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Escherichia coli contains two L-asparaginase isozymes: L-asparaginase I, a low-affinity enzyme located in the
cytoplasm, and L-asparaginase II, a high-affinity secreted enzyme. A molecular genetic analysis of the gene
(ansA) encoding the former enzyme has previously been reported. We now present a molecular study of the
gene, ansB, encoding L-asparaginase II. This gene was isolated by using oligonucleotide probes, whose
sequences were based on the previously determined amino acid sequence. The nucleotide sequence of ansB,
including 5'- and 3'-untranslated regions, was determined. The amino acid sequence of L-asparaginase II,
deduced from this nucleotide sequence, contains differences at 11 positions when compared with the previously
determined amino acid sequence. The deduced amino acid sequence also reveals a typical secretory signal
peptide of 22 residues. A single region of sequence similarity is observed when ansA and ansB are compared.
The transcriptional start site in ansB was determined, allowing the identification of the promoter region. The
regulation of ansB was studied by using ansB'-'lacZ fusions, together with a deletion analysis of the 5' region
upstream of the promoter. Regulation by cyclic AMP receptor protein and anerobiosis (FNR protein) was
confirmed, and the presence of nucleotide sequence motifs, with homology to cyclic AMP receptor protein and
FNR protein-binding sites, investigated.

L-Asparaginase has been found to be effective in the
therapy of certain lymphomas and leukemias in both exper-
imental animals and humans and has been used, in combi-
nation with other agents, in the treatment of acute lympho-
blastic leukemia for some time (2, 10, 37). Only enzymes
with a Km of the order of 10-5 M are effective (48).
There has consequently been a great deal of interest in

microorganisms, and particularly bacteria, as a source of
high-affinity asparaginases and in the detailed structures of
these enzymes. Escherichia coli produces two L-asparagi-
nases with markedly different properties. One enzyme,
L-asparaginase I, has a low affinity for L-asparagine (Ki,, 3.5
x l0' M), is cytoplasmic, and is thought to be constitu-
tively produced (19, 50). L-Asparaginase II, by contrast, is a
high-affinity enzyme (Ki,m 1.15 x 1O-5 M) and is secreted to
the periplasm, and its expression is positively regulated (6, 8,
13, 20, 35). It is one of a number of bacterial enzymes used
in the treatment of acute lymphoblastic leukemia.

Molecular genetic studies have recently resulted in the
isolation of the gene (ansA) encoding L-asparaginase I and
hence the primary structure of this enzyme (19). The amino
acid sequence of L-asparaginase II has been previously
determined (24). A comparison of these two sequences
confirms indirect evidence (40) that they are highly dissimi-
lar; a single region of significant homology, however, is
consistent with their likely origin via an ancient gene dupli-
cation (19).

It has previously been established that the synthesis of
L-asparaginase II is subject to regulation by cyclic AMP
receptor protein (CRP) and is also induced by anaerobiosis
(6, 8, 35). The latter form of regulation involves thefnr gene
product (FNR protein) (20), which also activates a number of
other anaerobically regulated genes (18, 39).

In this report, we present the isolation and molecular
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analysis of the gene (ansB) encoding L-asparaginase II and
hence the primary sequence of this enzyme, which differs
from that previously determined. We also present a study of
the transcription and regulation of ansB.

MATERIALS AND METHODS

Materials. The following radioactively labeled nucleotides
were from Amersham Corp.: [-y-32P]ATP, 3,000 Ci/mmol;
[a-32]dCTP, 800 Ci/mmol; [a-35S]thiodeoxyATP, 1000 Ci/
mmol. Restriction enzymes were obtained from Amersham
Corp., New England BioLabs, and Toyobo Chemicals. T7
DNA polymerase (Sequenase) was from the U.S. Biochem-
ical Corp., reverse transcriptase was from Promega Biotec;
and polynucleotide kinase and T4 DNA ligase were from
New England BioLabs.

Bacteria, bacteriophages, and plasmids. The following
strains of E. coli K-12 were used: JM103 [A(lac pro) thi strA
supE endA sbcB hsdR(F' traD36 proAB lacIqZAM15); 25];
MC4100 [F- araD139 A(argF-lac)U169 rpsL150 relAl
flb5301 deoCI ptsF25 rbsR]. XRZ5 (A 'bla 'lacZ lacY+) and
MC4100 were kindly supplied by R. P. Gunsalus (21). The
plasmid pUC118 (45) was used as a cloning vector. The lacZ
fusion vector pNM481 was used for ansB'-'lacZ fusion
construction (28).
Media and growth conditions. Generally, cells were grown

at 37°C in LB medium (25). When used, glucose was
supplemented to 0.4%. In general, ampicillin was used at a
final concentration of 40 ,ug/ml. Aerobic growth was
achieved by gyratory shaking of 5-ml cultures at 300 rpm.
Anaerobic cultures were grown in test tubes in an anaerobic
jar (BBL Microbiology Systems). Due to an observed insta-
bility of the fusion plasmid pMJF1 and subsequent strains
(lysogens), assay cultures were inoculated from starter cul-
tures and grown through at least five generations in a higher
concentration of ampicillin (500 ,ug/ml), to maintain selec-
tion. The proportion of Lac' Apr cells in cultures used for
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the assays of ,3-galactosidase was monitored by plating onto
MacConkey-lactose agar with and without ampicillin. Me-
dium containing 5-bromo-4-chloro-3-indolyl-,-D-galactoside
was used for the selection of recombinant plasmids. In later
experiments MacConkey-lactose agar (Oxoid CM7 contain-
ing ampicillin [40 ,ug/ml]) was used instead. Cells were mixed
with 10 RI of 100 mM isopropylthiogalactoside before plat-
ing. This medium was also used to select A lysogens.

Southern hybridization. Chromosomal DNA (1 to 2 ,ug)
was digested to completion with suitable restriction endonu-
cleases, electrophoresed on a 0.7% agarose gel, and then
transferred to nitrocellulose as previously described (25, 40).
The membranes were prehybridized for 4 h at 37°C in 6x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
containing 0.1% sodium dodecyl sulfate, 0.1% polyvinylpyr-
rolidone, 0.1% bovine serum albumin, 0.1% Ficoll (Mr,
400,000), and 100 ,ug of tRNA per ml. The 32P-labeled DNA
probe was added to the prehybridization mix, and hybrid-
ization was allowed to proceed overnight. The filters were
washed three times in 0.1 x SSC, wrapped in plastic film, and
autoradiographed. The temperatures for prehybridization
and hybridization were 37°C for oligonucleotide probes and
65°C when a restriction fragment, labeled with 32P by nick
translation, was used as a probe.

Library construction and colony hybridization. Enriched
DNA libraries were prepared as follows: DNA (approxi-
mately 20 ,ug) was digested with an appropriate restriction
enzyme and electrophoresed through a low-melting-temper-
ature agarose gel, and fragments in the desired size range
were excised and recovered (4). This DNA was cloned into
pUC118 and transformed into JM103. Approximately 500
colonies containing recombinant plasmids were identified on
medium containing 5-bromo-4-chloro-3-indolyl-,-D-galacto-
side and screened by colony hybridization (25), with the
same conditions as those used for Southern hybridization.
Recombinant DNA techniques. Oligonucleotides were syn-

thesized with an Applied Biosystems synthesiser (model
380B). The DNA, in NH40H, was deprotected by incuba-
tion at 55°C overnight, the NH40H was removed under
vacuum, and the DNA was taken up in distilled water. The
DNA was then ethanol precipitated, washed twice with 80%
ethanol, dried, and suspended in distilled water. For use as
a probe 25 pmol was labeled with 10 U of polynucleotide
kinase and 90 1iCi of [y-32P]ATP, and unincorporated pre-
cursors removed by using a G25 Sephadex spun column (25).
Techniques other than those described below were as de-
scribed previously (3, 19, 25, 40).

Nucleotide sequence analysis. Suitable DNA fragments
were isolated, after agarose (0.7%) or polyacrylamide (4.5%)
gel electrophoresis, and subcloned into M13mpl8 or
M13mpl9 (26). Single-stranded DNA was sequenced by the
dideoxy-chain termination method (36) with T7 DNA poly-
merase (42), [a-35S]thiodeoxyATP, and a universal primer;
the oligonucleotide probes LP1 and LP2 (Fig. 1) were also
used as primers (1.5 pmol per annealing). Sequencing reac-
tions were electrophoresed on 6% denaturing polyacryl-
amide gels, which were cast as wedge gels with a thickness
gradient of 0.4 mm (top) to 1.2 mm (bottom ) (7).
RNA transcript mapping. The transcription start site was

determined by using primer extension in conjunction with
dideoxy sequencing (15). Total RNA was prepared by the
method of Aiba et al. (1). The 32P-labeled probe was pre-
pared by using template DNA obtained from the cloned
EcoRI-HindIII fragment (from pMJF1) in M13mpl8; 32p was
incorporated from [a-32P]dATP by using a sequencing
primer and T7 DNA polymerase. The product was digested

with DdeI (which cleaves between nucleotide positions -41
and -42; see Fig. 3), yielding a labeled 121-base-pair (bp)
single-stranded probe, which was recovered from a denatur-
ing polyacrylamide gel. This probe was hybridized with total
RNA, extended with reverse transcriptase, and electro-
phoresed, alongside dideoxy sequencing reactions, on a 6%
denaturing polyacrylamide gel. The template for the se-
quencing reactions was the same as that used to generate the
probe. In initial experiments, bands were observed at unrea-
sonably high molecular weight positions in the gel; these
bands were shown to be an artifact of contamination of the
RNA with pMJF1 DNA (data not shown). Such bands did
not occur when the RNA was treated with RNase-free
DNase (RQ1 from Promega Biotec) before use in these
experiments.

Construction of ansB'-'lacZ fusions. A 226-bp BstNI-
Fnu4HI fragment, encompassing 224 bp of the region up-
stream of the ansB initiation codon, including 19 bp of
coding sequence from the putative open reading frame
ORF1, plus 9 codons of the ansB-coding sequence (nucleo-
tide positions -195 to +29; see Fig. 6), was isolated from a
polyacrylamide gel and made blunt ended by treatment with
mung bean nuclease. The resulting DNA was cloned into the
SmaI site of pNM481, transformed into MC4100, and plated
on MacConkey-lactose agar to detect Lac+ recombinant
plasmids. The resulting fusion plasmid, pMJF1 (see Fig. 6),
was checked by cloning the EcoRI-HindIII fragment into
M13mpl8 and sequencing through the ansB'-'lacZ junction.
Deletions into the ansB regulatory region were obtained by
cleavage of pMJF1 at the upstream vector EcoRI site,
followed by treatment with BAL 31 nuclease for various
times and then ligation. The deleted plasmids were then
transformed into MC4100. The extent of each deletion was
first determined approximately by restriction analysis and
then by cloning an Scal-HindIII fragment (ScaI and HindlIl
are sites in the fusion vector [28]) into M13mpl8 and
sequencing through the region containing the deletion.

Construction of fusion strains. The ansB'-'lacZ region from
these deleted plasmids (see preceding paragraph) and from
pMJF1 were each transferred to XRZ5 by homologous re-
combination and then subsequently to the chromosome of
MC4100 by lysogenization (21). In brief, MC4100 isolates
containing pMJF1, pMJF1.1, and pMJF1.2 were infected
with XRZ5, and plate lysates were prepared and used to
transduce MC4100 to Lac+ Apr by selection on MacConkey-
lactose medium containing ampicillin (38). Individual lyso-
gens were isolated and then characterized by restriction
analysis as follows. A phage DNA preparation was made,
after UV-induced lysis, by immunoprecipitation with Lamb-
dasorb (Promega Biotec). DNA was isolated, and the pres-
ence and size of the appropriate fragment within the recom-
binant phage were ascertained by Southern hybridization.
Enzyme assays. ,-Galactosidase was measured on tolu-

enized cells as described by Miller (27). L-Asparaginase II
activity was determined on intact cells by measuring the
production of ammonia with Nessler reagent; the substrate
concentration was 0.1 mM, at which L-asparaginase I activ-
ity is not significant (6).

RESULTS

Synthetic oligonucleotide design and use in Southern hy-
bridization. Oligonucleotide probes were based on the amino
acid sequence of asparaginase II, determined by Maita and
Matsuda (24). Initially, four degenerate probes (14- and
17-mers) corresponding to regions of low codon degeneracy
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Probe LP1 24mer

59 67
Amino Acids Gln-Asp-Met-Asn-Asp-As=-Val-Trp-Leu

Possible codons

Probe sequence

5' 3'
CAG GAU AUG AAU GAU GAU GUG UGG UU

A C C C C A C
U
C

3' 5'
GTC CTI TAC TTI CTI CTI CAI ACC IA

T C

Probe LP2 32mer

117 187
Amino Acids Gly-Tyr-Ile-His-Asp-Gly-Lys-Ile-Asp-Tyr-Gln

Possible codons

Probe sequence

5' 3'
GGG UAU AUU CAU GAU GGG AAA AUU GAU UAU CA

A C C C C A G C C C
U A U A
C C

3' 5'
CCI ATI TAI GTI CTI CCI TTT TAI CTI ATI GT

C C C

FIG. 1. Design of oligonucleotide probes used in the isolation of
ansB. Amino acid sequences and their numbering are from the
published sequence of L-asparaginase 11 (24). Underlined aspartate
residues are ones that were subsequently found to be asparagine
residues, based on the nucleotide sequence (see Fig. 3). All possible
codons derived from the amino acid sequences and the sequence of
the corresponding probes are shown.

were tested by Southern hybridization with restriction en-
zyme-digested E. coli DNA (see Materials and Methods).
However, such probes were not specific, since not only did
they hybridize to several fragments in each digest, but none

Pst Bgl II

of these fragments hybridized to more than one probe. Two
longer probes containing deoxyinosine, or deoxyinosine and
deoxycytidine, residues at ambiguous codon positions were
then used (29) (Fig. 1); much longer probes are possible due
to the reduced complexity of the oligonucleotide mixture
when only one or two residues are incorporated at degener-
ate codon position, rather than up to four residues. When
used in Southern hybridization with restriction endonu-
clease-digested E. coli DNA, a single fragment was revealed;
in each case the same fragment was revealed by both probes
(data not shown).

Isolation and sequencing of the ansB gene. A 2.3-kilobase
PstI fragment was chosen for cloning. An enriched library of
DNA fragments, encompassing this size range, was con-
structed and screened with y-32P-labeled oligonucleotide
probe LP2, as described in Materials and Methods. One in
200 recombinants was positive; 1 of these, pMJ11, was
analyzed by restriction analysis, and the nucleotide se-
quence was derived. This analysis revealed that the 3' end of
the ansB gene (see below) was absent from the cloned
fragment in pMJ11. Further Southern hybridization experi-
ments, with the 2.3-kilobase PstI fragment as a probe,
revealed a HpaI-HindIII fragment, which was cloned, as
described above, to yield pMJ12 (Fig. 2); the nucleotide
sequence of pMJ12 was determined, and the complete ansB
gene was reconstructed by ligating the insert PstI fragment
from pMJ11 into the PstI site of pMJ12, to give pMJ13 (Fig.
2).

Nucleotide sequence of ansB and derived amino acid se-
quence of L-asparaginase II. The nucleotide sequence reveals
two open reading frames. The first of these, ORF1, exists
upstream of the 5' end of the sequence shown in Fig. 3. It
extends to nucleotide sequence position -179 and termi-
nates with a UAA codon. A possible stem-and-loop termi-
nator structure, with a free energy (AG) of -14.6 kcal (ca.

Kpn Hps Pst

I I
- 1.3kb -|

.4 _ e _

LP2 LP1

.4
4-

4-
4

Hpo 1* Pst

HpeI* Pst Bgl II Kpn Hpe Pst

i 1.3kb

e 1 Kilobase - j

FIG. 2. Restriction maps of plasmids derived during the isolation of ansB. pMJ11 and pMJ12 were isolated independently from enriched
E. coli genomic libraries. pMJ13 is derived from pMJ11 and pMJ12 as described in Results. The HpaI sites with asterisks represent
HpaI-SmaI junctions. The arrows represent the extent and direction of nucleotide sequencing. The coding sequence of ansB is represented
by the boxed area, the noncoding region is indicated by a thin line, and the vector is indicated by a thick line. The positions of the two
synthetic oligonucleotide probes, LP1 and LP2, are shown. The arrows indicate the position and extent of nucleotide sequencing analysis.
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-361 -346 -331 -316 -301
AAATGGGCGCGAAAG CGGTGCTGAAAAGCG GCGGTAACCCATTAC AGAATGTGCTGGGAA GCCTGGGGGGGCTGC

-286 -271 -256 -241 -226
AATCCTCAATCCAAA CCGAGTGGAAAAAGC AGGAAAAAGATTTCC AGCAGTTTGGCAAAG ATGTTTGTAGCCGCG

-211 -196 -181 -166 -151
TTGTGACTCTGGAAG ATAGCCGCAAAGCCC TGGTCGGGAATTTAA AATAATCCTCTATTT TAAGACGGCATAATA

-136 -121 -106 -91 -76
CTI'ETEATGCCGTT TAATTCTTCGTTTTG TTACCTGCCTCTAAC TTTGTAGATCTCCAA AATATATTCACGTTG

-61 -46 -31 -16 -1
TAAATTGTTTAACGT CAAATTTCCCATACA GAGCTAAGGGATAAT GCGTAGCGTTCACGT AACTGGAGGAATGAA
-10 * SD

15 30 45 60
ATG GAG TTT TTC AAA AAG ACG GCA CTT GCC GCA CTG GTT ATG GGT TTT AGT GGT GCA GCA
NET Glu Phe Phe Lys Lys Thr Ala Leu Ala Ala Leu Val MET Gly Phe Ser Gly Ala Ala

75 90 105 120
TTG GCA TTA CCC AAT ATC ACC ATT TTA GCA ACC GGC GGG ACC ATT GCC GGT GGT GGT GAC
Leu Ala Leu Pro Asn Ile Thr Ile Lou Ala Thr Gly Gly Thr Ile Ala Gly Gly Gly Asp

135 150 165 180
TCC GCA ACC AAA TCT AAC TAC ACA GTG GGT AAA GTT GGC GTA GAA AAT CTG GTT AAT GCG
Ser Ala Thr Lys Ser Asn Tyr Thr Val Gly Lys Val Gly Val Glu Asn Leu Val Asn Ala

195 210 225 240
GTG CCG CAA CTA AAA GAC ATT GCG AAC GTT AAA GGC GAG CAG GTA GTG AAT ATC GGC TCC
Val Pro Gln Leu Lys Asp Ile Ala Asn Val Lys Gly Glu Gln Val Val Asn Ile Gly Ser

255 270 285 300
KA GAC ATG AAC GAT AAT GTC TGG C ACA CTG GCG AAA AAA ATT AAC ACC GAC TGC GAT
Gln Asp MET sn Asp Asn Val Trp Leu Thr Lou Ala Lys Lys Ile Asn Thr Asp Cys Asp

315 330 345 360
AAG ACC GAC GGC TTC GTC ATT ACC CAC GGT ACC GAC ACG ATG GAA GAA ACT GCT TAC TTC
Lys Thr Asp Gly Phe Val Ile Thr His Gly Thr Asp Thr MET Glu Glu Thr Ala Tyr Phe

375 390 405 420
CTC GAC CTG ACG GTG AAA TGC GAC AAA CCG GTG GTG ATG GTC GGC GCA ATG CGT CCG TCC
Leu Asp Leu Thr Val Lys Cys Asp Lys Pro Val Val MET Val Gly Ala MET Arg Pro Ser

435 450 465 480
ACG TCT ATG AGC GCA GAC GGT CCA TTC AAC CTG TAT AAC GCG GTA GTG ACC GCA GCT GAT
Thr Ser MET Ser Ala Asp Gly Pro Phe Asn Leu Tyr Asn Ala Val Val Thr Ala Ala Asp

495 510 525 540
AAA GCC TCC GCC AAC CGT GGC GTG CTG GTA GTG ATG AAT GAC ACC GTG CTT GAT GGC CGT
Lys Ala Ser Ala Asn Arg Gly Val Leu Val Val MET Asn Asp Thr Val Leu Asp Gly Arg

555 570 585 600
GAC GTC ACC AAA ACC AAC ACC ACC GAC GTA GCG ACC TTC AAG TCT GTT AAC TAC GGT CCT
Asp Val Thr Lys Thr Asn Thr Thr Asp Val Ala Thr Phe Lys Ser Val Asn Tyr Gly Pro

615 630 645 660
CTG IGGT TAC ATT CAC AAC GGT AAG ATT GAC TAC CGT ACC CCG GCA CGT AAG CAT ACC
Leu Gly Tyr Ile His Asn Gly Lys I1e Asp Tyr Gln Arg Thr Pro Ala Arg Lys His Thr

675 690 705 720
AGC GAC ACG CCA TTC GAT GTC TCT AAG CTG AAT GAA CTG CCG AAA GTC GGC ATT GTT TAT
Ser Asp Thr Pro Phe Asp Val Ser Lys Leu Asn Glu Leu Pro Lys Val Gly Ile Val Tyr

735 750 765 780
AAC TAC GCT AAC GCA TCC GAT CTT CCG GCT AAA GCA CTG GTA GAT GCG GGC TAT GAT GGC
Asn Tyr Ala Asn Ala Ser Asp Leu Pro Ala Lys Ala Leu Val Asp Ala Gly Tyr Asp Gly

795 810 825 840
ATC GTT AGC GCT GGT GTG GGT AAC GGC AAC CTG TAT AAA TCT GTG TTC GAC ACG CTG GCG
Ill Val Ser Ala Gly Val Gly Asn Gly Asn Leu Tyr Lys Ser Val Phe Asp Thr Leu Ala

855 870 885 900
ACC GCC GCG AAA ACC GGT ACT GCA GTC GTG CGT TCT TCC CGC GTA CCG ACG GGC GCT ACC
Thr Ala Ala Lys Thr Gly Thr Ala Val Val Arg Ser Ser Arg Val Pro Thr Gly Ala Thr

915 930 945 960
ACT CAG GAT GCC GAA GTG GAT GAT GCG AAA TAC GGC TTC GTC GCC TCT GGC ACG CTG AAC
Thr Gln Asp Ala Glu Val Asp Asp Ala Lys Tyr Gly Phe Val Ala Ser Gly Thr Leu Asn

975 990 1005 1020
CCG CAM AMA GCG CGC GTT CTG CTG CAA CTG GCT CTG ACG CAA ACC AaA GAT CCG CAG CAG
Pro Gln Lys Ala Arg Val Lou Leu Gln Lou Ala Leu Thr Gln Thr Lys Asp Pro Gln Gln

1035 1062 1077
ATC CAG CAG ATC TTC AAT CAG TAC TAA TCGCCTCGCCCCGGT ATCGTGCCGGGGCTT TETCACTTCAG
Ile Gln Gln Ile Phe Asn Gln Tyr WI

1103 1118 1133 1146
ACTCACGTCCATTGC CAATTTTAATTACCC TAATGATAATCACCG GAATAAATTATTT

FIG. 3. Nucleotide sequence of the ansB region of E. coli. The transcriptional start site is indicated with an asterisk (nucleotide position
-62), and the presumed -10 hexamer is underlined. The Shine-Dalgarno (S.D.) sequence is also underlined. Sequences underlined with
inverted arrows are palindromic sequences. The vertical arrow between the alanine and leucine residues (amino acids 22 and 23, numbering
from the initiating methionine residue) indicates the site of signal peptide cleavage (see Results). Boxed regions represent sequences
that correspond to oligonucleotide probes (Fig. 1). Amino acids that are single, double, or triple underlined represent single amino
acid substitutions, substitutions of two valines for one valine, and an insertion, respectively, when compared with the sequence in reference
24.
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ansA GAT TCT TCA GAT ATG ACG CCG GAA GAC TGG CAG CAT ATT GCT GAA GAT ATT AAA GCG CAC 287-34 6
* * L *@ * @ @ * * * * * @ @ * * * * @ * .* 0* .0** *

ansB GGC TCC CAG GAC ATG AAC GAT AAT GTC TGG CTG ACA CTG GCG AAA AAA ATT AAC ACC GAC 235-294
Ser Asp Met Trp Ala Ile

ansA TAT GAC GAC TAT GAT GGT TTT GTC ATT CTG CAC GGC ACC GAC ACG ATG GCG TAT ACC GCC 347-406

ansB TGC GAT AAG ACC GAC GGC TTC GTC ATT ACC CC GAC ACG ATG GAA GAA ACT GCT 295-354
Asp Asp Gly Phe Val I le His Gly Thr Asp Thr Met Thr Ala

ansA TCT GCG CTG TCG TTC ATG CTC GAG AAT CTC GGT AAA CCG GTC ATT GTG ACA GGG TCA CAA 407-466

ansB TAC TTC CTC GAC CTG ACG GTG AAA TGC GAC AAA CCG GTG GTG ATG GTC GGC GCA ATG 355-411
Leu Lys Pro Val Gly

ansA ATC CCG CTG GCT GAG TTA CGC

ansB CGT CCG TCC ACG TCT ATG AGC
Pro

TCT GAC GGA CAA ATT AAT CTG CTG AAT GCG TTG

GCA GAC GGT CCA TTC AAC CTG TAT AAC GCG GTA
Asp Gly Asn Leu Asn Ala

FIG. 4. Nucleotide sequence comparison of ansA and ansB. The upper sequence is ansA, and the lower one is ansB. Nucleotide sequence

matches are shown by dots between the sequences. Identical amino acids in both sequences are shown below the relevant codon. The
nucleotide sequence numbering is shown at the right of each line; for ansB the numbering is as in Fig. 3 and 6, and for ansA the numbering
is as in reference 19.

-61.09 kJ) (43), exists 15 bp downstream from the TAA
codon (Fig. 3). The second open reading frame (Fig. 3) is
identifiable as the ansB-coding sequence (24). Upstream
from the codon for the mature N-terminal leucine residue, an

initiation codon is present, preceded 6 bp upstream by a

strong Shine-Dalgarno sequence. The 22-residue amino acid
sequence preceding the experimentally determined N-ter-
minal leucine residue has all the characteristics of a cleav-
able secretory signal peptide (46, 47): a charged N-terminal
region (amino acid residues 1 to 6, where residue 1 is the
initiating methionine residue; Fig. 3) and a hydrophobic
region (residues 7 through 16) followed by a more polar
region (residues 17 through 22). Furthermore, this sequence
conforms well with the '-3, -1' rule for the distribution of
amino acids N terminal to the cleavage site, derived from a

survey of many cleaved signal peptides (46, 47). We con-

clude that L-asparaginase II, as expected for a periplasmic
enzyme, has a 22-residue N-terminal signal peptide which is
cleaved between residues 22 and 23 (Fig. 3) to yield a mature
protein with an N-terminal leucine residue (24).
The coding sequence of 348 codons terminates with a

UAA nonsense codon; 7 bp downstream, a perfect G+C-
rich inverted repeat of 8 bp, with a free energy (AG) of -22.4
kcal (ca. -93.72 kJ) (43), is followed by a poly(T) sequence.
Such a structure, in the mRNA, is typical of one group of
rho-independent transcription terminators (31).
The mature asparaginase II sequence consists of 326

amino acids with a calculated Mr of 34594. The primary
structure, as deduced from the nucleotide sequence (Fig. 3),
deviates from the previously determined sequence (24) at 11
amino acid positions. These changes are of three types: six
amino acid substitutions, four positions at which two valine
residues are present instead of a single valine, and one

leucine residue in the present sequence that is absent in the
determined amino acid sequence. These differences are

noted in Fig. 3; they may represent real differences between
different strains and/or difficulties with the amino acid se-

quence determination.
Comparison of ansB with ansA. It is now possible to

compare the nucleotide sequences of ansA and ansB: a

matrix comparison (33) reveals a single area of similarity
(data not shown), corresponding to that obtained previously

in a comparison of the amino acid sequences (Fig. 4) (19). A
region of particularly high nucleotide and amino acid simi-
larity is seen between nucleotide positions (in ansB) 307 and
342 (inclusive). Within this short sequence, the amino acid
sequence identity (91.6%) is greater than the nucleotide
sequence identity (80.5%). However, when longer regions
encompassing this region are compared, this situation is
reversed. For example, the nucleotide sequence and amino
acid sequence identity corresponding to the entire region
shown in Fig. 4 are 53 and 41%, respectively.

Transcriptional analysis of the ansB gene. Total RNA was

isolated from MC4100 containing pMJF1 or pNM481 cul-
tured anaerobically in LB or LB containing glucose. The
RNA with the probe was annealed, extended, and electro-
phoresed along with appropriate nucleotide sequencing re-

actions (see Materials and Methods). The analysis (Fig. 5)

1 2 3 4 G A T C

__a-

FIG. 5. Transcriptional analysis of the ansl gene. Samples were

electrophoresed on a 6% denaturing polyacrylamide gel. Lanes 1

through 4 contain primer extensions from 32P-labeled probe with or

without RNA as a template (see Materials and Methods): 1, no

RNA; 2, RNA from MC4100 containing pNM481; 3, RNA from

MC4100 containing pMJF1, grown in LB plus glucose; 4, RNA from

MC4100 containing pMJF1, grown in LB. Lanes G, A, T, and C

represent nucleotide sequencing reactions. The oligonucleotide in

the sequencing reactions, which corresponds to the extension prod-

uct, is indicated by an arrow.

4 67-520

412-4 65
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EcoRl -190 -180 -170 -160 -150 -140 -130

cgaattcccGGTCGGGAATTTAAAATAATCCTCTATTTTAA GACGGCATAATACTTTTTTATGCCGTTTAATTCTTCGTT
Al .2T Al.1*

-120 -110 -lO0 -90 -80 -70 -60 -50

TTGTTACCTGCCTCTAACTTTGTAGATCTCCAAAATATATTCACGTTGTAAATTGTTTAACGTCAAATTTCCCATACAGA
_ _ -10

-40 -30 -10 +1

GCTAAGGGATAATGCGTAGCGTTCACGTAACT,GGAGGAATGAAATGGAGTTTTTCAAAAAGACGGCACTTGCGgggat cc
SD MetGluPhePheLysLysThrAlaLeuAlaGlyIle

ansB lacZ

FIG. 6. The 5' region of ansB, showing the extent of deletions, and the site of fusion with lacZ. The vertical arrows indicate the extent
of deletions in pMJF1.1 and pMJF1.2; the DNA 5' to each arrow is replaced. The -10 and Shine-Dalgarno (SD) sequences are underlined,
and the transcriptional start site is indicated with an asterisk. A sequence with homology to the proposed FNR protein-binding site (17) is
indicated with lines above the sequence. The underlined sequence shows where a putative CRP-binding site conforms to the CRP consensus
sequence (5). Deviations from either consensus sequence are double underlined or overlined. An inverted repeat is underlined with
converging arrowed lines. The sequence is numbered as in Fig. 3. The sequences in lowercase letters are derived from the vector (pNM481).

showed one major extension product corresponding to a C
residue (in the noncoding strand) at nucleotide position -62
(Fig. 3 and 6), which is hence the transcriptional start point.
The relatively lower amount of extended product with RNA
from the culture containing glucose (Fig. 5, compare lanes 3
and 4) is consistent with the observed dependence of L-
asparaginase II synthesis on CRP (8, 35). At 7 bp upstream
from the transcriptional start point is a sequence with good
homology with the -10 consensus sequence (Fig. 3 and 6). A
sequence is not evident, however, with similarity to the
consensus -35 hexamer; lack of a -35 sequence has previ-
ously been noted in positively regulated E. coli promoters
(32).

Regulation of ansB by using ansB'-'lacZ fusions. Fusions
between ansB and lacZ were constructed to provide a
sensitive and facile assay to study the regulation of ansB.
The initial fusion includes 195 bp of 5'-noncoding sequence
and 29 bp of coding sequence from pMJ11. To define the
anisB regulatory region, deletions were made that extended
from the upstream EcoRI site into the 5'-untranslated region
of ansB (Fig. 6). The resulting plasmids were tested for
f-galactosidase activity on MacConkey-lactose media, and
selected plasmids were sequenced to determine the extent of
deletion. Two of these, pMJF1.1 and pMFJ1.2 (Fig. 6),
contained the most extensive deletions while remaining
Lac'. To assay the expression of these ansB'-'lacZ deletion
derivatives in single copy number, they were transferred to
the chromosome of MC4100 via homologous recombination
with XRZ5 followed by lysogenization with recombinant
phage (see Materials and Methods).
The ansB gene is positively regulated by both anaerobio-

sis, through the FNR protein (20), and by CRP (8, 35). To
determine whether the deleted ansB'-'lacZ fusions were still
regulated by these proteins, the appropriate lysogens were
assayed in the presence and absence of oxygen and in the
presence and absence of glucose (in the absence of oxygen).
The deletions represented by pMJF1.1 and pMJF1.2 did not
abolish or reduce anaerobic induction or CRP regulation
when compared with the undeleted gene fusion (Fig. 7); this
defines the regulatory 5' region of ansB to a small 76-bp
region between nucleotide position -141 and the transcrip-
tional start point.
We have observed that the anaerobically induced level of

L-asparaginase II is no greater in a strain containing pMJ13,
and hence containing multiple copies of ansB, than in the
same strain lacking this plasmid (data not shown). This
observation is confirmed by a comparison of strains contain-

ing ansB'-'lacaZ in multiple copies (pMJF1) and in a single
copy (XMJF1), since they contain similar levels of f-galac-
tosidase. The absence of a gene dosage effect is possibly due
to limitations imposed by cellular levels of the positive
regulatory proteins. FNR protein and CRP.

DISCUSSION

Comparison between homologous genes in related organ-
isms, such as Salmonella tvphimuriuim and E. coli, reveal
that similarity is greater at the amino acid level that at the
nucleotide level. In contrast, comparisons of genes pre-
sumed to have arisen by duplication within E. coli or S.
typhimuriuim, or of paired regions of such genes, have
revealed that their nucleotide sequence similarity is gener-
ally greater than their amino acid similarity (14, 34, 41). This
latter situation also holds true for the single region of
similarity between ansA and ansB (see Results). It has been
suggested (41) that, as two genes diverge in structure and
function, constraints on the use of synonomous codons
imposed by bias in codon usage and selection directly at the

(a)

(n
0
0
C)

CZ

10000

0-
1 2 3 4

FIG. 7. Effect of anaerobiosis and catabolite repression on
alnsB'-a'la(Z expression. Cells were grown anaerobically in LB in the
presence (U ) and absence (G) of 0.4% glucose and aerobically in LB
alone (O). The following strains were assayed: 1, MC4100(pMJF1);
2, MC4100(XMJF1); 3, MC4100(XMJF1.1); 4, MC4100(AMJF1.2).
,B-Galactosidase activity is expressed in Miller units (27). The
specific activity was corrected in cultures in which the proportion of
Lac' Ap' cells was <100$4 (see Materials and Methods).
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nucleotide sequence level might be factors involved in
maintaining greater nucleotide similarity than amino acid
similarity. Gene conversion (14) is a less likely explanation
for the similarity between ansA and ansB in view of the
relatively low nucleotide sequence identity.
The production of L-asparaginase II in E. coli is known to

be subject to positive regulation by two pleiotrophic regula-
tory proteins: the FNR protein (20), which activates a
number of genes during anaerobiosis (18, 39, 44); and CRP
(8, 35), which controls the initiation of transcription of genes
in various catabolite pathways (5, 11, 12). It should be noted
that regulation of L-asparaginase II by CRP is not via the
FNR protein (i.e., regulation of FNR by CRP). Although
synthesis of FNR protein is indeed subject to catabolite
repression (39), fnr'-'lacZ fusions contained in crp and cya
mutant cells can still express 60% of the B-galactosidase
activity measured in the wild-type strain (30).
The ansB'-'lacZ fusion used in this study exhibits regula-

tion by both of the above factors, both in single and multiple
copies (Fig. 7). Furthermore, deletion analysis with the
fusions XMJF1.1 and XMJF1.2 has defined the amount of
5'-untranslated nucleotide sequence, sufficient to maintain
this regulation, to a region between the transcriptional start
and a point 76 bp upstream (Fig. 6 and 7). Specific sequences
to which the CRP and FNR proteins bind, to stimulate
transcription, have been proposed. The CRP recognition
sequence has been studied in a large number of genes, and
the consensus sequence 5'-AANTGTGANNtNgNTCAaAt
at-3' (5) has been confirmed experimentally (5, 11, 16).
Consensus sequences to which the FNR protein may bind
have been proposed on the basis of sequence homology in
the 5'-noncoding regions of FNR-dependent genes (18, 22,
39). Recent experimental evidence has supported the role of
these motifs in FNR-mediated regulation. When the inverted
repeat 5'-TTGATNNNNATCAA-3' in the nar operon (a
subset of a region of reported homology [39]) is disrupted by
a deletion, a loss of anaerobic induction occurs (23). Fur-
thermore, when a 24-bp sequence from the nirB promoter,
containing this inverted repeat, is transplanted to the pro-
moter region of galPI and placed in a lacZ expression
vector, the hybrid promoter stimulates the expression of
lacZ under anaerobic conditions (17). The ansB 5'-untrans-
lated sequence required for regulation by FNR protein and
CRP, as defined by deletion analysis, was examined for the
presence of the regulatory elements described above. A
sequence with some homology to the putative FNR protein-
binding site was found (Fig. 6). A sequence resembling the
CRP consensus sequence was also found (Fig. 6). It must be
noted, however, that this sequence departs from the consen-
sus at a position known to be important for CRP binding.
The change, a G->T in position 4 of the TGTGA motif, has
been shown to significantly reduce CRP binding (16) and is
not present in any reported CRP-binding site (5). The pres-
ence of a sequence with only partial homology with the FNR
protein-binding site and of a nonoptimal CRP site in the ansB
5' sequence do not preclude direct interaction of these
proteins with this promoter region. The FNR protein-binding
sequence is only tentatively defined, and CRP may tolerate
the changes noted in the putative binding sequence (Fig. 6).
However, the possibility that these regulatory proteins are

acting indirectly on the ansB gene should be entertained.
This has some precedent in the case of the fnr-mediated
regulation of formate hydrogenlyase, which is indirect and
depends on two other gene products (9). In this regard, and
as noted above, the XMJF1.1 deletion retains only 76 bp
upstream from the transcriptional start, yet regulation is

retained. This leaves little space for the interaction of
multiple regulatory proteins. For example, in the case of
melR, in which the CRP-binding site is close to the RNA
polymerase-binding region, the combined footprint extends
up to position -70 (49) relative to the transcriptional start.

If the regulation of the ansB gene is indirect with respect
to FNR protein, CRP, or both, it may involve an observed
stimulation by amino acids (6). The mechanism and the level
of regulation by amino acids are as yet unknown. A feature
of the sequence that may be involved in such indirect
regulation is an inverted repeat present downstream from the
transcriptional start, which, if significant, could interact with
a regulatory protein to occlude RNA polymerase binding.
Future experiments to resolve the regulation of ansB will
include more extensive deletion analysis and site-directed
mutagenesis.
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