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The genes of Lactococcus lactis subsp. lactis involved in histidine biosynthesis were cloned and characterized
by complementation of Escherichia coli and Bacillus subtilis mutants and DNA sequencing. Complementation
of E. coli hisA, hisB, hisC, hisD, hisF, hisG, and hisIE genes and the B. subtilis hisH gene (the E. coli hisC
equivalent) allowed localization of the corresponding lactococcal genes. Nucleotide sequence analysis of the
11.5-kb lactococcal region revealed 14 open reading frames (ORFs), 12 of which might form an operon. The
putative operon includes eight ORFs which encode proteins homologous to enzymes involved in histidine
biosynthesis. The operon also contains (i) an ORF encoding a protein homologous to the histidyl-tRNA
synthetases but lacking a motif implicated in synthetase activity, which suggests that it has a role different from
tRNA aminoacylation, and (ii) an ORF encoding a protein that is homologous to the 3'-aminoglycoside
phosphotransferases but does not confer antibiotic resistance. The remaining ORFs specify products which
have no homology with proteins in the EMBL and GenBank data bases.

The histidine pathway, which requires 11 enzymatic reac-
tions, has been extensively analyzed in Escherichia coli and
Salmonella typhimurium (10, 46). The enzymes are encoded
by only eight genes in these bacteria, since the products of
the hisD, hisB, and hisIE genes are bifunctional. The eight
genes are organized in a single operon, which is regulated by
attenuation (3, 8, 40). The organization of his genes has not
been fully determined in any other organism. In Staphylo-
coccus aureus, six of the genes (hisE, -A, -B, -C, -D, and -G)
are clustered, whereas in Streptomyces coelicolor, five (and
possibly six) genes (hisD, -C, -B, -H, -A, and possibly -F)
form an operon and two (hisIE and hisB) are independent
(30, 36). In Bacillus subtilis, the genes map in two locations,
one grouping seven genes (hisA, -B, -D, -F, -G, -C, and -IE)
and the other containing a single gene (hisH, corresponding
to hisC in E. coli) (11, 18, 25, 37). The hisI gene from a
methanogenic archaebacterium is separated from the other
his genes (6). Some of the his genes in several eukaryotes
have been characterized (29, 33). In Saccharomyces cerevi-
siae, the HIS4 gene encodes a multifunctional enzyme that
catalyzes four steps in the biosynthetic pathway. It contains
three domains homologous to Hisl, HisE, and HisD of E.
coli (8). A similar enzyme is found in Candida albicans (1).

In this paper, we report the organization of a cluster of
Lactococcus lactis subsp. lactis genes, encoding eight of the
nine histidine biosynthesis enzymes as well as six other
genes of unknown function. Two of the six other genes
specify proteins homologous to the 3’-aminoglycoside phos-
photransferases (Apha-3’) and histidyl-tRNA synthetases,
respectively, but do not appear to possess the corresponding
functions. Products of the four other genes are not homolo-
gous to sequences deposited in data banks. Similar studies of
the L. lactis subsp. lactis genes for tryptophan and
branched-chain amino acid biosynthesis are reported in the
accompanying papers (4, 23).
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MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The bacterial
strains and plasmids used are described in Table 1. B.
subtilis 1LA013 was constructed by replacing the hisH gene
of the restrictionless strain MT119 with the hisH gene
lacking an internal 339-bp segment, carried on plasmid
pHHD (25). Media and growth conditions are described in an
accompanying report (4).

Molecular cloning and DNA manipulations. Molecular
cloning and DNA manipulations are described in an accom-
panying report (4). The 3’ end of the his cluster was isolated
by inverse polymerase chain reaction, using oligonucleotides
CATCTGCACACTGTTCTTCATAT and TCAATTCCAT
TAACCTTTGGTGG, which are complementary to nucleo-
tides 8757 to 8780 and 8863 to 8886, respectively, of the
reported sequence. Annealing (1 min at 50°C) and elongation
(3 min at 70°C) were carried out on a Perkin Elmer Cetus
Gene Amp PCR System 9600.

DNA sequence analysis. Nested deletions were produced
by action of DNase I on pBluescript (pBS) plasmids contain-
ing the fragments to be sequenced. DNA sequence analysis
is described in reference 4. Rearrangements were observed
on certain clones during production of single-stranded DNA.
These clones were sequenced by the standard manual
dideoxynucleotide technique with the Sequenase kit (Strat-
agene). The reported sequence was determined on both
strands.

RESULTS

Cloning of the his region. Total DNA prepared from L.
lactis subsp. lactis NCDO2118 was partially digested with
endonuclease Sau3A to produce fragments with an average
size of 10 kb. Twenty micrograms of fragments was ligated
to 10 p.g of pIL253 DNA cleaved with BamHI at a final DNA
concentration of 500 pg/ml and used to transform B. subtilis
114013, which lacks histidinol phosphate aminotransferase
activity, to histidine prototrophy and Em'. Seventy-two
His* and Em* transformants were obtained, and the plasmid
contents of two clones were analyzed. Two different plas-
mids, named pIL378 and pIL381, carrying inserts of 9 and
3.6 kb, respectively, were detected.
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TABLE 1. Strains and plasmids

J. BACTERIOL.

Strain or plasmid

Characteristics

Reference(s) or source

Strains
L. lactis subsp. lactis
111403

13

NCDO2118 Isolated from frozen peas National Collection of Dairy Organisms
B. subtilis
MT119 leuB6 trpC2 1~ Bacillus Genetic Stock Center
1LA4013 hisH trpC2 leuB6 1~ m~ This work
BC399 hisA1 argC4 metDI phe-1 V. Sgaramella
E. coli

TG1 supE thi A(lac-proAB) hsdD5(F' *traD36 proAB lacl 22a

ZAM15)
Hfr G6 hisA323 N\~ E. coli Genetic Stock Center
SB3930 hisB463 N~ 22
UTH780 hisC780 malAl (\") xyl-5 mtl-1 rpsL145 N\~ 22,24
WB353 A(his-gnd) A~ 5,33
SB3931 hisF860 ara-14 galK2 malAl xyl-5 mtl-1 rpsL145 \* 24

N~ supE44?
Jc411 leuB6 fhuA?2 lacY1 supE44 gal-6 hisG1 rfbD1? 31

galP63? argG6 rpsL104 malTl \* xyl-7 mtl-2

metBl
UTH903 hisI903 malAl \* xyl-5 mtl-1 rpsL145 A~ 22,24

Plasmids

pIL253 Em" L. lactis high-copy-number vector 41
pBS Amp" M13 ori pBR322 ori plasmid for sequencing Stratagene
pHHD trpBA AhisH3 tyrA Cm* D. J. Henner
pIL378 9-kb Sau3A segment of L. lactis DNA in pIL253 This work
pIL381 3.6-kb Sau3A segment of L. lactis DNA in pIL253 This work
pIL700 9-kb Sacl segment from pIL378 in pBS This work
pIL701 3-kb insert derived from pIL700 by spontaneous This work

deletion
pIL704 2.2-kb EcoRI segment from pIL378 in pBS This work
pIL708 3.1-kb EcoRI segment from pIL378 in pBS This work
pIL710 1.2-kb EcoRI-Xbal segment from pIL708 in pBS This work
pIL712 1.9-kb EcoRI-Xbal segment from pIL708 in pBS This work
pIL716 2.3-kb HindIl PCR segment in pBS This work
pIL717 1.6-kb HindII-Asull segment from pIL700 in pBS This work

DNA sequence analysis (reported below) indicated that
the his genes might form an operon but that the 3’ end of the
putative operon was not present in pIL378. Inverse polymer-
ase chain reaction was used to isolate this end. For this
purpose, chromosomal DNA was cut with HindIIl and
ligated at a concentration of 10 pg/ml. For amplification, 0.2
to 1 ug of DNA was used with primers complementary to the
sequenced region (see Materials and Methods). A 2.3-kb
HindIII fragment was thus obtained and was cloned in pBS,
yielding plasmid pIL716 (Table 1; Fig. 1).

Complementation experiments. The 9-kb insert carried by
pIL378 was subcloned in pBS as indicated in Fig. 1. The
resulting plasmids and pIL716 were used to complement
various B. subtilis and E. coli his mutants. Seven genes
involved in histidine biosynthesis were thus detected, orga-
nized in the following order: hisC, -G, -D, -B, -A, -F, and -IE
(Fig. 1). However, the complementation pattern is not fully
understood and probably depends on the presence of ade-
quate promoters on the segment tested and/or appropriate
interaction of the gene products with the host proteins. L.
lactis subsp. lactis genes for branched-chain amino acid
synthesis also gave inconsistent complementation in B.
subtilis and E. coli (23).

Nucleotide sequence of the his region. The complete nucle-
otide sequence of a 11,160-bp region was determined (Fig.
2). Analysis of this sequence revealed the presence of 14
open reading frames (ORFs) (Fig. 1 and 2). The 5’ ends of the

first and the last ORFs (ORF1 and ORF14, respectively)
were not sequenced. All of the fully sequenced ORFs are
preceded by a typical ribosome binding site, complementary
to the 3’ end of the L. lactis subsp. lactis 16S RNA
(UUUUCCUCC) (17). All ORFs except the last one
(ORF14) are transcribed in the same direction. ORF1 is
separated from ORF2 by 442 bp, whereas the following
OREFs either overlap or are separated by less than 53 bp.
Assignment of the ORFs. The sequences of the proteins
encoded by the ORFs were compared with those in the
GenBank and EMBL data bases, using the FASTA and
CITI2 softwares. Significant homologies (23 to 46.5% iden-
tity) have been found for 10 ORFs but not for ORF1, ORF6,
ORF13, and ORF14. Eight ORFs encode proteins homolo-
gous to enzymes involved in histidine biosynthesis and were
named according to the corresponding E. coli genes (Table
2). All proteins are of a size close to that of the E. coli
counterparts except for the product of hisB, which has
46.5% identity with the carboxy-terminal region of the E.
coli HisB protein. The product of ORF3 is homologous (23%
identity) to the histidyl-tRNA synthetase (hisS) of E. coli but
lacks about 150 carboxy-terminal amino acids (21). The
product of ORF8 is homologous (28% identity) to the
Apha-3’' enzymes from various microorganisms and contains
typical motifs present in these enzymes (26, 32, 43).
Transcription signals. A putative promoter (TTGACTN,,
TATAAT), showing homology with the consensus of the
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FIG. 1. Histidine region of L. lactis subsp. lactis NCDO2118. (A) Segments used for complementation. Numbers identify the plasmids that
carry the segments. Plasmid constructs are described in Table 1. (B) Complementation experiments with B. subtilis and E. coli mutants listed
in Table 1. Symbols indicate bacterial growth (+) or lack of growth (—) on a medium without histidine or supplemented with histidinol for
hisD mutants. (C) Organization of the his region as deduced from sequence results.

lactococcal promoter (TTGACAN,;TATAAT) (17), is
present 340 nucleotides upstream of ORF2. A rho-indepen-
dent transcription terminator-like structure is present be-
tween the two last ORFs (Fig. 2). No terminator structure
was found between ORF1 and hisC in strain NCDO2118.
However, the corresponding region of another strain of L.
lactis subsp. lactis, 111403, was also sequenced and found to
be 97% homologous to that of NCDO2118. The nucleotide
sequence of IL.1403 contains a palindrome capable of form-
ing a stem-and-loop structure upstream of hisC and the
putative promoter (Fig. 2). This structure might possibly act
as a terminator of transcription of ORF1.

DISCUSSION

We isolated a cluster of genes involved in histidine bio-
synthesis in L. lactis subsp. lactis NCD02118. Complemen-
tation studies in B. subtilis and E. coli indicated that at least
seven his genes (hisC, -G, -D, -B, -A, -F, and -IE) are present
within an 11-kb region. Sequence analysis of the region
showed the existence of 14 ORFs, 8 of which are signifi-
cantly homologous to his genes from various microorgan-
isms. An additional his gene, hisH, was thus revealed. This
finding indicates that all genes required for histidine biosyn-
thesis except one, encoding histidinol phosphate phos-
phatase, are present in a single cluster in L. lactis subsp.
lactis. In E. coli, the phosphatase activity is encoded by the
hisB gene, which also codes for the imidazole-glycerol
phosphate dehydratase. The resulting HisB protein is a
bifunctional enzyme, with N-terminal phosphatase and
C-terminal dehydratase domains (12). The L. lactis subsp.
lactis hisB gene product is homologous to the C-terminal
domain of the HisB protein only, and none of the other
OREFs of the cluster codes for a product homologous with its
N-terminal domain. This finding suggests that the phos-
phatase gene is located elsewhere in the L. lactis subsp.
lactis chromosome. Alternatively, one of the ORFs encoding

a protein which is not homologous to the E. coli phosphatase
might dephosphorylate histidinol phosphate (see below).
Two different genes, mapping in different regions, code for
the phosphatase and dehydratase in several other microor-
ganisms, such as S. cerevisiae, S. coelicolor, and Azospiril-
lum brasilense (42, 30, 20). For instance, HIS2 and HIS3
genes, which encode the phosphatase and dehydratase,
respectively, map on chromosome R6 and chromosome R15
of S. cerevisiae (7). Genes encoding the dehydratase in S.
coelicolor and A. brasilense have been sequenced and found
not to code for the phosphatase (30, 20).

The eight his genes are part of a cluster of 12 ORFs that is
preceded by a typical L. lactis subsp. lactis promoter
consensus sequence (TTGACTN,,TATAAT) and followed
by a rho-independent transcription terminator-like structure.
This finding suggests that the 12 ORFs may form an operon.
ORF1, which is upstream of the putative promoter, is
probably not a part of this operon, since it is rather distant
(442 bp) from the next ORF, hisC, and is separated from the
hisC promoter by a terminator-like structure in L. lactis
subsp. lactis 1L1403. This terminator is absent in strain
NCDO2118 as a result of a 31-bp deletion which is a
consequence of recombination between 6-bp direct repeats
(Fig. 2). ORF14 is transcribed in the opposite direction from
the other ORFs and is therefore not part of the operon.

Four ORFs of the postulated L. lactis subsp. lactis his
operon encode-products which have no apparent function in
histidine biosynthesis. Two of them (ORF6 and ORF13)
code for products which have no significant homology with
the proteins present in the available data bases. In contrast,
the product of ORF8 is homologous to the Apha-3’ enzymes,
which inactivate aminoside antibiotics (43). Nevertheless,
the presence of ORF8 under the control of P,  in E. coli
failed to confer aminoglycoside resistance (kanamycin, to-
bramycin, butirosin, lividomycin, neomycin, dibekacin, ami-
kacin, gentamicin, streptomycin, and spectinomycin were



N § D S H Q A I NF F ADETIKGT S S E KAULT Y QL RHTMS T AV Y S E K
GAATTCAGATTCTCATCAAG%?ATTAATTTCTTTGCTGATGAAATTAAAGGAACAAGTTCTGAAAAGGCATTGACTTATCAACTTCGACATACGATGTCAACAGCGGTTTACTCTGAAAA
. . . or

N T F GL A A TNYTHT FTS P I RRYPGFNHUP S F F I § S S
AAATACAAAACATTTTGGGCTCGCAGCGACTAACTATACGCATTTCACAAGCCCAATTAGACGTTATCCTGGATTTAATCATCCATCGTTTATTGCATTTATATCCTCTGACCATTCTAA

R T KD E W K E R L P E I A S H S S D MEHURAV VYV TEI RTITIDAMIEKIKATEYM
CCGTACTAAAGACGAGTGGAAAGAACGTTTACCTGAAATTGCTAGCCATTCTTCTGATATGGAACACCGTGCGGTCGTCACTGAACGAATTATTGATGCAATGAAAAAAGCAGAATATAT
S ER I GE VY TGTTITGULQ K F G I F VAULUDNTUVESGTLTIURVYVPNTILUHTG
GTCAGAGCGGATTGGAGAAGTTTACACTGGTACAATTACAGGCCTACAAAARATTTGGAATCTTTGTTGCATTAGATAATACAGTTGAAGGTTTAATTCGTGTACCTAATTTACATACTGG

E F S F G K K S Y Q G Q I A N K R K
GACTACGGAAGAACTTGAATTTGATGAAGAAGCAAGTATTTTTACAGGAAAAAAATCAGAAACAGTCTATCAAATAGGACAAGAAATAAAAATTCGTGTTATTGCTGCTAATAAACGAAA

G T VDV F E QI A P E * gaitaaaat
AGGAACAGTTGATTTTGAACAAATTGCTCCTGAATAAATCCAGTCTACTATTATGTCGAATAAATAAAGGACTAATAAGATARATTAAACTATTGARATTTAAAFFFFFF# 44112
acca tatttactg? T
HERRERERENY -TATTATGCTAAATAACMCATAGATATTTTATTAMATAAATGTTGACTTTTAAAAACATAAGTATTATAATTCAGATAATTAAGAATTGACMACAAG

-35 -10
AGATGAAAGAGTAGTCTTAGGTATCAGTTGAGAGAGCCTTGTTGCTGAGAARAGGTCTGATAATGGGATGAACCACACTCATCGCTATCTTACTCACATTATTATGTGAGCGTTAGCTGC
GTTAATGCTAAGTTGTTATAACTTACCGAGGTCACTTTTGTGAAAAGGTGATAAAT TAAGGTGGAACCACGATTAAAACCGTCCTTTAAGCCAAGTGCTTTTAGGCGTTTTTTTATATTA

M S W QO NN S G S K S L YWOQ V K QUPETLTGMTIIKTLNTNE
TC'r'rTc'rA'r'rC'!‘CGmsss;AGAAA'rCT2TGgGT'tGGCAAAATMCTCGGGCAGTAAGTCCCTATM'TGGCAGGTGAAACAACCTGAACTTACTGGCATGMCAAATTAAACACTAACGAA
RB isC ->

N Y Q L F N E R Y K K N L Y § T D A K S L R K K E Y H
AATCCATATCCGCCCACTAGTGTAGCTCAATTATTTAATGAACGTTATAAGACAAAAAATTTGCGTCTTTACCCAAGTACTGACGCGAAAAGTTTAAGAAAAAAATTGGCCGAATATCAT

H L EVEQVF F I GNGSDZEVI LS L S F LTV FFNSQ S PLILMZPUDTITYSF
CATTTAGAAGTTGAACAGGTTTTTATTGGAAATGGCTCTGACGAAGTTTTGTCACTTAGTTTTCTGACTTTTTTTAATAGTCAAAGCCCTTTATTAATGCCTGACATTACTTATTCTTTT
Yy P I Y C EL YR I PVF Q KV?PVDDDT F KV S I KDY CTIUENSZGSGTIUVTIANTFP
TACCCTATTTATTGCGAACTCTATCGAATTCCTTTTCAAAAAGTTCCTGTGGATGATGATTTTAAAGTTTCAATAAAAGATTATTGTATTGAARATGGTGGAATTGTGATTGCAAATCCT
N A P T A L A LNILIKU DI EETILK KN QNS I VL IDEA AYTIUDTFSGGTETTCTL
AATGCTCCAACGGCTTTGGCGCTAAATCTTAAAGATATAGAAGAAATTCTGAAAAAAAATCAAAACTCAATTGTCTTGATTGATGAAGCCTATATTGAT TTTGGCGGTGAAACATGTCTT
P L L K K Y DNULUVVVQTVFS KSR S L AGIRULGVAYG S AEA ATI S HIULY
CCTTTGCTTAAAAAATACGATAATTTAGTAGTGGTTCAAACTTTTTCTAAATCACGGAGT TTGGCAGGAATTCGTTTGGGTGTAGCTTATGGCTCTGCTGAAGCAATTTCTCATTTGTAT
D V KN S F NS Y P I DS L AQ I I GEA S L MDTEUHTYT FOQIE KNTIQI KTITIIKTR
GATGTGAAAAATTCATTTAATTCCTATCCAATTGATAGTTTGGCACAAATTATTGGAGAAGCAAGTTTAATGGATGAACATTATTTTCAAAAAAACATTCAGAAAATCATTAAGACAAGA

E VF KD NUL VN L G F D S F V F H H K K A E F Y E
GAAGTTTTTAAAGATAATCTGGTTAATTTAGGATTTGAAGTGACTGATTCAAAGGCTAACTTTGTTTTTGTTCATCATCCAAAAGTAAAAGCAGAAGACCTTTTTAAGGCGCTTTATGAG
A K I I V R H W N Q R I G N K M N K 1 F L G Y L K K
GCAAAAATTATTGTCAGGCATTGGAATCAACCACGGATTGATGATTGGTTACGGATAACTATTGGAACTAATAAAGAAATGAACAAAGTGATTGAATTTTTAAAAGGCTATTTAAAAAAG

K I N YL L P EE S A EMTTLNA QVKSLIRUOQTIZESGH RTULIZRIEKILTF
N E E I D

E K K ~
AATGAGGAAATTGACGAATG%AAAAAATAAATTATCTGCTTCCTGAAGAATCGGCAGAAATGACCTTGAATCAAGTTAAAAGTCTACGGCAGATAGAAGGGCGTTTAAGAAAATTATTTA
orf3 ->

S L K NY Q E VM UPUP S F E Y T QL Y TATULE S G K T F N Q E KMV F Q F I N H
GCTTGAAAAATTATCAGGAAGTCATGCCCCCAAGCTTTGAATATACACAACTCTATACAGCACTTGAAAGTAATGGAAAAACTTTTAATCAAGAAAAAATGTTTCAGTTTATCAATCATG
E G Q S I T L RYDU F TULPULVURULY S QI KD S T S A R Y S Y F G K I F R KE
AGGGACAATCAATTACACTTCGTTATGATTTTACACTTCCTTTAGTTAGACTCTATTCGCAAATCAAGGATTCTACTAGTGCCCGTTATTCATATTTTGGAAAAATATTTAGAAAAGAAA

K R H K G R S§ T E N Q G F G S K 8§ E L E I L § Q Q
AACGGCATAAAGGTCGTTCAACGGAAAATTATCAGATTGGTATTGAACTTTTTGGTGAATCAGCCGATAAGTCAGAATTAGAAATTCTTAGTTTAGCCCTTCAAGTGATTGAACAGTTAG

G L NK TV F E I GS A KU FUF QRLCHLADGS S TETULTULTETILTILTILIKI KUDIUL S§ G
GTTTGAATAAAACGGTCTTTGAAATAGGCTCAGCAAAATTTTTTCAACGTTTATGTCATTTAGCTGACGGTTCAACAGAGTTACTTACAGAACTTTTACTCAAGAAAGATTTGAGTGGTC
L N A I N N F s K E L R E L L K E I F I T N L § R L E N L T N T K
TTAATGCTTTTATCGAAAAAAATAATTTTTCTAAGGAATTAAGAGAACTTTTGAAAGAAATATTTATTACTAATGAGTTATCAAGGTTGGAAAATTTAGTGACAAATACAAAAGATGATG
vV L I § § F D QL KEVF S E KL S M I KUP I I IDULGMUVZPIKMDYJYTTUDULMTF
TGCTCATTTCTTCCTTTGATCAGCTCAAAGAATTTTCAGAGAAACTTTCAATGATTAAACCGATTATCATTGATTTGGGAATGGTTCCTAAAATGGATTATTATACTGATTTAATGTTTA
K A Y S Ss AANQUP I L S GG RYDOQULILSNTFQETEAVATIGT FTCCHMDTTI
AAGCTTACAGTTCAGCAGCGAATCAACCTATTTTATCAGGTGGAAGATATGACCAACTATTAAGTAATTTTCAAGAAGAGGCGGTTGCCATTGGTTTTTGTTGTCATATGGATACTATTT
M I K I A I T K G R I Q KQ VT KULTLENA ADTYDVE P

L K A R Q E D N *
TAAAGGCACTGGAAAGACAAGAATTGGAGQAAGACAQTG%TTAAAATTGCCATAACTAAAGGTCGAATCCAAAAACAAGTCACCAAACTTTTAGAAAATGCGGACTATGATGTTGAACCA

I L N L GREL Q I KT KDDL QI I F G KANDUV I 'TF L EUHGGTIVDTIGF V
ATTCTAAATCTAGGACGTGAATTACAAATTAAAACGAAAGATGATTTACAAATCATTTTTGGAAAAGCTAATGATGTCATTACTTTTTTAGAACATGGAATTGTTGATATTGGCTTTGTT

G K D T LD ENDF DD Y Y E L LDULIKTIG QT CTITF FALA ASYUPDTF S NKNF Q
GGTAAAGATACGCTTGATGAAAATGATTTTGATGATTATTATGAATTATTGGATTTAARAAT TGGGCAGTGTATTTTTGCCCTTGCTTCCTATCCTGACTTTTCAAATAAAAATTTTCAA
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FIG. 2. Nucleotide and deduced amino acid sequences of the L. lactis subsp. lactis NCDO2118 histidine region. Numbers at the right refer
to nucleotides. Gene names are indicated at the beginning of each amino acid sequence. The —35 and —10 boxes of the putative promoter
and the potential ribosome binding sites (RBS) of each ORF are underlined by dashed and solid lines, respectively. Stop codons are indicated
by asterisks. Putative transcription terminators (T1 and T2) are indicated by arrows. Nucleotides between positions 703 and 735 (#) are

missing in strain NCDO2118 but are present in strain 1L.1403. The 6 bp flanking the 31-bp deletion on NCDO2118 are boxed.
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R R K I S K T K K Y F Q Q E D I K E G S E L G P V V G
AGACGTAAACGAATTGCTTCAAAATATCCAAGAGTGACAAAAAAATATTTTGCTCAAAAGCAAGAAGATATTGAAATTATCAAGTTGGAAGGTTCTGTTGAGCTTGGACCAGTTGTTGGT

L A DAI VDI VETS GNTIULSANGTLZEUVTIEI KTISD I S TRMTI VNI KS S F
TTAGCTGATGCAATTGTTGACATTGTCGAAACAGGAAATACTTTATCTGCAAATGGTTTAGAGGTCATTGAAAAAATCAGTGACATTTCAACACGGATGATTGTCAATAAATCTAGTTTC

M L K Q I D Y Q G K L E E I A4 E K F Q GR K TE V
vV E R L E D A

K F K K K I I Q
AAATTTAAAAAAGATAAAATTATAGAAATGGTGGAGAGGTTAGAAGATGCTCAAACAAATTGATTATCAAGGAAAGCTTGAAGAAATTGCTGAAAAATTTCAAGGTCGAAAAACAGAAGT
hisD ->

S K E VN K T V Q Q I V I Q K NG D T A L F N Y A K D Vv T N
ATCAAAAGAAGTTAATAAAAC*GTTCAACAGATTGTAGCAGACATTCAAAAAAATGGAGATACTGCCTTATTTAACTATGCCAAAAAGTTCGACGGTTATGATGTGAATACTAGTAATTT

G Q I Y F I R R K § Q I E E F H K Q G N S
ACTGGTCACGCGCATGGAACGTGAAGCAGGACTAGAACAAATTGATGAGGATTATTTTAGAATTCTTAGACGCACCAAATCACAAATCGAAGAATTTCATAAGCACCAACTGGGAAATTC

N I F K E NG V I M G Q I R P L E R V A L Y V P G A A Y P § T V N A
ATGGAATATTTTTAAGGAAAATGGTGTTATCATGGGACAAATTGCGCGTCCTCTGGAACGTGTTGCTCTCTATGTTCCCGGAGGAACGGCTGCATATCCCTCAACAGTCATTATGAATGC

v P L LA GV KE I I M I TPV KA ADG I K VNUPNTIILAAAEUVCGTIETTI Y
TGTTCCAGCGCTTTTAGCAGGCGTCAAAGAAATTATTATGATTACTCCAGTTAAAGCTGATGGAAAAGTAAATCCAAATATTTTAGCAGCTGCTGAAGTTTGTGGAATAGAAACAATCTA

G G Q G A AV A Y G T E S P vV D K I V G G N I v T A K K C
TAAGGTGGGTGGAGCACAAGGCGTTGCTGCCGTTGCGTATGGGACAGAATCTATTCCCAAAGTTGATAAGATTGTCGGACCCGGAAATATTTTTGTGGCTACAGCTAAGAAAATCTGTTA

G v v D I DM I AGZP S E VLV I ADI KTATZ KU®PI K Y IAADTILMAO QA AEHTDK L
TGGGGTGGTAGATATTGATATGATAGCCGGTCCGTCAGAAGTTCTAGTTATTGCTGACAAAACTGCCAAGCCAAAATATATCGCTGCTGATTTAATGGCGCAAGCAGAACATGATAAACT
A S A I LV TT S E KLV QQVDETETULWNIRUOQUVQNTLIEI RIT RTETITIUESS I RNY
TGCGTCAGCGATTCTAGTGACGACTTCTGAAAAACTTGTTCAACAAGTAGATGAGGAATTAAATAGACAAGTTCAAAATTTGGAACGTCGTGAAATCATTGAAAGTTCCATCAGGAATTA

G G A I V K N I A F D V S N Q L Q L K I K N
CGGTGGAGCCATTGTTGTAAAAAATATTGATGATGCCTTTGATGTTTCCAATCAGCTGGCTCCAGAACATTTAGAAGTTTTGACTAGTGAACCTTTAACCCAACTTCCAAAAATCAAAAA

A G S I F I G E Y TUPEUPULSGDYMSG S NHVLUPT G GTAIZ KT FYS G LG V Y
TGCTGGCTCAATTTTTATTGGAGAGTATACGCCAGAACCGTTAGGCGACTATATGTCAGGAAGCAATCATGTCTTACCAACTGGAGGAACAGCCAAATTTTACTCTGGTTTGGGTGTTTA
N F I K ¥ L T Y S Y Y P KE V L A DVF KED UV ETTFAI KSEGULTTAHA ANS I S
TAATTTTATAAAATATTTGACTTATAGCTATTATCCTAAAGAAGT TTTGGCTGACTTTAAAGAGGATGT TGAGACATTTGCAAAATCAGAAGGATTGACGGCTCATGCTAACTCAATTTC

V R F D E M * M D F K I L N K K N S R E K N M
TGTGAGATTTGATGAAATGTAATACTTGAGACAAGATTTTCAAAATTTATTGGTCAAGGCGTGAGGAGCCACATGG?TTTTAAAATATTGAATAAGAAAAATAGTAGGGAGAAAAACATG
RBS orf6 ->

T K Q EN Y Y A E UV F EKU&PWGIRMTPFYODIULIULTFZP QLILZPNILTIKUDSKTITULSF
ACAAAACAAGAAAATTATTACGCAGAAGTTTTCGAAAAACCATGGGGTCGGATGTTCTATGACTTACTTTTTCCACAGCTCCTACCAAATTTGACAAAAGATTCAAAAATTCTGAGTTTC

G S GF GRTETTFULEEA QGT FEV TG Y EUPDVEIKTLEMMSDQTT FRQLT
GGCTCTGGATTTGGACGGACGGAAACATTTTTGGAGGAACAGGGATTTGAAGTCACGGGCTATGAGCCTGATGTAGAAAAGCTCGAGATGATGTCTGACCARACTTTTCGTCAGTTGACA
G TF DDV FA AETUVKNEW R YDV ILIHNUVILEYU VLD RIEKTVVILETZLTLTLSL
GGAACTTTTGACGACTTTGCAGAAACTGTTAAAAATGAGCGTTACGACGTGATTCTCATTCACAATGTTTTAGAATACGTCCTTGACCGAAAAGTCGTGTTGGAATTACTCTTGTCACTT
L T D GG T UL S I V KH S K Y G S M I EMAAG G RIDNUPOQAATLTUDUVYENTEAUV
TTGACAGATGGCGGCACGCTTTCTATTGTCAAGCACAGTAAGTACGGTAGCATGATAGAAATGGCAGCAGGACGTGATAATCCGCAGGCAGCGCTTGATGT TTATGAARATGAAGCTGTC

A S H N H G D I L Y T D F V A N Y K K Q K F G I R F Y G I S
GCTTCTCACAACCACGGCGATATCCTAGT! TTATGACGATGATTGGCTGACAGATTTTGTGGCAAATTACAAACTGAAACTCCAAGAAAAATTTGGAATTCGTCATT*TTACGGTATTTCA

Q N A E I K E T N W Y Q P M L K L E Q K V A KD QQ T L Y P V A RULHUHTUL I F K

CAAAACGCAGAAATCAAAGAAACAGAGAACTGGTATCAACCCATGCTTAAGTTAGAGCAAAAAGTAGCGAAAGACCAAACGCTGTATCCAGTCGCACGATTACATCATTTGATATTTARA
M T R I S H I T R NTIKETIGQTIEZLS I NULDGTSGAO QA ADTIS TG

K T N L L

AAAACTAAGGAQAATCTGTTATGACACGCATATCACACATCACGCGTAATACCAAAGAAACACAAATCGAACTTTCCATCAATCTTGACGGCACAGGTCAAGCGGACATTAGTACAGGTA
hisB ->

I G F L DHMTULTTULULTT FH S DF D LK I I GHGDHETV GMDPHUHTULTIED

TTGGTTTTCTCGACCACATGCTGACACTTCTCACCTTTCACAGCGATTTTGACTTAAAAATCATAGGACATGGGGATCATGAAACAGTAGGGATGGACCCGCACCATCTCATTGAAGATG

vV A I AL G K C I S$ED L GNJIKULSGTIM RI RYSG S F T 1 P MDEA ATLUVTTCTUDTLTDTI

TTGCGATTGCTCTTGGCAAATGTATCAGCGAAGATTTAGGTAATAAGCTCGGTATTCGACGTTATGGAAGTTTTACCATTCCAATGGATGAAGCTTTGGTGACTTGTGATTTAGATATTA

S G R P Y L VF HADTULSGN QI KTU LGS G YDTEMTTETETFTFRALAFNA-AGTIT
GTGGACGACCTTATTTGGTATTTCATGCTGATTTATCAGGAAATCARAAACTTGGTGGCTATGATACAGAAATGACTGAAGAATTTTTTCGTGCCCTTGCTTTTAATGCTGGGATTACGT

L HLNTEUHTYG QNTHUHTITIEGMTFI K S TARATLIKIOQA AUV S IDTESZKUVGETIL
TACATCTGAACGAACATTATGGGCAAAATACGCATCATATTATTGAAGGCATGTTTAAATCTACAGCAAGAGCGCTAAAACAAGCTGTAAGTATTGATGAATCGAAAGTTGGAGAAATAC
M T N L K E L R I N I E K F P E AL H N TL KD AI K I Y DS S S S P

] G L
CGAGCAGTAAGGQAGTGTTATGACTAATCTAAAAGAATTAAGAATTAATATTGAGAAATTTCCTGAAGCACTTCACAATACGCTAAAAGATGCAAAAATATATGATAGCAGTTCCTCTCC
orf§ ->

E AQ V LFIDZKTEKT DTG TYJYTLZ KTIA ASSZ KTULETRTEA ATEMTATYTF QK K G L

TGAAGCTCAAGTGTTATTCATTGATAAAMAGATGGCTATTATTTMAAATAGCTTCATCAAAAACTTTAGAGCGAGAAGCTGAAATGACTGCTTATTTTCAAAAGAAAAAGTTAGGTTT

G Y I S Y L SDOQSSDTFTLTLT XKZKTIOQGTENTYTLA ATZEKT QZYTLNNZPIEKT RTLTCDNTL

AGGATATATTTCTTATTTATCAGACCAGTCACAGGATTTTTTACTCAAGAAAAAAATTCAAGGAGAAAATTATTTGGCTAAACAATATCTTAATAATCCGAAACGTCTGTGTGATAATCT
FIG. 2—Continued.
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A E NLRVF L HEOQNU FETUDTCU®PTILDUH S EU RTZYULKIKVEI KN BAISTINNSNTLD
TGCTGAAAATCTACGATTTCTTCATGAACAAAATTTTGAGGATTGTCCCATATTAGACCATTCTGAACGTTATCTGAAAAAAGTCGAAAAGAACGCAAGTATARATAATTCAAATCTAGA 6960
F V N NY N I RTTTEEAYUDJY I ENIKI KTULTULILIRNUDTILTILUHGUD YO CTULUPNTII
TTTTGTCAATAATTATAATATCCGAACAACAGAAGAAGCTTATGATTATATAGAAAATAAAAAATTGCTATTAAGGAATGATACGCTTTTACATGGAGATTATTGTTTACCAAATATAAT 7080
L D NWI KV F KGV F I DLDCAGUVGDI RUHTIDT LT FWS G AWTLNUFNTIGTTUDGQY
CCTAGACAATTGGAAGTTCAAAGGTTTTATTGATTTGGATTGTGCAGGTGTTGGCGACCGACATATTGACCTCT TTTGGGGTGCATGGACGCT TAATTTTAATATTGGTACTGATCAATA 7200
R DRF F DAYGRUDU RTIDVDIRIULIEKILUVGU CT CEVF G *
TCGTGACCGATTTTTTGATGCTTATGGTCGGGATAGAATCGATGTTGATCGTTTGAAAT TGGTTGGCTGCTGTGAGGTTTTTGGTTAAAT TGAATTTTAGTATATTTTGATATTGABRAGG 7320
RBS
M K K I v I I D Y NI G N L Q S V Q A A F L RL G QE TV I S RDIULEE I R
AGCATTQ'QG?IAAQAAATTGTTATCATCGACTACAATATTGGMATCTTCMAGTGTACAGGCCGCATTTTTACGATTGGGGCAAGAMCAGTGATTTCAAGAGATTTAGAGGAAATTCGT 7440
isH -
K A DAL I L P GV GAF P T AMNNILIKI KT FNTILTIZETLTIIOQEWZRAAAGTIUP I L
AAAGCAGATGCACTTATTCTTCCAGGAGTTGGGGCTTTTCCTACAGCAATGAATAATTTAAAAAAGT TTAATTTGATTGAACTTATACAAGAACGAGCTGCTGCTGGAATACCAATATTG 7560
G I C L GMQV L F E K GYEIEEWIRI QGIULSGULTULKGEUVIP I KTNIEIK I P H
GGAATTTGTTTAGGGATGCAAGTGCTTTTTGAAAAAGGATACGAGATAGAAGAAAGACAAGGTCTTGGACTTTTAAAGGGTGAGGTAATTCCAATCAAAACTAATGAGAAAATTCCGCAT 7680
M G W N QL NL A KT S P TTH Y L S GNDEV Y F V HS Y Q ATTZ CUPDUDE L I
ATGGGATGGAATCAATTAAACCTGGCTAAAACCAGTCCAACAACTCATTATTTGTCTGGTAATGATGAGGTCTATTTTGTCCATTCTTATCAGGCGACTTGTCCTGATGATGAACTCATT 7800
A Y T T Y G E V K I P A1 VG KNNUV I GCOQUFHUPEI KS GE I GRIK I L KA ATF
GCCTACACCACTTATGGCGAAGTAAAAATTCCGGCAATTGT TGGAAAAAATAATGTGATAGGCTGTCAATTTCACCCTGAAAAGAGTGGAGAAATTGGCAGAAAGATACTAAAAGCATTC 7920
L E E I * M K I I P A I DL QNGUEA AUV RIULYIKSGUD YD KU KTV Y S KNUP L E I
TTGQR%gGAAATTTAA%EG:AG?TTA‘!‘TCCAGCMTTGATTTGCAAAATGGTGMGCCGTGCGTCTCTACAAAGGAGATTATGATAAGAAAACGGTCTATTCAMMATCCCCTTGAAATT 8040
SA -
A Q K F ERMGATUDULHULVDLDGAI KTIGA QT RNILETLUVRI KTIIKUDETRL
GCTCAAAAATTTGAAAGAATGGGAGCGACTGACCTCCATTTGGTTGATTTAGATGGTGCTAAGATAGGACAAACTCGTAATTTAGAGCTTGTGCGAAAAATAAAAGATGAAACAAGATTG 8160
K I E I G G G I RDF DTV RMYLE QI GV EI RV IULGTAA AVEI K?®PUDTF L K
AAAATCGAAATTGGTGGTGGAATTAGAGATTTCGATACAGTTAGAATGTATCT TGAACAAATTGGTGTGGAACGAGTGATTTTAGGAACCGCAGCGGTAGAAAAGCCTGATTTTCTTAAG 8280
E L L I K Y GP S R I VVGVDIIRESGT FV ST S G WL EKTSLUP Y L S F L K
GAATTATTAATTAAATATGGTCCAAGCAGAATCGTTGTTGGAGT TGATATTAGAGAGGGTTTTGTATCAACAAGTGGTTGGTTAGAAAAAACAAGTCTTCCTTACCTGTCATTTTTAAAA 8400
K L ER I GV K TTTI1I1ITTD I S KD G TULTSGUPNUT FI KIULYDETI S KENSLNUV
AAATTAGAGAGAATAGGGGTTAAAACCACTATTATTACTGATATCTCCAAAGACGGAACACTGACAGGTCCAAATTTTAAACTTTATGATGAAATTTCAAAGGAAAATTCCCTAAACGTG 8520
I I S G GV K DN S DI QR AT RSDTF Y G I I VG KAYYEGI KTINTLTEKTETF
ATTATTTC TGGAGGTGTAAAGGATAATTCTGATATTCAACGTGCAACTCGTTCTGACTTCTATGGAATTATCGTTGGGAAAGCTTACTATGAGGGAAAAATTAATCTTGAABAES%GTTC 8640
M L T KR I I P C LD I KNGIK VUV KSGTINTFUVGULRETIGD?®PVETLAIKTIZY
R N A N *
AGGAATGCTAACTAAAAGAATCATCCCTTGTCTTGATATTAAAAATGGTAAGGT TGTTAAAGGAATCAATTTTGTGGGTTTAAGAGAAATAGGTGATCCAGTGGAATTGGCCAAAATATA 8760
hisF ->
EEQCADEIVFLDITASE‘EEREIIGELIGRAARELSIPLTV
TGAAGAACAGTGTGCAGATGAAATTGTTTTTCTTGATATTACAGCATCTTTTGAAGAACGTGAAATTATTGGTGAATTAATTGGTCGGGCGGCGCGTGAACTTTCAATTCCATTAACCGT 8880
G G G I R S I bDDbDF R RTITULA ARG AUDTI KUV S VNS AATIENZPTETLTIRIOQAANE
TGGTGGAGGAATTCGTTCAATTGACGATTTTAGAAGAATTCTTGCTAGAGGAGCTGATAAAGTATCCGTCAACTCAGCTGCAAT TGAAAATCCTGAACTTATTCGTCAAGCGGCTAACGA 9000
F GV Q CVV VA IDA AIEKTI K RADUHIRTGYTDUVYTI KG R E N A G L D L V D W A
ATTTGGCGTTCAATGTGTTGTTGTTGCTATTGATGCTAAAAAACGAGCAGACCATAGGGGATATGATGTCTATATCAAAGGTGGGCGTGAAAATGCAGGTCTTGACTTAGTTGATTGGGC 9120
K K C E R L GAGETILLT S MDIKUDGT T G Y DL EMILNUDVCTAVNTIP
TAAAAAGTGTGAAAGATTAGGAGCAGGCGAAATTTTACTAACCTCAATGGATAAGGATGGAACAAAGACAGGCTACGATTTGGAAATGCTGAATGACGTTTGTACTGCTGTTAATATTCC 9240
V VA S GG CG I KTISDIVEV VT F QNTRSDAATLTFASTLTFUHYGETEQTLMEK
TGTTGTAGCAAGTGGCGGTTGTGGCAAGATTTCGGACATTGTTGAAGTTTTTCAAAATACAAGAAGCGATGCTGCCCTTTTTGCTTCATTATTTCATTATGGCGAAGAACAGTTGATGAA 9360
L K T N L * M R P D F H K QE LI PV IV QD Y QT
GT'1‘AAAGACGMC'rTATAAAAAATAATATTCCAGCAAGAATTATTAAGAAGQAGACATT:TGAGACCAGAT'1"1'TCATAAGCAGGAACTTATTCCTGTTATTGTTCAAGATTATCAAACAA 9480
RBS isSIE =>
NQVLMLAYTNEVAFEKMLETGETWFWSRSRQKLHHKGEES
ATCAAGTATTAATGCTTGCCTATACAAATGAAGTGGCTTTTGAGAAAATGCT TGAAACTGGTGAGACTTGGT TTTGGTCACGTTCACGACAAAAACTTTGGCACAAAGGAGAAGAATCAG 9600
G HF Q K I KGMZ® RTIULUDTGCDI QDTULILVF FVE- QTIGNA ACHTT GAYSCT FYTDE
GTCATTTTCAAAAAATAAAAGGAATGCGTTTGGATTGCGACCAAGATACTTTACTGGT TTTTGT TGAACAAATTGGTAATGCTTGTCATACTGGTGCTTACTCTTGTTTTTATGATGAAC 9720
L I P F DD SD I F S E L E K QI I DRIKILUHZPUVEIKSJYTNZYTULTULGEGGTITDK
TTATTCCTTTTGATGACTCTGATATTTTTAGTGAGTTGGAGAAGCAAATCATCGACCGAAAGT TACATCCAGTCGAAARATCTTATACGAATTATTTGCTTGGAGAGGGCATTGATARAG 9840
V L K K V GEZEA ASEUVTTI A S KNS DI KGETLULSGETIODUDTLTILTYHTLTFV L MN
TATTAAAAAAAGTTGGTGAAGAAGCAAGTGAAGTGACTATTGCTAGTAAAAATTCAGATAAAGGAGAACTTTTAGGAGAAATTGATGATTTACTTTATCATTTGTTTGTATTAATGAATC 9960

Q QG I S LEETVR RS QEKA ATZKTET RTBHE O OTLTETSGNTIKTEKTETFHTRTAD* M KTZEKTLTDYH
AGCAAGGTATTTCTCTAGMGAAGTACGGCAAAAAGCAMAGAACGGCATCAGC'1'AGAAGGAMTMGMGGAATTTCATACAAGGRBAQSZGGCAGATTAAAT%MAMAI3 AATTAGATTATCATT 10080
or. -
F H S HF SADSGSTETETLTPRTE KTBH Y YVTIEA ATILIATYGTLTETETITCTFEFTTETUHTRTDTETYTFTZPG
TCCACTCTCATTTTTCGGCTGATAGCGAGGAGCTTCCCAGAAAGCATGTGATAGAAGCTATAGCATATGGT TTAGAAGAAATTTGTTTTACAGAGCATCGAGATTTTTATTTTCCAGGAA 10200
FIG. 2—Continued.
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M D F S L N L P E Y F QE I NRL QAZETFKUDTETINTII KTIGTULEMGTIUDTLRFK
TGGATTTTTCACTAAATCTACCTGAGTATTTTCAAGAAATCAATCGATTACAAGCGGAATTTAAAGATGAAATTAATATAAAAATCGGTTTGGAAATGGGAATTGATTTACGTTTTAAAT

10320
S E I NQ F I D S aP FDVF VI A SV HETIGDTIEVYDGTETFYLQ KT K E
CAGAAATTAATCAGTTTATTGATTCGGCTCCTTTTGACT TTGTGATTGCCTCTGTTCATGAAATTGGAGATATTGAAGT TTATGACGGAACAGAATTTTATCTACAGAAAACAAAAGAAG 10440
E AQRE Y LLACTULODUVUVQNTFETZYNST FGHTLDYUVARTYGZPYTTDKS I
AAGCACAAAGAGAATATCTTTTAGCTTGTTTAGATGTTGTTCAAAATTTTGAGACT TATAATTCTTT TGGCCATTTAGATTATGTTGCTAGATATGGGCCTTACACGGATAAATCAATAA 1056C
T F A ENRZETILTFETI LRALASI KG I K ALETINTRILTFUDUDU®PIKTGQF Y S
CGTTTGCAGAGAATCGGGAGATTTTATTTGAAATCTTGCGGGCTTTAGCTTCAAAAGGAAAAGCATTAGAAATAAATACTAGATTGTTTGATGATCCGAAAACTGGCCAATTTTATAGTG 10680
D L L I NF KRULGGK KT FITULGTD S HI AKW RUDWIL S I HKARTIL I KK A
ATTTATTGATTAATTTTAAAAGATTAGGTGGAAAATTTATAACTTTAGGAACGGATAGTCATATAGCAAAGCGTGATTGGCTTTCAATTCATAAAGCAAGAACTTTAATTAAAAAAGCTG 10800
G F R ELATTF S G MK I DKNIKIKS I KE * orfld . . . .
GTTTTCGCGAACTAGCAACTTTTAGTGGGATGAAAATTGATAAAAATAAAAAGTCTATTAAAGAATAATAGACTTTTTATATTATGATGCTAAATCTTTCTCAAGTAGCGCAAGACGTTC 10920
............ > T2 K===-==m=. . ... * S AL D K E UL L A L R E
TTGAACTTCTTGATTTGATAGT TGGTGGGCTTTGATGTAACGGTTATTGGGATGAACTCGACATTCATGTGAACAAGCACCAAGATATTTTGCTTCGTTTTCCTCTGAAGCTAACATTTG 11040
Q VE QNS L QHAIKTIZYRNNUPHUVIRZCEUBHSTCAGTLYIZ KA AENETESALMDZQ
11160

TCTGTTACATTCTGGATTTCCGCAATTGATGTAACGTTCACATGGGCTTCCATCAAACCAATCACGTCCGACAATGACATGTTCTTTTTGGTTGATTGGAACTGCGATTCGGCTATCAAA
R N CE P NG CNI Y RET CP S GDUFWDU RGUV I VHEI KU QNTIU®PVATIIRSTDTF

FIG. 2—Continued.

tested) (data not shown). The function of this ORF is
therefore not known. However, Apha-3’' enzymes catalyze
phosphorylation of a hydroxyl group, which is the opposite
reaction to the dephosphorylation of a hydroxyl group and is
carried out by the histidinol phosphatase activity of the E.
coli HisB protein. Since the L. lactis subsp. lactis his operon
contains no ORF homologous to the phosphatase-encoding
region moiety of the E. coli hisB gene, it is possible that the
product of ORF8 carries out this dephosphorylation, al-
though kinases are usually not bidirectional enzymes.

One of the ORFs of the L. lactis subsp. lactis histidine
operon (ORF3) shows a significant homology to the E. coli
hisS gene, which encodes the histidyl-tRNA synthetase (21).
This enzyme catalyzes aminoacylation of tRNA™® mole-
cules with histidine and is not involved in histidine biosyn-
thesis (35). Its activity is necessary for translation, and its
expression should therefore be independent of histidine
biosynthesis. However, the ORF3 gene product is slightly
shorter than the human, yeast, and E. coli histidyl-tRNA
synthetases and contains no significant homology with the
third motif present in all enzymes of class II tRNA syn-
thetases, which is required for their activity (16, 34). This
finding indicates that the ORF3 gene product has probably
no histidyl-tRNA synthetase activity. Insertional inactiva-

tion of ORF3 does not affect cell viability (unpublished
results), which shows that the product of this ORF is not
essential. Recently, it has been shown that the tRNA syn-
thetases can control their own synthesis by interacting
directly with their transcripts (9, 38). Furthermore, because
of the sequence similarity of the tRNAM* and the his operon
leader mRNA regions in S. typhimurium, it was suggested
that histidyl-tRNA synthetase might contribute to control-
ling expression of the his operon (2). This hypothesis sug-
gests that ORF3 could have a similar regulatory role in L.
lactis subsp. lactis. Regulation by attenuation, observed for
E. coli and S. typhimurium his operons, does not take place
in L. lactis subsp. lactis, since the operon lacks both the
required palindromic structure and a histidine-rich leader
peptide (5, 28). These considerations encourage further
studies of the role of ORF3 in the regulation of his gene
expression in L. lactis subsp. lactis.
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TABLE 2. Conservation of proteins involved in histidine biosynthesis between L. lactis subsp. lactis and various organisms

% ldentical amino acids®

Organism compared Reference(s)
HisA HisB HisC HisD HisF HisG HisH HisIE
Escherichia coli 36.4 46.5° 29.1 38.8 444 29.8 39.2 40.5 10
Klebsiella pneumoniae 26.3° 39
Azospirillum brasilense 46.9 35.5¢ 20
Bacillus subtilis® 26.3 25
Streptomyces coelicolor 36.8 4.5 29.8 39.2 37.1 30
Halobacterium volcanii 25.9 14
Methanococcus vannielii 35.7 26.2 6, 15
M. voltae 37.5 15
M. thermolithotrophicus 38.1 44

@ Calculated by Kanehisa software (45) as the ratio of perfect matches to the shorter protein length.

 Alignment from position 164 of hisB of E. coli (dehydratase activity).
€ Alignment with the N-terminal partial sequence available in K. p

)

4 Alignment with the N-terminal partial e available in 4. br

(100 amino acids).
(70 amino acids).

€ The hisC gene in E. coli and hisH gene in B. subtilis code for the same function (histidinol phosphate aminotransferase).
/ Partial alignment of 63 amino acids with the 136 amino acids of the HislI protein of M. vannielii.
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