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Enzymes and genes of the isopropylmalate pathway leading to leucine in Corynebacterium glutamicum were

studied, and assays were performed to unravel their connection to lysine oversynthesis. The first enzyme of the
pathway is inhibited by leucine (K, = 0.4 mM), and all three enzyme activities of the isopropylmalate pathway
are reduced upon addition of this amino acid to the growth medium. Three different DNA fragments were

cloned, each resulting in an oversynthesis of one of the three enzymes. The leuA complementing fragment
encoding the isopropylmalate synthase was sequenced. The leuA gene is 1,848 bp in size, encoding a polypeptide
with an Mr of 68,187. Upstream of leuA there is extensive hyphenated dyad symmetry and a putative leader
peptide, which are features characteristic of attenuation control. In addition to kuA, the sequenced fragment
contains an open reading frame with high coding probability whose disruption did not result in a detectable
phenotype. Furthermore, the sequence revealed that this open reading frame separates leuA from lysC, which
encodes the asparate kinase initiating the synthesis of all amino acids of the aspartate family. The leuA gene was

inactivated in three lysine-secreting strains by insertional mutagenesis. Fermentations were performed, and a

roughly 50% higher lysine yield was obtained when appropriate leucine concentrations limiting for growth of
the constructed strains were used.

Some Corynebacterium glutamicum strains classically
bred for lysine production are leucine auxotrophs (21, 27),
and it is suggested that in these strains, mutations in leucine
biosynthetic genes are linked to high lysine productivity.
The few mutants studied so far, however, were all obtained
by nonspecific N'-methyl-N'-nitro-N-nitrosoguanidine mu-

tagenesis. Moreover, it is not clear which Leu- mutation is
present in the lysine producers. Only in a single case in a

recent analysis of a hyperproducer was it possible to at-
tribute the Leu- mutation to the isopropylmalate (IPM)
dehydratase (27). Leucine is synthesized by the IPM path-
way (Fig. 1). The first enzyme of the sequence is the IPM
synthase encoded by leuA. This enzyme is feedback con-
trolled in its activity by leucine in Salmonella typhimunum
(31) and Saccharomyces cerevisiae (1). In addition, expres-
sion of leuA is regulated in the members of the family
Enterobactenacae by transcr!'ption attenuation in response
to the level of charged tRNA U. The two further enzymes
unique to leucine synthesis are IPM dehydratase, encoded
by leuC and leuD in Eschenchia coli, and IPM dehydroge-
nase, encoded by leuB.
Because of the apparent lack of information on the possi-

ble connection of Leu- mutations and lysine formation, it is
necessary to apply molecular techniques to permit a defined
analysis. Such studies, together with biochemical studies,
have shown unexpected characteristics of lysine synthesis in
C. glutamicum, namely, its control by lysC (14, 27), the
importance of dapA (8), a split pathway (28), and the
existence of a specific export system for lysine (2). Here we
present an analysis of the regulation of the leucine biosyn-
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thetic enzymes in this industrially important bacterium. We
investigated leuA in detail to permit its directed mutagenesis
and therefore to prevent any possible accumulation of inter-
mediates of the IPM pathway which can occur in the case of
mutation of other leucine biosynthetic genes. We finally used
the constructed leuA strains to study the consequences of
leucine limitation on lysine accumulation.

MATERIALS AND METHODS

Strains, plasmids, and growth. All bacterial strains and
plasmids used are listed in Table 1. The minimal medium
used for C. glutamicum was CGXII (15). The medium used
for E. coli consisted of (per liter) 7 g of KH2PO4, 3 g of
K2HPO4, 1 g of (NH4)2S04, 10 mg of CaCl2 2H20, 5 mg
of FeSO4- 7H20, 5 mg of MnSO4- 4H20, 5 mg of
ZnSO4. H20, 0.1 mg of CUSO4 5H20, 15 g of agar-agar
(pH 6.5), 10 mM MgSO4, 0.05 mg of thiamine, and 0.55 g of
glucose H20. When appropriate, kanamycin (25 ,ug/ml) or

ampicillin (50 ,ug/ml) was added.
Genetic engineering. DNA was isolated from C. glu-

tamicum by a modified alkaline extraction procedure with
lysozyme (28, 29). In vitro procedures, as well as the
analysis of plasmid and chromosomal DNA, were carried
out by standard procedures (24). Plasmids were introduced
into C. glutamicum via electroporation (17) or by conjuga-
tion with plasmid-carrying E. coli cells (26). This latter
method was used when nonreplicative plasmids with homol-
ogous sequences were integrated in the chromosome.
Transconjugants were selected on LB containing 2% glu-
cose, 25 ,ug of kanamycin per ml, and 50 ,ug of nalidixic acid
per milliliter.
DNA sequencing and analysis. The XbaI-XhoI fragment of

pKK7 (see Fig. 2) was cloned into the BamHI site of pUC18
in both orientations, and two sets of deletion clones were

prepared by exonuclease III treatment (Promega, Madison,
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FIG. 1. Simplified flow scheme of the aspartate family of amino
acids with selected genes and detailed flow scheme (boxed) of the
IPM pathway of leucine synthesis. The gene symbols are in accord
with the E. coli nomenclature.

Wis.). DNA sequence determination was performed by the
dideoxy-chain termination method (25) with Sequenase,
version 2.0, from U.S. Biochemicals, Cleveland, Ohio.
Sequence data were compiled and analyzed by using the
HUSAR program package, release 2.0 (EMBL, Heidelberg,
Germany). Multiple alignments were carried out by using the
algorithm of Myers and Miller (20).

Biochemical methods. Preparation of cell extracts and
determination of enzyme activities were done as described
previously (27). The molecular weight of the IPM synthase
was determined as described previously (19) by gel filtration
of extracts of C. glutamicum pKK73 grown on minimal
medium CGXII.
The lysine concentration was determined fluorometrically

after precolumn derivatization with o-phthaldialdehyde and
separation on a reversed-phase column by high-pressure
liquid chromatography (HP 1090A; Hewlett-Packard, Avon-
dale, Pa.).

Nucleotide sequence accession number. The GenBank ac-

cession number of the nucleotide sequence of C. glutamicum
leuA (see Fig. 3) is X70959.

RESULTS

Regulation of enzyme synthesis and activity. The activities
of IPM synthase, IPM dehydratase, and IPM dehydrogenase
in crude extracts of C. glutamicum ATCC 13032 (wild type)
were determined. The effect of addition of leucine to minimal
medium was to reduce the specific activity of the enzymes to
about half of the value determined in cells grown without
leucine (Table 2). This effect is comparable to that found for
the enzymes of S. typhimurium (3, 4). An even more reduced
activity of IPM synthase and IPM dehydrogenase was found
in cells grown in complex medium. The leucine-auxotrophic
(Leu-) strain C. glutamicum ATCC 14310, which was also
characterized, was devoid of IPM synthase activity (Table
2).
For the IPM synthase of C. glutamicum we determined a

molecular mass of 160,000 t 20,000 Da by gel filtration (data
not shown). From this value, together with the sequence
information on the respective gene (data see below), we
concluded that the native IPM synthase is a dimer. This was
also shown for the enzyme of S. cerevisiae (1). The enzyme
is strongly inhibited by leucine (apparent Ki = 0.4 mM; data
not shown), providing C. glutamicum with a strict feedback
control of metabolite flux through the IPM pathway.

Cloning of leu fragments. Recombinant plasmids carrying
C. glutamicum DNA (6) were screened to make E. coli leu
mutants Leu+. From a leuB-complementing cosmid we
derived pBS152 (Fig. 2). In C. glutamicum this yielded a
specific IPM dehydrogenase activity of 0.28 ,umol/min/mg of
protein (26 times more than the wild-type level), thus con-
firming that the leuB genes of E. coli and C. glutamicum are
functionally equivalent.
From a leuD-complementing cosmid, we obtained pBS10

and pBS13 (Fig. 2). Plasmid pBS10 complemented both leuD
and leuC, whereas the subclone pBS13 complemented only
the leuC mutation of E. coli. Both plasmids complemented
the IPM dehydratase mutation of C. glutamicum MH20-22B
(27) as well and consistently yielded two- to threefold higher
IPM dehydratase activities in C. glutamicum ATCC 13032
than the plasmid-free strain.

Plasmid pKK7, containing a Sau3A-generated fragment of
chromosomal DNA in pBR322, complemented the leuA
mutation of E. coli (Fig. 2). No further leu mutation could be
complemented. A 7.4-kb fragment of pKK7 was subcloned
in shuttle vector pJC1 (6), and the resulting plasmid, pKK71,
was introduced into C. glutamicum. In the recombinant
strain a high specific IPM synthase activity was determined
(about eightfold higher than wild-type levels), whereas no
increase in the activity of IPM dehydratase or IPM dehydro-
genase was detected. Complementation mapping indicated
that leuA is located on the 3.5-kb internal XhoI-XbaI frag-
ment cloned in pKK76 (Fig. 2). The integrity of this fragment
was confirmed by Southern hybridization (results not
shown).

Sequence analysis. The entire nucleotide sequence of both
strands of the XhoI-XbaI fragment (3,492 bp) containing
leuA was determined. Using a computer-assisted analysis we
found a large open reading frame (ORF) extending from
nucleotide (nt) 1524 to nt 3371 (Fig. 3). Since this ORF spans
the DNA region functionally proven to result in IPM syn-
thase synthesis, it was designated leuA. The translational
start was assigned to nt 1524 (instead of nt 1630), since a
deletion analysis (data not shown) revealed that the clones
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics Source or reference

Strains
E. coli
DH5 F- supE44 hsdRl7 recAl endA1 gyrA96 thi-1 reL41 12
CV512 F+ leuA371 30
CV514 F+ leuB501 30
CV522 F+ leuC222 30
CV526 F+ leuDlOl 30

C. glutamicum
ATCC 13032 Type strain Culture collection
DG 52-5 ATCC 13032 IysC3(Fbr) 18
MH20 ATCC 13032 IysC2(Fbr) 27
ATCC 14310 ATCC 13032 Leu- Culture collection
MH20-22B MH20 Leu- 27
ATCC 21127 C. glutamicum subsp. flavum, Hom- Culture collection

Plasmids
pUC18 Cloning vector; Apr 33
pEM1 Mobilizable cloning vector; Kmr, oriTRP4 28
pZl E. coli-C. glutamicum shuttle vector; KMr 18
pJC1 E. coli-C. glutamicum shuttle vector; Kmr 6
pEKEx2 E. coli-C. glutamicum expression vector; Kmr tacP lacIq 10
pBS10 pJC1::[leuCD, 16-kb insert of chromosomal DNA of C. glutamicum] This work
pBS13 pJC1::[leuC, 4.6-kb SalI subclone of pBS10] This work
pBS152 pEKEx2::[leuB, 3.2-kb SmaI-Sall fragment of chromosomal DNA of This work

C. glutamicum blunted with Klenow enzyme]
pKK7 pBR322::[1euA, 9.4-kb insert of chromosomal DNA of C. glutamicum] This work
pKK71 pJC1::[leuA, 7.5-kb Sau3A subclone of pKK7] This work
pKK75 pJC1::[2.8-kb BamHI subclone of pKK7] This work
pKK76 pZl::[3.4-kb XhoI-XbaI subclone of pKK7] This work
pKK73 pJC1::[3.0-kb Sall subclone of pKK71] This work
pKK73d pJC1::[PvuI deletion derivative of pKK73] This work

with successive removal of the 5'-flanking region of leuA as this putative gene by insertional mutagenesis, no altered
far as nt 1450 still carried the functional leuA gene, whereas phenotype was detected (data not shown). Therefore, no
the clone in which the deletion extended to nt 1556 did not. functional assignment can be given.
In addition, a Shine-Dalgarno structure is apparent (5'- Most interestingly, on the opposite strand in front of
TAAGAAGGT-3'), appropriately spaced 8 nt upstream of ORFX we identified the start of an incomplete ORF identical
the start codon. Twenty-nine nucleotides downstream of the to the 5' end of the IysC gene of C. glutamicum, which
stop codon of the gene is an inverted repeat (Fig. 3), whose encodes the aspartate kinase (14). This implies that IysC,
transcript would form a stem-loop structure (AG = -30 which is of the upmost importance for the flux control of
kcal/mol [-125.5 kJ/mol]) likely to represent a rho-indepen- lysine synthesis (7), is located in close proximity to leuA.
dent transcription terminator. The structural features in the Both genes are separated by ORFX and are transcribed in
5'-flanking region of leuA point to its transcriptional control opposite directions.
by an attenuation mechanism (see Discussion). Disruption of leuA. The described molecular characteriza-

Further upstream of leuA an ORF (ORFX) extending from tion of leuA was used for inactivation of this gene in the three
nt 440 to 1270 was detected. Its deduced polypeptide has lysine-secreting strains of C. glutamicum, namely, strain
characteristics typical of a membrane protein with six trans- MH20 (27), strain DG52-5 (18), and strain ATCC 21127. For
membrane ot-helices, flanked on either side by charged or this purpose gene disruption via integration of a vector
helix-breaking amino acids. However, upon inactivation of carrying an internal leuA fragment was used (29). The basis

TABLE 2. Activities of leucine biosynthetic enzymes in C. glutamicum

Sp act' (pLmo1/min/mg of protein) of:
Strain Growth medium IPM IPMIPM synthase dehydratase dehydrogenase

ATCC 13032 Minimal 0.140 ± 0.02 0.013 ± 0.001 0.011 ± 0.001
ATCC 13032 Minimal plus Leub 0.063 ± 0.015 0.006 ± 0.002 0.006 ± 0.002
ATCC 13032 Complex 0.014 ± 0.01 0.005 + 0.002 .0.001
ATCC 14310 Minimalc 50.001 0.008 0.012
MH20-22Bd Minimalc 0.11 .0.001 0.015

a Values for strain 13032 are the means of at least three measurements of different extracts.
b Leucine concentration was 20 mM.
c Leucine concentration was 4 mM.
d The data for this strain are from reference 27 and are included for comparison.

VOL. 60, 1994



APPL. ENVIRON. MICROBIOL.

Km' (Sal)Sm Aa Ec Sal(Sal)
pBS152 h Ba Sl h

(Xb)Xb Bg Xh Ba Sal Xh
I. I I

pBS10

leuB

Sal Ba Ba Xb(Xb) Kmr
I ILI <- leuCD

(Sal)Sal Ba Ba Xb Sal(Sal)

pBS13 I I I I leuC

III
Ba Xh ScBa Sc Xb Sau(Ba)pKpK (Ba)Sau

pKK7 -(

pKK71

pKK75

pKK76

pKK73

pKK73A

0 2 4 6

Ba(Sau) Sau(Ba)
I l1 I l

(Ba)Ba Ba(Ba) Kmr
I

(Sc)Xh Xb(Sc)
K mI ""

Kmr (Ba)SaI Sal(Ba)
__ lII

Kmr
Pv Pv

I lI

8 10 12 14 16 kb

FIG. 2. Restriction maps of leu-complementing fragments, and deletion mapping of leu genes of C. glutamicum. (I) Cosmid-derived
fragment complementing leuB. (II) Cosmid-derived fragments complementing leuC or leuD. (III) Fragment complementing leuA and its
deletion analysis. leuA, leuB, leuC, or leuD to the right indicates that the subclone complemented the corresponding mutation in E. coli.
Restriction sites given in parentheses are those of the vector used for cloning of the corresponding fragment. The arrow gives the orientation
of the insert in the vector. Abbreviations of restriction enzyme sites: Aa, AatI; Ba, BamHI; Bg, BglI; Ec, EcoRI; Pv, PvuII; Sal, SalI; Sau,
Sau3A; Sc, ScaI; Sm, SmaI; Xb, XbaI; Xh, XhoI.

vector was pEM1 (Km'), which is nonreplicative in C.
glutamicum but can be transferred by conjugation from E.
coli to C. glutamicum (26). This vector was digested with
BamHI and PstI and ligated with the 647-bp BamHI-PstI
fragment (Fig. 3) of the leuA gene. The resulting plasmid,
pKK74I2, was introduced into the donor strain, E. coli S17-1
(26), and mating with the C. glutamicum strains was per-
formed. Kmr transconjugants were obtained, and several
randomly chosen clones proved to be plasmid free and
auxotrophic for leucine, confirming that pKK74I2 was inte-
grated in the leuA locus. Strains MH20::pKK74I2, DG52-5::
pKK74I2, and ATCC 21127::pKK74I2 were selected. They
proved to lack IPM synthase activity and were chosen for
further studies.

In addition, a second integrative plasmid (pKK74I1) car-

rying a different internal leu fragment (PstI-BamHI 190-bp
fragment [Fig. 3]) was constructed. Again, transconjugants
were obtained, characterized as IPM synthase negative, and
included in the physiological studies.

Effect of leuA inactivation on lysine formation. In initial
experiments the constructed strains were grown with vari-
ous leucine concentrations, and the amount of accumulated

lysine was determined. It was readily apparent that the large
amounts of leucine supplied were detrimental for lysine
accumulation. Therefore, strain DG52-5::pKK74I2 was
grown on minimal medium CGXII and both growth and
lysine formation were observed over time. As can be seen
from Fig. 4, lysine accumulation decreased with increasing
leucine concentrations. The largest amount of lysine was
obtained in the presence of 1.15 mM leucine. At this con-
centration, however, growth is severely limited. Therefore,
the growth limitation exerted by the availability of leucine is
of major importance for lysine accumulation.

All six leuA strains constructed, together with their ances-
tor strains, were assayed for finally accumulated lysine at
one distinct leucine concentration (Table 3). They all dis-
played the positive effect of the leuA mutation on lysine
formation, showing the general suitability of this mutation.
Strain ATCC 21127 required a higher leucine concentration
to reach high lysine accumulation, probably because this
strain is already homoserine auxotroph. This particular
feature of strain ATCC 21127 also enabled us to assay
whether varying the homoserine concentrations influences
lysine formation as well (Table 3). As can be seen, lysine

leuA
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leuA

leuA
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TCTAGAAGTTCATCCGTGGTGTCTCCCATTGCGGAGCAGACAACCACGACATCATTTCCAGCCTTCTTGGTGGCAACGATCCGTTCAGCGACGTTTCTAA 100
L L E D T T D G M A S C V VV V D N G A K K T A V I R E A V N R I

TGCGTTCCGCACTCTCAAGCGAGGAACCGCCATATTTCTGTACGACCAGGGCCACCTTTGTGCACCTTTCGATCTACGTGCTGACAGTTACCCGCTCAAC 200
R E A S E L S S G G Y K Q V V L A V lysC

TCTACCTTTATAAACTGTGTCTACCTAGCCAGAGGAGTGTTTTCTTTCTGCACAGGGTTCCTGGGGCTTTAGCGGATGCGTCTCAGCCACTGGGACGCGT 30 0

TCCAATAAACAGACCATATATTGATATTCGATTTAATATTTGAGACAAAAGTGACAGGTGCTACTTCGCGAGCAACTCTTTAGTCAACTACCCTGAATCA 40 0

AGTGCAAAGCAATCTGCTCGCCGTGCTTTTCGCCCTAGCATCGGCATTAACAATCGCATGGGGCACCGTGGTCAGACACCGGATCGCGCTCCGCACCCCA 50 0
ORFX M G H R G Q T P D R A P H P

AAAGATGGCTCCCTAAGGAGCTCACCTTTACTCAATGCTCTGATGACAC CGATGTGGTGGGCAGGCATGAGTACGCGATGCTGGCATATTTCTTACAAAC 60 0
K R W L P K E L T F T Q C S D D T D V V G R H E Y A M L A Y F L Q T

AGTAGCACTTGGTTTCGGCACCCTCTTGGTAGTGCAACCAGTGCTTGTCCTGTCGCTGATGTTCACGCTGCCGCTCTCAGCACGATTCAATGGCTACCGA 70 0
V A L G F G T L L V V Q P V L V L S L M F T L P L S A R F N G Y R

CTACGCCGAACTGAAATCTTCTGGGCTACCCTCCTCACCGTAGCCGTGGGCATCATGATCGTTTTGGGACGCCCCCTTCCCGGAAACCCCCACCCCCCAC 80 0
L R R T E I F W A T L L T V A V G I M I V L G R P L P G N P H P P

TCGATCGATGGATTCCAGTACTTTTAGTCGGCGTTGCAGTAATGGGTGGAATGTGGCTGCTTGCGGAATACGTATTAAAGAAGGACAAAGCCCTCATCCT 90 0
L D R W I P V L L V G V A V M G G M W L L A E Y V L K K D K A L I L

TGGTCTTGTGACGGGTGCATTGTTTGGCTACGTAGCAGTGATGTCCAAAGCCGCGGTGGATCTTTTTGTC CATCAAGGCATAACGGGACTCATCTTGAAC 100 0
G L V T G A L F G Y V A V M S K A A V D L F V H Q G I T G L I L N

TGGGAAGGCTACGGCCTAATCCTCACCGCATTACTTGGAACAATCGTGCAGCAGTATTCCTTTAACGCTGGCGAACTACAAAAATCGCTACCCGCCATGA 110 0
W E G Y G L I L T A L L G T I V Q Q Y S F N A G E L Q K S L P A M

CCATTGCCGAACCAATTGTTGCCTTCAGTTTGGGCTACTTGGTTCTGGGCGAAAAATTCCAAGTCGTGGACTGGGAATGGATCGCCATGGGCATCGCACT 120 0
T I A E P I V A F S L G Y L V L G E K F Q V V D W E W I A M G I A L

ACTGGTGATGATTGTTTCCACCATTGCACTGTCTCGTACAAGCACAATGCCGGCCGGATCGAAAAGGTAAAACTCCAAAGTTCCCCCCGAGACATGACAG 130 0
L V M I V S T I A L S R T S T M P A G S K R

CACTGGAACTGGGCGTCGAAAAGCTTTTTTAAAAGAAAACTCCCCCGAGTTGCTACCCACACCACAAAGTTGTTGTATGCTTCACCACATGACTTCGCGT 140 0
M L H H M T S R

_ ~ ~ ~ -.4--___ 4 _

GCGAATCTACTTCTTCTTCGCCGCGGCGGGTCCCAGAGGTCTTAACACGACCGGCATCCCGTCGCGGAGTTTGGTGTTGCCGGTCGTGGACCCACCCAAA 1500
A N L L L L R R G G S Q R S -

ACTTTTTAAGAAGGTTGAACACAATGTCTCCTAACGATGCATTCATCTCCGCACCTGCCAAGATCGAAACCCCAGTTGGGCCTCGCAACGAAGGCCAGCC 160 0
RBS leuA M S P N D A F I S A P A K I E T P V G P R N E G Q P

AGCATGGAATAAGCAGCGTGGCTCCTCAATGCCAGTTAACCGCTACATGCCTTTCGAGGTTGAGGTAGAAGATATTTCTCTGCCGGACCGCACTTGGCCA 170 0
A W N K Q R G S S M P V N R Y M P F E V E V E D I S L P D R T W P

GATAAAAAAATCACCGTTGCACCTCAGTGGTGTGCTGTTGACCTGCGTGACGGCAACCAGGCTCTGATTGATCCGATGTCTCCTGAGCGTAAGCGCCGCA 180 0
D K K I T V A P Q W C A V D L R D G N Q A L I D P M S P E R K R R

TGTTTGAGCTGCTGGTTCAGATGGGCTTCAAAGAAATCGAGGTCGGTTTCCCTTCAGCTTCCCAGACTGATTTTGATTTCGTTCGTGAGATCATCGAAAA 1900
M F E L L V Q M G F K E I E V G F P S A S Q T D F D F V R E I I E K

GGGCATGATCCCTGACGATGTCACCATTCAGGTTCTGGTTCAGGCTCGTGAGCACCTGATTCGCCGTACTTTTGAAGCTTGCGAAGGCGCAAAAAACGTT 2000
G M I P D D V T I Q V L V Q A R E H L I R R T F E A C E G A K N V

.Pst I
ATCGTGCACTTCTACAACTCCACCTCCATCCTGCAGCGCAACGTGGTGTTCCGCATGGACAAGGTGCAGGTGAAGAAGCTGGCTACCGATGCCGCTGAAC 210 0
I V H F Y N S T S I L Q R N V V F R M DO V Q V K K L A T D A A E

TAATCAAGACCATCGCTCAGGATTACCCAGACACCAACTrGGCGCTGGCAGTACTCCCCTGAGTCCTTCACCGGCACTGAGGTTGAGTACGCCAAGGAAGT 220 0
L I K T I A Q D Y P D T N W R W Q Y S P E S F T G T E V E Y A K E V

Bam HI
TGTGGACGCAGTTGTTGAGGTCATGGATCCAACTCCTGAGAACCCAATGATCATCAACCTGCCTTCCACCGTTGAGATGATCACCCCTAACGTTTACGCA 2 30 0
V D A V V E V M D P T P E N P M I I N L P S T V E M I T P N V Y A

GACTCCATTGAATGGATGCACCGCAATCTAAAC CGTCGTGATTCCATTATCCTGTCCCTGCACCCGCACAATGACCGTGGCACCGGCGTTGGCGCAGCTG 2 400
D S I E W M H R N L N R R D S I I L S L H P H N D R G T G V G A A

AGCTGGGCTACATGGCTGGCGCTGACCGCATCGAAGGCTGCCTGTTCGGCAACGGCGAGCGCACCGGCAACGTCTGCCTGGTCACCCTGGCACTGAACAT 2 50 0
E L G Y M A G A D R I E G C L F G N G E R T G N V C L V T L A L N M

GCTGACCCAGGGCGTTGACCCTCAGCTGGACTTCACCGATATACGCCAGATCCGCAGCACCGTTGAATACTGCAACCAGCTGCGCGTTCCTGAGCGCCAC 2 60 0
L T Q G V D P Q L D F T D I R Q I R S T V E Y C N Q L R V P E R H

CCATACGGCGGTGACCTGGTCTTCACCGCTTTCTCCGGTTCCCACCAGGACGCTGTGAACAAGGGTCTGGACGCCATGGCTGCCAAGGTTCAGCCAGGTG 2 70 0
P Y G G D L V F T A F S G S H Q D A V N K G L D A M A A K V Q P G

CTAGCTCCACTGAAGTTTCTTGGGAGCAGCTGCGCGACACCGAATGGGAGGTTCCTTACCTGCCTATCGATCCAAAGGATGTCGGTCGCGACTACGAGGC 2800
A S S T E V S W E Q L R D T E W E V P Y L P I D P K D V G R D Y E A

Pst I
TGTTATCCGCGTGAACTCCCAGTCCGGCAAGGGCGGCGTTGCTTACATCATGAAGACCGATCACGGTCTGCAGATCCCTCGCTCCATGCAGGTTGAGTTC 2900
V I R V N S Q S G K G G V A Y I M K T D H G L Q I P R S M Q V E F

TCCACCGTTGTCCAGAACGTCACCGACGCTGAGGGCGGCGAGGTCAACTCCAAGGCAATGTGGGATATCTTCGCCACCGAGTACCTGGAGCGCACCGCAC 3000
S T V V Q N V T D A E G G E V N S K A M W D I F A T E Y L E R T A

CAGTTGAGCAGATCGCGCTGCGCGTCGAGAACGCTCAGACCGAAAACGAGGATGCATCCATCACCGCCGAGCTCATCCACAACGGCAAGGACGTCACCGT 310 0
P V E Q I A L R V E N A Q T E N E D A S I T A E L I H N G K D V T V

CGATGGCCGCGGCAACGGCCCACTGGCCGCTTACGCCAACGCGCTGGAGAAGCTGGGCATCGACGTTGAGATCCAGGAATACAACCAGCACGCCCGCACC 3200
D G R G N G P L A A Y A N A L E K L G' I D V E I Q E Y N Q H A R T

TCGGGCGACGATGCAGAAGCAGCCGCCTACGTGCTGGCTGAGGTCAACGGCCGCAAGGTCTGGGGCGTCGGCATCGCTGGCTCCATCACCTACGCTTCGC 3300
S G D D A E A A A Y V L A E V N G R K V W G V G I A G S I T Y A S

TGAAGGCAGTGACCTCCGCCGTAAACCGCGCGCTGGACGTCAACCACGAGGCAGTC CTGGCTGGCGGCGTTTAAGCTTTACGACGC CTCCCCCTAGGCTC 3400
L K A V T S A V N R A L D V N H E A V L A G G V

TACAAACCGGTGGCAAGAATTCCACGATGTTGAAAATTCTTGCCACCGGTTTCGTGGGTGATAGGAATATAGAGCCTGTTTCATGCCTCGAG 3492

FIG. 3. Nucleotide sequence and selected restriction sites of C. glutamicum leuA and flanking regions. Numbers at the right refer to
nucleotides. The deduced amino acid sequence of leuA, the putative leader peptide, part of lysC, and the putative membrane protein are given
above the sequence. Four imperfect inverted repeats potentially involved in secondary structures of attenuator are indicated by arrows.
Putative transcription terminator and ribosome-binding site (RBS) are also shown (underlined). The GenBank accession number of the
nucleotide sequence shown is X70959.
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FIG. 4. Growth (OD, optical density) and lysine formation with strain DG52-5::pKK74I2 leuA supplied with no L-leucine (L) or 1.15 mM

(l), 1.5 mM (*), 3.0 mM (K), or 4.6 mM (A) L-leucine.

formation was also increased by limiting homoserine con-
centrations. It is thus evident that in addition to leucine
limitation, a homoserine limitation is effective for increasing
lysine accumulation.

DISCUSSION

As shown, the IPM synthase of C. glutamicum is highly
similar to that of S. cerevisiae (44% identical amino acids),
but it has only 22% identical amino acids to the S. typhimu-
rium (22) or Lactococcus lactis (11) protein. The proteins of
the last two organisms have high homology to each other
(39%). Despite these differences in homology and size,
conserved regions of all four polypeptides now known are
distributed over their entire length (Fig. 5). A remarkable
feature within all four sequences is a block of about 40 amino
acids (amino acids 278 to 319 of the C. glutamicum se-
quence). This block contains three of the four conserved
histidine residues, which could be important for the mecha-
nism of the enzyme reaction. It also contains six conserved
glycines, which are important for structural reasons because
of the extreme dihedral angle allowed by the glycine resi-
dues. Therefore, this highly conserved region might well be
the reaction center of IPM synthase.

TABLE 3. Lysine accumulation by C. glutamicum strains with
inactivated IPM synthase, leuA

Concn of amino Amt of

Straina Phenotype acid supplied lysineacid supid accumulated
(mM) ~(MM)

MH20 Leu, 1.5 40
MH20::pKK74Il Leu- Leu, 1.5 57
MH20::pKK74I2 Leu- Leu, 1.5 59
DG52-5 Leu, 1.5 36
DG52-5::pKK74I1 Leu- Leu, 1.5 55
DG52-5::pKK74I2 Leu- Leu, 1.5 61
ATCC 21127 Hom- Hom, 6.7; Leu, 3.0 47
ATCC 21127::pKK74Il Hom- Leu- Hom, 6.7; Leu, 3.0 59
ATCC 21127::pKK74I2 Hom- Leu- Hom, 6.7; Leu, 3.0 57
ATCC 21127 Hom- Hom, 3.4; Leu, 3.0 61
ATCC 21127 Hom- Hom, 5.0; Leu, 3.0 56
ATCC 21127 Hom- Hom, 6.7; Leu, 3.0 47

a Strain ATCC 21127 was additionally supplied with 0.2 g of thiamine per
liter.

Knowledge of the sequence of the leuA gene and flanking
regions enables us to propose possible mechanisms of ex-
pression control. Thus upstream of leuA the sequence sug-
gests the presence of a leader peptide containing four con-
secutive leucine residues, which is indicative of transcription
attenuation, as known for several amino acid biosynthetic
operons of E. coli (16). Further indications of such kind of
control of leuA expression are the regions of dyad symmetry
in front of leuA, which partially overlap the putative leader
peptide with the potential to form alternative stem-and-loop
structures of the transcript (Fig. 3). However, a distinct
rho-independent terminator structure, similar to E. coli
terminators (23), is not apparent. Two further features of
leuA are apparently optimally suited for sensitive and rapid
response to regulate expression of IPM synthase in C.
glutamicum: the low leucine content of only 6% in the
protein (the lowest of all C. glutamicum polypeptides
known) and the strong bias of the leu codons toward the
most frequently used one, CTG (9). This would ensure that
the less frequent tRNAIeU species are not a rate-limiting
factor in the translation of leuA.
The inactivation of leuA definitely shows that influencing

the leucine synthesis results in increased lysine formation
when the appropriate leucine concentration is supplied. This
knowledge, together with the molecular structure of leuA,
could therefore be of advantage to further increase lysine
formation with classically bred C. glutamicum strains. As a
connection between the leuA mutation and increased lysine
formation, two general possibilities are conceivable. Thus a
direct molecular link between leuA and Iys genes could exist,
or the Leu- mutation (together with the special growth
conditions) could result in an additional cellular supply of
metabolites for lysine synthesis. Regarding a transcriptional
connection, the sequence has in fact revealed a surprisingly
close proximity of leuA to lysC, which is of the upmost
importance for flux control toward lysine (8, 14, 27). How-
ever, since lysC (together with the clustered asd gene) is
transcribed divergently from leuA, and leuA and lysC are
separated by ORFX, we have no indication of this. This also
holds for unknown genes downstream of leuA since disrup-
tion of leuA resulted in a leucine requirement only. Also, the
fact that the one hyperproducer strain MH 20-22B charac-
terized by us (27) is defective in the IPM dehydratase
(leuCD) and not in the IPM synthase (leuA) is clear evidence
against a connection on the transcriptional level with leuA

0
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I10 2 0 3 0

C. glu MSPNDV SAKEP P TNEGOPAWNTKORGSSMMVNRMMrPFEVEVEDISLPD R1W P D
S. car MVKES- I[AJL[AEEHAASR ASRY PPVK LAYKNMLKDP S SKYK PF[N AP ---KLSN RKIW[PD
S. typ M SOQ V I - - -F D T T - - - -
L lbc M - R K I E F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - FD T S - - - - - --------

C. glu KK TVAQIACAVDL R D G NC A iP PR[ RRM ELLVOMGFKEREVGFPSASGTDFDFV
S. car NR[ T|R[DPR L R D G OS D P M S V|EIQ|KIKEY|FIHKILV N I|GFKE VSFPSASTDFDFT
S. tp - - - - - - - - - - L R D G A L Q SAKEKLO L A L E R M G V D VM-VG FrVV SJS'P F EIASV
L bc - - - - - - - - - - - - -- L R D G E CTPGVF ISIEKVTIKOLEKWR I S V AG1 SAASA P D S1 AV

C. glu iE I K GM I P D D VTViLV OAIRE H LTRIRTF CE| AKN VIVFmNS LO RNVVFRAD K
S. cer LJY A VEN A - -|P D D V|S| I V OS|RE H L IR T|V|E A|L T K A T I AT DMFREIVFNSR
S. typ O - T A R T I - RVICALARCVIEK IDVAA ALK A F R HTFIATS M IA TKRRTL
L Inc K -[AJD S L DNDT TALARCVIS DKAVEAVKG KYPO HVFI ATSP IHMKY JK ISP

C. glu VQVKKLFAT D A A E I KTFflAQMYrD-rTY71 D EIS F TGEVMYRKMV VVE VMDFI
S. car E E A SKUAVEATKLVRKLTK|DDPSQQATRSYESPELC FSDTPG1 FAV C EAVKKAWEPT
S. typ D[V] I ERAVYMjK RIA7RINYTDD[ -NDV- - -
L bc EPEJLKN DKCVRYARERVEVV - --PI--IT[TELNFLjLEAQD TAVDL I- - -

C. glU PIE N PM NILIPISIT EM T P NV Y A IEWM H RN L NRHRD S L L H P H N DR GT G VGAA E L G Y M
S. car EE N P| I TVEVAS|PNvYAD IE]YFATHIT EEKVCISTHCHNDRGCGVAATIELGML
S. typ- GARTNPN T VGYTPFEFAGIISGLY ERVPN I DKAMIISVHTH|HDDLGIAVGNSLAAVH
L bc G--T Y| N| I|PDT VIG Y TTPEELYG KIFKF D N T K S I ISFSPHFCH|DD|L|G|MAVA|NSL AAlI K

C. U A G A D CLFGNGE- R RT IY L
S.caIAGDRIYEGCLFGNGERT1GNVI VTYVAMINMJL ---- GnSNDSLSLVECKS. Cer |A G A D R||GILFGNIERIINVDLVTVAMN UY| o- - - -LT!| I|| | EIRCNIl

S. tyP A G AIR |VE GAE GE RiG N[eALEEV VIM KKV D IMN VH TNINH H GinPi R P S VI C NIT1
L lac AG AGRV EGTVN GIGERAGNIAALE EI A V AJL H IIRKD YQAQSPLKLSE ALT EL SOFSGLJ
C. glu RPEiHPYGGDLVFTAFSGSHQDIAIV NI LDAMAA VQPrGASSTEVSWEOLRDTEWEVPYL
S. cer PV|SQAIPYGGDLVVCAFSGSHQDAI KL FNLG NKKRAD- E TQWR PYL
S.tyFADll NLONKCRRl1RHSlAGHQ IGV - - - - - - - - - ILKNRE- - -

E
YlES.typADP6SGOSDCRGRRFIRH-SSGTHODGV-------------------- - - - -LKNRE- --NY E

L bc I NKNAIVG A N AtASE|SGIHQDGV - - - - - - - - - - - - - - - - - - - - - - - [LKN|AME- - - T[YjE

C. glu V GRDYEAVI- - [RVNSQSGKGGVYii1YIK T D HfdOlsi|SMVE F S|T VnN V T-AE
S. car IGRDYEAV - - - RVNSOSGKGGA|AWVI LRSSGL[]DLPR]NMI [FSSA[DHAID[HA L
S. typ TMYP I|G|S EPDTAEPDLPL--WPCRETHGRDGOGHRLHGPPV--RR-VPEAGD
L lbc 1I| PE|L VS K H NS - --- |L PL|GK LSGGH AFSE KL TELN AY D DES LA IL FE K- FK KL A|DKK|

C.gu[GGMEVNllKAMWDIFnATE VLERTAPVEoTnA RVE iAG)TENEDASVITAELIVHN[FlKDVT-VDFNR
S.cer LBRELLK|S|DE IS KL|F|K E AMNY N DE OYOALSLVN YPVE KF GT E RR VF T GO VK VGDO IV DIEET
S. typ G Q V F|D|Y|D|LE[<AIF N K - - - GOEEPEHnRlLYFSVaSGSSD ATASVKLACGEEIKAEAAN
L Inc K E I TDAD IHAL-tTGE - -- TV KN LAGF ILDNVOQI DG HK AL V QLK NOQE - --- |EE I|Y VS OGE

C. glu N L YANN EK-G DVE OErnNOHARTTrSGIDDAE[AAA r FV-JA - - - E V N G RKV - -WG VI
S. cor IG N G P|i SLVD|A|L|SN LN VR FA VA N|Y|TE H SLG GSSSTO S SAN EA YK|WGV|
S. typ IGinGI [VDA Y QAA1NRTGGYDVEVK|YIDLNiKGRARRAGSGRYRREPS W[SP - -- LP R ---- R
L Inc GSGSV DA| FKAI KDKVFNHQLKL SYSVDDSVTDG DAQATTLVSVENL]TGT FNA-- -K

C. g9u [IAGSITYAi LKiVTSAV[ lR - - - - - - - - - - - - - ALDVNHEinVLAGGV 6 1 6
S. car IGIVSEDVGDSISIVRIAI FAT IJN HSGDVS PSLAEVEGKNAAASGSA 6 2 0
S. typ GLTDVSSK 523NWAEEKELOnAOKNKTS.WIGLATmV S|sKS H L N W A ERE- LRXAQ NK ENNKE T V 2 3
L lac GVDY[VLKG[SAIAUYMNA - - - - - -N- VL ENL G[VEaISAHDGI 513

FIG. 5. Aligned polypeptide sequences of leuA of C. glutamicum, S. typhimurium (22), and L. lactis (11) and LEU4 of S. cerevisiae (1).
Gaps are introduced to achieve maximal homology; identical amino acids are boxed.

downstream genes, since both strains exhibit leucine-depen-
dent lysine accumulation. Another possibility would be that
the Leu- mutation results in a global effect on gene expres-
sion, like the stringent response as known for entero-
bacteria, where amino acid starvation results in the stimula-
tion of the transcription of a large number of genes, including
several amino acid biosynthetic operons (16). Also, a situa-
tion similar to that in Lrp-controlled systems is possible (13).
However, on comparison of 20 enzymes of the hyperpro-
ducer MH 20-22B with the wild-type C. glutamicum (27), no
significant difference in enzyme synthesis (except for IPM
dehydratase) was detected. This makes a direct molecular
connection between leuA and lys genes unlikely but points to
a general physiological effect. The simplest idea would be
that the two pyruvate molecules saved for leucine synthesis
are additionally available for lysine synthesis (Fig. 1). How-
ever, the experiment with increasing leucine concentrations
clearly shows that it is the growth limitation which is
important, otherwise a high final lysine concentration would
have accumulated at high leucine concentrations. Also, the
fact that the homoserine limitation with C. glutamicum
subsp. flavum influences lysine accumulation argues in favor
of a positive effect of limiting growth conditions. Therefore,
the probably higher availability of metabolites and also of
energy might be related to higher lysine accumulation. In
fact, even such nonspecific constraints on growth as a
limited supply of phosphate in the medium increases lysine
yield in C. glutamicum (5). Moreover, metabolite secretion

is known for Klebsiella pneumoniae as a result of limitation
for any nutrient component (32). Taken together, the data
currently available can be best explained phenomenologi-
cally by the idea that the major effect of leucine limitation on
lysine formation is a general effect due to constrained
growth.
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