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Expression of the pyrBI operon of Escherichia coli K-12, which encodes the subunits of the pyrimidine
biosynthetic enzyme aspartate transcarbamylase, is negatively regulated over a several-hundredfold range by
pyrimidine availability. This regulation occurs, at least in large part, through a UTP-sensitive attenuation
control mechanism in which transcriptional termination at the pyrBI attenuator, a p-independent transcrip-
tional terminator located immediately upstream of the pyrB structural gene, is regulated by the relative rates
of transcription and translation within the pyrBI leader region. There is suggestive evidence that an additional,
attenuator-independent control mechanism also contributes to this regulation. To measure the level of
regulation that occurs through the attenuation and attenuator-independent control mechanisms, we con-

structed a mutant strain in which a 9-base-pair deletion was introduced into the attenuator of the chromosomal
pyrBI operon. This deletion, which removes the run of thymidine residues at the end of the attenuator,
completely abolishes p-independent transcriptional termination activity. When the mutant strain was grown
under conditions of pyrimidine excess, the level of operon expression was 51-fold greater than that of an
isogenic pyrBI+ strain. Under conditions of pyrimidine limitation, operon expression was increased an

additional 6.5-fold in the mutant. These results demonstrate that the attenuation control mechanism is
primarily responsible for pyrimidine-mediated regulation but that there is a significant contribution by an

attenuator-independent control mechanism.

In Escherichia coli K-12, the de novo synthesis of UMP,
the precursor of all pyrimidine nucleotides, is catalyzed by
six enzymes encoded by six unlinked genes and small
operons. The expression of these genes and operons is
noncoordinately regulated by the intracellular levels of uri-
dine or cytidine nucleotides (15). One of the small operons,

the pyrBI operon, encodes the catalytic (pyrB) and regula-
tory (pyrI) subunits of the allosteric enzyme aspartate trans-
carbamylase (ATCase; EC 2.1.3.2). Expression of the pyrBI
operon is negatively regulated over a several-hundredfold
range by pyrimidine availability. Recent studies indicate that
most of this regulation occurs through a UTP-sensitive
attenuation control mechanism (9, 19, 23). In this mecha-
nism, transcriptional termination at the pyrBI attenuator, a

p-independent transcriptional terminator located 23 base
pairs (bp) upstream of the pyrB gene (Fig. 1), is regulated by
the relative rates of transcription and translation within the
pyrBI leader region (6, 8, 19). According to the current
model for attenuation control, low intracellular levels of
UTP cause RNA polymerase to pause during the synthesis
of uridine-rich regions in the leader transcript. This pausing
provides time for a ribosome to initiate the translation of an

open reading frame for a 44-amino-acid leader polypeptide
and catch up to RNA polymerase before the transcription of
the attenuator. When RNA polymerase eventually tran-
scribes the attenuator, the adjacent translating ribosome will
prevent the formation of the attenuator-encoded RNA hair-
pin, which is required for transcriptional termination, result-
ing in readthrough transcription into the pyrBI structural
genes (18).

In several of the studies describing the attenuation control
mechanism, data are presented which suggest that an addi-
tional, attenuator-independent control mechanism contrib-
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utes to pyrimidine-mediated regulation of pyrBI operon
expression. For example, the expression of gene fusions
constructed by joining the pyrBI promoter-regulatory region
preceding the attenuator to a reporter gene like lacZ or galK
can be derepressed two- to fourfold by pyrimidine limitation
(9, 19). In another experiment, it was shown that the
insertion of a restriction fragment containing just the pyrBI
leader region (including the attenuator) into a site between
the lac promoter and the lacZ gene permits regulation of
lacZ expression by pyrimidine availability, but only over a

range approximately one-tenth of that observed with the
pyrBI operon (6). This result suggests that attenuation con-

trol is not sufficient to account for all of the observed
regulation. Although these results indicate the involvement
of a second control mechanism, it is unlikely that they reflect
in a quantitative way the contribution of the two control
mechanisms to regulation. In all cases, the gene fusions were
carried on multicopy plasmids, a situation in which the range
of regulation ofpyrBI expression is reduced severalfold (19).
In addition, the different genetic environments of the fusions
probably affect the level of regulation.

In this study, we have attempted to measure as precisely
as possible the contributions of the attenuation and attenu-
ator-independent control mechanisms to pyrimidine-medi-
ated regulation. This was accomplished by introducing a

9-bp deletion mutation into the attenuator of the chromo-
somal pyrBI operon. This deletion completely abolishes
p-independent transcriptional termination activity at the
mutant attenuator but does not appear to affect the operon in
any other way. The effect of the attenuator deletion on pyrBI
expression was measured by assaying ATCase levels in
mutant and wild-type cells grown under conditions of pyrim-
idine excess or limitation. The results clearly show the major
role of the attenuation control mechanism in regulation and
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provide convincing evidence for an additional, attenuator-
independent control mechanism.

MATERIALS AND METHODS

Bacterial strains. All strains used are E. coli K-12 and are

described in Table 1. Bacteriophage P1-mediated transduc-
tions used in strain constructions were performed essentially
as described previously (14).

Plasmid constructions. Plasmids constructed in this study
are shown in Fig. 2. Plasmid pBHM42 was made by inserting
a 177-bp EcoRI fragment containing the transcriptional ter-
minator of the E. coli rrnB operon into the unique EcoRI site
of plasmid pBHM9 (19). Plasmid pBHM161 was constructed
by inserting a 1.3-kilobase (kb) kanamycin resistance cas-
sette (Pharmacia, Inc.) into the PvuII site of the pyrB gene of
plasmid pBHM42. The construction of plasmid pBHM141 is
described in Results.
DNA preparations, restriction digests, ligations, and trans-

formations. DNA preparation, restriction digestion, liga-
tions, and transformations were performed as previously
described (18, 19). Restriction endonucleases, T4 DNA
ligase, T4 polynucleotide kinase, and the Klenow fragment
of DNA polymerase I were obtained from New England
BioLabs. The oligodeoxynucleotide used for in vitro muta-
genesis was 5'-TCGAGGGGCCCCAGGCGTC.

In vitro oligonucleotide-directed mutagenesis. Oligonucle-
otide-directed mutagenesis was performed by following the
gapped heteroduplex procedure of Bauer et al. (3). The
single-stranded template DNA was isolated from recombi-
nant bacteriophage M13mp9am (amber mutations in genes I
and II) in which the 1-kb RsaI fragment of plasmid pBHM42
has been inserted into the SmaI site of the phage genome.
The 1-kb RsaI fragment contains the promoter-regulatory
region of the pyrBI operon. Replicative-form DNA was

isolated from M13mpll and digested with Hindlll and
EcoRI. For the annealing reaction, the template and repli-
cative-form DNA were mixed in equimolar amounts (0.2
pmol each) in a final volume of 30 f.l of buffer A (20 mM Tris
hydrochloride, pH 7.5, 10 mM MgCl2, 100 mM NaCl, 1 mM
dithiothreitol). This mixture was boiled for 3 min and then
slowly cooled to 65°C. After addition of 40 pmol (10 ,ul) of
the mutagenic 5'-phosphorylated oligonucleotide, the mix-
ture was cooled slowly to room temperature and then placed
on ice for 10 min. For the elongation reaction, 40 ,ul of
elongation mixture (20 mM Tris hydrochloride, pH 7.5, 10
mM MgCl2, 10 mM dithiothreitol, 1 mM rATP, 1 mM each
deoxynucleoside triphosphates, 3 U of T4 DNA ligase, 2.5 U
of Klenow fragment ofDNA polymerase I) was added to the
annealed DNA. This mixture was incubated at 16°C for 30
min and then at room temperature for an additional 3.5 h. A

portion of the mixture was used to transform strain JM105.
Transformants were screened for the absence of ot comple-
mentation (13). DNA was isolated from putative mutant
phage, and the presence of the oligonucleotide-directed
mutation was confirmed by DNA sequence analysis (20).
The sequence of the entire pyrBI promoter-regulatory region
was determined to verify that additional changes were not
introduced by the mutagenesis procedure.

Southern hybridization. Chromosomal and plasmid DNA
was subjected to restriction enzyme digestion. The digested
DNA was prepared for hybridization and probed as de-
scribed by Maniatis et al. (11) with modifications as indicated
in the text. The DNA was transferred from a 1% agarose gel
to nitrocellulose filter paper by vacuum blotting. The probes
used were 32P-labeled DNA fragments complementary to the
758-bp PvuII fragment of plasmid pBHM42, which were

synthesized by a random-priming procedure (7), and 5'-
32P-labeled synthetic oligodeoxynucleotides, which are de-
scribed in the text. The oligonucleotide probes were labeled
with T4 polynucleotide kinase and [_y-32P]ATP (5,000 Ci/
mmol, Amersham Corp.).

In vitro transcription. The preparation of purified RNA
polymerase holoenzyme was done as previously described
(23). Restriction fragments used as DNA templates were

separated by 8% polyacrylamide gel electrophoresis, ex-

tracted from the gel as previously described (12), and further
purified by salt elution from a DEAE-cellulose (Whatman
DE52) column. Reaction mixtures (50 jil) contained 20 mM
Tris hydrochloride (pH 7.9), 10 mM MgCl2, 50 mM KCl, 0.1
mM disodium EDTA, 0.1 mM dithiothreitol, 0.2 mM GTP,
0.2 mM CTP, 0.2 mM UTP, 0.2 mM [_y-32P]ATP (10 Ci/
mmol, ICN Pharmaceuticals Inc.), 10 nM DNA template,
and 50 nM RNA polymerase. Reaction mixtures lacking
ribonucleoside triphosphates were preincubated for 5 min at
37°C. Reactions were initiated by the addition of the nucle-
oside triphosphates, and the mixtures were incubated for 5
min at 37°C. Heparin (Sigma Chemical Co.) was then added
to a final concentration of 0.1 mg per ml, and the mixtures
were incubated for an additional 10 min. Reactions were
terminated by the addition of 0.25 ml of ice-cold 0.3 M
sodium acetate (pH 5.2), 1 mM disodium EDTA, and 40 ,ug
of sonicated calf thymus DNA per ml. The RNA transcripts
in the reaction mixture were precipitated by adding 2.5
volumes of 95% ethanol and placing the sample in a dry
ice-ethanol bath for 15 min. The RNA was collected by
centrifugation, dissolved in 50 ,ul of water, dried in vacuo,
and dissolved in 99% formamide containing 0.1% each
bromophenol blue and xylene cyanol. The transcripts were

separated by electrophoresis in a 10% polyacrylamide-TBE
(0.1 M Tris borate [pH 8.3]-2 mM disodium EDTA) sequenc-

TABLE 1. E. coli K-12 strains

Strain Genotype Source

AT2473 HfrH thi-J relAl car-94 A- B. Bachmann (CGSC 4512)
JM105 A(lac-pro) thi rpsL sbcBJ5 endA hspR4 (F' traD36 proAB lacIJZAM15) J. Messing
JC7623 recB21 recC22 sbcBJ5 arg ara his leu pro thr G. Walker (25)
MC4100 F- araDJ39 A(argF-1ac)U169 rpsLS50 thiAl relAl deoCI ptsF25 flbB5301 rbsR M. Casadaban (5)
CLT42 MC4100 ara+ car-94 This laboratory (19)
CLT67 JC7623 pyrB482::kan This paper
CLT68 MC4100 pyrB482::kan P1 (CLT67) x MC4100
CLT69 JC7623 ApyrBa483a This paper
CLT70 MC4100 ApyrBa483 P1 (CLT69) x CLT68
CLT71 CLT70 ara+ car-94 P1 (AT2473) x CLT70

" pyrBa is used to designate the attenuator preceding the pyrB structural gene as recommended by Bachmann and Low (2).
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PYRIMIDINE-MEDIATED REGULATION OF pyrBI EXPRESSION

20 . 40
TTGCGCCGCTTCTGACGATGAGIATAATGCCGGACAATTTGCCGGGAGGATGT
-35 -10 * *

80
CAT TTT GTC TTA CCG CGT CTG
His Phe Val Leu Pro Arg Leu

120
GCT GGC CTG CCG TTT TTC TTC CCG TTG ATC
Ala Gly Leu Pro Phe Phe Phe Pro Leu Ile

-. 160-
CAG CCC CTC AAT CGA GGG GCT TTT TTT TGC
Gln Pro Leu Asn Arg Gly Ala Phe Phe Cys

180 . 200
CCA GGC GTC AGG AGA TAA AAG ATG GCT AAT CCG CTA TAT
Pro Gly Val Arg Arg *** MET Ala Asn Pro Leu Tyr

FIG. 1. Nucleotide sequence and encoded polypeptides of the
pyrBI promoter-regulatory region. Only the antisense strand is
shown; numbering is from the 5' end. The -10 and -35 regions of
the pyrBI promoter, previously designated promoter P2 (23), are

underlined and labeled. Approximately 99o of pyrBI transcripts are

initiated at this promoter in vivo; the asterisks below bp 34 and 36
indicate the two sites at which initiation occurs under the in vitro
transcription conditions used in this study (J. P. Donahue and C. L.
Tumbough, Jr., unpublished data). The leader polypeptide is en-

coded by bp 54 through 185, and the pyrB structure gene begins at bp
192. The hyphenated dyad symmetry of the pyrBI attenuator (bp 142
through 168) is indicated by horizontal arrows. The ApyrBa483
mutation deletes bp 161 through 169.

ing gel containing 7 M urea and were visualized by autora-
diography.
Media and culture methods. Cells used for ATCase assays

were grown in N-C- medium (1) supplemented with 10 mM
NH4Cl, 0.4% glucose, 0.015 mM thiamine hydrochloride, 1
mM arginine, and either 1 mM uracil or 0.25 mM UMP.
Cultures (25 ml in a 125-ml flask) were grown at 30°C with
shaking. The solid media used in strain constructions were

LB medium (14), with ampicillin (25 ,ug/ml) or kanamycin
sulfate (50 ,ug/ml) added when required, and N-C- medium
containing 10 mM NH4Cl, 0.015 mM thiamine hydrochlo-
ride, and 1.5% Difco agar, with 0.4% glucose, 1% L-arabi-
nose, 0.2 mM uracil, and amino acids at 0.3 mM each added
as required. Growth on solid media was at 37°C.
ATCase assay. ATCase activity in cells harvested from

exponential-phase cultures (A650 = 0.5 as measured with a
Gilford model 260 spectrophotometer) was assayed as pre-
viously described (18).

RESULTS

Construction of the ApyrBa483 mutation. All p-independent
transcriptional terminators consist of a G+C-rich region of
hyphenated dyad symmetry followed immediately by a long
run of thymidine residues (corresponding to uridine residues
in the transcript) (16). Deletion of the entire run of thymidine
residues has been shown to abolish all termination activity in
vivo and in vitro (10). To inactivate the pyrBI attenuator, we
constructed a mutation, designated ApyrBa483, which de-
letes all eight thymidine residues at the end of this p-

independent terminator. The deletion also includes one
additional residue downstream of the run of thymidines,
which was removed to maintain the same reading frame for
the pyrBI leader polypeptide (Fig. 1). The mutation was
made in a recombinant M13 phage by oligonucleotide-
directed mutagenesis as described in Materials and Methods.

KslPvufl PvulI RsaI vl

Rsal RSal

pBHM42 pBHM161
59kb pyrl \~7.2 kb pyrl

EcoR EcoRl EcoR oRl

FIG. 2. Plasmids used in strain constructions. Plasmid pBHM42
contains a 3.4-kb segment of the E. coli chromosome carrying the
pyrBI operon, the 2.3-kb PvuII-EcoRI fragment of plasmid pBR322
(thick line), and a 177-bp EcoRI restriction fragment containing the
transcriptional terminator of the E. coli rrnB operon (closed box).
Plasmid pBHM141 (not shown) is identical to plasmid pBHM42
except for a 9-bp deletion (ApyrBa483) in the attenuator preceding
the pyrBI structural genes. Plasmid pBHM161 is a derivative of
plasmid pBHM42 in which a kanamycin resistance cassette has been
inserted into the PvuII site of the pyrB gene. Only relevant restric-
tion sites are shown in the diagrams. Arrows indicate direction of
transcription.

The ApyrBa483 mutation was then excised from replicative-
form phage DNA as part of a 749-bp PvuII fragment that
includes the pyrBI promoter-regulatory region. This frag-
ment was used to replace the equivalent 758-bp PvuII
fragment of the pyrBI-containing plasmid pBHM42 (Fig. 2)
to generate plasmid pBHM141.

Introduction of the ApyrBa483 mutation into the chromo-
somal pyrBI operon. The introduction of the ApyrBa483
mutation into the pyrBI operon of the chromosome of strain
MC4100, the parent strain used in our laboratory, was done
in several steps. First, we constructed a strain carrying a
selectable pyrB mutation by transformation of strain JC7623
with EcoRI-digested plasmid pBHM161 (pyrB482: :kan) (Fig.
2). Strain JC7623 (recB21 recC22 sbcB15) was used as the
recipient because it can be readily transformed with linear-
ized DNA (25). A kanamycin-resistant pyrimidine-auxo-
trophic transformant was isolated and designated strain
CLT67. The pyrB482::kan mutation of this strain was then
transferred to strain MC4100 by Pl-mediated transduction to
generate strain CLT68.
The next step was to replace the pyrBI operon of strain

CLT68 (MC4100 pyrB482::kan) with the operon carried by
plasmid pBHM141 (ApyrBa483). This replacement was done
by first transforming strain CLT67 (JC7623 pyrB482::kan)
with EcoRI-digested plasmid pBHM141. A pyrimidine-pro-
totrophic kanamycin-sensitive transformant was isolated
and designated strain CLT69 (JC7623 ApyrBa483). The
ApyrBa483 mutation of this strain was moved into strain
CLT68 (MC4100 pyrB482::kan) by P1-mediated transduc-
tion. A pyrimidine-prototrophic kanamycin-sensitive trans-
ductant was designated CLT70 (MC4100 ApyrBa483). A
pyrimidine-auxotrophic derivative of strain CLT70 was con-
structed by introducing the car-94 mutation from strain
AT2473 by P1-mediated transduction. This derivative was
designated strain CLT71 (MC4100 ApyrBa483 ara+ car-94).

Confirmation of the chromosomal ApyrBa483 mutation.
The presence of the ApyrBa483 mutation in the pyrBI operon
of strain CLT70 was demonstrated by Southern hybridiza-
tion. Chromosomal DNA was prepared from strains MC4100

60
ATG GTT CAG TGT GTT CGA
MET Val Gln Cys Val Arg

100
AAA AAA GAC
Lys Lys Asp

140
ACC CAT TCC
Thr His Ser
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FIG. 3. Autoradiograms of Southern blots used to detect the
pyrBI attenuator deletion ApyrBa483. Chromosomal DNA from
strains MC4100 (pyrBa+) and CLT70 (ApyrBa483) and plasmids
pBHM42 (pyrBa+) and pBHM141 (ApyrBa483) were digested to
completion with PvuII. Two identical blots were prepared in which
50 ,ug of chromosomal DNA or 30 ng of plasmid DNA was loaded in
the indicated lanes of the agarose gel. The blotted DNA was probed
with either the 5'-32P-labeled mutagenic oligonucleotide (A) or a

5'-32P-labeled oligonucleotide with the same sequence as nucleo-
tides 156 through 174 in Fig. 1 (B). Hybridizations were done for 16
h at either 50 (A) or 42°C (B). The high-temperature washes were
done twice for 30 min each at either 50 (A) or 40°C (B). Only the
region of each autoradiogram containing bands is shown.

(pyrBa+) and CLT70 (ApyrBa483), digested with PvuII, and
probed with radiolabeled oligonucleotides which will hybrid-
ize to either the mutant or wild-type pyrBI attenuator region.
As a control, plasmids pBHM42 (pyrBa+) and pBHM141
(ApyrBa483) were digested with PvuII and included in the
Southern blots. The data show that the oligonucleotide with
the mutant attenuator sequence hybridized specifically with
the 749-bp PvuII fragments from strain CLT70 and plasmid
pBHM141, while the oligonucleotide with the wild-type
attenuator sequence hybridized only with the 758-bp PvuII
fragments from strain MC4100 and plasmid pBHM42 (Fig.
3). These data confirm the presence of the ApyrBa483
mutation in the chromosome of strain CLT70.
To show that the introduction of the ApyrBa483 mutation

into the chromosome of strain CLT70 was not accompanied
by large insertions, deletions, or rearrangements, we com-
pared the pyrBl regions of this strain and the wild-type strain
MC4100 by Southern hybridization. Chromosomal DNA
from the two strains was digested with either PstI, PstI and
BgIII, or PvuII and hybridized with a probe complementary
to the 758-bp PvuII fragment of the pyrBI promoter-regula-
tory region. The restriction sites of these enzymes in the
pyrBl region are shown at the bottom of Fig. 4. These
enzymes were chosen because they would allow detection of
large changes in the pyrBI region of strain CLT70. The data
show that there are no large differences in the sizes of the
fragments from the two strains, indicating that the introduc-
tion of the ApyrBa483 mutation occurred by homologous
recombination.

Effect of the ApyrBa483 mutation on in vitro transcription of
the pyrBI promoter-regulatory region. To confirm that the
ApyrBa483 mutation abolishes transcriptional termination at
the pyrBI attenuator, we transcribed the wild-type and
mutant pyrBI promoter-regulatory regions in vitro (Fig. 5).
The data show that the wild-type attenuator terminated
essentially all pyrBI transcripts, as was previously shown
(23). Termination apparently occurs at the last two thymi-
dine residues at the end of the attenuator (J. P. Donahue and
C. L. Turnbough, Jr., unpublished data). On the other hand,

2.5-

1.4-
em

0.76-

Pst I Bg III
PstIPul Pvulllf Pstl

I Jyj

P-yrCB P2YrI

0 2 4 6 8 10Okb

FIG. 4. Autoradiogram of a Southern blot used to compare the
pyrBI regions of strains MC4100 (pyrBa+) and CLT70 (A&pyrBa483).
Chromosomal DNA was digested with either PstI, PstI and BgII, or
PvuII and loaded in the indicated lanes of the agarose gel (approx-
imately 30 ,ug from strain MC4100 and 15 p.g from strain CLT70).
The blotted DNA was probed with 32P-labeled DNA fragments
complementary to the 758-bp PvuII fragment of the pyrBI promoter-
regulatory region. Hybridizations and washes were done as de-
scribed previously (11). The sizes of the restriction fragments were
determined by comparison with unlabeled DNA standards which
were run in the same gel. A restriction map of the pyrBI region is
shown at the bottom of the figure.

the ApyrBa483 mutation appeared to eliminate all termina-
tion activity as indicated by the absence of any attenuated
transcripts, which presumably would be between 125 and
135 nucleotides long. Nearly all of the pyrBI transcripts are
extended to the end of the mutant template.

Effect of the ApyrBa483 mutation on the expression and
regulation of the pyrBI operon. The effect of the ApyrBa483
mutation on pyrBI expression was determined by measuring
the ATCase levels in strains CLT42 (pyrBa+ car-94) and
CLT71 (ApyrBa483 car-94). Both strains are pyrimidine
auxotrophs because the car-94 mutation inactivates the first
enzyme of the pyrimidine biosynthetic pathway. The strains
were grown in a glucose-minimal salts medium containing
either uracil or UMP as the pyrimidine source. Growth on
uracil causes repressed pyr gene expression, whereas growth
on UMP, which is only slowly utilized by the cells, results in
pyrimidine limitation and derepressed pyr gene expression.
The results show that in uracil-grown cells the level of

ATCase activity in strain CLT71 was 51-fold greater than
that in strain CLT42, while in UMP-grown cells the enzyme
levels were similar (just 5% higher in strain CLT71) (Table

PvuIl

0o

2
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RT>
-290 nt

AttU>e
132-135 nt

FIG. 5. The effect of the ApyrBa483 mutation on in vitro tran-
scription of the pyrBI promoter-regulatory region. An autoradio-
gram of a 10% polyacrylamide sequencing gel used to separate
5'-32P-labeled pyrBI transcripts synthesized in vitro is shown. The
DNA templates used were either the 758-bp PvuIl fragment of
plasmid pBHM42 (pyrBa+) (+ lane) or the 749-bp PvuII fragment of
plasmid pBHM141 (ApyrBa483) (A lane). The sizes of the attenuated
(Att) and readthrough (RT) transcripts were determined by coelec-
trophoresis with RNA standards (data not shown). Note that the
133- and 134-nucleotide (nt) attenuated transcripts, which are initi-
ated at different sites (Fig. 1), comigrated in this gel (V. W. Pollard
and C. L. Turnbough, Jr., unpublished data).

2). The similar enzyme levels in the strains grown on UMP
indicate that the ApyrBa483 mutation did not significantly
affect the efficiency of translation or the stability of the
full-length pyrBI transcript; the small, but reproducible,
difference in enzyme levels may indicate that even under
pyrimidine-limiting growth conditions approximately 5% of
the pyrBI transcripts are terminated at the attenuator of
strain CLT42. The 51-fold difference in ATCase activity in
the two strains grown on uracil was due to the different
levels of readthrough transcription into the pyrBI structural
genes that occurred in the presence or absence of a func-
tional pyrBI attenuator. Therefore, this difference measures
the contribution of attenuation control to pyrimidine-medi-
ated regulation of operon expression.
Although the ApyrBa483 mutation in strain CLT71 elimi-

nated attenuator-dependent regulation, expression of the

TABLE 2. Effect of the ApyrBa483 mutation
on ATCase synthesis'

ATCase activity (nmol/min per mg)
Strain

(genotype) Repressedb Derepressed' Fold
derepression

CLT42 (car-94 pyrBa+) 18.2 5,670 312
CLT71 (car-94 ApyrBa483) 920 5,970 6.5

a Doubling times were 64 min for strain CLT42 and 70 min for strain CLT71
when grown on uracil; doubling times were 114 min for both strains when
grown on UMP.

b Cells grown on uracil; mean of two experiments.
c Cells grown on UMP; mean of two experiments.

pyrBI operon in this strain was still significantly affected by
pyrimidine availability. The level of ATCase activity in cells
grown on UMP was 6.5-fold greater than that in cells grown
on uracil. This result provides strQng evidence for a second
pyrimidine-sensitive control mechanism for the regulation of
pyrBI expression.

DISCUSSION
The results presented in this paper demonstrate that there

are multiple control mechanisms involved in the pyrimidine-
mediated regulation of pyrBl operon expression. The previ-
ously described UTP-sensitive attenuation control mecha-
nism accounts for most of the regulation: approximately
50-fold of the greater than 300-fold regulation observed in
cells grown under the conditions of pyrimidine limitation or
excess used in this study. An attenuator-independent control
mechanism(s) appears to be responsible for the remainder of
the regulation: approximately 6.5-fold.
The nature of this second control mechanism is not

known. The fact that gene fusions between the beginning of
the pyrBI leader region and a reporter gene can be regulated
over a severalfold range by pyrimidine availability indicates
that the site of regulation is upstream of the attenuator,
perhaps at the pyrBI promoter. We previously reported that
decreasing the concentration of UTP from 200 to 20 ,uM
stimulated transcription from this promoter severalfold in
vitro (23). Perhaps this second control mechanism involves
such a stimulation in vivo. We also previously showed that
guanosine tetraphosphate, at least at high intracellular lev-
els, is a negative regulatory effector ofpyrBI expression (22).
Because pyrimidine limitation apparently causes a decrease
in the basal level of guanosine tetraphosphate in cells grown
under conditions similar to those used in this study (17), it is
possible that such an effect could account for or contribute
to the observed attenuator-independent control. To test this
as well as other possible control mechanisms, it will be
necessary to isolate and characterize mutations that affect
attenuator-independent control.
The discovery of the multiple control mechanisms for the

pyrBl operon permits an interesting comparison with the
pyrimidine-mediated control mechanisms of the pyrE and
pyrF genes of E. coli. The expression of these genes, which
encode the enzymes that catalyze the last two steps in UMP
biosynthesis, is also regulated by a uridine nucleotide ef-
fector. In the case of the pyrE gene, this regulation occurs
over an approximately 30-fold range almost exclusively
through a UTP-sensitive attenuation control mechanism that
is essentially the same as that described for the pyrBI operon
(4, 17). Less than twofold of the pyrimidine-mediated regu-
lation of pyrE expression appears to occur through an

attenuator-independent mechanism (17). In contrast, regula-
tion of pyrF expression occurs over only an approximately
sixfold range by a mechanism that does not involve attenu-
ation control (24). Although the exact identity of the uridine
nucleotide effector of pyrF expression is unknown, UTP
appears to be the most likely candidate (21). The similarities
between the pyrBI and pyrE attenuation control mechanisms
and between the pyrBI and pyrF attenuator-independent
control mechanisms suggest that the pyrBI operon may have
acquired a combination of the control mechanisms of the
other two pyr genes during the course of evolution. This
possibility is of particular interest with respect to the atten-
uator-independent control mechanisms, of which we know
essentially nothing. It suggests that these mechanisms may
employ common regulatory elements, a possibility that
could facilitate their identification.
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