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promoter. We analyzed G6 and A7 transcripts separately by
using either [y->*P]GTP or [y-**P]ATP, respectively, to label
the 5" ends of transcripts. Transcription reaction mixtures con-
tained either 50 or 1,000 uM UTP (200 M each other nucle-
oside triphosphate) for the synthesis of G6 and A7 transcripts,
respectively, to maximize initiation at the start site of interest.
These UTP concentrations (i.e., 50 and 1,000 wM) roughly
mimic those found in cells grown under conditions of pyrimi-
dine limitation or excess, respectively (2, 25). Transcripts pro-
duced in vitro were separated on a 25% polyacrylamide se-
quencing gel and visualized by autoradiography.

In the case of the G6 transcripts, the shortest transcripts that
can be unambiguously attributed to reiterative transcription
contain the sequence GAU,,, |, where n equals the number of
base pairs in the T - A tract (e.g., GAU, for the wild-type
promoter, GAUjg for the T, promoter, etc.). If extensive reit-
erative transcription occurs at a particular promoter, then G6
transcripts with longer terminal U tracts can also be detected
(e.g., GAU,, and GAU,, for the wild-type promoter, GAU,
and GAU,, for the T, promoter, etc.). Transcripts (either G6
or A7) with these longer terminal U tracts are hereafter re-
ferred to as longer ladder transcripts. The shortest G6 tran-
scripts that can be unambiguously attributed to strictly tem-
plated transcription (i.e., simple abortive initiation) contain
the sequence GAU, G (e.g., GAU4G for the wild-type pro-
moter, GAU,G for the T, promoter, etc.). A GAU,,G tran-
script will migrate slightly slower in the gel than an equal-
length GAU,, ., transcript because of sequence effects on
transcript mobility, thus allowing resolution of the two tran-
scripts (35) (e.g., in Fig. 3, the 11-mer transcripts GAUG and
GAU, initiated at the wild-type promoter, the 10-mers
GAU,G and GAUj initiated at the T, promoter, etc.). Simi-
larly, longer abortive initiation products such as GAU, GU and
GAU,,GUG can be resolved from equal-length G6 transcripts
produced by reiterative transcription (i.e., with a terminal U
tract) because of different nucleotide content (e.g., in Fig. 3,
the 12-mers GAUgGU and GAU,, initiated at the wild-type
promoter). Under the conditions employed here, nucleotide
addition to a transcript retards its gel mobility in the following
order: G > A ~ U > C (29).

Transcription from the wild-type (Tg) and T, promoters
produced levels of GAU,, ., and longer ladder transcripts that
were comparable in most cases to those of equal-length tran-
scripts produced by simple abortive initiation (Fig. 3). For
example, compare the levels of 11-mers (i.e., GAUgG and
GAU,) in the Ty lane and the levels of 10-mers (i.e., GAU,G
and GAUy) in the T, lane in Fig. 3. This result indicated that
a significant fraction of G6 transcripts initiated at these pro-
moters were subject to reiterative transcription. Transcription
from the promoters containing shorter T - A tracts produced a
substantially lower level of GAU,,,, and longer ladder tran-
scripts compared to transcripts produced by simple abortive
initiation. For example, compare the levels of 9-mers (i.e.,
GAU,G and GAU,) in the T, lane and the levels of 8-mers
(i.e., GAUG and GAUj) in the T lane in Fig. 3. In addition,
the level of GAU,,, , and longer ladder transcripts compared
to simple aborted transcripts decreased in proportion to the
size of the deletion in the T - A tract for all promoters. Syn-
thesis of GAU,,, , and longer ladder transcripts was effectively
eliminated at the T; and T, promoters. These results clearly
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FIG. 3. Analysis of short G6 transcripts initiated at wild-type and
mutant upp promoters. DNA templates containing either the wild-type
(Tg) or a T, mutant promoter were transcribed in vitro in reaction
mixtures containing 200 uM each ATP, CTP, and [y-**P]GTP and 50
wM UTP. The autoradiograph is of the 25% polyacrylamide gel used
to separate the transcripts. The numbers on the left indicate transcript
length (in nucleotides); brackets are used to indicate equal-length
transcripts with different sequences, which in most cases cause these
transcripts to migrate differently in the gel. In the case of the wild-type
promoter (i.e., lane Ty only), several other transcripts are marked.
Transcripts with the sequences GAU, and GAU4G are labeled. Two
longer GAU,, transcripts (i.e., GAU,, and GAU,,) are marked with
asterisks. The longest unambiguously assigned product of simple abor-
tive initiation, GAUGU, is marked with a diamond.

illustrate the need for a long T - A tract to permit high levels
of reiterative transcription with G6 transcripts. We also exam-
ined transcription of the wild-type and mutant promoters in
reaction mixtures containing either 200 or 1,000 puM UTP
(data not shown). The effects of the mutations on reiterative
transcription were similar to those observed with 50 uM UTP;
however, increasing the UTP concentration did stimulate
slightly the level of reiterative transcription at all but the wild-
type and T, promoters.

Examination of A7 transcript synthesis revealed a similar
pattern; namely, a longer T - A tract favored reiterative tran-

1sanb Aq 6T0OZ ‘6T J1equaAoN uo /610 wse qgl//:dny woly papeojumod



226 CHENG ET AL.

$
L

“’.’-f‘?‘}ﬂﬂm& E .

Y R L R

e LAl e
' > 4

i
+

AUp

Simple
Aborted
Transcripts

FIG. 4. Analysis of short A7 transcripts initiated at wild-type and
mutant upp promoters. DNA templates containing either the wild-type
(Tg) or a T, mutant promoter were transcribed in vitro in reaction
mixtures containing 200 wM each [y-**P]JATP, CTP, and GTP and
1,000 uM UTP. The autoradiograph is of the 25% polyacrylamide gel
used to separate the transcripts. The lengths (in nucleotides) of tran-
scripts with the sequence AU,, (where n is =3) are shown on the left.
The lengths of transcripts produced by simple abortive initiation are
shown on the right. Note that the identity of the minor 5-mer transcript
initiated at the T, promoter is unknown. Also note that the AU,GU
transcript, which is produced by simple abortive initiation at the T,
promoter, comigrates with the AU;G transcript initiated at the Tj
promoter. Unlabeled transcripts initiated at the T, promoter are dis-
cussed in the text.

scription. The shortest A7 transcripts that can be unambigu-
ously attributed to either reiterative transcription or simple
abortive initiation contain the sequence AU, ; or AU,G, re-
spectively. Again, because of sequence effects, the AU,,G tran-
script will migrate slightly slower in the gel than an AU,
transcript, allowing resolution of the two transcripts (e.g., in
Fig. 4, see the 8-mer transcripts AU,G and AU, initiated at the
T, promoter). Transcription from the wild-type and T, pro-
moters in vitro always appeared to enter the reiterative mode,
as indicated by high levels of AU, , and longer ladder tran-
scripts and the total absence of AU, G (and longer) transcripts
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produced by abortive initiation (Fig. 4). Transcription from the
Te, Ts, T4, and T; promoters also produced high levels of
AU,, ., and longer ladder transcripts; however, a low level of
AU, G (and longer) transcripts produced by simple abortive
initiation could also be detected. This result indicated that at
least a low level of strictly templated transcription (compared
to reiterative transcription) can occur at these promoters. In
the case of the T, promoter, reiterative transcription was dra-
matically reduced, if not totally eliminated, as indicated by the
absence of a longer ladder of A7 transcripts. Low levels of
several unidentified short transcripts were detected, two of
which migrate like AU; and AU, transcripts (Fig. 4). Synthesis
of the latter transcripts was nearly eliminated when the UTP
concentration in the reaction mixture was reduced to 200 pM
(data not shown), suggesting that their synthesis was the result
of misincorporation enhanced by unbalanced (and nonphysi-
ological) nucleotide concentrations.

DISCUSSION

Although extensive reiterative transcription can occur at
promoters that contain a T - A tract in the initially transcribed
region as short as 3 bp (12, 17, 20), a much longer T - A tract
is clearly required for normal pyrimidine-mediated regulation
of upp expression in E. coli. The 8-bp T - A tract in the
wild-type upp promoter can be shortened by a single base pair
with minimal effect, but longer deletions significantly and pro-
gressively reduce the range of regulation. Regulation involving
reiterative transcription appears to be completely eliminated
when the T - A tract contains three or fewer base pairs.

The progressive loss of regulation caused by the deletion
mutations is due primarily to regular increases in the level of
upp expression in cells grown under conditions of pyrimidine
excess (Table 1). These increases are due, in large part, to the
avoidance of reiterative transcription by a significant fraction
of A7 transcripts (Fig. 2A), which are the predominant prod-
ucts of transcriptional initiation at the upp promoter in uracil-
grown cells (35). The fraction of A7 transcripts that avoid
reiterative transcription increases as the length of the T - A
tract decreases, as clearly indicated by the quantitative primer
extension mapping of cellular transcripts (Fig. 2C).

A similar but less dramatic pattern of avoidance of reitera-
tive transcription by A7 transcripts is observed in vitro (Fig. 4).
Transcription of wild-type and mutant upp promoters indicates
that avoidance of reiterative transcription by A7 transcripts,
resulting in strictly templated transcription, can occur only
when the T - A tract is shortened to six or fewer base pairs. The
level of strictly templated transcription, as indicated by the
products of simple abortive initiation, increases as the length of
the T - A tract is reduced. However, a high level of reiterative
transcription still occurs in vitro at all promoters except the T,
promoter, at which reiterative transcription is abolished. The
fact that reiterative transcription is so robust at promoters like
T, and T,, while regulation is severely restricted at these pro-
moters, is somewhat surprising. One possible explanation is
that only a very low percentage of initiation events need to be
redirected from the reiterative to the strictly templated tran-
scription pathway to produce the maximum level of full-length
transcripts. Another explanation, at least for the T; promoter,
is that some transcripts can enter the reiterative transcription
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pathway and then switch to the strictly templated mode to
produce full-length transcripts. Clear evidence for such a
switch at the T; promoter is provided by the results of quan-
titative primer extension mapping of cellular transcripts (Fig.
2A). Why such a switch is restricted to the T; promoter re-
mains to be determined.

Avoidance of reiterative transcription by A7 transcripts ini-
tiated at mutant upp promoters may explain the loss of most, if
not all, regulation of upp expression. However, avoidance of
reiterative transcription at the mutant promoters is not re-
stricted to A7 transcripts. The data from quantitative primer
extension mapping of cellular transcripts indicate that approx-
imately one-third of the G6 transcripts initiated at the wild-
type upp promoter are subject to reiterative transcription (Fig.
2B). This reiterative transcription appears to be affected by
shortening of the T - A tract similarly to that observed with the
A7 transcripts. For example, reducing the length of the T - A
tract to six or fewer base pairs causes an increase in the level of
cellular G6 transcripts, which in this case can be detected in
cells grown under conditions of either pyrimidine excess or
limitation (Fig. 2A). However, the pattern of these increases is
different than that observed with A7 transcripts. There is not a
steady increase in the level of G6 transcripts with progressive
shortening of the T - A tract. Instead, the highest levels of G6
transcripts are observed with the Ty and Ts promoters, with
progressively lower levels of G6 transcripts with promoters T,,
Ts, and T,. This pattern may indicate that shortening of the T -
A tract to 6 bp is sufficient to achieve maximum avoidance of
reiterative transcription by G6 transcripts. Consistent with this
idea is the observation that in vitro, reiterative transcription
involving G6 transcripts was sharply reduced by shortening of
the T - A tract to six or fewer base pairs (Fig. 3). The relative
decreases observed in vivo in G6 transcript levels with promot-
ers T,, T5, and T, may reflect secondary effects on promoter
strength or transcript stability. Consistent with these proposals,
in vitro production of all short G6 transcripts at promoters T,
T;, and T, was relatively low (Fig. 3), perhaps indicating re-
duced promoter activity, and in vivo degradation of G6 and A7
upp::lacZ transcripts was greatly enhanced in the case of the T,
promoter (Fig. 2A).

Overall, the results of this study indicate that a long T - A
tract in the initially transcribed region of the wild-type upp
promoter is necessary to achieve a particular balance between
reiterative and strictly templated transcription involving G6
and A7 transcripts. This balance establishes a maximum or
physiologically appropriate level of upp regulation. A long run
of seven or eight T - A base pairs is required to ensure that
essentially all A7 transcripts will engage in nonproductive re-
iterative transcription. A run of eight T - A base pairs is still
short enough to allow the majority of G6 transcripts to avoid
reiterative transcription and produce translatable mRNA. Pre-
sumably, the avoidance of reiterative transcription by G6 tran-
scripts can occur by virtue of an rG - dC base pair formed by
the 5" G residue of the transcript and its complementary C
residue in the DNA template. The formation of this strong
base pair inhibits upstream slippage of the nascent transcript
that is a prerequisite for reiterative transcription.

The ability of G6 transcripts to avoid reiterative transcrip-
tion is likely to be related to another feature of the transcrip-
tional initiation complex, and that is the length of the RNA-
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DNA hybrid formed between the nascent transcript and the
DNA template. The results presented in this paper are consis-
tent with the formation of an 8-bp RNA-DNA hybrid during
initiation of G6 transcripts. Such a hybrid would explain the
elimination of essentially all reiterative transcription involving
G6 transcripts at mutant promoters containing six or fewer
base pairs in the T - A tract. The nascent transcripts synthe-
sized at these promoters would be part of a relatively stable
hybrid, anchored by a 5’ rG - dC base pair, during the addition
of all of the U residues specified by the T - A tract. The fact
that about one-third of the G6 transcripts initiated at the T,
and wild-type (Tg) promoters engage in reiterative transcrip-
tion indicates that the RNA-DNA hybrid, at least a permanent
hybrid, does not extend beyond 8 bp. The factors that allow
most of the latter transcripts to avoid reiterative transcription
(assuming that the 8-bp hybrid is correct) remain to be deter-
mined. Thus, the suggested length of the RNA-DNA hybrid at
the upp promoter is the same as, or similar to, the 8- to 9-bp
hybrid detected during transcriptional elongation (27, 33). It
will be of interest to determine in future studies if the RNA-
DNA hybrid length is the same at all promoters. If not, then
the capacity to engage in reiterative transcription during initi-
ation could be affected by this difference.
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