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Escherichia coli purB Gene: Cloning, Nucleotide Sequence,
and Regulation by purRt
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Escherichia colipurB encodes adenylosuccinate lyase (ASL), the enzyme that catalyzes step 8 in the pathway
for de novo synthesis of IMP and also the final reaction in the two-step sequence from IMP to AMP. Gene purB
was cloned and found to encode an ASL protein of 435 amino acids having a calculated molecular weight of
49,225. E. coli ASL is homologous to the corresponding enzymes from Bacilus subtilis and chickens and also
to fumarase from B. subtilis. Gene phoP is 232 bp downstream of purB. Gene purB is regulated threefold by
the purine pool and purR. Transcriptional regulation of purB involves binding of the purine repressor to the
16-bp conserved pur regulon operator. The purB operator is 224 bp downstream of the transcription start site
and overlaps codons 62 to 67 in the protein-coding sequence.

Adenylosuccinate lyase (ASL), the product of gene purB
in Escherichia coli, catalyzes two reactions in de novo
purine nucleotide biosynthesis. In addition to catalyzing step
8 in the pathway to IMP, conversion of phosphoribosylsuc-
cinocarboxamideaminoimidazole to phosphoribosylamino-
imidazole carboxamide, ASL also converts adenylosucci-
nate to AMP (Fig. 1). Gene purB has been mapped to 25 min
on the E. coli chromosome (2), unlinked to the other purine
genes.
The genes for de novo purine nucleotide synthesis in E.

coli, purF, purMN, purEK, purL, purC, purHD, and guaBA,
are scattered around the chromosome as monocistronic and
small polycistronic operons and are negatively controlled by
purR (6, 15). These genes are part of a pur regulon. Nucle-
otide sequence analysis ofpur regulon genes has identified a
conserved 16-bp sequence generally around the -35 pro-
moter region which serves as a site for binding of the
purR-encoded repressor. Gene purB from E. coli has not
been cloned, and there are conflicting reports concerning
regulation by purR. Meng et al. (15) reported 2.5-fold regu-
lation of ASL by purR, and He et al. (6) found no regulation
by purR of apurB-lacZ fusion made by insertion of Mudl(Ap
lac).
Here we report the nucleotide sequence of cloned E. coli

purB. A binding site for the purine repressor in the protein-
coding region is required for threefold regulation by purR.

MATERIALS AND METHODS

Bacterial strains, bacteriophage, and plasmids. The strains
and plasmids used are listed in Table 1. A XSE6 library (4) of
E. coli K-12 DNA fragments was obtained from Graham
Walker, Massachusetts Institute of Technology, Cambridge.
Phage XRZ5 has been described (19).

Media. LB (17) and 2XYT (17) were used as rich media.
The minimal growth medium used has been described (27).

Cloning of the purB gene. Gene purB was isolated by
complementation of purB strain TX570 by using a XSE6 E.
coli library (4). Phage DNA prepared (24) from a repre-
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sentative isolate was partially digested with Sau3AI and
electrophoresed on a 0.5% agarose gel. DNA fragments
ranging in size from 1.5 to 6 kb were excised, electroeluted,
and ligated into the BamHI site of pUC118. The ligation
mixture was used to transform purB mutant TX530 to
purB+.
To clone the upstream region of purB, a X phage lysate

was prepared from phage 7F9 of the library of Kohara et al.
(8), and DNA was purified (24) as described above. Phage
DNA was digested with EcoRI and electrophoresed on a
0.8% agarose gel. A 3-kb EcoRI fragment was identified by
Southern blotting (13) by using a 32P-labeled DNA probe
corresponding to the 5' end of the purB gene. The 3-kb
EcoRI fragment was cloned into pUC118 to give plasmid
pBH111.
DNA sequence analysis. A series of overlapping exonucle-

ase III deletions was prepared (7), and nucleotide sequences
were determined by the dideoxynucleotide chain termination
method of Sanger et al. (22).
Enzyme assay. Cells were grown to the mid-log phase in

minimal medium with and without adenine. Cells were
disrupted (20) in 0.1 M sodium phosphate, pH 7.0, and
P-galactosidase activity was determined by the method of
Miller (17). Protein concentration was determined by the
method of Lowry (10).

Repressor-operator binding. For gel retardation assays, 10
fmol of a 570-bp HindIII-EcoRI fragment from plasmid
pBH113 containing the purB operatorlike sequence was
incubated with the purified Pur repressor in buffer system II
(21) with the hypoxanthine corepressor at 50 ,uM and sam-
ples were resolved by electrophoresis. For DNase I foot-
printing, a DNA fragment was isolated from plasmid
pBH113, labeled at one end with [(y-32P]ATP and T4 poly-
nucleotide kinase, and then purified by electrophoresis and
electroeluted from a 5% polyacrylamide gel slice. Repressor-
operator complexes were prepared in buffer system I (21) by
using 400 ng of the Pur repressor. The conditions used for
treatment with DNase I and for electrophoresis have been
described (20).

Primer extension mapping. E. coli R320(pBH111) was
grown in 50 ml of minimal medium without adenine. At a
Klett reading of 70, using a 66 filter, the cells were poured
onto ice chilled to -20°C and collected by centrifugation for

130



E. COLI purB GENE 131

SAMP ! AMP
PRPP -7 steps *-SAICAR -_-AICAR - -lMP

ASL -_ -0_ GMP

FIG. 1. Outline of the pathway for de novo synthesis of purine
nucleotides in E. coli. Abbreviations: PRPP, 5-phosphoribosyl-1-
pyrophosphate; SAICAR, 5'-phosphoribosylsuccinocarboxamide-
aminoimidazole; AICAR, 5'-phosphoribosylaminoimidazole car-
boxamide; SAMP, 6-succinyladenosine-5'-monophosphate.

_ATG

-986 pBH4112 3n

TGA

35 pBH101 1725

FIG. 2. Scheme showing plasmid clones used to determine the
purB nucleotide sequence. The transcription start site (+ 1) is
represented by the arrow. Numbering is relative to the transcription
start site as given in Fig. 3.

4 min at 3,000 x g at 4°C. The cells were then suspended in
ice-cold TE (10 mM Tris [pH 7.6], 0.1 mM EDTA), and RNA
was isolated by hot-phenol extraction (23). The final RNA
pellet was dissolved in water and frozen at -70°C.
To determine the 5' end of purB mRNA, two 19-mer

oligonucleotide primers, complementary to nucleotides 120
to 138 and 154 to 172, were labeled with [y-32P]ATP and T4
polynucleotide kinase and annealed to the mRNA. The
conditions used for primer extension mapping with avian
myeloblastosis virus reverse transcriptase have been de-
scribed (30).
Plasmid constructions. Plasmid pBH113 was constructed

as a purB fragment source for gel retardation assay and

TABLE 1. Strains and plasmids used

E. coli
strain Description

MC4100 A(argF-lac)169 Lac-
R320 MC4100 purR320
BH100 MC4100 (ABLG1) Lac' Apr
BH101 MC4100 (XBLG2) Lac+ Apr
BH102 MC4100 (XLT2) Lac+ Apr
BH103 MC4100 (XLT3) Lac' Apr
BH200 R320 (XBLG1) Lac' Apr
BH201 R320 (XBLG2) Lac' Apr
BH202 R320 (XLT2) Lac' Apr
BH203 R320 (XLT3) Lac' Apr
TX570 ara A(lac) purB::Mu AcI857 S7
TX530 ara A(lac) I(purB'-lacZ Y+::Xpl

(209, 205)
pMLB1034 'lacZ translational fusion vector; Apr
pRS415 lacZ transcriptional fusion vector; Apr
pUC118 Phagemid cloning vector
pBH101 1.7-kb Sau3A fragment in BamHI site

of pUC118; purB+
pBH111 3-kb EcoRI fragment from purB+ phage

7F9 in EcoRI site of pUC118
pBH112 1.3-kb KpnI-EcoRI fragment from

pBH111 in pUC118
pBH113 570-bp BglI-EcoRI fragment from

pBH111 in pUC118
pBLG1 1.1-kb SmaI-BamHI fragment

(nucleotides -986 to 172 in SmaI-
BamHI sites of pMLB1034

pBLG2 1.3-kb SmaI-BamHI fragment
(nucleotides -986 to 316) in
pMLB1034

pLT1 0.8-kb Smal-BamHI fragment
(nucleotides -986 to -172) in SmaI-
BamHI sites of PRS415

pLT2 1.1-kb SmaI-BamHI fragment
(nucleotides -986 to 172) in SmaI-
BamHI sites of PRS415

pLT3 1.3-kb SmaI-BamHI fragment
(nucleotides -986 to 316) in PRS415

pLT4 350-bp Smal-BamHI fragment
(nucleotides -172 to 172) in pRS415

Source or
reference

19
19
This work
This work
This work
This work
This work
This work
This work
This work
This work
28

24
25
26
This work

This work

This work

This work

This work

This work

This work

DNase I footprinting. First, plasmid pBH111 was digested
with BglI and treated with T4 DNA polymerase to make a
blunt end. Following this step, the plasmid was digested with
EcoRI. A 570-bp BglI-EcoRI fragment containing the purB
operatorlike sequence was subcloned into the HincII and
EcoRI sites of pUC118 to yield pBH113. Plasmid pBH112
was constructed by subcloning a 1.3-kb KpnI-EcoRI purB
fragment from pBH111 into pUC118 (Table 1).
For construction of translational and transcriptional purB-

lacZ fusions, purB DNA was obtained from plasmid pBH112
by polymerase chain reaction amplification (18). For trans-
lational fusions, the 5' end of purB was at nucleotide -986
and contained an SmaI site. The 3' end with a BamHI site
was at nucleotide 172 for pBLG1 (purBo-) or 316 for pBLG2
(purBo+). Fragments were ligated into plasmid pMLB1034
to give purB-lacZ translational fusions pBLG1 (purBo-) and
pBLG2 (purBo+). In pBLG1 (purBo-) and pBLG2
(purBo+), purB codons 45 and 93, respectively, were fused
to codon 8 of lacZ. For transcriptional fusions, fragments
were ligated into the SmaI-BamfHI sites of pRS415. Plasmid
pLT1 (purBo-) contains purB nucleotides -986 to -172,
pLT2 (purBo-) contains nucleotides -986 to 172, pLT3
(purBo+) contains nucleotides -986 to 316, and pLT4
(purBo-) contains nucleotides -172 to 172. purB-lacZ tran-
scriptional and translational fusions were recombined into
XRZ5 for insertion into the chromosome in single-copy form
(19).

N-terminal ASL amino acid sequence. An ASL.--galac-
tosidase chimeric enzyme was purified from E. coli
R320(pBLG1). The enzyme was isolated from a cell extract
by ammonium sulfate precipitation (0 to 45% saturation)
followed by immunoaffinity chromatography on an anti-,B-
galactosidase agarose column (Promega). The eluted enzyme
was dialyzed against 10 mM NH4HCO3 and then lyophilized.
A 50-,ug sample of protein was electrophoresed on an 8%
sodium dodecyl sulfate-polyacrylamide gel, and proteins
were transferred to a polyvinylidene difluoride-type mem-
brane and lightly stained with Coomassie blue (12). The
protein band was cut out and subjected to amino acid
sequencing by the Purdue Laboratory for Macromolecular
Structure.

Nucleotide sequence accession number. The sequence of
gene purB has been deposited in the GenBank data base
under accession no. M74924.

RESULTS

Cloning of purB. Gene purB was isolated from a library of
E. coli DNA fragments by complementation of E. coli purB

This work mutant TX570 as described in Materials and Methods. One
representative plasmid, designated pBH101, containing an
insert of 1.7 kb was found to contain the intact purB coding

This work sequence but to lack the 5' flanking region (Fig. 2). On the
This work basis of this information, the purB upstream region was

isolated on a 3-kb EcoRI fragment from X phage 7F9 from the
library of Kohara et al. (8). This 3-kb EcoRI fragment was
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GGTACCGAAGAACCGTGGTATGTGGTGGACAAAGACGTCGAAAACAACATTCTGGTTGTC

GCTCAGGGCCATGAACACCCGCGGCTGATGTCTGTCGGGTTGATTGCCCAGCAGTTGCAC

CAGACCGATATCCCTTGCACCGTCAAGGCGCTGGACGATGATCGCATTGAAGTGATTTTC

GATGAACCGGTTGCCGCCGTGACGCCGGGCCAGTCTGCCGTCTTCTATAACGGTGAAGTG

CTTAAAACAAGGAAGCAGTGAACGTGGCAAAGAATTACTATGACATCACCCTCGCCCTGG

CCGGTATTTGTCAGTCGGCACGCCTGGTGCAACAACTCGCTCACCAGGGGCATTGTGATG

CCGATGCGCTACACGTCTCACTCAACAGTATTATTGATATGAACCCAGCTCGACGCTGGC

CAATGCCAGCAGTCGCCAGGGCTTAAACGCCGAATTAACCCGCTACACACTCAGCTTGAT

GGTGCTTGAGCGCAAACTCTCCTCAGCGAAAGGCGCGCTCGACACTCTGGGCAACCGGAT

GATGGCTGCTATCTATGTTGATGTGATTAGCCCGCTTGGCCCGCGCATTCAGGTCACCGG

TTCCCCTGCTGTACTGCAAAGCCCACAAGTGCAGGCGAAAGTTCGCGCAACCCTGCTGGC

AGCATTCGCGCGCCGTGCTCTGGCACCAGGTCGGCGGCGGACGTCTGCAACTGATGTTTT
+1 srx

CTCGTAATCGCCTGACCACTCAGGCAAAACAAATTCTTGCTCATTTAACCCCGGAGTTGT
purB

GATCTATGGAATTATCCTCACTGACCGCCGTTTCCCCTGTCGATGGACGCTACGGCGATA
MetGluLeuSerSerLeuThrAlaValSerProValAspGlyArgTyrGlyAspL

AAGTCAGCGCGCTGCGCGGGATTTTCAGCGAATATGGTTTGCTGAAATTCCGTGTACAAG
ysValSerAlaLeuArgGlyIlePheSerGluTyrGlyLeuLeuLysPheArgValGlnV

TTGAAGTACGTTGGCTGCAAAAACTGGCCGCGCACGCAGCGATCAAGGAAGTTCCTGCTT
alGluValArgTrpLeuGlnLysLeuAlaAlaHisAlaAlaIleLysGluValProAlaP

TTGCTGCCGCGCAATCGGTTACCITGATGCAATCGTCGCCAGTTTCAGCGAAGAAGATG
heAlaAlaAspAlaIleGlyTyrLeuAspAlaIleValAlaSerPheSerGluGluAspA

TTGCCTGTACTTCGGAAGATATCAATAACCTCTCCCACGCATTAATGCTGAAAACCGCGC
heAlaCysThrSerGluAspIleAsnAsnLeuSerHisAlaLeuMetLeuLysThrAlaA

rgAspGluValIleLeuAlaTyrTrpArgGlnLeulleAspGlyLeuLysAspLeuAlaV

TTCAGTATCGCGATATCCCGCTGCTGTCTCGTACCCACGGTCAGCCAGCCACGCCGTCAA
alGlnTyrArgAspIleProLeuLeuSerArgThrlisGlyGlnProAlaThrProSerT

CCATCGGTAAAGAGATGGCAAACGTCGCCTACCGTATGGAGCGCCAGTACCGCCAGCTTA
hrIleGlyLysGluMetAlaAsnValAlaTyrArgMetGluArgGlnTyrArgGlnLeuA

CCGCTTACCCGGAAGTTGACTGGCATCAGTTCAGCGAAGAGTTCGTCACCTCGCTGGGTA
laAlaTyrProGluValAspTrpHisGlnPheSerGluGluPheValThrSerLeuGlyI

TTCAGTGGAACCCGTACACCACCCAGATCGAACCGCACGACTACATTGCCGAACTGTTTG
leGlnTrpAsnProTyrThrThrGlnIleGluProHisAspTyrIleAlaGluLeuPheA

ATTCGGTTGCGCGCTTCAACACTATTCTGATCGACTTTGACCGTGACGTCTGGGGTTATA
spSerValAlaArgPheAsnThrIleLeuIleAspPheAspArgAspValTrpGlyTyrI

TCGCCCTTAACCACTTCAAACAGAAAACCATTGCTGGTGAGATTGGTTCTTCCACCATGC
leAlaLeuAsnHisPheLysGlnLysThrIleAlaGlyGluIleGlySerSerThrMetP

CGGTATTGCAGACTCTGGCAAGCAAACTGCCGGTTTCCCGCTGGCAGCGTGACCTGACCG
laValLeuGlnThrLeuAlaSerLysLeuProValSerArgTrpGlnArgAspLeuThrA

ACTCTACCGTGCTGCGTAACCTCGGCGTGGGTATCGGTTATGCCTTGATTGCATATCAAT
spSerThrValLeuArgAsnLeuGlyValGlyIleGlyTyrAlaLeuIleAlaTyrGlnS

CCACCCTGAAAGGCGTGAGCAAACTGGAAGTGAACCGTGACCATCTGCTGGATGAACTGG

ATCAAACTGGGAAGTGCTGGlLCTAACCAATCClAGACAGTTtGACrGTCArTGGCATlG
spHisAsnTrpGluValLeuAlaGluProI leGInThrValtietArgArgTyrGlyI leG

TGAAGCAGTTTATCGATGGTCTGCGTTGCCAGAAGAAGAGAAAGCCCGCCTGAAAGCGAT
etLysGlnPheIleAspGlyLeuArgCysGlnLysLysArgLysProAlaEnd

TTCACTTTACCTCCCCTCCCCGCTGGTTTATTTAATGTTTACCCCCATAACCACATAATC
Jsl phoP

GCGTTACACTATTTTAATAATTAAGACAGGGAGAAATAAAAATGCGCGTACTGGTTGTTG
MetArgValLeuValValG

927 initially subcloned into the EcoRI site of pUC118, giving
-867

pBH111. Next, a 1.3-kb KpnI-EcoRI subfragment from
-807 pBH111 was transferred to pUC118 to yield pBH112. The
-807 1.3 kb of E. coli DNA in pBH112 overlapped with pBH101

and extended the purB 5' flanking region (Fig. 2).
-687 Nucleotide sequence of purB. The nucleotide sequence of
-627 purB and the 5' and 3' flanking regions was determined on
-567 both DNA strands from plasmids pBH101 and pBH112 (Fig.
-507 3). In purB+ plasmid pBH101, there is a single open reading
_447 frame of 1,305 bp that encodes a protein of 435 amino acids
-387 with an Mr of 49,225. This open reading frame is ascribed to

-327
ASL on the basis of complementation of purB strain TX530-327 and homology with Bacillus subtilis (3) and avian (1) ASL.

-267 The NH2-terminal amino acid sequence of ASL from a

-207 purB-lacZ translational fusion in plasmid pBLG1 was deter-

-147 mined and found to correspond exactly to residues 1 to 6 of
-87 the amino acid sequence shown in Fig. 3.
-27 A 16-bp sequence with an imperfect dyad symmetry at
34 nucleotides 224 to 239 in the protein-coding region has

94 identity with the pur regulon operator in 11 of 16 positions
19 (Fig. 4). All highly conserved bases are found in the purB

154 operatorlike sequence, except for the A at left-hand position
2 and the T at right-hand position 2. Evidence that this pur

214

59 operatorlike sequence is involved in purR control is pre-
274 sented below.
79 Approximately 230 nucleotides downstream ofpurB, there

334 is an open reading frame beginning with an ATG at nucleo-
99 tide 1577. This open reading frame is preceded by a good

13949 Shine-Dalgarno sequence and extends for 50 codons to the

454 end of the fragment. A search of the protein data base with
139 FASTA (11) indicated 90% identity with Salmonella typhi-
514 murium phoP over the first 50 amino acids. We did not
159

574 investigate phoP expression. However, there was close
179 correspondence of nucleotides 1344 to 1349 and 1368 to 1373
634 to the -35 and -10 promoter elements, respectively.
199 Upstream of purB, at nucleotides -391 to -23, there is an

61949 open reading frame with the potential to encode a 123-amino-

754 acid protein chain. This open reading frame is not preceded
239 by a Shine-Dalgarno sequence, and translation is considered
814 unlikely. No significant similarities to this sequence were
259 found in release 28 of the National Biomedical Research
874 Foundation protein data base.
279

934 purB promoter. Three transcriptional fusion plasmids were
299 constructed to detect purB promoter activity. Fragments of
994 DNA corresponding to nucleotides -986 to -172, -172 to
319 172, and -986 to 172 were inserted into the SmaI-BamHI

1054 sites of plasmid pRS415. This plasmid contains an intact
339

1114 lacZ coding sequence and ribosome-binding site but lacks a
359 promoter. P-Galactosidase activity was measured from con-

1174 structs transformed into strain MC4100. The data in Fig. 5
379 indicate that both subfragments of the upstream region,

1234 nucleotides -986 to -172 and -172 to 172, have the
399

1294 capacity for purB promoter function. Plasmid pLT2, con-
419 taining E. coli DNA nucleotides -986 to 172, had 1.7- to

1354 2.0-fold more activity than either subfragment.
435 Primer extension mapping was performed to identify purB

17414 mRNA 5' ends. With a primer complementary to nucleotides

1534 154 to 172, a single major cDNA was obtained ending at

1595
7

FIG. 3. Nucleotide sequence ofpurB and the derived ASL amino
acid sequence. Numbering is from the experimentally determined
start of transcription. The 16-bp conserved pur regulon operator is
boxed. The sequence of phoP follows that of purB. Shine-Dalgarno
(SD) sites are overlined.

J. BACTERIOL.

AAGACAATGCGTTGTTACGTCACCACCTTAAAGTTCAGATTCAGGATGCTGGTCATCAGG 1654
luAspAsnAlaLeuLeuArgHisHisLeuLysValGlnIleGlnAspAlaGlyHisGlnV 27

TCGATGACGCAGAAGATGCCAAAGAAGCCGATTATTATCTCAATGAACATATACCGGATA 1714
alAspAspAlaGluAspAlaLysGluAlaAspTyrTyrLeuAsnGluHisIleProAspI 47

TTGCGATTGTC 1725
leAlaIleVal 50
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FIG. 4. Alignment of the purB operator with other pur regulon
operators. Consensus positions that are conserved in six or more
operators are highlighted.

adenine +1 (Fig. 6). The same mRNA 5' end was mapped
with a second primer complementary to nucleotides 120 to
138 (data not shown). In a separate experiment, the same
mRNA 5' end was mapped by using RNA from cells carrying
purB-lacZ plasmid pBLG1 (data not shown). The transcrip-
tion start site is thus designated as adenine + 1. This position
is not preceded by a typical a70 promoter sequence. Addi-
tional upstream mRNA 5' ends were not obtained by primer
extension mapping with an oligonucleotide corresponding to
nucleotides -164 to -147. Therefore, the promoter for purB
transcription in the upstream region between nucleotides
-986 to -172 in plasmid pLT1 remains to be identified.
Regulation by purR. A series of experiments was con-

ducted to determine whether purB is subject to regulation by
purR and whether the pur operatorlike sequence in the purB
coding region has a regulatory function. Transcriptional and
translational fusions to lacZ were constructed to investigate
in vivo regulation by purines and purR. DNA fragments
containing nucleotides -986 to 172 and -986 to 316 (Fig. 3)
were ligated into vectors to give transcriptional lacZ fusion
plasmids pLT2 and pLT3 and translational lacZ fusions in
plasmids pBLG1 and pBLG2 (Fig. 7). Plasmids pLT2 and
pBLG1 lack the operatorlike sequence, whereas pLT3 and
pBLG2 contain the putative purB operator. These purB-lacZ
fusions were integrated into the chromosome for assay of
,-galactosidase. The data summarized in Table 2 demon-

-986

pLT1 E
-172 -alactosidase

823

+1
i ATG 172-986

pLT2 [

-172
pLT4

+1
I ATG 172

699

GC
TA

TA
TA

GC
TA
TA

tA

FIG. 6. Primer extension mapping of the 5' end of purB mRNA.
RNA was isolated from strain R320(pBH111). The same primer was
used for synthesis of cDNA (lanes 1 and 2) and the sequencing
ladder (lanes G, A, C, and T). The nucleotide sequence and mRNA
5' end corresponding to the site for transcription initiation are shown
on the right.

strate that with purB-lacZ transcriptional fusions in strains
BH102, BH202, BH103, and BH203 and with translational
fusions in strains BH100, BH200, BH101, and BH201,
repression by adenine was dependent upon purR+ and the
purB operatorlike site. The cis-acting purB control site is

pLT2/pBLG1
-986 rF- ATG 172

1 45

pLT3/pBLG2
-986

purso
r L- ATG 316

FIG. 5. Detection ofpurB promoter function. The boxes provide
a schematic representation ofpurB 5' flanking DNA cloned into lacZ
transcriptional fusion vector pRS415. The shaded segment corre-
sponds to the protein-coding region. Numbers refer to nucleotide
positions. P-Galactosidase activity (nanomoles per minute per mil-
ligram of protein) is given for MC4100 transformants. The 3-galac-
tosidase control with the vector alone gave 35 U of P-galactosidase
activity.

1 93
FIG. 7. Schematic representation of purB 5' flanking DNA used

for construction of transcription and translational lacZ fusions.
Transcriptional fusions in pRS415 are pLT2 and pLT3. Translational
fusions in pMLB1034 are pBLG1 and pBLG2. Numbers above the
diagrams refer to the nucleotide sequence, and those below refer to
the amino acid sequence. The horizontal arrows define the transcrip-
tion start sites. The purB operator is designated purB,.

1 2
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TABLE 2. Regulation of purB-lacZ

Sr -Galactosidasea sp act FoldStrain purR rersinb+Adenine -Adenine repression

BH102 (purBo-) + 151 158 1.0
BH202 (purBo-) - 150 144 1.0
BH103 (purBo+) + 46.7 152 3.1-3.3
BH203 (purBo+) - 143 146 1.0
BH100 (purBo-) + 63.3 56.4 0.9-1.0
BH200 (purBo-) - 60.0 57.3 1.0
BH101 (purBo+) + 17.8 61.1 3.3-3.4
BH201 (purBo+) - 58.3 59.2 1.0

a -Galactosidase values are expressed in specific activity as averages of
three or four experiments with a variation of 1Ot% or less.

b Fold repression was calculated two ways and expressed as a range:
enzyme activity with adenine divided by that without adenine in purR+ and
enzyme activity with adenine in purR divided by that in purR+.

thus confirmed to function as an operator (purBo+). Repres-
sion of purB-lacZ by adenine was 3.1- to 3.4-fold in the
transcriptional and translational fusions. There was no purB
repression by added purine in purR or purBo- strains,
indicative of a single repressor-operator system for control.
Therefore, transcriptional repression by adenine requires
not only purR+ but also purB DNA containing the operator-
like sequence.

Binding of the Pur repressor to purBo. Since in vivo
regulation of purB requires a segment of the purB coding
sequence containing the 16-bp cis-acting control site, it was
important to demonstrate that the Pur repressor binds to this
sequence. Accordingly, gel retardation and DNase I foot-
printing experiments were performed to evaluate specific
binding. The results of a typical gel retardation experiment
are shown in Fig. 8. This experiment shows binding of the
purine repressor to a 570-bp purB DNA fragment corre-
sponding to nucleotides 221 to 242. Approximately 80 ng of
the repressor was required for 50% binding. Binding of the
repressor was dependent upon the purine corepressor and
was specific forpurB DNA containing the 16-bp pur operator
(data not shown).
To define the site of repressor-DNA interaction, DNase I

1 2 3 4 5 6 7

A 1 234 A GCT

B
221 244
l_ . l
CCGI ACGCMTCGGTTACCTITGATG

FIG. 9. DNase I footprint of the purB-repressor complex. (A)
Lanes: 1 and 4, 570-bp HindIII-EcoRI DNA from pBH113 labeled at
the EcoRI site; 2 and 3, the same DNA plus 0.4 ,ug of the purine
repressor; A, G, C, and T, sequencing ladder from pBH113. (B)
Nucleotide sequence of the region protected by the repressor. The
16-bp purB operator is boxed.

FIG. 8. Gel retardation assay for binding of the purine repressor
to purBo. All lanes contained 10 fmol of the 570-bp HindIII-EcoRI
DNA fragment from pBH113. Lanes 1 to 7 contained 0, 5, 10, 20, 40,
80, and 160 ng of the purine repressor. Free DNA and DNA-protein
complexes were resolved on a 4% polyacrylamide gel.

footprinting was conducted. The results of a typical experi-
ment are presented in Fig. 9, which shows that the Pur
repressor bound specifically to the 16-bp pur operator in the
570-bp DNA fragment that was retarded in the experiment
shown in Fig. 8. No other positions in the DNA fragment
were protected against DNase I cleavage. This confirms that
the operatorlike sequence in the purB coding region func-
tions as a site for repressor binding and this repressor-DNA
interaction is required for purB regulation.

DISCUSSION

E. coli purB was cloned by functional complementation of
a purB mutant. The DNA sequence predicts an ASL protein
of 435 amino acids having a molecular weight of 49,225. E.

J. BACTERIOL.
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TABLE 3. Summary of E. coli ASL alignments'

Enzyme EcASL BsASL GgASL EcFUM BsFUM EcASP HuRSL

EcASL 100
BsASL 26 (29) 100
GgASL 22 (15) 26 100
EcFUM 19 (6.0) 22 24 100
BsFUM 21 (12) 22 21 63 100
EcASP 20 (6.5) 21 20 27 32 100
HuRSL 19 (3.4) 21 22 22 23 20 100

a The numbers are percentages of identical amino acids for pairwise
comparisons of E. coli ASL (EcASL), B. subtilis ASL (BsASL) (3), chicken
ASL (GgASL) (1), E. coli fumarase (EcFUM) (29), B. subtilis fumarase
(BsFUM) (16), human argininosuccinate lyase (HuRSL) (14), and E. coli
aspartase (EcASP) (29). The numbers in parentheses are Z values (standard
deviations above the alignment of randomized sequences).

coli ASL was aligned with ASL sequences from B. subtilis
and chickens, as well as sequences of related enzymes that
catalyze p-elimination reactions. These results are summa-
rized in Table 3. There was 26% identity with the enzyme
from B. subtilis and 22% identity with avian ASL. Both
comparisons had Z values of >10 standard deviations above
random, indicating a highly significant probability of relat-
edness. Interestingly, the data in Table 3 indicate significant
similarity between ASL and B. subtilis fumarase. The Z
value of 12 suggests an evolutionary relationship for these
enzymes. E. coli ASL, E. coli fumarase, and human argini-
nosuccinate lyase have several blocks of identical amino
acids., although the Z values are insufficient to support
homology. The most highly conserved region in these en-
zymes is between residues 294 and 308, on the basis of E.
coli ASL numbering (Fig. 10). This block of residues has
been proposed to represent a "signature sequence" for
enzymes that catalyze ,-elimination reactions that generate
fumarate as a product (1). The previously suggested mech-
anistic similarity among fumarase, ASL, and argininosucci-
nate lyase (5) thus reflects a similarity in primary structure
and a likely evolutionary relationship.
The data summarized in Table 2 indicate that purB expres-

sion is regulated by the purine pool and purR. Guanine and
hypoxanthine are corepressors, needed for Pur repressor
binding to the DNA control site (21). With single-copy
purB-lacZ chromosomal integrants, there was threefold reg-
ulation by purR. This transcriptional regulation requires the
16-bp purB operator sequence located 224 nucleotides down-
stream from the transcription start site in the protein-coding
region. Whereas this location for the cis-acting control site
relative to the promoter is different from that in the other six
operons involved in IMP synthesis, it resembles that in
purR. For the other structural genes required for IMP
synthesis, the pur operator is located between positions -46

HuRSL - - -G S S LM P Q K K N P D S L E - - - -

BsFUM - - -G S S I MP G K V N P T Q 9 E - - - -

EcFUM - G S S I 2 P A K V N P V V P E - - - -

EcASP - - - G S S I k P A K V N P V V P E - - - -

GgASL - - -G S S A X P Y K R N P H R S E - - - -

BsASL - - - G S S A 1 P H K R N P I G S E - - - -

EcASL - - - G S S T N P H K V N P I D F E

FIG. 10. Sequence alignment of a conserved region implicated as
a signature sequence for ,-elimination reactions that generate fuma-
rate. Sequences are ASL from E. coli (Ec), B. subtilis (Bs) (3), and
chickens (Gg) (1); fumarase (FUM) from E. coli (29) and B. subtilis
(16); and argininosuccinate lyase (RSL) from humans (Hu) (14).

and + 10 relative to the start of transcription (6). However, in
purR there are dual operators at positions 96 to 111 and 184
to 199 relative to the start of transcription (20). The down-
stream operator, purRo2, overlaps codons 10 to 15 in purR.
In purR, operators 01 and 02 contribute 2.5- to 2.7-fold
transcriptional repression, whereas purRo2 by itself contrib-
utes only about 1.5-fold regulation by the repressor. Thus
repressor control at purBo is about twofold more effective
than the regulation at purRo2, even though purBo is 41
nucleotides farther downstream from the site for transcrip-
tion initiation and is situated deeper in the protein-coding
region that overlaps codons 62 to 67. As shown in Fig. 4,
there are only minor nucleotide sequence differences be-
tween purBo and purRo2. There is one further strong simi-
larity between purB and purR. Neither gene has a good
consensus -35 and -10 u70 promoter sequence next to the
site mapped for transcription initiation.
The regulation of the other pur genes is over a 5- to 17-fold

range (6) and is likely determined by the competing rates of
repressor-operator and RNA polymerase-promoter complex
formation. Large differences in lac operon repression have
been found to result from placement of the operator in
different positions relative to the promoter, and it was
concluded that the mechanism of repression of transcription
initiation is dependent upon relative operator-promoter po-
sitioning (9). The mechanism by which a repressor that binds
to a DNA site greater than 200 bp downstream from the
promoter can regulate transcription is not known. It would
appear to be necessary for the bound repressor either to
interfere with transcription initiation or to act as a road block
and obstruct the progress of the transcribing polymerase.
The threefold regulation of purB by purR confirms the

earlier observation by Meng et al. for repression of ASL by
purR (15). Previously, we (6) found no regulation of 4(purB-
lacZ)205 made in vivo by Mudl(Ap lac) insertion (28),
although two- to threefold regulation had been noted in the
original report (28). The position of the purB fusion to lacZ
in 4(purB-lacZ)205 is not known, and therefore we do not
know whether purBo is included in the fusion.
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