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Summary. A 2.1 kb DNA fragment of the recombinant
plasmid pCS2, isolated from an aminoethyl cysteine
(AEC)-resistant and lysine-producing Corynebacterium
glutamicwm mutant strain, and which confers AEC resis-
tance and lysine production on the wild-type G. glutami-
cum ATCC 13032 was analysed. DNA sequence analysis
of this fragment revealed three large open reading frames
(ORFs). The incomplete ORF1 does not contain the
5’ end of the coding region. ORF2, which uses the same
reading frame as ORF1, is identical to the 3" end of
ORF1 and encodes a putative protein of 172 amino acids
(aa) and of M, 18 584. ORF3 encodes a putative protein
of 344 aa and of M, 36275. The amino acid sequences
deduced from ORF1 and ORF2 display strong homolo-
gies to those of the - and f-subunits of the Bacillus
subtilis aspartokinase II. It is therefore proposed that
the incomplete ORF1, termed lysCa, encodes part of
the a-subunit of the C. glutamicum aspartokinase where-
as the complete ORF2, termed /ysCf, encodes the p-
subunit of the same enzyme. ORF2 is responsible for
AEC resistance and lysine production due to a feedback-
resistant aspartokinase. The amino acid sequence de-
duced from ORF3, termed asd, is highly homologous
to that of the Streptococcus mutans aspartate f-semialde-
hyde dehydrogenase (ASD). Plasmids carrying the C.
glutamicum asd gene complemented Escherichia coli asd
mutants. Increase in ASD activity by a factor of 30-60
was measured for C. glutamicum cells harbouring high
copy-number plasmids with the C. glutamicum asd gene.
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Introduction

Corynebacteria are gram-positive non-sporulating bac-
teria. Several members of this taxonomic group are of
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special interest for industry, specifically for production
of amino acids, steroid conversions, degradation of hy-
drocarbons and terpenoid oxidations (Martin et al.
1987). The most frequently used amino acid producers
are Brevibacterium flavum, Brevibacterium lactofermen-
tum and Corynebacterium glutamicum. Economically, L-
lysine is one of the most important amino acids used
mainly in forage addition (Tosaka et al. 1983).

The biosynthesis of lysine in amino acid-producing
Corynebacteria is well understood and mainly follows
the general scheme of L-lysine biosynthesis in bacteria
via the diaminopimelic acid pathway (Tosaka and Takin-
ami 1978). The main control of the so-called aspartate
amino acid pathway branching to lysine, threonine, me-
thionine and isoleucine is exerted via concerted inhibi-
tion of the aspartokinase enzyme by the end-products
lysine plus threonine (Shiio and Miyajima 1969). Over-
production of lysine can be achieved by mutagenesis
leading to strains with a deregulated aspartokinase en-
zyme which is no longer sensitive to feedback inhibition
by a mixture of lysine and threonine (Shiio 1982). Such
mutant strains can easily be selected by their resistance
to a mixture of the L-lysine analogue S-(-2-aminoethyl)-
D,L-cysteine (AEC) and L-threonine. C. glutamicum mu-
tants showing a feedback-resistant aspartokinase
(AK'™) excrete notable amounts of L-lysine (15-30 g/l).

In a recent publication (Thierbach et al. 1990), we
described the cloning of a DNA fragment from an AEC-
resistant and lysine-producing C. glutamicum mutant
characterized by an aspartokinase activity that is com-
pletely insensitive to feedback inhibition. The cloned
DNA fragment, carried by the recombinant plasmid
pCS2, confers analogue resistance and lysine production
to C. glutamicum wild-type strains. The aspartokinase
activity of such a strain is partially feedback resistant.
From these data it can be assumed that the cloned DNA
fragment carries a deregulated aspartokinase gene.

In order to elucidate the origin of the AEC resistance
carried by the recombinant plasmid pCS2, we deter-
mined the nucleotide sequence of the cloned C. glutami-
cum DNA and analysed the ORFs detected. It will be



318

Table 1. Bacterial strains and plasmids used M P $X ¢S ¢ XS XPC © M
Strain Genotype Reference "o
relevant characteristics h—
Escherichia coli
IM 83 ara, Allac, prol, strA, thi, Messing P N P H D E P HP H X
[2$80diacZAM15] 1979 1 i 1 i 1 L1 Ll "?H? % )
RASA 51 thi, asd Richaud [ ORF 1 {tysCox) [~ ORF3{asd] )
et al. 1981 ORE?2 (1 sCl3
Corynebacterium glutamicum ft
ATCC 13032 wild type, ARC® Fig. 1. Physical map and coding regions of a Corynebacterium glu-
DM58-1 AECT ’ Thierbach tamicum Pstl-Xhol fragment responsible for AEC resistance and
et al. 1990 lysine production. The structure of the recombinant plasmid pCS2
containing the Escherichia coli-C. glutamicum shuttle vector (thick
Plasmids line) and a ?.9 kb C. glutamicum DNA fragment (thin line) as well
SVB20 . tor, Ap* Arnold and as the physical map of a 2.1kb PstI-Xhol subfragment are pre-
P sequencing vector, Ap Pi?l‘llfer 12191;38 sented. Three open reading frames, later identified as IysCa, IysCB
pSVB27 pSVB20 derivative with Arnold and and asd are shown as open bars. Abbreviations for restriction sites
altered mcs Pithler 1938 are as follows: C, Scal; D, Dral; E, EcoRI; H, HindIII; M, Smal;
pZ1 E. coli-C. glutamicum shuttle Menkel N, Nael; P, Pstl; S, Sall; X, Xhol
vector, Km" and Ap” ct al. 1989
pCS2 derivative of pZ1 with Thierbach
a 9.9 kb chromosomal DNA et al. 1990
fragment, AEC" . Molecular cloning and sequencing procedures. DNA re-
pCS26 ggalcdsezletxon derivative g;h;i’ﬂi’ggg striction and separation by gel electrophoresis, DNA li-
pCS24 XhEI deletion derivative Thierbach gation and transformation of E. coli were performed
of pCS2 et al. 1990 by standard methods described by Maniatis et al. (1982).
pCS23 Sall deletion derivative Thierbach Plasmid DNA of E. coli was prepared essentially as de-
of pCS2 o et al. 1990 scribed by Holmes and Quigley (1981). Nucleotide se-
pCs232 Dfmlcgzlgtlon derivative Tthlifﬂl)ggla quences were determined by the chemical degradation
orp ot al. method (M i i ifica-
pCS233 EcoRI deletion derivative Thierbach HeLno ( daxaénban];l (fv{ﬂbert 11 977) with the modifica
of pCS23 et al. 1990 tions introduced by Barker et al. (1983). DNA fragments

Abbreviations: AEC, S-(2-aminoethyl)-D,L-cysteine; Ap, ampicil-
lin, Km, kanamycin; mcs, multiple cloning site

shown in this paper that the in-frame overlapping aspar-
tokinase structural genes lysCo and IysCpf are clustered
with the aspartate f-semialdehyde dehydrogenase gene
asd and that the [ysCp gene is responsible for AEC resis-
tance and lysine production.

Materials and methods

Bacterial strains and growth media. All bacterial strains
and plasmids used are listed in Table 1. E. coli IM83
(Messing 1979) was used as recipient strain for cloning
experiments. E. coli RASA 51 (Rickaud et al. 1981) was
employed for complementation tests concerning the C.
glutamicum asd gene. E. coli growth media were accord-
ing to Miller (1972). They were supplemented with ampi-
cillin (150 pg/ml) or kanamycin (50 pg/ml) or X-gal
(40 ug/ml). C. glutamicum ATCC 13032 (wild type) and
mutant strain DM58-1 (AEC") were grown in Stl or
minimal medium according to Thierbach et al. (1988).
Cells harbouring recombinant plasmids were selected on
agar plates supplemented with kanamycin (25 pg/ml and
10 ug/ml, respectively), D,L-AEC (10 mg/ml) and 1-thre-
onine (2 mg/ml).

were cloned into the pUC18 plasmid derivatives pSVB20
and pSVB27 (Arnold and Piihler 1988) and single-ends
were labelled using the unique Bs¢EIl restriction site of
these vectors. Sequencing gels were prepared as de-
scribed by Garoff and Ansorge (1981). The DNA se-
quence was analysed with the sequence analysis pro-
grams of Staden (1986) and Lipman and Pearson (1985).

Restriction enzymes and T4 DNA ligase were pur-
chased from BRL, Karlsruhe, FRG and Klenow frag-
ment of E. coli DNA Polymerase from Boehringer,
Mannheim, FRG. [¢-*?P]dCTP was from NEN,
Dreieich, FRG.

Preparation of crude protein extracts of C. glutamicum
and assay for aspartate p-semialdehyde dehydrogenase
activity

Growth conditions of C. glutamicum strains and prepa-
ration of crude protein extracts were as described by
Thierbach et al. (1990). The aspartate f-semialdehyde
dehydrogenase assay used the following reaction:
120 mM dicthanolamine (pH 9.0), 40 mM NaAsQO,,
1 mM NADP", 5mM L-threonine, 1.3 mM aspartate
p-semialdehyde and different amounts of crude extracts
were mixed in a total volume of 1 ml. The enzyme activi-
ty was determined by the velocity of NADPH synthesis
(4A540) and given as umol/mg protein/min (U/mg). Pro-
tein concentrations were measured by the methods of
Bradford (1976) and Lowry et al. (1951).



AV A L A A A L N A D V C E I Yy S5 D Vv D
CTBCABTTGCBTTGGCAGCTGCTTTGAACGCTGATGTGTETGAGATTTACTCGGACGTTGA
10 20 30 40 50 60

8 V Y T A D P R I VvV P N A O K L E K L 8 F E E M L E L A A V
CGGETGTGTATACCGCTEACCCBCBCATCEBTTCCTAATGCACAGAAGCTBEAAAAGCTCAGCTTCGAAGAAATGCTGGAACTTGCTGCTGT
70 80 Q0 100 110 120 130 140 1350

6 8 K I . VvV L A S V E Y A R A F N V P L A V R 8§ S Y s N D P
TGGCTCCAAGATTTTGGTGCTECGCAGTGTTGAATACGCTCGTGCATTCAATGTGCCACTTCGCGTACGCTCGTCTTATAGTAATGATCC
160 170 1B0 130 200 210 220 230 240

6 T U I A G s M £ O I P V E € A V L T B V¥ A T B K S8 E A K V
CGGCACTTTGATTGCCGEGCTCTATGBAGBATATITCCTGTGGAAGAAGCAGTCCTTACCGGTGTCGCAACCGACAAGTCCGAAGCCAAAGT
250 260 270 280 280 300 310 320 330

T v L 6 I S 0O K P 6 E A A K V F B A L A D A £ I N I 0 M VvV L
AACCGTTCTGGBTATTTCCGATAAGCCAGGCGAGGCTGCRAAGEBTTTTCCGTGCGTTGGCTGATGCAGAAATCAACATTGACATGGTTCT
340 350 aso 370 aeo 390 400 410 420

@ N V Y 8 VvV E D 6 T T D I T F T € P R 8 D 6 R A A M E I L K
GCAGAACGTCTATTCTGTAGAAGACGGCACCACCGACATCACCTTCACCTGCCCTCGTTCCRACGGCCGCCGEGEGATGGAGATCTTGAA
430 440 450 460 470 480 490 500 510

K L Q@ v @ 6 N W T N ¥V L Y 0D D Q VvV 6 K V S L V 6 A 6 M K § H
GAAGCTTCAGGTTCAGGBCAACTGGACCAATGTGC T TTACGACGACCAGGTCGGBCAAAGTCTCCCTCBTGGGTGCTGGCATGAAGTCTLA
520 530 540 550 560 570 580 590 600

P 8 V T A E F M E A L A D V N V N I E L I § T 8 E I R I S V
CCCAGGTGTTACCGCAGAGTTCATGGAAGCTCTGCGCGATGTCAACGTBAACATCGAATTGATTTCCACCTCTGABATTCGTATTTICEGT
610 620 630 640 850 660 6870 680 690

. I A E D D L O A A A A A L H E @ F Q@ L. 6 6 E O E A V V Y A
GCTBATCCGTGAAGATBATCTGGATGCTBCTGCACGBTGCAT TGCATGAGCAGTTCCAGCTGGGCGGCEAAGACGAAGCCGTCGTTTATGE

700 710 720 730 740 750 760 770 780

G T 6 A M T T I A VvV V 6 A T 6 G VvV 6 G VvV M
AGGCACCGGACGCTAAAGTTTTRAAGGAGTIAGT NTTACAATGACCACCATCGCAGTTGTTGGTGCAACCGBCCAGGTCGGCCAGGTTATG

790 800 810 820 830 840 850 B6O 870

A T L L E E A N F P A O T V A F F A 8 PR S A 6 A K I E F R
CGCACCCTTTTGGAAGAGCGCAATTTCCCAGCTBACACTGTTCBTTTCTTTGCTTCCCCACGTTCCGCAGGCCGTAAGATTGAATTLCGT
880 aso 8900 910 920 8930 940 950 960

G T E 1 E v E D I T @ A T E E S L K D I D V A L F 8 A 6 &6 T
GGCACGGAAATCGAGBGTAGAABACATTACTCAGGCAACCGBAGSAGTCCCTCAAGGACATCGACGTTIGCGTTGTTCTCCGLTGGAGGLCACC
Q70 980 990 1000 1010 1020 1030 1040 1050

A S K @ Y A P L F A A A G A T V V D N S S A W R K D D E Vv P
GCTTCCAAGCAGTACGCTCCACTGTTCGCTGCTBLCAGGUGCBACTGTTIGTGGATAACTCTTCTGCTTIGGCGCAAGGACGACGAGGTTLCA
1060 1070 1080 1090 1100 1110 1120 1130 1140

L I vV 8 E V N P 85 D K 0O S L V K 6 I I A N P N €C T T M A A M
CTAATCGTCTCTGAGGTGAACCCTTCCBACAAGGATTCCCTGETCAAGGGCATTATTGCGAACCCTAACTGCACCACCATGGCTGCGATGE
14150 1160 1170 1180 1190 1200 i210 1220 1230

P V L K P L H O A A 6 L V K L H V 8 S8 ¥ @ A VvV S 6 S5 6 L A G
CCAGTGCTGAAGCCACTTCACGATGCCBCTGGTCTTGTAAAGCTTCACGTTTCCTCTTACCAGBCTGTTTCCGEGTTCTGGTCTTGCAGGT
1240 1250 1260 1270 1280 1290 1300 1340 1320

vV E T L A K @ VvV A A V 6 D H N V E F V H D 6 QG A A D A 6 D V
GTGGAAACCTTGGCAAAGCAGGTTBCTGCAGTTGGAGACCACAACGTTGAGTTCGTCCATGATGGACAGGCTGCTGACGCAGGCGATGTE
1330 1340 1350 1360 1370 1380 1390 1400 14140

6 P Y V¥V S P I A Y N VvV L. P F A 6 N L Vv D D 6 T F E T D E E @
GBACCTTATGTTTCACCAATCGCTTACAACGBTGCTGCCATTCGCCGGAAACCTCGTCGATGACGGCACCTTCGAAACCGATGAAGAGCAG
1420 1430 1440 1450 1460 1470 1480 1490 1500

K L AR N E S R K I L &6 ¢ P D L K V¥V 8 6 T C V R V P V F T 6 H
AAGCTGCGCAACGBAATCCCGBCAAGATTCTEGGETCTCCCAGACCTCAAGGTCTCABGCACCTGCGTTCGCGTGCCBETTTTCACCGGCCAC
1510 i520 1530 1540 1550 1560 1570 1580 1590

T L T I H A E F D K A I T Vv D @ A @ E I L 6 A A S 6 V K L V
ACGCTGACCATTCACGCCGAATTCBACAAGGCAATCACCGTGGACCAGGCGLAGGAGATCTTGGETGCCGCTTCABGEGTCAAGCTTGTC
1600 1640 1620 1630 1640 1650 1660 1870 1680

o vV P T P L A A A 6 I D E S5 L V B A I AR @ D S T V D D N R G
GACGTCCCAACCCCACTTGCAGCTGCLGGCATTGACGAATCCCTCEGTTGBACBCATCCGTCAGGACTCCACTGTCGACGATAACCGCGET
1690 1700 17140 1720 1730 1740 1750 1760 1770

L V L V vV 8 6 D N L R K B8 A A L N T I @ I A E L L V K ¥«
CTGBTTCTCGTCBTATCTGGCGACAACCTCCGCAAGGGBTBCTGCBCTAAACACCATCCAGBATCECTEAGCTGCTEGTTAAGTAAAAALCC
1780 1780 1800 1810 1820 1830 1840 1850 1860

GCCATTAAAAACTCCGBCTTGAGTGCTACACTTTAAGCGGGGTTTTAATG T TTGAGGEGCEGATBGGEGTCEAGCTTIGTGAAGTGGAATTTT

1870 1880 16890 1900 1910 1920 1930 1940 1950

CCACAAGTTTTAAGTTTCTTTAGCAGGGGAAACACTECTGATAGCACTAGCGATAAAGAACATGAAAATGCAACGGAGCTAGCGGCCGAA
1960 1870 1980 19390 2000 2010 2020 2030 2040

GCTTTAGCGBATGTCATTTTTCAGTGGAAAAACTEGGTCTACCGACGCGTTEGATAGTGTGCATCCATCCAGCTCGAG

2050 2060 2070 2080 2090 2100 2110

Fig. 2. Nucleqtide sequence of the C. glutamicum Pstl-Xhol frag- ing sites are boxed. The assumed start codons of the open reading
ment responsible for AEC resistance and lysine production. The frames are indicated by short arrows above the amino acid se-
nucleotide sequence of one strand of the DNA fragment is pre- quence. Bold-lined arrows above the nucleotide sequence indicate
sented in 5" to 3’ direction. The amino acid sequences of the identi- a possible p-independent transcription terminator

fied open reading frames are also shown. Putative ribosomal bind-
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Results

A4 2.1 kb C. glutamicum DNA fragment conferring
AEC resistance and lysine production carries

three open reading frames

The recombinant plasmid pCS2 consisting of the E. coli-
C. glutamicum shuttle vector pZ1 and a 9.9 kb C. gluta-

micum DNA fragment was shown to contain a 2.1 kb

Pstl-Xhol fragment (Fig. 1), which was responsible for
AEC resistance and lysine production (Thierbach et al.
1990). The nucleotide sequence of this fragment was de-
termined by the chemical degradation method (Maxam
and Gilbert 1977). The sequence obtained, comprising
2118 bp, is presented in Fig. 2. With the help of the
computer programs of Staden (1986) a coding region
analysis was carried out. As a result, three large open
reading frames (ORF) with high coding probability were
identified on one DNA strand (Fig. 1).

The first open reading frame, ORF1, later identified
as part of lysCa, is located between nucleotides 1 and
794. ORF1 is obviously incomplete since it does not
contain an ATG or a GTG start codon preceded by
an appropriate ribosome-binding site. The truncated
ORF1 codes for 264 amino acids. The second open read-
ing frame ORF?2, later identified as /ysCB, extends from
nucleotides 279 to 794 and uses the same reading frame
as ORF1. Therefore ORF2 is identical to the 3’ end
of ORF1. ORF?2 contains a GTG start codon and is
preceded by the putative ribosome-binding site (RBS)
5S-ATGGAGGATAT-3' located between nucleotides
264 and 274. This RBS sequence fits the sequence of
the 3’ end of the Bacillus subtilis 16S rRNA (Moran
et al. 1982) in 8 out of 11 positions (underlined). ORF2
encodes a protein of 172 amino acids and with a molecu-
lar mass of 18 584. The third open reading frame ORT3,
later identified as asd, is located between nucleotides
821 and 1852. It starts with an ATG that is preceded
by the putative RBS sequence 5-~AAAGGAGTAGTT-3'
(nucleotides 804-815) where 9 out of 12 nucleotides
match the 3’ end of the B. subtilis 16S rRNA (under-
lined). ORF3 encodes a protein of 344 amino acids and
with a molecular mass of 36275.

The identified ORFs are separated by only a short
intergenic region of 23 nucleotides, which is too short
to carry terminator or promoter structures. A DNA se-
quence of 48 nucleotides representing an inverted repeat
is located immediately behind ORF3 (Fig. 2). It strongly
resembles a p-independent E. coli transcription termina-
tor {(Adhya and Gottesman 1978). The most stable con-
formation of the hairpin loop formed by this inverted
repeat has a AG= —76.0 kJoule/mol, as calculated by
the rules of Tinoco et al. (1973).

The amino acid sequences deduced from ORF1 and ORF?2
are homologous to the amino acid sequence of the
B. subtilis aspartokinase

The FASTA program package (Lipman and Pearson
1985) was used to compare the amino acid sequence

Cg-ORFL el
Bs-AKIT [ NH | MGLIVQRFGGTSVGSVEK IQNAANRATAEKQKGHQY
2
CE~ORFL o« - - o m oot e oL
Bs-AKII  VVVVSAMGKSTDELVSLAKAISDQPSKREMDMLLATGEQVTISLLSMALQEKGYDAVSYT
40 50 0 80 90
Cg-ORFL  =o - m e s o o s et oo e e i
Bs-AKII  GWQAGIRTEATHGNARITDIDTSVLADQLEKGKIVIVAGFQGMTEDGEITTLGRGGSDTT
100 110 120 130 140 150
10 20 30 40 50 60
Cg-ORFl  AVALAAALNADVCEIYSDVDGVYTADPRIVPNAQKLEKLSFEEMLELAAVGSKILVLRSY
TLEVERE e b T el L e o ]
Bs-AKII  AVALAAALRVDKCDIYTDVPGVFTTDPRYVKSARKLEGISYDEMLELANLGAGVLHPRAV
160 170 180 190 200 210
70 80 90 - 100 110
Cg-ORFl  EYARAFNVPLRVRSSYSNDPGTLIAGSMEDIPVEEA-VLTGVATDKSEAKVTVLGISDKP
|l T oo lee o b b e e
Bs-AKIT  EFAKNYQUPLEVRSSTETEAGTLI- - - EEESSMEQNLIVRGIAFEDQITRVTIYGLTSGL
220 230 240 + 250 260 270
120 130 140 150 160 170
Cg-ORF1  GEAAKVFRALADAEINIDMVLQNVYSVEDGTTDITFTCPRSDGRRAMEILKKLQVQGNWT
----- B R R Ty | s Y O P -
Bs-AKIT  TTLSTIFTTLAKRNINVDIIIQT--QAED-KTGISFSVKTEDADQTVAVLEEYKDALEFE
280 290 300 310 320 330
180 190 200 210 220 230
Cg-ORF1 NVLYDDQVGKVSLVGAGM.KSHPGVTAEFMEALRDVNVNIELISTSEIRISVLIREDDLDA
----- JEE L1 LT b e ]
Bs-AKIT KIETESKLAKVSIVGSGMVSNPGVAAEMFAVLAQKNILIKMVSTSEIKVSTVVSENDMVK
340 150 360 370 380 390
240 250 260
Cg-ORF1  AARALHEQFQLGGEDEAVVYAGTGR[COOH)
-0 1]
Bs-AKII  AVESLHDAFELSKHPSAV(COOH)

Fig. 3. Alignment of the amino acid sequences deduced from C.
glutamicum ORF1 and ORF2 with that of the Bacillus subtilis as-
partokinase (Chen et al. 1987). The amino acid sequences were
aligned with the aid of the FASTA computer program (Lipman
and Pearson 1985). The alignment of the sequence from C. glutami-
cum starts with the first residue encoded by the cloned fragment.
Identical residues are marked by vertical lines. Similar residues
as identified by means of the Dayhoff matrix (Dayhoff et al. 1983),
are marked by dots. Hyphens indicate missing N-terminal amino
acids that are not encoded by the incomplete ORF1. The start
codons of the S-subunits (ORF1 of C. glutamicum) are shown by
arrows.

Abbreviations: Cg-ORF1, C. glutamicum ORF1; Bs-AKIIL, B. sub-
tilis aspartokinase II

deduced from ORF1 to the amino acid sequences stored
in the NBRF Protein Sequence Database. A high degree
of homology was found between the amino acid se-
quence of the B. subtilis aspartokinase II (Chen et al.
1987) and the amino acids sequence of ORF1 (Fig. 3).
The region of homology begins with amino acid (aa)
1 of the sequence deduced from ORF1 and with aa 157
of the B. subtilis aspartokinase II. Altogether a homolo-
gy of 38% was calculated between the amino acid se-
quences deduced from ORF1 and the corresponding
part of the B. subtilis aspartokinase II. These results
indicate that the incomplete ORF1 represents a truncat-
ed aspartokinase gene devoid of its 5" end. The amino
acid sequence of ORF1 also shows significant homolo-
gies to the different E. coli aspartokinase gene products.
In addition, it was found that the E. coli aspartokinase
I-homoserine dehydrogenase 1 (Katinka etal. 1980)



C.glutamicum aa 88 M E D I
aspartokinase RBS
(lysCa, ORFL) nt 266 ATGGAGGATATTC
* & & o o o
B.subtilis nt 1332 GAGGAGGAATCAT
aspartokinase II RBS
aa 241 E E E S

Fig. 4. Alignment of the nucleotide sequences around the start site
of C. glutamicum aspartokinase (ORF2) and the second transla-
tional start site in the B. subtilis aspartokinase IT gene. The deduced
amino acid sequences are also shown. The first nucleotides (nt)

shows 30% homology, the aspartokinase II-homoserine
dehydrogenase II (Zakin et al. 1983) 23% homology and
the aspartokinase III (Cassan et al. 1986) 26% homolo-
gy when compared to the truncated C. glutamicum as-
partokinase encoded by ORF1.

Since ORF1 encodes a protein with homology to
B. subtilis and E. coli aspartokinases we propose to term
the incomplete C. glutamicum ORF1 a truncated lysC
gene. The lysC gene was first described in E. coli to
code for aspartokinase III which is regulated by lysine
and not fused with a homoserine dehydrogenase domain
(Théze et al. 1974). Also in C. glutamicum lysine is one
of the feedback inhibitors of the aspartokinase and
ORF1 evidently does not encode a homoserine dehy-
drogenase part.

Since ORF2 is part of the 3’ end of ORF1 and since
ORF?2 uses the same reading frame as ORF1 the amino
acid sequence deduced from ORF?2 is also homologous
to the B. subtilis aspartokinase IT (Fig. 3). The calculated
degree of homology is 28%. It is of interest that for
the B. subtilis aspartokinase II gene a second translation-
al start was postulated at amino acid position 246 (Chen
et al. 1987; Fig. 4). This second translational start corre-
sponds to that of the C. glutamicum ORF2; ribosome-
binding sites and start codons are located at identical
positions. In this region, the homology of the amino
acid sequences is low but the degree of the nucleotide
sequence similarity is rather high, implicating conserved
signals at the DNA Ievel.

Taking into account the sequence information ob-
tained and also the structural model for the B. subtilis
aspartokinase containing two different subunits (Moir
and Paulus 1977b) we propose that in C. glutamicum
two genes, ORF1 and ORF2, code for the subunits of
the aspartokinase. The incomplete ORF1 encodes part
of the a-subunit, whereas ORF2 encodes the f-subunit
of the aspartokinase holoenzyme. According to the
above designation these in-frame overlapping genes were
termed lysCa and lysCp.

The amino acid sequence deduced from ORF3

is homologous to the amino acid sequence of the
Streptococcus mutans aspartate f-semialdehyde
dehydrogenase (ASD)

The amino acid sequence of ORF3 was compared to
the amino acid sequences stored in the NBRF protein
database using again the FASTA programs (Lipman and

321

P v E E
Start

CTGTGGAAGAA

L] * 6 ¢ 9 @ *

CCATGGAACAG
Start

S M E Q

and amino acids (aa) of this section are indicated. Identical nucleo-
tides are marked by solid dots and the ribosome-binding sites (RBS)
and the start codons (Start) are indicated

Pearson 1985). The amino acid sequence of the Strepto-
coccus mutans aspartate ff-semialdehyde dehydrogenase
(Cardineau and Curtiss 1987) was found to be homolo-
gous to the sequence derived from ORF3 (Fig. 5). Alto-
gether a homology of 39% between the two amino acid
sequences was calculated.

Based on this sequence information we designated
the C. glutamicum ORF3 an asd gene. Other proteins
that display homology to the product of ORF3 are the
E. coli ASD (Haziza et al. 1982) and the glyceraldehyde-
3-phosphate dehydrogenase proteins (GAPDH) of E.
coli (Branlant and Branlant 1985), B. subtilis (Viaene
and Dhaese 1989) and Bacillus stearothermophilus (Bran-
lant et al. 1989).

Functional analysis of the C. glutamicum asd and lysCB
genes cloned on plasmid pCS2

To analyse the function of the C. glutamicum asd gene
located on plasmid pCS2 complementation tests with
an E. coli asd™ strain were carried out. For this purpose
we took advantage of several derivatives of pCS2 (Thier-
bach et al. 1990) with deletions in the inserted C. gluta-
micum chromosomal DNA (Fig. 6). The plasmids pCS2,
pCS26 and pCS24 all contain lysCf as well as asd,
whereas in pCS23, pCS232 and pCS233 the asd gene
is incomplete. As expected, only the plasmids pCS2,
pCS26 and pCS24 were able to complement the E. coli
asd mutant (Fig. 6), demonstrating that the identified
C. glutamicum ORF3 encodes an aspartate p-semialde-
hyde dehydrogenase.

Plasmid pCS2 and all of its derivatives with an intact
lysCp conferred AEC resistance and lysine production
on the C. glutamicum wild type (Fig. 6). The nearly com-
plete removal of the asd coding sequence in plasmid
pCS233 does not abolish this phenotype but the exact
deletion of ORF1 and ORF2 (pCS232) causes AEC sen-
sitivity and prevents lysine production. From these re-
sults it can be concluded that ORF2 ({ysCp) alone is
responsible for AEC resistance and lysine production
because ORF1 as a truncated lysCu gene without pro-
moter and translational start site is obviously not ex-
pressed.

In order to quantify the effect of asd-containing plas-
mids in C. glutamicum, crude extracts of C. glutamicum
strains carrying the different recombinant plasmids of
Fig. 6 were assayed for aspartate f-semialdehyde dehy-
drogenase (ASD) enzyme activity. All the plasmids car-



322

10 20 30 40 50
Cg-ORF3  [NH]MTITIAVVGATGQVGQVMRTLLEERNFPADTVRFFASPRSAGRKIEFRGTEIEV
R N N N N I R RS R R A R R B D I AT TR
Sm-ASD  [NH]MGYTVAIVGATGAVGTRMIQQLEQSTLEVDKVRLLSSSRSAGKVLQYKDQDVTY
10 20 30 40 50
60 70 80 90 100
Cg-ORF3 EDITQATEESI.KDIDVALFSAGGTASKQYAPLFAAAGATVVDNSSAWRKDDEVP
| - NN S S S U S RN DN Y SR ERURE B
Sm-ASD E-- -L'I‘TKDSFEAVDIALFSAGGSVSAKFAPYAVKAGAVVVDNTSHFRQNPDVP
60 70 80 90 100
110 120 130 140 150 160
Cg-ORF3 LIVSEVNPSDKDSLVKGIIANPNCTTMAAMPVLKPLHDAAGLVKLHVSSYQAVS
R R e S N R EE I I L
Sm-ASD LVVPEVNAYAMDA- HNGIIACPNCSTIQMVALEPIRQKWGLSRVIVSTYQAVS
110 120 130 140 150
170 180 190 200 210
Cg-ORF3 GSGLAGVETLAKQVAAVGDHNVE- - FVHDGQAADAGDVGPYVSPIAYNVLPFAG
Il v e ARSI RO E Al
Sm-ASD GAGQSAINETVREIKEVVNDGVDPKAVHADTFPSGGDKKHY - - PTAFNALA-QT
160 170 180 190 200 210
220 230 240 250 260
Cg-ORF3 NLVDDGTFETDEEQKLRNESRKILGLPDLKVSGTCVRVPVFTGHTLTIHAEFDK
R L R N ey EU E N S R N PN B !
Sm-ASD DVFIDNDY-TYEEMKMTNETKKIMEEFELPVSAHCVRVPILFSHSEAVYTETRD
220 230 240 250 260
270 280 290 300 310
Cg-ORF3 ATTVDQAQEILGAASGVKLVDVPT- - - - PLAAAGIDE - SLVGRIRQDSTVDDNR
......... AN RIS
Sm-ASD VAPIEEVRAAIAAFPGAVLEDDIKHQIYPQAANAVGSRTFVGRIRKDLDIEN - -
270 280 290 300 310
320 330 340
Cg-ORF3 GLVL-VVSGDNLRKGAALNTIQIAEL- - - - - LVK([COOH]
fooc LU AILE DET 4 - I1-
Sm-ASD GIHMWVVS - DNLLKGAAWNS LI TANRLHERGLVRSTS ELKFELK [ COOH |

320 330 340 350
Fig. 5. Alignment of the amino acid sequences deduced from C.
glutamicum ORF3 (Cg-ORF3) with the amino acid sequence of
the Streptococcus mutans aspartate-semialdehyde dehydrogenase
(Sm-ASD) (Cardineau and Curtiss 1987). Identical residues are
shown by vertical lines. Similar residues, as identified by means
of the Dayhoff matrix (Dayhoff et al. 1983), are marked by dots
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Fig. 6. Functional analysis of deletion derivatives of plasmid pCS2
in AEC-sensitive C. glutamicum and ASD-defective E. coli strains.
The physical maps of the inserts of C. glutamicum DNA cloned
in pCS2 and its deletion derivatives are presented. The translated
DNA regions of lysCp and asd are shown below the physical maps.
On the right of the figure the phenotypes mediated by the plasmids
are listed. AECR: resistance of plasmid carrying C. glutamicum
cells against mixtures of 50 mM pL-AEC and 50 mM L-threonine.
ASD: growth of plasmid carrying E. coli RASA 51 (asd™ ; Richaud
et al. 1981) on LB agar without addition of diaminopimelic acid.
Abbreviations for restriction endonuclease sites are as given for
Fig. 1; only the relevant sites for Dral, EcoRI and PstI of the
insert are shown

ATCC 13032

Table 2. Aspartate f-semialdehyde dehydroge-
nase (ASD) activity of C. glutamicum strains car-
rying pZ1, pCS2 or different deletion derivatives

of plasmid pCS2
Strain Plasmid ASD (U/mg)
ATCC 13032 pZ1 0.06
DM58-1 pZ1 0.33
ATCC 13032 pCS2 3.90
ATCC 13032 pCS26 1.88
ATCC 13032 pCS24 2.07
pCS23 0.03

rying an intact asd gene mediate a remarkable increase
in specific ASD activity to C. glutamicum (Table 2). The
amplification is 30- to 60-fold relative to the activity
of the wild-type C. glutamicum ATCC 13032 carrying
the plasmid vector pZ1 and 6- to 12-fold with respect
to mutant strain C. glutamicum DMS58-1 (pZ1). DM58-1
is a lysine-excreting mutant which was used for cloning
the lysCp and the asd gene of plasmid pCS2. The ampli-
fication rate evidenced in ASD activity is due to the
gene dosage effect caused by the high copy number of
the recombinant plasmids.

Discussion

Organisation of the C. glutamicum genes lysCa, lysCp
and asd

In this paper we showed that the overlapping aspartok-
inase genes /ysCa and /ysCf and the aspartate f-semial-
dehyde dehydrogenase gene asd are clustered in C. gluta-
micum. This result was achieved by sequencing the 2.1 kb
DNA insert of plasmid pCS2 responsible for lysine pro-
duction and AEC resistance (Thierbach et al. 1990). The
lysCa gene is incomplete on pCS2. Its 5" end is missing
but it contains the complete lysCf gene which is identical
to the 3’ end of lysCa. The asd gene is separated from
lysCa/lysCB by a small intergenic region and delimited
by a hairpin loop structure probably representing a tran-
scriptional terminator.

This arrangement strongly resembles a biosynthetic
operon. However, the promoter of this putative operon
is not yet known. From DNA sequence data of the clon-
ing vector pZ1 there are no indications for a transcrip-
tional fusion of a vector promoter with the /ysCf and
the asd gene. On the other hand, upstream of [ysCp
and within the /ysCa coding region there are several
E. coli-promoterlike DNA sequences which could act
as transcriptional starts (data not shown). A detailed
analysis is necessary to characterize the promoter ar-
rangement in the putative /ysC-asd operon of C. glutami-
cum.

Subunit structure and conformation of the C. glutamicum
aspartokinase

The C. glutamicum lysCo and lysCp genes were identified
by comparing the derived amino acid sequences to those



of the B. subtilis aspartokinase II a- and f-subunits. In
addition, all three aspartokinases of E. coli exhibit a
remarkable degree of similarity to the a-subunit of the
C. glutamicum aspartokinase (data not shown). The
identified aspartokinase genes of C. glutamicum were
termed lysCo and lysCf. The incomplete /ysCa gene
present on plasmid pCS2 is devoid of most of the DNA
region coding for the N-terminal domain, which cata-
lyses aspartylphosphate formation as shown by limited
proteolysis of the E. coli aspartokinases (Fazel et al.
1983).

In B. subtilis the B-subunit of aspartokinase is the
result of an independent translational start at a strong
ribosome-binding site within the coding region of the
s-subunit (Bondaryk and Paulus 1985; Chen and Paulus
1988). Neither catalytic nor regulatory functions could
be assigned to the B. subtilis aspartokinase f-subunit
(Chen and Paulus 1988), but it was found that «- and
B-subunits are present in the native aspartokinase in
equimolar amounts. Furthermore, the catalytically ac-
tive form of B. subtilis aspartokinase represents a te-
tramer of the conformation «,f, (Moir and Paulus
1977a). According to the homologies identified between
the aspartokinase genes from B. subtilis and C. glutami-
cum it seems reasonable to propose a similar conforma-
tion for the C. glutamicum aspartokinase.

Mediation of AEC resistance by a mutated lysCf gene
(lysCp™™)

In this paper we demonstrated that the /ysCf gene iso-
lated from a C. glutamicum mutant with a feedback-
resistant aspartokinase (AK™) is responsible for AEC
resistance. In addition, it is known that a C. glutamicum
wild-type strain harbouring plasmids with the same
lysCB gene shows a partially feedback-resistant aspar-
tokinase activity and produces lysine (Thierbach et al.
1990). From these results it can be concluded that the
cloned lysCPB gene described here is actually a mutated
lysCp which is responsible for the feedback-resistant as-
partokinase. For this reason we would like to name the
cloned /ysCf gene lysCB™. Of course, this conclusion
has to be confirmed by cloning the wild-type lysCf and
by identifying the mutation leading to IysCg™".

The partially deregulated aspartokinase enzyme iso-
lated from a C. glutamicum wild-type strain harbouring
a plasmid with lysCB™ can be logically explained with
the assumed o,f8, conformation of the aspartokinase.
Since the strain mentioned above also carrics a chromo-
somal lysCf gene, two types of subunits should be pro-
duced: B and p™. This means that in such a strain
a mixture of aspartokinases differing in their degree of
feedback inhibition should be formed. The following
combinations are possible: a,f,™, o, 7 B and o, f,™".
It is clear that such a mixture is only partially feedback
resistant as indicated in our previous paper (Thierbach
et al. 1990). Additionally, it has to be considered that
a mutation in the /ysCf gene is also expressed in the
product derived from the /ysCa gene in a strain having
the mutated aspartokinase genes in the chromosome.
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It is therefore possible that only the aspartokinase
a,™" B, is completely resistant to feedback inhibition.

C. glutamicum aspartate p-semialdehyde dehydrogenase

The C. glutamicum asd gene coding for the aspartate
B-semialdehyde dehydrogenase located on plasmid pCS2
was identified by homology studies of its derived amino
acid sequence and by complementation of an E. coli
mutant (Fig. 6). The amino acid sequence of the C. glu-
tamicum asd gene product is in good agreement with
the amino acid sequence of the aspartate ff-semialdehyde
dehydrogenase from the gram-positive bacterium Strep-
tococcus mutans (Fig. 5).

The levels of ASD enzyme activity are increased 30-
to 60-fold in C. glutamicum wild-type strains carrying
multicopy plasmids with the genes /ysCg™" and asd. The
increase can be explained by the copy number of the
plasmids but it should be mentioned that the original
strain DM 58-1 characterized by a feedback-resistant as-
partokinase itself exhibits a 5-fold higher level of enzy-
matic activity when compared to a wild-type C. glutami-
cum strain (Table 2). The reason for asd overexpression
in strain DM58-1 is not clear and remains to be investi-
gated.
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