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Expression of the upp gene of Escherichia coli, which encodes the pyrimidine salvage enzyme uracil phos-
phoribosyltransferase, is negatively regulated by pyrimidine availability. In this study, we demonstrate that
this regulation occurs mainly by UTP-sensitive selection of alternative transcriptional start sites, which
produces transcripts that differ in the ability to be productively elongated. The upp initially transcribed region
contains the sequence GATTTTTTTTG (nontemplate strand). Transcription is initiated primarily at the first
two bases in this sequence, designated G6 and A7 (counting from the promoter 210 region). High intracellular
levels of UTP favor initiation at position A7; however, the resulting transcripts are subject to reiterative
transcription (i.e., repetitive nucleotide addition) within the run of T residues in the initially transcribed
region. The resulting AUUUUn (where n 5 1 to >50) transcripts are not extended to include downstream upp
sequences. In contrast, low intracellular levels of UTP strongly favor initiation at position G6, which results in
transcripts that generally do not engage in reiterative transcription and thus can be normally elongated. This
mechanism ensures that high levels of uracil phosphoribosyltransferase are produced only under conditions of
pyrimidine limitation. The mechanisms that account for UTP-sensitive start site selection and different fates
of upp transcripts, as well as the general use of UTP-dependent reiterative transcription in gene regulation, are
discussed in detail.

Reiterative transcription, which is also known as pseudo-
templated transcription, transcriptional slippage, and RNA
polymerase stuttering, is a reaction catalyzed by a number of
RNA polymerases, including bacterial, phage, viral, and eu-
karyotic enzymes (14, 15, 20). In this reaction, nucleotides are
repetitively added to the 39 end of a nascent transcript due to
slippage between the transcript and template (either DNA or
RNA). Typically, slippage occurs between a homopolymeric
sequence in the transcript and at least three complementary
bases in the template. The mechanism apparently involves one
or more rounds of a one-base upstream shift of the transcript
so that the same nucleotide in the template specifies multiple
residues in the transcript (11). Reiterative transcription can
occur during initiation or elongation, resulting in transcripts
that can be immediately released from the transcription com-
plex or (in some cases) extended by normal elongation after a
switch to nonreiterative nucleotide addition. Although reiter-
ative transcription can involve the addition of any nucleotide,
at least under certain conditions, addition of U or A residues
appears most efficient (42). This increased efficiency presum-
ably reflects a requirement in the reaction for disruption of a
hybrid between transcript and template, which should be eas-
iest with U:A or A:T base pairing.

Recent studies indicate that reiterative transcription plays
an important role in the expression and regulation of a number
of bacterial and viral genes by a variety of mechanisms (14, 21,
34). In Escherichia coli, for example, reiterative transcription
is involved in pyrimidine-mediated regulation of pyrBI and
codBA operon expression. In the case of the pyrBI operon,

which encodes the two subunits of the pyrimidine biosynthetic
enzyme aspartate transcarbamylase, high intracellular levels of
UTP induce reiterative transcription within the initially tran-
scribed region of the operon (Fig. 1), resulting in the synthesis
of transcripts with the sequence AAUUUUn. These transcripts
are not extended downstream to include additional leader re-
gion and structural gene sequences, and their synthesis reduces
the level of productive initiation and full-length pyrBI tran-
script synthesis. This mechanism accounts for regulation over
an approximately sevenfold range (21).

In the case of the codBA operon, which encodes the pyrim-
idine salvage enzymes cytosine permease and cytosine deami-
nase, reiterative transcription plays a somewhat different reg-
ulatory role. UTP-dependent reiterative transcription within a
run of six T residues (nontemplate strand) in the initially tran-
scribed region prevents productive extension of all transcripts
initiated at the A8 start site (Fig. 1), which is the primary start
site when the intracellular level of UTP is high. In contrast,
reiterative transcription is avoided for the most part when
initiation occurs at the more upstream start site G7, apparently
because the transcript forms a stable hybrid with the template.
Low intracellular levels of UTP strongly favor transcriptional
initiation at position G7 by inhibiting initiation at position A8,
which relies on a high concentration of UTP to form the
critical first internucleotide bond of the transcript. Thus, reg-
ulation occurs over an approximately 30-fold range by UTP-
sensitive selection of transcriptional start sites with different
potentials for nonproductive reiterative transcription (34).

The modest requirements for regulation of pyrBI and codBA
expression through UTP-dependent reiterative transcription
suggest that similar mechanisms exist in E. coli (and in other
species). Consistent with this prediction is the fact that 10% of
the approximately 300 well-characterized E. coli promoters
contain a run of three to eight T residues (nontemplate strand)
within two nucleotides of the transcriptional start site, regions
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within which reiterative transcription may occur. In addition,
transcriptional initiation at many of the promoters in this
group are suspected to be regulated by pyrimidine availability.
One of these is the promoter for the upp gene (Fig. 1), which
encodes uracil phosphoribosyltransferase. This pyrimidine sal-
vage enzyme catalyzes the formation of UMP from uracil and
phosphoribosylpyrophosphate. In this study, we investigated
the mechanism of pyrimidine-mediated regulation of upp ex-
pression. Our results show that this regulation occurs by a
mechanism analogous to that described for the codBA operon
with some interesting differences.

MATERIALS AND METHODS

Bacterial strains and plasmids. All bacterial strains are E. coli K-12 deriva-
tives. Strain MC4100 [F2 araD139 D(argF-lac)U169 rpsL150 thiA1 relA1 deoC1
ptsF25 flbB5301 rbsR] (6) served as a source of chromosomal DNA. Strain
CLT42 (MC4100 araD1 car-94) (38) was used as the parent in the construction
of l lysogens. Strain CLT240 (CLT42 pcnB80 zad::Tn10) was constructed by
transducing CLT42 with phage P1 vira grown on strain KE94 (HB101 pcnB80
zad::Tn10) (35). Strain CLT240 was used as the recipient in transformations that
introduced multicopy plasmids containing wild-type and mutant upp::lacZ gene
fusions. The pcnB80 mutation of strain CLT240 reduces plasmid copy number,
which was found to be essential in maintaining mutant plasmids in the absence
of secondary mutations that reduce upp::lacZ expression.

The multicopy plasmid used to construct the upp::lacZ gene fusions was
pMLB1034, which contains the lacZ gene without a promoter, a ribosomal
binding site, and the first eight codons for b-galactosidase (39). This plasmid
contains an EcoRI/SmaI/BamHI multiple cloning site immediately preceding the
lacZ gene. Gene fusions were made by first digesting plasmid pMLB1034 with
EcoRI and BamHI and then ligating the linear plasmid to a 247-bp EcoRI-
BamHI restriction fragment containing the wild-type upp promoter region or an
equivalent fragment containing a mutant promoter region. The downstream
sequence in these promoter-region fragments extends through upp codon 30. All
fusion constructions were confirmed by DNA sequence analysis using a Seque-
nase kit (U.S. Biochemical).

Restriction digests, ligations, transformations, and PCR. Conditions for re-
striction digests, ligations, and transformations were as previously described (38).
PCR amplification of DNA was performed with Pfu DNA polymerase (Strat-
agene), using the reaction mixture recommended by the supplier. PCR condi-
tions were 94°C/2 min, 42°C/1 min, and 72°C/1 min for 30 cycles.

DNA preparations and site-directed mutagenesis. Plasmid DNA was isolated
by use of Qiagen plasmid kits. Chromosomal DNA was prepared as previously
described (26). The wild-type upp promoter region, which contains nucleotides
2100 to 1127 counting from the G6 transcriptional start site (Fig. 1), was
amplified by PCR for use in plasmid constructions. The template in the PCR was
chromosomal DNA from strain MC4100. The forward and reverse DNA primers
were 59CCGGAATTCAGCTGCCATCTGAATATAAAATAAC and 59CGCG
GATCCAGCTGTTCGCGAAAGCGCTTGG, respectively (italicized sequences
indicate added EcoRI, BamHI, and PvuII restriction sites). The resulting PCR
product (after digestion with EcoRI and BamHI to trim the fragment ends) was
used in the construction of the plasmid pMLB1034 derivative carrying the wild-
type upp::lacZ gene fusion described above.

Site-directed mutations were introduced into the upp promoter region by using
a PCR-based procedure similar to that described by Barettino et al. (4). The
products of this procedure are essentially the same as the PCR product described
above except with a specific change in the upp promoter. These products served
as a source of mutant upp promoter regions (again after EcoRI and BamHI
digestion) in the construction of gene fusion plasmids.

The PCR products containing the wild-type and mutant upp promoter regions
were also digested with PvuII (which cuts just inside the EcoRI and BamHI
sites). Each PvuII promoter fragment was ligated to the 2,364-bp PvuII fragment

of plasmid pUC18 to produce a recombinant plasmid. These plasmids were
introduced into E. coli DH5a by transformation, amplified, and then used (after
PvuII digestion) as a source of blunt-ended templates for in vitro transcription.
Correct upp promoter region sequences in the pUC18 derivatives were verified
by DNA sequence analysis.

In vitro transcription. Purified RNA polymerase holoenzyme containing s70

was prepared as previously described (5, 10). DNA templates were either a
233-bp PvuII restriction fragment containing the wild-type upp promoter region
or an equivalent fragment containing a mutant promoter region. The templates
were prepared, and their concentrations and purity were determined as previ-
ously described (32). In the standard assay, transcription reaction mixtures (10
ml) contained 10 nM DNA template, 100 nM RNA polymerase, 20 mM Tris-
acetate (pH 7.9), 10 mM magnesium acetate, 100 mM potassium glutamate, 0.2
mM Na2EDTA, 0.1 mM dithiothreitol, 800 mM each ATP, CTP, and GTP, and
from 50 to 1,000 mM UTP, depending on the experiment. In the reaction
mixture, one of the nucleoside triphosphates was 32P labeled. The specific activ-
ities of the label (purchased from NEN) were 0.625 Ci/mmol for [g-32P]ATP and
[g-32P]GTP and 0.25 Ci/mmol for [a-32P]UTP. Reactions were initiated by ad-
dition of RNA polymerase, and the reaction mixtures were incubated at 37°C for
15 min. Heparin (1 ml of a 1-mg/ml solution) was then added to the mixture, and
incubation was continued for an additional 10 min. Reactions were terminated by
adding 10 ml of stop solution (7 M urea, 2 mM Na2EDTA, 0.25% [wt/vol] each
bromophenol blue and xylene cyanol) and placing the samples on ice. The
samples were heated at 100°C for 3 min, and typically an equal volume of each
sample was removed and run on a 25 or 6% polyacrylamide (29:1 acrylamide:
bisacrylamide)–50 mM Tris-borate (pH 8.3)–1 mM Na2EDTA sequencing gel
containing 7 M urea (32). Transcripts were visualized by autoradiography and
quantitated by scanning gels with a Molecular Dynamics PhosphorImager.

Transcripts used for primer extension mapping were synthesized in 50-ml
reaction mixtures containing the same ingredients as in the standard assay except
that 200 mM each ATP, CTP, and GTP was used and the UTP concentration was
varied as indicated in the text. None of the nucleoside triphosphates were
radiolabeled in this case. Reaction mixtures were incubated as in the standard
assay. After incubating with heparin, reactions were stopped and RNA was
precipitated and dried as described by Wilson et al. (43). RNA was dissolved in
7 ml of diethyl pyrocarbonate-treated water (32), and the entire sample was used
for primer extension analysis.

Transfer of upp::lacZ gene fusions from plasmids to the E. coli chromosome.
Wild-type and mutant upp::lacZ gene fusions carried on derivatives of plasmid
pMLB1034 were individually transferred to the chromosome of strain CLT42 by
using phage lRZ5 (37). The presence of a single prophage at the l attachment
site was confirmed by PCR analysis (31). In this procedure, the concentration of
each primer was 500 nM.

Media and culture methods. Cells used for enzyme assays and RNA isolations
were grown to an optical density at 650 nm of 0.5 (mid-log) at 37°C with shaking
in N2C2 medium (1) supplemented with 10 mM NH4Cl, 0.4% (wt/vol) glucose,
0.015 mM thiamine hydrochloride, 1 mM arginine, and either 1 mM uracil or
0.25 mM UMP. Culture densities were measured with a Gilford model 260
spectrophotometer, and doubling times were determined between optical den-
sities at 650 nm of 0.1 and 0.2.

Enzyme assays. Cell extracts were prepared by sonic oscillation (37). b-Ga-
lactosidase activity (26) and protein concentration (23) were determined as
previously described.

Isolation of cellular RNA and primer extension mapping. Cellular RNA was
isolated quantitatively as described by Wilson et al. (43). Primer extension map-
ping of the 59 ends of upp::lacZ transcripts was performed as described by Liu
and Turnbough (22) except that 50 mg of RNA from uracil-grown cells and 38 mg
of RNA from UMP-grown cells were used for analysis. The difference in
amounts of RNA isolated from the same mass of cells reflects the different levels
of stable RNA in cells growing at different rates. The primer used in these
experiments was 59TTTTCCCAGTCACGACGTTG, which was labeled with 32P
at the 59 end. This primer hybridizes to lacZ sequence just downstream from the
fusion junction in the upp::lacZ transcript. Primer extension mapping of in vitro
transcripts was performed essentially as described above except that the primer
was 59CCCAGCTTGTGTTTGACGAG. This primer hybridizes to the upp se-
quence from 184 to 165 (using start site G6 as 11) and was designed to detect
runoff (actually any long productively extended) transcripts. In all primer exten-
sion mapping experiments, the primer was in large molar excess.

RESULTS

Identification of transcriptional start sites and UTP-depen-
dent reiterative transcription at the upp promoter. To identify
upp transcriptional start sites and determine whether reitera-
tive transcription occurs within the initially transcribed region
of the upp promoter, we transcribed a DNA template contain-
ing this promoter in a reaction mixture containing 800 mM
each ATP, CTP, GTP, and [a-32P]UTP. [a-32P]UTP was used
as the radiolabel to allow detection of all transcripts initiated at

FIG. 1. Sequences of the initially transcribed regions of the upp, pyrBI, and
codBA promoters. The nontemplate strand sequence is shown. The 210 region
of each promoter is underlined, and the major transcriptional start sites are
indicated by asterisks. Start sites are identified in the text according to their
positions downstream from the 210 region; e.g., the major upp start sites are
designated G6 and A7.
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previously identified (3) and other potential (22) transcrip-
tional start sites located six, seven, and eight nucleotides down-
stream from the promoter 210 region (designated G6, A7, and
T8, respectively) (Fig. 1). Transcripts synthesized in the reac-
tion were separated on a 25% polyacrylamide sequencing gel
and visualized by autoradiography.

The pattern of transcripts was extremely complicated (Fig. 2,
lane 1). There were triplet bands for transcripts up to 10
nucleotides long, with the middle band of each triplet comi-

grating with marker transcripts containing the sequence AAUn
that were produced by reiterative transcription at the pyrBI
promoter (data not shown). (For triplets containing transcripts
longer than five nucleotides, note that the lower band, which is
light, migrates very close to the middle band and is difficult to
see in the figure.) The triplet bands indicate that transcription
was initiated at three sites. Based on a comparison of the gel
mobilities of the upp transcripts and short codBA transcripts
(data not shown), the known effects of transcript sequence on
gel mobility (34), and the sequence of the upp transcription
initiation region, we tentatively identified the top, middle, and
lower bands of each triplet as transcripts initiated at start sites
G6, A7, and T8, respectively. Based on the relative band in-
tensities in the triplets, it appears that initiation occurs ineffi-
ciently at position T8.

In addition to the triplet bands, transcription products in-
cluded a ladder of longer transcripts from 11 to more than 50
nucleotides in length (Fig. 2, lane 1). This ladder is a clear
indication of reiterative transcription at the upp promoter. To
determine if synthesis of ladder transcripts is sensitive to UTP
concentration, as previously observed with the pyrBI and
codBA promoters, we performed another transcription reac-
tion in which the reaction mixture contained 800 mM each
ATP, CTP, and GTP and 50 mM [a-32P]UTP. The results show
that synthesis of the long ladder transcripts was greatly reduced
(Fig. 2, lane 2). Also, synthesis of all putative A7- and T8-
initiated transcripts, including very short transcripts that must
have been produced by simple abortive initiation, was severely
restricted. In contrast, synthesis of a number of the putative
G6-initiated transcripts was stimulated at the lower UTP con-
centration. These results indicate that a low UTP concentra-
tion inhibits transcriptional initiation at positions A7 and T8
and that most reiterative transcription requires initiation at
these sites, particularly A7.

Another effect of the low UTP concentration was a 2.1-fold
increase in the level of upp runoff transcripts produced by
transcription to the end of the DNA template (Fig. 2, inset).
The levels of these 130-nucleotide-long transcripts were mea-
sured after separating transcripts on a 6% polyacrylamide gel.

Further characterization of the upp transcripts and reiter-
ative transcription at the upp promoter. To establish the iden-
tities of the upp transcripts and transcriptional start sites and
more thoroughly examine reiterative transcription, we tran-
scribed the upp promoter in reaction mixtures containing se-
lected nucleoside triphosphates and different radiolabels. With
a reaction mixture containing only 800 mM [a-32P]UTP, a long
ladder of poly(U) transcripts was produced (Fig. 2, lane 3).
This ladder grew one nucleotide at a time and clearly exceeded
50 nucleotides in length. The transcripts in this ladder comi-
grated with the bottom band of the triplets produced by tran-
scription in the presence of 800 mM each nucleoside triphos-
phate (compare lanes 1 and 3 in Fig. 2). These results support
our tentative identification of the bottom-band transcripts as
T8-initiated transcripts and also indicate that reiterative tran-
scription readily occurs with transcripts initiated at position T8.

With a reaction mixture containing 800 mM ATP and 50 mM
[a-32P]UTP, another long and simple ladder of transcripts was
produced (Fig. 2, lane 4). These transcripts comigrated with
the middle band of the triplets produced with all four nucleo-
side triphosphates. These bands were not detected (nor were
any others) with a reaction mixture containing only 800 mM
[a-32P]ATP, indicating that they contained both A and U res-
idues (data not shown). With another set of reaction mixtures
containing 800 mM [g-32P]ATP and either 50 or 800 mM UTP,
apparently identical ladders of transcripts were detected (Fig.
2, lanes 6 and 7). This result indicates that all of the transcripts

FIG. 2. Analysis of transcripts initiated at the upp promoter. A DNA tem-
plate containing the wild-type upp promoter region was transcribed in vitro in
reaction mixtures containing selected nucleoside triphosphates. The nucleotides
included in each reaction mixture and their concentrations are indicated at the
bottom as follows: A, 800 mM ATP; C, 800 mM CTP; G, 800 mM GTP; U, 800
mM UTP; and u, 50 mM UTP. The 32P-labeled nucleotide (i.e., a-UTP, g-ATP,
or g-GTP) in each reaction mixture also is indicated at the bottom. The auto-
radiograph is of the 25% polyacrylamide gel used to separate the transcripts.
Brackets enclose triplet bands corresponding to transcripts of the same length
but initiated at a different start site. The number next to each bracket indicates
the length (in nucleotides) of the transcripts in the enclosed triplet. In addition,
the sequences of the primary 11-nucleotide-long transcripts are shown. The same
volume of reaction mixture was loaded in each lane except lane 3, where only half
as much sample was loaded to compensate for a higher level of transcript
synthesis. The inset at the top of lanes 1 and 2 shows upp runoff transcript bands
(RO). Runoff transcripts were analyzed after separation in a 6% polyacrylamide
gel.
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in lanes 4, 6, and 7 start with ATP. Together, these results
provide convincing evidence that the middle bands of each
triplet are indeed initiated at position A7, that these transcripts
contain the sequence AUn, and that reiterative transcription
occurs efficiently with A7-initiated transcripts. Additionally,
the results with the reaction mixtures containing 800 mM [g-
32P]ATP and either 50 or 800 mM UTP indicate that a low
UTP concentration does not substantially inhibit initiation at
position A7 (or reiterative transcription involving A7-initiated
transcripts) in the absence of GTP and CTP (compare lanes 2
and 6 in Fig. 2). Apparently, such inhibition requires another
nucleotide (i.e., GTP) that can serve as a competing initiating
nucleotide.

When 800 mM GTP was included in the reaction mixture
along with 800 mM ATP and 50 mM [a-32P]UTP, doublet
bands were detected (Fig. 2, lane 5). The bottom bands mi-
grated as A7-initiated AUn transcripts. The top bands of each
doublet comigrated with the top bands of the triplets produced
with all four nucleoside triphosphates (compare lanes 1 and 5
in Fig. 2). These bands clearly require GTP for their synthesis
and in fact are not synthesized if either GTP, ATP, or UTP is
omitted from the reaction mixture (complete data not shown).
When [g-32P]GTP was used as the radiolabel instead of [a-
32P]UTP in reaction mixtures containing ATP, GTP, and UTP,
bands corresponding to the top bands of the doublets (and
triplets) were synthesized (Fig. 2, lanes 8 and 9). These results
show that the top-band transcripts are initiated with GTP and
contain G, A, and U residues, which provides strong support
for the identification of these transcripts as G6-initiated tran-
scripts.

The results of the transcription assays using [g-32P]GTP,
ATP, and UTP also show that reiterative transcription does
not occur efficiently with transcripts initiated at position G6, as
indicated by the absence of a ladder of long transcripts. Pre-
sumably, the ladder of short G6-initiated transcripts (up to 11
nucleotides long) is produced primarily by simple abortive
initiation. Evidence in support of this conclusion was provided
by identifying the two 11-nucleotide long G6-initiated tran-
scripts observed in lanes 8 and 9 (and also in lanes 1, 2, and 5)
of Fig. 2. Identification was made by differential radiolabeled-
nucleotide incorporation essentially as described for codBA
transcripts (34). The major species (which was about 2.5 times
more abundant) was identified as GAU8G, a predicted product
of abortive initiation. The minor 11-mer was determined to be
GAU9, apparently a product of low-level reiterative transcrip-
tion. The effects of UTP concentration on the levels of G6-
initiated transcripts synthesized with only GTP, ATP, and UTP
(lanes 8 and 9) were similar to those observed in reactions with
all four nucleoside triphosphates (lanes 1 and 2); these effects
will be described in detail below.

Effects of UTP concentration on transcription from the upp
promoter. To examine in more detail the effects of UTP con-
centration on transcription from the upp promoter, we tran-
scribed the promoter region in reaction mixtures containing
800 mM each ATP, CTP, and GTP and concentrations of
[a-32P]UTP ranging from 50 to 1,000 mM. The lowest and
highest UTP concentrations used here are similar to those
found in E. coli grown under conditions of severe pyrimidine
limitation and pyrimidine excess, respectively (2, 27). The re-
sults show that the level of each A7-initiated transcript in-
creased linearly over an approximately 20-fold range with in-
creasing UTP concentration (Fig. 3A). The pattern for one of
these transcripts, AU10, is shown in Fig. 3B. As mentioned
above, it appears that the effect of UTP concentration on the
synthesis of A7-initiated transcripts occurs at the level of tran-
scriptional initiation (as opposed to reiterative transcription),

because the same pattern of synthesis is observed for tran-
scripts produced by both reiterative transcription (e.g., AU10)
and abortive initiation (e.g., AU2 and AU3). The pattern of
synthesis of the minor T8-initiated transcripts (not labeled in
Fig. 3A) appeared identical to that of the A7-initiated tran-
scripts. We assume that UTP concentration affects initiation at
the T8 start site in the same way that it does at A7; i.e.,
initiation is directly proportional to the UTP concentration.

The synthesis of G6-initiated transcripts produced a pattern

FIG. 3. Effects of UTP concentration on upp transcription. Standard in vitro
transcription reactions were performed in which the UTP concentration was
varied as indicated and the radiolabel was [a-32P]UTP. Transcripts were sepa-
rated on a 25% polyacrylamide sequencing gel, visualized by autoradiography,
and quantitated. (A) Autoradiograph of the gel, with nucleotide lengths or
sequences of selected G6-initiated and A7-initiated transcripts indicated on the
left or right, respectively. (B) Levels of the major 11-nucleotide-long upp tran-
scripts AU10, GAU8G, and GAU9 plotted as a function of UTP concentration.
The units for transcript levels are arbitrary. Transcript levels have been corrected
for the different number of radiolabeled U residues in each transcript.
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strikingly different from that described above. The effects of
UTP concentration were much smaller, and they varied with
different transcripts (Fig. 3A). The synthesis of G6-initiated
transcripts containing four or fewer nucleotides increased
nearly linearly over a severalfold range with increasing UTP
concentration. The synthesis of transcripts containing five to
eight nucleotides decreased nearly linearly over an approxi-
mately twofold range with increasing UTP concentration. Fi-
nally, the synthesis of transcripts containing more than eight
nucleotides was not significantly affected by the UTP concen-
tration. The latter response was observed with transcripts pro-
duced by either abortive initiation (e.g., GAU8G) or low-level
reiterative transcription (e.g., GAU9) (Fig. 3B). The reason for
the complex pattern of G6-initiated transcript synthesis is not
obvious. However, the overall effect of increasing the UTP
concentration from 50 to 1,000 mM UTP was a nearly twofold
increase in the total level of G6-initiated transcripts.

Transcriptional fates of upp transcripts. In our previous
characterization of transcription from the codBA promoter, we
found that transcripts equivalent to the upp transcripts initi-
ated at positions A7 and T8 were never extended past the long
run of T residues in the initially transcribed region to include
additional leader region and structural gene sequences. To
determine if the upp A7 and T8 transcripts were in fact subject
to the same fate, we mapped by primer extension the 59 ends
of upp runoff transcripts synthesized in reaction mixtures con-
taining 200 mM each ATP, CTP, and GTP and either 50 or
1,000 mM UTP. We used lower than standard concentrations
of ATP, CTP, and GTP in this case because doing so greatly
enhances initiation at positions A7 and T8 (primarily A7), at
least in the presence of high UTP (compare lane 1 of Fig. 2
with lane 2 of Fig. 4A). The primer extension data indicate,
however, that no A7- or T8-initiated transcripts are extended
to produce runoff transcripts. All runoff transcripts produced
at 50 and 1,000 mM UTP appear to be initiated at position G6
(Fig. 4B). The set of minor bands migrating below the G6 band
in the gel are most likely due to a small amount of degradation
of the primer extension product or impurities (i.e., shorter
oligonucleotides) in the primer.

The primer extension data also show that the level of runoff
transcript synthesis was severalfold higher at 50 mM UTP than
at 1,000 mM UTP (Fig. 4B). This difference is similar to that
observed when the levels of short G6-initiated transcripts syn-
thesized at 50 and 1,000 mM UTP are compared (Fig. 4A).
These data, along with the results presented above, indicate
that increased synthesis of runoff transcripts is due to stimula-
tion of initiation at position G6.

Regulatory effects of upp promoter mutations that inhibit
reiterative transcription. To assess the role of reiterative tran-
scription in pyrimidine-mediated regulation of upp expression
in vivo, we first constructed two site-directed mutations that
alter the run of eight T residues in the upp initially transcribed
region. One mutation changes the third T to a G and is des-
ignated the TTG mutation. The other mutation deletes six T
residues and is called the DT6 mutation. These mutations were
predicted to severely inhibit or abolish reiterative transcription
at the upp promoter. To confirm such an effect, DNA tem-
plates containing the promoter mutations plus a wild-type tem-
plate as a control were transcribed in reaction mixtures con-
taining 800 mM each ATP, CTP, and GTP and either 800 or 50
mM [a-32P]UTP. Analysis of the transcript products indicated
that reiterative transcription was in fact eliminated by each
mutation, as judged by the absence of a very long, regularly
spaced ladder of transcripts in the presence of 800 mM UTP
(Fig. 5). However, transcription of the mutant templates did
generate an unusual, nonuniform ladder of transcripts up to

approximately 20 nucleotides in length. These ladders were
produced even at low UTP, where initiation appears to occur
almost exclusively at position G6 just as observed with the
wild-type promoter. Thus, we assume that the unusual ladders
of transcripts are G6-initiated transcripts produced by atypical
abortive initiation not involving UTP-dependent reiterative
transcription.

The mutant and wild-type promoter regions were then used
to construct upp::lacZ gene fusion strains. The promoter re-
gions were inserted separately into plasmid pMLB1034 to cre-
ate lacZ gene fusions, which were recombined onto phage
lRZ5. The recombinant phage were used to infect strain
CLT42 (car-94 DlacZYA), and lysogens carrying a single pro-
phage at the chromosomal l attachment site were isolated and
designated CLT5178 (wild-type fusion), CLT5214 (TTG mu-
tant), and CLT5218 (DT6 mutant). These strains are pyrimi-
dine auxotrophs because the car-94 mutation inactivates the
first enzyme of the pyrimidine biosynthesis pathway. Wild-type
and mutant strains were grown in glucose-minimal salts me-
dium containing either uracil or UMP as the pyrimidine
source, which provides a condition of pyrimidine excess or
limitation, respectively. The levels of b-galactosidase in these
strains were assayed as an indicator of upp expression (Table

FIG. 4. Characterization of short and runoff upp transcripts synthesized in
reaction mixtures containing 200 mM each ATP, CTP, and GTP and either 50 or
1,000 mM UTP. (A) Short transcripts were analyzed as described in the legend
to Fig. 2. Transcripts less than five nucleotides long are not shown because only
very low levels were synthesized with either 50 or 1,000 mM UTP. Transcripts for
this analysis were labeled with [a-32P]UTP. (B) Runoff transcripts were synthe-
sized in scaled-up in vitro reaction mixtures that did not contain a radiolabeled
nucleotide. The 59 ends of runoff transcripts were determined by primer exten-
sion mapping as described in Materials and Methods. The autoradiograph is of
the 10% polyacrylamide sequencing gel used to separate primer extension prod-
ucts. UTP concentrations (micromolar) are indicated at the top. The band
corresponding to G6-initiated transcripts is marked on the right. The dideoxy
sequencing ladder (G, A, T, and C) of the upp promoter region was generated
with the primer used for primer extension.
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1). The results show that wild-type fusion expression is regu-
lated over a nearly sixfold range by pyrimidine availability,
similar to that previously reported for the intact wild-type upp
gene (3, 36). In contrast, expression of the mutant fusions was
regulated only 1.7- and 1.6-fold in strains CLT5214 (TTG) and
CLT5218 (DT6), respectively. The reduced regulation was due
primarily to increased expression under conditions of pyrimi-
dine excess. This result indicates that UTP-dependent reiter-

ative transcription accounts for nearly all pyrimidine-mediated
negative regulation of upp expression. The lower level of ex-
pression in strain CLT5218 than in strain CLT5214 apparently
reflects a general negative effect of the DT6 mutation on fusion
expression.

Quantitative primer extension mapping of upp::lacZ tran-
scripts synthesized in vivo from wild-type and mutant promot-
ers. Quantitative primer extension mapping was used to mea-
sure the levels and determine the start sites of upp::lacZ
transcripts synthesized in strains CLT5178 (wild type),
CLT5214 (TTG), and CLT5218 (DT6) grown on uracil or UMP
(same cultures as described in Table 1). The primer used in
these experiments hybridizes to lacZ sequence contained in the
fusions and therefore detects only upp::lacZ transcripts in the
DlacZYA strains. The results for the wild-type and TTG tran-
scripts are shown in Fig. 6. The results for the DT6 transcripts
are not shown because they were essentially the same as those
for the TTG transcripts. In the case of wild-type transcripts,
only G6-initiated transcripts were detected. The level of these
transcripts from UMP-grown cells was sevenfold higher than
the level from uracil-grown cells, roughly reflecting cellular
b-galactosidase activities (Table 1). In the case of TTG tran-
scripts, both G6- and A7-initiated transcripts were detected
with cells grown on either pyrimidine source. However, the
pyrimidine source dramatically affected the relative amounts of
the two transcripts. For uracil-grown cells, about 40% of the
transcripts were initiated at position G6 and about 60% were
initiated at position A7. For UMP-grown cells, about 90% of
the transcripts were initiated at position G6 and only about
10% were initiated at position A7. The total level of upp
transcripts for UMP-grown cells was 40% higher than the total
level for uracil-grown cells, again roughly reflecting the b-
galactosidase activities measured in these cells.

The primer extension mapping experiments also revealed a
number of transcripts that are shorter than the G6- and A7-
initiated transcripts (Fig. 6A). These transcripts appear to be
products of in vivo upp transcript degradation. Such bands
were not detected in primer extension mapping experiments
using upp transcripts synthesized in vitro (Fig. 4B). From the
pattern of the shorter transcripts shown in Fig. 6A, it appears
that G6- and A7-initiated transcripts were degraded similarly.
This is indicated by the fact that the level of shorter transcripts
reflects the total upp transcript level and not the level of one
particular species.

DISCUSSION

Our in vitro transcription studies identified a number of
features of transcriptional initiation at the upp promoter that
are clearly important for pyrimidine-mediated regulation of
upp expression. The results show that transcriptional initiation
at the upp promoter can occur at multiple sites designated G6,
A7, and T8 and that the selection of these sites is sensitive to

FIG. 5. Effects of upp promoter mutations on reiterative transcription. Stan-
dard in vitro transcription reactions were performed with either wild-type (WT)
or mutant (TTG and DT6) DNA templates. Two reactions were run with each
template: one with 800 mM (high [H]) and the other with 50 mM (low [L])
[a-32P]UTP. Transcripts were separated on a 25% polyacrylamide sequencing
gel and visualized by autoradiography. Wild-type transcript lengths and runoff
(RO) transcripts are labeled on the left. The position of the G6-initiated 6-mer,
GAUUGU, which is produced with both mutant templates, is indicated on the
right for reference. Note that for transcripts longer than five residues, mutant
transcripts migrate more slowly than corresponding (i.e., same length and start
site) wild-type transcripts. This difference is observed because the mutant tran-
scripts contain a higher fraction of G residues, which slow migration more than
any other nucleotide. As an example, the G6-initiated 6-mer (GAUUGU) pro-
duced with the TTG template migrates above the G6-initiated 6-mer
(GAUUUU) produced with the wild-type template. However, the latter tran-
script (GAUUUU) comigrates with the A7-initiated 6-mer (AUUGUU) pro-
duced with the TTG template because they have the same nucleotide content.

TABLE 1. Effects of promoter mutations on regulation of
upp::lacZ expressiona

Strain (promoter
genotype)

b-Galactosidase activity
(nmol/min/mg)b Fold

regulation
Uracil UMP

CLT5178 (wild type) 3,020 17,500 5.8
CLT5214 (TTG) 10,800 18,800 1.7
CLT5218 (DT6) 5,600 8,900 1.6

a Doubling times were 46 6 2 min for cells grown on uracil and 69 6 3 min for
cells grown on UMP.

b Mean of five experiments with variation of #8%.
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the concentration of UTP. High concentrations of UTP sup-
port efficient initiation at positions G6 and A7 and a low level
of initiation at position T8. Low concentrations of UTP stim-
ulate initiation at position G6 while nearly abolishing initiation
at the other sites. In addition, low levels of UTP enhance
synthesis of upp runoff transcripts. The results also show that
UTP-dependent reiterative transcription occurs efficiently with
A7- and T8-initiated transcripts and that these transcripts are
not extended past the initially transcribed region. In contrast,
most G6-initiated transcripts avoid reiterative transcription
and are either terminated by simple abortive initiation or pro-
ductively extended to include structural gene sequence.

The characterization of in vivo transcription of upp::lacZ
gene fusions containing wild-type and mutant promoter re-
gions provided additional information necessary to understand

the regulatory mechanism. The results demonstrate that UTP-
dependent reiterative transcription within the upp initially
transcribed region is required for nearly all pyrimidine-medi-
ated regulation of upp expression. The data also show that
transcriptional initiation in vivo can occur efficiently at start
sites G6 and A7; however, there was no clear indication of
initiation at position T8. Detection of A7-initiated transcripts
by primer extension required the use of a mutant promoter
that prevented reiterative transcription, because otherwise
these transcripts are not extended downstream to include se-
quences that hybridize to the primer. Quantitation of mutant
upp::lacZ transcripts revealed the same dramatic UTP-sensi-
tive transcriptional start site switching observed in vitro. Fi-
nally, the levels of full-length upp::lacZ transcripts (wild type or
mutant) paralleled the levels of b-galactosidase activity in the cell.

A model for upp regulation. On the basis of these observa-
tions, we propose the following model for pyrimidine-mediated
regulation of upp expression (Fig. 7). When intracellular levels
of UTP are high, RNA polymerase preferentially initiates tran-
scription at position A7. The resulting nascent transcript is
extended until it contains three or perhaps four U residues
(i.e., AU3 or AU4). At this point, weak base pairing between
the transcript and DNA template permits the transcript to slip
one base upstream. RNA polymerase then adds a U residue to
the 39 end of the transcript, and from this point on the tran-
script is irreversibly directed into a nonproductive transcription
pathway. The transcript can be released from the initiation
complex or another round of slippage, and U addition can
occur. This process can be repeated many times with a certain
probability of transcript release after every U addition. Syn-
thesis of the resulting AUn transcripts in effect occludes the

FIG. 6. Levels of upp::lacZ transcripts initiated at the wild-type (WT) and
TTG mutant (TTG) promoters in strains CLT5178 and CLT5214, respectively.
Cellular RNA was quantitatively isolated from cells grown on either uracil (R) or
UMP (M). Transcript levels were measured by primer extension mapping as
described in Materials and Methods. (A) Autoradiograph of the 10% polyacryl-
amide sequencing gel that was used to separate the primer extension products.
The bands corresponding to G6- and A7-initiated transcripts are shown on the
right. The dideoxy sequencing ladder of the wild-type upp promoter region,
which was used to identify transcripts, was generated with the primer used for
primer extension. Note that the spaces between bands in sequencing ladders of
the wild-type and TTG mutant promoter regions are identical, and thus only one
ladder is shown. (B) Transcript levels quantitated with a PhosphorImager and
plotted in arbitrary units.

FIG. 7. Model for pyrimidine-mediated regulation of upp expression, show-
ing the effects of UTP concentration on the selection of transcriptional start sites
and the fates of transcripts initiated at alternative sites.
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promoter, thereby reducing the opportunity for initiation at
position G6 and the production of full-length upp transcripts.
In contrast, when intracellular levels of UTP are low, RNA
polymerase initiates transcription almost exclusively at position
G6. The resulting transcripts avoid reiterative transcription
presumably due to the formation of a more stable hybrid
between the transcript and DNA template. Thus, these tran-
scripts are elongated normally and can be extended down-
stream to generate translatable upp transcripts. As a conse-
quence of this regulatory mechanism, high levels of the enzyme
required for uracil salvage are produced only under conditions
of pyrimidine limitation. In all of its key features, this model is
analogous to the proposed mechanism for pyrimidine-medi-
ated regulation of codBA expression (34).

In the model, we did not include a role for T8-initiated
transcripts because it is not clear that they are synthesized in vivo.
If in fact T8-initiated transcripts are produced under physiological
conditions, they would presumably function in the proposed reg-
ulatory mechanism just like A7-initiated transcripts.

Selection of transcriptional start sites. UTP-sensitive selec-
tion of alternative transcriptional start sites is a key feature in
the proposed model. As argued previously (34), this process is
probably based on a requirement for rapid formation of a
covalent bond between the first and second nucleotides of a
transcript to achieve efficient transcriptional initiation. Rapid
formation of the first internucleotide bond requires ample
concentrations of both nucleotides. A low concentration of the
second nucleotide can dramatically reduce initiation efficiency
(25, 28), or it can cause the selection of an alternative start site
(at the same promoter) that does not use the limiting nucleo-
tide in the formation of the first internucleotide bond (40).
Accordingly, position A7 is the primary start site at the upp
promoter when the concentration of UTP, the second nucle-
otide, is high. This selection apparently is based on a prefer-
ence for initiating transcription seven bases downstream from
the 210 region and for the use of ATP as the initiating nucle-
otide (22). However, when the UTP concentration is low, re-
sulting in inefficient initiation at position A7, RNA polymerase
readily selects the secondary start site G6. Transcription from
this site uses GTP and ATP to form the first internucleotide
bond and thus is not inhibited by a low concentration of UTP.

In the foregoing scenario, we assume that both ATP and
GTP are present in ample amounts in all cases: ATP and GTP
concentrations are greater than 1 mM in cells grown under
conditions of pyrimidine excess or limitation (27, 30). How-
ever, ATP and GTP pools do increase substantially (two- to
threefold) upon pyrimidine limitation (30), and it is possible
that this effect favors initiation at position G6 and contributes
to the observed transcriptional start site switching. Such a
mechanism requires that GTP levels are not saturating for
transcriptional initiation at the upp promoter, while ATP levels
are above or close to the level required for maximal initiation
(34).

Different fates of upp transcripts and the role of an extended
RNA-DNA hybrid. We assume in our model that the different
fates of G6- and A7-initiated transcripts are related to their
ability to form a stable hybrid with the DNA template during
the initiation phase of transcription. Specifically, nascent A7-
initiated transcripts cannot form a hybrid that is stable enough
to prevent transcript slippage and realignment, which results in
reiterative transcription. On the other hand, nascent G6-initi-
ated transcripts can form a hybrid that is stable enough to
preclude slippage (in most instances) and thus avoid reiterative
transcription. The difference in the two cases is that G6-initi-
ated transcripts form a hybrid that includes an extra rG:dC
base pair at the beginning of the heteroduplex.

For this explanation to be correct, it appears necessary that
the RNA-DNA hybrid contains at least 10 base pairs. This
length is based on the distance between the first G residue of
the G6-initiated transcript and the end of the run of eight U
residues specified by the initially transcribed region. The exis-
tence of such an extended hybrid has been proposed in one
popular model for transcriptional elongation (8, 44) and is
consistent with a number of different types of experimental
observations (9, 13, 17–19, 24, 29, 42, 45). However, an alter-
native model that advocates a short hybrid containing three or
fewer base pairs has been proposed (7, 41). If the latter model
is correct, then some features other than the strength of the
RNA-DNA hybrid must control reiterative transcription (oth-
erwise slippage would occur after synthesis of the nascent
5-mer with the sequence GAUUU). The most likely possibility
is a sequence-specific interaction between the 59 end of the
transcript and RNA polymerase. However, recent studies in
this lab have shown that the extent of reiterative transcription
during initiation is clearly not due to such a transcript-RNA
polymerase interaction and correlates directly with the appar-
ent strength of the RNA-DNA hybrid (33). Thus, we think that
G6-initiated transcripts (but not A7-initiated transcripts) es-
cape reiterative transcription because the sequence at their 59
ends allows the formation of a stable hybrid between the nas-
cent transcript and DNA template, which persists long enough
for the transcript to be extended downstream of the run of
eight U residues that induce slippage.

An assumption in our estimation of the length of the ex-
tended hybrid described above is that slippage of G6-initiated
transcripts is prevented only by base pairing at the 59 end of the
transcript. Another possible explanation is that after the tran-
script contains four or more U residues, it encounters a (pres-
ently unknown) barrier to slippage. If such a barrier exists,
then we may be overestimating the length of the hybrid. How-
ever, based on the studies of Wagner et al., which indicate that
slippage occurs upon the addition of 10 or 11 U residues to the
39 end of an elongating transcript (42), we do not favor the
latter explanation.

Difference between the upp and codBA regulatory mecha-
nisms. Although there are many similarities between the
mechanisms of pyrimidine-mediated regulation of upp and
codBA expression, there is one striking difference. The range
of regulation observed with the upp gene is less than 6-fold,
whereas that for the codBA operon is approximately 30-fold.
This difference could be due to the different locations of the
transcriptional start sites in the two promoters (relative to the
210 region) and to preferences in selecting these sites (22).
The G and A start sites are located at positions 6 and 7 in the
case of upp and at positions 7 and 8 in the case of codBA.
Pyrimidine-mediated start site switching between these two
sites at the upp promoter is not as extensive as that seen at the
codBA promoter. Switching is much closer to an all-or-none
situation in the case of the codBA promoter. More extensive
start site switching should result in a wider range of regulation.

Overview. The regulatory mechanism described in this re-
port increases to three the number of clear examples of regu-
lation involving reiterative transcription in E. coli (or any bac-
terial species). Another possible example not yet discussed
involves UTP-mediated regulation of transcriptional initiation
at the galP2 promoter of the galETK operon, although the
reported range of regulation is only 1.5-fold (16). This small
range of regulation may be due to the use of apparently inad-
equate conditions for pyrimidine limitation. We have recently
demonstrated that pyrimidine-mediated regulation of carAB
expression occurs in part through a mechanism similar to that
described for regulating initiation at the pyrBI promoter (12).
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The carAB operon encodes the first enzyme in the pyrimidine
biosynthetic pathway.

Thus, all of the examples of regulation by reiterative tran-
scription in E. coli involve genes with an obvious connection to
pyrimidine metabolism (galP2 through the synthesis of UDP-
galactose). However, many of the more than 30 E. coli pro-
moters containing a run of three or more T residues in the
nontemplate strand of the initially transcribed region are for
genes and operons that do not appear to be directly associated
with pyrimidine metabolism. It seems reasonable to suspect
that many of these genes are in fact regulated by mechanisms
involving UTP-dependent reiterative transcription, although
the details of these mechanisms may be quite different from
those characterized to date. Discovery of many new examples
would indicate that the cell uses UTP much like a global
regulatory effector, similar to cyclic AMP and guanosine tet-
raphosphate. It is known that large changes in UTP levels are
tolerated by the cell, and such changes could be used as an
indicator of cellular fitness.

ACKNOWLEDGMENTS

This work was supported by National Institutes of Health grant
GM29466 to C.L.T. During part of this work, A.-H. T. T. was sup-
ported by training grant AI07041 from the National Institutes of
Health.

REFERENCES

1. Alper, M. D., and B. N. Ames. 1978. Transport of antibiotics and metabolite
analogs by systems under cyclic AMP control: positive selection of Salmo-
nella typhimurium cya and crp mutants. J. Bacteriol. 133:149–157.

2. Andersen, J. T., K. F. Jensen, and P. Poulsen. 1991. Role of transcription
pausing in the control of the pyrE attenuator in Escherichia coli. Mol. Mi-
crobiol. 5:327–333.

3. Andersen, P. S., J. M. Smith, and B. Mygind. 1992. Characterization of the
upp gene encoding uracil phosphoribosyltransferase of Escherichia coli K12.
Eur. J. Biochem. 204:51–56.

4. Barettino, D., M. Feigenbutz, R. Valcárcel, and H. G. Stunnenberg. 1993.
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