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The genes for biosynthesis of the branched-chain amino acids leucine, isoleucine, and valine in Lactococcus
lactis subsp. lactis NCDO2118 were characterized by cloning, complementation in Escherichia coli and Bacillus
subtilis, and nucleotide sequence analysis. Nine structural genes are clustered on a 12-kb DNA fragment in the
order leuABCD ilvDBNCA. Upstream of these genes, the nucleotide sequence suggests the existence of
regulation by transcriptional attenuation. Between the leuD and ilvD genes is an unexpected gene, encoding a
protein which belongs to the ATP-binding cassette protein superfamily.

The branched-chain amino acid (BCAA) pathway, by
which leucine, isoleucine, and valine are synthesized, has
been widely studied in bacteria, fungi, and plants (8, 31, 59,
60). Regulation of the expression of BCAA genes is complex
because of the common steps for synthesis of the three
amino acids, and the pathway is often presented as a model
for organization and regulation studies. However, the se-
quences of all of the genes from the same organism have
never been reported. Organization of the genes of the BCAA
pathway has been characterized for Escherichia coli (59),
Salmonella typhimurium (59), Bacillus subtilis (37, 62, 63),
Corynebacterium glutamicum (9), and Staphylococcus au-
reus (44). On the E. coli chromosome, the genes are located
in three clusters (3). The largest, at 85 min, is organized into
one large and two small transcription units, comprising the
ilvGMEDA, ilvY, and ilvC genes, respectively (36, 64).
Another cluster, at 2 min, is composed of two transcription
units, comprising the ilvIH and leuACBD genes (17, 56), and
the last cluster, at 82 min, groups the ilvBN genes in a single
transcription unit (65). A similar organization is found in
other enterobacteriaceae (12). In B. subtilis, ilvBNC and
leuACBD genes are found in one chromosomal region (37)
and ilvAD genes are found in another (46). Three noncontig-
uous chromosomal fragments cloned from C. glutamicum
carry five BCAA genes, ilvCBN, ilvA, and ilvE (9). In S.
aureus, eight structural genes are clustered in the order
ilvABCD leuABCD, as found by genetic mapping (44). Here
we report the cloning, characterization, and sequences of L.
lactis subsp. lactis BCAA genes. Similar analyses of the
genes of the tryptophan and histidine biosynthesis pathways
are described in the accompanying reports (5, 10).

MATERIALS AND METHODS

The bacterial strains and plasmids used are described in
Table 1. Media and growth conditions and DNA cloning and
manipulation procedures are described in an accompanying
report (5). The reported sequence was determined for both
strands. Restrictionless B. subtilis strains mutated in the ilvA
gene were constructed by transforming MT119-competent
cells with pHV438 (41) to Cm". Integration of this plasmid
into the chromosome by double crossing over replaces the
ilvA gene by the Cm" gene (42). A representative ilvA leuB6

* Corresponding author.

6580

r~ m~ Cm* clone was designated IL.2685. A restrictionless B.
subtilis ilvD4 leuB6 double mutant was constructed by
congression, using GSY276 DNA to transform 1012 compe-
tent cells to methionine independence. Transformants were
further tested for isoleucine and leucine requirements and
for the absence of restriction by titration of phage rho. One
ilvD4 leuB6 r— m* clone was designated 11.3151.

Nucleotide sequence accession number. The sequence
shown in Fig. 2 has been assigned GenBank accession
number M90761.

RESULTS

Cloning of BCAA biosynthetic genes. Total DNA from L.
lactis subsp. lactis NCDO2118 was partially digested with
endonuclease Sau3Al. Twenty micrograms of >10-kb DNA
segments was ligated to 10 ng of BamHI-cleaved plasmid
vector pIL253 DNA at a final concentration of 500 pg/ml.
The ligation mixture was used to transform competent cells
of the B. subtilis leuB6 ilvD4 mutant strain IL3151 to
isoleucine independence. Four transformants were also Em*
and contained plasmids of 18, 14.2, 13.5, and 9.5 kb,
designated pIL384, pIL371, pIL374, and pIL373, respec-
tively. In a similar experiment, Xbal-cleaved L. lactis subsp.
lactis DNA was cloned into pIL253, using the B. subtilis ilvA
mutant strain IL.2685 as the recipient. Transformants were
selected on minimal medium supplemented with leucine and
tryptophan but lacking isoleucine. Two Em® Ile* clones,
containing an apparently identical 23.5-kb plasmid desig-
nated pIL500, were obtained.

Complementation experiments. The cloned DNA segments
were used for complementation of lex and ilv mutants in B.
subtilis and, after subcloning in pBluescript, in E. coli. The
results are summarized in Fig. 1. The E. coli nomenclature is
used; leuB and leuC genes from E. coli correspond to leuC
and leuB genes from B. subtilis, respectively, and the three
isoenzymes for acetolactate synthase and acetohydroxyacid
synthase activity, encoded by ilvBN, ilvIH, and ilvGM in E.
coli, correspond to a single enzyme, encoded by ilvBN, in B.
subtilis. Three genes (leudBC) were complemented in both
hosts, and three (leuD and ilvC in E. coli and ilvA in B.
subtilis) were complemented in only one. One of the two
genes tested in one host only (ilvD) was complemented, and
the other (ilvB) was not. We have no explanation for the
complementation pattern, which probably is due to the
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TABLE 1. Strains and plasmids

Strain or plasmid

Characteristics

Source or reference

Strains
L. lactis subsp. lactis NCDO2118 Natural isolate National Collection of
Dairy Organisms
B. subtilis
CU740 leuAS trpC2 (SPB) 63
CU741 leuC7 trpC2 63
CU315 leuD117 trpC2 (SPB) 38
1L.2685 leuB6 trpC2 ilvA 1~ m~ Cm" This work
MT119 leuAd8® trpC2 1~ m™ 57
GSY184 ilvClI trpC2 4
IL3151 ilvD4 leuB6 r~ m* This work
1012 leuA8® metB5 r~ m* 26
GSY276 ilvD4 trpC2 4
E. coli
CUs18 leuA371 54
CUs14 leuB401 54
CUS520 leuC171 54
CUS26 leuD101 54
ABI1255 tonA2 lacYl1 tsx-5 supE44 gal-6 \~ hisG1 rpsL8 malAl xyl-7 mtl-2 39
ilvA201 metBl1 argH1 thi-1
FD1062 ara-14 ilvI614 ilvH612 N~ glyA18 relAl spoTl ilvB619 bgiR20 34
rbs-5::TnS5 ilvG468(ilvG™) thi-1
JP58 galK2 \~ rpsL704 xyl-5 mtl-1 ilvC7 argE3 thi-1 7
TG1 supE thi A(lac-proAB) hsdD5 (F'* traD36 proAB lacIZAM15) 18a
Plasmids
pIL253 Em', 4.9 kb 52
pHV438 Hybrid between pBR322, Cm* gene of pC194, and thyB and X 42
segments of B. subtilis DNA
pIL371 9.2-kb Sau3A fragment of L. lactis chromosome in pIL253 This work
pIL373 4.5-kb Sau3A fragment of L. lactis chromosome in pIL.253 This work
pIL374 8.5-kb Sau3A fragment of L. lactis chromosome in pIL253 This work
pIL384 13-kb Sau3A fragment of L. lactis chromosome in pIL253 This work
pIL389 7.5-kb Sau3A-Smal left fragment from pIL384 in pBluescript This work
pIL500 18.5-kb Xbal fragment of L. lactis chromosome in pIL253 This work
pILS505 6.5-kb Smal-Sau3A right fragment from pIL384 in pBluescript This work
pIL533 2.5-kb Sau3A-exonuclease III left fragment from pIL384 This work
pBluescript Ap*, M13 ori, pBR322 ori Stratagene

2 This mutation is in fact leuB6 (68).

presence of active promoters upstream of the tested genes
and the interaction of the gene products with the host
proteins. The L. lactis subsp. lactis genes for histidine
biosynthesis also gave inconsistent complementation pat-
terns in B. subtilis and E. coli (10). Nevertheless, we were
able to tentatively identify seven genes required for BCAA
biosynthesis.

Nucleotide sequence of the genes. The nucleotide sequence
of a 12,720-bp region has been determined (Fig. 2). A
computer analysis performed according to Gribskov et al.
(22) revealed 10 open reading frames (ORFs) larger than 200
bp. Each ORF is preceded by a putative ribosome binding
site, complementary to the 3’ end of the L. lactis subsp.
lactis 16S rRNA (11) (Fig. 2). All ORFs begin with ATG
except for the second, which starts with a TTG codon. In
addition, four 72-bp direct repeats are present between the
second and third ORFs.

Assignment of the ORFs. The proteins deduced from the 10
ORFs were compared with those in the GENPRO and
NBRF protein data bases. Significant homologies were
found for 10 ORFs, 9 of which correspond to the BCAA
biosynthetic genes (Table 2). In addition to genes detected
by complementation (see above), ilvB (homologous to E. coli
ilvB, ilvl, and ilvG) and ilvN (homologous to E. coli ilvH)
genes, for which complementation data were not obtained,

were identified. Most of the L. lactis proteins are similar in
size to their homologs. However, three exceptions were
observed. IIVA and IlvC lactococcal proteins lack 73 and 147
carboxy-terminal amino acids, respectively, and IlvD had a
36-amino-acid gap compared with the E. coli proteins. One
of the ORFs, designated ORF2, encodes a protein which has
no homology with BCAA biosynthetic enzymes but carries
two boxes conserved within a superfamily of closely related
ATP-binding cassette (ABC) proteins (Fig. 3) (23).
Organization of the sequenced fragment is shown in Fig. 1.
All of the genes except the first, upstream of leud (ORF1),
are transcribed in the same direction. leu and ilv genes are
clustered, and the two clusters are separated by 121 bp. The
leu genes are spaced by less than 19 bp except for leuB and
leuC, which are separated by four direct repeats of 72 bp.
The distance between ilv genes ranges from 10 to 42 bp
except for ilvB and ilvN, which have a 9-bp overlap.
Transcription signals. Sequences which conform to the
consensus for lactococcus promoters (11) were found up-
stream of the leu and ilv gene clusters (pl and p2; Fig. 1).
The region between pl and leud strongly resembles regula-
tory regions of amino acid biosynthetic operons controlled
by attenuation (32). The transcript initiated at p1 can fold in
two ways. One leads to the formation of a rho-independent
transcription terminator (Fig. 4A), whereas the other does
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A B

leuA leuB louC IleuD IVD iNB iINC INA

B. subtifis
piLS00 [ ] + + + - + d - 4
p|L384 | ] + + + - 4+ nd - -
piL371 { ] - + + - 4+ nd - -
piL374 [ ] - + + - 4+ nd - -
pIL373 | ] - - - - 4+ Md - -
E. coli
piL389 [ ] + + + nd - - -
piL533 — + - - - nd - - -
pliLS05 — ] - - - - nd - 4 -
Cc’ t1 .
orf1 leuA | leuB — leuC |leuD|orf2 ilvD ivB |ilvN| ilvC ivA

p1 p2
FIG. 1. Structure of the DNA region carrying the L. lactis BCAA genes. (A) Segments used for complementation experiments in B. subtilis
and E. coli. These segments are carried on the indicated plasmids, which were constructed as described in Table 1 and the text. (B) Results
of complementation experiments with mutants listed in Table 1, indicating growth (+) or no growth (—) on media lacking the corresponding
amino acids. (C) Organization of the BCAA region as deduced from sequence results. p1 and p2, putative transcription promoters; t1, putative
transcription terminator. The open box between pl and t1 represents the leader peptide.

TABLE 2. Conservation of proteins involved in BCAA biosynthesis between L. lactis subsp. lactis and various organisms

% Identical amino acids®

Organism compared - Reference(s)
LeuA LeuB LeuC LeuD ItvD IivB IIvN IvC IvA

Escherichia coli -+ — — 46 42 42°¢ <20¢ 34 36 17, 36, 64, 65
43¢ 37 55
408 <20" 36

Salmonella typhimurium 41 — 49 — — — — — — 47, 49

Bacillus subtilis —_ 53 — — — — — — 50 2,27

B. coagulans — 53 — — — — — — — 50

Thermus aquaticus — 42 — — — — — — — 29

Saccharomyces cerevisiae 25 46 50¢ 5% — 41 — 33 38 1, 6, 14, 30, 45, 53

Phycomyces blakesleeanus — — 50° 49 — — — — — 28

Mucor circinelloides — — 49 — — — — — — 48

¢ Calculated by Kanehisa software (67) as the ratio of perfect matches to the shorter protein length.
& _, Sequence not available.

¢ Comparison with IlvB.

4 Comparison with ItvN.

¢ Comparison with IlvI.

f Comparison with IlvH.

& Comparison with IlvG.

% Comparison with IlvM.

{ NH, end of Leul.

J Cend of Leul.



TAAAACTCGATMTCTTGAGTCATMTTTCTCCTTMTCTTATTAGTACATTAGMTCCATTATMTTTMTCATTTTATGTCTACCTAAAGCAACMAATTGCTTGTATATT‘I‘TCTMC
Y D Q T

fl
AAGCTTAATTATGTGGATTTMTTGMTATTAMGGGAGAAGTTGTMTCTATTTGTTGTTAMTTCTTGTTMTACAMTAMTTTATTAMTATTATTATTTTATTGACMTTTAMA

------ M T
-10 leader peptide —»

RS S - RBS
GGTWGGACWTCTTTTTTGT'l'TCTTMTMMMTAGAGGTMTATTATGCGAAQMTTGMTTCTTTGACACMGTT

RBS R S —
TATTMGAGTATTATAATGTMATTAACAAMAMAGAGGMC'.l".l‘GAMTGACATACACAC%ATTTTgATTGTTGTTGATCMGGTGGACCTACATTAGCTTTTTTGGCTMAATATGTG

leuA—>
TG&GAGATGGCGAACAGACACCGGGCGTTAGTTTCTCCATTTCAGMMAGTMCGAT'.l‘GC'1‘AAACMCTGGMMATGGAGGATTTCTGTCATAGAGGCTGGTTTTTCTGCGGCMGTC
L R D GE QTP S s I 8 K Vv T I A K Q § VI E A G F S8 A S

CAGATAGT'1"1"1‘GMGCAGTAAAGCMAT'1‘GCTGA'I"I‘CTTTGAATGATACGGCTGTCACTGCATTAGCTCGC'.!‘G'l'GTTATTTCAGATATCGATAAAGCGGTTGMGCGGTAAAGGGGGCTA
P D S F E A Q D T A V T A L A s D G

AATATCCGCMATTCATG'I‘T'1'TCATTGCMCTT(SZACCTATTCACATGAMT?TAQACgTAQM’{CAgTCgCGQAGAAGT‘.l".l'TGAMAATATTGATMGTGTGTGAGATQCGCACGTGQAC
Y Q I H F

GGGTCGAGGTTGTTGAGTT‘!‘TCTCCAGAGGATGCMCMGAACGGAGTTGAATTTTCTTTTAGAGGCTGTTCAMCGGCTGTCGATGCTGGAGCAACTTATATTAATATTCCTGACACTG
E V D ATRTE A V QT AV DAG Y I NI

'l'CGGTTATACGACACCAGMGMTATGGMAMTTTT’l‘MA‘I"l"l".l'TGATTGATM’l‘ACTAAGTC’1‘GACCGAGAAA‘I‘TATT'1"1'TAGTCCACATTGTCATGATGATTTAGGAATGGCTGTAG
G Y E Y F F L I DN T K R I S P H L M

C'.l‘AATTCATTAGCTGCMTTAMGCTGGGGCTGGGAGAGTTGMGGMCTGTCAATGGTA‘!‘TGGAGAGCGAGCTGGGMTGCTGCTCTTGMGMATTGCTGTGGCACTACATATTCGTA
N S L A A K A G A G vV E G G I G R A G A I L H I R

AAGAT'1‘TTTATCAGGCACMAGTCCTTTAAAACTT'.I‘CAGMACTGCTGCMCGGCAGAACTMTTTCACMTTTTCAGGMTTGCTATTCCAAMAATMAGCMTTGTTGGTGCTAATG
K F Q Q s L S ETAATA AETLTISQF 8§ K I G A

CTTTTGCACACGMTCAGGAATTCATCMGATGGTGTCCTTMAAATGC‘l‘GAAACTTA‘.I‘GAAATTATTACACCAGAACTTGTCGGMTMAGCATMTTCGTTGCCTTTAGGTAAACTTT
F A H E § I H Q G V A G I K S G K L

CTGGTCGTCATGCTTTTAGTGAAAAATTGACGGAACTTAATATTGCTTATGACGATGAAAGTCTTGCAATTTTATTTGAAAAAT TTAAAAAATTAGCTGACAAGAAAAAAGAAATTACTG

S GR HA F S E KULTETULNTIAYUDTUDES ST LA ATITLTFEI KTFIKI KTLADIKIKIEKTETIT

ACGCAGATA’l‘TCATGCCTTGTTTACAGGAGAMCGGTAMAMTCTAGCTGGAT'1'TATACTTGATAATGTTCMATTGATGGGCACMGGCATTGGTGCMCTAAMAATCMGMGAGG
D I L F G V K N L Q G H K A Q K Q

QAATTTATGTTAGCCBAGGAGAGG%GTCAGGTTSAGTGGATGCMTTTTTAMGC'1'ATTGATAAAGTCTTTAA‘I‘CATC%ACEAA%AT%M’{TTCCTATTgAGTTGATGCTGTAACTGATG
V F N H

GMTTGATGCACMGCAACGACTTTGGTTTCTGTTGMMTCTATCTACAGGCACTATATTTAATGCTAMGGTGTTGATTATGATGTATTGAMGGAAGCGCCATTGCTTACATGAACG
G I DAQATT v L § G I F G s Y

BB.S
CTAATGTTTTAGTTCMMAGMMT‘I‘TACAAGGMAGGTTGAACAMT'1‘TCAGCTCATGATGGAATTTMGGTGAMAATATTGTCTAAAAAMTTGTGACACTTGCGGGAGATGGAAT
Q N L Q G K Q I S A H G I L s K I T L A G G

leuB -
TGGGCCAGAAATTATGTCAGCTGGTTTAAGTGTT'l’TMAAGCTG'J.‘CAGTAMAMA’H‘GATT‘M'GAGTATGAATTAGAAGCTAAAGATTTTGGAGGMMGCMTTGATAAGCATGGTCA
G P E I G s vV § K K F E A KDVF G G I ATIDIKUHTGH

TCCTTTACCAGMGAMCTTTGCAAGCAGTTMMATGCTGACGCMTCTTGCTCGCTGCMTTGGTCATCCTAAATACMCAATGCAAAAG GAACMGGGCTACTTGCTTT
E QAVKNADAILLAAIGHPKYNNAKVRPEQG

ACGAAAAGAATTAGGACTGTATGCTAATGTTCGTCCATTAARAATTTATCCGGCTCTAAAAAAACTTTCTCCCATACGAAATGTTGAAAATGTTGATTTCCTAGTGATTCGCGAACTTAC
R K E L GL Y ANV RUPULIKTITYZPATLIKIZKTLSZPTIURNUVENVDTFULUVTIIZ RTETLT
AGGGGGAATCTATTTCGGTCAGCATGMTTGGCAGATGATAMGCACGAGATGTCAATGATTATTCTGCTGATGAMTMGGAGMTTCTTCATTTTGCTTTCMMGTGCTCMAGTCG
G G I G Q E L A D D K A N D Y s E I R R I F A Q s

GCCCAGAAAATTACTGACTTCGGTTGATAAACAAAATGTTCTTGCAACTTCTAAAT TATGGCGAAAAATGGCTGATGAAATTGCTGACGAATATCCTGATGTACGATTAGAGCACCAATT
P R KL L TS VDK QNVULA AT S KTULWRIKMMADETIA ADTETZYZPUDUVU RILTEUHTUZ QQHTL

GGTCGATTC'1‘TGTGCGATGTTACTGATTACTAATCCGCMCMTTTGATGTGATAGTCACTGMAATCTATTTGGTGATATTCTCTCTGATGMGCMGTAGTTTGGCCGGTAGCTTAGG
S M T N Q \4 E NL F G D I s s S G
AGTGATGCCTTCGAGTTCGCATGGATTTMCGGTTTAGCACTCTATGAGCCMTTCATGGTTCGGCACCAGATATTGCAGGAAAAGGAATTGCGAACCCTGTTTCGATGATTCTATCAAT
s s F G L S P DI A G K G S M I L §
TGCCATGATGCTAAGAGAATCTTTTGGGCAAGAAGATGGGGCTGCGATGATTGAAAAAGCCGTAACCCARACTTTTACTGACGGAATTTTGACTAAAGAT TTAGGTGGGACTGCAACAAC
A MM LRESF GQEDGAAMTIETZKAVTO QTT FTDGTIULTI KU DT LGS GTA ATT

TA]A(AGIEAA&GASAGAAGCMTCCTGAIA(AMTmTAAAATGCGATTGMTAGTGAGCATTTTAG'l‘TGTAGATAAMGAACCGTCAGCATAGmATTCMTAAATGCGAT

TGAATAGTGAGCATTTTAGTTGTAGATAAAAGAACCGTCAGCATAGCTGACAATTCTGRCAGTAAT TGCGATTGAATAGTGAGCATTTTAGT TGTAGATAAAAGAACCGTCAGCATAGCT

>
GACAATTCIGTCAGTAATTGCGATTGAATAGTGAGCATTTTAGTTGTAGATAAAAGAACTATCAGCGTAACTGACAAT TCIGTCAGTAAATATTACTGACAAAAAGTACAAAATTACTGA

—_ RBS
CAGAATTTGTCAGAATAAAT'J."1"1‘TAMAMGGMATAAAMAATGTCAGGTAQAACMTA‘I'TTGA‘I‘AAACTTTGGGATCAGCATGTGATTGCTGGMATGAGGgAGMCCTCMCTGCT'I’
G Q

T I K Q vV I
leuC—
TQ‘I‘AT'I‘GACC{TCATGTTA‘{TCATGAGGTTACGAGTCCGCSAGCATgTCSGGgCT'{‘ACGTGAAGCAGGACGTCG'1‘G'1".l‘CGGAGAAAAGATTTGACATACGgAAC‘l‘CTTGACCACAATGT'1‘
A L

CCAACACAAARATATTTTTAATATTCAAGATTTGATTTCTAAAAAACAAATTGATACTTTTACTAAAAATGTCAAAGAATTTGATGTTCCAGCGGAGACTCATGGTGGAAAAGGACAAGGA

P T Q N I F NI QDULTIS KU KU QTIUDTT FTI KNV VI KTETFUDUVZPAETHSGSGI KSG < QG

ATTGTTCACATGGTAGCACCTGMTCTGGCAGMCTCMCCGGGAAAMCMTTGTTTGTGGCGATAGTCATACCGCAACAAATGGAGCATTTGGTGCMTTGCTTTTGGMTTGGTACA
H $§$ G R T QP GIKTTIUV G S HT A T N G A F G A G

AGTGAAGTTGMCATGTTCTTGCAACTCAMCCATTTGGCMGTTAAACCCAAGCGTATGAMATTGMTTTCAAGGTCATCC CAAMAGGAATTTATAGCMAGACTTTATCCTCGCA
E A T Q T Q K I E F Q H P Q K G I Y

TTAATTGCTAAATATGGTGTGGATGCAGGTGTAGGTTATGCGGT TGAATATAGTGGGGATGCTATCAGTGATT TAAGCATGGAAGAACGGATGACAATCTGTAACATGTCAATTGAATTT

L I A K Y GVDAGVGYA AV EYSGDA ATISDULSMETERMMTTITUGCNMMSTITETF

GGGGCAAAAATTGGCCTGATGMTCCTGATGAMMACTTATGACTATGTCAMGGGCGTGMCATGCACC'1‘MAAACTTTGATGAAGCTGTCAGTMATGGGMMACTTGTCAGTGAT
G A K G P K G R A P K N F D s K E K s

TCTGATGCACMTACGATMGATTTTMGTCTTGATGTCAGCCAGTTGMACCMTGGTGACATGGGGAACMATCCCGGA&TGGGCCTAGMTTTGGCGMMGTTTCCGGAAATTAAC
s Q Y D S L Q K P MV T WGT G G

MTGATTTGMTTATGMCGTGCTTATCAGTACATGGATTTAAAGCCAGGCCMACCGCT'.l'CTGACATAGATTTAGGCTATATTTTCATTGGTTCTTGTACGMTGCTAGACTTGGTGAT
N N Y R A Q L K P G QT S I DL GYTIV FTIGS SOCTNA AR D

120

360

480

600

720

840

960

1080

1200

1320

1440

1560

1680

1800

1920

2040

2160

2280

2400

2520

2640

2760

2880

3000

3120

3240

3360

3480

3600

3720

3840

3960

4080

4200

4320

4440

FIG. 2. Nucleotnde and deduced ammo ac1d sequences of the L. lactzs NCDO2118 BCAA region. Numbers at the right refer to nucleotides.
Gene names are indicated at the beginning of each amino acid sequence. Translational stop codons (*) and putative ribosome binding sites
(RBS) are indicated. The —10 and —35 boxes of the putative promoters are underlined. Inverted repeats which might form the preemptor
(numbered 1 and 2) and terminator (numbered 5 and 6) and those which might form the antiterminator (numbered 3 and 4) are indicated (see
Fig. 4). Long dashed arrows indicate the 72-bp direct repeats; bold characters show the 6-bp inverted repeats contained within them.
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TTAGAAGMGCTGCAMAATTATTGGAGACAGACATATTGCTGATGGACTGACAGGMTTGTCGTCCCTGGMGCAGACCTGTGMAGMGCGGCTGMGCACMGGGCTTGATAAMTT 4560
L E E A AKTITI G G G S K E A E A QG LD I

'l‘TTAAAGAAGC‘l'GG'1"1"1‘TGMTGGCGGGAACCGGGTTGCTCAGCCTGTCTTGGMTGAATCCTGACCAMTTCCAGAATACGTTCATTGTGCTTCMCCTCTMTCGAMTTTTGMGGT 4680
F K E A GVPFEWREUPGTC S C G Q c s S E G

_Bﬂﬁ
CGTCSAGgACﬁTAaTGgMgMgGCﬁCCTGTgCTg'l'CSAGﬁTATGGCTGCTGCCGCCGCMTCGCTGSTA?ATTTGTAGATGT TAGMTGCTCGTAACAGAT TAGTCTGTAGMAGMM 4800

MAGATGGMAAATTCACGATTTACAMGGGACAAGTGTTCCAGTCATGMCGATAATAT TGACACAGACCAAAT TATTCCTAAACAATTTT TGAMGCMTCGATAAAM\GGGCTTTGG 4920
K F T I Y KG S T Q I I P K Q F L K I D K

1 llD
GAMMTTTATTTTATGMTGGCGTTATCTTMAGATTACGATGAGMTCCTGATTTTATTTTGMTGCTCCMMTACMAMAGCTTCTCTGTTMTTTCAGGAGATAATTTTGGTTC 5040
L F E Y K L K s L I G N G s
GGGT‘I‘CTTCMGAGMCATGCGGCATGGGCCTTATCAGATTACGGCTTTCGGGCAATTATTGCTGGCTCTTACTCAGATATTTTTTATMTMTGCTTTMAAMTGGCTTGTTACCMT 5160
G S §S R E H A A S G I I G S s F N N A L K G L

TWCSMEAGMGTTCTMATC?CTGACMWTGTCMSTCSAGQAGQAATTACMTTGATTTACCCCATC&GCTMTCATCACAA?CCTTGGTG%CTTTCATTTTGAGATTGS 5280

RBS
CCCCATTTGGAMGACAAAT'1‘AA'1‘TAATGGC'l"l‘AGATGATA\TTGGMTAAC'1‘TTGCMTATGAAGAAGCMTCTCAGCTTACGAACAAAAMATCMTMGAGCGAGCCTMAATGACM 5400
K K L I NG G T Q E E A I S A Y E Q K N Q Mfz
orfs -

'{TA}'TMTTTMAGMTGTAMTCTTACTCGAAATWGMATTCTTAMGATATTACTTGGAMGTMATCCCGSCGAMATTGGGTTATTCTGG(G;CCTCMCGGCTgTGgMQAT 5520
N L

CAAGTCTTTTGAMTTGATTTTAGCAGMGMTGGAMACTTCTGGTGAMTCACTGTTTTAMTAC'J.'CAAT'1‘TAGAAATGGAGMATTCCTAAGTTGAGMAAAGMTCAGCGTAGTTG 5640
S § L L K L A E E W K S G I L N Q G I L K S

GCTCATTTATTGCTGAAAGATTTCAACCAAATATTAAGGCTGAAAACCTTGTTTATACTGGGAAAT TTAATTCGAGCATGCTCTATAAACCCTACACAGATCAGGAACTTGATGAGGCCC 5760

G §$ F I AERVF QPNIIKAENLVYT TG KT FNSSMULYI KUZPZYTUDGQETLTUDE A

G‘I‘CAGCTTTTMGACMATGGGCGCMMTCACTTATTGGCCGAMTTATGCCAGCCTTTCTCMGGGGAMAGCAAGTTCTTCTTATTGCTAGGAGCTTMTTTTAAAGCCTGAGCTTT 5880
Q L L RQ MG A s G N s S Q G E K Q VL L A R S L

TAATTTTGGACGAAGCAACGAACGGTTTAGATTTATTTGCTMAGAAAAATTATTAAAGCAACTGCAGCAGATTMTCAATTMMACCGCACCMCACTAATTTATATTTCTCATCATC 6000
L I G L D L K L L Q L Q QI NQUIL KT A T L I Y I S

CCGATGAAATCACTGATA’ITTTTACTCACCTTTTACTTTTMGAGAAGGMAAGTGATTCAATCAGGGMMMGMMCT‘l‘A‘I‘TMATGAMAGATACTTACTGATTTTTATCAAGMA 6120
P D E D I F L L L G K Q S G K K E N L L N T Y Q E

MGTAGAAGTTCQCCET'.l“.l'TGAGCsGAAATAT‘.l‘gTG"I]‘AATTCCTGCTMCTGAGAMGGAAAGCMAAGTATTTTATATACTATA‘.I‘AGMTATTCTGACAGATTATTGTATTTTCATT‘I‘T 6240

—RBS 5
TTTAGTGATAAAATAGCTCTATGTAAAT TTACGGGGAGGTCAMMGATAACATATGGAATTCAQATATAGCGSAAQAG;I;IGQATCAG;I]‘GGMC{CAATMATQT TgTA!A(GACATTGMT:T 6360

-10 11vD
CCAAGATCAACACAACCAGCGACTCMGCGATGTACTACGGCATTGGTTTTMAGATGAGGATTTCMAMAGCTCAGG‘I‘CGGMTCGTCAGCATGGATTGGGACGGMATCCATGTMT 6480
P R S T Q AT Q G G F F K KA QV G I VS MD G N N

ATGCACTTGGGMCAC'1"1‘GGGAGTMMTCAAAAGTTCTGTCAACCAMCTGACGGATTGATTGGACTTCM'I‘TTCATACTATTGGAGT‘I‘TCTGATGGAATTGCTAACGGMAGCTTGGC 6600

M HL GTULG S K IKS S Q D GLIGULSGQTF G V S§ G I N G K L G
ATGAGATATTCTTTGGTCAGTCGTGMGTTATTGCTGACAGCATCGAMCCMCGCTGGCGCAGAATATTATGATGCCATCGTTGCCATTCCCGGTTGTGATMAMTATGCCCGGGTCA 6720
M § L V S R E D S I E T A G Y Y Iv I P G C K N G
A'.l'TATCGGMTGGCTCGCTTMATCGTCCGTCAATTATGGTCTATGGTGGAACGATTGMCATGGCGMTATAMGGTGMAAATTMATATTGTTTCGGCCTTTGMGCTCTGGGGCM 6840
I I GMARIULN s I G G T I E H G Y G I S G Q
MTCACTGGAAATATTTCTGATGAAGATTATCATGGCGTTATTTGCA\ATGCCATTCCAGGACMGGTGCTTGCGGAGGMTGTACACTGCCAATACCCTGGCTGCTGCTATTGAAACT 6960
K I T G NI S D ED Y G I C I PG QG ACGG N T L

TTGGGAATGAGTTTACCTTATTCCTC'l“l‘CCAATCCAGCAGTCAGTCMGAAAAACMGAAGAGTGTGATGACATTGGTTTAGCCATCAAAAATTTATTAGAAMAGATATTMACCMGT 7080
L GM S LP Y S S S NUPAV S QEI KU QEETGCDUDTIGTLA ATII KNILILEIKT DTIIKTU?P S

GATATCATGACCMAGMGC'1‘T'.l‘TGAAAATGCCATAACAATTGTCATGGTCCTTGGAGGCTCMCCAATGCTGTGCTTCATATCATTGCMTGGCAAATGCCATTGGTGTAGMATTACG 7200
D I MTXKEATFENA ATI Iv G G s L I I A MAN A I

CAAGATGATTTCCAACGTATTTCAGATATTATCCCTGTTCTTGGCGATTTCAAACCGAGCGGAAAATATATGATGGAAGATCTGCACAAAATTGGTGGCCTTCCTGCTGTTTTGAAATAC 7320
Q bbb F QRIS DITIUPVLGDTFI KZPS G KYMMET DI LUHTI KTIGSGTULZPA AVTLIEKY
CTACTTAAAGAAGGAAAACTTCACGGTGATTGTTTGACCGTCACAGGTAAAACTTTGGCTGAAAATGTTGAAACAGCATTAGATTTGGACTTTGACAGTCAAGATATTATGCGACCACTA 7440
L L KEGKULHGDCULTVTGI KTTLAENVETA ALUDIULDTFUDSQQDTIMZBRUEPTL
AAAAATCCM’I’TMAGCTACTGGACATTTACAAATTTTGTACGGTMTCTTGCCCMGGGGGTTCTGTTGCAMAAT'l".I'C'I‘GGTAMGMGGCGMTTTTTCMAGGMCAGCTCGTGT'I' 7560
K N P H L Q I L G A Q G K I 8 G G E F F G R
TTTGACGGAGAACAACACTTTATCGATGGCATTGAGTCTGGCCGATTGCATGCCGGTGATGT TGCGGTCATTAGAAATAT TGGCCCAGTCGGAGGTCCGGGAATGCCAGAGATGTTAAAA 7680
F D E Q F I D GI E S GRULHAGDVA AV IRNUNTIGTZPVGSGT?PGMZ?PEMTL K
CCAACCTCAGCATTAATTGGAGCAGGACTTGGAAAATCTTGTGCCCTAATTACTGACGGAAGATTTTCTGGTGGCACACACGGCTTTGTTGTGGGTCATATCGTCCCTGAAGCAGTTGAA 7800
P TS A LI GAGULGI KSCALTITUDSGHRTEFSGGTHGTFUVV G HTIUVPEA AUVE

GGTGGGTTGATTGG‘.I'TTAGTTGAAGATGATGATATTATCGAAATTGATGCGGTGMTMTAGTATTAGTTTAAAAGTTTCTMTGMGMATTGCTAMCGACGTGCCAATTATCAMAA 7920
G G LI G L V E E I A N s S L E I a Q K

) ) BBS
CCAACCCCTAAAGCAACGCGTGGTGTTCTTGCAAAATTTGCCAAACTTACGCGCCCCGCTAGTGAAGGTTGCGTTACAGATTTATAGAAAGGTTTGAATGAAAAAAATARAGTTAGAAAR 8040
P TP KATRGV L AKT FA AIKTLTRZPASETGT CUVTDTIL * B;IKKIKLBK
vB —
ACCTACTTCCGGTTCCCAACTTGTTCTCCAAACCTTAAAAGAACTTGGAGTAGAAATTATTTTTGGTTATCCTGGTGGGGCCATGCTCCCCTTGTATGATGCGATTCATAATTTTGAAGG 8160
P T S G §$ QL VLQTULI KETLSGVETITIFG G YU®PGGAMTELUZPULYDA ATIUHNTFE G

AATTCMCA'I‘ATTTTAGCCCGTCATGAGCMGGAGCMCGCATGAAGCCGMGGTTACGCTAMTCGTCTGGTAMGTTGGTGTCGTCGTTGTTACGTCAGGACCAGGAGCGACTMTGC 8280
Q I L Q G A T E G A K S 8§ G K G v s G G

AGTMCCGGMT'.l‘GC'].‘GACGCTTATCTTGATTCAGTCCCATTGTTAGTTTTCACAGGTCMGTTGGCCGTCAGTCAATTGGTMAGATGCTTTTCMGAAGCAGATACTGTTGGMTTAC 8400
T G I A S F T G Q V G Q s G K F Q E A G I
AGCCCCAATTACAAAATATAATTATCARATTAGGGAAACCGCAGATATTCCAAGAATTGTTACAGAAGCCTATTATTTGGCAAGGACAGGACGTCCTGGACCAGTAGAAATTGATTTACC 8520
A P I TKUYNYQTIRETA ADTIU®PRTIVTEA AY U YULART G RUPGZPUVETITUDTLT?P
AAAAGATGTTTCCACCCTTGAAGTCACTGAAATTAATGACCCAAGCTTGAATCTTCCTCATTATCACGAAAGTGAAAAAGCGACTGATGAACAATTGCAAGAATTACTGACAGAACTTTC 8640
K DVsSsS TLEUVTETINDU®PSTLNILZPUHYUHESTEI KA ATDTE G QLAGQETLTZLTTETL S

TGTCAGTAMAMCCAGTCATTATTGCTGGCGGAGGMTTMTTAT'I'CTGGCTCAGTTGATATTTTCAGAGCATTTGTCGMMATATCAMTTCCAGTTGTTTCTACATTGCTTGGCTT 8760
VvV § K K VvV I I A G I N Y s G I F A E K QI s L L

AGGAACATTACCAATCAGCCACGAATTGCAACTAGGAATGGCAGGAATGCACGGTTCATACGCTGCAAATATGGCTTTAGT TGAAGCTGACTATATTATTAATTTGGGATCACGTTTTGA 8880
G TLP I S HETULAO QLG GMAGMMHEGS YA AANMAMTLTVEA AWDTYTITINTILGT ST RTFD

CGATAGAGTTGTATCCMTCCTGCMMTTTGCTAAAAATGCTGTCGT'I’GC'l'CATATTGATATTGACGCTGCTGAAC‘I‘TGGCAAAATTGTAMMCCGATATTCCAATCCTTTCTGATTT 9000
VVSs§S NUPAIKTF N A I E G K I vV I S L

FIG 2—Com‘mued.
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GAAAGCGGCTTTAAGCAGACTTTTGCAAT‘1‘MATMGGTCAGGACTGACTTTMTGATTGGATTAAMCTGTCATTGAMATMAGAGMAGCACCAT?TACTTQTG%GCCCCSMACCA 9120
A Q

L N KV R TD N D K I E N KE K A
TGATATCCGTCCACAGGAAACMTTAAATTAATTGGAGMTACACTCAAGGAGATGCAATCATTGTMC‘I‘GACG 'TGGGCAACATCAAATGTGGGTGGCGCAATATTATCCTTATAAAAA 9240
Q E T I K L Q V GQ HQMWV A QY Y P Y KN
TGCAAGGCMCTTATTACTTCTGGGGGMTGGGMCGATGGGCTTTGGCATTCCTGCAGCMTCGGTGCAMGCTGGCACAGCCMATAMAATGTCATTGTTTTTGTTGGCGATGGTGG 9360
Q I TS G GMGTMG G I P A A I G AKULAGQUPNK G G
CTTTCMATGACTMTCMGMTTAGCATTACTTAATGGCTACGGTATTGCAATCMAGTTGTGCTGATTAATMTCATTCATTGGGAATGGTACGTCMTGGCMGMTCATTCTATGA 9480
Q M T Q E L L N Y G I A K VL I NN S L G M Q W Q E § F

AGAGCGACGTTCACAATCGGTTTTTGATGTTGAACCCAATTTTCAATTGTTAGCCGAAGCTTATGGCATCAAACATGTTAAGT TAGATAATCCAAAAACTTTGGCTGATGATTTAAAAAT 9600
E R R S Q S VF DV EUZPNTFAQLULAEA AYGTII KU HV YV KT LUDNUZPI KTTULA ADTUDTLIKTI

TATTACAGMGATGAGCCMTGCTTATTGMGTTC'1'MTTTCAAAATCTGAGCATGTTTTACCMTGATACCAGCTGGATTACACMTGACGMATGATTGGACTTCATTTTACTGATAA 9720
D E P ML I L I S K S E H L I G L N D E M I F

_BBS_
GMTGQGGQGA’{AGATMTG{A:GTI:GAATGATTA’I‘CGCAAMCTTCATMCGTGACAGGAATTATGAA‘I‘CGATTTACCGCCGTTCTCMTCGMGGCMGTGMCATTCTCTCMTTACCG 9840
N D N
M R RMTITIAIKTULUHNVTGTIMNAZPBRTEFTAVYVILNIRIRAI QUVNTITLSTIT

11vN—
CTGGAGTTACAGMAGTCAAGACTTAAC'I.‘CA\TACCACTTTTG'1"1‘A'.l‘TGMGTTGATCA'l‘CTTGA‘I‘GAAGTAGMCAMTCA‘I‘TMACMTTAMTCGCTTMTAGATGTMT'I‘GMGTAG 9960
A GV TE S QDULTHT D HLDEVEU QQTITIIZ KT QTLN L v

CTGATATTACTGATTTTCCTCATGTAGAACGTGAAGTCGTCTTGATTAAAGTATCAGCTCCACCGACCATTAGGGCAGAAATTTTTACAATGATTGAACCTTTTAGAGTAAATGTAGTTG 10080
A DI TDVFPH V EREV VL IKV VS AUPUZPTTIRAETITFTMTIETZPTFURUVNVYUV

ATGTCAATCTGGMAATGTCACCATTCAATTMCGGGTGATTCAGCMMATCGMGCACTTATTGAGGTTGTTAGTCCTTATGGCATTCTAMTATGGCTCGGACAGGTAGTGCAGGTT 10200
V NL ENUVTTIQLTGTD S S G G S G

_.BBS
gTGAGCGTGGC‘l‘MATTTMATAAGTTAACMATMATAGMMATAGAGGAAACMTGGCAGTTACMTGT;TTATGMGATGATGTAGMGTATCAGCACTTGCTGGAAAGCMA 10320
A G K Q

ilvC—
TTGCAGTMTCGGTTATGGTTCACAAGGACATGCTCACGCACAGMTTTGCGTGATTCTGGTCACAACGTTATCATTGGTGTGCGCCACGGMMTCTTTTGATAAAGCAAM\GMGATG 10440
I AV I G 8§ Q G Q N S GH NV I V R H G K F

GCT‘J.‘TGMACA‘l"1'TGAAGTAGGAGAAGCAGTAGCTAMGCTGATGTTATTATGGTTTTGGCACCAGATGAACTTCAACMTCCATTTATGMGAGGACA CCMACTTGAAAGCAG 10560
G F E T F E G V A K A DV I D E L QQ S I Y E D I K N L K A

GTTCAGCACTTGGTTTTGCTCACGGATTTAATATCCATTTTGGCTATATTAAAGTACCAGAAGACGTTGACGTCTTTATGGTTGCGCCTAAGGCTCCAGGTCACCTTGTCCGTCGGACTT 10680
G S AL GFAHGT FNTIUBHTFGYTII KV V?PETUDUV VDV FMVAPI KA APGUHT LU VR RTI RT

ATACTGAAGGTTTTGGTACACCAGCT'l'TGTTTGTTTCACACCMAATGCMGTGGTCATGCGCGTGMATCGCMTGGATTGGGCCAMGGMTTGGTTGTGCTCGAGTGGGMTTATTG 10800
Y F G P A S Q N A S GHARETI M D W A KGTIGTC I

MACAACTTTTMAGAAGMAGAAGAAGAT'I'TGTTTGGAGAACMGCTGTTC'l'ATGTGGAGGT‘!‘TGACAGCACTTGTTGMGCCGGTTTTGAAACACTGACAGAAGCTGGATACGCTG 10920
E T T F K E T E E DL F G E Q A V cC G G E G L T E A G

GCGAATTGGCTTACTTTGAAGTTTTGCACGMATGAAATTGATTGTTGACCTCATGTATGMGGTGGTTTTAC‘I‘MMTGCGTCAATCCATCTCAMTACTGCTGAGT'I‘TGGCGATTATG 11040
G L Y F \4 H E M KL I VD M Y E G G F T KMUPROQ S5 I S N G Y

TGACTGGTCCACGGATTATTACTGACGAAGTTMMAGMTATGMGCT‘IGTTTTGGCTGATA'.I‘TCAATCTGGMMTTTGCTCAAGATTTCGTTGATGACTTCMAGCGGGGCGTCCM 11160
vV T G P IT K I Q §$ G K F Q F K A G R

AATTAATAGCCT TCGCGAAGCTGCAAAAAATCTTGAAATTGAAAAAATTGGGGCAGAGCACGTCAAGCAAT GCCATTCACACAATC’!‘GGTGATGACGATGCCTTTMAATCTATCAGTA 11280
K L Y RE A A KNILETIEIKTIGA AEUHTU VI KA QT CH S T M L K S s

s’l‘TTCTC’I‘TQTTGATTGAACAAAAACATAAAAGCATT'1‘TATGGAGGAATGACATAMTGATMgTGCCA:AGQGGTTGMGATGCCTATG%TTTGTTAAAAGCAGTTGTCACTMAACAC 11400
K

ilvA
CTTTACMTTAGACCCTTACCTTTCCMTMATATCAAGCMATATTTACTTAAMGAAGTTGTCACTMMCACCTT'1'ACMTTAGACCCTTACCTTTCCMTAMTATCMGCAMTA 11520
P L QL D s K Q AN I Y E V T P L L s Y Q A

TTTACTTAMAGAAGAMACTTACAGAMGTTCGT‘I‘CTTTTAMTTACGAGGAGCTTATTA’I‘TCTATCAGTMATTATCTGATGAGCMCGCTCTAMGGAGTGGTTTGTGCCTCAGCAG 11640
I L K E E Q S F K Y S S K S E Q G C A S A

GAAATCA GCACMGGGGTTGCTTTTGCTGCAAATCAATTAAATATTTCTGCGACMT‘I‘TTTATGCCCGTTACCACACCTMCCMAAMTTTCACAAGTTMATTTTTTGGCGAAAGTC 11760
G N H A Q G A N QL NI I F Q Q G s

ACGTAACAATTCGTTTM’I‘TGGTGATAC'1"1‘TTGATGMTCAGCCAGAGCAGCAAAAGCTTTTTCTCMGATAATGACAMCCATTTATAGACCCTTTTGA’!‘GATGMAATGTMTTGCTG 11880
I R L I G T F D E 8§ A R A A A F S Q K I

GTCAAGGGACAGTGGCTTTAGAAATTTTTGCGCMGCTAMAAACAAGGMTAAGTTTAGATAAGATTTTTGTACAGATTGGTGGAGGTGGTTTAATTGCAGGAATTACTGCCTACAGTA 12000
G Q G T V A LETIF Q K Q G I § L D Q G G G L I T s

AGGAGCGCTATCCCC&AACTGAM’{TATCGgAGTTGMGCAAMGgGGCMCMgTATGAAAGCTGCCTQCTgTGCTGgTCIQ&GCCCGTCAgCT{GG%ACACATTGATAAATTTGCTGACG 12120
A K F

GAATTGCGGTTGCGACTGTCGGTCAGMMCTTACCAACTTATTAA‘I‘GACMAGTGAMCMTTGCTTGCGGTTGATGMGGTTTMTTTCTCMACCATACTCGMTTGTATTCAAMT 12240
G I v T G Q K Q I N K VK QL L AV G L I s Q L S K

TAGGAATTGTCGCCGAGCCAGCAGGTGCAACATCTGTTGCCGCACTTGAACTTATTAAAGATGAAATCA T \AM‘.I‘AILL- TC xuanCATCAGCGGCGGAM’I’MTGATATTAGTC 12360
L G I VA EPAGA AT S V AALZETLTIIZ KTDTETITKG I v ¢ I s G N D I s

GMTGCAAGAAATTGAAGMAGAGCT'.l‘TGGTTTATGAAGGTCTAMACATTATTTTGTCATTMCT'1‘TCCTCAMGACCAGGATCCTTACGMCTTTTGTCAGTGATATTTTAGGGCCM 12480
R M Q E I E R v E G K H Y F V N F Q s S I

ATGATGATATCACCCGATTTGAGTACATCAAAAGGGCTGATAAAGGTAAAGGACCTTGTCTTGTTGGGATTTTACTTTCAGATGCTAGTGATTATGATTCATTGATTAATCGGATTGAAA 12600
N DDITRT FETYTII KR RADI K G KG?P CULVGTIULULSDA ASUDT YUDS UL INIZ RTITE
GATTTGATAATCGTTATGTTAACTTACGTGGAAATGATAGTTTATACGAACTTTTGGTCTAACTAACCAATTGGT TTGAGCCATTTTCTAGTTTCAATTCTCTTTAAATCACTAGAAATT 12720
R F DNR YV NTLRGNDSULYETLTLV *

FIG. 2—Continued.



6586

PROTEIN RESIDUE

GODON ET AL.

CONSERVED SEQUENCE

J. BACTERIOL.

ORF21 36 ILKDITWKVNPGENWVILGLNGSGKSSLLKLILAEEWKTSGEITVLNTQF ---RNGEIPKLRKRISVVGSFIAERFQPNIKA
Nodl 27 VVNDLSFTIAAGECFGLLGPNGAGKSTITRMILGMTSPSVGKITV--~--LGAQEPGQVRLARAKIGIVSQFDNLDL~-EFTV
Ma 18 VSKDINLDIHEGRFVVFVGPSGCGKSTLLRMIAGLETITSGDLF IGEKRMNDTPPAE -——~—~ R-GVGMVFQSYALYPHLSV
Gan 16 VLHNIDLNIAQGEVVVIIGPSGSGKSTLLRCINKLEE ITSGDLIVDGLKVND-PKVDERLIRQE-A-GMVIQQFYLFPHLTA
ProVs 43 GVKDASLAIEEGRIFVIMGLSGSGKSTMVRLLNRLIEP TRGQVLIDGVD IAKISDAELREVRRK~KIAMVFQSFALMPHMTV
HJ.YB 484 ILDNINLSIKQGEVIGIVGRSGSGKSTLTKLIQRFYIPENGQVLIDGHDLALADPNWLR--RQ--~VGVVLQDNVLLNRSII
CyaB 487 ALRNVSLRIAPG'WGVVGRM‘B!LTRLIQRMFVADRGRVLIDGHDIGIVDSASLR--RQ--—LGVVLQESTLFNRSVR
R R T T
NB1
ORF2 115 ENLVYTGKFNSSMLYKPYTDQELDEARQLLRQM--GAKSLIGRNYASLSQGEKQVLLIARSLILKPELLILDEATNGLDLFA
Nodl 103 RENLLV--YGRYFRMSTR~-EIETVIPSLLEFA--RLESKANTRVADLSGGMKRRLTLAGALINDPQLLILDEPTTGLDPHA
MalK 95 AENM-S--FG-LKPAGAKKEVINQRVNQVAEVL--QLAHLLDRKPKALSGGQRQRVAIGRTLVAEPSVFLLDEPLSNLDAAL
GlnQ 94 LENV-M-~FGPLRVRGANKEEAEKLARELLAKV--GLAERAHHYP SELSGGQOQRVAIARALAVKPKMMLFDRPTSALDPEL
Prov 124 LDNT-A--FG-MELAGINAEERREKALDALRQV--GLENYAHSYPDELSGGMRQRVGLARALAINPD ILLMDRAFSALDPLI
HlyB 561 DNISLA--NPGMSVEKVIYAAKLAGAHDF ISELREGYNTIVGEQGAGLSGGQRQRIATARALVNNPKILIFDRATSALDYES
CyaB 564 DNIALT--RPGASMHEVVAAARLAGAHEFICQLPEGYDTMLGENGVGLSGGQRQRIGIMIHRPRVI.ILDIA‘!‘AI.DYES
S T S 2
(22121113 NB2

ORF2 193 KEKLLKQLQOINQLKTAPTLIYISRHPDVITDIFTHLLLLREGKVIQSGKKENLLNEKILTDFYQ (259)

Nodl 181 RHLIWERLRSLLA-R-GKTILLTTHIMEEAERLCDRLCVLEAGRKIAEGRPHALIEEQIGCPVIE (237)

MalK 169 RVQMRIEISRLHK-RLGRIMIYVTHDQVEAMTLADKIVVLDAGRVAQVGKPLAV-PLSGRPFCRR (228)

GlnQ 172 RHEVLKVMQDL-A-EEGMIMVIVTHEIGFAEKVASRLIF IDKGRIAEDGNPQVLIKNPPSQRLQE (240)

Prov 200 RTEMODELVKLQA-KHQRTIVF ISHDLDEAMRIGDRIAIMONGEVVQVGTPDEILNNPANDYVRT (400)

HlyB 641 EHVIMRNMHKICK---GRTVIIIAHRLS-TVKNADRIIVMEKGKIVEQGKHKELLSEPESLYSYL (707)

CyaB 644 (712)

*-c ..

EHIIQRNMRDICD---GR!VIIIA!RLS AVRCAD&IVVMEGGEVAECGSHETI-LAAGG LYARL

FIG. 3. Alignment of six ABC proteins with L. lactis ORF2. Software of Needleman and Wunsch was used (40). Nucleotide binding
domains (23) are indicated by NB1 and NB2; a short sequence shared by all members of the ATP-dependent transport family is highlighted
(#). Other notation: +, same amino acid in all proteins; ., conservative substitutions; bold characters, same amino acid in at least five proteins.
Numbers at the left correspond to amino acid positions; numbers in parentheses indicate protein size in amino ac1ds The functions of the
various protems are as follows: !, nodulation in Rhizobium legummosarum (13); 2, maltose transport in E coli (19); 3, glutamine transport in
E. coli (43); %, glycine, betaine, and proline transport in E. coli (21); *, hemolysin secretion in E. coli (15); ¢, cyclolysin secretion in Bordetella

pertussis (20).

not (Fig. 4B). In addition, the transcript carries a 51-bp
message, starting with an ATG and ending with a TAG
codon, specifying a leader peptide of 16 amino acids, 4 of
which are consecutive leucines and isoleucines. Ribosome
stalling at Leu and Ile codons is expected to prevent forma-
tion of the termination signal and lead to transcription of the
downstream leu genes. Rho-independent transcription ter-
minators were not found between the two gene clusters or
downstream of the ilvA4 gene.

DISCUSSION

Organization of the ilv operon. The BCAA genes in L.
lactis subsp. lactis are organized in a large cluster which is
divided into two units, grouping leu and ilv genes. Both units
are necessary for leucine biosynthesis, while only the second
is required for the synthesis of isoleucine and valine. A
transaminase, which carries out the last step of BCAA
biosynthesis (the ilvE gene product in E. coli), is not encoded
within the cluster, which suggests that this reaction is
performed by a nonspecific transaminase or that the corre-
sponding L. lactis subsp. lactis gene maps elsewhere on the
chromosome. Both the leu and ilv gene clusters are preceded
by a putative promoter. However, they are not separated by
a rho-independent transcription terminator, which suggests
that they might form a single operon. The putative operon
extends past the last biosynthetic gene, ilvA.

Regulation of the ilv operon. Sequence analysis strongly
suggests that the operon is regulated by an attenuation
mechanism, mediated by a leucine-rich leader peptide (Fig.
4). This peptide is very similar to the leader peptides of the
E. coli and S. typhimurium leu operons (18, 66) but differs
from those of the E. coli ilvBN (16) and ilvGMEDA (35)
operons.

The current model proposes that the strength of attenua-

tion depends on the availability of charged tRNA™" during
translation of the leader peptide. The presence of rare
codons increases the response to leucine deprivation by
increasing the duration of ribosome stalling. In E. coli, the
codon specifying the four leucine residues present in the
leader peptide is CUA, which corresponds to only 2% of
leucine codons used for the proteins of this organism (51). In
contrast, the leucine codon UUG, found three times in the L.
lactis BCAA leader transcript, corresponds to 24% of the
leucine codons in proteins of L. lactis (61). The isoleucine
codon is also present within the L. lactis leader peptide,
closely following the Leu codons, which is not the case in E.
coli and might affect the response of the operon to BCAA
starvation. Further studies are needed to determine whether
the model proposed for regulation in E. coli can be directly
applied to L. lactis.

ORF2. ORF2 is not a BCAA biosynthetic gene, since it
specifies a product which is a member of the ABC protein
superfamily. Proteins from this family are found in prokar-
yotes and eukaryotes and are similar in basic organization
(24, 25). In prokaryotes, most members of this superfamily
are components of transport systems which involve periplas-
mic binding proteins. These genes are generally cotrans-
cribed with other carrier protein genes (25) and have never
been found within biosynthetic operons. Further work is
required to establish the function and role of ORF2, but it is
tempting to speculate that it might be involved in the
transport of BCAA or in the regulation of BCAA genes, by
analogy with another ABC protein, MalK, which regulates
negatively the expression of the mal regulon in E. coli (33).

Isoleucine, leucine, and valine residues constitute at least
20% of the amino acid content of L. lactis (58), while
tryptophan and histidine, the two other amino acids for
which biosynthetic pathway genes were studied in L. lactis
(5, 10), correspond to less than 2%. This finding suggests that
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FIG. 4. Secondary structures of the leader transcript which might mediate transcriptional attenuation. (A) Termination configuration.
Repeats 1 and 2 are annealed, and repeats 5 and 6 form a transcription terminator. (B) Antitermination configuration. Repeats 3 and 4 are
annealed, which sequesters repeats 5 and 6. Bold characters indicate the sequence encoding the leader peptide; bold italics indicate the
ribosome binding sites of the leader peptide and the leud gene. Ribosome stalling at the successive Leu and Ile residues might sequester repeat

1 and favor this configuration.

a fine regulation of BCAA gene expression might be re-
quired. Furthermore, the three BCAA genes use a common
pathway, which also requires a special regulation. In E. coli,
in which the BCAA genes are scattered, the regulation is
complex and not as yet fully understood. In L. lactis, in
which the BCAA genes are clustered, the regulation is
probably different. The coordination of expression of these
genes is presently being studied.
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