Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 14652-14657, December 1998
Biochemistry

Upstream A-tracts increase bacterial promoter activity through
interactions with the RNA polymerase « subunit

(A-tract DNA /DNA curvature/UP element)

SARAH E. A1YAR, RICHARD L. GOURSE, AND WILMA Ross™

Department of Bacteriology, University of Wisconsin, 1550 Linden Drive, Madison, WI 53706

Edited by E. Peter Geiduschek, University of California, San Diego, CA, and approved October 14, 1998 (received for review August 14, 1998)

ABSTRACT Upstream A-tracts stimulate transcription
from a variety of bacterial promoters, and this has been widely
attributed to direct effects of the intrinsic curvature of
A-tract-containing DNA. In this work we report experiments
that suggest a different mechanism for the effects of upstream
A-tracts on transcription. The similarity of A-tract-containing
sequences to the adenine- and thymine-rich upstream recog-
nition elements (UP elements) found in some bacterial pro-
moters suggested that A-tracts might increase promoter ac-
tivity by interacting with the a subunit of RNA polymerase
(RNAP). We found that an A-tract-containing sequence
placed upstream of the Escherichia coli lac or rrnB P1 pro-
moters stimulated transcription both ir vivo and in vitro, and
that this stimulation required the C-terminal (DNA-binding)
domain of the RNAP « subunit. The A-tract sequence was
protected by wild-type RNAP but not by a-mutant RNAPs in
footprints. The effect of the A-tracts on transcription was not
as great as that of the most active UP elements, consistent with
the degree of similarity of the A-tract sequence to the UP
element consensus. A-tracts functioned best when positioned
close to the —35 hexamer rather than one helical turn farther
upstream, similar to the positioning optimal for UP element
function. We conclude that A-tracts function as UP elements,
stimulating transcription by providing binding site(s) for the
RNAP aCTD, and we suggest that these interactions could
contribute to the previously described wrapping of promoter
DNA around RNAP.

Promoters used by the major form of Escherichia coli RNA
polymerase (RNAP), Ec”%, generally contain two hexamers
located about 10 and 35 bp upstream of the start site of
transcription, which are recognized by the ¢’° subunit (1). In
addition, sequences upstream of the —35 hexamer in some
promoters in E. coli as well as in other bacterial species
increase transcription in the absence of accessory proteins
(2-9). These upstream sequences are generally A+T-rich, and
some contain multiple A-tracts in phase with the DNA helical
repeat (phased A-tracts). Phased A-tracts inserted upstream of
the —35 hexamer in synthetic hybrid promoters have also been
reported to increase transcription (10-14). Because phased
A-tracts result in macroscopic DNA curvature [i.e., intrinsic
bends whose angle increases with the number of A-tracts (15,
16)], the effects of A-tracts on transcription often have been
attributed to direct effects of DNA bending, even though a
mechanism for such an effect was not clear (4, 5, 7, 8, 10-14,
17-19).

Upstream sequences are not as extensively conserved as the
—10, —35 hexamers in E. coli promoters (1) and were not
considered as an RNAP recognition element until recently (9,
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20). However, an A-tract positioned at about —40 (21, 22) or
A+T-rich sequences at about —40 and —50 (23) were noted in
subsets of promoters. Some conservation of alternating A- and
T-tracts was also noted in the upstream region of Bacillus
subtilis promoters (24). Whereas many promoters contain
A+T-rich upstream sequences, in most cases a contribution of
these sequences to promoter function has not been demon-
strated directly.

In the E. coli rrnB P1 promoter, an upstream A-+T-rich
sequence functions as a promoter recognition element, the UP
element, which increases transcription 30- to 70-fold by in-
creasing the initial equilibrium constant and perhaps by in-
creasing later steps in the RNAP-promoter interaction (9, 25).
The UP element is recognized by the RNAP « subunit (20),
and mutations in the C-terminal domain of a («CTD) that
prevent DNA binding eliminate UP element function (20, 26).
UP elements have been characterized in a number of other
promoters as well (20, 27-30). Recently, a consensus UP
element sequence was determined by using an in vitro selection
procedure with E. coli RNAP followed by an in vivo screen for
high transcription activity. The most active (consensus) UP
element increased promoter activity more than 300-fold and
contained two A-tracts separated by a T-tract (25).

The sequence similarity between phased A-tracts and UP
elements, particularly the consensus UP element (Fig. 1),
suggested that phased A-tracts might function as UP elements
by interacting directly with RNAPa. To test this possibility, we
analyzed the transcription and RNAP binding properties of
synthetic hybrid promoters containing upstream phased A-
tracts. We found that phased A-tracts increased transcription
when fused to the lac and rruB P1 core promoters both in vitro
and in vivo, and that stimulation of transcription and protec-
tion of A-tracts in footprints required the «CTD. Our results
provide a clear mechanism for the effects of phased A-tracts
on transcription: A-tracts function as UP elements to stimulate
transcription through DNA-protein interactions. Although
some facet of A-tract structure is likely to be a contributing
factor in DNA recognition by «, in most cases the macroscopic
curvature conferred by multiple phased A-tracts is unlikely to
be a primary determinant of promoter stimulation.

MATERIALS AND METHODS

Hybrid Promoters. A-tract-lac or A-tract-rrnB P1 promoters
(Fig. 1) were constructed by PCR by using plasmid templates
carrying the lac (pRLG1821) or the rrnB P1 (pRLG2230)
promoter, a downstream primer complementary to the vector
(27), and an upstream primer encoding an EcoRI site, the
A-tract sequence, and ~20 nt of lac or rrnB P1 promoter
sequence. Primer sequences are available on request. A Hin-
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FiG. 1. Sequences of the upstream regions of lac and rrnB P1 promoter derivatives. Promoter and upstream A-tract-containing sequences are
in uppercase. Phased A-tracts are in boldface. Lowercase sequence upstream of the EcoRI cloning site (underlined) is from the phage A vectors
in the promoter-lacZ fusion constructs (see Methods). Promoter sequences downstream of the —35 hexamer (to +52 for lac derivatives or +50 for
rrnB P1 derivatives) are not shown. (4) The lac core promoter contains lac sequence downstream from —47. Lac sequence from —41 to —47 does
not affect promoter activity (27). Hybrid A-tract lac promoters contain an upstream phased A-tract sequence (11) and lac sequence downstream
from either —39 (—40 A-tract lac) or —47 (—50- and —55-A-tract lac). (B) The rrnB P1 promoters contain either the native rrnB P1 UP element
[+UP, with rrnB P1 sequence downstream from —66; (9, 20)], the nonfunctional “SUB” sequence (also lowercase) from —59 to —41 [—UP; (9)],
or a phased A-tract sequence (four A-tract as in A or a shorter two A-tract sequence) and rrnB P1 sequence downstream from —39. The consensus

UP element sequence (25) is shown for comparison.

dIII cloning site was constructed at the downstream boundary
of the promoter sequence (+52 for lac derivatives or +50 for
rrnB P1 derivatives). PCR products were digested with EcoRI
and HindIIl, gel purified, and cloned into the vectors
pRLG770 (31) and phage A (see below). Promoter sequences
were confirmed after PCR amplification from these vectors.

Determination of Promoter Activities in Vivo. Strains mono-
lysogenic for phage A that carry promoter-lacZ fusions were
constructed in E. coli strain NK5031 by using fusion system I
for rrnB P1 derivatives or system II for lac derivatives (9).
Promoter activities were determined by measuring $-galacto-
sidase levels (32) in cultures grown exponentially for four to
five generations in Luria-Bertani medium.

Purification of a and Reconstitution of RNAP. N-terminal
histidine-tagged « subunits (wild type, A235, or R265A) were
overexpressed, purified, and reconstituted into RNAP as
described (26, 33).

In Vitro Transcription. rrnB P1 derivatives were transcribed
at 22°C for 15 min in 25-ul reactions containing 0.4 nM
supercoiled plasmid/1 nM wild-type or 3 nM a-mutant
RNAP/150 mM NaCl/40 mM Tris-acetate (pH 7.9)/10 mM
MgCl,/1 mM DTT/100 pg/ml of BSA/500 uM ATP/50 uM
CTP/10 uM GTP/10 uM UTP/0.2 uM [«*?P] UTP 800
Ci/mmol (DuPont/NEN). Transcripts were visualized on 5%
acrylamide-7 M urea gels as described (31). Transcription of
lac promoters was as for rrnB P1 except that the buffer
contained 30 mM KCl and 10 mM Tris-acetate (pH 7.9), and
samples were ethanol precipitated overnight at —20°C with 20
pg of glycogen (Boehringer Mannheim) before electrophore-
sis. Gels were quantified by using a Molecular Dynamics
Phosphorimager or were exposed to XAR-5 film (Kodak).
Abortive synthesis from hybrid lac promoters was carried out
as described (11).

Footprinting. Promoter fragments were from derivatives of
pSL6 (34), pRLG4270 for four A-tract-rrnB P1 and
pRLG4271 for two A-tract-rrnB P1. Fragments were prepared
by digestion of plasmids with BamHI, 3’ end-labeling with
[?P]-dGTP (800 Ci/mmol; DuPont), and T7 DNA polymer-

ase (Sequenase, Amersham), digestion with X#ol, gel purifi-
cation, and concentration using Elutip-D columns (Schleicher
& Schuell). RNAP-promoter complexes were formed with 1
nM DNA and 10 nM wild-type RNAP or 30 nM mutant RNAP
(aA235 or R265A) for 20 min at 22°C in 10 mM Hepes/100
mM NaOAc/0.1 mM EDTA/1 mM DTT/10 mM MgCl,/500
uM ATP/50 uM CTP and were treated with DNase I (1.25
pg/ml for 30 sec) as described previously (31, 35). Complexes
were then isolated on 5% native acrylamide gels, DNA was
eluted by diffusion and purified by using Elutip-D columns,
resuspended in gel-loading solution (31) and run on 10%
acrylamide-7 M urea gels. Gels were exposed to XAR 5 film
(Kodak) or analyzed by using a Phosphorimager (Molecular
Dynamics).

RESULTS

A-Tract Hybrid Promoters. To test the hypothesis that
phased A-tracts increase transcription through interactions
with the « subunit of RNAP, we constructed promoter deriv-
atives containing phased A-tracts fused upstream of the lac
core promoter (A-tract-lac) or the rrnB P1 core promoter
(A-tract-rrnB; Fig. 1). The A-tract sequence used was shown
previously to stimulate transcription from the lac promoter in
a position-dependent manner in vitro (11) and contains four
A-tracts (As or Ag) with 3’ ends positioned 10 or 11 bp apart,
in phase with the helical repeat. This sequence was estimated
to confer an overall bend of approximately 72° (18° per
A-tract) (11, 15, 16).

Two of our hybrid lac promoters (Fig. 14) correspond to
promoters that exhibited maximal (—50-A-tract-lac) or mini-
mal (—55-A-tract lac) transcription activity in vitro in the
previous studies (11). A third hybrid-lac promoter contained
its first A-tract positioned at —40 (—40-A-tract-lac), a position
suggested by the importance of an A-tract in the —40 region
of the consensus UP element sequence (25). Hybrid rrunB P1
promoters contained either two or four phased A-tracts, with
the proximal A-tract positioned at —40 (Fig. 1B).
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Upstream A-Tracts Increase Promoter Activity in Vivo.
Promoter activities were determined in vivo by using chromo-
somal promoter—/acZ fusions (Table 1). The A-tract sequence
had a great effect on lac promoter activity when positioned at
—40, increasing transcription 20-fold over that from the lac
core promoter (Table 1). The same A-tract sequence had only
a 5-fold effect when positioned 10 bp farther upstream at —50
and had no effect when positioned “out-of-phase” at —55,
consistent with the previous observations using similar con-
structs (11). The rrnB P1 UP element was about 2-fold more
active in stimulating the lac promoter than the phased A-tracts
(—40-A-tract lac), increasing its activity about 40-fold (Table
1) (9).

The phased A-tract sequences not only increased lac pro-
moter activity but also increased rrnB P1 core promoter
activity in vivo (Table 1). The four A-tract sequence increased
rrnB P1 activity 19-fold, whereas the native rrnB P1 UP
element increased activity 43-fold (Table 1). Thus, the rruB P1
UP element had about a 2-fold greater effect than the phased
A-tracts positioned at —40 with each of the two promoter
systems tested, lac and rrnB P1. The two A-tract upstream
sequence increased rrnB P1 transcription nearly as much as the
four A-tract sequence (15- vs. 19-fold; Table 1), indicating that
the promoter distal A-tracts in the four A-tract sequence play
only a small role in the stimulation of transcription.

Role of the a Subunit of RNAP in Stimulation of Tran-
scription by A-tracts in Vivo. To determine whether the A-tract
stimulation of transcription required aCTD-upstream DNA
interactions, A-tract-rrnB P1 promoter activity was compared
with rrnB P1 (—UP) core promoter activity in strains carrying
multicopy plasmids expressing wild-type « or a mutants that
abolish UP element function [R265A or aA256; (20, 26, 36)].
Stimulation of transcription by upstream A-tracts decreased
from 16-fold in the presence of wild-type « to about 3-fold in
the presence of the a mutants (Table 2). This effect was very
similar to the reduction in r7nB P1 UP element function in the
presence of mutant a plasmids (Table 2) as observed previ-
ously (20, 26). Overexpression of mutant « subunits resulted in
a 2-fold increase in rrnB P1 core (—UP) promoter activity, in
addition to the decrease in A-tract r7nB P1 and +UP rruB P1
activities. The increased rrnB P1 core promoter activity was
previously attributed to derepression of a feedback regulatory
system compensating for the loss of rrn UP element function
[(20); see also ref. 38]. The observed reduction in UP element
or A-tract effects is an underestimate of the full effect of the

Table 1. Effects of A-tracts on transcription in vivo

Relative
Strain Promoter* ActivityT activity$
lac promoters
RLG4281 lac core 33+ 21 1
RLG4277 —40 A-tract lac 656 * 14.6 20
RLG4278 =50 A-tract lac 165 = 59
RLG4279 —55 A-tract lac 30+ 28 1
RLG4282 rrnB P1 UP lac 1309 = 2.6 40
rrnB promoters
RLG2263 rrnB P1 (—)UP 26+ 95 1
RLG4272 two A-tract-rrnB P1 378 £ 6 15
RLG4273 four A-tract-rrnB P1 501+ 9 19
RLG3074 rrnB P1 (+)UP 1120 = 13 43

*Promoters are described in Fig. 1 and in ref. 9.

B-galactosidase activity in Miller units (32); averages *+ standard
error from at least three experiments. Values were corrected for a
background of 26 = 1 Miller units for system I fusions in B.
Background was <1 Miller unit for system II fusions in A. Absolute
values of system I and system II fusions should not be compared
directly.

§Values are expressed relative to the promoter lacking an UP element
in each set.

Proc. Natl. Acad. Sci. USA 95 (1998)

Table 2. Effect of « subunit mutations on A-tract stimulation of
rrnB P1 in vivo

4 up
rpoA rrmB P1 rrmB P1 A-tract- element  A-tract
allele* +UPT —-UPT rrmB P1T effect$ effect$
WwT 1209 31 499 39.0 16.1
A256 261 60 167 4.4 2.8
WT 1243 31 503 40.1 16.2
R265A 272 59 159 4.6 2.7

*Plasmid-encoded « alleles provided from pLAX185 (WT) and
pLAD256 (A256) (37) or pHTfla (WT) and pHTflaR265A (26).
B-galactosidase activities in Miller units (32). Strains were: rrnB P1
+UP, RLG3074; rrnB P1 —UP, RLG2263 or four A-tract-rrnB P1,
RLG4272 and contained the indicated rpoA plasmids. Activities,
corrected for background, are the average of two determinations that

differed by less than 10%.
SUP element and A-tract effects on transcription are the ratio of the
activities of 7rnB P1 +UP or four A-tract-rrnB P1 to the activity of
the rrnB P1 core promoter (—UP).

«a mutations, because these strains contain both wild-type
(chromosomal) and mutant (plasmid-encoded) « alleles.

The aCTD is Required for Stimulation of Transcription in
Vitro. To determine whether the A-tract effects on promoter
activity in vivo (Tables 1 and 2) reflect a direct effect of «
subunit interactions with upstream A-tract sequences, inde-
pendent of other accessory protein factors, we carried out in
vitro transcription and footprinting with wild-type and a-mu-
tant RNAPs.

The phased A-tract sequences increased transcription from
the lac promoter with wild-type RNAP in a position-
dependent manner in vitro, and the relative activities of the
hybrid promoters correlated with their in vivo activities (Fig.
24). The A-tract sequence had the largest effect on transcrip-
tion in vitro when positioned at —40, had a smaller effect when
positioned at —50, and had no detectable effect when posi-
tioned at —55 (Fig. 24, lanes 7-12). The effect of the A-tracts
(positioned at —40) was about 2-fold less than that of the rrnB
P1 UP element (Fig. 24, lanes 3, 4, 7, 8). These results confirm
that stimulation of transcription by A-tracts does not require
protein factors other than RNAP. A second slightly larger
transcript observed with the —40 A-tract-lac promoter (Fig.
2A, lanes 7, 8) probably derives from A-tract stimulation of an
overlapping promoter, lac P2, as noted previously (11).

When the lac promoter derivatives were transcribed with
aA235-mutant RNAP lacking the aCTD, no stimulation of
promoter activity by the A-tract sequences or by the rrnB P1
UP element was observed [Fig. 2B; see also ref. 39]. Each of
the hybrid promoters was transcribed very poorly by mutant
RNAP (Fig. 2B, lanes 3-12), although this RNAP transcribed
lacUV’5 (lanes 1, 2) and RNA I (all lanes) efficiently in the same
experiment.

Similar experiments were carried out with the set of rrnB P1
derivatives (Fig. 3). Consistent with previous results (20, 25),
the rrnB P1 and consensus UP elements stimulated transcrip-
tion by wild-type RNAP (about 25- and 45-fold, respectively;
compare lanes 1, 4, 7) but did not stimulate transcription by
two a-mutant RNAPs (R265A and aA235; compare lanes 2, 3
with 5, 6 and 8, 9). The three enzymes transcribed the r7nB P1
core promoter (—UP) with equal efficiency [Fig. 3, lanes 1-3;
(20)]. The four A-tract and two A-tract sequences increased
rrnB P1 transcription with wild-type RNAP (about 10- to
15-fold; compare lanes 1, 10, 13), consistent with their effects
in vivo (Table 1). However, the A-tract sequences did not
increase transcription by either of the a-mutant RNAPs
(compare lanes 2, 3, 11, 12, 14, 15). We conclude that the
A-tract sequence functions like an UP element; i.e., its effects
are dependent on the DNA-binding function of the « subunit.

We also found that the A-tract sequence and the rrnB P1 UP
element increased the synthesis of abortive products from the
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F1G. 2. Invitro transcription of wild-type lac or lac-hybrid promot-
ers with (4) wild-type RNAP or (B) a-mutant RNAP (aA235).
Duplicate samples are shown. Transcripts from the lacUVS, lac, and
vector-encoded RNAI promoters are indicated with arrows. The
lacUV’5 transcript is ~10 nt shorter than lac transcripts because of a
different promoter downstream endpoint (+39). Plasmid templates
were pRLG593 [lacUV5; (31)]; pRLG1820 [rrnB P1 (—88 to —37,
A72)-lac(—36 to +52); (9)], pRLG1821 [lac —47 to +52; (9)],
pRLG4258 (—40 A-tract-lac; Fig. 1), pPRLG4260 (—50 A-tract-lac; Fig.
1), and pRLG4262 (—55-A-tract-lac; Fig. 1).

hybrid lac promoters with wild-type RNAP (data not shown),
consistent with the effects on productive transcription (Fig. 2)
and with previous reports (11). With a«A235-mutant RNAP,
abortive product formation from the A-tract-lac and rrnB
UP-lac hybrid promoters was dramatically reduced (by at least
90%; data not shown), although a low level of synthesis above
that from the lac core promoter was observed. The significance
of this small residual effect remains to be determined.
Protection of the A-Tract Regions by RNAP in Footprints
Requires the «CTD. The aCTD requirement for the A-tract
effects on transcription in vivo (Table 2) and in vitro (Figs. 2,
3) is consistent with a direct interaction of the «a subunit with
these sequences, as observed with UP elements (20). To
determine whether RNAP protects the A-tract region in an
aCTD-dependent manner, we carried out DNase I footprints
of complexes formed by wild-type or a-mutant RNAP and the
two A-tract or four A-tract rrnB P1 hybrid promoters (Fig. 44
and B). Wild-type RNAP protected the core region of each
promoter (—35 to +20), as well as several positions in the
region containing the first and second A-tracts [—43 to —45
and —54 to —56, with DNase I accessible positions at about
—48. DNase I accessible sites within UP element-protected
regions have been observed previously (27)]. In addition,
partial protection of positions in the third and fourth A-tract
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F1G. 3. In vitro transcription of rrnB P1 promoter derivatives with
wild-type or a-mutant («A235 or R265A) RNAPs. The consensus UP
element-rrnB P1 promoter contains the sequence of the 4192-UP
element, 5’ AAAATTTTTTTTCAAAAGTA from —57 to —38 (25).
Transcripts from the RNAI and rrnB P1 promoters are indicated by
arrows. Plasmid templates were pRLG2230 [—UP; rrnB P1 (—41 to
+50), Fig. 1], pRLG4238 [+UP; rrnB P1 (=66 to +50), (25)],
pRLG3278 [UP element 4192-rrnB P1; (25)], pRLG4268 (four A-
tract-rrnB P1; Fig. 1), and pRLG4269 (two A-tract-rrnB P1; Fig. 1).

regions of the four A-tract promoter was also observed (Fig.
4B, lane 5) and is similar to protection patterns observed with
some UP elements (see Discussion).

The upstream A-tract regions were not protected in foot-
prints with the a-mutant RNAPs («A235 and aR265A; Fig.
4A,lane 5; 4B, lanes 6, 7), although these RNAPs protected the
core promoter regions. These results indicate that the «aCTD
is required for interaction of RNAP with the A-tract regions,
as observed for UP elements (20, 25, 27). The partial protec-
tion of the core promoter upstream of the —10 element by the
mutant RNAPs (Fig. 4) was also observed with the wild-type
rrnB P1 promoter (W.R., unpublished results). Because the
heparin stable RNAP-promoter complexes were gel isolated in
these experiments, the partial protection may reflect indirect
effects of the « mutants on RNAP-core promoter interactions.

Similar results were obtained by using hydroxyl radical
footprinting (data not shown), and the A-tract region positions
protected by wild-type RNAP (at —40to —44 and —51 to —55)
were the same as those protected in the rrnB P1 UP element
(25, 35). In addition, as with the rrnB P1 and consensus UP
elements (20, 25), protection of the A-tract region was ob-
served in footprints with high concentrations of purified «
(data not shown).

DISCUSSION

A-Tracts Increase Transcription by Binding to the RNAP «
Subunit. We found that phased A-tracts placed upstream of
either of two core promoters (lac or rrnB P1) increased
promoter activity both in vivo and in vitro in a position-
dependent manner. These results are consistent with previous
studies on a variety of promoters indicating that A-tracts
stimulate transcription (e.g., refs. 2, 4, 11, 12, 19). By several
criteria we showed that the A-tract-containing sequences
function as recognition elements for RNAP, interacting with
the «CTD in a manner analogous to UP elements in rrnB P1
and other bacterial promoters (20, 27-29).

The phased A-tract sequence was approximately 2-fold less
effective in stimulating transcription than the rrnB P1 UP
element and 5- to 10-fold less effective than the best UP
elements in vivo (25), consistent with its degree of similarity to
the UP element consensus. When positioned at —40, where it
increased transcription most effectively, the A-tract sequence
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FiG. 4. DNase I footprints of complexes formed by (4) the two
A-tract-rrnB P1 promoter or (B) the four A-tract-rrnB P1 promoter
with wild-type RNAP (10 nM) or mutant RNAP («A235 or R265A;
each 32 nM). Control samples lacking RNAP (0) are in lanes 3 (in A
and B) and 4 (in B). Regions fully or partially protected by wild-type
RNAP (WT; vertical bars) and by a-mutant RNAPs (aA235 or
aR265A; hatched boxes) are indicated. The phased A-tract-containing
regions in the two A-tract promoter (A4) are labeled 1 and 2, and in the
four A-tract promoter (B) are labeled 1-4, where 1 represents the
promoter proximal A-tract region (see Fig. 1 for sequences). A+G and
G sequence markers were prepared as described in (40). Promoter
fragments were 3'-end labeled in the bottom (template) strand at a site
just upstream of the A-tract regions.

matches the consensus at nine of fifteen positions. These
include four important A residues at positions —41 to —44 and
five of seven consensus residues between —49 and —55 but do
not include the T-tract between those regions (Fig. 1). In
comparison, the rrnB P1 UP element matches the consensus at
12 of 15 positions (25). The extent of transcription stimulation
by other UP elements also correlates qualitatively with their
degree of similarity to the consensus (25, 27).

Our data suggest that the interaction of «CTD with the
A-tract sequence is similar to its interaction with other UP
elements. Substitution of alanine for arginine at the surface-
exposed « residue 265 (R265A) abolished the function of the
phased A-tract sequence as well as of the rrnB P1 and
consensus UP elements [Fig. 4; (25, 26, 36)]. In addition, the
same upstream DNA positions were protected in both the
A-tract sequence and the rrnB P1 UP element in footprints
with wild-type RNAP (20, 25, 35).

Effects of A-Tract Number and Location on aCTD Inter-
actions. The position-dependent effects of A-tracts on tran-
scription are consistent with properties of UP elements. The
major determinants of the rrnB P1 UP element occur between
—40 and —60, although sequences upstream of —60 can
increase transcription another 2-fold (9, 25). The proximal
region of the consensus UP element (the —40 region) makes
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the largest contribution to function and can stimulate tran-
scription greatly independent of the rest of the UP element
(S. T. Estrem, T. Gaal, W. Ross, W. Niu, R. H. Ebright, and
R. L. Gourse, unpublished results). Consistent with these
properties, the A-tract sequence stimulated transcription best
when positioned at —40 (Table 1; Fig. 24), and the promoter
proximal two A-tracts were responsible for most of the A-tract
effects (Table 1; Fig. 3).

We suggest that aCTD-dependent interaction of RNAP
with the third and fourth A-tracts may also account for the
small effect of these sequences on promoter activity. Small
effects of sequences upstream of —60 and interaction of these
sequences with «CTD have been observed previously for other
promoters (29, 41-43). The affinity of «CTD for the third and
fourth A-tract region may be greater than any affinity it might
have for the nonspecific vector sequence in the analogous
position in the two A-tract promoter, thus accounting for the
small difference in the activities of the two and four A-tract
promoters.

The flexibility in positioning of the aCTD is thought to
result from the domain structure of the « subunit, in which a
flexible linker tethers the «CTD to the N-terminal domain (44,
45). Properties of RNAPs containing only one «CTD suggest
that a single «CTD can bind to and protect a region corre-
sponding to half of the rrnB P1 UP element (S. T. Estrem, T.
Gaal, W. Ross, W. Niu, R. H. Ebright, and R. L. Gourse,
unpublished results). Partial protection of multiple regions by
wild-type RNAP (containing two aCTDs) may result either
from occupancy of different regions in different molecules in
the population of DNA fragments or from short-lived «CTD
interactions with different regions on the same DNA fragment
during the time course of the footprinting reaction.

The face-of-the-helix dependence of A-tract effects [Table
1; Fig. 2; (11, 12, 46)] is consistent with the similar position
dependence of the distal region of the rrnB P1 UP element
(41). This position dependence of the «a subunit binding site in
the UP element most likely derives from constraints on the
positioning of the «CTD with respect to the rest of RNAP, as
observed for positioning of activator protein binding sites [e.g.,
cyclic AMP receptor protein (CRP); (47, 48)] because the
contacts between RNAP and DNA in other regions of the
promoter are restricted to one side of the helix (35, 49).

Other Effects of A-tracts on Transcription. Upstream A-
tracts functioned as UP elements to stimulate transcription
from the lac and rrmnB P1 core promoters in this work.
However, at other core promoters with mechanisms rate-
limited at different steps in the pathway to productive tran-
scription, complexes may be affected differently by UP ele-
ment sequences. For example, at a promoter limited in pro-
moter escape, the presence of upstream A-tracts reduced
promoter activity (12). Similarly, «CTD interactions with
transcription factors can sometimes limit transcription (50, 51).

Relationship of DNA Bending to UP Element Function. We
have shown here that A-tracts function as UP elements
through DNA-protein interactions with the aCTD. We sug-
gest that these interactions contribute to the previously de-
scribed wrapping of DNA around RNAP in promoter com-
plexes (14, 52). However, several lines of evidence suggest that
the macroscopic DNA bending associated with multiple in-
phase A-tracts is not a requirement for the stimulatory effect
on transcription: (i) sequences containing only one A-tract are
sufficient to stimulate transcription greatly [S.T. Estrem, T.
Gaal, W. Ross, W. Niu, R.H. Ebright, and R.L. Gourse,
unpublished results; (12)]; (i) a 2-fold increase in the number
of A-tracts increases the level of transcription activation only
slightly (Table 1); and (iif) some UP elements (e.g., rrnB P1)
display little or no DNA curvature (53).

Although macroscopic curvature is not essential for the
A-tract effects on transcription, the unusual structural features
of A-tract DNA, including a narrow minor groove and a high



Biochemistry: Aiyar et al.

degree of propeller twist (reviewed in ref. 54) may play a role
in a recognition. It is not yet known whether recognition of UP
elements (and their A-tracts) by a involves base-specific
interactions or features of the DNA backbone structure or
both.

Our results do not exclude the possibility that the macro-
scopic curvature associated with multiple-phased A-tracts may
play a different or additional role in transcription at some
promoters. For example, curved DNA functions as a “coacti-
vator” to facilitate interaction between distantly bound en-
hancer proteins and Ec>* (55, 56). In addition, we cannot
eliminate the possibility that there may be cases where A-tracts
influence transcription by a “structural transmission” effect
such as that proposed for Integration Host Factor (IHF)
binding at the ilvPg promoter (57). However, we suggest that
in most cases upstream A-tracts increase transcription through
DNA-protein interactions with the «CTD and should there-
fore be considered UP elements.
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from the U.S. Department of Agriculture.

1. Record, M. T, Jr., Reznikoff, W. S., Craig, M. L., McQuade,
K. L. & Schlax, P. J. (1996) in Escherichia coli and Salmonella,
Cellular and Molecular Biology, ed. Neidhardt, F. C. (Am. Soc.
Microbiol., Washington, DC), Vol. I, pp. 792-820.

2. Banner, C. D., Moran, C. P., Jr. & Losick, R. (1983) J. Mol. Biol.
168, 351-365.

3. Frisby, D. & Zuber, P. (1991) J. Bacteriol. 173, 7557-7564.

4. McAllister, C. F. & Achberger, E. C. (1988) J. Biol. Chem. 263,
11743-11749.

5. Lavigne, M., Herbert, M., Kolb, A. & Buc, H. (1992) J. Mol. Biol.
224, 293-306.

6. Leirmo, S. & Gourse, R. L. (1991) J. Mol. Biol. 220, 555-568.

7. Hsu, L. M., Giannini, J. K., Leung, T. W. & Crosthwaite, J. C.
(1991) Biochemistry 30, 813-822.

8. Matsushita, C., Matsushita, O., Katayama, S., Minami, J., Takai,
K. & Okabe, A. (1996) Microbiology 142, 2561-2566.

9. Rao, L., Ross, W., Appleman, J. A, Gaal, T., Leirmo, S., Schlax,
P.J., Record, M. T, Jr. & Gourse, R. L. (1994) J. Mol. Biol. 235,
1421-1435.

10. Bracco, L., Kotlarz, D., Kolb, A., Diekmann, S. & Buc, H. (1989)
EMBO J. 8, 4289-4296.

11. Gartenberg, M. R. & Crothers, D. M. (1991) J. Mol. Biol. 219,
217-230.

12.  Ellinger, T., Behnke, D., Knaus, R., Bujard, H. & Gralla, J. D.
(1994) J. Mol. Biol. 239, 466-475.

13.  Nachaliel, N., Melnick, J., Gafny, R. & Glaser, G. (1989) Nucleic
Acids Res. 17, 9811-9822.

14. Nickerson, C. A. & Achberger, E. C. (1995) J. Bacteriol. 177,
5756-5761.

15. Koo, H. S., Wu, H. M. & Crothers, D. M. (1986) Nature (London)
320, 501-506.

16. Koo, H. S., Drak, J., Rice, J. A. & Crothers, D. M. (1990)
Biochemistry 29, 4227-4234.

17. Ohyama, T., Nagumo, M., Hirota, Y. & Sakuma, S. (1992)
Nucleic Acids Res. 20, 1617-1622.

18. Pagel, J. M., Winkelman, J. W., Adams, C. W. & Hatfield, G. W.
(1992) J. Mol. Biol. 224, 919-935.

19.  Perez-Martin, J., Rojo, F. & de Lorenzo, V. (1994) Microbiol.
Rev. 58, 268-290.

20. Ross, W., Gosink, K. K., Salomon, J., Igarashi, K., Zou, C,
Ishihama, A., Severinov, K. & Gourse, R. L. (1993) Science 262,
1407-1413.

21. Galas, D. J., Eggert, M. & Waterman, M. S. (1985) J. Mol. Biol.
186, 117-128.

22. Deuschle, U., Kammerer, W., Gentz, R. & Bujard, H. (1986)
EMBO J. 5, 2987-2994.

23.

24.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.

48.

50.
51,
52.
53.
54.
55.
56.

57.

Proc. Natl. Acad. Sci. USA 95 (1998) 14657

Ozoline, O. N., Deev, A. A. & Arkhipova, M. V. (1997) Nucleic
Acids Res. 25, 4703-4709.

Helmann, J. D. (1995) Nucleic Acids Res. 23, 2351-2360.
Estrem, S. E., Gaal, T., Ross, W. & Gourse, R. L. (1998) Proc.
Natl. Acad. Sci. USA 95, 9761-9766.

Gaal, T., Ross, W., Blatter, E. E., Tang, H., Jia, X., Krishnan,
V. V., Assa-Munt, N., Ebright, R. H. & Gourse, R. L. (1996)
Genes Dev. 10, 16-26.

Ross, W., Aiyar, S. E., Salomon, J. & Gourse, R. L. (1998) J.
Bacteriol. 180, 5375-5383.

Giladi, H., Murakami, K., Ishihama, A. & Oppenheim, A. B.
(1996) J. Mol. Biol. 260, 484-491.

Fredrick, K., Caramori, T., Chen, Y. F., Galizzi, A. & Helmann,
J. D. (1995) Proc. Natl. Acad. Sci. USA 92, 2582-2586.

van Ulsen, P., Hillebrand, M., Kainz, M., Collard, R., Zulianello,
L., van de Putte, P., Gourse, R. L. & Goosen, N. (1997) J.
Bacteriol. 179, 530-537.

Ross, W., Thompson, J. F., Newlands, J. T. & Gourse, R. L.
(1990) EMBO J. 9, 3733-3742.

Miller, J. H. (1972) Experiments in Molecular Genetics (Cold
Spring Harbor Lab. Press, Plainview, NY).

Tang, H., Kim, Y., Severinov, K., Goldfarb, A. & Ebright, R. H.
(1996) Methods Enzymol. 273, 130-134.

Gosink, K. K., Ross, W., Leirmo, S., Osuna, R., Finkel, S. E.,
Johnson, R. C. & Gourse, R. L. (1993) J. Bacteriol. 175, 1580—
1589.

Newlands, J. T., Ross, W., Gosink, K. K. & Gourse, R. L. (1991)
J. Mol. Biol. 220, 569-583.

Murakami, K., Fujita, N. & Ishihama, A. (1996) EMBO J. 15,
4358-4367.

Hayward, R. S., Igarashi, K. & Ishihama, A. (1991) J. Mol. Biol.
221, 23-29.

Gaal, T., Bartlett, M. S., Ross, W., Turnbough, C. L., Jr. &
Gourse, R. L. (1997) Science 278, 2092-2097.

Appleman, J. A., Ross, W., Salomon, J. & Gourse, R. L. (1998)
J. Bacteriol. 180, 1525-1532.

Maxam, A. M. & Gilbert, W. (1980) Methods Enzymol. 65,
499-560.

Newlands, J. T., Josaitis, C. A., Ross, W. & Gourse, R. L. (1992)
Nucleic Acids Res. 20, 719-726.

Belyaeva, T. A., Rhodius, V. A., Webster, C. L. & Busby, S. J.
(1998) J. Mol. Biol. 277, 789-804.

Murakami, K., Kimura, M., Owens, J. T., Meares, C. F. &
Ishihama, A. (1997) Proc. Natl. Acad. Sci. USA 94, 1709-1714.
Blatter, E. E., Ross, W., Tang, H., Gourse, R. L. & Ebright, R. H.
(1994) Cell 78, 889-896.

Jeon, Y. H., Yamazaki, T., Otomo, T., Ishihama, A. & Kyogoku,
Y. (1997) J. Mol. Biol. 267, 953-962.

McAllister, C. F. & Achberger, E. C. (1989) J. Biol. Chem. 264,
10451-10456.

Gaston, K., Bell, A., Kolb, A., Buc, H. & Busby, S. (1990) Cell 62,
733-743.

Ushida, C. & Aiba, H. (1990) Nucleic Acids Res. 18, 6325-6330.
Siebenlist, U. & Gilbert, W. (1980) Proc. Natl. Acad. Sci. USA 77,
122-126.

Choy, H. E., Hanger, R. R., Aki, T., Mahoney, M., Murakami, K.,
Ishihama, A. & Adhya, S. (1997) J. Mol. Biol. 272, 293-300.
Monsalve, M., Calles, B., Mencia, M., Salas, M. & Rojo, F. (1997)
Mol. Cell 1, 99-107.

Craig, M. L., Suh, W. C. & Record, M. T., Jr. (1995) Biochemistry
34, 15624-15632.

Gaal, T., Rao, L., Estrem, S. T., Yang, J., Wartell, R. M. &
Gourse, R. L. (1994) Nucleic Acids Res. 22, 2344-2350.

Young, M. A., Srinivasan, J., Goljer, 1., Kumar, S., Beveridge,
D. L. & Bolton, P. H. (1995) Methods Enzymol. 261, 121-144.
Claverie-Martin, F. & Magasanik, B. (1992) J. Mol. Biol. 227,
996-1008.

Perez-Martin, J. & De Lorenzo, V. (1997) J. Bacteriol. 179,
2757-2760.

Parekh, B. S. & Hatfield, G. W. (1996) Proc. Natl. Acad. Sci. USA
93, 1173-1177.



