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The genes for a threonine deaminase that is resistant to
feedback inhibition by L-isoleucine and for an active aceto-
hydroxyacid synthase Il were introduced by a plasmid into
a L-threonine-producing recombinant strain of Escherichia
coli K-12. Analysis of culture broth of the strain using *C
nuclear magnetic resonance suggested that «, f-dihydroxy-
p-methylvalerate (DHMYV) and o-keto-f-methylvalerate
(KMYV), the third and the fourth intermediates in the L-
isoleucine biosynthetic pathway from L-threonine, respec-
tively, accumulated in the medium in amounts comparable
to that of L-isoleucine. The ratio of accumulated L-isoleu-
cine:DHMV:KMYV were approximately 2:1:1. The concen-
tration of accumulated L-isoleucine increased by twofold
after the additional introduction of the genes for dihyroxya-
cid dehydratase (DH) and transaminase-B (TA-B), and the
intermediates no longer accumulated. The resultant strain
TVD5 accumulated 10 g/1 of L-isoleucine from 40 g/1 of
glucose.

L-isoleucine; overproduction; Escherichia
coli; intermediates, NMR
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The biosynthetic pathway of L-isoleucine and the regu-
lation of that pathway have been well studied in E.
coli,’? and several studies on the breeding of L-isoleucine-
overproducing strains of coryneform bacteria®*>!"?» and
Serratia marcescens>” have also been done. These
strains were raised to be resistant mainly to such drugs
as analogs of L-isoleucine or to be genetically en-
gineered, and the yield of these strains from a carbon
source ranged from 15% to over 20%. Through these
studies it has been discovered that the limiting step in L-
isoleucine biosynthesis involves primarily threonine
deaminase (TD) and, secondarily, acetohydroxyacid syn-
thase (AHAS). The activity of TD is inhibited by L-
isoleucine, and that of AHAS is inhibited by L-valine,
which is synthesized through common enzymes with L-
isoleucine biosynthesis, following TD (Fig. 1). In E.
coli, there are three isozymes of AHAS: AHAS I, II,
and IIL.Y Although AHAS II is resistant to inhibition by
L-valine, it is inactive in E. coli K-12 because of a frame-
shift mutation in the ilvG gene,'® which encodes the
large subunit of AHAS II. The small subunit of AHAS
I1 is encoed by the i/lvM gene. The genes for TD, AHAS
II, dihydroxyacid dehydratase (DH) and transaminase-
B (TA-B) constitute the iilvGMEDA operon, and its ex-
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Fig. 1. Biosynthetic Pathway of L-Isoleucine in E. coli.

AK, Aspartokinase; ASD, Aspartatesemialdehyde dehydro-
genase; HD, Homoserine dehydrogenase; HK, Homoserine kinase;
TS, Threonine synthase; TD, Threonine deaminase; AHAS, Aceto-
hydroxyacid synthase; RI, Dihydroxyacid reductoisomerase; DH,
Dihydroxyacid dehydratase; TA-B, Transaminase-B.

pression is controlled by multivarent attenuation by L-
isoleucine, L-valine, and L-leucine.’?

In this paper, we report the phenomenon of intermedi-
ate accumulation that occurs under the condition where
the genes for TD that is resistant to feedback inhibition
and for active AHAS II are introduced into an L-threo-
nine producer of E. coli K-12 by a plasmid, and the con-
struction of an L-isoleucine over-producing strain.
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Materials and Methods

Strains and plasmids. The bacterial strains and plas-
mids used in this study are summarized in Table 1 and
Table 2, respectively.

Medium. MSI medium comprises 16 g/1 (NH,),SO,,
1g/1 KH,PO,, 1g/l MgSO,, 0.01g/1 FeSO,-7TH,O0,
0.01 g/1 MnSO,-7H,0, 2 g/l yeast extract (Difco), 40
g/1 glucose and 30 g/1 CaCOs. The pH was adjusted to
7.0 using KOH. Sterilization was done for 10 min at
115°C. Glucose and CaCO; were sterilized separately
from everything else. Each flask contained 20 ml of
medium.

Cultivation conditions. Tested strains were cultivated
on agar plates containing 10 g/1 bactotryptone (Difco),
5 g/1 yeast extract (Difco), 5 g/1 NaCl, 15 g/1 agar, and

Table 1. List of Bacterial Strains
Strain Genotype or Description Reference
MIi62 thr-10, car-94, thi-1, ilvG603, relAl, A~ 8)
Mi262 leuB6, ilvi6i4, ilvH612, ilvB619, ilvG603, 8)
ilvG605(am), thi-1, relAl, spoTI, A~
AB2070  proA2, trp-3, hisG4, ilvEI2, metE46, thi-1, 9)
ara-9, lacY1 or lacZ4, galK2, malAl,
mtl-1, rpsL, ton-1, tsx-3, supE44, AR, A~
AB1419  thi-1, ilvC49, argHl, metBl, hisGl, mil-2, 9)
xyl-7, lacY1 or lacZ4, malAl, ara-13,
tonA2, rpsL, AR, 1™, supE44
TDH6 thr®, thrC, tdh::Tn5, ilvA 10)
ACS3T  thr®®, thrC, tdh::Tn5, ilvG603, This work
Aatt(ilvG)”
B-3996 TDHS6 carrying pVIC40 10)
TDGA TDHS®6 carrying pDGAS This work
TVDGA TDHS®6 carrying both pVIC40 and pDGAS This work
TVMGA TDHS6 carrying both pVIC40 and pMGA2 This work
TDS TDH6 carrying pMWDS35 This work
TDVS TDHS6 carrying both pVIC40 and pMWDS5 This work
TVDC TDHS6 carrying pVIC40, pMWDS and
pHSGCI12 This work
AVMGA ACS3T carrying both pVIC40 and pMGA2 This work
AVDS ACS3T carrying both pVIC40 and

pMWDS5 This work

2 thrR, normal growth in the presence of 5 mg/ml L-threonine.
Y represents deletion of the leader-attenuator region in front of the i/vG gene.

Table 2. List of Plasmids

Plasmid Vector Confering genes Reference
pVIC40 RSF1010  thrA*BCY 10)
deriv.
pDRIA4 pDR720  ilvA*Y 11
deriv.
pBRGM7  pBR322  ivGM? This work
pBRGMAI pBR322 ilvGM?, ilvA* This work
pDGAS pBR322  ivGM?®, ilvA*®, Aatt(ilvG)® This work
pMGA2 PMWI119  ilvGM®, ilvA*, Aatt(ilvG)” This work
pMWDS5 PMW119  ivGMEDA™, Aatt(ivG)® This work
pHSGC12 pHSG399 ilvC This work
pUCEI pUCI8  ilVE This work

@ represents deletion of the leader-attenuator region in front of the ilvG
gene. V¥, resistant to feedback inhibition. @ ilvG603 allele.

antibiotics for 18-24 h at 37°C, and then inoculated into
each flask by one eighth of a plate. Antibiotics were
used at the following concentrations: 0.1 mg/ml ampicil-
lin; 0.1 mg/ml streptomycin; and 0.03 mg/ml chloram-
phenicol. Cultivation in the flask was done at 37°C.

BC NMR analysis. The medium and the supernatants
of the sonicated cells were freeze-dried and then dis-
solved in D,O. They were then analyzed by nuclear mag-
netic resonance. Cultivation of the strain TDGA for *C
NMR analysis was done using MSI medium containing
100 mg/1 ampcillin, 7.5 g/1 L-threonine (**C), and 0.7
g/1 uniform-*C-L-threonine.

Measurement of amino acids. The concentrations of
amino acids were measured by high-performance liquid
chromatography.

Cloning of ilv genes. The cloned segments for ilv
genes are summarized in Fig. 2. The i/vGM genes
(ilvG603 allele) were cloned on pBR322 from E. coli
MI162Y as a 4.8-kb Hindlll fragment, using MI1262% as
a recipient, by the shotgun method (pBRGM7). The
nucleotide sequence of approxymately 200 base pairs
from both ends of the cloned fragment was identical
with the reported sequence.’®'® The ilVE gene was
cloned on pUCI8 from W3110 as a 2.3-kb Sa/l-Pst1
fragment, using AB2070” as a recipient, by the shotgun
method (pUCEL). This Sa/I-Pst1 fragment also con-
tained a large N-terminal part of the i/vD gene. The ilvA
gene had been cloned on pBR328 as a 2.8-kb Clal frag-
ment (pILVA1),'"Y and been mutated to cause resistance
to feedback inhibition by L-isoleucine (ilv4*).1V After
the Clal fragment had been sub-cloned as a BamHI frag-
ment using a BamHI linker, it was inserted into the
BamHI site on a plasmid vector derived from pDR720
(Pharmacia Co., Uppsala, Sweden) to make pDRIA4.'"
The ilvC gene was cloned into the Smal site of pHSG399
from a 1.7-kb polymerase chain reaction (PCR)
product. The PCR product was responsible for nucleo-
tide numbers from 1088 to 2827 of GenBank accession
number M11689 or M14492, and contained from the
putative ribosomal binding site to the end of the coding
region of the ilvC gene. Synthetic oligonucleotides
S'GTGAATTCAATATCGCAAACG3’ and 5'CGCC-
AGGGTCAGATGGTTC3’ were used as primers. Plas-
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Fig. 2. Summary of the Cloned Region.
LA, leader-attenuator region. GM, ilvGM; E, ilvE; D, ilvD; A,
ilvA; Y, ilvY; C, ilvC genes. Concerning pILVAI see reference 11.
H, Hindlll; P, Pstl; S, Sall; Cl, Clal. 1>, ilv promoter.



674 K. HASHIGUCHI et al.

mids that had the i/vC gene in the same direction as the
lac promoter were selected by restriction analysis
(pHSGC12). Plasmid pHSGCI12 complemented the
growth deficiency of AB1419® (ilvC) on minimal medi-
um without L-isoleucine.

Removing the attenuator region in front of the ilvG
gene. According to the reported DNA sequences around
the attenuator region in front of the ilvG gene,>'® the
fragments in the upstream region of the leader peptide
(between primer 1 and primer 2 in Fig. 3), and in the
downstream region of the attenuator (between primer 3

CTCGCTTTCC TTGTTCCTGA CCGATAACAT CACTGAGATC ATGTTGTAGC GCCCGGGATA 60
primer 1 Sma 1
CTGCATCAGT TGGTTTCGGG CGTTCGAGAG CGTGCTTACC TTCCAGAAAC GCACAGACAG 120
CTTGCAGATG ATCGGCTATC AGGCATCCTT CACCGTTAAT TAGCCCCACT TCATCTTCGT 180
TATCTTTCGC GACGATAATT TTTCTGCCCG ACTTAATAGC TTCAGTTGCA CTGGAGATTG 240
CGCCGGGAAC GCCACGCAGA GCGCCTGTAA GCGCCAGTTC TCCGACTAAT TCATATTCAT 300
CTAACTTATT GGCTGTAAGC TGTTCTGAGG CCGCCAGCAA CGCAATGGCG ATAGGTAAAT 360
CATATCGTCC CCCTTCTTTT GGCAGATCAG CTGGAGCCAG GTTGATGGTG ATTTTTTTCG 420
CCGGATATTC ATATCCGCTA TTGATAATGG CGCTGCGCAC GCGATCGCGA GCTTCTTTTA 480
CCGTTGTTTC TGGTAAGCCC ACCATCGTTA AGCCGGGTAG ACCTTTACTG ATATGTACCT 540
CAACAGTGAT CGGGGGCGCA TTTACTCCCA GGGCTGCGCG GGTATGAACA ATTGACAGTG 600
ACATAAGCCC TCCTTGAGTC ACCATTATGT GCATAAGATA TCGCTGCTGT AGCCCGCTAA 660
TTCGTGAATT TTAGTGGCTG ATTCCTGTTT ATTTGTGCAA GTGAAGTTGA GTTGTTCTGG 720
CGGTGGAATG ATGCTCGCAA AAATGCAGCG GACAAAGGAT GAACTACGAG GAAGGGAACA 780
ACATTCATAC TGAAATTGAA TTTTTTTCAC TCACTATTTT ATTTTTAAAA AACAACAATT 840
TATATIGAAA TTATTAAACG CATCATAAAA ATCGGCCAAA AAATATCTTG TACTATTTAC 900
AAAACCTATG GTAACTCTTT AGGCATTCCT TCGAACAAGA TGCAAGAAAA GACAAAATGA 960
GCTTGTTCT ACGTTCTTTT CT  leader .
primer 2 peptide

CAGCCCTTCT ACGAGTGATT AGCCTGGTCG TGATTAGCGT GGTGGTGATT ATTATCCCAC 1020
CGTGCGGGGC TGCACTTGGA CGAGGAAAGG CTTAGAGATC
CCCCGCACCG AAAGGTCCGG GGGTTTTTTT TGACCTTAAA

attenuator

AATGAATAAC

GGCGCACAGT
CCGGGTGGCG
CTATGCCGAC
AAAACTGGCG
GCGGACGCAC
TTTATCGGCA
AAGCATAGCT
GACGTTGCCT
TTAGCCAGCG
CATGCCGAAG
GTTGGCGGTG
ACAAAAATGC
TACTATCTGG
TGTGACCTGC
ACCTTCGCGC
CTGCGTCAGG
CAGCCGTTAA
TGGCGTTACG
GATCGTAAAC
GCGCAGCACA

ATGGGTTTTG
CCCAAAAC

AGCACAAAAT

GGGTGGTACA
CAATTATGCC
ATGAGCAGGG
TATGTATCGC
TGTTAGATTC
CTGACGCATT
TTCTGGTGCA
GCTCAGGTCG
GTGACCTGGA
TTGAGCAAGC
GCGTGGGTAT
CTGCCACCTG
GCATGCTGGG
TGATCGCCGT
CACACGCCAG
CACATGTGGC
ATCAATGTIGA
ACCATCCCGG
CTGCGGATTG
TCGCCCACAC

GTTTACCGGC

TCTGTTTCTC

AAGATTCAGG

AAGCCTTAAC
AACATAACCG

ACGGGGAACT

primer 3

TGCGTTGCGG
GGTTTACGAT
TGCGGCAATG
CACGTCTGGT
CATCCCTGTT
TCAGGAAGTG
GTCGCTGGAA
TCCTGGTCCG
ACCGTGGTTC
GCGCCAGATG
GGCGCAGGCA
TACGCTGAAA
GATGCACGGC
GGGCGCACGT
TGTTATCCAT
ATTACAAGGT
CTGGCAGCAA
TGACGCTATC
CGTCGTGACC
TCGCCCGGAA

GGCGGTTGGC

CAAATGGCCG C

primer 4

GTCTGTATCT
CGCAAGCAGT
CAATGGCAGC
GATTTCCTCA
CAGGTTGAAG
TCAATCGACG
ATGTTGGAGA

CCGGTGACGG
TACCGTTGAA
AACTGTTTTT
TGTTAGCCAG
CGGCACTCGA
AACTTGAGAA

CTCTTTCATG
AATCGTCTTA
TCAGGAACGA
CGCCTTCGGC
CACCATGCTG
CGTCTGGCCG

AATTATCATG A

GCACAGGGTG
GCATTGTATG
GCGGCTATCG
CCGGGCGCAA
GTTGCCATCA
GATGTCCTGG
GAGTTGCCGC
GTTCTGGTCG
ACCACCGTTG
CTGGCAARAG
GTTCCGGCTT
GGGCTGGGCG
ACCAAAGCGG
TTTGATGACC
ATGGATATCG
GATTTARATG
CACTGCGCGC
TACGCGCCGT
ACAGATGTGG
AATTTCATCA

GCACAAGTCG

ATGAATGTGC
CTCGATAACC
TACAGCGAAA
ATCCATGGCC
AACAGTGATG
CTGGTGCCGC

ilv G coding end

GAACTAAGAC 1080
AGGAGCAGAC 1140

AACTATGAAT 1200

ilv G coding e——

TGAACACCGT
ACGGCGGCGT
GTTATGCTCG
CCAACCTGAT
CCGGTCAAGT
GATTGTCGTT
GCATCATGGC
ATATCCCAAA
AAAACGAAGT
CGCAAAAACC
TGCGTGAATT
CAGTAGAAGC
CAAACTTCGC
GGGTGACCGG
ACCCGGCAGA
CTCTGTTACC
AGCTGCGTGA
TGTTGTTAAA
GGCAGCACCA
CCTCCAGCGG

CGCGACCGAA

AAGAGCTGGG
AACGGTTAGG
CCACCCTTAC
AACACATCAC
GGCCATACCT
CTGGCGCCAG

TTTCGGTTAT 1260
GGAGCACTTG 1320
TGCTACCGGC 1380
AACCGGGCTT 1440
GTCCGCACCG 1500
AGCCTGTACC 1560
TGAAGCATTC 1620
AGATATCCAG 1680
GACTTTCCCA 1740
GATGCTGTAC 1800
TCTCGCTGCC 1860
AGATTATCCG 1920
GGTGCAGGAG 1980
CAAACTGAAC 2040
AATGAACAAG 2100
AGCATTACAG 2160
TGAACATTCC 2220
ACAACTGTCG 2280
GATGTGGGCT 2340
TTTAGGTACC 2400
Kpn I
CGATACCGTT 2460

CACCGTAAAA 2520
GATGGTTCGA 2580
TGATAACCCC 2640
CCGGAAAGAC 2700
GCTTCATGTC 2760
TAATTCAGAA 2520

Fig. 3. DNA Sequence around the #/vG Gene.

The sequence consists of the data from the Genbank file accession No. M37337 (complement), No. M10313, and reference 8. The region
between primer 2 and primer 3 was deleted to make the ilvG gene without leader-attenuator region. Underlined TGTG at position 2176-2179
is TG in the wild K12 allele, and insertion of TG or GT is the mutational point of the ilvG603 allele.®
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Fig. 4. Structures of the Plasmids.

LA, leader-attenuator region. GM, ilvGM,; E, ilvE; D, ilvD genes
respectively. A*, ilvA gene that encodes feedback-resistant threo-
nine deaminase. Ap, ampicillin-resistant gene; par, region for stabili-
zation. H, HindIIl; P, Pstl; S, Sall; Sm, Smal; K, Kpnl; B,
BamHI; X, Xbal;, za ,pBR322; 1 ,pUCIS; m  pMWI119; >,
ilv promoter.

and primer 4 in Fig. 3) were prepared by PCR using the
synthetic oligomers shown in Fig. 3 as primers. The up-
stream fragment was cloned into the Smal site of pUC18
so that the direction of the ilv promoter was the same as
the lac promoter of pUC18 (pUCU1). The downstream
fragment was digested with Kpnl and cloned into the
Kpnl-Hincll site of pHSG399 (pHD1). Plasmid pUCU1
was digested with Kpnl, blunted with T4 DNA poly-
merase, then digested with Ps?I. The resulting fragment
containing the upstream region was inserted into the
HindlIi(blunted)-Pst1 site of pHDI1 to join the frag-
ments containing the upstream region and the down-
stream region with an intervention sequence comprising
BamH1, Xbal, Sall, and Pst1 sites derived from the mul-
tiple cloning site of pUC18. With the resultant Smal-
Kpnl fragment comprising the promoter region and
N-terminal region of the i{/vG gene, the corresponding
fragment on pBRGMAI1 was replaced to make pDGAS
(Fig. 4). On pDGAS there are the ilvA™* gene encoding
feedback-resistant TD and the ilvGM genes (ilvG603 al-
lele) without leader-attenuator region.

Construction of the strain ACS3T. The HindIll frag-
ment containing the ilvGM genes on pMWDS35 was sub-
cloned into pHSG399. The resultant plasmid was named
pHSGMI. Strain TDH6 (ilvA) were transduced to Ile*
by a P1 phage grown on W3110 (wild). The resultant
strain was infected with No. 557 phage of Kohara’s 4
library'? (comprising an ilvGMEDA region) prepared
from pHSGMI-harboring W3110 by the method of
Berg.'¥ Among the Val® transductants, a strain that was
co-transduced with the deletion of the leader-attenuator
region was selected as follows. PCR was done using
primers 1 and 4 shown in Fig. 3 and the strain ACS3T
was selected as the transductant, the PCR product of
which was smaller than the wild one, and could be digest-

ed by BamHI.

Assay of AHAS activity. The AHAS activity was
measured as described by Felice et al.'” with the excep-
tion that 100 mm Tris HCI (pH 8.0) was used as a buffer.

Measurement of plasmid stability. Cells were harvest-
ed at the end of cultivation, diluted appropriately, then
spread onto agar plates without antibiotics. Colonies
were picked and put onto agar plates with and without
antibiotic, and the ratio of the number of colonies
formed on antibiotic-containing agar plates versus the
number of colonies formed on agar plates without an-
tibiotics was scored as plasmid stability.

Results

Construction of plasmid pDGAS containing the ilvA™
and the ilvGM genes

Because AHAS 11, which is resistant to the inhibition
by L-valine, is inactive in E. coli K-12, we considered
that it would be favorable for the overproduction of L-
isoleucine in E. coli K-12 to introduce the active ilvGM
genes together with the ilvA™* gene encoding TD that is
resistant to feedback inhibition by L-isoleucine.

There are several mutants in which the frame-shift mu-
tation in the ilvG gene, the wild type E. coli K-12 has, is
recovered.® We cloned i/lvGM genes from one of such
mutant MI1162% (ilvG603 allele), as described in Materi-
als and Methods. The plasmid was named pBRGM?7.

The BamHI fragment of pDRIA4,'Y comprising the
ilvA™ gene encoding TD that is resistant to feedback in-
hibition by r-isoleucine, was inserted to the BamHI site
of pBRGM7 to construct pPBRGMAL (Fig. 4). On pBRG-
MALI, the ilvA™ gene was inserted in the same direction
as the ilvGM genes. To avoid the attenuation of both
the ilvGM and the ilvA* genes (expressed by read-
through from the ilvGM genes) on pBRGMALI, the at-
tenuator region in front of the ilvG gene was removed as
described in Materials and Methods, and pDGAS5 was
constructed (Fig. 4).

Effects of pPDGAS5 on metabolic flow in a recombinant
L-threonine producer

Strain B-3996'” is a recombinant L-threonine
producer of E. coli K-12, and it consists of the host
strain TDH6 and the plasmid pVIC40 comprising the
thrABC operon. The thrA gene on pVIC40 encodes
aspartokinase I and homoserine dehydrogenase I, which
are resistant to inhibition by L-threonine.!® Strain B-
3996 accumulated 15 g/1 L-threonine after cultivation
with MSI medium.

Since pVIC40 is a derivative of RSF1010, pDGAS can
be harbored together with pVIC40. We introduced
pDGAS into B-3996 to make the strain TVDGA (TDH6
carryng both pVIC40 and pDGAS5). As expected, L-
isoleucine accumulated in the medium during cultiva-
tion of TVDGA (Fig. 5), and no L-threonine accumulat-
ed. However, the productivity of TVDGA was low (the
yield from glucose was 6.8%). Unexpectedly, the ac-
cumulation of L-isoleucine continued to increase for
several hours after almost all of the glucose was con-
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sumed, as shown in Fig. 5.

Table 3 demonstrates the conversion of L-threonine to
L-isoleucine by strain TDGA (TDH6 carrying only
pDGAS5). Because strain TDH6 is deficient in threonine
synthase (thrC), threonine dehydrogenase (fdh) and TD
(ilvA), it cannot sythesize L-threonine from glucose, and
does not degrade excess L-threonine in the medium. So
in strain TDGA it was expected that almost all of the L-

50

40

30

20

Isoleucine (g/I)
Glucose (g/l)

10

20
Time (h)

30 40

Fig. 5. Course of Isoleucine Production by Strain TVDGA.
Strain TVDGA was cultivated with MSI medium at 37°C. ®,
isoleucine; O,residual glucose.
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Table 3. Conversion of Threonine to Isoleucine by Strain TDGA

Conc. (g/1)
Time (h)
Thr Ile
0 10 n.d.?
25 n.d. 3.9
27 n.d. 4.7
30 n.d. 5.0

Strain TDGA was cultivated with MSI medium containing 10 g/1 L-threonine
in flask at 37°C. #n.d., not detected.

threonine added to the medium would be degraded
through TD on pDGAS, and all of the synthesized L-
isoleucine would be derived from the added L-threonine.
As indicated in Table 3, although the added L-threonine
had disappeared by 25 h, the concentration of L-isoleu-
cine continued to increase until 30 h. The conversion
rate was only around 45% on a molar basis.

These two results seemed to imply the accumulation
of intermediate(s), at least between L-threonine and L-
isoleucine. It was assumed that a large amount of inter-
mediate(s) between L-threonine and L-isoleucine accumu-
lated during the cultivation of TVDGA or TDGA, and a
part of the accumulated intermediate(s) were converted
to L-isoleucine by residual enzymatic activity after all of
the glucose was consumed.

5,17
gﬂ _5 18 17
3CHz 3 2 3 CH3" CHz 15 14 13
C4: /CH' CH- COOH 16 ICH_ C— COOH
H3
6,18
12 11 +
CHy"CH; 9 g 4 2
10 ,<I:— <I:a-coox-x
CH;
oH OH 11 12
8
1
3 4
14 7 |13
is 10
| Iu .S uJJ bw
T T T TR T T ST — S
240 210 200 190 180 170 160 150 140 130 120 110 100 90 82 70 60 se 49 30 20 10

Fig. 6. ">C-NMR Chart of the Culture Broth of Strain TDGA.

Strain TDGA was cultivated with the MSI medium containing UL-"*C-threonine and ampicillin for 28 h at 37°C. The medium was ana-
lyzed by *C-NMR as described in Material and Methods. Numbers represent the asigned carbons. Carbons No. 3,4,9, 10, 15, and 16 derive
from pyruvate (all of them are '*C), others derive from threonine (containing *C). Ile,isoleucine; DHMV,«, B-dihydroxy-B-methylvalerate;

KMV, a-keto-g-methylvalerate.
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Detection of intermediates in L-isoleucine biosynthe-
sis using PC-L-threonine

For detection of intermediates, strain TDGA was cul-
tivated in the medium containing uniform-*C-L-threo-
nine, and then the culture broth and the supernatant of
sonicated cells were analyzed by C-NMR.

A peculiar result was obtained from this analysis of
the culture broth (Fig. 6). The major peaks in the chart
were doublets, not more than triplets, indicating that
the major compounds containing *C had a BC-BC
bond, but did not have a BC-®C-BC-*C bond which
uniform-*C-L-threonine has. According to the biosyn-
thetic pathway of L-isoleucine, the carbon bonds of L-
threonine are conserved in acetohydroxybutyrate, the
product of AHAS, then four continuous carbons der-
ived from L-threonine are separated to two sets of two
continuous carbons by pinacol rearrangement at the
next step, dihydroxyacid reductoisomerase (RI) (Fig. 1).
So, it was quite possible that the detected compounds
were the intermediates downstream of RI or their deriva-
tives. L-Isoleucine was, of course, thought to be one of
them.

After two dimensional NMR analyses and 'H-NMR
analysis, the detected compounds having *C were as-
sumed to be the intermediates o, S-dihydroxy-#-methyl-
valerate (DHMYV) and o-keto-S-methylvalerate (KMV),
and vL-isoleucine (Ile). The molar ratio of these sub-
stances was estimated to be approximately DHMV:
KMV:Ile=1:1:2. This ratio was almost in accordance
with the conversion rate of L-threonine to L-isoleucine
by TDGA (approxymately 45% in molar basis). No sig-
nificant peak was detected from the supernatant of the
sonicated cells.

These results indicate that «, f-dihydroxyacid de-
hydratase (DH, i/vD) and transaminase-B (TA-B, ilvE)
became the new limiting step for L-isoleucine over-
production when the TD that is resistant to feedback in-
hibition (ilvA*) and the AHAS 1I (ilvGM) were en-
hanced, but the RI (ilvC), the next step of AHAS, did
not become the limiting step.

Construction of an L-isoleucine overproducing strain
To improve the i/lvD and the i/lvE genes together with
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the ilvA* and the ilvGM genes, we were tempted to
reconstruct the ilvGMEDA operon without the leader-at-
tenuator region and with the ilv4* gene which encoded
feedback-resistant TD. Since pDGAS was not stable in
strain TVDGA (only 6% of colonies were resistant to
ampcillin at the end of the cultivation with MSI
medium), the ilvGM genes without the leader-attenua-
tor region and the ilvA* gene on pDGAS were put onto
a stable low-copy plasmid vector pMW119 (purchased
from Nippon Gene Co., Tokyo, Japan) to construct
pPMGA2 (Fig. 4). The 1.7-kb HindIIl fragment on
pUCE] (see Materials and Methods and Fig. 2) was in-
serted into the HindIlI site between the ilvGM genes and
the ilvA* gene on pMGAZ2 in the direction to re-generate
the ilvE and the ilvD genes. The resultant plasmid
pMWDS comprised the ilvGMEDA operon without the
leader-attenuator region and with the ilv4™ gene which
encoded feedback-resistant TD.

Plasmid pMGA2 or pMWDS5 was introduced into the
L-threonine producer B-3996. Strain TVMGA (TDH6
carrying both pVIC40 and pMGAZ2) accumulated 5 g/1
L-isoleucine and TVDS5 (TDH6 carrying both pVIC40
and pMWDS5) accumulated 10 g/1 L-isoleucine from 40
g/1 glucose, and no L-threonine accumulation was ob-
served in either case (Table 4). The L-isoleucine produc-
tivity of the strain using pMWDS5 (ilvVGMEDA*) was
twofold more than that using pMGA2 (ilvGMA®*). It
was assumed that accumulation of DHMYV and KMV oc-
curred during cultivation of TVMGA from glucose,
similarly to the case of conversion from L-threonine by
TDGA (DHMV:KMV:Ile=1:1:2), and that the sub-
strates were converted to L-isoleucine efficiently without
accumulation of those intermediates in the case of
TVDS5. Indeed, DHMYV was hardly detected and less
than one tenth of KMV, compared to the culture broth
of TVDGA, was detected in the culture broth of TVDS.
The yield from glucose by TVDS reached 25%.

The introduction of plasmid pHSGC12 (see Materials
and Methods and Fig. 2), conferring RI (ilvC), to
TVDS had no great effect on L-isoleucine production
(Table 4). This result concurred with those of the NMR
analyses, showing that accumulated intermediates occur
downstream of RI.

Table 4. 1-Isoleucine Productivity
Genes i Plasmid Accumulation 1 .
Strain Host/Plasmid Confered T‘(‘}ﬁ‘)e : Stability” ®/b ‘E;/"")d
by Plasmid (%) Thr Ile °

TVMGA TDH6/pVIC40, thrABC 24 >95 n.d.” 5.0 12.5
pMGA2 ilvGM, A 95

TVDS TDH6/pVIC40, thrABC 24 >95 n.d. 10.2 25.5
pMWD35 ilvGMEDA 95

TVDC TDH6/pVIC40, thrABC 24 >95 n.d. 9.1 22.8
pMWDS5, ilvGMEDA 95
pHSGCI2 ilvC 95

AVMGA ACS3T/pVIC40, thrABC 24 >95 n.d. 5.3 133
pMGA2 ilvGM, A 90

AVDS3 ACS3T/pVIC40, thrABC 23 >95 n.d. 10.2 25.5
pMWDS ilvGMEDA 90

Strains were cultivated with MSI medium in flasks at 37°C.

#®Time, Culture time; PMeasured at the end of cultivation, as described in Materials and Methods; 9n.d., not detected.
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Table 5. Acetohydroxyacid Synyhase (AHAS) Activity
AHAS activity (nmol/min/mg®)
Strain
Without Val Val 1 mMm
TDH6 36.0 4.0
ACS3T 45.7 11.9

Strains were cultivated with MSI medium containing 100 mg/1 each of L-threo-
nine, L-isoleucine, L-valine and L-leucine for 16 h at 37°C. Cells were harvested
and AHAS activities of crude extracts were measured with or without the
presence of 1 mM L-valine, as described in Materials and Methods. ¥The protein
concentration crude extract was measured using bovine serum albumin as a stan-
dard.

Effects of Activation of the Chromosomal ilvDE
Genes

It is known that the expression level of the ilVGME-
DA operon of E. coli K-12 is reduced because of the po-
lar effect caused by the frame-shift mutation in the ilvG
gene, and the expression level is elevated by the recovery
of this mutation.'” It was expected that the recovery of
the frame-shift mutation in the chromosomal ilvG gene
would elevate the expression level of the ilvDE genes on
the chromosome, and would result in at least a partial
release of the limiting step in the case using pMGA2.
For the recovery of this mutation on the chromosomal
ilvG gene, we constructed a strain named ACS3T that
has the same ilvG gene as pMWDS3 (ilvG603 allele
without the leader-attenuator region) as described in
Materials and Methods.

The valine-resistant AHAS activity of strain ACS3T
elevated by three-fold compared to that of the parental
strain after cultivation in the presence of excess L-isoleu-
cine, L-valine, and L-leucine (Table 5). This was thought
to indicate activation of the ilvG gene in ACS3T, and it
was expected from previous information'¥ that the ex-
pression levels of ilvDE genes were also elevated.

Strain AVMGA (ACS3T carrying both pVIC40 and
PMGA?2) accumulated a slightly larger amount of L-
isoleucine than TVMGA, showing that the activation of
chromosomal i/vDE genes was somewhat effective
(Table 4). However, this effect was masked in the case of
using pMWD35, where the L-isoleucine productivity by
AVDS5 (ACS3T carring both pVIC40 and pMWDS5) was
the same as that by TVDS5 (Table 4).

Discussion

This is the first report that shows the accumulation of
the intermediates between L-threonine and L-isoleucine
directly and quantitatively under the conditions for L-
isoleucine overproduction. The limiting step between L-
threonine and L-isoleucine shifted to DH and TA-B by
amplification of the genes for feedback-resistant TD
and active AHAS 1I by using a plasmid.

TD and AHAS are the primary and the secondary
limiting steps of L-isoleucine biosynthesis because of
their inhibitory regulation. In addition, they are also the
first and the second steps from L-threonine to L-isoleu-
cine. So, the introduction of the ilv4* and the ilvGM
genes by plasmid (pDGAS or pMGAZ2) caused not only
the release of inhibitory regulation, but also the increase

of the first and the second reaction activities from L-
threonine. It may be natural that the rate-limiting step
shift to the third step (i.e. RI) under such conditions.
However, the limiting step shifted to the fourth and the
fifth steps. It is known that the expression of the
ilvGMEDA operon is reduced by the polar effect caused
by a frame-shift mutation in the i/vG gene in E. coli K-
12" while the expression of the ilvC gene is induced by
acetolactate or acetohydroxybutyrate, which are the sub-
strates of RI (encoded by the i/vC gene itself), and are
the products of AHAS.""'® This may be the reason why
the increase of the first and the second reaction activities
from L-threonine caused the shift of the limiting step to
the fourth and the fifth step, not to the third one.

The amplification of the genes responsible for DH
and TA-B on the plasmid (pMWD?5) led to a doubling of
the accumulation of L-isoleucine, as expected from the
amount of accumulated intermediates. L-threonine
became efficiently converted to L-isoleucine by using
pMWDS5. In the L-threonine conversion experiment us-
ing MSI medium with 10 g/1 L-threonine, the amount of
accumulated L-isoleucine was approximately 95% of the
amount of L-threonine that disappeared on a molar ba-
sis in the case of TDS (TDH6 carring pMWDS3, data not
shown). The trial to increase the activities of DH and
TA-B by activation of the chromosomal i/lvDE genes (us-
ing ATS3T as the host) was not so efficient. The activity
of [TD+AHAS] and [DH+TA-B] might be still un-
balanced in this case although the copy number of
PMGA2 seems to be low (approximately 5).

The strain B-3996 accumulates 15 g/l L-threonine
from 40 g/1 glucose using MSI medium. If 15g/1 L-
threonine was converted to L-isoleucine with an efficien-
cy of 95% on a molar basis, the accumulation of L-
isoleucine should be 15.7 g/1 (39% in yield). The yield
of L-isoleucine from glucose by the finally constructed L-
isoleucine producer in this report, TVD5 (TDH6 car-
rying both pVIC40 and pMWDS5), reached 25%. To the
best of our knowledge, this is the highest yield of L-
isoleucine among the reports from which we can define
the yield from glucose or other sugars. However, the
yield is lower than that expected from the combination
of L-threonine productivity of B-3996 and the conver-
tion efficiency of TD5. The L-threonine conversion ex-
periment using MSI medium with added L-threonine in-
cludes direct addition of one of substrate (L-threonine)
for L-isoleucine synthesis, and pyruvate is supplied from
glucose independently. Pyruvate is needed for L-isoleu-
cine synthesis, but not for L-threonine synthesis (Fig. 1).
Further more, the thrABC operon on pVIC40 is under
the control by attenuation which reduces its expression
with the existence of L-isoleucine and L-threonine.
Although L-threonine did not accumulate in the culture
broth of TVDS35, intracellular L-threonine and L-isoleu-
cine may be enough to partial attenuation of the
thrABC operon on pVIC40. The supply of L-threonine
may be reduced in L-isoleucine fermentation by TVDS
than in L-threonine fermentation by B-3996 because of
the substrate sharing between L-threonine and pyruvate,
and/or the reduction of L-threonine synthetic activity.
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