
JOURNAL OF BACTERIUOLOGY, JUlY 1987, P. 3051-3058
0021-9193/87/073051-08$02.00/0
Copyright © 1987, American Society for Microbiology

Vol. 169, No. 7

Nucleotide Sequence and Expression of the pyrC Gene of
Escherichia coli K-12

HELEN R. WILSON, PETER T. CHAN, AND CHARLES L. TURNBOUGH, JR.*
Department of Microbiology, University ofAlabama at Birmingham, Birmingham, Alabama 35294

Received 15 December 1986/Accepted 30 March 1987

The pyrC gene of Escherichia coli K-12, which encodes the pyrimidine biosynthetic enzyme dihydroorotase,
was cloned as part of a 1.6-kilobase-pair chromosomal fragment. The nucleotide sequence of this fragment was
determined. An open reading frame encoding a 348-amino acid polypeptide (Mr = 38,827) was identified as the
pyrC structural gene by comparing the amino acid composition predicted from the DNA sequence with that
previously determined for the dihydroorotase subunit. The pyiC promoter was mapped by primer extension of
in vivo transcripts. Transcriptional initiation was shown to occur within a region located 36 to 39 base pairs
upstream of the pyrC structural gene. Pyrimidine availability appears to affect the use of the minor
transcriptional initiation sites. The level of pyrC transcription and dihydroorotase synthesis was coordinately
derepressed by pyrimidine limitation, indicating that regulation occurs, at least primarily, at the transcrip-
tional level. Inspection of the pyrC nucleotide sequence indicates that gene expression is not regulated by an
attenuation control mechanism similar to that described for the pyrBI operon and the pyrE gene. A possible
mechanism of transcriptional control involving a common repressor protein is suggested by the identification
of a highly conserved, operatorlike sequence in the promoter regions ofpyrC and the other pyrimiidine genes
(i.e., pyrD and carAB) whose expression is negatively regulated by a cytidine nucleotide effector.

In Escherichia coli and Salmonella typhimurium, the de
novo synthesis of UMP, the precursor of all pyrimidine
nucleotides, is catalyzed by six enzymes encoded by six
unlinked genes and operons. The expression of these genes
and operons is noncoordinately regulated by the intracellular
levels of pyrimidine nucleotides. The expression of pyrBI
(designated pyrB in S. typhimurium), pyrE, and pyrF appears
to be repressed by a uridine nucleotide, whereas pyrC and
pyrD expression appears to be repressed primarily by a
cytidine nucleotide (21, 30). The expression of carAB (des-
ignated pyrA in S. typhimurium), which is essential for both
pyrimidine and arginine biosynthesis, is subject to cumula-
tive repression by pyrimidine (apparently uridine and cyti-
dine) nucleotides and arginine (1, 21). Recent studies indi-
cate that pyrBI and pyrE expression is regulated by similar
attenuation control mechanisms (5, 7, 13, 19, 23, 26, 27, 31).
In these mechanisms, transcriptional termination at a Rho-
independent terminator (attenuator) immediately preceding
the pyr structural gene(s) is regulated by the relative rates of
UTP-sensitive transcription and coupled translation within a
leader region upstream of the attenuator. In additional
studies, the promoter-regulatory regions of the carAB op-
eron (6, 22) and the pyrD (12) and pyrF (C. L. Turnbough,
Jr., K. H. Kerr, W. R. Funderburg, J. P. Donahue, and F. E.
Powell, J. Biol. Chem., in press) genes of E. coli K-12 and
also the pyrC gene of S. typhimurium (20) were identified and
sequenced. Inspection of the nucleotide sequences indicated
that attenuation control similar to that described above is not
involved in the expression of these genes. Essentially noth-
ing else is known about the pyrimidine-sensitive control
mechanisms that regulate carAB, pyrC, pyrD, and pyrF
expression.

In this paper we present initial results of a study designed
to elucidate the mechanism controlling the expression of the
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pyrC gene of E. coli K-12, which encodes the pyrimidine
biosynthetic enzyme dihydroorotase. We report the cloning
and nucleotide sequence of the pyrC gene, the mapping of
the pyrC transcriptional initiation sites, and the effect of
pyrimidine availability on pyrC transcription in vivo. In
addition, we identify an operatorlike sequence present only
in the pyrC, pyrD, and carAB promoter regions which may
be involved in cytidine nucleotide-mediated regulation.

MATERIALS AND METHODS

Bacterial strains. E. coli K-12 strains CLT9 [F- araD139
A(argF-lac)U169 rpsL150 thiAl relAl deoC7 ptsF25
flbB5301 rbsR pyrB476::Mu dl(Apr lac cts62)], CLT39 [F-
araD139 A(argF-lac)U169 rpsL150 thiAl relAl deoC7
ptsF25 flbB5301 rbsR pyrB477 srl-300: :TnJO recA56], and
CLT49 (thi-l pyrC46 relAl lacZ43 srl-300::TnlO recA56 X-)
were used in this study. Strain CLT9 was constructed as
previously described (26). Strains CLT39 and CLT49 were
constructed by transducing strains CLT19 (26) and 30SOU6
(MA1008; CGSC 5153) (4), respectively, to Tetr with bac-
teriophage P1 grown on strain JC10240 (HfrPO45 srl-
300: :TnJO recAS6 thr-300 ilv-318 spc-300). The cotransduced
recAS56 allele was identified by screening for UV sensitivity
(18).
DNA preparations. Plasmid DNA and DNA restriction

fragments were prepared as described previously (26). Chro-
mosomal DNA was prepared from a 250-ml stationary-phase
culture of strain CLT9 grown at 30°C in LB medium (18).
Cells were harvested by centrifugation, washed with 50 mM
Tris hydrochloride (pH 7.8)-5 mM EDTA-50 mM NaCl, and
suspended in 4 ml of ice-cold 25% sucrose-50 mM Tris
hydrochloride (pH 8.0)-i mM EDTA. The suspension was
incubated on ice for 5 min, and 0.8 ml of a freshly prepared
egg white lysozyme solution (5 mg/ml in 0.25 M Tris hydro-
chloride, pH 8.0) was added. After 5 more min on ice, 1.6 ml
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of 0.25 M EDTA (pH 8.0) was added. The sample was
incubated for an additional 15 min on ice, and 0.5 ml of 25%
sodium dodecyl sulfate was added. The sample was heated
at 60°C for 10 min, cooled to room temperature, and mixed
vigorously with a vortex mixer for 1 min. The DNA was then
banded twice by CsCl density gradient centrifugation and
dialyzed against 10 mM Tris hydrochloride (pH 7.8)-i mM
EDTA.

Restriction digests, ligations, and transformations. Condi-
tions for restriction digests, ligations, and transformations
were as previously described (26).
Media and culture methods. Cells used for enzyme assays

and for the isolation of RNA were grown in N-C- medium
(2) supplemented with 10 mM NH4Cl, 0.4% glucose, 0.015
mM thiamine hydrochloride, 100 ,ug of ampicillin per ml
[with strain CLT39(pBHM105) only], and either 1 mM uracil
or 0.24 mM UMP. Cultures (100 ml in a 500-ml flask) were
grown at 30°C with shaking. The solid media used were LB
(with ampicillin or tetracycline added at 25 jig/ml when
required) and VBCG (minimal glucose) (32) containing 1.5%
Difco agar. Growth on solid media was at 37°C.

Dihydroorotase assay. Cultures were grown to an A650 Of
0.5, and 30-ml samples were taken. Cells were collected by
centrifugation (4°C), washed with ice-cold 50 mM sodium
phosphate (pH 7.0), and stored at -70°C for 1 to 2 days
without loss of enzymatic activity. Cells were resuspended
in 5 ml of 50 mM sodium phosphate (pH 7.0) and disrupted
by sonic oscillation at 0°C. Cell debris was removed by
centrifugation at 27,000 x g for 30 min at 4°C. Dihydro-
orotase activity in the cell extracts was measured by the rate
of conversion of dihydroorotate to carbamyl aspartate. Re-
action mixtures (0.5 ml) contained 2 mM dihydroorotate, 2
mM EDTA, 0.1 M Tris hydrochloride (pH 8.6), and 50 ,ul of
cell extract diluted appropriately in 50 mM sodium phos-
phate (pH 7.0). Reactions were initiated by adding cell
extract, incubated at 30°C, and stopped at various times (15
to 30 min) by adding 1 ml of color mix (24) and 0.5 ml of
water. Color mix and water were also added to a series of
standards that were identical to the reaction mixes except
that they contained known amounts of carbamyl aspartate (0
to 100 nmol) and no cell extract. Color was developed in the
samples as described previously (24) and read at 466 nm. The
amount of carbamyl aspartate formed in the assays was
determined by comparison with the standards. Assay condi-
tions were chosen so that the amount of carbamyl aspartate
formed was directly proportional to enzyme concentration
and time. Protein in the cell extracts was measured by the
method of Lowry et al. (14), using crystalline bovine serum
albumin as the standard.

Quantitation of plasmid DNA. Cells from triplicate 10-ml
samples of culture were harvested by centrifugation (4°C)
and stored at -70°C until analyzed. Plasmid DNA was
extracted, and relative levels were measured by densi-
tometric scanning of photographic negatives of ethidium
bromide-stained agarose gels as previously described (26).

Isolation of cellular RNA. Cellular RNA was prepared by a
procedure similar to that described by Hagen and Young (8).
A 25-ml sample was removed from a culture of strain
CLT39(pBHM105) (A650 = 0.5) and was added directly to 2.5
ml of 0.5 M Tris hydrochloride (pH 6.8)-20 mM EDTA-10%
sodium dodecyl sulfate in a flask held in a boiling water bath.
After 2 min, the flask was removed from the water bath and
allowed to cool to room temperature, and 2.5 ml of 2 M
sodium acetate (pH 5.2) was added to the cell lysate. The
lysate was extracted twice with an equal volume of water-
saturated phenol and once with an equal volume of chloro-

form. The aqueous phase was dialyzed overnight against 2
liters of diethyl pyrocarbonate-treated (16) sterile water
(4°C) to remove interfering phosphate contributed by the
growth medium. The RNA was precipitated from the dialy-
sate by adding 0.1 volume of 3 M sodium acetate (pH 5.2)
and 2.5 volumes of 95% ethanol and allowing the sample to
stand overnight at -20°C. The precipitate was collected by
centrifugation (4°C) and dissolved in 0.4 ml of 10 mM Tris
hydrochloride (pH 8.0)-i mM EDTA. The RNA was
reprecipitated by adding sodium acetate and 95% ethanol as
described above and placing the sample at -70°C for 1 h.
The precipitate was collected by centrifugation (4°C),
washed with 70% ethanol (-20°C), dried in vacuo, and
dissolved in 0.2 ml of 50 mM sodium acetate (pH 6.5)-10 mM
MgCl2-2 mM CaCl2. Contaminating DNA was removed from
the sample by adding RNase-free DNase I (5 [Lg/ml;
Bethesda Research Laboratories, Inc., Gaithersburg, Md.)
and incubating at 37°C for 15 min. The sample was then
extracted once with an equal volume of water-saturated
phenol and twice with an equal volume of chloroform. The
RNA was precipitated, collected, washed, and dried as
described in the previous precipitation step. The RNA was
dissolved in 0.2 ml of diethyl pyrocarbonate-treated sterile
water and stored at -20°C. Each step of the RNA isolation
procedure was performed quantitatively to permit a compar-
ison of pyrC transcript levels in cells grown under different
conditions.
Primer extension mapping of pyrC transcripts. The 5'

termini of pyrC transcripts were mapped by primer exten-
sion essentially as described previously (15). Cellular RNA
isolated from strain CLT39(pBHM105) grown on uracil or
UMP was used as a source of pyrC transcripts. The amount
of cellular RNA added to the reaction mixtures was either 15
jig from uracil-grown cells or 8.6 ,ug from UMP-grown cells.
Although the amounts of cellular RNA added are different,
these quantities were isolated from the same volume of
culture. The higher yield of total RNA from uracil-grown
cells, which was observed in three independent experiments,
is presumably due to the increased synthesis of stable RNA
in faster-growing cells. Cellular RNA was mixed with 16 ng
(8 x 105 dpm) of a 5' 32P-end-labeled oligodeoxyribonucleo-
tide DNA synthesis primer (see text) which was synthesized
with an Applied Biosystems model 380A DNA synthesizer
and end labeled as described previously (17). This mixture
was dried in vacuo and redissolved in 25 pAl of hybridization
buffer containing 20 mM Tris hydrochloride (pH 8.0), 0.1 M
NaCl, and 0.1 mM EDTA. The sample was heated at 100°C
for 2 min and then allowed to hybridize at 50°C for 5 h. The
sample was cooled to room temperature, and 25 ,ul of 2x
reverse transcriptase reaction mix (0.2 M Tris hydrochloride
[pH 8.3], 20 mM MgCl2, 0.1 M KCl, 20 mM dithiothreitol, 1
mM each dATP, dGTP, dCTP, and dTTP) containing 12.5 U
of avian myeloblastosis virus reverse transcriptase
(Boehringer Mannheim Biochemicals, Indianapolis, Ind.)
was added. The reaction mixture was incubated for 1 h at
42°C. The sample was quantitatively extracted once with an
equal volume of water-saturated phenol and once with an
equal volume of chloroform. The primer extension products
were precipitated by adding 0.1 volume of 3 M sodium
acetate and 2.5 volumes of 95% ethanol and placing the
sample in a dry ice-ethanol bath for 15 min. The precipitate
was collected by centrifugation (4°C), washed with 70%
ethanol (-20°C), and dried in vacuo. The dried sample was
dissolved in DNA-sequencing dye (17), and a portion was
run on a 10% polyacrylamide sequencing gel (17) alongside
an appropriate DNA sequencing ladder. Under the condi-
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tions described, it was shown that there is a linear relation-
ship between the amount of cellular RNA preparation added
to the primer extension reaction mixture and the level of
extended fragments synthesized by reverse transcriptase.

RESULTS

Cloning the pyrC gene. The pyrC gene was cloned from
chromosomal DNA isolated from E. coli K-12 CLT9. AvaI-
cut chromosomal DNA was ligated to AvaI-cut plasmid
pBR322, and a pyrC-containing recombinant plasmid was
isolated by transforming strain CLT49 (pyrC46) with selec-
tion for pyrimidine prototrophy. This plasmid, designated
pBHM52 (Fig. 1), contains three AvaI fragments of chromo-
somal DNA and two copies of pBR322. The pyrC gene was
subcloned from plasmid pBHM52 as outlined in Fig. 1. All
plasmids described were isolated by transforming strain
CLT49 and selecting for pyrimidine prototrophy. The chro-
mosomal fragment carrying the pyrC gene was reduced to
1.6 kilobase pairs in plasmids pBHM1OS and pBHM107.
Two additional plasmids were constructed by inverting the

chromosomal insert in plasmids pBHM105 and pBHM107.
Both plasmids were shown to complement the pyrC46 rnu-
tation in strain CLT49, indicating that the pyrC promoter is
included on the 1.6-kilobase-pair chromosomal fragment.

Nucleotide sequence of the pyrC gene. The sequence of the
entire pyrC-containing chromosomal insert of plasmid
pBHM107 (Fig. 1) was determined as summarized in Fig. 2.
The nucleotide sequence is shown in Fig. 3. A single open
reading frame capable of encoding a 38-kilodalton polypep-
tide, which is the size of the dihydroorotase subunit mea-
sured by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (34), was located between base pairs (bp) 467 and
1510 (Fig. 3). This open reading frame begins with an ATG
codon preceded by two Shine-Dalgarno-like sequences (SD1
and SD2 in Fig. 3) (11) and would encode a 348-amino acid
polypeptide with a molecular weight of 38,827. The assign-
ment of this open reading frame as the pyrC structural gene
was confirmed by comparing the amino acid composition
predicted from the DNA sequence and that determined for
the dihydroorotase subunit (34). The predicted and deter-
mined values are nearly identical (Table 1). The end of the
pyrC structural gene is followed closely by a region of
hyphenated dyad symmetry (bp 1520 to 1584), which may be
involved in the termination (33) or nucleolytic processing
(25, 28) of the pyrC transcript.
A second long open reading frame was identified in the

sequence of the chromosomal insert of plasmid pBHM107
(bp 1 to 358). This open reading frame, which extends
beyond the sequence shown in Fig. 3, is presumably part of
another structural gene in this region. The end of this second
open reading frame is followed by a sequence typical of a
Rho-independent transcriptional terminator (bp 367 to 392)
(33).
Mapping the pyrC promoter and transcriptional regulation.

The pyrC promoter was located by primer extension map-
ping the 5' termini of pyrC transcripts as described in
Materials and Methods. The cellular RNA used as a source
of pyrC transcripts was isolated from the pyrimidine-
auxotrophic strain CLT39(pBHM105) grown with either
uracil or UMP as the sole pyrimidine source. Growth on
uracil causes repressed pyr gene expression, while growth
on UMP, which is only slowly utilized by cells under the
present conditions, causes derepressed pyr gene expression.
A synthetic 5' 32P-end-labeled oligonucleotide complemen-
tary to nucleotides 473 to 497 in Fig. 3 was used as the DNA

Suboloned 11-kb &yj fragment

H

~<H

FIG. 1. Cloning the pyrC gene of E. coli K-12. All plasmids
constructed during the cloning and subcloning of the pyrC gene are
described, and the subcloning protocol is summarized. E. coli
chromosomal DNA is represented by the thin line, with the arrow
indicating the position and direction of transcription of the pyrC
structural gene. The filled bar represents plasmid pBR322 DNA, and
the open bar indicates plasmid pUC18 DNA. Cleavage sites for
restriction endonucleases are indicated as follows: A, AvaI; B,
BamnHI; E, EcoRIl H, HincII; N, NruI; and P, PvuII. kb, Kilobase
pairs.

synthesis primer. The DNA fragments synthesized by re-
verse transcriptase were analyzed on a sequencing gel (Fig.
4) containing a dideoxy sequencing ladder that was gener-
ated by using the same oligonucleotide primer and a template
DNA containing bp 1 to 713 in Fig. 3. Because comigrating
fragments in all the lanes of this gel are identical, the
sequence of each fragment synthesized in the primer exten-
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FIG. 2. Strategy and restriction sites used to sequence the E. coli K-12 pyrC gene and flanking regions cloned in plasmid pBHJM107. The
filled bars indicate pUC18 and linker DNA, which flank the 1.6-kilcbase-pair chromosomal insert of plastnid pBHM107. The open bar
represents the pyrC coding sequence. Nucleotide sequencing was done by the method of Maxamh and Gilbert (17). Arrows indicate the
direction and extent of each sequence determination. Arrows beginning with filled or open circles indicate sequences that were determined
with 5' or 3' 32P-end-labeled restriction fragments, respectively.

sion reactions could be determined by identifying the
comigrating fragment in the sequencing ladder. The 3' ter-
mini of the primer extension fragments are complementary
to the 5' termini of the pyrC transcripts.
The data indicate that in cells grown on uracil or UMP the

primary pyrC transcriptional initiation site is at position 431
in Fig. 3. (Note that the sequences shown in Fig. 3 and 4 are
of opposite strands.) There appear to be three minor tran-
scriptiohal initiation sites at positions 428 to 430. The per-
centage of transcripts initiated at positions 428 and 429
appears to be much greater in uracil-grown cells than in
UMP-grown cells. The transcriptional initiation sites are
preceded by a -10 sequence and a -35 sequence (Fig. 3)
that are typical of an E. coli promoter (9). The only other
readily detectable extended fraginent in Fig. 4 could indicate
a minor transcriptional initiation site at position 440. Be-
cause this site is not preceded by a promoterlike sequence,
however, it is presumed that this fragment is the result of
premature term.ination by reverse transcriptase. The four
pyrC transcriptional initiation sites corresponding to bp 428
to 431 also were identified by Si nuclease mapping (35) (data
not shown). It Wvas not possible to identify major and minor
transcriptional initiation sites by Si nuclease mapping, how-
ever, because the relative amounts of Si nuclease-resistant
DNA-RNA hybrids were dependent on the 'reaction condi-
tions,used.
The effect of pyrimidine availability on the level of pyrC

transcription was also measured from the data shown in Fig.
4. In the two primer extension reactions, analyzed, the
amount of cellular RNA added to each reaction mixture was
isolated from the same number of cells. Under the assay
conditions used, the level of primer extehsion products
should correspond to the amount ofpyrC transcripts present
in the c6lls. The reshlts indicate that the level of pyrC
transcripts in cells grown on UMP was approximately five-
fold greater thah that in cells grown on uracil. The level of
dihydrborotase was measured in the same cultutes used to
isolate the cellular RNA. The total activity of dihydroorotase
in UMP-grown cells was 5.7-fold higher than that in uracil-
grown cells (Table 2). These results indicate that pyrC
expression is regulated, at least in large part, at the tran-
scriptional level.
To confirm that the regulation observed in strain

CLT39(pBHM105) was the same as that in an E. coli strain
that carries only the chromosomal pyrC gene, dihydrooro-
tase levels in strain CLT39 grown on uracil or UMP were
measured (Table 2). After correction for plasmid copy num-

ber in strain CLT39(pBHM105), the level of derepression of
pyrt expression in both strains was approximately 12-fold
(Table 2).

Identification of a possible operator sequence. The expres-
sion ofpyrC and pyrD is negatlvely regulated over a similar
range (30) by a cytidine nucleotide, which sUiggests that a
common repressor protein niay be involved in regulation.
Such a repressor protein would presumably bind to a highly
conserved sequence (i.e., an Qperator) in the promoter-
regulatory region of the two genes. To identify a possible
operator sequence, the nucledtidd sequences of the pyrC and
pyrD structural genes ana flanking regions were compared
by using the COMPARE and BE4STFIT computer programs
supplied by the University of Wisconsin Genetics Computer
GrO'up. The comparisonf showed that although the two se-
quences are not strikingly similar overall, there is a highly
conserved (16 of 19 bp) sequence present in the promoter
regions. This highly conserved sequence is located between
the -10 and -35 hexamers of the pyrC promoter and is
found 15 bp upstream of the putative -35 sequence of the
pyrD promoter (Fig. 5). The conserved sequence contains a
hyphenated dyad symmetry (Fig. 3), which is characteristic
of many operator sequences (10).
To determine whether other pyrimidine genes contained

the highly conserved, operatorlike sequence or a closely
related sequence, all the E. coli pyrimidihe gene and flanking
region sequences were screened. No sequences strongly
resembling the highly conserved seqtience were found in the
pyrBI, pyrE, or pyrF regions. A closely related sequence was
found in the opposite orientation near the carAB promoter
region. This sequence is located 85 bp upstream of t4e
pyrimidine-regulated carAB promoter (Fig. 5). The highly
conserved sequence was also found in the S. typhimurium
pyrC promoter (Fig. 5). This result was expected and is not
particularly useful in identifying a possible operator se-
quence, because the sequence of the entire pyrC region of E.
coli and S. typhimurium are highly conserved.

DISCUSSION
The results presented in this study provide an initial step

toward the understanding of the mechanism controlling pyrC
expression in E. coli K-12. The nucleotide sequence deter-
mined in this paper shows that the pyrC leader region and the
beginning of the pyrC structural gene do not contain a
Rho-independent terminator, indicating that regulation does
not involve attenuation control similar to that described for
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1 CGAAGAGCCGAATAAGGTTACCCTAACCGGAGACGCCMTCTGGACATGMCTCCCTGTTCGGTAGTCAGAAAGCGACCATGAAACTGAAGCTGAAAGCG

101 ,CTGCCCGTGTTTG,ATAAAGMAAAGGTGCGATCTTCCTGAAAGAGATGGAGTGGTCGATGCGACGGTACAACCGGAAAAAATGCAAACGGTGATGCAAA
201 CGTTGCTTCCCTATTTGMCCAGGCATTACGCMTTACTTTAACCAGCMCCTGCTTACGTCCTGCGCGMGATGGCAGCCAGGGCGMGCMTGGCGM

- 0 ,-- . 35
301 MAACT4iGCGAMGGCATTGMGTGAAGCCAGGCGAAATTGTCATTCCATTTACTGATTAATCACGAGGGCGCATTCGCGCCCTTTATTTTTCGTGCAAA

0 - 10 <<
401 GGAAAACGTTTCCGCTTATCCTTTGTGTCCGGCAAAAACATCCCTTCAGCCGGAGCATAGAGATTA ATG ACT GCA CCA TCC CAG GTA TTA

SD1 SD2 Met Thr Ala Pro Ser Gln Val Leu

491 MG ATC CGC CGC CCA GAC
Lys lie Arg Arg Pro Asp

566 AGC GM ATT TAT GGA CGG
Ser Glu lie Tyr Gly Arg

641 TAT CGC CAG IGT ATT CTT
Tyr Arg Gin Arg lie Leu

716 TCG CTG GAT CCT MT GAG
Ser Leu Asp Pro Asn Glu

791 GCA ACC ACT MC T
Ala Thr Thr Asn S

866 GGT ATG CCG CTA C
Gly Met Pro Leu L

941 GM AGC GTG ATG i
Glu Ser Val Met G

1016 GCT GCC GAC TAT G
Ala Ala Asp Tyr V

1091 MC CAT ATG CTG G
Asn His Met Leu \l

1166 GCA TTG CGT GM C
Ala Leu Arg Glu L

1241 CGC AAA GAG AGC A
Arg Lys Glu Ser S

1316 GAM GMA ATG MT G
Glu Glu Met Asn A

1391 MC GAC ACA TTC A
Asn Asp Thr Phe I

1466 GTG CCA TTC CTC G
Val Pro Phe Lou A

kGT TGC GGC TGC
5er Cys Gly Cys

CT TTG CAG CAC
ia Leu Gln His

CAC CTT CAC CTC CGC GAT GGC
His Leu His Leu Arg Asp Gly

GTA ATG CCC MT CTG GCT CCG
Val Met Pro Asn Leu Ala Pro

GTA CCT GCC GGG CAC GAT TTC
Val Pro Ala Gly His Asp Phe

CGC GGA TTT MC GM GGC GTG
Arg Gly Phe Asn Glu Gly Val

GTG ACG TCA ATT GAC GCA ATC
Val Thr Ser lie Asp Ala lie

GM GTG ACA CAT GCA GAT ATC
Glu Val Thr His Ala Asp lie

FAG CGC CTG ACT GCG CTG MA
Gin Arg Leu Thr Ala Leu Lys

MT GM CGG CTG GCT GCC ACC
Asn Glu Arg Leu Ala Ala Thr

CGT CCG CAC CTG TAT TGT CTA
Arg Pro His Leu Tyr Cys Leu

GGT TTT MT CGA GTA TTC CTC
Gly Phe Asn Arg Val Phe Leu

GCG GGC TGC TTC MC GCC CCA
Ala Gly Cys Phe Asn Ala Pro

TTT GAA GCA TTC TGT TCT GTA
Phe Glu Ala Phe Cys Ser Val

TC GAA CTG GTA CGT GAA GAG ,CM CAG GTT GCT
Ile Glu Leu Val Arg Glu Glu Gin Gin Val Ala

;CC GGG GM ACG GTA CGC TGG TCC GTT MA CAA
ia Gly Glu Thr Val Arg Trp $er Val Lys Gln

GAC ATG TTA AAA ACT
Asp Met Leu Lys Thr

CCC GTG
Pro Val

ACC CCA

ACC ACC GTT
Thr Thr Val

TTG ATG ACC
Thr Pro Leu Met Thr

TTC ACC GCT
Phe Thr Ala

ATG CCG GTA
Met Pro Val

GAC ATT TTT
Asp lie Phe

GTC GTT TTT
Val Val Phe

ATC ACT CCG
lie Thr Pro

CCC ATC CTC
Pro lie Leu

GGT ACG GAT
Gly Thr Asp

ACC GCG CTG
Thr Ala Leu

MC GGC CCG
Asn Gly Pro

GM AGC ATC
Glu Ser lle

GCA AAA
Ala Lys

CTT GAG
Leu Glu

GAT CGT
Asp Arg

GAG CAC
Glu His

CAG CAT
Gin His

AAA CGT
Lys Arg

TCT GCG
Ser Ala

GGC AGT
Gly Ser

CAG TTC
Gln Phe

GCA CTG
Ala Leu

GTC GTG CCA TAT ACC
Val Val Pro Tyr Thr

GAG GCT GCC GTG GCG
Glu Ala Ala Val Ala

TGT TAT TTA ACA GAT
Cys Tyr Leu Thr Asp

CTT TAC CCG GCA MC
Leu Tyr Pro Ala Asn

CGC ATG GAA AM ATC
Arg Met Glu Lys lie

GM GCG CG,C TTT ATA
Giu Ala Arg Phe lie

ATC ACC ACC AAM GAT
lie Thr Thr .ys Asp

CTG ATG TTT MA CGC
Lemj Met Phe Asn Arg

MT ATT CAC CM CAG
Asn lie His Gin Gin

CCA CAT GCA CGT CAT
Pro Hi's Ala Arg His

TAC GCT ACC GTC TTT
Tyr Ali Thr Val Phe

TAT GGG TTG CCG GTC
Tyr Gly Leu Pro Val

ACT GAT GAC ACG CTG
Thr Asp Asp Thr Leu

TM AAATCGTAGCTTCCTGTTGTCATTAGGTTATTTTACC
End

100

200

300

400

490

565

640

715

790

865

940

1015

10l0

1165

1315

1390

1465

1550

1551 TGTATAAATMCCAGTATATTCMCAGGGGGCTATTATGCGAATTGAAGTCACCATAGCGAAAACTTCTCCATTGCCAG 1629

FIG. 3. Nucleotide sequence of the 1,629-bp chromosomal insert of plasmid pBHM107 containing the pyrC gene of E. coli K-12. Only the

sequence of the antis'ense strand is shown; numbering is from the 5' end. The deduced amino acid sequence of dihydroorotase is shown. Two
possible pyrC Sline-Dalgarno (SD) sequences are underlined and labeled. The -10 and -35 hexamers of the pyrC promoter are overlined and
labeled. The asterisks below nucleotides 428 to 431 indicate pyrC transcriptional initiation sites. The sequence underlined with a dashed line
is a possible operator s'equence, which is discussed in detail in the text. Dyad symmetries are indicated by the arrows with the centers of

symmetry shown by the large dots.

the pyrBI Qperon and the pyrE gene. A Rho-independent
terminlation sequeince is present immediately upstream of the
pyrC promoter; however, this sequence appears to be in-
volved in the termination of transcription of an adjacent
structural gene. There is no indication that the expression of
this adjacent gene, which apparently is not intact in plasmid
pBHM1O5, is required for pyrC expression and regulation
(Table 2).
The quantitation of pyrC transcripts in cells grown under

conditions of pyrimidine excess or limitation indicates that
the regulation of pyrC expression occurs, at least primarily,
at the transcriptional level. A possible mechanism for tran-

scriptional control involving a common repressor protein is
suggested by the identification of a highly conserved,
operatorlike sequence in or near the promoter regions of the
pyrimidine genes whose expression is regulated by a cytidine
nucleotide effector (i.e., pyrC, pyrD, and carAB). For pyrC,
the binding of a repressor protein to the possible operator
sequence, which is included in the promoter, should prevent
the binding of RNA polymerase and the initiation of tran-
scription. If a repressor protein is involved in the control
mechanism, it must be present at a level high enough to
permit pyrimidine-mediated regulation of pyrC expression
directed by the multicopy plasmid pBHM105. Experiments

GAC TGG
Asp Trp

GCT ATC
Ala lIe

GAC GCC
Asp Ala

CTG GAG
Leu Glu

CAC GGC
His Gly

CAT GGT
His Gly

CTG CGC
Leu Arg

GAC GGA
Asp Gly

GGC GTG
Gly Val

GCC AGC
Ala Ser

rcC AGC
;er Ser

:TG GTG
.eu Val

;M CCT
;lu Pro

;TC CGT
lal Arg

.TT GGA
;a Gly

TG GTC
.eu VaI
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TABLE 1. Amino acid composition of E. coli dihydroorotase

Subunit composition from:
Amino acid

Amino acid analysisa DNA sequence

Ala 33 33
Arg 23 23
Asx 33 (33)
Asp 19
Asn 14
Cys 6 6
Glx 34 (34)
Glu 23
Gln 11
Gly 19 19
His 13 14
Ile 16 16
Leu 33 33
Lys 9 9
Met 9 11
Phe 16 16
Pro 20 21
Ser 16 15
Thr 24 25
Trp 2 2
Tyr 9 9
Val 26 29

Total 341 348
Ml 38,050 38,827

a Values from Washabaugh and Collins (34).

are in progress to determihe the role of the possible operator
sequences and trans-acting factors in the regulation ofpyrC,
pyrD, and carAB expression.

In addition to affecting the level of pyrC transcripts,
pyrimidine availability appears to affect the site of pyrC
transcriptional initiation (refer to Fig. 4). The primer exten-
sion mapping data show that in uracil-grown cells two minor
transcriptional initiation sites (corresponding to bp 428 and
429 in Fig. 3) are used much more frequently than in
UMP-grown cells. The major transcriptional initiation site
(corresponding to bp 431), however, is the same in cells
grown with either py,rimidine source. A possible (presum-
ably Secondary) regulatory role for the use of the additional
minor transcriptional initiation sites is suggested by the fact
that nucleotides 428 to 433 (Fig. 3) are complementary to
nucleotides 449 to 454. This latter sequence overlaps one of
the possible pyrC Shine-Dalgarno sequences (SD1 in Fig. 3).
Transcripts initiated at bp 428 and 429, but not at bp 430 and
431, may be able to form a stable secondary structure that
could inhibit translational initiation and further redu,ce the
synthesis of dihydroorotase in cells grown under conditions
of pyrimidine excess.
On the basis of their recent studies of S. typhimurium,

Neuhard et al. (20) suggested that pyrC expression is regu-
lated by a novel attenuation control mechanism in which the
formation of the secondary structure in the pyrC transcript
described above would control transcriptional termination
(presumably Rho dependent) within the structural gene.
Such a mechanism appears to be excluded by the results
described in the present study. The quantitative primer
extension mapping of pyrC transcripts shown in Fig. 4
indicates that regulation occurs at a step before the tran-
scription of the first 11 codons of the pyrC structural gene.
(Note that the oligonucleptide primer used in this experiment
is complementary to codons 3 to 11.) Rho-dependent termi-
natiop could not occur within this early stage of pyrC

FIG. 4. Primer extension mapping of the 5' termini of pyrC
transcripts. An autoradiogram of the 10%o polyacrylamiide sequenc-
ing gel used to analyze the DNA primers extended by reverse
transcriptase is shown. The two primer extension reactioti mixtures
analyzed contained cellular RNA isolated from strain
CLT39(pBHM105) grown on uracil (lane 1) or UMP (lanes 2 and 3).
The same amount of primer extension reaction mixture (1/10th of the
total) was loaded in lanes 1 and 3. The sample loaded in lane 2 was
one-fifth of that loaded in lane 3. The dideoxy sequencing ladder (29)
was generated by using the same primer that was used in the primer
extension reactions. The template used for sequencing was a restric-
tion fragment containing bp 1 to 713 in Fig. 3. Nucleotide positions
are numbered in accordance with the numbering of the complemen-
tary sequence shown in Fig. 3. There is a C at position 425 that is not
detected by dideoxy sequencing.

TABLE 2. Effect of pyrimidine availability on the synthesis of
dihydroorotase in strains CLT39(pBHM1O5) and CLT39

Totatl activity Sp act
Strain source (nmo/min (nmolmin

per ml) per mg)

CLT39(pBHM105)a Uracil 1,560 2,970
(10.9)b (12.0)b

UMP 8,960 18,800

CLT39C Uracil 81.9 168
(11.5)d (12.9)d

UMP 938 2,170
a Doubling times were 86 and 130 min on uracil and UMP, respectively.
b Numbers in parentheses indicate fold derepression after correction for

plasmid copy number. Plasmid copy number was 1.9-fold higher in the
uracil-grown cells.

c Doubling times were 86 and 150 mm on uracil and UMP, respectively.
d Numbers in parentheses indicate fold derepression.
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AAAGGAAAACGTTTCCGCTTATCC

pyrC (Styphimurium) AAACGAAAACGTTTCCGCTTATCC
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Consensus

TTCGGAAAACGTTTGCGTTTTTTT

TCTGGAAAACGCTTGCGCAGCAAG

--- gGAAAACGtTTcCGctt-t.

FIG. 5. Location and nucleotide sequence of a highly conserved,
operatorlike sequence in the pyrC, pyrD, and carAB promoter-
regulatory regions. The open boxes represent the beginning of the
coding region for the indicated gene or operon. The filled boxes
indicate the positions of the promoters. The carAB operon has two
promoters; pyrimidine availability regulates transcription from the
upstream promoter only (6, 22). The arrowheads indicate the
location and orientation of the highly conserved sequences. All
sequences are written 5' to 3'.

transcription because the 5' end of the transcript is too short
to permit Rho binding (33). In addition, the majority ofpyrC
transcripts in E. coli (i.e., those initiated at bp 431 in Fig. 3)
apparently would not be capable of forming a stable second-
ary structure between the 5' end of the transcript and
Shine-Dalgarno sequence SD1.
The sequence of the E. coli pyrC ribosome-binding site is

unusual in that there are two possible Shine-Dalgarno se-

quences. It is not clear which of the two sequences would be
more likely to function in translational initiation. The up-

stream sequence, SD,, is one nucleotide longer (GGAG as

compared with GAG for SD2); however, the spacing be-
tween each Shine-Dalgarno sequence and the initiation
codon is slightly outside the 5- to 9-nucleotide range typi-
cally found in a ribosome-binding site (11). Interestingly, the
sequence of the S. typhimurium pyrC ribosome-binding site
(20) does not contain the sequence AGAG (bp 459 to 462 in
Fig. 3), which includes Shine-Dalgamo sequence SD2. This
deletion is the most striking difference between the pyrC
sequences of the two bacteria. The effect of the different
ribosome-binding sites on the expression and regulation of
the pyrC gene remains to be determined.

During the preparation of this manuscript, Backstrom et
al. (3) published a paper that contains the same nucleotide
sequence as that determined in this study. There are, how-
ever, a number of significant differences in the two papers.

In the paper by Backstrom et al., S, mapping experiments
are described (without presenting any primary data) which
apparently show that pyrC transcription is initiated primarily
at the two base pairs (bp 426 and 427 in Fig. 3) immediately
upstream of the initiation sites demonstrated in the present
study. This discrepancy is of particular concern because of
the potential of the transcripts initiated at the more upstream
sites to form a secondary structure which could affect
translational initiation and perhaps regulation as described
above. We think that the initiation sites reported in the
present study are correct because they were detected by two
different mapping techniques and because the spacing be-

tween the pyrC -10 sequence and these sites (but not those
reported by Backstrom et al.) is typical of that found in E.
coli (9). There are also differences in the two papers with
respect to the assignment of sequences required for tran-
scription and translation. Backstrom et al. report that in the
pyrC promoter there is no sequence similar to the consensus
-35 region (i.e., TTGACA); however, we think that the
sequence GTGCAA located 17 bp upstream of the pyrC -10
sequence is a reasonable candidate for the -35 sequence (9).
Backstrom et al. indicate only one pyrC Shine-Dalgarno
sequence (SD2), but as indicated above we have suggested
two candidates. Finally, the paper by Backstrom et al. does
not include any experiments demonstrating transcriptional
control of pyrC expression and does not discuss the highly
conserved, operatorlike sequence identified in the present
study. However, their paper does propose an assortment of
possible trans-acting factors and cis-acting sequences that
could function in the regulation of pyrC expression.
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