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The DNA loop that represses transcription from galactose (gal) promoters is
infrequently formed in stationary-phase cells because the concentration of
the loop architectural protein HU is significantly low at that state, resulting
in expression of the operon in the absence of the gal inducer D-galactose.
Unexpectedly, transcription from the gal promoters under these conditions
overrides physical block because of the presence of the Gal repressor bound
to an internal operator (Oy) located downstream of the promoters. We have
shown here that although a stretch of pyrimidine residues (UUCU) in the
RNA:DNA hybrid located immediately upstream of O; weakens the RNA:
DNA hybrid and favors RNA polymerase (RNAP) pausing and back-
tracking, a stretch of purines (GAGAG) in the RNA present immediately
upstream of the pause sequence in the hybrid acts as an antipause element by
stabilizing the RNA:DNA duplex and preventing backtracking. This faci-
litates forward translocation of RNAP, including overriding of the DNA-
bound Gal repressor barrier at O. When the GAGAG sequence is separated
from the pyrimidine sequence by a 5-bp DNA insertion, RNAP backtracking
is favored from a weak hybrid to a more stable hybrid. RNAP backtracking is
sensitive to Gre factors, D-galactose, and antisense oligonucleotides. The
ability of a native DNA sequence to override transcription elongation blocks
in the gal operon uncovers a previously unknown way of regulating gal
metabolism in Escherichia coli. It also explains the synthesis of gal enzymes in
the absence of inducer for biosynthetic reactions.

Published by Elsevier Ltd.
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Introduction

(GalR)." GalR binding to its operators—Og at posi-
tion —55.5 and O; at position +58.5—in the presence

Although gene transcription is primarily regulated
at the level of initiation of RNA synthesis, trans-
cription is also regulated at the levels of elongation
and termination. The galactose (gal) operon of
Escherichia coli is transcribed from two overlapping
promoters, P2 [transcription start point (tsp) as +1]
and P1 (tsp as +6) (Fig. 1a), which are regulated by
several transcription factors, including Gal repressor
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elongation complex; GTP, guanosine triphosphate; UTP,
uridine triphosphate; CRP, cyclic AMP receptor protein.
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of the histone-like protein HU and supercoiled DNA
causes DNA looping due to DNA-bound GalR
dimer—dimer interactions and represses transcrip-
tion initiation from both P1 and P2.*° In the absence
of HU, GalR binding to Og stimulates P2 and re-
presses P1 by promoting and inhibiting open com-
plex formation, respectively.” In vivo, P2 is
activated approximately sixfold in the absence of
HU.® Unexpectedly, GalR binding to Oy, the internal
operator located within the transcribed region, does
not hinder transcription elongation in the absence of
DNA looping. When the DNA sequence upstream of
Or was interfered by a 5-bp insertion, GalR binding
to O; blocked about 60% of the elongating RNA
polymerase (RNAP), resulting in short transcripts in
vitro'® (also shown below). We studied the nature of
roadblock formation by Or-bound GalR and tested a
series of mutant templates to determine what makes
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Fig. 1. RNAs made from gal and T7A1 promoters. (a) The regulatory region of the gal operon. The arrows indicate the
position of the tsp of P2 (+1) and P1 (+6) promoters. In this report, the DNA coordinates are referred to with respect to the
tsp of P2 as +1. GalR binds to O; (bold letters) from +51 to +66. A rho-independent terminator, t,,,c, generates transcripts
from P1 and P2 of 125 and 130 nt, respectively. Five base pairs (GATCT,V 5) are inserted at position +37 in wt DNA. The 3’
ends of RBT in wt and V5 are located at positions +42 and +47, respectively. T7A1 promoter sequence (+1 to +24; bold
letters) is fused to the downstream gal DNA containing the 5-bp insertion. (b) A 5-bp insert caused a short transcript
formation. The arrows marked P2 and P1 are RNAs made from the two gal promoters and terminated at the rpoC
terminator in the presence (+) and in the absence (—) of 200 nM GalR; the arrow marked RNA1 shows that the RNA made
from a plasmid promoter (rep) served as internal control; the arrow marked RBT of P2V 5 indicates the RNA roadblock
from P2 by O-bound GalR. The percentage of P2 transcripts that was roadblocked by O-bound GalR is shown below
each lane. Lanes 1 and 2 represent wt DNA, and lanes 3 and 4 represent V5 DNA. (c) RBT is formed on both P1 and P2
promoters. gal RNAs made in vitro from P2V5 (lanes 1 and 2) and P1V5 (lanes 3 and 4) templates. *The percent RBT
shown represents the average of this and two other experiments. (d) RBT is formed on T7A1 promoter. RNAs made from
T7A1V5 DNA. T7A1 represents the full-length transcripts, and RBT of T7A1V 5 represents RBTs. The same nomenclature
is used in the following figures.

the wild-type (wt) gal DNA resistant to roadblock
during elongation. We found that RNAP pausing
produces short transcripts transiently in the wt, but
persistently in the mutant DNA. We also identified
regulatory DNA sequences that potentiate or sup-
press RNAP backtracking, depending on their
locations with respect to the nascent RNA 3’ end,
after encountering GalR.

Results

A 5-bp insertion in wt gal DNA inhibits gal
transcription

Previously, we showed that the spatial relation-
ship (113 bp) of both operators was critical for DNA

looping repression.'” We inserted a 5-bp (GATCT)
sequence at position +37 of P2 tsp to change the
orientation of O; by 5 bp with respect to O,
preventing DNA looping. We found that P2 was
repressed in the absence of looping in this construct
by an unknown mechanism. In this study, we inves-
tigated this mode of repression. Figure la and b
shows DNA templates and results of 10-min trans-
cription on wt gal template and on a mutant template
with a 5-bp (GATCT) sequence inserted 13 bp
upstream of Oy at position +37. A strong rho-inde-
pendent transcription terminator, t,,.c, terminated
P1 and P2 transcripts, resulting in 125- and 130-nt
transcripts, respectively.'’ GalR repressed P1 and
partially activated P2 in the wt DNA, as expected
(Fig. 1b, lanes 1 and 2). Surprisingly, in the 5-bp
insertion template (Fig. 1a, V5), P2 transcripts were
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reduced 2.8-fold by GalR (Fig. 1b, lanes 3 and 4). This
reduction in P2 activity was not due to DNA looping,
since both operators were out of phase by 5 bp and
HU was absent from the reaction.'” We found that
the repression of P2 was accompanied by accumula-
tion of short transcripts (lane 4). GalR blocked 60% of
P2 transcription, generating short transcripts
referred to as “roadblock transcript” (RBT). RBT
was observed on both supercoiled and linear tem-
plates containing the 5-bp insertion (data not
shown).

Roadblock is promoter independent

The above results demonstrated RBT formation
from P2 under conditions where P1 was repressed
(Fig. 1b). We investigated whether GalR causes RBT
from the P1 promoter. The Og sequence was mutated
to a nonoperator sequence in the PI template to
prevent GalR from repressing P1 (template P1V5;
see Materials and Methods). To study individual
promoters, we also introduced base changes to
create templates, with one or the other promoter
mutated (P2"P1" or P2"P1™ in V5; see Plasmids;
Fig. 1c, lanes 1 and 3). GalR blocked 76% full-length
transcripts from P2V5 and 64% full-length trans-
cripts from P1V5 (lanes 2 and 4). The difference in
RBT formation in Fig. 1b and c was due to a different
GalR preparation used in the two reactions. In addi-
tion, we tested a DNA template in which the gal
DNA segment containing the GATCT site was fused
to a heterologous bacteriophage T7A1 promoter at
position +24 (T7A1V)5), as indicated in Fig. 1a. The
Or-bound GalR blocked 63% of T7A1 transcription
(Fig. 1d), demonstrating that roadblock formation
was independent of the promoter and dependent on
the insert-containing gal sequence from +24 to O;.
The amount of RBT formation observed in our in
vitro conditions is unlikely to be affected by multiple
rounds of transcriptions. First, only two rounds of
transcription were observed in the absence of
heparin (Supplementary Fig. S1, compare full-length
P2 in lanes 1 and 3). Second, almost the same
amounts of RBT (89% and 83%) were observed in the
presence and in the absence of heparin, respectively
(Supplementary Fig. S1, lanes 2 and 4).

Mapping of the 5’ and 3’ ends of RBT

To map the 5 end of RBT, unlabeled RBTs were
isolated from an in vitro transcription reaction
performed with the P2V5 template and used in
reverse transcriptase assays, with a primer annealing
to the RNA region from +22 to +37 (Fig. 2a, lane 5).
The same primer was used to sequence the template
DNA strand, which is complimentary to the non-
template strand (lanes 1-4). The results showed that
RBT from P2V 5 originated at the normal tsp of wt P2
(+1).

To determine the 3’ end of RBT, the terminating
substrates 3’-O-methylcytosine 5'-triphosphate, 3'-
O-methylguanine 5'-triphosphate, and 3’-O-methy-
luridine 5’-triphosphate were used in a transcription

reaction on the P1V5 template in the absence of
GalR to generate an RNA sized-ladder (Fig. 2b, lanes
1-3)."" In a separate reaction, RBT was obtained on
the same template in the presence of GalR (lane 4).
The 3’ end of RBT from P1V5 was mapped at
position +47U, demonstrating that the length of RBT
was 42 nt since P1 transcribes from +6. The 3’ end of
RBT was 5 bp downstream of the GATCT sequence
and 8 bp upstream of the O; sequence. Identical
results were obtained for P2V5. Its RBT was 47 nt
long (data not shown), showing that elongating
RNAPs from P1V5 and P2V5 halted at the same
site. In addition, we used T7A1V5 DNA and walked
His-tagged RNAP in the presence of a subset of
5 uM nucleotide triphosphates (NTPs) to the desire
positions as indicated (Fig. 2c and d). The length of
the RBT was 48 nt (Fig. 2d, lane 8). However, the
T7A1V 5 DNA was initiated with a tetraribonucleo-
tide (CAUC) at position —1 and labeled at position
13 (EC13) with [a-**P]cytidine triphosphate (CTP).
Therefore, the actual length of RBT was 47 nt. The
result confirmed that the 3’ end of RBT was mapped
at position +47U. In what follows, we report
detailed studies on the mechanisms of RBT forma-
tion mostly using the P2V5 DNA template.

Requirement of the GalR—0O, complex for
RBT formation

Figure 1 shows that RBT formation on templates
containing the 5-bp insertion required GalR. To
confirm that the binding of GalR to Oy is responsible
for RBT formation, the O sequence was mutated to a
nonoperator sequence to prevent GalR from binding
to it. Indeed, while 64% RBT was observed on O;
template (Fig. 3a, lanes 1 and 2), there was no re-
duction of full-length transcripts from P2 and the
formation of RBT on O; template (lanes 3 and 4),
indicating that the binding of GalR to Oy is necessary
for RBT formation.

RBT formation is due to a paused
RNAP complex

The formation of RBT could be due to a paused,
irreversibly arrested, or released RNAP.12-14 To dis-
criminate between these models, D-galactose that
dissociates GalR from O; was added to the road-
blocked elongation complex (EC). Removal of GalR
from DNA is not expected to have any effect on an
irreversibly inactivated complex or a released com-
plex. If the inactivation were intrinsically reversible,
GalR removal from O; would cause the paused EC to
resume elongation and to synthesize full-length
transcripts. Figure 3b shows the amount of RBT
before and after D-galactose addition. RBT was
observed at 0.7 min after transcription initiation,
with its amount gradually increasing thereafter
(lanes 1-8). When D-galactose was added to the
reaction 10 min after initiation of transcription (lanes
9-20), the amount of RBT decreased, and the amount
of full-length P2 transcripts increased, indicating a
paused complex. Interestingly, RNAP could read
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Fig. 2. Mapping of 5’ and 3’ ends of RBT. (a) Mapping of the 5" ends of RBT. The sequence of the nontemplate strand of
plasmid P2V 5 is shown in lanes 1-4 and to the left of the gel. Note that the lanes marked C, T, A, and G reflect sequencing
reactions using dideoxy G, A, T, and C, respectively. The product of the reverse transcription of RBT obtained on P2V5 is
shown in lane 5. The arrow indicates the position of the 5" ends (tsp) of P2V5 (+1). (b) Mapping of the 3" ends of RBT.
P1V5 linear template was transcribed in the presence of cAMP, CRP, and 3’-O-methylcytosine-5'-triphosphate, 3'-O-
methylguanosine-5'-triphosphate, or 3’-O-methyluridine-5’-triphosphate to generate RNA ladders (lanes 1-3). The
cAMP-CRP complex enhances transcription from P1. Lane 4 shows RBT from supercoiled P1V5 DNA obtained in the
presence of GalR as in Fig. 1c (lane 4). The sequence of the RBT from +40 to +51 is shown to the left of the gel. The arrow
indicates the position of the 3’ end of RBT. (c) Walking of His-tagged RNAP on T7A1VDNA to the desire positions as
indicated by EC number in the presence of a subset of NTPs. EC13 was labeled with [-*2P]CTP. (d) RNA made on
T7A1VDNA by walking RNAP. Lane 1, EC24; lane 2, EC30; lane 3, EC41; lane 4, EC43; lane 5, EC46; lane 6, EC48; and lane
7, EC13 in the presence of GalR and all four NTPs.

through Or-bound GalR even in the absence of D-
galactose over extended time periods (data not
shown), perhaps because of spontaneous dissocia-
tion of GalR from Oy.

Enhancement of an intrinsic pause helps
RBT formation

To understand why RBT was detected only on the
templates containing the GATCT insert, we com-
pared the kinetic behaviors of RNAP as it approaches
Or-bound GalR on the P2 and P2V 5 templates. Figure
3c shows that at 30 s, the same fraction of RBT was
made on both templates. On the wt template, the RBT
fraction diminished rapidly with a half-life of 5 min
upon conversion into full-length transcripts. In con-
trast, on the P2V5 template, the amount of RBT
decreased slowly and was detectable even after
90 min of incubation. We observed that RNAP tends

to pause 8 bp upstream of O; both in P2 and in P2V5
templates at the **-UUCU-** RNA sequence.
Whereas the pause was very brief in P2, RNAP
needed longer time to overcome the pause in P2V5.
This suggests that a certain element(s) of the wt
sequence that helps RNAP escape from the pause
state was altered by the 5-bp insertion.

Next, we compared the kinetics of transcription on
the two templates in the absence of GalR (Fig. 3d). To
enhance pausing, we limited the concentration of
guanosine triphosphate (GTP; the next base after the
pause site +#4-UUCUG-*48) to 1 pM, but kept the
other NTPs at 100 pM. The paused transcripts oc-
curred at the same position on the templates where
RBTs were formed in the presence of GalR. Further-
more, the pause was much longer in the P2V5 tem-
plate than in the P2 template (lanes 2-7), in agreement
with the results shown in Fig. 3¢ confirming that an
intrinsic pause site in gal DNA was intensified by the
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Fig. 3. Effect on RBT formation and disappearance. (a) Binding of GalR to Oy is required for RBT formation. RNAs
made from wt O;" (lanes 1 and 2) and mutant O;~ (lanes 3 and 4) in P2V5 in the presence and in the absence of 200 nM
GalR. (b) RBT belongs to a paused complex. In vitro transcription was carried out in the presence of GalR for indicated
time periods. After 10 min, D-galactose (broken arrow) was added to a final concentration of 0.8% (vol/vol), and
incubation continued as indicated. (c) Rate of gal transcription in the presence of GalR. Transcription was performed on P2
and P2V5 templates in the presence of GalR for indicated time periods; RBT fraction was calculated. This experiment was
performed in the presence of 10 pM GTP and 100 pM other NTPs. Similarly, when 10 uM UTP and 100 uM other NTPs
were used, RBT was also observed in both templates at 2 min following divergent kinetics. (d) Rate of gal transcription in
the absence of GalR. Transcription was performed on P2 (lanes 2—4) and P2V 5 (lanes 5-7) templates in the absence of GalR
for indicated time periods, in the presence of 1 uM GTP and 100 pM other NTPs. Lanes 1 and 8 were RBT markers

obtained in the presence of GalR on both templates.

5-bp insertion. The presence of GalR at O; makes the
latter pause generate a much higher level of RBT as
shown in Fig. 1b.

Antisense oligonucleotides suppress roadblock

It was shown previously that when a Lac operator
was placed at an internal position of a transcription
unit, a Lac repressor bound to it, stopped the elon-
gating RNAP, and caused reversible backtracking of
the enzyme."” During RNAP backtracking after a
pause, the catalytic center of RNAP disengages from
the 3’ end of the transcript, causing inactivation of
EC. The enzyme, together with the transcription
bubble and the RNA:DNA hybrid, relocates up-
stream along the DN'A and RNA.'® The backtracked
complex is transcriptionally inactive (arrested com-
plex). Such an arrested complex is reactivated either

spontaneously by the return of RNAP to the original
position or by the action of GreB protein (see
below).'®"” 1t was shown previously that a U-rich
RNA sequence, which forms a weak RNA:DNA
hybrid, favors backtracking.'” "

In the active complex, but not in the backtracked
one, the rear edge of RNAP extends to about 14 nt of
RNA upstream of the 3’ end of RNA.* The anneal-
ing of short oligonucleotides to nascent RNA 14—
16 nt from the 3’ end of the transcripts prevents
RNAP from backtracking and stabilizes the 3’ end of
the transcript in the catalytic center of RNAP.">'*'®
This action of oligonucleotides suppresses RBT if the
latter is indeed caused by backtracking.

Figure 4a shows the results of transcription on
P2V5 template in the presence of GalR and anti-
sense oligonucleotides. Oligo-24, which anneals to
the nascent RNA at a distance of 24 nt upstream of
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RBT (RNA sequence and rear
RNAP boundary are shown). The
broken arrow indicates the 3’ end of
RBT (+47U), which is considered as
—1 on the RNA; the nucleotides
upstream of this site have negative
values. The 12-mer oligonucleotides
are numbered according to the
annealing position of their 5" ends
on the RNA. (b) Effect of GreA
(50 nM) and GreB (50 nM) on RBT
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the 3’ end of RBT, had no effect on roadblock for-
mation (lanes 2 and 3). Oligo-18 had marginal effect
(lane 4). Oligo-12, which anneals to the RNA imme-
diately behind RNAP, suppressed RBT (lane 5),
indicating that RBT in gal may originate from RNAP
backtracking. Oligo-6 had no effect on RBT probably
because it did not hybridize to the RNA since its
target sequence was covered by RNAP (lane 6).
Another factor that is potentially capable of pre-
venting backtracking, a strong secondary structure
formed by nascent RNA immediately behind RNAP,
was not observed in the gal sequence; the Mfold
program did not generate any stable structure for gal
RNA from +1 to +37 nt, which represents the region
of the transcript upstream of RNAP at the pause site
encountering GalR.”'

GreA and GreB effects on RBT

GreA and GreB are transcription factors known
to influence elongation by inducing an endoribo-
nuclease activity of the RNAP catalytic center.””>’
GreB cleaves off both short (2 nt) and long (up to
24 nt) 3’ proximal RNA fragments in backtracked
ECs since, in these complexes, the catalytic center

2 34 5

gel (bottom).

of the enzyme is aligned with an internal position
of the RNA.*?® The cleavage rescues arrested
complexes by generating a new 3’ RNA end in the
catalytic center.?>?32° Unlike GreB, GreA cleaves
off only short (2-3 nt) RNA fragments and only in
active ECs that briefly travel in the reverse
direction by 2-3 nt. To test whether GreA and/or
GreB affects RBT, the factors were added at 50 nM
concentration to the transcription assays before
RBT was formed. Figure 4b shows that GreA
suppressed RBT formation slightly in the P2V5
template (lanes 2 and 3), while GreB suppressed it
completely by converting RBT into full-length
transcripts (lanes 2 and 4). Since the dissociation
constant (Kg4) for GreA is within the range of 800-
1000 nM, and that for GreB is approximately 80-
100 nM,*>3%32 we also used 800 nM GreA and
80 nM GreB in other reactions to test whether the
low level of GreA (50 nM) was responsible for the
partial suppression of RBT. We obtained similar
results (data not shown). The sensitivity of the
nascent RNA to GreB and partial resistance to
GreA cleavage strongly support the idea that
RNAP backtracks along the DNA after it encoun-
ters the O;-bound GalR.
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To determine the distance of RNAP backtracking,
the roadblocked EC at P2V5 was purified from
NTPs by using RNA spin columns before the addi-
tion of Gre factors. The removal of NTPs prevents
elongation of the cleaved products. While GreA did
not show much RBT cleavage (Fig. 4c, lane 3) GreB
generated a 43-nt RNA by cleaving 4 nt from the
RBT of P2V 5 (lane 4). The RBT of P1V5 (42 nt) was
used as a marker to map the length of the cleaved
products (lane 5). In some of these experiments, 40-
to 42-nt products were observed (data not shown).
Truncation of RBT by 4 and 7 nt shows that the
RNAP catalytic center relocates 4 or 7 nt upstream of
the original site. In this experiment, GreA did not
cleave RBT because RNAP, after 15 min of incuba-
tion, backtracked by 4-7 nt, thus making the RNA
insensitive to GreA.

The transcription bubble in the roadblocked
complex

We mapped the “transcription bubble” in the
roadblocked EC by using potassium permanganate
(KMnOy), which oxidizes distorted, unpaired thy-
midine nucleotides.®** Tag DNA polymerase is
unable to read through the oxidized nucleotides,

(a) RNAP
GalR
NTPs - + C T A G
B A e
.. —G22
2 . . - G-14
3 ’ - (5-3,-4
T-2,-3= b A+l
T+2,4344%F - S w —CH
2T B <GS
g - : o~ G4+22,423
> e C+26
T+30, +31= o -
T+33= B G
T+0—- . i . —-G43
Trad A

o~ G+48,+49

§ el

o —a G455
Lane 12 3 4 5 6
Nontemplate DNA strand

(c)
Nontemplate L]
strand I
-20 -15 =10 =5 +1 +5 +10 +15
ATAATATGGTTATTT

5' TCGCATCTTTGTT
3' AGCGTAGAAACAA

TATTATACCAATARA
open complex
Template at start site
strand

CATACCATAAGCCTAATGGAGCG
GTATGGTATTCGGATTACCTCGC

allowing their detection in the modified templates
by PCR amplification.”> KMnO, was added to the
P2V 5 DNA in the presence of GalR and RNAP with
or without NTPs. In the absence of NTPs, regions
—2 to +4 on the nontemplate strand and regions
—11 to —8 on the template strand were modified by
KMnOQy, revealing open complex formation (Fig. 5,
lanes 1 and 7). In the presence of NTPs, the bubble
translocated downstream of the initiation site
toward the termination site, as shown by the
reduction of the signal around the regions —11 to
+4 (lanes 2 and 8). Incidentally, the residual open
complexes found at the promoter region in the
presence of NTPs may reflect the nonproductive
complexes described previously.”> KMnOy-sensitive
sites were found from +30 to +42 on the non-
template strand (lane 2), and from +28 to +32 on
the template strand (lane 8). The 3’ end of RBT is
located at position +47 on the P2V5 transcription
unit. Given the location of the EC, the transcription
bubble with a typical size of 12-13 nt** would have
spread between positions +35 and +48, with a
strong KMnO, cleavage signal from T residues in
segments +44 to +47 of the nontemplate strand. We
did not detect such a signal (lane 2), but observed a
15-nt-long transcription bubble spreading between

(b) RNAP
GalR
NIPs - + C T A G
= o G+53,+54
" aTs — G+46
’ -~ GH1
T+32 o . E ‘
T ‘. - o —aG426
5B b e —aG16,417
R T
z —a G45
P B 14
- . —C34
B8 £
Til’ ' = - (C-14
& —~aG-18
Lane 7 8 9 10 11 12
Template DNA strand

3'end of RBT

+20  +25 430 +35 +40 +45 450 +55

AATTATGAGAGATCT
GTTCTGGTTACCG 3’
CAAGACCARATGGC 5'
TTAATACTCTCTAGA
roadblocked
complex

Fig. 5. KMnO, probing of roadblocked complex reveals upstream translocation of transcription bubble. (a and b)
Open complex was formed on P2V 5 DNA in the presence of GalR and RNA polymerase in the presence (lanes 2 and 8)
and in the absence (lanes 1 and 7) of NTPs. Reactions were treated with KMnO,. DNA was purified and amplified using a
primer complementary to either the nontemplate (a) or the template (b) strand. The same primers were used for
sequencing the nontemplate (lanes 3-6) and template (9-12) strands. Note that the lanes marked C, T, A, and G reflect
sequencing reactions using dideoxy G, A, T, and C, respectively. Arrows on the left of the gels indicate the sites sensitive to
KMnOsy. (c) The sequence of the P2V5 DNA shows KMnO,-sensitive residues in bold.
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3" end of RBT
(a) +1  +5 +10 +15 +20 +25 +30 +35 +40: +45 +50
P2 o ATTTCATACCATAAGCCTAATGGAGCGAATTATGAG.@G_T_'I:C'FGGTTACCG [OI - trpoc] 3

.
P2AS 5 ' ATTTCATACCATAAGCCTAATGGAGCGAATTATGACTGETTACCG [OI -t 137

rpoC

P2 P2A5

=
GalR -+ -+

R .
RNAI —» SN

(b) Position

of the insert +14 +28 +32 +35 +37 +47
g Y Y
+1 +5 +10 +15 +20 +25 +30 +35 +40 +45 +50
L] L] L L] L] L] L] L] L L] L]
WT 5" ATTTCATACCATAAGCCTAATGGAGCGAATTATGAGAGTTCTGGTTACCG [0I - trpoC] 3

Vsa 5' ATTTCATACCATAAGATCTGCCTAATGGAGCGAATTATGAGAGTTCTGGTTACCG [0;-t
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rpoc] 3!

V5D 5' ATTTCATACCATAAGCCTAATGGAGCGAATTATGAGATCTGAGTTCTGGTTACCG [0 - trpoC] 3

Vs 5' ATTTCATACCATAAGCCTAATGGAGCGAATTATGAGAGATCTGTTCTGGTTACCG [O;-t
VsF 5' ATTTCATACCATAAGCCTAATGGAGCGAATTATGAGAGTTCTGGTTAGATCTCCG [0;-t
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Fig. 6. Alteration of wt gal sequence within 23 nt of O; causes RBT formation. (a) Effect of a 5-bp deletion on RBT. The
sequence comparison of P2 and P245 DNAs shows the location of the 5-bp deletion (broken line). RNAs made from P2
(lanes 1 and 2) and P245 (lanes 3 and 4). (b) P2 template derivatives containing GATCT insertion at various positions
indicated by arrows were transcribed as described in Materials and Methods, except that 2 nM DNA and 80 nM GalR
were used. Lanes 1 and 2, wt; lanes 3 and 4, V5A; lanes 5 and 6, V5B; lanes 7 and 8, V5C; lanes 9 and 10, V5D; lanes 11

and 12, V5; lanes 13 and 14, V5E

positions +28 and +42. The increased length and
upstream boundary of the transcription bubble are
in agreement with the idea that, in the roadblocked
complex, RNAP backtracks by up to 7 nt. We think
that, in the roadblocked complex, RNAP oscillates
between the stalled position and a location 4 or 7 nt
upstream. Oscillation by a backtracked RNAP has
been reported previously.'”

Presence of antipause sequence element in
gal DNA

As discussed above, the 5-bp insertion alters an
intrinsic antipause signal encoded in wt gal
sequence around position +37. This model predicts
that other changes in this region (antipause DNA
element) would also generate RBT. To test this
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hypothesis, we investigated whether deleting 5 bp
(from +36 to +41) of the wt DNA (P245) enhances
RBT formation as P2V5 does. Whereas the full-
length transcripts were unaffected by GalR, with no
observation of RBT in the wt P2 template (Fig. 6a,
lanes 1 and 2), 47% of transcription was blocked by
Or-bound GalR in the P245 DNA (lanes 3 and 4).
The RBT observed in P245 DNA was 10 nt shorter
than that observed in P2V5 DNA (data not shown),
indicating that RNAP paused at the identical
position in both cases. This suggests that it is not
the sequence of the 5-bp insertion or deletion but
rather an alteration of an “antipause” sequence
encoded around the +37 region in wt gal that is
responsible for RBT formation by an arresting
RNAP. In addition, the specific sequence around
position +37, instead of RNA length, makes RNAP
pause on the insertion-containing templates.

Location of the antipause element
To map the element(s) in the wt gal that prevents

arrest of RNAP, we scanned the DNA by inserting the
5-bp (GATCT) sequence at five other positions (+14,

Position of

+28, +32, +35, and +47) (Fig. 6b). In the presence of
GalR: (i) insertions at +14 (V5A) and +28 (V5B) did
not generate any RBT (lanes 1-6); (ii) insertions at
+32 (V5C) and +35 (V5D) generated 11% of RBT
(lanes 7-10); and (iii) insertions at +37 (V5) and +47
(V5F) generated 42% and 54% of RBT, respectively
(lanes 11-14). These data show that the insertion has
to be in close proximity to Oy in order to generate a
substantial amount of RBT. Interestingly, RBT
observed with the insertion at +47 was 1-2 nt longer
than that observed with the insertion at +37 (lane 12
versus lane 14). Perhaps, the sequence context around
the pause site determines the exact 3’ end of RBT. In
the +37 (V5) case, the 3’ end is located at position
+47 (V5F) between T and G (gagagatctgttctgg);
however, in the case of +47, the 3’ end is located at
position +48 between G and A, or at position +49
between A and T (gagagttctggttagatctcc).

To further localize the proposed antipause signal
of wt gal, we inserted a TGAGA sequence at the
same + 37 site of P2 (Fig. 7a, designated P2V 5G). The
new template, despite the insertion, preserved the
same 10-bp sequence (**’-TGAGAGTTCT-**)
upstream of the RBT 3’ end as in the wt template;
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\
P2 5/ ... GRATTATGAGAGTTCTGETTACCG [0;-t, 0] 3"
P2Vs 5‘...GAATTATGAGAGATCTGTTCTGGTTACCG [0;-t, 13"
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N 4 +37 or G-to-T substitutions (bold
Gar - +'- & /__A:Y__A:\ underlined T), some of which
P2r =@ =m==-w mimic wt sequence. (b) RNA made
from templates containing 5- or 10-
bp insertion (lanes 1 and 2, V5;
lanes 3 and 4, V5G; lanes 5 and 6,
RNAI- GG Ssses V10C). (c) RNA made from tem-
plates containing G-to-T substitu-
RBT » -

tion at position +34 and/or position
+36 (lanes 1 and 2, V5; lanes 3 and
4, V34T, lanes 5 and 6, V36T, lanes
7 and 8, V34T36T).
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the sequence farther upstream was different. The
TGAGA insertion shows significantly less RBT
(16%) compared to the GATCT insertion (62%
RBT) (Fig. 7b, lanes 2 and 4), showing that the 10-
bp sequence favors RNAP elongation. We also
tested the effect of a 10-bp sequence (AATTAT-
GAGA) at position +37 (P2V10C), which preserves
the 15-bp sequence upstream of the RBT 3’ end
(+¥-AATTATGAGAGTTCT-"°?). The latter sequence
completely prevented RBT formation (lanes 5 and 6).
These results indicate that the antipause signal is
located within the sequence 15 bp upstream of the
RBT 3’ end.

Role of RNA:DNA hybrid in RNAP pausing

We investigated the mechanism by which an
antipause element identified above prevents RBT
by applying a computational approach. Our objec-
tive was to understand how the presence of the
antipause element makes RNAP favor transcription
elongation or how its absence makes RNAP favor
pausing (backtracking) at the UUCU pause site.
RNA:DNA hybrid is the major determinant of the
lateral stability of the EC that determines forward
(elongation) or backward (backtracking) movement
of RNAP.'*'® The hybrid is believed to be 8-9 bp
long.37’38 For a number of templates (Table 1), we
calculated the predicted AGS; of the 9-bp-long RNA:
DNA hybrid® in the EC at the pause site, and the
site backtracked by 4 and 7 nt. In wt gal sequence,
the AG value of the RNA:DNA hybrid in the EC at
the pause site is —6.8 kcal/mol; in the complex
backtracked by 4 and 7 nt, AG is —6.4 and —4.7 kcal/
mol, respectively (Table 1, line 1). This difference in
energy makes backtracking by 4 or 7 nt unfavorable.
In the GATCT (V5) insertion, AG of the RNA:DNA
hybrid at the pause site is —5.5 kcal/mol; in the
complex backtracked by 4 and 7 nt, the correspond-
ing AG becomes —8.0 and —7.8 kcal/mol, respec-
tively (line 11). The latter energy distribution makes
backtracking by 4 or 7 nt favorable in V5.
Consistently, we observed no RBT in the first case,
and we observed 60% RBT in the second case. Table
1 shows that, with a few exceptions (lines 19-22),
when the RNA:DNA hybrid is more stable at the
pause site than at the backtracked site, elongation is
favored, with RNAP overcoming the roadblock as
well (lines 1-6). Conversely, when the hybrid is less
stable at the pause site than at the backtracked site,
backtracking and RBT formation are favored (lines
7-18).

It appears that a purine-rich (GAGAG) sequence is
an important factor in determining the stability of
the hybrid and, therefore, the location of the RNAP.
The GATCT insertion at +37 in effect shifts the
GAGAG sequence 5 bp upstream and makes it a
part of the hybrid in the backtracked EC. Next, we
changed the Gs to Ts in this sequence to decrease the
stability of the upstream hybrid and to study their
effects on RBT (Fig. 7c; Table 1, lines 6, 9, and 10).
The RBT decreased from 57% to 33% on the 34T
template (Fig. 7c, lanes 1-4; Table 1, line 10), to 20%

on the 36T template (lanes 5 and 6; line 9), and was
eliminated on the 34T36T template (lanes 7 and §;
line 6). This result is consistent with the idea that the
stability of the RNA:DNA hybrid determines
whether RNAP reads through the GalR roadblock.

Discussion

In the absence of an inducer, the gal operon is
partially derepressed when the cells are in stationary
phase because of a fourfold reduction in HU levels
that decreases the chance of DNA looping.*’ In the
absence of HU, P2 transcripts are derepressed
sixfold in vivo.® Previous studies showed that a
stable O;-bound GalR complex does not block an
elongating RNAP in gal.® Since the enzymes of the
gal operon are needed for biosynthetic glycosylation
reactions, it is important that gal enzymes are made
in the absence of D-galactose, and O;-bound GalR
complex does not block transcription elongation at
the internal operator. The latter results were unex-
pected given that, in several cases, a strong DNA
binding protein placed in the transcribed region
produces RBT.*! Our current results confirmed that
the Or-bound GalR does not block transcription from
the gal promoters in vitro. Our finding that an
intrinsic sequence arrangement in gal overcomes
the barrier explains the mechanism of gal transcrip-
tion in the absence of inducer during stationary
phase. Although encounter with GalR causes a
detectable pause of EC on wt gal DNA, transcription
is not blocked. The ability of wt sequence to support
transcription through DNA-bound GalR is easily
compromised by mutations immediately upstream
of Oy, leading to the formation of stable roadblocked
complex.

RBT formation on mutant templates containing a
5-bp insertion (13 nt upstream of Oy) is inhibited by
GreB and partially inhibited by GreA, as well as by
oligonucleotides complementary to the transcript
upstream of RNAP. These results, together with
KMnO, footprinting of the transcription bubble,
show that the EC roadblocked by GalR backtracks
along the RNA and DNA by 4-7 nt, carrying the
catalytic center of the enzyme to an internal position
of the transcript and inhibiting RNA elongation.
Occasionally, RNAP returns to the original location
and can regain its ability to transcribe DNA when
GalR is either removed by D-galactose or sponta-
neously dissociated from O;. In the roadblocked
complex, RNAP stops just 8 bp upstream of Oy. This
is a remarkably short distance since, according to
hydroxyl radical footprinting and X-ray crystal-
lography of the EC, RNAP covers at least 13 bp of
DNA downstream of the catalytic center.’*** GalR
was shown to cover an extra 3 bp on either side of
the O; sequence,**® suggesting that RNAP tran-
scribes at least 8 bp against an opposing force. Using
yeast RNAP II as a model, it was recently shown
that the return of the backtracked complex to the 3’
end of the transcript can be prevented by a lower
opposing force compared to the force required to
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Table 1. Calculations of the predicted AGs; values of the 9-bp RNA:DNA hybrid

Predicted AGs, (kcal mol™)

RNA sequence upstream of Backtracked Backtracked
# Plasmids RBT 3’ end Pause site by 4-nt by 7-nt % RBT
1 WT GGAGCCAAUUAUBEBEBUUCU -6.8 -6.4 -47 0
2 V5A5B GGAGCGAAUUAUBRBREAUCU w77 —-6.4 -4.7 0
3 V5A5C GGAGCGRAUUAGAUCUGTUCT -55 -5.7 -4.9 0
4 V5A5D GGAGCGAAUUAUAUCUGUUCU -5.5 -4.1 -3.3 0
5 vioC AUGAGARAUUAUBEERBUUCT -6.8 -6.4 -42 0
6 V5(+34T36T) CRAUUAUGAGAEEUCUCUUCT -5.5 —-6.4 -4.1 0
7 V5D caavvAUEEERUCUEEBUUCU -6.2 -8.0 -71 11
8 V5G caAUUAUERERUEREREUUCU -6.8 -8.7 -7.6 16
9 V5(+36T) CAAUUAUBEGEEEUCUCUUCT -5.5 -6.4 -6.2 20
10 V5(+34T) GAAUUAUUBEBEERU CUGUUCU -55 -7.1 -5.7 33
11 V5 GRAUUAUBEERE, UCUGUUCY -5.5 -80 -7.8 60
12 A5 curaUEEREEEN . UUAUDUCT -5.4 -6.4 -125 47
13 V5A5A ceacCHEEEERE- vCcUCTUCU -55 -8.0 -84 42
14 V51 cRAUUAUEEERU~UUGCUUCT -6.2 -7.1 -6.2 48
15  V5II GRAUUAUEEEE ccccucluct -87 -11.9 -105 32
16  V5III CAAUUAUEEEEE- UCcUCTUCU -6.5 -10.6 -9.8 50
17 V51V GRAUUAUEEEEE- cuucUUCT -5.3 -67 -7.6 29
18 V5V CRAUUAUEEERE A UCTUCT -6.0 -83 -83 32
19  VI0B AvGAGAUNNERERU CUGTUCT -55 -8.0 -78 38
20 VI0A AUGAGACAAUTUABEEEEUUCT -6.8 -7.3 -6.4 8
21 V5C GAAUUAGAUCUUBRBRBUUCU -6.8 -7.3 —6.4 11
2 V5V caAUUAUEEERU VEEEEUUCU -95 -10.0 -6.5 16

RNA sequence comparison of wt and mutant templates upstream of the 3’ end of RBT. Predicted AG3; values of RNA:DNA hybrid at
pause sites and sites backtracked by 4 and 7 nt. The percent RBT for each template is shown. The pyrimidine-rich pause site (UUCU) and
the upstream AU-rich (AAUUAU) sequence are outlined in blue; the purine-rich (GAGAG) sequence is outlined in red. G-to-U changes
are in green. All sequences analyzed contain a UUCU sequence at the 3’ end of the hybrid. The AU-rich sequence placed upstream of the
hybrid does not alter backtracking from such a RNA:DNA hybrid. The GAGAG sequence strengthens the hybrid at the pause site in the wt
as an antipause element, promoting RNAP elongation. When 5 bp is inserted between the GAGAG site and the pause site, RNAP
backtracked from a weak hybrid to a stable hybrid and hindered elongation. (For interpretation of the references to colour in this table

legend, the reader is referred to the web version of this article.)

stop RNAP during normal elongation.** The addi-
tion of the TFIIS cleavage factor, a GreB homologue,
substantially increased the ability of the enzyme to
transcribe against the applied force.** These results
argue that the ability of RNAP to spontaneously
overcome an obstacle is impaired. This correlates
with our observation that, although RNAP initially
pauses in both wt and V5 templates as it collides
with GalR, it is the ability to escape from the pause
in the wt that can be impaired by mutations as
described above.

We argue that the relative strength of the regional
RNA:DNA hybrid affects the fate of RNAP in wt
and mutant templates. In both templates, four 3’
proximal nucleotides in RNA (UUCU) weakly pair
with the template, thereby favoring backtracking
(Fig. 8). Since rPy: dPu base pairs are weaker than
dPy:dPu base pairs,* reformation of DNA duplex in
front of a backtracked RNAP is favorable at the
UUCU pause sequence. These properties of 3'-pro-
ximal sequence favor pausing of RNAP in both wt
and V5 templates (Fig. 8). However, in wt DNA,
these properties are counteracted by strong base
pairing of the purine-rich (GAGAG) sequence in this
upstream part of the RNA:DNA hybrid before
backtracking, and by weak base pairing of the

AAUUAU sequence (rAU) in the upstream part of
the backtracked RNA:DNA hybrid (Fig. 8al and a2).
Note that the GAGAG sequence produces rPu dPy
pairs, which are stronger than dPu:dPy pairs.*> We
believe that these properties of the wt sequence
make the backtracked location of the RNA:DNA
hybrid unfavorable for RNAP and help RNAP
escape the pause. The inserted GATCT sequence
weakens the upstream part of RNA:DNA hybrid at
the original location of the EC and relocates the
strong GAGAG-containing hybrid in the upstream
segment of the backtracked hybrid, making the
latter location preferable for RNAP in the mutant
template (Fig. 8bl and b2). Therefore, in the V5
template, RNAP stays longer at the upstream
location in the absence of GalR and cannot escape
the roadblock in the presence of GalR bound to O.

In summary, we have identified a new antipause
element, GAGAG, located 13 bp upstream of Oy that
has a dual role in modulating RNAP elongation.
When the GA-rich sequence is located immediately
upstream of the pause site UUCU, it stabilizes the
RNA:DNA hybrid, favors elongation, and overrides
operator-bound GalR. In contrast, when the GA-rich
is shifted 5 bp upstream of the pause site, an
elongating RNAP pauses and backtracks. The GA-
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rich sequence stabilizes the backtracked hybrid,
causing failure of RNAP to override the operator-
bound GalR.

Materials and Methods

Reagents

All restriction endonucleases and alkaline phosphatase
were purchased from New England Biolabs. T4 DNA
ligase and Max efficiency DH5a™-competent cells were
obtained from Invitrogen. Recombinant RNasin® Ribonu-
clease Inhibitor (40 U/ul) was obtained from Promega.
SequaGel sequencing system was obtained from National
Diagnostics. NTPs (100 mM) and 3’-O-methylguanosine
5’-triphosphate were obtained from Amersham Pharmacia
Biotech, Inc. 3"-o-methylcytidine 5’-triphosphate and 3’-o-
methyluridine 5’-triphosphate were obtained from TriLink
Biotechnologies. Primers were obtained from BioServe
Biotechnologies and Sigma Genosys. Antisense oligonu-
cleotides were obtained from Oligos Etc. XL PCR and DNA
sequencing kits were obtained from Applied Biosystem.

RNA
5 ' GGAGCGAAUU,

(al) v

[o-**P]Uridine triphosphate (UTP) and [«-**P]CTP (spe-
cific activity: 3000 Ci/mmol; 10 pCi/ul) and [y-*P]ATP
(specific activity: 7000 Ci/mmol; 167 pCi/ul) were
obtained from MP Biomedicals (formerly ICN Bioche-
micals, Inc.). [a->*P]GTP (specific activity: 3000 Ci/mmol;
10 uCi/pl) was obtained from GE Healthcare.

Other proteins and strains

E. coli RNAP (specific activity: 1.85x 10° to 2.5x 10> U/mg;
concentration: 1 U/ul) was obtained from USB Corporation.
GreA and GreB were gifts from Sergei Borukhov (University
of Medicine and Dentistry of New Jersey, Stratford, NJ).
GalR and cyclic AMP receptor protein (CRP) were purified
as described.***”

Plasmids

The plasmids used in this study are listed in Table 2. The
wt plasmid pSA850 (OF*P2*P170Of™), which contains the
gal operator/promoter region from —70 to +96, was used
as a PCR template to construct plasmids.'”"" Plasmid
PSA859 [OF*P2*P1*OF™ (+5 bp)], or wtV5, contains a 5-

*

3 1
3 CC'TCGCTTAATA-CCAATGGCGGTGGTAGCGGTTACAT 5!

Template strand

0;

WT DNA .
: Elongation -
5'GG GUUCU 3!
(a2) 3 )
GAAUUAUGA ©
3! CCTCGETTAATACTCTCAAGACCAATGGCGEGTGGTAGCGGTTACAT 5'
OI
RNA
5'GGAGCGAAUUAUGAG
(b1) s .
AUCUGUUCU 3
3' CCTCGCTTAATACTCTCTAGACAAGACCAATGGCGGTGETAGCGGTTACAT 5'
Template strand
V5 DNA s ;
: Elongation =g
5 ' GGAGCGRA : GuUUCy 3!
u
(b2) % * C

3 CC‘TCGCTTAA-GACAAGACCAATGGCGGTGGTAGCGGTTACAT 51

O,

Fig. 8. Intrinsic DNA sequence determining RNAP elongation or backtracking. The RNA:DNA hybrid at the pause
site (al) and site backtracked by 7 nt (a2) in wt DNA. The figures show a 9-bp hybrid. The red star represents the base at
the catalytic center of RNAP. (al) When the purine-rich sequence (GAGAG) is immediately upstream of the pyrimidine-
rich sequence (UUCU) as in wt DNA, the hybrid maintains the 3’ end of the RNA in the catalytic center due to a strong
RNA:DNA hybrid (red) and favors elongation. (a2) The upstream pyrimidine sequence (AAUUAU) counteracts
backtracking of RNAP in wt DNA due to a weak RNA:DNA hybrid (blue). The solid arrow indicates that RNAP would
remain more at the strong hybrid instead of at the weak hybrid. The broken arrow signifies the opposite. (b1 and b2)
When a 5-bp (GATCT) DNA separated the GAGAG site from the UUCU pause site, RNAP backtracked from a weak
hybrid (blue) to a stable hybrid (red), favoring RNAP arrest as indicated by the blocking of elongation by the red X.
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bp (GATCT) insertion at position +37 with respect to the
tsp of P2 (+1). Plasmid pDL225 [OF*P2*P1*OF+], or P2,
contains two mutations (a G-to-A change at position —9
and a C-to-A change at position —8) that convert the —10
element of P2 to the consensus —10 element of ¢[70]
promoter (TATGCT to TATAAT). Such changes inactivate
P1 by destroying the extended —10 of P1, resulting in
maximal expression of P2.*® Plasmid pDL1004 (P2V5) is a
derivative of pDL225 with a 5-bp (GATCT) insertion at
position +37. Most plasmids used in this study are
derivatives of pDL1004. Plasmid pDL994 [OF P2 P1*Of™
(+5bp)], or P1V5, contains several mutations: a single base-
pair change from —14G to T inactivates P2 by destroying
the extended —10 of P2;**”° a double base-pair change from
—4G and —3G to A, which converts the —10 element of P1 to
the consensus —10 element of ¢[70] promoter, results in
maximal expression of P1. Finally, the O (GTGTAAAC-
GATTCCAC) is replaced by a nonoperator sequence
(CACTATGGCGAACGTC). Plasmid pDL571, or T7A1V5,
contains T7 bacteriophage Al promoter DNA (—56 to +24)
fused with gal wtV5 DNA downstream of +24. The
plasmids were sequenced on an ABI Prism 310 Genetic
Analyzer to verify the intended base-pair substitutions,
insertions, or deletions.

In vitro transcription assays

In wvitro transcription reactions were performed as
described."" Briefly, supercoiled DNA templates (2-4 nM)
and RNAP (20 nM) were preincubated at 37 °C for 5 min in
transcription buffer (20 mM Tris acetate, 10 mM magne-
sium acetate, and 200 mM potassium glutamate) supple-
mented with 1 mM DTT, 1 mM ATP, and 0.8 U of rRNasin®
in a total reaction volume of 50 pl. When used, 200 nM GalR
was present, unless indicated otherwise. To initiate
transcription, NTPs were added to a final concentration of
0.1 mM GTP, 0.1 mM CTP, 0.01 mM UTP, and 5 pCi [o->*P]
UTP (3000 Ci/mmol), unless indicated otherwise. The

Table 2. List of plasmids used in this study

reactions were incubated for an additional 10 min before
being terminated by the addition of an equal volume (50 1)
of loading dye (90% formamide, 10 mM ethylenediamine-
tetraacetic acid, 0.1% xylene cyanol, and 0.1% bromophenol
blue). Transcripts were separated on 8% polyacrylamide
sequencing gels. The RNAI transcripts driven by a GalR-
independent promoter present in the plasmids (108 nt)
were used as internal controls to quantify the relative
amount of gal transcripts.”’ The PI and P2 full-length
transcripts contain 36 and 39 U residues, respectively. The
RBTs from P1 and P2 contain 12 and 15 U residues, res-
pectively. In mutant templates, the number of Us depended
on the sequence. To calculate the percentage of RBT that
was blocked by O;-bound GalR, full-length transcripts and
RBT were normalized to the RNAI transcripts and corrected
for U content according to the formula: %RBT=B/(A+
B)x100, where A=area of full length/(area of RNAIx
number of Us in full length) and B=area of RBT/(area of
RNAIxnumber of Us in RBT). When GTP was used as a
labeled nucleotide (experiments of Fig. 3c and d), RBT was
corrected for G content.

Use of antisense oligonucleotides

In vitro transcription assays were conducted as de-
scribed, except that 50 pM oligonucleotides were present
during 5 min of preincubation at 37 °C before NTPs were
added to initiate transcription.

GreA- and GreB-induced cleavage

To study the effects of GreA and GreB on RBT, the
transcription assays were performed in the presence of
GalR and Gre factors. GreA and GreB were used in the
amounts discussed in the text.

To study the cleavage pattern of nascent transcripts by
RNAP in the presence of GreA or GreB, NTPs were

Plasmid Local name Features Source
PSA850 wt a 166-bp gal DNA fragment (=75 to +91) Lewis and Adhya'’
pDL907 wtV5A PSA850 V GATCT at +14 of P2 tsp This work
pDL511 wtV5B PSA850 V GATCT at +28 This work
pDL512 wtV5C PSA850 V GATCT at +32 This work
pDL513 wtV5D PSA850 V GATCT at +35 This work
PSA859 wtV5E PSA850 V GATCT at +37 Lewis and Adhya'”
PDL908 wtV5F PSA850 V GATCT at +47 This work
pDL229 Plcon PSAS850 (—15T, —4A, and —3A) This work
pDL99%4 PlconV5 pDL229 V GATCT at +37 This work
pDL225 P2con PSA850 (—8A and —9A) This work
pDL1022 P2conA5 pDL225 A GAGTT (+36 to +40) This work
pDL1004 P2conV5 pDL225 V GATCT at +37 This work
pDL1039 P2conV5A pDL225 V TATTG at +37 This work
pDL1040 P2conV5B pDL225 V CGGCT at +37 This work
pDL1041 P2conV5C pDL225 V GGACT at +37 This work
pDL1042 P2conV5D pDL225 V AAGTT at +37 This work
pDL1043 P2conV5E pDL225 V GTGAT at +37 This work
pDL1044 P2conV5F pDL225 V TTGGC at +37 This work
pDL1060 P2conV5G pDL225 V TGAGA at +37 This work
pDL1061 P2conV10C pDL225 V AATTATGAGA at +37 This work
pDL1062 P2conV10A pDL225 V GATCTTGAGA at +37 This work
pDL1063 P2conV10B pDL225 V TGAGAGATCT at +37 This work
pDL1011 P2conV5A5A pDL1004 [AATTAT (+29 to +33)] This work
pDL1012 P2conV5A5B pDL1004 [AGTTCT (+43 to +47)] This work
pDL1079 P2conV5A5C pDL1004 [ATGAGA (+33 to +37)] This work
pDL1080 P2conV5A5D pDL1004 [AGAGAG (+34 to +38)] This work
pDL999 P2conV50Y pDL1004 (OY) This work
pDL571 T7A1V5 PSA859 [T7A1 promoter DNA (=56 to +24] This work
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removed from the roadblock reactions by using RNA mini
quick spin columns (Roche Applied Science). Next, GreA
or GreB was added as described above, and the cleavage
pattern of the RNA was detected on a 24% sequencing gel
(19:1).

Mapping of the 5’ ends of RBT

In vitro transcription assays were carried out as de-
scribed above using cold UTP for the experimental reac-
tions and labeled [a->*P]JUTP for the control experiments.
Unlabeled RBTs were excised from a 10% sequencing gel
using labeled RBT as a marker. The RNA was eluted from
the gel slice as outlined for the Electro-elutor (Model 422-
BioRad). The eluted RNA was concentrated on a speed
vacuum centrifuge. Next, an equal volume of phenol/
chloroform/isoamyl alcohol (25:24:1) was added to the
RNA. The aqueous layer (RNA) was removed and loaded
on an RNA mini quick spin column. Primer extension of
the RNA was performed in accordance with the protocol
for AMV reverse transcriptase (Promega) using y->-P-
labeled primer (5-TCTCATAATTCGCTCC-3’), which
mapped from +37 to +22. The DNA was sequenced by
PCR using the same primer in accordance with the
protocol for finol® DNA cycle sequencing (Promega).

Mapping of the 3’ ends of RBT with
3-O-methylguanosine

RBT of P1 was obtained as described on supercoiled
template in the presence of GalR. A linear DNA template
(355 bp) generated by PCR from P1V5 1plasmid was used
to map the 3’ ends of RBT as described.'" CRP (50 nM) and
cAMP (100 uM) were added to the transcription reaction
to maximize the strength of P1 promoter (in the absence of
a cCAMP-CRP complex, P1 activity on the linear template
is very weak). To generate a ladder of nucleotides,
transcription was carried out for 10 min in the presence
of 0.25 uM 3-O-methylcytosine-5'-triphosphate, 3-O-
methylguanosine-5’-triphosphate, or 3-O-methyluridine-
5’-triphosphate containing 1.0 mM ATP, 0.01 mM UTP,
and 0.1 mM GTP and CTP. Products of the reactions were
separated on a 12% polyacrylamide sequencing gel.

The 3’ end of RBT was also mapped by mobilizing His-
tagged RNAP (0.12 png) on Ni-NTA agarose and walking
along the DNA (1 pg) as described.!®!” A stable complex
was stalled at position 12 (EC12) after initiation with 1 mM
CUAU (a tetraribonucleotide primer), 50 pM ATP, and
50 uM GTP at 37 °C for 5 min. Complexes were washed
three to five times in 1 ml of transcription buffer, TB
(20 mM Tris-HCI pH 7.9, 40 mM KCl, 5 mM MgCl,, and
1 mM B-mercaptoethanol). The RNA was labeled at EC13
with 3 pl of [a-3?P]CTP (3000 Ci/mmol) and incubated at
room temperature for 5 min. The complexes were washed
as described above, and a subset of NTPs (5 pM) was
added to walk RNAP to the desire position; the process of
walking and washing was repeated.

Mapping of transcription bubble by KMnO,
footprinting

The sequences of wt and P2V5DNA templates for the
KMnO, assay were determined in accordance with the
fmol® DNA cycle sequencing system protocol (Promega).
The nontemplate stand was sequenced using [y->*P]Xbal-
5 primer (5'-TCAACGGAGCTCGTCG-3’), which mapped
from —108 to —93. The template strand was sequenced

using [y-**P]BamHI-10 primer (5'-GCGGATCCC-
TAAACTC-3’), which mapped from +161 to +141. Appro-
ximately 10 pg/ul DNA was sequenced using “profile 17
from fmol® DNA cycle sequencing system protocol. The
KMnO, footprinting was performed as described.®*? In
vitro transcription assays were performed as described
above with 10 nM supercoiled DNA. At the end of the
transcription reactions, 10 mM KMnO, was added for 2—-
3 min at 37 °C. The reactions were quenched with [3-
mercaptoethanol (0.5 M). An equal volume of phenol/
chloroform/isoamyl alcohol (25:24:1) was added to the
reactions, which were heated at 80 °C for 2 min before
chilling on ice. Next, the reactions were centrifuged for
1 min before the aqueous DNA layers were transferred to
DNA mini quick spin columns. For primer extension
assay, 18 ul of DNA, 20 pul of PCR Master mix (Promega),
and 2 pl (2 pmol) of [y->*P]BamHI-10 or [y-**P]Xbal-5
primers were used to amplify the product using finol®
DNA cycle sequencing. The products were analyzed on an
8% sequencing gel.
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