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The genus Leptospira, as a member of the order Spirochaetales, forms one of the most ancient evolutionary
branches of the eubacteria. These spirochetes are morphologically and physiologically different from most
eubacteria, and little is known about Leptospira genetics. In this communication, we report the first nucleotide
sequence of a Leptospira gene. A gene which complements an argE mutation in Escherichia coli was isolated
from a plasmid-based genomic library composed of Leptospira biflexa serovar patoc DNA. The functional region
for the complementing activity was localized by transposon mutagenesis and restriction enzyme mapping and
by subcloning. Nucleotide sequence analysis indicated a single open reading frame within the region containing
argE complementing activity. The size of the predicted protein, 31,071 daltons, was in excellent agreement with
data obtained from coupled transcription-translation reactions primed with cloned L. biflexa DNA. One
surprising result was that the predicted amino acid sequence of this protein closely resembles portions of the
,B' subunits of RNA polymerases from bacteria and chloroplasts.

Leptospira is a genetically diverse genus of long, slender,
helical, motile bacteria (19). These spirochetes contain both
pathogenic (Leptospira interrogans) and saphrophytic (L.
biflexa) species (19). This genus contains a third species, L.
illini, presently classified as species incertae sedis (19).
Phylogenetic analysis involving oligonucleotide cataloging of
bacterial 16S rRNAs suggests that the spirochetes, including
Leptospira species, constitute one of the most ancient
branches of the eubacteria (14, 44). The genes Leptospira
forms one of the deepest evolutionary branches within the
spirochete branch (31).
Our understanding of Leptospira genetics is limited to two

previous reports involving cloning and analysis of a cluster
of tryptophan (trp) biosynthetic genes from L. biflexa sero-

var patoc (45, 46). These studies suggest that the organiza-
tion of the trp genes in L. biflexa is unique (46). In addition,
transposon mutagenesis indicated that the L. biflexa trp
genes were both transcribed and translated in vivo by
Escherichia coli from sites initiating within the cloned DNA
(45, 46).
We chose to expand our investigation of Leptospira

genetics to include genes involved in arginine biosynthesis.
The genetics of arginine biosynthesis in other bacteria,
particularly E. coli and Bacillus subtilis, have been well
characterized (11). Previous investigations of Leptospira
physiology indicate that except for isoleucine, amino acids
are synthesized by well-established biosynthetic pathways
(9). We present here the analysis of an L. biflexa serovar

patoc gene which complements an E. coli strain deficient in
argE activity. In E. coli, the argE gene product converts
N-acetylornithine to ornithine, an intermediate in arginine
and polyamine biosynthesis (11).

(This work was presented in part at the 86th and 87th
annual meetings of the American Society of Microbiology
[R. L. Zuerner and N. W. Charon, Abstr. Annu. Meet. Am.

* Corresponding author.

Soc. Microbiol. 1986, H217, p. 163; R. L. Zuerner and N. W.
Charon, Abstr. Annu. Meet. Am. Soc. Microbiol. 1987,
H151, p. 164].)

MATERIALS AND METHODS

Materials. Restriction endonucleases, pBR322 DNA,
lambda and M13 bacteriophage DNA, the nick-translation
kit, 14C-labeled protein molecular size markers, and deoxy-
ribonucleotides were purchased from Bethesda Research
Laboratories, Inc. Restriction endonucleases and T4 DNA
ligase were purchased from New England BioLabs, Inc.
Restriction endonucleases, molecular biology grade calf
alkaline phosphatase, DNA polymerase I (Klenow frag-
ment), and sequencing primer were purchased from Boehr-
inger Mannheim Biochemicals. Mung bean nuclease and
proteinase K were purchased from Pharmacia, Inc. Radio-
labeled [35Slmethionine (1,475 Ci/mmol; 14.6 mCi/ml),
[cx-355]dATP (1,000 to 1,200 Ci/mmol; 8.1 mCi/ml), 14C-
labeled protein molecular size markers, and a coupled tran-
scription-translation kit were purchased from Amersham
Corp. Tran-[V5S]methionine (1,212 Ci/mmol; 6.9 mCi/ml)
was purchased from ICN Radiochemicals Inc. GeneScreen
and En3Hance were purchased from Du Pont, NEN Re-
search Products.

Bacterial strains and phage. The E. coli strains used in
these studies were JA221 [hsdR (r- m+) recA AtrpE5 leuB61
(10) (from D. Yelton); AB1157 [thr-I leuB thi lacY galK
ar-a-14 xyl-5 mtl-l A(gpt-proA)62 hisG4 argE3 supE44 rac

rfbDl mgl-51 rpsL31 tsx-33 kdgK51] (35) (from K. Shimada),
JM103 [A(/ac-pro) thi strA supE endA sbcB F' traD proAB
1acP1 lacZ zAM15] (27) (from D. Yelton); LE392 [hsdR514 (r-
m-) supE44 supF58 lacYl ga/K2 galT22 metBI trpR551 (13)
(from D. Yelton), and HB1OI [hsdR514 (r- m-) supE44
supF58 lacYJ or A(lacIZY)6 galK2 galT22 metBl trpR55] (4)
(from D. Yelton). The following Leptospira strains were

used: L. biflexa serovar patoc strain Patoc I, L. interrogans
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serovar bataviae strain Van Tienen, and L. illini 3055
(obtained from the West Virginia University Laboratory) (8).
M13mpl8 and M13mpl9 phage vectors (27) were obtained

as purified double-stranded replicative-form DNA from Be-
thesda Research Laboratories, Inc. Lambda 467 (b221 rex::

TnS c1857 Oam29 Pam8O) (13) was obtained from D. Yelton
as a cell-free lysate.
Media and growth conditions.E. coli strains were routinely

propagated in Luria broth (LB) medium (26) at 37°C; when
used as a host for recombinant plasmids they were grown at
30°C. Complementation of auxotrophic mutations was per-

formed by using minimal salts medium at 30°C (28). Trans-
formed cells were incubated in Z broth at 37°C for pheno-
typic expression of antibiotic resistance genes (23). Either
YT or DYT medium was used for all M13 phage infections,
which were carried out at 37°C (27). The YM broth was used
to grow E. coli recipients for lambda 467 infections (13).
Leptospira strains were propagated at 30°C in the Ellinghau-
sen and McCullough Tween 80-bovine serum albumin (Sci-
entific Protein Laboratories) medium modified by Johnson
and Harris (20).
DNA extraction. Leptospira DNA was extracted and pu-

rified as previously described (45). Plasmid DNA was puri-
fied from E. coli cells grown overnight in 100- to 250-ml
cultures (12). Small-scale plasmid preparations were ob-
tained by an alkaline lysis method from cells grown over-

night in 1.5-ml cultures (18). Phage M13 replicative-form
DNA was purified from 50 ml of late-logarithmic-phase
M13-infected E. coli JM103 cultures (27) by using the proto-
col described for batch plasmid preparation.

Construction of genomic library. L. biflexa serovar patoc
DNA was partially digested with BamHI and ligated to
BamHI-digested, calf alkaline phosphatase-treated pBR322
DNA. Ligated DNA was used to transform E. coli JA221 to
ampicillin resistance (Ap') (23). Transformants were pooled,
and plasmid DNA was extracted. This pool of plasmid DNA
was used in subsequent transformations of E. coli AB1157.

Gel electrophoresis and DNA blot analysis. Analytical and
preparative gel electrophoresis was performed as described
by Maniatis et al. (26). Specific DNA fragments wer"e puri-
fied by electroelution from either agarose or polyacrylamide
gels (26). Restriction fragments electrophoresed in agarose

gels were blotted to GeneScreen with IOx SSC (lx SSC is
0.15 M NaCl plus 0.015 M sodium citrate) for Southern blot
analysis (40). After hybridization, filters were washed with
0.1x SSC-0.5% sodium dodecyl sulfate (SDS) at 65°C,
dried, sprayed with En3Hance, and used to expose AR film
(Eastman Kodak Co.) at -80°C. These conditions allowed
an approximately 7% base mismatch as calculated by the
method of Maniatis et al. (26).
Transposon mutagenesis. E. coli HB101 was transformed

with pZC302 and transduced to kanamycin resistance (Kmr)
with lambda 467 (13). Since E. coli AB1157 possesses an

active K-12 restriction system, it was necessary to modify
the pool of pZC302 insertion mutants obtained in HB101 (r-
m-) prior to transformation of AB1157. This was achieved
by first transforming E. coli JA221 (r- m+) to Kmr with the
Tn5-modified pZC302 pool. Kanamycin-resistant transfor-
mants were pooled, plasmid DNA extracted, and used to

transform E. coli AB1157 to Kmr. Phenotypes of the TnS-
modified plasmids in E. coli AB1157 were determined by

replica plating to minimal medium lacking arginine. The TnS

insertion sites were located by restriction pnzyme mapping

of plasmid DNA.
In vitro-coupled transcription-translation assays. Polypep-

tides encoded by cloned L. biflexa DNA were identified

through the use of an E. coli-coupled transcription-transla-
tion system. These cell extracts were primed with 2.5 to 5 ,ug
of plasmid DNA, and the proteins synthesized were labeled
with 45 ,uCi of [35S]methionine as specified by the manufac-
turer. Proteins were denatured and electrophoresed in SDS-
polyacrylamide gels (24). Radiolabeled proteins were identi-
fied by fluorography after impregnation of the gel with
En3Hance.

Nucleotide sequence analysis. L. biflexa DNA was sub-
cloned into M13 phage vectors (27). Sequential overlapping
deletions of the fragments subcloned into M13 phage vectors
were constructed by use of exonuclease III and mung bean
nuclease (16) or by digestion with appropriate restriction
endonucleases. Each strand of L. biflexa DNA subcloned in
M13 phage vectors was sequenced at least twice by using
dideoxyribonucleotide chain termination reactions (34).

Nucleotide sequence data were analyzed for the presence
of open reading frames (ORFs) by using a general sequence
analysis program (25). Nucleotide and amino acid sequences
were compared and aligned with the BIONET nucleotide
sequence analysis package (39) (IntelliGenetics, Inc.) main-
tained by the U.S. Department of Agriculture-Agricultural
Research Service Systems Research Resource. Potential
secondary structures in RNA were determined by using the
program described by Zuker and Stiegler (47).

RESULTS

Cloning an L. biflexa gene encoding argE-complementing
activity. A genomic library of L. biflexa DNA containing
approximately 2,750 individual Apr transformants was con-
structed in pBR322. Approximately 93% (93 of 100) of the
Apr transformants contained insertions of L. biflexa DNA in
the BamHI site of pBR322 as determined by tetracycline
sensitivity. This genomic library was used to transform E.
coli AB1157 (Arg-) to arginine phototrophy (Arg+) and Apr.
Two unique plasmid species were isolated from different
Arg+ Apr colonies: pZC300 (10.5 kilobase pairs [kb]) and
pZC301 (6.6 kb). To eliminate the possibility that the Arg+
phenotype in these transformants was a result of reversion at
the chromosomal argE locus, we used purified pZC300 and
pZC301 DNA to transform E. coli AB1157 to Apr and then
screened for argE complementation by replica plating to
minimal salts agar. All independent Apr colonies of E. coli
AB1157 transformed with pZC300 (40 of 40) or pZC301 (40 of
40) were Arg+. Conversely, all Apr colonies of E. coli
AB1157 transformed with pBR322 (20 of 20) were Arg-.
Therefore, we concluded that cloned L. biflexa DNA was
responsible for argE complementation and was not due to
reversion of the chromosomal argE locus. Furthermore, the
complementation observed with these plasmids was specific
for argE. Attempts to complement other auxotrophic muta-
tions contained in E. coli AB1157 (leuB, proA, and hisG)
with argE-complementing plasmids were unsuccessful.

Restriction enzyme and DNA blot analysis. Restriction
enzyme analysis was performed on pZC300 and pZC301.
The results suggested that pZC300 and pZC301 had a com-
mon 2.2-kb BamHI fragment (Fig. 1). Southern blot analysis
was used to confirm that pZC300 and pZC301 contained L.
biflexa serovar patoc DNA and to determine whether the
2.2-kb BamHI fragments present in pZC300 and pZC301
were homologous. Genomic DNA from E. coli, L. illini, L.
interrogans, and L. biflexa and purified pZC300 and pZC301
DNA were digested with BamHI and blotted to nylon
membranes (40). The immobilized DNA was used to hybrid-
ize the 2.2-kb BamHI fragment of pZC301 which had been
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FIG. 1. Restriction maps of argE-complementing plasmids. Plasmids pZC300 (A) and pZC301 (B) were isolated from the genomic library.
Plasmid pZC302 (C) was constructed from pZC300 by deletion of two EcoRI fragments. Plasmid pZC308 (D) was constructed by inserting the
2,061-bp Pstl fragment of pZC302 into pBR322. Plasmid pZC310 (E) was constructed by inserting the 1,244-bp BamHI-SphI fragment of
pZC302 into the lacZ gene of pUC18. Abbreviations for restriction enzymes: B, BamHI; C, ClaI; E, EcoRI; H, HindlIl; K. KpnI; 0, XhoI;
P, PstI; S, Sall; Sp, SphI; and X, XbaI. _, Vector pBR322 DNA; , cloned L. biflexa DNA; , approximate positions and orientations
of the vector-encoded ,B-galactosidase gene (lacZ) and genes encoding resistance to ampicillin (Apr) and tetracycline (Tcr); - - -, 3' portion
of insertionally inactivated antibiotic resistance genes.

labeled with [x-35S]dATP by nick translation (specific activ-
ity, 1.1 x 106 dpm/,g). Under conditions of high stringency,
hybridization between this probe and L. biflexa, pZC300,
and pZC301 DNA, but not between the probe and DNA from
E. coli or the other two Leptospira species, was detected
(Fig. 2). These results confirm that pZC300 and pZC301
contain L. biflexa DNA and have a common 2.2-kb BamHI
fragment.

Construction and transposon mutagenesis of pZC302. Nei-
ther pZC300 or pZC301 was suitable for detailed analysis.
Plasmid pZC300 contained more DNA than required to
complement the E. coli argE gene, whereas pZC301 was
unstable in several E. coli host strains. A new, stable
argE-complementing plasmid, pZC302, was isolated by de-
leting the two small EcoRI fragments of pZC300 (Fig. 1).
The argE-complementing activity contained in pZC302

was localized by insertion mutagenesis with the Kmr trans-
poson Tn5. Approximately 150 Kmr transformants of
AB1157 were characterized by replica plating and restriction
enzyme digestion. A schematic summary of the data is
shown in Fig. 3A. On the basis of these data, a minimum of
approximately 500 base pairs (bp) of the cloned L. biflexa
DNA in pZC302 is required for argE complementation.
Transposon TnS insertions within L. biflexa DNA which
flanks this region did not prevent argE complementation.
Coupled transcription-translation of argE-complementing

plasmids. In vitro protein synthesis experiments were con-
ducted with cell extracts of E. coli primed with pBR322,

FIG. 2. Southern blot analysis of pZC300 and pZC301. DNA (5
,ug) from E. coli (lane 1), L. interrogans (lane 2), L. illini (lane 3), L.
biflexa (lane 4), and DNA (0.1 ,ug) from pZC301 (lane 5) and pZC300
(lane 6) were digested with BamHI, electrophoresed, and blotted to
nylon membranes. This nylon membrane was hybridized with
approximately 2.7 x 105 dpm of labeled DNA (the 2.2-kb BamHI
fragment of pZC301) and washed, sprayed with En3Hance, and used
to expose AR film at -80°C. The resulting fluorograph is shown.
Positions of Hindlll-digested lambda DNA fragments are indicated,
and the sizes are given in kilobases.
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FIG. 3. Trn5 mutagenesis and sequencing strategy of cloned L. biflexa DNA. (A) Restriction map of pZC302 and location of TnS insertion
sites. Symbols: A, Tn5 insertions which prevented argE complementation; A, Tn5 insertions which did not affect argE complementation. (B)
Sequencing strategy of argE-complementing region of cloned L. biflexa DNA. The three ORFs detected within this sequence are identified.
Abbreviations for restriction sites not given in Fig. 1: A, AccI; F, Hinfl; M, MaeI; and V, EcoRV.

pZC300, pZC301, and pZC302 DNA. The radiolabeled pro-
teins were separated by SDS-polyacrylamide gel electropho-
resis and visualized by fluorography (Fig. 4A). A 31,500-
dalton protein was synthesized in reactions primed with
pBR322 DNA and corresponds to the 3-lactamase (bla) gene
product encoding ampicillin resistance. In addition to syn-
thesis of 3-lactamase, reactions primed with pZC300,
pZC301, and pZC302 also encode proteins of 31,000, 17,500,
and 15,000 daltons. Plasmid pZC300 also directed the syn-
thesis of two unique proteins of 38,000 and 14,250 daltons.

Since the 31,000-dalton protein often comigrated with the
vector-encoded P-lactamase and was difficult to resolve, a
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FIG. 4. Coupled transcription-translation of plasmids harboring
the L. biflexa argE gene. (A) Radiolabeled proteins synthesized by
cell extracts of E. coli primed with either pBR322 (lane 1), pZC300
(lane 2), pZC302 (lane 3), or pZC301 (lane 4) were separated on an

SDS-5 to 15% polyacrylamide gel and visualized by fluorography.
(B) Radiolabeled proteins synthesized by cell extracts primed with
either pZC308 (lane 1) or pBR322 (lane 2) were separated on an

SDS-12.5% polyacrylamide gel and visualized by fluorography.
Positions and sizes of protein standards in kilodaltons are shown.
Proteins encoded by the cloned 2.2-kb BamHI fragment are identi-
fied with lines and labeled. Asterisks indicate proteins unique to
pZC300.

new argE-complementing plasmid was constructed which
disrupted P-lactamase synthesis. The 2.1-kb PstI fragment of
pZC302 was subcloned into the PstI site of pBR322 located
within the bla gene. The resulting plasmid, pZC308 (Fig. 1)
was ampicillin sensitive and tetracycline resistant and com-
plemented the argE mutation in E. coli AB1157. Coupled
transcription-translation analysis of pZC308 detected syn-
thesis of a 31,000-dalton protein (Fig. 4B), thus confirming
its presence in argE-complementing plasmids.

Nucleotide sequencing. L. biflexa DNA extending from the
PstI site to the BamHI site in pZC300 (as shown in Fig. 3B)
was subcloned into M13mpl8 and M13mpl9 phage vectors.
This DNA was sequenced by using dideoxyribonucleotide
chain termination reactions (34) and the sequencing strategy
shown in Fig. 3B. Three potential protein coding regions
were detected within this sequence. Each ORF is on the
same strand of DNA. The first ORF corresponds to the argE
complementing region as defined by TnS mapping (Fig. 3A).
The nucleotide sequence and corresponding amino acid
sequence for this region are shown in Fig. 5. A total of 279 bp
was sequenced prior to the first methionine (Met) codon of
this ORF (142 bp is shown), and 195 bp separated this ORF
and the first Met codon of the next ORF. The predicted size
of this protein is 31,971 daltons and is in excellent agreement
with in vitro protein synthesis experiments primed with
argE-complementing plasmids (Fig. 4).

Further subcloning of argE-complementing activity. Confir-
mation that the first ORF in the cloned L. biflexa DNA was
responsible for argE-complementing activity was achieved
by subcloning the 1,244-bp BamHI-SphI fragment ofpZC302
(Fig. 3) into pUC18. The resulting plasmid, pZC310 (Fig. 1),
contains 142 bp preceding and 269 bp following the putative
L. biflexa argE gene. Plasmid pZC310 contains all of the
putative L. biflexa argE gene and the first 27 codons of the
second ORF (rpsL; see below). E coli AB1157 transformed
with pZC310 was Arg+, thus confirming that this ORF
encodes the L. biflexa argE-complementing activity.

Analysis of sequenced DNA. The nucleotide sequence of
the 2.2-kb BamHI fragment was examined by using a num-
ber of DNA analysis programs. The second and third ORFs
identified within this sequence share significant sequence
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GGATCCGATGAATACTCTGTTCCAGTGGACGCTCTTCTCCAATT CCAAAAAAAG
10 20 30 40 50 60

GTCAGG C
70 80 90 100 110 120

MetAsnPheSerLysLeuValValArgLysMetProAla
ACCGGTGGTCTCCCA&GGTAGATGAACTTTTCGAAGCTCGTCGTCCGAAAGATGCCTGC

130 140 150 160 170 180

HisLeuGlnLysLeuThrValLysSerLysThrLysValLysSerLeuLysLysAsnGlu
ACACTTGCAGAAATTGACGGTAAAATCGAAGACAAAGGTGAAATCGTTAAAGAAAAACGA

190 200 210 220 230 240

TyrTyrThrIleIleProGluThrAlaGluGlnGluLysValLysValAlaIleProIle
ATATTATACGATCATTCCTGAAACAGCGGAACAAGAAAAAGTAAAAGTAGCAATTCCAAT

250 260 270 280 290 300

GlyLysGlnIleArgValArgGlnGlyAspPheValLysArgGlyAspGlnLeuAspGlu
CGGAAAACAAATCCGTGTTCGCCAGGGTGACTTTGTCAAACGCGGAGACCAGTTGGATGA

310 320 330 340 350 360

GlyAsnPheAspProHisAspIleLeuAlaIleLysGlyProAsnAlaLeuHisGluTyr
AGGAAATTTTGACCCGCATGATATCCTTGCGATCAAAGGACCAAATGCTCTTCACGAATA

370 380 390 400 410 420

LeuValSerGluValGlnGluValTyrArgLeuGlnGlyValHisIleAsnAspLysHis
CTTAGTTTCGGAAGTTCAGGAAGTTTACCGCTTACAAGGGGTTCATATCAATGATAAACA

430 440 450 460 470 480

I leGluValValValArgSerMetLeuArgLysValIleIleThrAspSerGlyAspThr
CATCGAAGTTGTGGTTCGTTCCATGCTGCGTAAGGTGATTATCACAGATAGTGGGGACAC

490 500 510 520 530 540

L. biflexa

S_- t A

FDPHDILAIKGNALHGKYLVSEVQEVYRIQGVEDUEIMVVV3SNLRVIITDSGDTSF 76-135

R. coli A......RLR.VH.VTR.I.N. .. ......I..Q.... AT.VNA.SSD. 1215-1274

M. polsrsha LWGFFMSTKISMQGQIN ..DQI.K. ...6Q.SNl .. ..II .Q.TS .. TLED.l.NV 1176-1235

N. tabacur LGIYGnL.GALTWS...Q.Q.. .... .Q..L.II. QI .LVSZD.JV 654-716

S_Put 1

L. bifloxa PVLLGL1TASLNTISYFSAASQWKVLTDAAIKGKTMLIGIIMIPAGCTG 165-224

E. colt RD...I...A.. FV.. . ... .RVA ....VL.....Y 1304-1363

M. pol2rEh ..I..I....Q.R.. .RAK .L. .RI.V.K.... L.GLV.....S 1262-1321

N. tabacum V.... I.R..Q.FI.I ...... LAR..A.JLR.RI.W.K. VL.G..V. ...F 743-802

FIG. 6. Amino acid sequence comparison of the argE-comple-
menting gene of L. biflexa to the P' subunits of RNA polymerases.
Two gene segments (A and B) coding for the L. biflexa argE-
complementing protein were compared with gene segments of the P'
subunits of RNA polymerases from E. coli and chloroplasts from M.
polymorpha and N. tabacum. Dots signify identity.

ge
an
pr
rit

SerPheValAsnG1nG1nGlnValAspLysPheLeuPheAspGluGluAsnAspArgVa1 regions, respectively, characteristic of E. coli promoters
ATCCTTTGTGAACCAACAACAAGTGGATAAATTCCTCTTTGATGAAGAAAACGACCGAGT (33). Preceding argE (between nucleotides 84 and 117) and

550 560 570 580 590 600 rpsL (between nucleotides 1073 and 1106) is the sequence
GluLysGluGlyGlySerProAlaGlnGlyThrProValLeuLeuGlyLeuThrLysAla CAAAATCNPyGTPyTNPyGNPyTPuNAAAANNNCGN
GGAAAAGAAGGGGGATCTCCGGCACAAGGAACTCCTGTCCTTCTGGGATTAACAAAAGC

610 620 630 640 650 660 NAT. This sequence precedes the first Met codon in argE by
SerLsuAsnThrGluSerTyrPheSerAlaAlaSerPheGlniGluThrThrLysValLeu 26 bp. The purine-rich sequence AAGG precedes the first

ATCCCTCAACACTGAGTCTTATTTCTCGGCTGCATCATTCCAAGAAACAACAAAGGTTCT Met codon of each of these ORFs by 4 to 7 nucleotides. A
670 680 690 700 710 720 potentially stable stem-loop structure (AG' = -41.2 kcal

ThrAspAlaAlaIleLysGlyLysThrAspAsnLeuMetGlyLeuLysGluAsnValIle [172.4 kJ]) follows the argE ORF (between nucleotides 981
AACGGATGCGGCGATCAAAGGAAAAACAGACAACCTCATGGGTCTGAAAGAAAACGTAAT

730 740 750 760 770 780 and 1128).
IleGlyHisMetIleProAlaGlyThrGlyMetLysLysTyrArgAspIleGluValPhe The L. biflexa argE gene was used to search GenBank (3)

CATTGGTCACATGATCCCTGCGGGAACAGGCATGAAAAAATACCGTGACATTGAAGTTTT and EMBL (7) nucleotide sequence data bases for genes with
790 800 810 820 830 840 similar sequences. Only the nucleotide sequence encoding

LysAspLeuProGlyAspLeuAspTrpAspLesuAlaleGlyGlyArgGlyArgArgSer the 1' subunit of RNA polymerase of E. coli (30) shared

850 860 870 880 890 900 significant sequence similarity to the L. biflexa argE gene.
PheArgThrPheArgValGlySerCysPheHisCysHisThrLeuSerThrCysCysArg The Protein Information Resource protein data base (38) was

TTTCCGAACTTTCCGAGTCGGCTCCTGTTTCCACTGCCACACTCTCTCGAC?rGTTGCCG searched for amino acid sequence similarities to the pre-

dicted L. biflexa argE gene product. Two adjacent 60-amino-
AAGAGGACGAGGATGAAGATGAGTTGGAAGAAGAGTCTGATGACTCGGACGATGAAGACG acid gene segments (residues 76 to 135 and 165 to 224)

970 980 990 1000 1010 1020 demonstrated significant amino acid sequence identity to
ACGACGATTAAACCAAACTTTGTCCCTAGTAATTCGTAAGAGTTTCTGGGGACAAAATCA two closely spaced gene segments of the ,' subunits ofRNA

1030 1040 1050 1060 1070 1080 polymerase from E. coli (Fig. 6). In both L. biflexa and E.
TGTTTTCGTTTACAAAATGTCGCTATCTGGAATTTTGGACGAAAACGTCATTATTTTTTT coli, 29 amino acid residues separate the two segments. The

1090 1100 1110 1120 1130 1140 first segment (segment A) had a 60% identity, and the second
AAAGACAGAGAAGTAGAAGAAGAATCGAATG segment (segment B) had a 72% identity. In addition, these

1150 1160 1170 same segments had amino acid sequence identity to two
FIG. 5. Nucleotide sequence of L. biflexa argE-complementing similar gene segments of the ,B' subunits of RNA polymer-
ne and surrounding DNA. Nucleotide sequence and predicted ases from chloroplasts of Marchantia polymorpha (29) (35
nino acid sequence gene are shown. Potential -35 and -10 and 68%) and Nicotiana tabacum (37) (30 and 62%) (Fig. 6).
romoter sequences, the conserved 34-bp sequence, and potential In these organisms, 26 amino acid residues separated these
bosome-binding sequences are underlined. two segments.

similarity with ribosomal proteins S12 (rpsL) and S7 (rpsG),
respectively (R. Zuerner, Ph.D. thesis, West Virginia Uni-
versity, Morgantown, 1986; Zuerner and Charon, Abstr.
Annu. Meet. Am. Soc. Microbiol. 1987; R. Zuerner and N.
Charon, manuscript in preparation). These two ORFs have
the potential to encode proteins of 13,932 and 18,288 dal-
tons for rpsL and rpsG, respectively. These results are

consistent with the two smaller proteins synthesized in vitro
from argE-complementing plasmids pZC300, pZC301, and
pZC302 (Fig. 4). The location of these proteins in the cloned
fragment is shown in Fig. 3.

Sequences located between nucleotides 51 and 56 and
between nucleotides 75 and 81 resemble -35 and -10

DISCUSSION

This is the first nucleotide sequence analysis of any gene
isolated from the spirochete Leptospira sp. The results
reported here reveal some unique aspects related to L.
biflexa gene organization and function.
The functional region for the argE-complementing activity

was localized to a 2.2-kb BamHI fragment during the initial
cloning process. Further localization of argE-comple-
menting activity was permitted through transposon mutagen-
esis of pZC302 with Tn5 and by subcloning. A 1.2-kb
fragment containing only one complete ORF encoding a

31,000-dalton protein complemented the argE defect in E.
coli. These results indicate that this ORF, and not the rpsL
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or rpsG gene, encodes argE complementing activity. Lepto-
spira genetics are poorly characterized, and the function of
this gene in L. biflexa cannot be determined. Furthermore,
since this is the first published characterization of a gene
which complements argE defects in E. coli from any source,
comparisons with homologous genes from other bacteria are
not possible. However, no homology was detected between
the sequence reported here and the first 104 amino acid
residues of the E. coli argE sequence made available to us
(A. Boyen, J. Piette, R. Cunin, and N. Glansdorff, personal
communication).

Nucleotide sequence analysis of the 2.2-kb BamHI frag-
ment of pZC300 identified genes encoding ribosomal pro-
teins S12 (rpsL) and S7 (rpsG) (Zuerner and Charon, Abstr.
Annu. Meet. Am. Soc. Microbiol. 1987; Zuerner and Cha-
ron, in preparation) located downstream from argE. The
placement of a gene encoding argE-complementing activity
adjacent to rpsL and rpsG is unusual among bacteria for
which related chromosomal regions have been examined (2,
32).
The results presented here suggest that E. coli utilized L.

biflexa sequences for transcription and translation initiation.
Removal of the vector-encoded tet promoter (5, 43) during
construction of pZC302 did not prevent argE complementa-
tion by this plasmid. Additionally, transposon Tn5 insertions
at either end of the cloned L. biflexa DNA did not prevent
pZC302 complementation of the argE mutation in E. coli
AB1157. Since TnS introduces polar mutations (13), E. coli
must initiate transcription and translation from within cloned
L. biflexa DNA. Similar conclusions have been drawn on the
basis of results from transposon mutagenesis of cloned L.
biflexa trp genes (46). It cannot be determined from the data
presented here or in previous reports (45, 46) whether E. coli
initiates transcription of these genes from native L. biflexa
promoters or sequences which fortuitously resemble E. coli
promoters. A sequence resembling an E. coli promoter was
located between nucleotides 51 and 81 and may be utilized
by E. coli during transcription of the L. biflexa argE gene.
The conserved 34-bp sequence which precedes both argE
and rpsL may function in promoter recognition by L. biflexa.
Additionally, transcription termination may occur within
cloned L. biflexa DNA, since a potential stem-loop structure
resembling transcription terminators in other eubacteria (17,
33) was identified following the argE ORF.
The predicted size of the L. biflexa gene product, 31,071

daltons, is in excellent agreement with results of protein
synthesis studies using argE complementing plasmids.
These data suggest that translation of the argE mRNA
initiates at the first Met codon in the ORF. However, the
10th codon in this ORF also codes for methionine, and
translation initiation at this codon would direct the synthesis
of a 28,869-dalton protein. Although the data are consistent
with translation initiation at either Met codon, we predict
that translation initiation occurs at the first Met codon for the
following reasons. In most procaryotes, translation initiation
is directed by interactions between the 3' end of the 16S
rRNA and the 5' end of the mRNA (reviewed in reference
21). The portion of the 16S rRNA sequence which binds to
mRNA is often pyrimidine rich and is complementary to a

purine-rich sequence on the mRNA (36, 41). The purine-rich
sequence AAGG precedes each of the known L. biflexa
ORFs: argE (this work) and rpsL and rpsG (Zuerner and
Charon, Abstr. Annu. Meet. Am. Soc. Microbiol. 1987;
Zuerner and Charon, in preparation). These sequences are

optimally spaced for ribosome-binding sequences (15, 21,
42). Conversely, the sequence preceding the second Met

codon in this ORF is pyrimidine rich. These results, as well
as the similarity of this AAGG sequence to E. coli ribosome-
binding sites (15, 21), suggest that E. coli may utilize this
sequence during translation initiation of L. biflexa genes.
Perhaps the most intriguing finding of this work was the

least expected: that the L. biflexa argE gene product would
share amino acid sequence similarity with RNA polymerase
1' subunits. The function of the 3' subunit has not been
clearly established. These subunits are generally considered
to function in DNA binding (22), and putative DNA-binding
domains within these protein subunits have been identified
(1). The region of similarity between the RNA polymerase 1'
subunits and the L. biflexa argE gene product is one of the
most highly conserved regions among RNA polymerases
(region VI [1, 6]) but is located outside of this putative
DNA-binding domain (1). Helix-turn-helix structures typical
of DNA-binding domains are not apparent in secondary
structure predictions for the argE-complementing protein
(data not shown). Therefore, it is unlikely that the region of
similarity between this protein and the 13' subunit represents
DNA-binding activity by the argE-complementing protein.
Instead, sequence similarities between the L. biflexa argE-
complementing protein and the RNA polymerase 13' subunits
imply functional similarities. One possibility is that both the
1' subunit of RNA polymerases and L. biflexa argE-comple-
menting activity possess N-acetylase of N-acetylornithinase
activity; we note that the E. coli argE gene product demon-
strates wide substrate specificity in deacetylating several
compounds (11). Future biochemical analysis should clarify
the nature of the cloned L. biflexa argE-complementing
activity and establish whether this activity is shared by RNA
polymerase 13' subunits.
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