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ABSTRACT

The UP element stimulates transcription from the
rrnB P1 promoter through a direct interaction with
the C-terminal domain of the RNA polymerase o
subunit (¢CTD). We investigated the effect on tran-
scription from rrnB P1 of varying both the location of
the UP element and the length of the o subunit inter-
domain linker, separately and in combination.
Displacement of the UP element by a single turn of
the DNA helix resulted in a large decrease in tran-
scription from rrnB P1, while displacement by half a
turn or two turns totally abolished UP element-
dependent transcription. Deletions of six or more
amino acids from within the o subunit linker resulted
in a decrease in UP element-dependent stimulation,
which correlated with decreased binding of oCTD to
the UP element. Increasing the o linker length was
less deleterious to RNA polymerase function at rrnB
P1 but did not compensate for the decrease in activa-
tion that resulted from displacing the UP element.
Our results suggest that the location of the UP
element at rrnB P1 is crucial to its function and that
the natural length of the o subunit linker is optimal
for utilisation of the UP element at this promoter.

INTRODUCTION

Escherichia coli RNA polymerase holoenzyme (RNAP) is a
multi-subunit complex consisting of an ¢ subunit homodimer,
single B, B’ and ® subunits, and one of several ¢ subunit
species (1,2). During transcription initiation at many
promoters, RNAP containing the major ¢ factor, 67, recog-
nises two hexameric promoter elements located ~10 and 35 bp
upstream of the transcription start point (+1) (3). Recognition
of the —10 and —35 promoter elements requires regions 2.3-2.5

and 4.2 of 679, respectively (4,5). However, a third promoter
element, the UP element, is frequently required for full
promoter activity (6,7). UP elements interact directly with the
C-terminal domain of the o subunit of RNAP (aCTD) (8,9) in
holoenzymes containing 67 or alternative G factors (10-12).

UP elements consist of A+T-rich sequences located
upstream of the —35 region at many promoters (6,8,13). At the
most well-studied UP element-dependent promoter, rrnB P1,
the UP element comprises DNA sequences from approxi-
mately positions —40 to —60 and is composed of two subsites
centred at about —42 and —52 (termed the proximal and distal
subsites, respectively), each of which can bind an aCTD
(6,14-17). The interaction between ooCTD and the UP element
results in an increase in Kj, the initial equilibrium constant for
RNAP binding to the promoter, but may also affect later steps
in the pathway to open complex formation (16,18). The
0o.CTD-UP element interaction is responsible for a 30-70-fold
increase in in vivo promoter activity at rrnB P1 (8,16,17). The
optimised UP element sequence (‘consensus’ UP element)
contains alternating A- and T-tracts and is ~5-fold more effec-
tive than the wild type rrnB P1 UP element (17). UP elements
can also be transposed as a separate module from one promoter
to another where they retain their ability to stimulate transcrip-
tion in a factor-independent manner (8,13,16).

Each o subunit consists of 329 amino acids organised in two
independently folding domains (9,19). The N-terminal domain
(aNTD; residues 8-231) contains determinants for dimerisa-
tion and assembly into RNAP (20,21) and plays a role in tran-
scription activation at some promoters (22,23). oCTD
(residues 249-329) (24) plays roles in transcription initiation,
elongation and termination (25-27). During transcription initi-
ation, aoCTD provides a contact site for many transcription
activators (25,28,29) and is directly involved in UP element
recognition (8,30). oCTD folds into a (HhH), domain (31) in
which key residues interacting with DNA reside within the
loop and second helix of HhH1 and HhH?2, respectively (32).
Based on genetic, biochemical and NMR studies of the aCTD—
DNA interaction, and on the X-ray structure of the RuvA—
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DNA complex, the oo (HhH), domain is thought to interact in a
sequence-specific way with bases in the minor groove and with
the DNA backbone across the minor groove (30,32-35).

Several lines of evidence indicate that a flexible linker
connects alCTD to oNTD. First, limited proteolysis studies
pointed to an accessible region between amino acids 234 and
249 of E.coli . (9,19). Secondly, NMR analysis of an isolated
C-terminal fragment of o (amino acids 233-329) showed that
a region of at least 13 amino acids, extending from D233 to
E248, exhibits a high degree of flexibility (36). This is
consistent with the crystallographic data for aNTD, where the
C-terminal limit of helix 3 is assigned to F231 (21). Thirdly,
amino acid sequence alignments of o subunits from eubacteria
and chloroplasts reveal a non-conserved sequence of variable
length corresponding to amino acids V237-P251 of the E.coli
o subunit (37). Consistent with its proposed role as a linker, the
introduction of substantial deletions or insertions into this
region does not affect the efficiency of assembly of o into
RNAP, nor do they affect transcription from activator-
independent and UP element-independent promoters (37,38).
However, deletion of three amino acids from within the linker
greatly reduces transcription from a promoter where the activator
protein CRP binds to a site centred at —61.5 (Class I), whereas tran-
scription is enhanced from a promoter where CRP binds at —41.5
(Class II). This result, together with the observation that CTD teth-
ered by a shorter linker is still recruited to DNA sequences upstream
of the CRP binding site at the Class II promoter, implies that the o
linker deletion compromises the motional freedom of a'CTD rather
than its inherent ability to bind DNA (37,38).

Although potential UP elements or UP element subsites have
been identified in the —40 to —60 region at many promoters, in
most cases such searches have not been extended to locations
further upstream (6,8,13,17). The recent demonstration that
aCTD is able to contact DNA near positions —43, —53, —63, 73,
—83 and -93 at the lac promoter, unassisted by CRP (39),
suggests that the length of the o linker is unlikely to restrict
access of aCTD to UP elements located upstream of —60.
However, the question of whether UP elements are able to
stimulate transcription efficiently from distant locations has
not been satisfactorily addressed.

Gourse and colleagues studied effects of UP element loca-
tion before the UP element subsites were fully defined (15).
They observed that upstream displacement of sequences
between positions —47 and —87 by a single turn of the helix did
not affect transcription from the rrnB P1 promoter, whereas
displacement by two or more turns exerted an inhibitory effect
on transcription. However, as the proximal UP element subsite
was retained in its normal location in these early experiments,
conclusions concerning displacement of the full UP element
must be re-evaluated. In cases where UP elements have been
identified upstream of the —40 to —60 region, DNA bending by
accessory DNA binding proteins such as IHF is also required
for full activity (e.g. 12,40,41), presumably to bring o binding
sequences closer to the core promoter. Therefore, in this work,
we have examined the effect of upstream displacement of the
full UP element on transcription from the rrnB P1 promoter in
the absence of accessory factors. We have also investigated the
role of o linker length in UP element function at the rruB P1
promoter and the possibility that lengthening the o linker
might alleviate the negative effect of UP element displace-
ment. Our results demonstrate that the position of the full UP
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element is crucial to its function at the rrnB P1 promoter and
that the length of the o subunit linker is optimised for utilisation
of UP elements in their normal position at rrn P1 promoters.

MATERIALS AND METHODS

rrnB P1 promoter fragments

The E.coli strains and plasmids used in this work are listed in
Table 1. Standard molecular biology techniques for plasmid
isolation and DNA manipulation were used throughout (42).
All rrnB P1 promoter derivatives used for transcription assays
or single copy lacZ fusion analysis were cloned as EcoRI-
HindIII fragments into the transcription vector pRLG770 or A
phage system I (16), respectively, and possess a downstream
end point at position +52 with respect to the rrnB P1 transcrip-
tion initiation site. Upstream end points are at position —66 for
promoter fragments present in pRLG4238, pRLG3278,
pRLG4213, pRLG4214 and pRLG4210, and in the lacZ
fusions present in RLG3074, RLG4192, RLG3097 and
RLG2263, but contain different sequences from —38 to —59
(6,17). Promoter fragments present in plasmids pRLG4713-
pRLGA4717, pRLG4719 and pRLG4720 (and the corresponding
lacZ fusions present in RLG4721-RLG4727) possess wild
type rrnB P1 sequences up to position —37, upstream of which
is a consensus UP element located at various positions. These
promoter fragments were constructed by amplifying the rrnB
P1 core promoter region from pRLG4210 using primer
RLG1620 (5-GCGCTACGGCGTTTCACTTC-3") (13),
which anneals downstream of the pRLG770 HindIIl site, as the
reverse primer in each case and one of a series of upstream
primers of the type 5'-GCGCGAATTCGGAAAATTTTTTT-
TAAAAAAGAX-3" (EcoRI site italicised and UP element
emboldened) where ‘X’ corresponds to sequences inserted
between the displaced UP element and position —37 of the rrnB P1
promoter (see Fig. 1) plus, in some cases, additional rrnB P1 core
promoter sequences (—37 to —16) to allow primer annealing
(Table 2). The consensus UP element present in these derivatives
is a combination of the individual SELEX selected consensus
proximal and distal UP element subsites, and differs from the
version constructed by Estrem ez al. (6) only by the substitution of
a thymine residue for an adenine at position —46 (underlined).

Subunit purification and reconstitution of RNAP

His-tagged RNAP o subunits containing wild type and modified
linkers were overproduced in strain BL21(DE3) harbouring
pHTT7fINHo. and the pHTT7fINHo derivatives pMGM2,
pPMGMS5-pMGM11, pMGM31 and pMGM34, which encoded o
subunits with shorter or longer interdomain linkers (37). Following
3 h of induction of the plasmid-borne phage T7 promoter, o subu-
nits were purified by Ni**-affinity chromatography as described
previously (30,43). Preparation of inclusion bodies of RNAP B, '
and ¢ subunits from strains XL1-Blue (pMKSe2), BL21(DE3)
(pT7p") and BL21(DE3) (pLHN120), respectively, and reconstitu-
tion of RNAP were performed as described previously (43).

In vitro transcription

Multiple round transcription reactions were performed at 25°C
for 20 min in a volume of 25 pl containing 150 mM NaCl, 40 mM
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Table 1. Bacterial strains and plasmids

Designation Genotype/Relevant characteristics Source/reference
E.coli strains

BL21(DE3) F ompT hsdS (t5'mg’) gal ADE3 lysogen . ref. 51

XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 (t¢my ") supE44 reldl lac \" [F ref. 52
lacl®ZAMI 5 proAB" Tnl0)

NK5031 F lacZAMS5265 supF Nal® ref. 53

RLG1336 NK5031/A M13 MCS-lacZ ref. 44

RLG2263 NK5031/A core rrnB Pl-lacZ* ref. 16

RLG3074 NK5031/A wild-type rrnB Pl-lacZ ref. 17

RLG3097 NK5031/A core rruB Pl-lacZ’ ref. 17

RLG4192 NK5031/A consensus rrnB P1-lacZ’ ref. 17

RLG4721 NK5031/A consensus rrnB Pl-lacZ® This work

RLG4722-RLG4727 RLG4721 with UP element displaced by 5, 11, 16,22,27and 33 bp  This work

Plasmids®

pHTT7f1NHa T7 $10 promoter directing expression of rpoA on pET21a. (His)-tag  ref. 43
coding sequence present between first two codons of rpo4

pHTT7fINHoA235 pHTT7fINHa deleted for the C-terminal 94 codons of 7po4 ref. 43

pMGM1 pHTT7f1NHa with Bsu36l site overlapping codons 233-235 of rpoA  ref. 37

pMGM2, pMGMS, PMGM1 derivatives containing deletions of 3, 6, 9 and 12 amino ref. 37

PMGM6, pMGM34 acids, respectively, within the linker coding region of rpo4

pMGM7-pMGM11, pMGM1 derivatives containing insertions of 3, 6, 16, 13, 32 and 10 ref. 37

pMGM31 amino acids, respectively, within the linker coding region of rpo4

pMKSe2 pUC19 derivative carrying rpoB (encoding RNA polymerase ref. 54
subunit) under control of the /ac promoter

pT78’ pT76 derivative carrying rpoC (encoding RNA polymerase 3’ ref. 55
subunit) under control of the T7 ¢$10 promoter

pLHN12¢ pBR322 derivative carrying rpoD (encoding RNA polymerase ¢ ref. 56
subunit) under control of the T7 $10 promoter

pLAW?2 pBR322 derivative carrying rpoA under Ipp/lacUV5 promoter control  ref. 57

pMGM12 PLAW?2 derivative containing the rpoA4 gene from pMGM1 ref. 37

pMGM13, pMGM16, pLAW2 derivatives in which rpo4 contains the modified linker ref. 37

pMGM17, pMGM35 coding sequences from pMGM2, pMGMS5, pMGM6 and pMGM34

pMGM18-pMGM22, pLAW?2 derivatives in which 7po4 contains the modified linker ref. 37

pMGM32 coding sequences from pMGM7-pMGM11 and pMGM31

pRLG770 pKM2 derivative in which the 7##nB T1T2 terminator has been ref. 44
mserted downstream of the multiple cloning site

pRLG3278 PRLG770 containing 7nB P1 promoter with consensus UP element”  ref, 6

pRLG4210 pRLG770 containing core rrnB P1 promoter” ref. 17

pRLG4213 pRLG770 containing rrnB P1 promoter with consensus proximal UP  ref. 6
element subsite

pRLG4214 pRLG770 containing rrnB P1 promoter with consensus distal UP ref. 6
element subsite

pRLG4238 pRLG770 containing the wild-type rrnB P1 promoter ref. 17

pRLG4713 pRLG770 containing rrnB P1 promoter with consensus UP element”  This work

pRLG4714-pRLG4717, pRLG4713 with UP element displaced by 5, 11, 16,22,27 and 33 bp  This work

pRLG4719, pRLG4720

*The core rrnB P1 promoter fragment in RLG3097 and pRLG4210 differs from that present in RLG2263 due to the presence of the SUB sequence
(GACTGCAGTGGTACCTAGGAAT) from —38 to =59 and rrnB P1 sequences from —60 to —66 in the former. RLG2263 retains rrnB P1
sequences up to position —41 and does not contain the SUB sequence.
"The consensus UP element present in RLG4192 and pRLG3278 has the sequence GGAAAATTTTTTTTCAAAAGTA (=59 to —38) and retains
rrnB P1 promoter sequences from —60 to —66. The consensus UP element in RLG4721 and pRLG4713 has the sequence GGAAAATTTTTTT-

TAAAAAAGA (=59 to —38) and does not retain additional upstream rrnB P1 sequences.

¢All plasmids encode resistance to ampicillin.

Tris—acetate pH 7.9, 10 mM MgCl,, 1 mM dithiothreitol
(DTT), 100 pg/ml bovine serum albumin (BSA), 500 uM
ATP, 200 uM CTP, 200 uM GTP, 10 uM UTP and 3-5 uCi
[a-*2P]JUTP (10 mCi/ml, 800 Ci/mmol). Each reaction also
contained 0.6 nM supercoiled plasmid DNA, prepared using
the Qiagen plasmid midi kit and purified further by phenol-
chloroform extraction. All plasmid templates for transcription
assays were derivatives of the transcription vector pRLG770
(44) and, therefore, also result in the production of the RNA-I
transcript (108 nucleotides). Transcription originating from

rrnB P1 promoter fragments terminate at the rrnB T1T2 termi-
nator present on the vector and give rise to transcripts of ~220
nucleotides in length. Reactions were initiated by addition of
RNAP and terminated with 25 p of stop solution (95% forma-
mide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene
cyanol). Samples were fractionated on a 5.5% acrylamide gel
containing 7 M urea and transcript abundance was quantified
using a Phosphorlmager. Native RNAP was a generous gift of
R. Landick and was 60 = 10% active in binding to the APy
promoter (45). RNAP reconstituted with the wild type o



Nucleic Acids Research, 2001, Vol. 29, No. 20 4169

Table 2. Upstream primers used to construct rrnB P1 promoters with displaced consensus UP elements

UP element Sequence of upstream primer” pRLG770 A system I lysogen
displacement (bp) derivative

0 5*-XCTTGTCAGGCCGGAATAACTCC-3’ pRLG4713 RLG4721

5 5’-XGGAATCITGTCAGGCCGGAATAAC-3’ pRLG4714 RLG4722

11 5’-XTACCTAGGAATCITGTCAGGCC-3’ pRLG4715 RLG4723

16 5’-XAGTGGTACCTAGGAATCITGTC-3° pRLG4716 RLG4724

22 5’-XGACTGCAGTGGTACCTAGGAATC-3’ pRLG4717 RLG4725

27 5’-XCAGGCGACTGCAGTGGTACCTAGGAATC-3’ pRLG4719 RLG4726

33 5°-XGCACCCCAGGCGACTGCAGTGGTACCTAGGAATC-3’ pRLG4720 RLG4727

*The 5" end of each primer has the sequence 5'-GCGCGAATTCGGAAAATTTTTTTTAAAAAAGA-3’, denoted by an ‘X’ in the table,
containing an EcoRlI site (underlined) and a consensus UP element (emboldened). The rrnB P1 —35 region and SUB sequences are under-
lined and emboldened, respectively, in the table. rrnB P1 derivatives in which the consensus UP element has been displaced by 5-22 bp
contain part or all of the SUB sequence (17) whereas derivatives in which this element has been displaced by 27 and 33 bp contain, in
addition, sequences from —37 to —47 of the lac P1 promoter (italicised and emboldened), which do not possess inherent UP element-like
activity (13). Zero base pair displacement corresponds to the wild type location for the UP element, i.e. positions —38 to —59.

subunit was 55% as active as native RNAP. Reconstituted
RNAPs were used at concentrations that resulted in equivalent
transcription from the core rrnB P1 promoter present on
pRLG4210 (4.4 nM native RNAP and 8-28 nM reconstituted
RNAP) (see legend to Fig. 3).

Hydroxyl radical footprinting

Fragments containing the wild type rrnB P1 promoter were
prepared for footprinting by first linearising CsCl-purified
pRLG4238 DNA with HindIIl, then removing the 5" terminal
phosphates with calf intestinal alkaline phosphatase and subse-
quently making a second cut with Aafll. The smaller, 205 bp,
DNA fragment was purified from a preparative polyacryla-
mide gel and was labelled on the 5" hydroxyl at the HindIIl
terminus with 10 uCi [y-3?P]ATP (3000 Ci/mmol) using 0.5—
1.0 U T4 polynucleotide kinase for 30 min at 37°C. Unin-
corporated nucleotides were removed by a pass through a
Sephadex G-50 spin column and the purified labelled DNA
used for footprinting. Binding reactions contained 10 mM
Tris—HCI pH 8.0, 30 mM KCl, 10 mM MgCl,, 1 mM DTT,
100 pg/ml BSA, 500 uM ATP, 50 uM CTP, 1.0-4.0 nM
labelled DNA fragment and RNAP reconstituted with wild
type o (21 nM), A6 o (45 nM), A9 o (65 nM), A12 a. (73 nM)
or A235 o (72 nM), and were incubated at 37°C for 30 min.
Prior to hydroxyl radical treatment, heparin was added to a
final concentration of 10 pug/ml for 30 s, whereupon hydroxyl
radical treatment was performed as previously described (46).
The products of the footprinting reaction were fractionated on
8% polyacrylamide sequencing gels that were calibrated with
Maxam-Gilbert DNA sequence ladders and resultant foot-
printing patterns were analysed using a phosphorimager.

Determination of in vivo promoter activity

Analysis of rrnB P1 promoter activity in vivo was performed
using strain NK5031 lysogenic for A system I derivatives (16)
in which rrmB Pl promoter variants were transcriptionally
fused to trpB’A-lacZ. Construction of recombinant phages
harbouring fusions of lacZ to rrnB P1 derivatives in which the
consensus UP element had been displaced was carried out as
described previously (47-49) and monolysogens of NK5031

(i.e. RLG4721-RLG4727) were identified by a combination of
a PCR-based assay (17) and PB-galactosidase measurement.
Overnight cultures of the lacZ fusion strains were diluted 1:50
into pre-warmed Luria—Bertani broth [containing ampicillin
(100 pg/ml) and 1 mM isopropyl-B-D-thiogalactopyranoside
(IPTG) when harbouring pLAW?2 derivatives expressing
mutant rpoA alleles] and grown at 30°C with vigorous shaking
for three to four generations (ODgy, ~0.4-0.6). B-Galactosidase
activity was determined by the method of Miller (50) using the
chloroform—SDS procedure and values were corrected for
background B-galactosidase activity by assaying a lysogen
containing a promoter-less lacZ fusion (RLG1336). Results are
presented as percentages, with the strain harbouring the
consensus rrnB Pl-lacZ fusion assigned a value of 100% in
experiments utilising untransformed strains, and strains
harbouring pLAW2 or pMGM12 assigned a value of 100%
when measurements were performed on transformants
harbouring pLAW?2 derivatives.

RESULTS

Effect of UP element displacement on transcription from
the rrnB P1 promoter in vitro and in vivo

To investigate the relationship between UP element location
and UP element-dependent stimulation of transcription from
the rrnB P1 promoter, a series of rrnB P1 promoter derivatives
were constructed in which the full consensus UP element was
displaced upstream from the rmmB Pl core promoter by
distances corresponding to 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 turns
of the DNA helix, i.e. 5, 11, 16, 22, 27 and 33 bp, respectively
(Fig. 1). These promoters were cloned into the transcription
vector pRLG770 and their activities in vitro were compared
with that of an rrnB P1 promoter derivative containing the
consensus UP element in the wild type position, and to the core
rrnB P1 promoter, in which the UP element is replaced by a
sequence devoid of UP element-like activity (17). The results
showed that whereas the presence of the consensus UP element
in the wild type location resulted in a 29-fold increase in
promoter activity relative to the core promoter, displacement
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UpP -35 -10

-10 \

AGAAAATTATTTTAAATTTCCTC TGTCAGGCCGGAATAACTCCCIIATAATGCGCCACCACT

Fis sites
I 11
A
UP element =35
Wild type
GGRARATTTTTTTTAAAAAAGA
Consensus

TGTCAGGCCGGAATAACTCCCTATAATECGCCACCACT

GGAAT 5

TACCTAGGAAT | 11
AGTGGTACCTAGGAAT | 1g

GACTGCAGTGGTACCTAGGAAT | 22

CAGGCGACTGCAGTGGTACCTAGGAAT | 27
GCACCCCAGGCGACTGCAGTGGTACCTAGGAAT | 33

Insert size (bp)

Figure 1. Displacement of the consensus UP element upstream of the rrnB P1 core region. (A) Organisation of the rrnB P1 promoter region. The rrnB P1 core
region constitutes the DNA sequence from —37 to +1 with respect to the transcription initiation site (indicated with a bent arrow). Located immediately upstream
of this region is the UP element (—38 to —59) and three tandem Fis sites. (B) DNA sequences from —59 to +3 of the wild type rrnB P1 promoter and of an rrnB P1
derivative containing the consensus UP element present in pRLG4713 and RLG4721. The —35 and —10 regions are boxed and the extent of the UP element
sequence is indicated by a horizontal bar. DNA sequences inserted between positions —37 and —38 to displace the consensus UP element are indicated. In promoter
derivatives where the UP element has been displaced by 5-22 bp these sequences comprise part or all of the SUB sequence (17), whereas derivatives in which this
element has been displaced by 27 and 33 bp contain, in addition, sequences from —37 to —47 of the lac P1 promoter, which do not possess inherent UP element-

like activity (13).

of the UP element by one helical turn (11 bp) resulted in only
~5-fold activation (Fig. 2A, compare lanes 2 and 4 with lane
1). Upstream displacement of the consensus UP element by
0.5, 1.5, 2, 2.5 or 3 turns of the DNA helix essentially abol-
ished UP element-dependent stimulation (Fig. 2A). These
results suggest that the location of the UP element at the wild
type rruB P1 promoter is optimal for UP element-dependent
stimulation. The results also confirm the previous observation
that activation of 7rnB P1 by upstream sequences is face of the
helix dependent (15).

To examine the effect of UP element displacement on tran-
scription from rrnB P1 in vivo, the rrnB P1 promoter deriva-
tives possessing displaced UP elements were cloned upstream
of the lacZ gene on a recombinant A phage and monolysogens
were constructed (see Table 1). The results from B-galactosi-
dase assays showed that UP element-dependent stimulation of
transcription is maximal when the UP element is present in the
wild type location (Fig. 2B). Displacement of the consensus
UP element by 11 bp upstream from the wild type location
gave rise to >20-fold decrease in transcriptional activity,
whereas displacement of the UP element by any other distance,
including displacement by only 5 bp, abolished UP element-
dependent transcription (Fig. 2B). These results are fully
consistent with the data obtained in vitro and emphasise the
crucial importance of the position of the UP element to its
function at rrnB P1.

Effect of o linker length on UP element-dependent
transcription in vitro

To test the requirements for the RNAP o subunit interdomain
linker at the rrnB P1 promoter in vitro, RNAPs were reconstituted

using a series of 10 mutant o subunits possessing interdomain
linkers of different lengths. These mutant derivatives have
been described previously (37) and contain deletions of 3, 6, 9
and 12 amino acids (termed A3, A6, A9 and Al2), and inser-
tions of 3, 6, 10, 13, 16 and 32 amino acids (termed Q3, Q6,
Q10, Q13, Q16 and Q32). Multiple round transcription assays
were performed with template DNA containing the wild type
rrnB P1 promoter, including its natural UP element, or rrnB
Plderivatives possessing the consensus full UP element or
either the consensus proximal or distal UP element subsites,
instead of the rrnB P1 UP element (6,17). As transcription
from the rrnB P1 core promoter in comparison to a control
promoter, the RNA-I promoter, encoded on the same plasmid,
was relatively unaffected by alterations to the length of the
o interdomain linker, i.e. the ratio of transcripts originating
from the core rrmB Pl and RNA-I promoters remained
constant (Fig. 3A), transcription from the rrnB P1 core
promoter was used to normalise the activities of the RNAP
preparations containing interdomain linkers of different
lengths.

At the wild type rrnB P1 promoter, a progressive decrease in
RNAP activity was observed as the size of the deletion introduced
into the o subunit linker was increased (Fig. 3B). The effect of
linker deletion was similar for the rrnB P1 promoter containing
the consensus UP element (Fig. 3C), although the extent of the
decrease was less marked. Removal of 12 amino acids from the
o linker resulted in an 80-90% decrease in transcriptional effi-
ciency from the promoters with the wild type and consensus
UP elements, almost as large a decrease as was observed
following complete removal of the aCTD. Transcription from
these promoters was much less sensitive to increases in the



length of the o linker. Thus, insertion of 16 amino acids
resulted in only a 20-25% decrease in transcription from both
promoters, and RNAP containing a 32 amino acid insertion in
the o linker retained approximately half of wild type RNAP
activity at these promoters.
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Figure 2. Effect of UP element displacement on transcription from rrnB P1
invitro and in vivo. (A) Transcription gel showing the results of multiple
round in vitro transcription reactions carried out with native RNAP on tem-
plates containing the r/mB P1 core promoter (pPRLG4210) (denoted by a ‘-’ sign),
and the rrnB P1 promoter in which the consensus UP element is located at the
normal position (pRLG4713) (indicated by a ‘0’), or displaced upstream by
the indicated number of base pairs (pPRLG4714—pRLG4720). The position of
the transcripts derived from the vector-derived RNA-I promoter and the rrnB
P1 promoter are indicated. Promoter activities, as determined from the tran-
script abundance in at least four transcription assays of the type shown, are
presented below each gel lane as fold change in promoter activity relative to
the core rrnB P1 promoter, where core promoter activity is assigned a value of
1.0. Values of less than unity arise through inhibition of core promoter activity.
Standard deviations are within 18% of the mean and are omitted for clarity.
(B) Effect of UP element displacement on transcription from rrnB P1 in vivo.
B-Galactosidase activities were measured in lysogens of NK5031 harbouring
a single copy lacZ fusion to the rrnB P1 core promoter (RLG3097) (denoted
‘No UP’) or the rrnB P1 promoter containing a consensus UP element located
at the normal position (RLG4721) (indicated by a ‘0’), or displaced upstream
of the normal location by the indicated number of base pairs (RLG4722—
RLGA4727). Values are expressed as a percentage of the activity in RLG4721
(100%) and are the means (with standard deviation) of three or more independent
assays. 100% activity = 5780 Miller units.
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The effect of altering o linker length on transcription from
the rrnB P1 promoter containing only the consensus distal
subsite or only the consensus proximal UP subsite was broadly
similar to the overall pattern observed for the wild type rrnB
P1 promoter, although the effect of deletion of three amino
acids from the o linker was greater on transcription from rrnB
P1 containing the proximal UP element subsite than on the
other rrnB P1 derivatives (Fig. 3D and E).

Effect of o linker length on UP element-dependent
transcription in vivo

To investigate the effects of altering the length of the a inter-
domain linker on UP element-dependent transcription in vivo,
plasmids expressing each of the mutant rpoA alleles were
introduced into NK5031 harbouring single copy transcrip-
tional fusions of the lacZ gene to various rrnB P1 promoter
derivatives. [B-Galactosidase activities were measured
following induction of mutant o synthesis for three to four
generations. In general agreement with our observations in
vitro, decreasing the number of amino acids in the o linker
caused a general decrease in the efficiency of transcription from
the wild type rrnB P1 promoter, whereas only longer insertions
within the linker (€216 and €232) decreased expression substan-
tially (Fig. 4A). The overall pattern was similar at the consensus
rrmB P1 promoter, although this promoter was less sensitive to
changes in linker length than the wild type promoter (Fig. 4B).

Unlike the results in vitro, deletions of more than three
amino acids from within the o linker strongly stimulated tran-
scription from the core rrnB P1 promoter in vivo (Fig. 4C).
Thus, cells containing RNAP in which the A12 o subunit was
incorporated into RNAP gave rise to an ~15-fold increase in
the B-galactosidase activity relative to cells expressing only
wild type rpoA. Increasing the length of the o linker caused a
gradual but much less profound increase in transcription from
the core promoter. The increase in rrnB P1 core promoter
activity in vivo can be interpreted in the context of our under-
standing of rRNA transcription regulation (58,59); i.e.
decreased rRNA transcription (from decreased UP element
function) leads to compensating derepression of rrnB P1 core
promoter activity to keep total rRNA synthesis constant (see
ref. 8 and Discussion). Figure 4D and E illustrates the effects
of the altered linkers on UP element function in vivo, adjusted
for these feedback effects. The fold increases in transcription
resulting from the wild type rrnB P1 UP element (Fig. 4D) or
from the consensus UP element (Fig. 4E) in the presence of
each of the o linker mutants are presented as a percentage
of the fold increases in transcription observed in the presence
of wild type o. In this representation, it is obvious that the o linker
deletions exert a strong negative effect on UP element function
in vivo, consistent with their effects on UP element utilisation
in vitro. Likewise, it is apparent that UP element-dependent
function at rrnB P1 is also impaired by insertions within the o
linker, although to a lesser degree.

Effect of shortening the o linker on interactions between
aCTD and the UP element at the rrnB P1 promoter

To determine whether there is a correlation between the effect
of shortening the o interdomain linker on the activity of RNAP
at the rrnB P1 promoter, and the ability of oCTD to bind the
UP element, we carried out hydroxyl radical footprinting experi-
ments on RNAP:rmB P1 binary complexes. As previously
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observed, wild type RNAP protected a continuous region
extending from approximately position —10 to +16 (not shown)
and short regions around positions —20 and —30 (14) (Fig. 5A,
lane 3, and B). In addition, short protected regions were
observed around positions —43 and —53, corresponding to the
sites of aCTD interaction within the proximal and distal UP
element subsites (14,17). RNAP reconstituted with the A6 o
derivative affords a similar degree of protection of the prox-
imal and distal UP element subsites as wild type RNAP (Fig.
5A, lane 4, and B). However, protection of both UP element
subsites was greatly diminished following deletion of a further
three amino acids from the o linker (A9 RNAP) and was essen-
tially abolished following deletion of 12 amino acids (A12
RNAP), without a concomitant reduction in the protection
downstream of —40 (Fig. SA, lanes 5 and 6, and B). RNAP
reconstituted with the A235 a subunit failed to protect the UP
element subsites from hydroxyl radical attack, as shown previ-
ously (8), confirming that the protections observed around —43
and —53 are due to oCTD (Fig. 5A, lane 7, and B). The pattern
of protection produced in the core promoter region by each of
the linker modified RNAPs and the A235 RNAP derivative
was essentially identical to that afforded by wild type RNAP.
These results indicate that as many as six amino acids can be
deleted from the o interdomain linker without significantly
compromising the ability of aCTD to engage the UP element
subsites in vitro. The strong correlation between the tran-
scriptional activity of the different RNAP deletion derivatives
at rrnB P1 and their ability to protect the UP element subsites
suggests that that the observed decrease in in vitro and in vivo
transcriptional activity at the wild type rrnB P1 promoter upon
shortening the o interdomain linker is due to a decreased
ability to interact with the UP element.

Effect of increasing the length of the o interdomain linker
on stimulation of transcription by displaced UP elements
in vitro and in vivo

The footprinting experiments suggest that the ‘reach’ of aCTD
is a function of linker length. Therefore, we used in vitro
transcription assays to investigate whether tethering oCTD by
a longer linker could improve the utilisation of displaced UP
elements at rrnB P1. We observed no significant difference
between the activity of RNAP reconstituted with the Q13 o
derivative and RNAP reconstituted with wild type o at the
rrmB P1 promoter containing the UP element either in the
normal position (as also shown in Fig. 3B) or when the UP
element was displaced by one or two turns of the helix (Fig.
6A). A similar pattern was observed when RNAPs reconsti-
tuted with o mutants possessing 10 or 16 additional amino
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acids were compared with wild type RNAP (results not
shown). We conclude that extending the o linker does not
significantly enhance the response of RNAP to displaced UP
elements at the rrnB P1 promoter in vitro.

To explore the effect of lengthening the o interdomain linker
on the response of RNAP to displaced UP elements in vivo, the
strains harbouring single copy fusions of lacZ to rrnB P1
promoters possessing displaced consensus UP elements were
transformed with plasmids expressing wild type rpoA, or the
Q6 and Q13 rpoA mutants. Consistent with our in vitro obser-
vations, B-galactosidase assays indicated that possession of an
extended linker does not significantly increase the activity of
RNAP at any of the promoters containing displaced UP
elements (Fig. 6B).

Previous studies have demonstrated that displacement of the
distal UP element subsite by one helical turn, while retaining
the proximal subsite in its normal location, does not impair UP
element-dependent transcription, whereas displacement of the
distal subsite by two or three turns abolishes its contribution
(15). To examine whether extending the o interdomain linker
compensates for the negative effect of displacing the distal UP
element subsite alone, we performed -galactosidase measure-
ments on a series of strains harbouring single copy fusions of
the lacZ gene to rrnB P1 promoter derivatives in which the
distal UP element subsite had been displaced by a half, one,
two and three turns of the helix (15). Our results showed that
the activity of all the promoter variants was unaffected in cells
containing Q6 or Q13 o subunits (results not shown). These
results suggest that extending the o subunit linker also does not
compensate for the negative effect on transcription of displace-
ment of the distal UP element subsite.

DISCUSSION

The experiments described here provide important information
regarding the requirements for productive interactions between
aCTD and UP elements. We have shown that upstream
displacement of the full UP element by 5 bp or more greatly
reduces UP element-dependent stimulation of transcription
from rrnB P1. Our results are consistent with previous obser-
vations that oCTD can sometimes bind to the opposite face of
the DNA helix to that occupied by the rest of RNAP, but that
such interactions do not stimulate transcription and can in fact
induce an inhibitory effect (60,61). As there appears to be a
requirement for UP element:olCTD interactions to be located
on the same face of the DNA helix at rruB P1 as the rest of
RNAP, adjacent to ¢ bound at the —35 region, it is possible that
optimal UP element function requires contact between aoCTD

Figure 3. (Previous page) Effect of o subunit linker length on transcription in vitro from rrnB P1 promoter derivatives. The left hand side of each panel shows the
result of a typical transcription experiment assaying the activity of RNAPs reconstituted with wild type o. or one of the mutant o subunits containing longer or
shorter linkers, as indicated, at the core rrnB P1 promoter (A), and at rrnB P1 containing the wild type UP element (B), the consensus full UP element (C), the
consensus proximal UP element subsite (D) and the consensus distal UP element subsite (E). RNAPs were used at a concentration which gave equivalent tran-
scription from the rrnB P1 core promoter and were: A2350. RNAP, 27.8 nM; A12a. RNAP, 15.2 nM; A90. RNAP, 18.2 nM; A6o. RNAP, 16.8 nM; A3 RNAP, 10.8 nM;
wild type oo RNAP, 8 nM; Q30 RNAP, 12.6 nM; Q600 RNAP, 12.2 nM; Q100 RNAP, 19.6 nM; Q1300 RNAP, 14.6 nM; Q160 RNAP, 19.8 nM; Q320 RNAP, 27.0 nM.
Transcripts arising from the rrnB P1 and RNA-I promoters are indicated by arrows. On the right of each transcription gel (B—E only) the relative abundance of the
transcript originating from the corresponding rrnB P1 promoter derivative in the presence of each RNAP is shown (by definition, the relative abundance of tran-
scripts originating from the rrnB P1 core promoter in the presence of each RNAP would be 100%). The values were calculated from at least three independent
experiments and are presented as a percentage (with standard deviations) of transcript obtained with wild type RNAP.
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and ¢ at some promoters. Recent evidence supports the impor-
tance of such an interaction at the rrnB P1 promoter containing
the proximal UP element subsite (W.E.Ross and R.L.Gourse,
unpublished results; 7,32) and at Class I CRP-dependent
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promoters  (23; N.J.Savery, G.Lloyd, S.J.W.Busby,
M.S.Thomas, R.H.Ebright and R.L.Gourse, unpublished
results). Alternatively, it is possible that insertions between the
—35 hexamer and the UP element result in perturbations in
DNA structure that interfere with oCTD function.

Displacement of the full UP element by two (or more) turns
upstream of 7rnB P1 (i.e. moving the centres of the proximal
and distal subsites to —64 and —75, respectively) essentially
abolishes UP element-dependent stimulation, and displace-
ment of the distal UP element subsite was shown previously to
decrease the efficiency of alCTD binding (15). Conversely,
experiments with promoters containing displaced CRP sites
have revealed that CTD can bind adjacent to CRP at positions
as far as 85 bp upstream of the transcription start site (60,62).
oCTD is also able to access naturally occurring UP elements
located ~80 bp upstream of the Pseudomonas putida Pu
promoter (12) or ~90 bp upstream of the A P, promoter
(40,41). However, in these cases, the interaction between
0o.CTD and more distant DNA binding sites is facilitated by the
binding of the transcription factors CRP and IHF, respectively,
to upstream sequences. Although alCTD can be crosslinked to
DNA sites as far as 63, 73, 83 and 93 bp upstream of the
lac(ICAP)UV5 promoter in the absence of CRP (39), these
presumably transient interactions do not facilitate transcription
initiation.

Figures 3-5 indicate that there is a good correlation between
o linker length, the ability of olCTD to access the UP element
and the degree of UP element-dependent stimulation at the
rrnB P1 promoter. Our observations on the effect of o linker
deletion on transcription from the rrnB P1 promoter are also
broadly similar to the results obtained by Fujita and colleagues
(38), although they reported a more pronounced effect of the
shorter deletion derivatives on transcription in vitro. In
contrast, shortening the o subunit interdomain linker exerted a
strong stimulatory effect on the core rrnB P1 promoter in vivo
(Fig. 4C). This phenomenon was not observed for the UP
element-independent lacUV5 promoter (W.Meng,
S.J.W.Busby and M.S.Thomas, unpublished results). The
decreased efficiency of UP element utilisation by RNAPs
containing deletions within the o subunit linker would be

Figure 4. Effect of o subunit linker length on transcription in vivo from rrnB
P1 promoter derivatives. B-Galactosidase activities were measured in lysogens
of NK5031 harbouring a single copy lacZ fusion to (A) the rrnB P1 promoter
with its natural UP element (RLG3074), (B) the rrnB P1 promoter with the
consensus UP element (RLG4192) or (C) the rrnB Pl core promoter
(RLG2263), in each case transformed with pMGM12, expressing wild type
rpoA, or one of the pMGM12 derivatives expressing mutant rpoA alleles
(pMGM13, pMGM16-pMGM22, pMGM32 or pMGM35), as indicated. For
each rrnB P1 derivative, values are expressed as a percentage of the promoter
activity in the presence of RNAP containing only wild type o, and are the
means (with standard deviation) of three or more independent assays. 100%
activity = 11.4, 1865 and 4983 Miller units, respectively, for the pMGM12
transformants of RLG2263 (core rrnB P1 promoter), RLG3074 (wild type
rrnB P1 promoter) and RLG4192 (consensus rrnB P1 promoter). Fold activa-
tion due to the wild type (D) and consensus (E) UP elements in the presence of
each mutant RNAP derivative is presented as a percentage of the fold activa-
tion in the presence of wild type RNAP (100%). Values were calculated by
expressing the ratios of the wild type (or consensus) rrnB P1 promoter activity
to the core rrnB P1 promoter activity for each RNAP derivative as a percentage
of the ratio obtained in the presence of only wild type RNAP.



expected to result in a transient decrease in rRNA synthesis. As
reported previously (8), when UP element function is compro-
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mised by mutations in rpoA, the activity of an rrnB P1 core
promoter—lacZ fusion increases. For reasons that remain
unclear, the magnitude of the ‘derepression’ observed in the
presence of overexpressed linker modified o subunits was
greater than the ~3-fold increase in core promoter activity
measured in the presence of o subunits devoid of the C-
terminal domain (8). The increase in UP element-independent
promoter activity in the seven rrn operons responsible for
rRNA biosynthesis in E.coli compensates for the decrease in
UP element function and the resulting transient reduction in
ribosome synthesis, a phenomenon referred to as ‘TRNA feed-
back’ (8,58,63). However, the effects of the o linker mutants
on UP element function were apparent in vivo when the effects
of rRNA feedback were taken into consideration (Fig. 4D and
E).

Increasing the length of the o interdomain linker also
impairs transcription from the rrmB Pl promoter, although
RNAP appears less sensitive to linker insertions than deletions.
This result indicates that the length of the wild type o inter-
domain linker is optimal for efficient utilisation of the UP
element at r7nB P1. It is probable that the linker length adopted
by bacterial RNAP results, at least in part, from selective pres-
sure for UP element utilisation at rRNA promoters. In this
context, it is interesting that chloroplasts contain o subunits
possessing considerably longer linkers (37), suggesting that
chloroplast RNAP is not subject to the same constraints as the
bacterial enzyme.

Increasing the length of the linker by 16 amino acids (essen-
tially doubling its length) would be expected to result in
extending the ‘reach’ of oCTD by ~58 A, enough to allow
utilisation of UP elements positioned one or two turns
upstream of the normal location (the pitch of B-form DNA is
34 A per turn). As RNAP containing o subunits with linkers
lengthened by up to 32 amino acids did not increase utilisation
of displaced UP elements, it is possible that the o linkers
containing insertions are not fully extended. Studies by Fujita
and colleagues suggest, in fact, that segments of the o linker
may adopt an ordered (helical) structure under certain condi-
tions (38). In conjunction with the possible requirement for
0—0 interactions and/or DNA structural requirements at the junc-
tion of the —35 region and UP element, the possibility that the
linker has structure might explain why lengthening the linker
does not extend the operational distance of oCTD with respect
to UP element utilisation.

Figure 5. Hydroxyl radical cleavage of the wild type rrnB P1 promoter with
wild type and mutant RNAPs. (A) Autoradiogram of a typical footprinting gel
showing sites within the template (bottom) strand of the wild type rrnB P1
promoter which are protected from hydroxyl radicals by bound RNAP
reconstituted with wild type or mutant o subunits. Lanes 1 and 9, Maxam—Gilbert
G+A reaction; lanes 2 and 8, no RNAP; lane 3, wild type RNAP; lane 4, A6
RNAP; lane 5, A9 RNAP; lane 6, A12 RNAP; lane 7, A235 RNAP. Sequences
comprising the core promoter element (as far downstream as +2) and the UP
element subsites are indicated by black bars. (B) Scan of the footprinting
pattern for each RNAP, reconstituted with the indicated o subunit (magenta
trace), aligned in each case with the scan obtained in the absence of RNAP
(black trace). The scans are averaged from three independent footprinting
experiments. The regions in each scan corresponding to positions around —43
and —53 are underscored by a black bar.
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Figure 6. Effect of extended o subunit linker length on in vitro and in vivo RNAP activity at rrnB P1 promoters containing a displaced UP element. (A) Transcrip-
tion gel showing the results of multiple round in vitro transcription reactions performed with RNAP reconstituted with wild type (WT) or Q13 o subunits on tem-
plates containing the rrnB P1 core promoter (pPRLG4210) (indicated by a ‘-’ sign), and the rrnB P1 promoter in which the consensus UP element is located at the
normal position (pRLG4713) (denoted by a ‘0’), or displaced by the indicated number of base pairs (pRLG4714—pRLG4720). The position of the transcripts
derived from the RNA-I and rrnB P1 promoters are indicated. Promoter activities, as determined from the transcript abundance in at least four in vitro transcription
reactions of the type shown, are presented below each gel lane as fold change in promoter activity relative to the rrnB P1 core promoter, where the core promoter
activity is assigned a value of 1.0 for each RNAP tested. Values of less than unity arise through inhibition of core promoter activity. Standard deviations were within
22% of the mean and are omitted for clarity. (B) Effect of extended o subunit linker length on in vivo RNAP activity at rrnB P1 promoters containing a displaced
UP element. B-Galactosidase activities were measured in lysogens of NK5031 harbouring a single copy lacZ fusion to the rrnB P1 core promoter (RLG3097)
(indicated with a ‘=’ sign) or the rrnB P1 promoter containing a consensus UP element located at the normal position (RLG4721) (denoted by a ‘0’), or displaced
upstream of the normal location by the indicated number of base pairs (RLG4722—RLG4727). Each lysogen contained pLAW?2, expressing wild type rpoA (black
bars), or a pLAW?2 derivative encoding the Q6 o subunit (pMGM19; white bars) or the Q13 o subunit (pMGM21; hatched bars). Values are expressed as a per-
centage of the activity in the RLG4721/pLAW?2 transformant (100%) and are the means (with standard deviation) of three or more independent assays. 100%

activity = 4897 Miller units.
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