £ 2] 3| mobilizable vectorE A Schrumpf =Wo| A Z 8t pEMI & AHE-31 S
4], o] vectors pK19%' 6] A G-=f ¥ multiple cloning site2} Tn5¢] Km"
geneS {3t glon, 53] E coli®] replicationorigin® Z7}X] 3 31 7]
o ol B. lactofermentumol| A= replication %] x| 83} 3 chromosome & 2
2 AdEs E-S AYix gtk Yeolrt plassid RP42] transfer
origin(oriT)& 7tx| 22 glo] mobilizing strainQl E coli S17-10f 2|3}
mobilization & 4 ot AAL 73 olt}.

B oot WA ddh gene?] coding region® dF pXXx142] 0.3kb
BamHI-HindIll fragment& elutiondte] o] & pEMI vector?] T3t siterfol
ligationA] # pED15& | Z3stHTH(Fig. 3). Fig. 4ol HE A E AR
plasmid DNAES £ 2|8t BamHI 2} HindIll FAT o] AA|A AV ¥ T
Az}, ddh F-AA] 470

_3kb BamHI-HindIl fragment7} pEMI vectorifel
goa 4 dArh

tlo
e

AErE
L}, B. lactofermentum ol A ddh gene?] disruption

B lactofermentum?] DDH 7 o B3l ddh gened disruptionA] 7] 7]
9] 8to], A =¥ pEDISE E. coliS17-1& H A AFA 7 F B, lactofermentum
KCTC18463} mating Al 8 -& 4351 git}. o] 27 ol A pEDI5E E. coliS17-1%

g conjugationo]l &]3| B. lactofermentum KCTCl84620. 2 Ho|xlr, T
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BamHI + HindX cut J

lLigation

ori

Fig. 3. Construction of the pED15 used for ddh gene disruption.

The 300bp BamHl-HindIll fragment of pXXl14 located within the coding
region of the ddh gene was inserted in the pEMI vector. B, Bamtl: H,
HindIll: K, Kpnl; P, Pstl: S, Sall: Si, Sphl: Sz, Sacl: X, JXbal: Xi,
Xhol.

_30_



(kb)

oW B X

Fig. 4. Identification of constructed pED15.
ADNA digested with HindIll and EcoRI

. pEMI DNA

. pEMI DNA digested with Baml and Hindlll

. pXX14 DNA

Lane 1
2
3
4
Lane 5. pXX14 DNA digested with Bamll and Hindlll
6
7
8

Lane
Lane
Lane
Lane 6. pEMddh-int digested with BamHI and HindIIl
. pEMddh-int with BamHl and HindIII

ADNA digested with HirdIll and FcoRI

Lane

Lane
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% nonreplicative plasmid?l pED15W & 0.3kb BamHI-HindIIl fragment 7}
B. lactofermentum genomic ddh locus®ll recombinatione] doji} Al H )
(Fig. 5). Transconjugants=Km(25ug/m¢) 2t Nx(30g/ml ) & TH8-3HLBuY A} of
A seletionE g om, A 7712 transconjugants 2% E plasmid DNA2]
Zz) % DDH ZA "ol Ad THFHA Aottt

o] Ald A3 E E3}9 transconjugantso] = autonomous plasmid7} &= 3}
=] ¢kom, L iolrl pED15Y AU S E A3 B lactofermentun®] ddh geneo|
disruptionE 224 DDH ZEZ7F ALHAZTES & + k. s

transconjugantZol A 3UE Ad=Aste] KMlo| et B 5} o o}

T}, Southern hybridization
B lactofermentum KM1 2] genomeujol ddh geneo| disruption ¥ ol =x=] 2]

£ #ql5}7] $|3} Southern hybridizationg =33ttt AEC WjA
B

Y

42
H

| Jactofermentum KCTC18463} ddh geneol disruption®™ B.
Jactofermentum KM1 8] chromosomal DNAS 2| dto] AT A 4 Yhol 0 2 A h
17) & ¢ -¥P=E label ® pXX142] 2. 4kb Xhol fragment®} hybridizationd}t 4l
o4 —

ok 2 4kb $| x| oM, B. lactofermentum KMIof A= <F 6.0kb ¢ X]of z}z}

>

A2} Fig. 60lA R+ ZA¥ B lactofermentum KCTC18460 A =
3}t o] hybridizing fragment”} FEE it ola| %t A= B lacto-

fermentum genomeW] 2] ddh locuso] pED15(3. 6kb) 7} A ¥l o] ddh gene©]

disruption® © 24 6.0kbe] fragment7} A S BHoAFE= Ao,
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~ddh

Chro.
DNA

ddh-inc Km ddh-inc
o

Fig. 5. Schematic illustration of the recombination event leading to
site-specific disruption of the B. lactofermentum ddh gene.
Single crossover between the 300bp fragment of ddh gene on the
nonreplicative plasmid pED15 and chromosomal ddh locus disrupted the
ddh gene by plasmid integration and conferred resistance against

kanamycin, Chro. DNA, chromosomal DNA: ddh-inc, ddh-incomplete,
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Fig. 6. Southern hybridization analysis of the constructed
mutant.

Chromosomal DNAs isolated from B. Iactofermentum KCTC1846 and the
mitant KMl were digested with Xhol, subjected to agarose gel electro-
phoresis, transferred to nylon membrane and hybridized with a labeled
2.4kb Xhol fragment of pXX14.
A. Agarose gel electrophoresis
Lane 1. ADNA digested with AindIIl
Lane 2. B. lactofermentum KCTC1846 chromosomal DNA digested with

Xhol
Lane 3. B. lactofermentum KMl chromosomal DNA digested with Xhol

B. Autoradiogram
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2. 2XPHAZ: Expression vector(shuttle vector)2| RZ= al ddh gene2|
disruptionOl 2|8t CHA} H= =Hof 28 A+

7}. ddh geneo| disruption® B. lactofermentum®] EA
ddh geneo] disruption¥]e] DDH ZE7} x<t® B. lactofermentum KMI
o] EMNE ZASHZ 3 WA wild type?l B. lactofermentum
KCTC1844, AEC jA #F<Q KCTC1846, J2]3 KMIS A A9l CGII ol A
30°C, 48417, 1E|3 #H Aujx]Ql CoXelA 30T, 724 T ZZ wiY
Stol ool 4 F4E ZHAstel 4 Wz ENstant. 2 43 B
lactofermentum®] KCTC18449} 18462 73 Aol H]3] mutantQl KMl s
o] mj$ A zstQdrt. ol olutx DDH Z 2 ERYHE U3 Al
gtdo] W42l meso-DAPS} ME] A Ao] WAyt lysine F& FF°l
Bz fRe| oldt AT 2T ATk o AATHTable 2). ©] 2
28 A ss] 98 o] B¢ lysine BAHFE FF3AE o= A
gt x}o]E r}epfalc}. B, lactofermentum KM1o] A 8] lysine AJAPRFS
2 F39 B. lactofermentum KCTC1846X.T} 80% oA} Z+AsIg T o]}
B

lactofermentum®] DAP ZAE2WE 71FH 2w +A e 843

o)

lysine AAtarol gleld A AHE shdex AT DH FEJ

meso-DAP T lysine Aol o] HENAL ARete A

1d

Qs

==

T Aolrh

a8y ¢ glutamicumoll A DDH 7 & gene-directed mutagenesis wh
© 2 ztetA]Z] Schrumpt =Wol R o mWEH, Ho|FEo| W3] wild
typed} u]5q B L FASE Ao Rol ¢ glutamicumol X & DDH
AT 4L H8E 9T meso-DAP B lysine A¥/Fol HeHd B2

2 218l oktrim RIstgch. 2@ A%k DH B2 EREHE
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Table 2. DDH activity, growth rate and amount of lysine

secreted by the strains of B. lactofermentum,

Growth
DDH sp. rate(h™)
strain act. Lysine(mM)®

(U/mg)  cem  c6X

B. lactofermentum 1844 0.09 0.47 0.56 6
B. lactofermentum 1846" 0.15 0.48  0.57 20
0.00 0.36 0.29 0.25

B, lactofermentum KM1

® Strain 1846 is a mutant with feedback-resistant aspartate kinase
e Lysine was dertermined in supernatants after cells were cultivated on CGX media for

T2hrs,
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A} £7v Bl N-succinyl-diaminopimelate?] &3 2t FAJo] 60% o4
2 YsBE o]3 ¥ DDH 7 2+ metabolic flux7}

=
=
Z7lEd 27 QAR S lysine2® HIA Y WexASR z&3r)
g

ad82s ¢ glutamicum®} B. lactofermentum2} Z+2 glutamic acid
bacteria’} lysine o] AAtsts 22 DDH Z 27} #7135 o8 &3}
7l dEY ZAeE A"

olAte] A¥ AINE ¥t B lactofermentuml 2] DDH ZFE+=
meso-DAP®} lysine A gAdeol o WHE/NZAT F=A ExE ohyzt,
lysine A &Al o] metabolic flux7} A ¢ DDH FE2EE Er7te AL HA
& 4 drch

u. B. lactofermentum-E. coli shuttle vector pEB1 Az

B. lactofermentum-E. coli shuttle vector& AHR3}7] $13le, WA
Miwva 53] wo] wigl B. lactofermentum KCTC1844ujoll E2|3dt=
cryptic plasmid pBL1& £ 3}gitt. pBLl DNAE A UFAAE He|sty
0.7% agarose gel A7) F54olA AT Az, A7]l= ol 4.4kbd
S =A™ 4 o grh(Fig. 8, lane 2).

Bal® B lactofermentum &2 plasmid pBL12] 4.1kb Sphl ot g
elutiond}il & F Sphlo 2 ATWAZ E coli #2 plasmid pHSG2992]
2.7kb Y 2} ligationAlA E. coli IMI09E FAARAZD A3, Ko(25

pg/ml) & TRE LBEiA|ZolA oF 100718 FHARAE Ldgrt. o

&

HSAATAZ2E 1072 colonyE A¥43ted plsmid DNAE &2 F A
JEES A, BE g A7]9 patternd UEhLen A7 of

6.8kbB =Tt o] & shue] FAARAE A Hste] pEBleE BWH AL
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(Fig. 7) o2 7} ATELE WFA|A 0.7% agarose gel A7 G54
oAl &4 3t%ct. Fig. 8olA Ei nuiel o] pEBIE APFE L BamHlL
2 A EY o 6.8kb B T bandE UEN I (lane 5), T
gt Sphlo g ATt & wl: 4.1kbe} 2.7kbe] ¥ bandy} T AF Y}
(lane 7). wzlA] plasmid pBL13} pHSG2997} ligation®E o] B,
lactofermentum-E. coli shuttle vector pEBle] AR EF Jrl= AL FHol

g 4+ g

T}. B, lactofermentum-E. coli shuttle vector pEB2 A&

B. lactofermentum %2l plasmid pBLIE AZHE A HindlIZE HAGAHA
dE 4.4kb ©H I}, HindllE H& AHAxtH E coli 2 plasmid pHSG
2992] 2.7kb ¥tH & ligationA|#A E coli JMI0IE FAAMFTA A} 1
A3, Kn(25u/m0)% LHT LBMA AN o 20000708 HYABAE
doom 2 F 10789 colonyE A'W3d}il plsmid DNAE E 2|3l A7)
FeY A, BF L =279 patterng UEIUI LW F7&= of
7.1kb BEQT. o] F shitel FAABAES Aol pEBzOT W8
I (Fig. 9) 98 71Ax] ATEALZE WZAHAH 0.7% agarose gel A7|F9 5
ol A EA sttt Fig. 10014 R ZIA 8 pEB2E AT H 4L EcoRlL
2 AHAsigdSo o 7.1kb Ax 2 w4 bandE UVERN LU O™ (lane 6),
EJ Hindllo 2 @A Hxtsigd& wie= th2f 4.4kb, 2.1kb 223
0.6kb2] A bandE T Y 4 g ri(lane 7). wetA plasmid pBLIZ}
pHSG2997} ligation¥] o] E. coli-B. lactofermentum shuttle vector

pEB27t A ZEGTH: A& HAY 4 Agith
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pBL1
4457bp

E.coli
ori

pHSG299%
2676bp 7

Brevi
ori

Sph | Cut
l Ligation

H

pEB1

6817bp

Fig. 7. Construction of shuttle vector pEBI.

The plasmid pBL1 was digested with Sphl and ligated with pHSG299
digested with Sphl. B, BamHIl: E, EcoRl: H, HindIll: S;, Sall Sa, Sphl:
X, Xbal
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Fig. 8.

Identification of constructed pEBI.

The plasmid pEBl was digested with various restriction

endonucleases

Lane 1.

ADNA digested with HindIll

Lane 2. B. lactofermentum cryptic plasmid pBL1 digested

Lane
Lane
Lane
Lane
Lane

Lane

with Sphl

E. coli plasmid pHSG299 digested with Sphl
pEB1 DNA

pEB1 digested with BamHI

pEB1 digested with HindIll

pEB1 digested with Sphl

ADNA digested with HindIIl
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E.coli
ori

pHSG2997
2676bp T

lac z
eV

H Si B E

Hind !l Cut
l Ligation

pEB2

i 7133bp
E{g Vi f<x

LSl

Fig. 9. Construction of shuttle vector pEBZ2.

The plasmid pBL1 was digested with Sphl and ligated with pHSG299
partially digested with HindIll. B, BamHIl: E, EcoRl, H, HindIll: Si,
Sall: S,;, Sphl: X, Xbal
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Fig. 10.

Identification of constructed pEB2.

Plasmid pEB2 was digested with various restriction endonucleases

Lane

Lane

Lane
Lane
Lane
Lane
Lane

Lane

1.
2.

ADNA digested with Hindlll

B. lactofermentum cryptic plasmid pBL1 digested
with HAindIll

E coli plasmid pHSG299 digested with Hindlll

pEB2 DNA

pEB2 digested with BamHI )
pEB2 digested with EcoRl

pEB2 digested with HindIll

ADNA digested with Hindlll



2}. B. lactofermentum-E. coli shuttle vector pEB3 =

E coli %% pJUBOIE HindlIe} CIPE A 2|3t & cf2f 5.5kb ot
2} B. lactofermentum -2 cryptic plasmid pBL1#| 4. 4kb Hindll oA
& ligationA]# ampicillin(50ug/mé)3} chloramphenicol (25ug/mé )& ¥
£3 LB x| Aol Al oF 604 72 FAARAE HEStch o] TAARR
N 2= 107]2 M¥3ste] plaspid DNAZ 2T F A71Esd 23, EF
e A7) patterng UENGIL FA7l& ohE 10kb Hegrch, o &
LS Asted pEB3E W Ysta(Fig. 11) o8 7tA ATaLE WI
A# 0.7% agarose gel A7 G ZA ol A A, Fig. 12014 E&
AXNY Hindll £ AstA & uwl 4.4kbo} 5.5kbF £ 9] F bandE ALY
2= 9lo](lane 6), B. lactofermentum-E. coli shuttle vector pEB39|

AzY AL HAY 5 ddrh

n}, # X ¥ shuttle vector pEBl, pEBZ, pEB3o] 2] 8t B. lactofer-
mentum®] A A
A Z% shuttle vectorsZt B. lactofermentum ol A U =22 oF
2 =9 37 93}, pEBl, pEB2 12| il pEB3oE B lactofermentum
KCTC18449} 1846& HRAAZ|AZich 2 A3 pEB2E UFT FAABA
= Kn(25u/m)e T&T wiAINAM colonyE /33, EI pEB3C)
Rk,

ok AE Cn(5ug/me)e TR wixlolA WHFAATL, ApE R ¥

2] Ao A= ugstA EItgn. oA Ap" geneo| B. lactofermentum
ol 4 wEstx] Bache Ozaki 57 maet dxstsc = pEBIE
o st HAATDANLE FAAHE YT LB v A A uystA X

o]
o
ot} oluls pEBl A ZAl B, lactofermentum el pBL1 vector?]

0.3kb SphlwtHel AHAHZ <3| autonomous replication® $]3%t open
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Hind!ll Cut
l Ligation

Fig. 11. Construction of shuttle vector pEB3.
The plasmid pBLl1 was digested with Sphl and ligated with pJUBO1
digested with HindIll. B, BamHI: H, HindIll: S, Sall: X, Xbal; MCS,

multi cloing site
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Fig. 12. Identification of constructed pEB3.
Plasmid pEB3 was digested with various restriction endonucleases
Lane 1. ADNA digested with Hindlll
Lane 2. pBL1 digested with HindlIll
Lane 3. £ coli plasmid pJUBO1 digested with HindlIll
Lane 4. pEB3 DNA
Lane 5. pEB3 digested with BamHI
6
7
8

Lane pEB3 digested with Hindlll
pEB3 digested with Abal

ADNA digested with HindIll

Lane

Lane
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reading frame(ORF)&] d&7} sz} AtgaoHt,

¥}, Shuttle vector pEB2UIE ddh gene?| cloning: pRKI A =

A Z¥ shuttle vector pEB28] Sall sitel]& ddh gened THI
2 4kb Xholet®-& cloningA]7]7] $13tel, vector DNA2} insert DNAE
2:18] &2 E=%3t DNA molecules& E. coli IMIO9= HAAZTAA
kanamycin(254/ml)S TR LBuj oA FAARAANE H5stAch
olT 2 3shutel FAAB/AE Mwste] pRKIeE WP StaL(Fig. 13)
plasmid DNAS 2|3} BamnHlICo % kA7l Az}, Fig, 14004 E = v}
9} o] shuttle vector pEB2uiol ¥/ BamHl site?l ddh gene?] w¥
Uoll &% BamHl sitert s F 718 bandE Bt 4 gl
(lane 5), shuttle vector pEB2Ujol ddh gene& I-R3t 2.4kb ¥ o

cloning® 2 & #dd 4 U3irh
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| Sall + Xho | cut
l Ligation

Fig. 13. Construction of recombinant DNA pRK1.
The pRK1 was constructed by inserting the 2, 4kb Xholfragment of pXX14
at the Sall site of pEB2. B, BamHI: E, EcoRl: H, HindIll: S, Sall: X,

Xbal: X, Xhol
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Fig. 14. Identification of constructed pRKI.

Plasmid pRK1 was digested with various restriction endonucleases
ADNA digested with HindlIll

. pEB2 digested with Sall

. pXX14 digested with Xhol

. pRK1 DNA

Lane 1
2
3
4
Lane 5. pRK1 digested with BamHI
6
7
8

Lane
Lane

Lane

. pRK1 digested with Hindlll
pRK1 digested with Xpal
ADNA digested with HindIll

Lane
Lane

Lane
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3. 3kl E HT2E: Shuttle vectorES O|2%H X=E DNA N[= H

:10
2
]

Zfof 2|3t lysine MAt =82| HlaEMof 248 AT

P

7}. Shuttle vector pEB3U|E ddh gene?] cloning: pRKZ A&

Shuttle vector pEB3& AT A SalleT SAAHTIAA & of
9kb THM & ddh gened ¥ 2.4kb Xhol W I} ligationA]# pRK2ZS
A Z3tFch(Fig. 15). Fig. 16014 E &= v} e} Zto] pRK2E BamHIo® A
thAl7l Az}, ddh geneo] Z AL 9l Bamil sitert Hwts o] ti
12kb ¢] x| o Al ©td bandE U 4 glof(Lane 5) shuttle vector
pEB3U & ddh gene /T 2.4kb ©Ho] HUHIASTE FHAsHArh
L}. Shuttle vector pJCIU & ddh gene?] cloning: pRK3 A=

Shuttle vector pJCl1(Fig. 17)&] Sall sitel]& ddh gened HUHT
2. 4kb Xhol T+ & cloningdto] pRK3& A Z3tgcth(Fig. 18). Fig. 19|
A R ulet Zo| pRK3E BamHlo = ActA| 7l A3}, ddh geneo] 7} AL
ol &= BamHIsite®} pJCl12e] BamHIsiter} AtE o] F bandE Zozg 4+ 9
o] (lane 5) shuttle vector pEB3u| & ddh geneZ T3t 2.4kb ¥HH o]
Ao E e Fasiain,

t}. B. lactofermentum®] 3 AAZ

ddh gene®] ZZo| o7 lysine AAFEE HLEAII] 3t
shuttle vector pEB2, pEB3 123 pJCl ¥ A =3} plasmid pRKI, pRK2
2|3 pRK3& B. lactofermentumfZ electroporationi] Zl T}, pEBZ,
pJC1, pRKI @ pRK3E Zztz} /& B. lactofermentum KCTC1844 %} 1846

o Kn(25/m0)S -G LBujx|AolA, XE3IF pEB3 9 pRK2E UFT

_49_



Sal | + Xho | cut

l Ligation

Fig. 15. Construction of recombinant plasmid pRK2.

The pRK2 was constructed by inserting the 2.4kb Xhol fragment of pXX14
at the Sall site of pEB3. B, BamHl: Bz, BglIl ; H, HindIll: K, Kpnl: S,
Sall: Xi, Xbal: X2, Xhol
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Fig. 16. Identification of constructed pRK2.

Plasmid pRK2 was digested with various restriction endonucleases
ADNA digested with HindIll

. pEB3 digested with Sall

. pXX14 digested with Xhol
pRKZ2 DNA

Lane 1
2
3
4.
Lane 5. pRK2 digested with BamHI
6
7
8

Lane
Lane
Lane
Lane pRK2 digested with Kpnl
pRK1 digested with Xbal
ADNA digested with HindIll

Lane

Lane
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B; X; S; S; P
LLT 1

By B,

BsH As D; Bg

Fig. 17. Restriction map of shuttle vector pJCI.

A,
By,
E,
Ng,
Ss,
Xs,

AfTIL: Az, AIWNT: As, Apal: M, Asull: By, BamH1: B, Bgll: Bs, Bglll:
Bpull02: Bs, Bst1: Bg, BstEIl: Bz, Bsu36: C, Clal: Di, Drd1: Dp, Dralll:
Eaml105; Es, Ear1: Es, Fcob7: Es4, EcoN1: Es, EcoR1: H, HindIll: N, Nael :
Neol: Ns, NgoMI: N, Nhel: Pi, PmaCl: Py, Pstl: Sy, Sall: Sy, Sfcl:
Sgfl: Sy, SgrAl: Ss, Smal: Ss, Sph1: T, Tthl: Xi, Xbal: Xo, Xhol:
Xma |
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BX:S

(///E;RF-1

pJC1
6093bp

Qliﬁ-rep km'

] sall +Xho | cut

1 Ligation
B Xi S/X2
S (-

PRK3
8493bp

S/X2

KO‘RFz-rep

H

Fig. 18. Construction of recombinant plasmid pRK3.
The pRK3 was constructed by inserting the 2.4kb Xhol fragment of pXX14
at the Sall site of pJC1. B, BamHl: H, HindIll; S, Sall: Xi, Xbal: Xz,

Xhol
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Fig. 19. Identification of constructed pRK3.
The plasmid pRK3 was digested with various restriction
endonucleases
Lane 1. ADNA digested with HindIll
Lane 2. pJCl digested with Sall
pXX14 digested with Xhol
pRK3 DNA
pRK3 digested with BamHI
pRK3 digested with HindIll
Lane 7. pRK3 digested with Xbal
Lane 8. ADNA digested with Hindlll.

Lane
Lane
Lane

Lane

N O U e W
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B. lactofermentum KCTC18442} 18462 Cm(5ug/mé)S T3+ LBujX|A}o]
A Zyzt wEstg e, Shuttle vectoroll &%t B lactofermentum®] 3 A
ABEL Table 30A4 R upe} o] pEB2 W piCloe] ¥ HE0]
pEB3o] 2]%t AMXr} L43t4ct. A XH pEB2 W pEB3Y B. lacto-
fermentum®) replicon& X5 4.4kb cryptic plasmid pBLI1IZ ¥ ¥ 23}
JdA g FAAFEAA AolE BA A2 pEB3ET} pEB28 vector A7
7} 2kb o] 7] wEFo® FAHch EI ZY plaspido] 23 B
lactofermentun?] TV RAATREZAAE shuttle vectoro] 23 2 A
PRK2ZE T} pRK1 9 pRK3o ¥ Zlo] v -$-4=3}3ith(Table 3).
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Table 3. Transformation efficiencies of B. lactofermentum
KCTC1844 and 1846 strains with plasmids.

Transformation frequency of
Plasmids B. lactofermentum
(transformants/ug DNA)

1844 1846
.pEBZ 8.2x10° 7.5%10°
pEB3 2.0x10° 2.5%10°
pJCl 7.0%x10° 7.2%10°
pRK1 12.0x10° 20.0x10°
pRK2 2.7x10° 2.0x10°

pRK3 9.2x10° 15.0x10°
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2}, B. lactofermentum®] meso-DAP-dehydrogenase(DDH) &4
B. lactofermentumol A ddh gene?] ZEof 2]3t DDH &4 & v] 224 31 7]
2138t , AEC W48 FF¢ B lactofermentum KCTC1846 % shuttle vector
22 2123 plasnidE ¥-F3 B. lactofermentum KCTC1846 2 2 X ¥ DDH
B4 L 3 3519ct. Table 4ol M B 2 A tRIFZ AHE T AEC W1
#3 8} shuttle vector pEB2, pEB3, 18| pJCl1 & TR FF ] a4HA
2 A2 sy £&& Yepiiglon, A2 ¥ plasnid pRK1 ¥ pRK2E 72t
B. lactofermentum®] DDHO] BA L X4 FH} 7v) 3 =, pRK3ES
TR A B2 14 FEE o wWol SISttt o4 AHA 2ol A
pRK1 & & pRK2X.Tt} pRK3E ¥-7-3t B. lactofermentum®] DDH &g o] o] &7
Z 718 A& B. lactofermentum-E. coli shuttle vector pEB2 W pEB3oj A
B. lactofermentumreplicond |3t pBL12] copy + K.t} C. glutamicum-E,
coli shuttle vector pJC1o| A C. glutamicum replicong A|-Z 3 pHM15192]

copy 47} 4w} olA Wy wfEo2® AgHct,
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Table4. DDHactivity of B. lactofermentum KCTC1846 withplasmids.

DDH sp. act. "’

plasmid recipient (U/me)
Q;ne B. Iactofé;;;;tum 1846 0.15
pEB2 B. lactofermentum 1846 0.14
pEB3 B. lactofermentum 1846 0.11
pJCl1 B. lactofermentum 1846 0.16
pRK1 B. lactofermentum 1846 1.09
pRK2 B. lactofermentum 1846 0.78
pRK3 B. lactofermentum 1846 2.10

UThe specific activities of DDH(DDH sp, Sact, ) were expressed as units per milligram

of total protein, One unit of enzyme was defined as the amount of enzyme that catalyzes

the formation of 1 ymol of NADPH per min,
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n}. ddh gene?] =& &I B lactofermentum®] L-lysine A4t
B, lactofermentum o A ddh gene?] ZZ o] &t lysine A HFE &
sl , WA Az ZTetAI WEY LR B lactofermentum FFE H 4ulA
Q1 cGColl A 964] 2+ ul F5te] A 4%, glucose £H]F W lysine B FE
ul 3 B aisteith. Fig. 20A, 21A 1231 2240 X B= A A d 223 plasnid
2 3193 F20 4 AL shuttlevectorE TR T R FF 2t A 2 RASIE
2 ddh gene®] 2Z 2 B, lactofermentum?] /4ol FH¥E wAA| U=
Aoz AT, U lysine B2 Fo) vl 2 ¥4 ol M &= Fig. 2082t 21Bof
AN BE AAA 223 plasnid pRK1 T pRK2E Zt7t /T F59 B+
482 7 o] THE t)ZFF R} lysine A4 ol F7H8H7] Al FStA 7241 2
ol H xS Uehigen 2ol FE 038 Zastglrh. A E et
W 724 7t 0 o] lysine A er& c2FF71 2120 4.38g/ ¢ H4.30g/ £ 0%
on pRK1E ¥/ FF= 4 0

ztzt 22% 2L 18% R = F7tstaich

N

7t 5.34g/ 8 Y 507g/ L8 ERIFHL}

w3t A 2% plasnid pRK3ES T4 FF oA = pRK1 W pRK22] %A &
Aol GArgt At et g o 72412 whe] lysine B4 L EZIF7}

4.39g/ 0ol o pRK3S T FFE5.21g/ L E A 19% B = F 713t
QiT}(Fig. 22B). o1 Al@ Aol A pRK1 ¥ pRK2X. T pRK3E TR B.
lactofermentum] DDH EAo] ¥ ¥2 £F& Uehid o= 22353
lysine QoA & vl g F7 +&& BA AL B lactofermentum.y of]
lysine A4S 2A3IE AU EAY A2 AR

950 WAZE o] &% lysine WHIME Fig. 234, 24A 22|31 25A0]A]
B AxA =¥ plasmid pRKI, pRK2 % pRK3E URIT B
lactofermentum KCTC18462] A &AL tj2 FF o= vy &5 LHERL

Qqou a7 Betaz Bl g¥ REche 2 FE FIstAch
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Fig. 20. Comparison of growth, glucose consumption, and lysine

production of B. lactofermentum strains in shake flask

fermentation,

A. Growth of B. lactofermentum KCTC1846 harboring plasmid pEB2 ([1) or
pRK1 ().

B. Decrease of glucose concentration (A) and increase of lysine con-
centration (M) in B. lactofermentum KCTC1846 harboring plasmid pEBZ
(open symbol) or pRK1 (filled symbol). OD, optical density
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Fig. 21. Comparison of growth, glucose consumption, and lysine

production of B. lactofermentum strains in shake flask

fermentation.

A. Growth of B. lactofermentum KCTC1846 harboring plasmid pEB3 (O) or
PRK2 (@).

B. Decrease of glucose concentration (A) and increase of lysine con-

centration (@) in B. lactofermentum KCIC1846 harboring plasmid pEB3
(open symbol) or pRK2 (filled symbol). 0D, optical density
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Fig. 22. Comparison of growth, glucose consumption, and lysine

production of B lactofermentum strains in shake flask

fermentation.

A. Growth of B lactofermentum KCTC1846 harboring plasmid pJC1 (<) or
PRK3 (@).

B. Decrease of glucose concentration (A) and increase of lysine con-
centration (@) in B, lactofermentum KCTC1846 harboring plasmid pJCl
(open symbol) or pRK3 (filled symbol). OD, optical density
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Fig. 23. Comparison of growth, glucose consumption, and lysine

production of B. lactofermentum strains in 2.5 £ jar fermentation.

A. Growth of B, lactofermentum KCTC1846 harboring plasmid pEB2 ([1) or
PRK1 (H).

B. Decrease of glucose concentration (&) and increase of lysine con-
centration (M) in B. lactofermentum KCTC1846 harboring plasmid pEB2
(open symbol) or pRK1 (filled symbol). OD, optical density
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Fig. 24. Comparison of growth, glucose consumption, and lysine

production of B. lactofermentum strains in 2.5 ¢ jar fermentation,

A. Growth of B. lactofermentum KCTC1846 harboring plasmid pEB3 (O) or
PRK2 (@).

B. Decrease of glucose concentration (&) and increase of lysine con-
centration (@) in B. lactofermentum KCTC1846 harboring plasmid pEB3
(open symbol) or pRK2 (filled symbol), OD, optical density
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Fig. 25. Comparison of growth, glucose consumption, and lysine

production of B. lactofermentum strains in 2.5 £ jar fermentation.

A, Growth of B. lactofermentum KCTC1846 harboring plasmid pJCl (<) or
PRK1 ().

B. Decrease of glucose concentration (A) and increase of lysine con-
centration (@) in B. Ilactofermentum KCTC1846 harboring plasmid pJCl
(open symbol) or pRK3 (filled symbol ).0D, optical density
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3 lysine AAto] Yol NE 4tz ZetaA I HEAAMNAYE 72413 wol H
e Uehggen, 7247 ool lysine A4¥E AMEY plasmid
pRK1(pEB2), pRK2(pEB3) 18|31 pRK3(pJC1)E /T ZF+ ZZ 8.5/ 4
(7.08/8), 7.1g/ 2(6.0g/8), L 7.8g/£(6.6g/ £)E UEhfo] thzgFH
U} 18~22% Z7bstanh. ()& oz FFE FAStgch v 2,54 ¥
FZo|A modification® CGCujX|oll soybean protein hydrates®® Z&

yeast extractE H7pste] WHE Al A lysine R RS R

i)

A3dtedth(data not shown).

olA}e] AEAINE n|Fo] B uw ddh gened] FFol 27 B lacto-
fermentum KCTC18462] lysine AAtar g tjzFFHcl 22%7HA] Z7}st4
o}, ages B AFYe TF gAY dASt @A lysine g At
Jo o] LE I Qe FFo ddh gened TR A2Y plasnidE EUTE

5 oo FF il 7ld® & glezet AbEHch
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