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Leptospira biflexa is a representative of an evolutionarily distinct group of eubacteria. In order to better
understand the genetic organization and gene regulatory mechanisms of this species, we have chosen to study
the genes required for tryptophan biosynthesis in this bacterium. The nucleotide sequehce of the region of the
L. bif1exa serovarpatoc chromosome encoding the trpE and thp genes has been determi ied. Four open reading
frames (ORFs) were identified in this region, but only three ORFs were translated into proteins when the cloned
genes were introduced into Escherichia coli. Analysis of the predicted amino acid sequences of the proteins
encoded by the ORFs allowed us to identify the trpE and thpG genes of L. biflexa. Enzyme assays confirmed the
identity of these two ORFs. Anthranilate synthase from L. biflexa was found to be subject to feedback inhibition
by tryptophan. Codon usage analysis showed that there was a bias in L. biflexa towards the use of codons rich
in A and T, as would be expected from Its G+C content of 37%. Comparison of the amino acid sequences of
the trpE gene product and the tapG gene product with corresponding gene products from other bacteria showed
regions of highly conserved sequence.

Tryptophan biosynthesis has been examined in a variety
of microorganisms (4, 33). The organization and control of
the genes encoding the enzymes required for tryptophan
biosynthesis have also been examined in several bacterial
genera (4, 33). The tryptophan operon of Escherichia coli is
often used as a model for gene regulation involving repres-
sion and attenuation (33). Because of the genetic diversity of
bacterial species and their apparently rapid rates of evolu-
tion, it is of interest to examine genes for tryptophan
biosynthesis in a variety of bacterial genera to uncover those
rules which may govern genetic organization and control.

Oligonucleotide analysis of 16S rRNA has revealed that
the spirochetes represent a distinct eubacterial group which
diverged from other eubacteria at an early time (6, 32).
Leptospira is one genus within the spirochete group (22). Its
oligonucleotide pattern is distinct and has an SAB value of
<0.2 (22). Leptospira biflexa has a unique metabolism which
uses fatty acids or alcohols as its sole source of carbon and
energy (12). Its distinct mode of motility allows it to both
swim freely in liquid media and move in a corkscrew-like
manner through semisolid medium (2, 7).
Our laboratory has been interested in understanding the

genetics of these microorganisms. Because classical genetic
exchange systems presently are not available for L. biflexa,
we have used the techniques of gene cloning to begin a study
into the genetics of this bacterium. Previously we have
cloned genes from L. biflexa which complement deletions in
the trpE and trp(G)D genes of E. coli and have demonstrated
that these genes reside on a 4-kilobase fragment of leptospi-
ral DNA (35, 36). Three proteins (22, 53.6, and 23.5 kilodal-
tons [kDa]) are produced from this DNA fragment when it is
introduced into E. coli (36).
Transposon mutagenesis of this cloned DNA has shown

that in E. coli a single transcriptional unit encodes the 22-
and. 53.6-kDa proteins, whereas a second unit encodes the
23.5-kDa protein (36). Insertion of a transposon into the gene
encoding any one of these proteins prevents complementa-
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tion of a trpEG deletion in E. coli (36). The present study was
undertaken to determine the nucleotide sequence of the gene
encoding each of these three proteins, to identify the trpE
and trpG genes of L. biflexa, and to compare the deduced
amino acid sequences of the leptospiral trpE and trpG gene
products with similar proteins from other bacteria.

MATERIALS AND METHODS
Bacterial strains, bacteriophage, and plasmids. E. coli

JA221 AtrpES leuB6 hsdR (hsdR hsdM+) was used for
preparation of plasmid DNA (3). E. coli JM103 [A(lac-pro)
thi strA supE endA sbcB (F' traD proAB lacIq lacZ AM15)]
was used to propagate bacteriophage M13 and to produce
replicative-form DNA from M13 (20). Bacteriophage M13
and clonal deletions derived from it were used as sources of
DNA for nucleotide sequencing reactions (20). Plasmid
pYC6 (36) and derivatives of it produced in the pGEM
plasmid (Promega) were also used for nucleotide sequencing
reactions. Clonal derivatives of M13 and pGEM were pro-
duced by cloning restriction fragments of pYC6 into the
appropriate sites of the polylinkers present on these DNA
molecules. Additional subclones were produced by creating
nested deletions with exonuclease III and mung bean nucle-
ase (11).

Media. E. coli strains were grown in L broth or on L agar
(1.5%) at 370C (21). M13 bacteriophage infections were done
in YT medium at 37°C (17). Medium B was prepared as
described previously (38).
Enzyme assays. Anthranilate synthase (AS) was assayed

with a spectrofluorimeter as described previously (14, 24,
28). The reaction was carried out at 37°C in either phosphate
buffer (pH 7.5) with glutamine or in Tris buffer (pH 8.7) with
NH4Cl.
DNA preparation. Plasmid DNA was extracted from 100-

ml samples of overnight cultures of E. coli (17). Replicative-
form DNA from bacteriophage M13 was prepared from
100-rnl samples of late-logarithmic-phase cultures of E. coli
JM103 infected with the bacteriophage by the same protocol
as was used for plasmid isolation. All supercoiled DNA
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preparations were purified through two cycles of equilibrium
centrifugation in CsCI-ethidium bromide. Single.stranded
M13 DNA was extracted from purified bacteriophage parti-
cles as described previously (20).

Materials. Restriction endonucleases and M13 replicative-
form DNA were obtained from Bethesda Research Labora-
tories, Inc. T4 DNA ligase was obtained from New England
BioLabs, Inc. Calf intestinal alkaline phosphatase, exonu-
clease III, and M13 sequencing primer were purchased from
Boehringer Mannheim Biochemicals. Additional sequencing
primers were produced in the West Virginia University
Recombinant DNA Facility with an Applied Biosystems
model 380B DNA synthesizer. Mung bean nuclease and
proteinase K were obtained from Pharmacia. DNA sequenc-
ing kits were purchased from Promega (GemSeq K/RT)
and U.S. Biochemical Corp. (Sequenase). Radiolabeled
[355]dATP (1,000 Ci/mmol) was obtained from Amersham
Corp.

Nucleotide sequencing. All sequencing reactions were per-
formed by using the dideoxy-chain termination method of
Sanger et al. (23). Single-stranded M13 clonal DNA was
sequenced with a modified T7 DNA polymerase (Sequenase)
and dITP as recommended by the manufacturer. Double-
stranded plasmid DNAs were sequenced by using Klenow
fragment polymerase and dGTP. The products of the se-
quencing reactions were resolved on a 6 or 8% polyacryl-
amide gel (0.4 mm by 20 cm by 40 cm). Electrophoresis was
carried out at 45 mA constant current. Gels were double or
triple loaded. After electrophoresis, the gel was fixed with
5% methanol-5% acetic acid, dried under vacuum at 80°C,
and exposed to X-ray film for 40 to 72 h.

Sequence analysis. Analysis of sequence data was per-
formed by using the DNASTAR system maintained in the
West Virginia University Recombinant DNA Facility.

RESULTS

Assay of AS from L. biflexa. AS consists of two subunits,
ASI and ASII. ASI catalyzes the production of anthranilic
acid from chorismic acid; ASII acts as an amidotransferase.
Mutants of E. coli defective in ASII can grow in medium B
containing (NH4)2SO4 if the pH of the medium is adjusted to
8 (38). At this pH, the free ammonia which is available
allows ASI to convert chorismic acid to anthranilic acid
without the amidotransferase activity of ASII (38). At pH 6,
the amidotransferase activity of ASII is required, as free
ammonia is not available (38). We used medium B at both
pHs to identify the genes encoding the ASI and ASII
subunits of L. biflexa. We also used a spectrofluorimetric
assay to directly measure enzyme activity. The results of
these experiments are shown in Table 1. These results
demonstrate that ASI of L. biflexa is able to utilize ammonia
to convert chorismjiIcid to anthranilic acid. They also show
that the mutant ideMtified as TnJ77 has an intact ASI subunit
but a defective AlIt subunit and that mutant Tn158 has a
defective ASI subunit. We have reported that Tn177 is
located in the 23-kDa protein and that Tn158 is located in the
53.5-kDa protein (36).
AS from other bacteria is sensitive to feedback inhibition

by tryptophan (37). Feedback inhibition has been reported
for the isoleucine, leucine, and valine pathways of L. biflexa
(31). To determine whether AS from L. biflexa is subject to
feedback inhibition, we measured the attivity of the cloned
leptospiral enzyme in the presence of various concentrations
of tryptophan. At 5 x 10-6 M tryptophan, 50% of the
enzyme activity was inhibited; 90% inhibition occurred at 3

TABLE 1. AS activities in strains of E. coli containing a trpED
deletion and carrying cloned Leptospira genes

Growthb onSpecificmima
E. coli strain activitya menimal
(plasmid) medium at pH:

Gin NH3 6 8

W3110 AtrpED23 0.00 0.00 0.0 0.0
W3110 AtrpED23(pYC6) 0.95 25.70 0.9 0.7
W3110 AtrpED23(pYC6-TnI58) 0.00 0.00 0.0 0.0
W3110 AtrpED23(pYC6-Tnl77) 0.00 13.30 0.0 0.4
Wild type 0.83 0.32 0.8 1.2

"Specific activity is measured here in nanomoles of anthranilate synthe-
sized per minute per milligram of protein with either glutamine (Gln) or
ammonia (NH3) as the amino donor. The enzyme preparations from the
deletion strains were partially purified before the assays were performed.

b Growth was monitored by measuring the optical densities of the cultures
at 600 nm at 24 h postinoculation. The cultures were incubated on a shaker at
37'C. Initial optical density readings were 0.0 in all instances.

x 10-5 M. AS from E. coli was similarly sensitive to
inhibition by tryptophan.

Sequencing strategy. A partial restriction endonuclease
cleavage map and the sequencing strategy employed for the
cloned trpEG region (3,480 base pairs) of L. biflexa is shown
in Fig. 1. Both strands of the DNA molecule were sequenced
essentially in their entirety. Four major open reading frames
(ORFs) were identified and are located in Fig. 1. Three ORFs
correspond to proteins of 22, 53.5, and 23.6 kDa that are
produced in E. coli maxicells (36). No evidence was found to
indicate that ORF-4 was translated into protein in E. coli
maxicells. In addition, 242 base pairs of 5'-flanking DNA and
60 base pairs of 3'-flanking DNA were sequenced.

Identification of encoded proteins. The nucleotide sequence
of the region is shown in Fig. 2. The deduced amino acid
sequences of the three ORFs translated in E. coli are also
shown. ORF-1 (5'-proximal end of the cloned DNA frag-
ment) encodes a protein of 21,584 Da. This protein is highly
basic and shares weak amino acid homologies with many
DNA-binding proteins when compared with all the se-
quences present in the protein identification resource data
bank (27). ORF-2 encodes a protein of 51,775 Da. This

S EK H B

11
P P

-ORF-1 - - ORF-2(trpE) - HORF-3(trpG) -
ATG GA ATG TAG ATG TAG

- ORF-4 -q
A7G TAA

OKB 1KB 2KB 3KB 3.5KB

FIG. 1. Sequencing strategy. The region of cloned L. biflexa
DNA which was sequenced is shown. Restriction sites are indi-
cated. The sequencing strategy is indicated by the arrows. The
location of the four ORFs is diagrammed. ORF-1 corresponds to the
22-kDa protein, ORF-2 (trpE) corresponds to the 53.5-kDa protein,
and ORF-3 (trpG) corresponds to the 23.6-kDa protein (27). ORF-4
apparently is not translated in E. coli. Abbreviations: B, BamHI; E,
EcoRI; H, Hindlll; K, KpnI; P, PstI; S, SstI; X, XbaI; KB,
kilobase.
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GGATCCGGTG GATGGTTCTA TGAATTTTGT TCGAGGACTT CCTTTGTATG CAATTTCTTT
10 20 30 40 50 60

TGGTTTAGAA CATAGAGAAA CGCCTGTTGG AGGTGTGGTC ATTGTCCCTC CACAAGAAGC
70 80 90 100 110 120

CGTATATTCC GCTGGTTTTG GGAGAGGGTG CTTATAAGAA TGGAAAACCT ATTATCACAT
130 140 150 160 170 180

CTAGATTTCC GAACTAAACG TGCCCATTTT TTTCTCCCAA TCTTCCGAGA AAAAGAGCTC
190 200 210 220 230 240

MetIleGlnGluIleMetAlaAspLeuSerGlyPheLeuThrTyrAlaArgSerPhe
ACATGATCCAAGAGATTATGGCTGATCTATCTGGTTTITMCATACGCMGGTCC1-J

250 260 270 280 290

ArgArgThrGlySerPheValLeuAspAlaCysLeuHisCysArgArgCysAspGlyCys
CGTAGAACGGGTTC¶rrGTTTTGGATGCCTGTTrACATTGCCGAAGGTGTGATGGATGC

300 310 320 330 340 350

ArgIleTrpGluLysThrValLysHisTrpAspValSerAlaIleSerValIleLeuThr
CGAATTrGGGAAAAAACTGTCMACATTGGGATGTTCTGCAAMTftCTGTGATCTTAMCG

360 370 380 390 400 410

GluAlaGlyGlyLysLeuThrAspLeuAsnGlyValHisTyrTyrThrGlyLeuProGlu
GAAGCAGGCGGGAAATTGACTGACTTAATGGAGTTCATTACTATACCGGGCTTCCTGAG

420 430 440 450 460 470

LeuValAlaSerAsnGlyValLeuHisSerGluIleLeuAsnLeuLeuLysThrValArg
TTAGTAGCTTCTAACGGAGTTGCACTCAGAAATTTTAATTTATTAAAGACAGTTCGT

480 490 500 510 520 530

SerThrValSerArgLysLeuIleGluGlyLysArgLeuGluSerPheTyrPhePheSer
TCTACAGTCAGTCGAATTAMTAGAGGGGAAACGATTAGAATCGTTCTACTTTTTTAGT

540 550 560 570 580 590

LeuArgPheAlaPheAlaIleHisThrArgTyrLysIleGnLnuuisLeuAsnProSer
TTACGATTTGCTTTTGCGATCCATACTAGATACAAATACMTTACACTTGMTCCATCA

600 610 620 630 640 650

GlyAspArgSerTrpAsnIleAsnSerGlnLysAlaSerIleCysLysGlyCysProSer
GGAGACCGATCATGGMCATAAACTCCCAGAAGGCTTCCATATGCAMGGATGCCCTTCT

660 670 680 690 700 710

SerAlaH isPheThrGluThrLeuGluPheHisTyrGlyLysHisHisGlnThrTyrVal
TCCGCACATTCACTGAAACTTAGAGTTTCACTATGGAAAACACCACCAAACTTACGTT

720 730 740 750 760 770

ThrLysProGlnGlnProAsnGlnArgAsp***
ACAAAGCCTCAACAACCTAATCAAAGGGACTGA GTTTGAAA ATGCAACTCT TGAAGAAATT

780 790 800 810 820 830 840

GTAAAAAAAT CTTCTGGCGG AATTTTTAAT AACGCTGCGC AAATTTGGAA CCACACCTTC
850 860 870 880 890 900

TATTGGCATT CTCTTTCCCC TAAAGGTGGC GGAGCTCCCA CTGGTGCCGT TGCTGATTTA
910 920 930 940 950 960

ATCACAAAAT CATTCGGATC TTTTGATGCG TTAAAGAM AGTTTTCTCA ATCGGCAATC
970 980 990 1000 1010 1020

ACCAATTTTG GATCAGGTTG GACCTGGCTT GTGAAAAAAG GCGACGGTTT AGAAATCGTG
1030 1040 1050 1060 1070 1080

AATACAAGCA ATGCTGGTAG TCCTTTGAAA GATGGACTCC AATCTTTGTT AACGATCGAT
1090 1100 1110 1120 1130 1140

GTTTGGGMC ATGCTTACTA TATTGATTTC CGCAATGCCC GTCCAAAATA CGTAGAAGCA
1150 1160 1170 1180 1190 1200

TTCTGGMTT TAGTGAACTG GGACTTTGCA AATGCAAAAG CTTAAAATAA GAACGGATTT
1210 1220 1230 1240 1250 1260

AAGGATCGCA CTTAGAAAGG CAGGTTCCGG AATTCCGGAC CTCCCTTTTT TATTTCATTT
1270 1280 1290 1300 1310 1320

MetSerGlnThrLeuPro
AAAGATTCAA MTGAATCTT GGTACCTAAT ACAGAGTTTT TTATGAGCCAMCACTTCCG

1330 1340 1350 1360 1370 1380

LysIleLysIleProLysLysProAsnTyrAsnSerLeuAlaLeuAlaGluGlyIleGlu
AAAATCAAAATCCCCAAAAAACCCAATTACMTTCrTTAGCTTTGGCGGMGGMTCGM

1390 1400 1410 1420 1430 1440

PheTrpGluLeuPheArgValIleGluAlaLysTyrGluAsnCysPheLeuLeuGluSer
TTTTGGGAACTCTTTCGGGTCATTGAGGCGAAATACGAAAATTGTTTTTTGTTAGMTCA

1450 1460 1470 1480 1490 1500

AlaGlyAspAsnGlnTyrAspSerArgTyrSerValIleGlyPheGlnProSerHisLeu
GCAGGAGACAATCAATACGATTCTCGTTACTCTGTGATTGGATTCCMCCATCTCATCTC

1510 1520 1530 1540 1550 1560

IleLeuGlyGluProGlyIleLeuGluIleAspGlyLysLysTyrProValGluAsnPro
ATTCTCGGAGAACCTGGTATTTTGGMAATTGATGGGAAMMATACCCTGTTGAAMATCCT

1570 1580 1590 1600 1610 1620

TyrPheAlaLeuArgGluLeuThrAspTyrAsnSerLeuSerIleSerTyrAlaGlyGly
TATGCTTTAAGAGAACTTACTGATTATAATTCGCTTAGTATTAGTTATGCGGGTGGT

1630 1640 1650 1660 1670 1680

PheValGlyTyrLeuGlyTyrGlnSerMetGlnPhePheGluProLysLeuGlnLeuLys
TTTGTTGGTTATCTTGGTTATCAAAGTATGCAATTCTTTGAGCCAAMCTCCAACTAAM

1690 1700 1710 1720 1730 1740

ProHlisProAspPheProAlaMetIlePheGlyLeuTyrLeuAspGlyLeuIleTyrAsp
CCACATCCTGATTTTCCAGCGATGATTTTCGGATTGTATTTGGATGGACTTAfTTATGAT

1750 1760 1770 1780 1790 1800

LysPheThrGlyGluLeuIleTyrPheAspAsnGlyThrAsnArgIleHisGluVa1Asn

GlnIleLeuGluGlnLeuLysLysGluAsnSerGlnLysProLysAlaThrValSerLeu
CAAATCTTAGAACAGCTAAAAAAAGAAAATTCACAAAAACCAAAAGCAACGGTCTCCTTA

1870 1880 1890 1900 1910 1920

ValLysAlaGlyLeuSerLysGluValHisLysGllnMetValGluGluAlaLeuGluGlu
GTAAAGGCTGGATTATCTAAGGAAGTTCATAAACAAATGGTGGAAGAAGCTTTAGAAGAA

1930 1940 1950 1960 1970 1980

ValLysAlaGlyAsnThrPheGlnCysGlnIleGlyPheGluGluIleTyrGlnValAsp
GTAAAAGCAGGAAACACC1TTCAATGCCAAATTGGATTTGAAGAAATACCAAGTGGAT

1990 2000 2010 2020 2030 2040

GlyAsnProLeuAlaIleTyrGluThrLeuArgGluIleAsnProSerProHlisMetTyr
GGAAATCCATTGGCTATTTATGAAACATTACGAGAAATCAATCCATCTCCTCATATGTAT

2050 2060 2070 2080 2090 2100

TyrValAsnLeuGluL,euValThrIleLeuGlyAlaSerProSerSerLeuPheArgLeu
TACGTAAATTTGGAACTCGTAACCATTTTAGGTGCAAGTCCGAGTTCGTTGmAGGTTG

2110 2120 2130 2140 2150 2160

ArgGlnGlyGluMetGluSerPheProLeuAlaGlyThrThrLysArgGlyValAspAla
CGACAAGGGGAAATGGAATCGTTTCCITTAGCTGGAACCACCAAACGAGGAGTTGATGCA

2170 2180 2190 2200 2210 2220

LysGluAspThrLeuLeuAlaArgLysLeuLeuThrAspProLysGluIleAlaGluHis
AAAGAAGACACTCTCCTTGCTCGTAAACTATTAACGGATCCTAAAGAAATCGCAGAGCAT

2230 2240 2250 2260 2270 2280

AsnMetLeuIleAspLeuHisArgAsnAspValGlyArgValAlaLysPheGlyThrVal
AATATGTTAATTGATCTTCACCGAAATGATGTAGGGCGAGTGGCAAAGTTTGGTACAGTA

2290 2300 2310 2320 2330 2340

LysValArgArgArgPheAspValLysArgPheSerHisValGlnHisIleSerSerGlu
AAAGTGCGTAGGCGTTTrGATGTAAAAGATTTTCCCATGTACAACATATTTCTAGTGAA

2350 2360 2370 2380 2390 2400

ValValGlyIleLeuSerSerLysGluAspMetPheSerGlyLeuAlaSerSerPhePro
GTGGTCGGGATTCTTTCTTCAAAAGAAGATATGTTT1CTGGGCTTGCTTCTTCGTTTCCA

2410 2420 2430 2440 2450 2460

ArgGlyThrLeuSerGlyAlaProLysIleGluSerAspSerLysIleleGluArgIle
CGAGGAACCTTATCAGGTGCTCCCAAAATTGAATCCGATTCGAAAATCATAGAGCGAATT

2470 2480 2490 2500 2510 2520

GluLysSerProArgGlyProTyrGlyGlyAlaValGlySerPheGlyLeuAsnGlyAsp
GAAAAATCGCCAAGAGGTCCCTATGGGGGAGCTGTTGGAAGTTTTGGTTTAAATGGAGAT

2530 2540 2550 2560 2570 2580

CysThrPheAlaIleProIleArgSerPhePheValAsnGlyLysLysGlyPheValArg
TGTACTTTTGCCATTCCAATTCGTAGTTTTTTTGTGAATGGAMGAAAGGATTTGTACGC

2590 2600 2610 2620 2630 2640

AlaSerGlyGlyIleValPheGlyPheIleGluProGluAspGluTyrGlnGluIleIle
GCTTCGGGTGGGATTGTTTrTGGATTCATAGAACCAGAGGATGMTACCMGAAATTATC

2650 2660 2670 2680 2690 2700

AsnLysMetAlaSerValArgLysAlaLeuAspLeuHisLysGlyPro***
AATAAAATGGCCTCCGTTCGAAAAGCCTTAGATTTGCATAAAGGTCCTTAG TCGGATAGC

2710 2720 2730 2740 2750 2760

GGACAGCTAT GTCAAAACGA ATCGAACGAT AAAATAAGGA GAAAGTGAAA CAATA
2770 2780 2790 2800 2810

MetLysValLeuIleLeuAspAsnTyrAspSerPheThrPheAsnLeuTyrGlnIleVal
ATGAAAGTACTCATCTTAGACAATTATGATTCTTTTACATTCMTCfTTACCAAATCGTA
2820 2830 2840 2850 2860 2870

GlyGluIleLeuGluGluArgGluLysProPheGlnLeuAspValIleArgAsniAspGlu
GGAGAAATCCTCGAGGAAAGAGAGAAGCCCTTTCAATTGGATGTCATCCGAAATGACGAA
2880 2890 2900 2910 2920 2930

LysProPheGluTrpIleLysSerAlaAsnTyrAspLysIleIleIleSerProGlyPro
AAGCCCTTTGAATGGATTAAGTCAGCTAACTATGATAAAATTATTATTTCGCCAGGCCCT
2940 2950 2960 2970 2980 2990

GlyHisProAlaAspProAlaTyrPheGlyValSerAlaAspIleLeuLysGluLeuGly
GGTCATCCTGCAGACCCTGCTTATTTTGGTGTGAGTGCGGATATATTGAAGGMCTTGGA
3000 3010 3020 3030 3040 3050

3060 3070 3080 3090 3100 3110

GlyGluValValArgAlaAspIleAlaMetHisGlyLysLeuSerProIleGlulisAsp
GGTGAAGTTGTACGAGCTAATATAGCTATGCACGGAAAACTTTCACCCATTGAACACGAT
3120 3130 3140 3150 3160 3170

GlyLysGlyValPheSerGlyLeuTheGlnGlyIleGluIleMetArgTyrHisSerLeu
GGAAAAGGAGTTTTTTCTGGCCTTACACAAGGAATAGAGATTATGCGTTATCATTCATTA
3180 3190 3200 3210 3220 3230

ValAlaLysGluIleSerLeuProAsnAspLeuGluIleThrAlaArgValSerAlaGly
GTTGCAAAAGAAATTTCACTTCCCAATGATTTGGAAATTACGGCTCGGGTTTCTGCAGGA
3240 3250 3260 3270 3280 3290

GluGlyLysGlyGluIleMetGlyLeuArgHisLysSerLeuLysIleGluGlyValGln
GAAGGGAAGGGTGAAATCATGGGTCTTCGCCACAAATCCTTAAAAATAGAAGGAGTTCAG
3300 3310 3320 3330 3340 3350

PheHisProGluSerPheGlySerGluGluGlyLysCysLeuLeuArgAsnPheI leAsn
TTCCATCCAGAATCCTTTGGTTCGGAAGAAGGTAAATGCCTACTAAGAATTAATTAAT
3360 3370 3380 3390 3400 3410

Ser***
TCCTAA TTAACCATC TAATAAAATT GCTGACTAAT TTAAATTGCC GTTTTCTATT
3420 3430 3440 3450 3460 3470

GTTCTATTTT
34ROAAATmTACTGGGGAACTCATTTATTTTGATAATGGAACTAATCGTATCCATGAAGTGAAC

1810 1820 1830 1840 1850 1860

FIG. 2. Nucleotide sequence. The nucleotide sequence of the cloned L. biflexa DNA required to complement a trpEG deletion in E. coli
is shown. The deduced amino acid sequences of the corresponding proteins are also shown.
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E. coli 1 M Q T Q K P T L E L L T C E G A Y R D N P T A L F 25
L. biflexa 1 M S - Q --T L P K I K I P K K P N Y N S L A L A 22

26 H Q L C G D R P A T L- - - - - - - - - L L E S A D I D S K D 47
23 E G I E F W E L F R V I E A K Y E N C F L L E S A G D N Q Y D 53

48 D L K S L L L V D S A L R I T A L G D T V T I Q A L S G N G E 78
54 S-54

79 A L L A L L D N A L P A G V E S E Q S P N C R V L R F P P V S 109
55 - - - - - - - - - - - - - - - R Y S V I G F Q P S H L I L G E 70

110 P L L D E D A R L C S L S V F D A F R L L Q N L L N V P K E E
71 P G I L E I D G K K Y P V E N P Y F A L R E L T D Y N S L S I

141 R E A M F F S G L F S Y D L V A G F E D L P Q L S A E N N C P
102 S Y A G G F V G Y L G Y Q S M Q F F E P K L QL K P H - - - P

172 D F - -- C F YL A E T L M V ID H Q K K S T R I Q A S L F A
130 D F P A M I F G L Y L D G L I Y D - - K F T G E L - - I Y F D

200 P N E E E K QR L T A RL NE L R QQ L T E AA P P L P VV S
157 N G T N R I H E V N Q I L E Q L K K E --N S Q K P K A T V S

231 V P H M R C E C N Q S D E E F G G V V R L L Q K A I R A G E I
186 L- V K A G -L S K E V H K Q M V E E A L E E V K A G N T

262 F Q -V V P S R R F S L P C P S P L A A Y Y V L K K S N P S P
213 F Q C Q I G F E E I Y Q V D G N P L A I Y E T L R E I N P S P

292 Y M F F M Q D N D F T L F G A S P E S S L K Y D A T S R Q I E
244 H M Y Y V N L E L V T I L G A S P - S S L - F R L R Q G E M E

140
101

171
129

199
156

230
185

261
212

291
243

322
272

323 I Y P I A G T R P R G R R A D G S L D R D L D S R I E L E M R 353
273 S F P L A G T - - - T K R G V D A K E D T L L A R - - - K L L 297

354 TTD H K E L S E H L M L V D L A R N D L A R I C T P G S R Y V 384
298 T D P K E I A E H N M L I D L H R N D V G R V A K F G T V K V 328

385 A D L T K V D R Y S Y V MH LV Si TVVG E L R H D L D A L H 415
329 R R R F D V K R F S H V Q H I S S E V V G I L S S K E D M F S 359

416 A Y R A C M N M G T L S G A P K V - R A M Q L I A E A E G R R 445
360 G L A S S F P R G T L S G A P K I E S D S K I I E R I EK S P 390

446 R G S Y G G A V G Y F T A H G D L D T C I V I R S A L V E N G 476
391 R G P Y G G A V G S F G L N G D C T F A I P I R S F F V N G K 421

477 IA T V Q A G A G V V L D S V - PQS E ADE T RNK A R A V 506
422 K G F V R A S G G I V F G F I E P E D E Y Q E I I N K M A S V 452

507 L R A I A T A H H A Q E T F* 520
453 R K A L D L H K G P * 462

FIG. 3. Alignment of the amino acid sequences of ASI from E.
coli and L. biflexa. The amino acid sequences of these two ASI
proteins were aligned by using the DNASTAR system. To optimize
the alignment, gaps were introduced where necessary. Conservation
of amino acid sequence is indicated by overlining.

protein has extensive amino acid similarity (26 to 30%
identity and about 25% substitution of related amino acids)
with ASI from several bacteria (27) and has the correspond-
ing enzymatic activity. Therefore we designate this ORF as

the trpE gene of L. biflexa. ORF-3 encodes a protein of
22,132 Da. This protein has extensive amino acid similarity
(36 to 49% identity and approximately 26% substitution of
related amino acids) with ASII and with p-aminobenzoate
synthase component II of several bacteria (27). It acts as a
glutamine amidotransferase. Because this ORF is immedi-
ately downstream from trpE and has the appropriate amino
acid sequence and enzymatic activity, we designate it as the
trpG gene of L. biflexa. The molecular masses predicted for
these three proteins on the basis of the nucleotide sequence

data are similar to those which we determined previously by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(36).
Amino acid similarities of ASI and ASII from L. biflexa and

E. coli. An alignment of the amino acid sequences of ASI
from L. biflexa and E. coli is shown in Fig. 3. Where
necessary to maximize alignments, gaps have been intro-
duced in the sequences. Of the amino acids in the two ASI
proteins, 29% are identical and 19% are substitutions of
similar amino acids. Most of the conserved sequence is
found in the COOH end of the molecules.

E. coli 1 M A D I L L L D N I D S F T Y N L - - - A D Q L 21
L. biflexa 1 M K - V L I L D N Y D S F T F N L Y Q I V G E I 23

22 R S N G H N V - - - - V I Y R N H I P A Q T L I E R L A T M S 48
24 L E E R E K P F Q L D V I - R N D - - - E K P F E W I K S A N 50

49 N P V L M L S P G P G V P S E A G C - - - M P E L L T RL R G 76
51 Y D K I I I S P G P G H P A D P A Y F G V S A D I L K E L G K 81

77 K L P I I G I C L G H Q A I V E A Y G G Y V GQA G E I L H G 107
82 T P P V L G I C L G M Q G M A T V F G G E V V R A N I A M H G 112

108 K A S S I E H D G Q A M F A G L T N P L P V A R Y H S L V G S 138
113 K L S P I E H D G K G V F S G L T Q G I E I M R Y H S L V A K 143

139 N I - P A G L T I N A H F - - - - - N G M V M A V R H D A D 162
144 E I S L P N D L E I T A R V S A G E G K G E I M G L R H K S L 174

163 R V C G F Q F H P E S I L T TTQG A R L L E Q T L A W A Q H K 193
175 K I E G V Q F H P E S F G S E E G K C L L R N F I N S* 201

194 L E P A N T L Q P . 202

FIG. 4. Alignment of the amino acid sequences of ASII from E.
coli and L. biflexa. The amino acid sequences of these two ASII
proteins were aligned by using the DNASTAR system. To optimize
the alignment, gaps were introduced where necessary. Conservation
of amino acid sequence is indicated by overlining.

An alignment of the amino acid sequences of the ASII
molecules is shown in Fig. 4. Gaps were introduced to
maximize alignments. Conservation of amino acid sequence
is seen throughout the molecules. Of the amino acids in the
two proteins, 36% are identical and 28% are substitutions of
related amino acids.

Translation initiation regions. The nucleotide sequences of
the regions surrounding the presumed sites for translation
initiation are shown in Fig. 5. At 5 nucleotides preceding the
initiation codon for ORF-1 is the potential Shine-Dalgarno
sequence, AAAGAG (26). At 6 nucleotides preceding the
initiation codon of the trpE gene is a potential Shine-
Dalgarno sequence, AGAG, while at 7 bases before the
initiation codon for trpG is the potential Shine-Dalgarno
sequence, TAAGGAGAAAGTG. The genes for trpE and
trpG are each preceded by the sequence TCAAAAYGA
ATC. This sequence does not precede either ORF-1 or
ORF-4. Between the termination codon for trpE and the
initiation codon for trpG are 64 apparently untranslated
nucleotides (Fig. 2). This differs from many other bacteria in
which the coding regions for these proteins overlap (5).
There are no methionine codons in the 60 nucleotides after
the trpG termination codon, which again suggests an un-
translated region preceding the next ORF.
Codon usage. The codons used in L. biflexa for trpE and

trpG peptides are shown in Table 2 and compared with those
used in E. coli and Bacillus subtilis for trp genes. Sometimes
codons similar to those used in B. subtilis are used in L.
biflexa, as in the case of histidine and phenylalanine. E. coli
codon patterns for lysine are used in L. biflexa. There are
also examples of codon usage patterns which are distinct
from either E. coli or B. subtilis, such as with glutamine and
proline. Analysis of the nucleotide occupying position 3 of a

MetIleGlnGluIle
ORF- 1: ACTAAACGTGCCATTTTTCTCCCAATCTTCCGAGAAAAAGAGCTCACATGATCCAAGAGATT

MetSerGlnThrLeu
trpE: TTCATTTAAAGATTCAAAATGAATCTTGGTACCTAATACAGAGTTTTTTATGAGCCAAACACTT

MetGiuSerThrHis
trpG: CTATGTCAAAACGAATCGAACGATAAAATAAGGAGAAAGTGAAACAATAATGGAAAGTACTCAT

FIG. 5. Translation initiation regions of L. biflexa. Fifty nucleo-
tides upstream and twelve downstream from the presumed transla-
tion initiation codons of the cloned genes are shown. Potential
Shine-Dalgarno sequences are underlined. A potential regulatory
sequence is overlined.
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TABLE 2. Codons used for trp genes of L. biflexa serovar patoc compared with the trp genes of B. subtilis and E. coli

No. (%) of codons No. (%) of codons
Amino CdnAmino Conacid Codon L. biflexa trpE B. subtilis E. coli total acid Codon L. biflexa trpE B. subtilis E. coli total

and trpG total trp genes trp genes and trpG total trp genes trp genes

Ala GCA 10 (29) 54 (33) 44 (17) Leu CTA 5 (8) 11 (6) 11 (4)
Ala GCG 6 (17) 39 (24) 91 (35) Leu CTG 0 (0) 36 (20) 133 (54)
Ala GCC 3 (9) 27 (17) 86 (33) Leu CTC 9 (13) 21 (12) 24 (10)
Ala GCT 16 (45) 42 (26) 37 (14) Leu CTT 17 (28) 48 (27) 20 (8)

Leu TTA 18 (29) 44 (24) 30 (12)
Arg AGA 5 (18) 18 (25) 3 (3) Leu TTG 14 (22) 26 (14) 30 (12)
Arg AGG 2 (7) 5 (7) 1 (1)
Arg CGA 10 (36) 10 (14) 5 (4) Lys AAA 39 (81) 96 (71) 64 (82)
Arg CGG 2 (7) 15 (21) 3 (3) Lys AAG 9 (19) 40 (29) 14 (18)
Arg CGC 2 (7) 13 (16) 67 (57)
Arg CGT 7 (25) 13 (18) 39 (33) Met ATG 15 (100) 56 (100) 50 (100)

Asn AAC 3 (11) 26 (39) 48 (60) Phe TTC 6 (16) 20 (25) 37 (49)
Asn AAT 24 (89) 41 (61) 32 (40) Phe TTT 32 (84) 58 (75) 39 (51)

Asp GAC 5 (17) 38 (36) 43 (37) Pro CCA 13 (36) 7 (9) 18 (17)
Asp GAT 24 (83) 67 (64) 73 (63) Pro CCG 4 (11) 41 (52) 63 (58)

Pro CCC 8 (22) 8 (10) 15 (14)
Cys TGC 2 (40) 4 (22) 18 (56) Pro CCT 11 (31) 23 (29) 12 (11)
Cys TGT 3 (60) 14 (78) 14 (44)

Ser AGC 1 (2) 37 (26) 33 (27)
Gln CAA 19 (90) 35 (49) 38 (37) Ser AGT 11 (22) 7 (5) 17 (14)
Gln CAG 2 (10) 36 (51) 65 (63) Ser TCA 8 (16) 32 (23) 12 (10)

Ser TCG 9 (18) 15 (11) 21 (17)
Glu GAA 49 (86) 107 (61) 96 (72) Ser TCC 7 (14) 13 (9) 21 (17)
Glu GAG 8 (14) 67 (39) 38 (28) Ser TCT 13 (28) 37 (26) 17 (14)

Gly GGA 31 (50) 40 (28) 15 (9) Thr ACA 7 (35) 49 (45) 13 (13)
Gly GGG 9 (15) 26 (18) 22 (13) Thr ACG 3 (15) 23 (21) 22 (23)
Gly GGC 2 (3) 39 (27) 68 (41) Thr ACC 5 (25) 15 (13) 50 (52)
Gly GGT 20 (32) 39 (27) 62 (37) Thr ACT 5 (25) 23 (21) 12 (12)

His CAC 4 (25) 13 (28) 31 (49) Trp TGG 2 (100) 7 (100) 5 (100)
His CAT 12 (75) 33 (72) 32 (51)

Tyr TAC 10 (40) 23 (38) 23 (37)
Ile ATA 6 (12) 26 (19) 2 (2) Tyr TAT 15 (60) 38 (62) 39 (63)
Ile ATC 12 (24) 40 (30) 43 (38)
Ile ATT 32 (64) 69 (51) 67 (60) Val GTA 13 (33) 26 (19) 18 (13)

Val GTG 10 (25) 36 (26) 59 (43)
Val GTC 4 (11) 28 (20) 28 (20)
Val GTT 12 (31) 46 (34) 33 (24)

codon revealed a preference for A or T (Table 3). Since L.
biflexa is only 37% G+C, this preference for an A or T in
position 3 is not surprising and is consistent with what is
seen with other bacteria in which the nucleotide in position
3 of a codon reflects the overall base composition of the
organism (5, 13, 15, 19).

DISCUSSION
The gene order in L. biflexa, trpE preceding trpG, is

similar to what is found in many other bacteria. Unlike some

TABLE 3. Nucleotides at position 3 in codons of
L. biflexa trp genes

Nucleotide in % Use of nucleotide
position 3 ORF-1 trpE trpG Average

A 34 35 34 35
T 33 38 37 37
G 15 15 16 15
C 18 12 13 13
AorT 67 73 71 71
G or C 33 27 29 29

other systems, there is no overlap of these two genes (4, 5).
Sequence analysis of the trpE and trpG gene products of L.
biflexa revealed that they share amino acid homologies with
similar proteins from other bacteria. The regions of con-
served amino acid sequences are found in the same places in
which other bacteria show conservation of amino acid
sequences (Fig. 3 and 4). These results suggest that these
regions are essential for the proper functioning of the en-
zymes.
The trpG proteins of other bacteria have a cysteine residue

at position 85 and either a lysine or an arginine residue at
position 109; these two amino acids are part of the active site
of the enzyme (5). A similar arrangement is found in Sac-
charomyces cerevisiae (39). L. biflexa has a cysteine residue
at position 89 and a lysine residue at position 113 (Fig. 4).
The spacing of these amino acids is such that they could
function as part of the active site for the leptospiral enzyme.
ASII from L. biflexa also shows conservation of the amino
acid sequences -DXXDSF- (positions 7 to 12), -PGP- (58 to
60), -HG- (111 and 112), -RYHSL- (136 to 140), and -FHPES-
(181 to 185). Conservation of these amino acid sequences is
found in all other ASlIs which have been examined (15).
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ASI from L. biflexa also shows conservation of amino acid
sequence when compared with ASIs from other organisms.
Most of this conservation occurs in the COOH end of the
molecule, as has been noted previously with other organisms
(8, 9). An extensive gap was introduced into the amino-
terminal end of the leptospiral protein to maximize its
alignment with the corresponding E. coli protein. A deletion
presumably occurred in the corresponding region of the
leptospiral gene during its evolution. A histidine residue
(His-342) may be equivalent to the conserved histidine
essential for enzymatic activity (9, 30). Similar to other
organisms, several conserved arginine residues are also
found in the COOH end of the molecule. In L. biflexa, these
arginine residues occur at positions 282, 314, 319, 391, and
414. Strict analogy with other organisms would dictate the
presence of another conserved arginine (9). This arginine
would be found at position 377, but in L. biflexa, it is
replaced with a glutamate. Presumably one of the five
conserved arginines is the essential arginine required for
enzymatic activity (9, 30). The essential cysteine (30) is
missing and is replaced by alanine. A similar replacement of
cysteine with alanine occurs in B. subtilis (9). Near the NH2
terminus of the molecule, the sequence -LLES- (43 to 46) is
found. This sequence has been shown to be important for
feedback inhibition by tryptophan in Brevibacterium lacto-
fermentum (18); it is also found in ASIs from other organ-
isms which are feedback inhibited by tryptophan (9).

Analysis of the codons used by L. biflexa revealed a
preference for codons rich in A or T which can be correlated
with the 37% G+C content of the organism. For instance, in
L. biflexa, TTA, CTT, or TTG is used for leucine, rather
than the CTG codon preferred by other bacteria (10). In
addition, TTT is used 84% of the time as a phenylalanine
codon in L. biflexa, whereas most other bacteria use TTC as
often as TTT. In B. subtilis, which is 43% G+C, AAT is used
for asparagine as in L. biflexa; however, in B. subtilis, CAG
is used for glutamine, while CAA is used in L. biflexa. The
most striking example of the preference for A or T in codons
of L. biflexa, however, is found in proline codons. All other
bacteria which have been examined use CCG overwhelm-
ingly as their proline codon; L. biflexa uses either CCA or
CCT. Yeasts, on the other hand, use TTA or TTG for
leucine, CAA for glutamine, and CCA or CCT for proline,
which are the same as those used by L. biflexa (10).
The genes encoding p-aminobenzoate synthase and AS are

thought to have evolved from common precursors (8, 9). The
trpE and trpG genes of E. coli contain no codons for
tryptophan, while the pabB and pabA genes of E. coli
contain seven and three tryptophan codons, respectively (8).
L. biflexa contains a single Trp codon in both its trpE and
trpG genes. Thus, it appears as though the genes encoding
AS in L. biflexa are intermediate in the evolutionary process.
ORF-1 is expressed in E. coli and encodes a protein with

DNA-binding capabilities. The positioning of this gene 5' to
trpE is the same as the positioning of the gene encoding
topoisomerase A in E. coli, although the topA gene is about
6 kilobases upstream from trpE (1). The topA protein of E.
coli is about 100,000 Da (29), while ORF-1 encodes a protein
of only 21,500 Da. Comparison of the amino acid sequences
of these proteins revealed little similarity. Thus, it seems
unlikely that ORF-1 encodes a topoisomerase activity.
Whether the protein encoded by ORF-1 plays a regulatory
role in trp gene expression in L. biflexa awaits further study.
Only a few regions within the sequenced L. biflexa DNA

have the potential to form stem-loop structures. Potential
stem-loop structures are centered at nucleotides 577.5, 1412,

1759.5, 2202.5, 2829, 3116, and 3422. Most of these are not
located at positions where they might serve as regulators of
the transcription process. However, one (centered on nucle-
otide 3422) is located immediately downstream of the trpG
gene where it might serve as a transcription terminator.
Whether it plays this role in vivo awaits analysis of the
mRNAs produced in L. biflexa.
The lack of potential tertiary structure of the nucleotide

sequence preceding the trpE gene of L. biflexa is unique.
There is no evidence of a classical attenuator region preced-
ing the trpE gene. Such regions are found in E. coli and
related enteric bacteria (34) and in Brevibacterium lactofer-
mentum (19). B. subtilis utilizes a different attenuation
mechanism in which a regulatory protein in the presence of
tryptophan binds to the nascent transcript and stops further
transcription of the structural genes (16, 25). This nascent
transcript is characterized by several inverted repeats that
are necessary for the regulatory process (25). Again there is
no evidence of such a regulatory region immediately preced-
ing either the trpE or trpG genes of L. biflexa.
A 12-nucleotide repeat that might be involved in regulation

does precede both the trpE and trpG genes of L. biflexa. The
nucleotide sequence TCAAAAYGAATC precedes the initi-
ation codon of trpE by 24 bases and the initiation codon of
trpG by 32 bases. This sequence is not found before ORF-1
or ORF-4. Whether this sequence is involved in the regula-
tion of expression of the trp genes of L. biflexa awaits further
study. A similar sequence, TCAAAAT, precedes the first
Met codon of the argE gene of L. biflexa by 52 nucleotides,
where it is thought to form part of the promoter (40).
ORF-4 apparently is not expressed in E. coli (36). If

expressed, it would encode a protein of 18,067 Da. Compar-
ison of the amino acid sequence of this protein to those of
proteins in the protein data bank revealed a strong similarity
(41% identical amino acids and 21% related amino acids) to
superoxide dismutase from B. subtilis spp. (27).
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