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ABSTRACT

The Escherichia coli cAMP receptor protein (CRP)
activates transcription initiation at many promoters
by binding upstream of core promoter elements and
interacting with the C-terminal domain of the RNA
polymerase « subunit. Previous studies have shown
stringent spacing is required for transcription acti-
vation by CRP. Here we report that this stringency
can be altered by the nature of different promoter
elements at target promoters. Several series of CRP-
dependent promoters were constructed with CRP
moved to different upstream locations, and their ac-
tivities were measured. The results show that (i) a full
UP element, located immediately downstream of the
DNA site for CRP, relaxes the spacing requirements
for activation and increases the recruitment of RNAP
and open complex formation; (ii) the distal UP sub-
site plays the key role in this relaxation; (iii) modifi-
cation of the extended —10 element also affects the
spacing requirements for CRP-dependent activation.
From these results, we conclude that the spacing
requirements for CRP-dependent transcription acti-
vation vary according to the sequence of different
promoter elements, and our results are important for
understanding the organization of promoters in many
different bacteria which are controlled by transcrip-
tion factors that use activatory mechanisms similar
to CRP.

INTRODUCTION

Promoter recognition by the multi-subunit bacterial RNA
polymerase holoenzyme (RNAP) is the first step in the path-
way to transcript initiation in bacteria, and, for many bac-
terial genes, this is the primary target where their expres-
sion is regulated. This recognition involves interactions be-
tween different promoter elements and determinants in the

RNAP o and « subunits (1-3). In Escherichia coli, the pri-
mary o factor, o’°, carries four conserved domains and has
been said to ‘orchestrate’ transcript initiation (2). Determi-
nants in ¢’ domains 2 and 4 respectively recognize pro-
moter —10 and —35 elements, whilst some promoters lack
a specific —35 element, but bear an extended —10 element
immediately upstream of the —10 element, which is recog-
nized by domain 3 (4). Concerning the RNAP « subunit,
its primary role is in RNAP assembly, but the C-terminal
domain of each a subunit (¢CTD) binds to short sequence
elements known as UP elements that are found upstream
of the —35 element at many promoter (5). Previous reports
have shown that a«CTD is connected to the o N-terminal
domain (aNTD), hence the rest of the RNAP, by a flexible
linker, and this appears to permit some flexibility in where
UP elements can be placed (1,5). Interestingly though, to be
functional, UP elements must be placed such that «CTD is
bound to the same face of the promoter DNA as the rest of
the RNAP, and, at some promoters, there is a direct inter-
action between a«CTD and domain 4 of ¢”° (6).

At many bacterial promoters, the base sequences of the
different elements are such that RNAP recruitment is inef-
ficient, and an activator protein is required. Such activators
provide a simple way to couple transcription to environ-
mental signals. Although some bacterial transcription ac-
tivators function by more complex mechanisms, many ac-
tivators simply make a direct contact with RNAP that re-
cruits RNAP to the target promoter (reviewed in 7). Essen-
tially, the direct contact between the bound activator and
RNAP compensates for defects in RNAP-promoter DNA
interactions. The simplest scenario is found at so-called
Class I activator-dependent promoters, where the activator
binds to a target located upstream of the promoter and then
makes a direct interaction with «CTD that recruits aCTD,
and thereby the rest of the RNAP, to the promoter. At many
of these promoters, the dependence of the promoter on the
activator is due to the lack of an UP element, but in some
cases, the activator and an UP element function synergically
in the recruitment of RNAP to the promoter (5,8).
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The most studied bacterial activator is the E. coli cyclic
AMP (cyclic adenosine monophosphate) receptor protein
(CRP, also known as CAP, catabolite activator protein),
which is a global transcription factor that modulates expres-
sion from hundreds of promoters (9). At many of these, it
activates transcription through a Class I mechanism, bind-
ing to a target positioned 60-90 base pairs upstream from
the transcript start point. Extensive studies have shown
that, irrespective of the target site location, the same surface
of bound CRP (known as Activating Region 1, AR1) inter-
acts with the same surface of «CTD (known as the 287 de-
terminant) and it has been supposed that this is due the flex-
ible linker joining « NTD and « CTD (reviewed in 10). To in-
vestigate this further, several groups constructed families of
promoter constructs carrying the same DNA site for CRP at
different locations upstream of the same promoter elements,
and revealed the importance of stereospecific positioning of
CRP with respect to and RNA polymerase, with peaks of
activation observed when the DNA site for CRP could ac-
tivate transcription was centered near positions 61, 71, 82
or 93 base pairs upstream from the transcript start (11,12).
These studies concluded that Class I activation at promoters
required CRP and RNAP to be bound on the same face of
the DNA helix, with activation becoming less as the DNA
site for CRP is located further upstream, likely due to the
energetic cost of stretching the RNAP « inter-domain linker
to facilitate the interaction between the «CTD 287 deter-
minant and AR1 of CRP. These studies also showed that
CRP-dependent activation fell sharply as the DNA site for
CRP was moved from the optimal positions, where CRP
and RNAP are on the same face of the DNA helix, indi-
cating a limited flexibility within the linker of the o sub-
unit. This can be attributed either to the energy required
for «CTD to bind to a different face of the DNA helix, or
to the energy needed to distort the promoter DNA to bring
bound CRP, «CTD and the rest of RNAP back to the same
face of the DNA helix.

In this study, we report that the stringency of the spacing
requirement for Class I activation by CRP can be relaxed
by the introduction of an UP element immediately down-
stream of the DNA site for CRP. The previous study of Law
et al. (13) showed that Class I activation by CRP could be
enhanced by the presence of an UP element located immedi-
ately downstream of the DNA site for CRP, and the effects
of positioning the UP element at different locations were
investigated. Hence, here, we exploited the constructions
where the UP element resulted in optimal enhancement, in
order to measure its effects on the stringency of the require-
ments for positioning the DNA site for CRP. Involvement
of the UP element significantly increases the recruitment
of RNAP, and stabilizes its binding and we suggest that
this allows stabilization of the less favorable (distorted) con-
formation needed for a productive CRP-RNAPIpromoter
complex to form at some promoters. We argue that, since
many CRP-dependent promoters carry sequences resem-
bling UP elements immediately downstream of the DNA
site for CRP, and the location of the CRP binding site dif-
fers from promoter to promoter, our finding will be impor-
tant for predicting the activity patterns of as yet uncharted
promoters that are dependent on CRP or other Class I acti-
vators, and for understanding their architecture. In a second

set of experiments, we show that the introduction of a con-
sensus extended —10 element into a Class | CRP-dependent
promoter produces a similar relaxation in the stringency
of the spacing requirements for activation. Since promot-
ers with consensus extended —10 elements are relieved of
the requirement for anchoring of o’ region 4 to the —35
element, we argue that DNA flexibility is likely to be the
predominant factor linking activation and binding site lo-
cation.

MATERIALS AND METHODS
Strains, plasmids and promoters

All the CRP-dependent promoters described here were car-
ried on EcoRI-HindIII fragments and are derivatives of the
E. coli melR promoter, carrying a consensus DNA site for
CRP (12). General cloning vector pAA121 was exploited
for cloning and propagation. For measurement of promoter
activities, the fragments were cloned into the low copy-
number /ac expression vector, pRWS50 (14). Recombinant
plasmids were propagated in the E. coli K12 Alac strain,
VH1000, or in the Acrp derivative, VH1000Acrp. By con-
vention, promoter sequences are numbered with the tran-
script start taken as +1, with upstream sequences prefixed
‘—’. Many of the promoters used in this work are denoted
CC(—X)a(—=Y) where —X is the position of the center of
the DNA site for CRP, and —Y is the position of the last
of four thymines on the non-template strand in the middle
of the UP element as previously adopted (8,13). Derivatives
of these promoters with varying distal or proximal UP sub-
site are denoted CC(—X)dis or CC(—X)pro (Figure 1). Pro-
moters with the promoter-distal UP subsite replaced by the
promote-proximal subsite sequence are denoted CC(—X)pd
(Figure 1).

Construction of promoters

The starting point was the EcoRI-HindIII fragment carry-
ing the CC(—72.5) promoter (i.e. the center of the DNA site
for CRP is located between base pairs 72 and 73, upstream
from the transcript start). Polymerase chain reaction (PCR)
mutagenesis was used to increase or delete DNA between
the CRP binding site and transcription start point to yield
a series of promoters with the binding sites for CRP shifted
with and increment of 1 base pair. The relevant promoters
are described in Figure 1a. Each CRP-dependent promoter
was modified by introducing a full UP element 4 base pairs
downstream of the DNA site for CRP and the resulting set
of promoters are described in Figure 1b. A subset of these
promoters was modified so that they carried either just the
promoter-distal (Figure 1c¢) or promoter-proximal (Figure
1d) UP element subsite. Finally, a set of promoters was con-
structed by replacing the promoter-distal UP element sub-
site with the promoter-proximal subsite sequence (Figure
le).

Construction of CRP-dependent promoters with a modified
‘extended —10’ element

The MUTI1 and MUT?2 series of promoters were derived
by PCR from certain of the promoters in Figure la by
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a -80 =70 -60 -50 -40 -30 -20 -10 +1
CC(-65.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCATTCGCGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-66.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCGATTCGCGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-67.5) CGGGGATCAGGTAAA] CATCA TCCAGATTCGCGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA

CC(-68.5) CGGGGATCAGGTAAAT TG ATGGATCCCAGATTCGCGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-69.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCTCAGATTCGCGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-70.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCATCAGATTCGCGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-71.5) CGGGGATCAGGTAAA GTACATC; GGATCCGATCAGATTCGCGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-72.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCAGATCAGATTCGCGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-73.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCAGATCAGATTCGCGAGGTTCTTTAAAGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-74.5) CGGGGATCAGGTAAAT TA CA TCCAGATCAGATTCGCGAGGTTCTTTAAATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-75.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCAGATCAGATTCGCGAGGTTCTTTAAAATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-76.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCAGATCAGATTCGCGAGGTTCTTTAAACATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-78.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCAGATTCGCGAGGTTGAGCTCGGTACCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-79.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCCAGATTCGCGAGGTTGAGCTCGGTACCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-80.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCTCAGATTCGCGAGGTTGAGCTCGGTACCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-81.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCATCAGATTCGCGAGGTTGAGCTCGGTACCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-82.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCGATCAGATTCGCGAGGTTGAGCTCGGTACCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-83.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCAGATCAGATTCGCGAGGTTGAGCTCGGTACCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-84.5) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCCAGATCAGATTCGCGAGGTTGAGCTCGGTACCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
b -80 -70 -60 -50 -40 -30 -20 -10 +1
CC(-65.5)0(-39) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-66.5)0(-40) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-67.5)0(-41) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCTGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-68.5)0(-42) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-69.5)0(-43) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-70.5)0(-44) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCCCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-71.5)0(-45) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCTCCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-72.5)0(-46) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCCTCCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-73.5)0(-47) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCCATGCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-74.5)0(-48) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCCCATGCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-75.5)0(-49) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCTCCATGCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-76.5)0(-50) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCCTCCATGCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-78.5)0(-52) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCTGGGAGCTCGGTACATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-79.5)0(-53) C TCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTA AAATTTCATGGAGCTCGGTACGATCCCCCCTCACTCCTGCCATAATTCTGATA

CC(-80.5)0(-54) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCCATGAGCTCGGTACGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-81.5)(-55) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCCCAGAGCTCGGTACTGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-82.5)a(-56)  CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCTCCGAGCTCGGTACATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-83.5)a(-57)  CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCCTCGAGCTCGGTACCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-84.5)a(-58) CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAAATTTCCATGAGCTCGGTACGCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA

c -80 -70 -60 -50 -40 -30 -20 -10 +1
CC(-67.5)dis CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-68.5)dis CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA

CC(-69.5)dis CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-70.5)dis CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-71.5)dis  CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-72.5)dis  CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTCGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-73.5)dis CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGAAAATTATTTTCGAGGTTCTTTAAAGGATCCCCCCTCACTCCTGCCATAATTCTGATA

d 70 -60 -50 -40 30 20 -10 +1
CC(-67.5)pro COGGGATCA JCCCCTCACTCCTGCCATAN
CC(-68.5)pro COGGGATCAGGTAAATGTGATGTACATCACATGGATCTCAGATTCGCGAGAAATTTCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA

CC(-69.5)pro CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTTCAGATTCGCGAAAATTTCCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-70.5)pro CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTATCAGATTCGCGAAATTTCCCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-71.5)pro  CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTGATCAGATTCGCAAATTTCTCCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-72.5)pro  CGGGGATCAGGTAAATGTGA ACATGGATCTAGATCAGATTCGAAATT TGGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-73.5)pro CGGGGATCAGGTAAATGTGATGTACATCACATGGATCTAGATCAGATTCGAAATTTCCATGCATGGATCCCCCCTCACTCCTGCCATAATTCTGATA

e -80 -70 -60 -50 -40 -30 -20 -10 +1
CC(-67.5)pd CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCAAATTTCTGGGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-68.5)pd CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCAAATTTCATGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-69.5)pd CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCAAATTTCCATGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-70.5)pd CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCAAATTTCCCACGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-71.5)pd CGGGGATCAGGTAAA CATCACATGGATCCAAA’ GGTTCTTTAAAGATCCC ACTCCTGCC, ATA

CC(-72.5)pd  CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCAAATTTCCTCCGCGAGGTTCTTTAAAGATCCCCCCTCACTCCTGCCATAATTCTGATA
CC(-73.5)pd  CGGGGATCAGGTAAATGTGATGTACATCACATGGATCCAAATTTCCATCGCGAGGTTCTTTAAAGGATCCCCCCTCACTCCTGCCATAATTCTGATA

Figure 1. Base sequences of Class I CRP-dependent promoters. The sequences of the non-template strands of different promoters constructed in this
study are shown. Sequences are numbered with the transcript start site as +1. The locations of the DNA sites for CRP are are single underlined. The UP
elements/UP subsites are wavy underlined. The extended —10 motifs are shadowed. The different promoters are named according to the location of the
UP element and the DNA site for CRP. (a) A set of promoters where the location of the DNA site for CRP was varied. (b) A set of promoters where both
the location of the UP element and the DNA site for CRP were varied synchronously. (¢) A set of promoters where both the location of the distal UP
subsite and the DNA site for CRP were varied synchronously. (d) A set of promoters where both the location of the proximal UP subsite and the DNA
site for CRP were varied synchronously. (e) A set of promoters where the sequence of the proximal UP subsite in (d) are placed to the position of distal
UP subsite.
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introducing a consensus extended —10 element (MUT?2:
“"TGTGC~ ") or an extended —10 element that bore no
relation to the consensus (MUT1: ~'7CCACC—1).

Assays of promoter activity in vivo

To assay the activity of the different promoters, EcoRI-
HindIII fragments were cloned into the broad host-range,
low copy-number Jac expression vector, pPRWS50, placing
the lac genes under the control of the promoter. The re-
sulting plasmids were transformed into the Alac strains,
VH1000 or VHI1000A crp, and transformants were grown in
Luria—Bertani (LB) broth supplemented with appropriate
antibiotics. B-galactosidase expression was measured ex-
actly as described previously using the Miller method (15).
The CRP-dependence of any promoter was judged by com-
paring its activity in the VH1000 and VH1000Acrp back-
grounds.

Calculation of activation factors

To describe the relative dependence of any promoter on
CRP, we defined an ‘activation factor’ as follows: (i) The
B-galactosidase activities from the same series of promot-
ers are measured in both strains VH1000 and VHI1000A crp;
2) For each promoter, the B-galactosidase activity mea-
sured in strain VH1000 is then divided by the whole aver-
age (-galactosidase activities from the same series of pro-
moters measured in strain VH1000Acrp to get its acti-
vation factor. For example, for the promoters with both
CRP binding site and UP element, CC(—65.5)a(39) to
CC(—84.5)a(58), each plasmid is transformed into both
strains VH1000 and VH1000Acrp, and single colony from
VH1000/VH1000Acrp is incubated in LB broth until the
ODggp is around 0.4. Then the B-galactosidase activity
for each promoter from both VH1000 and VH1000Acrp
background is measured according to Miller method
(15). Afterwards, the whole average value for promoters
from CC(—65.5)a(—39) to CC(—84.5)a(—58), measured in
VH1000A crp background, is calculated.

Activation factorcc(_xx, S)a(—yy) =

ﬂ - gal aCtiVitYCC(—xx.5)0:(—yy)

Average 8 — gal activitypomec(—65.5)w(—39) to CC(—84.5)a(—58)

ELECTROPHORETIC MOBILITY SHIFT ASSAY

Reaction mixtures containing a 5 nM DNA fragment, 30
nM CRP, and 30 nM RNAP were incubated in binding
buffer (20 mM Tris-HCI, pH 7.9, 100 mM NaCl, 3 mM
MgCl,, 0.1 mM EDTA, 0.1 mM DTT, 5% glycerol, 50 p.M
cAMP, 50 pg/mL BSA) and assayed as follows. Firstly, 5
nM 5’ digoxin labelled DNA fragment was incubated with
30 nM CRP for 30 min at 22 °C in 16 L reaction mixtures;
then 30 nM RNAP was added and incubated for 30 min at
22 °C; finally, 3 L of 50 pg/mL of heparin was added for
3 min to perform the heparin challenge. After this, the com-
plexes were analyzed by native gel electrophoresis at room
temperature. The gel contained 6% polyacrylamide, 7.5%
glycerol, and 45 mM Tris-borate (pH 8.3), 1 mM EDTA

—o0— CRP box only

—A— CRP box and UP element

£ 500
25,

655 665 -67.5 685 695 705 715 725 735 745 755 765 785 795 805 8L 825 835 845

Position of DNA site for CRP

Figure 2. The activation of promoter activity by CRP-cAMP
with the UP element. B-Galactosidase activities were measured in
VH1000crp* /VH1000Acrp cells carrying different Class 1 CRP-
dependent promoters cloned into the Jac expression vector pRWS50.
Promoter activation by CRP-cAMP is calculated as the crp® value
at each distance divided by the average Acrp value. Cells were grown
exponentially in Luria-Bertani broth containing 35ug/ml tetracycline,
and B-galactosidase expression was measured by the Miller protocol;
activities are expressed in Miller units of B-galactosidase activity. Each
value is the mean + S.D. of at least three independent assays.

(TBE). After electrophoresis, the steps remaining were car-
ried out according to Roche DIG Shift Kit, 2"¢ Generation.

RESULTS AND DISCUSSION

Spacing requirements for CRP-mediated activation, and its
dependence on an UP element

The starting point of this work was the set of promoters il-
lustrated in Figure la in which a consensus DNA site for
CRP was positioned at different locations upstream of E.
coli melR promoter, whose activity is completely depen-
dent on CRP (12). The locations were varied from position
—65.5 to position —84.5 by one base pair intervals. Each
promoter was cloned on an EcoRI-HindIII fragment and,
to measure its activity, the fragment was cloned into the
PRWS50 lac expression vector, and B-galactosidase activi-
ties were measured in E. coli VH1000 Alac and VH1000
Alac Acrp host cells. The results, illustrated in Figure 2 and
Supplementary Figure S1, confirm that promoter activity is
CRP-dependent and that, as expected (12), ‘peaks’ of CRP-
dependent activity are seen when the DNA site for CRP is
located at position —71.5 or —82.5.

To evaluate the effect of an UP element on CRP-
dependent activation, the 22 base pairs UP element from
the E. coli rrnB P1 promoter (16) was introduced imme-
diately downstream of the CRP binding site at each pro-
moter and the assays were repeated. The design of these
promoters, illustrated in Figure 1b, was informed by previ-
ous studies that had investigated the optimal juxtaposition
between DNA sites for CRP and UP elements (8,13). By
convention, the different promoters are named after the lo-
cation of the DNA site for CRP, and the UP element, with
respect to the transcript start site. We first used the Acrp
host cells to check whether the UP elements altered the very
low promoter activity in the absence of CRP. The results, il-
lustrated in Figure S1, show that the UP elements in the
newly constructed promoters cause only a small stimula-
tion in CRP-independent promoter activity, relative to the
starting promoters. Next, the promoters were assayed in the



crp* background, and the results (Figure 2, Supplementary
Figure S1) show that the UP element, in combination with
CRP, causes a large increase in the activity of many of the
promoters. For example, the CC(—70.5)a(—44) promoter is
more active than the CC(—70.5) promoter, and large effect
is seen when the CRP binding site is moved one helical turn
upstream. On the other hand, for promoters where CRP is
bound on the other face of the DNA (for instance, at po-
sition —75.5), the presence of the full UP element did not
increase promoter activity.

The results in Figure 2 show that the presence of an UP
element causes a more relaxed phasing-dependent pattern
of CRP-dependent expression. For example, the promoters
in the series from CC(—68.5)a(—42) to CC(—72.5)a(—46)
exhibit similar activities in c¢rp* cells. This contrasts with
the ‘peak’ of CRP-dependent expression observed with the
CC(—71.5) promoter lacking an UP element. To elimi-
nate the possibility that the observed effects were due to
the creation of alternative promoters, we followed the ap-
proach adopted previously to change the —10 hexamer from
CATAAT to CGTAAT (8). Data presented in the Supple-
mentary Material (Supplementary Figure S2) show that this
change completely suppresses the activity of all the promot-
ers tested, indicating that no alternative promoter had been
created or unmasked during the introduction of the UP el-
ements. A further control experiment showed that CRP-
dependent activation of the promoters in the series from
CC(—65.5)a(—39) to CC(—84.5)a(—58) was dependent on
the interaction between AR1 of CRP and the 287 deter-
minant of «CTD, as the data in Supplementary Figure S3
show that the H159L substitution in CRP that inactivates
ARI1 (9) completely suppresses CRP-dependent activation
at the different promoters.

To explain why the presence of an UP element causes
a more relaxed phasing-dependent pattern of CRP-
dependent expression, we suggest that the synergistic bind-
ing of CRP and «CTD to their respective sites facilitates
the flexibility needed to facilitate contact between AR1 of
CRP and the 287 determinant of «CTD at the different pro-
moters. The EMSA (Electrophoretic Mobility Shift Assay)
experiments (Supplementary Figure S4) were performed to
analyze the ternary RNAP-CRP-promoter complexes at
the CC(—68.5) and CC(—68.5)a(—42), and demonstrated
that the UP element significantly increased the recruitment
of RNAP and open complex formation.

UP element effects on CRP-mediated activation depend on
the distal UP subsite

Previous studies have shown that UP elements consist of
two 11 base pair subsites, each of which is recognized by
the C-terminal domain of one of the two RNAP a sub-
units (17,18). To investigate whether the effects we had ob-
served with the full 22 base pair rrnB P1 UP element were
due one subsite or the other, we modified the CC(—67.5) to
CC(—73.5) series of promoters to carry either the promoter-
distal subsite (Figure lc: dis series) or the promoter-
proximal subsite (Figure 1d: pro series). These new promot-
ers were cloned into lac expression vector, pPRWS50 and 8-
galactosidase activities were measured in the crp* strain,
VHI1000. The results (Figure 3a and Supplementary Fig-
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—a— CRP box and UP element —a— CRP box and UP element
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Position of DNA site for CRP Position of DNA site for CRP

—e— distal UP subsite

60 1 —p— distal UP subsite replaced with proximal sequence

—a— proximal UP subsite

Activation factor

675 685 69.5 705 715 725 735

Position of DNA site for CRP

Figure 3. The activation of promoter activity by CRP-cAMP
with a UP subsite. B-Galactosidase activities were measured in
VH1000crp* /VH1000Acrp cells carrying different Class 1 CRP-
dependent promoters cloned into the /ac expression vector pRW50. The
binding center for CRP was shown on the x-axis. (a) Promoters carried
both a CRP binding site and a distal UP subsite. (b) Promoters carried
both a CRP binding site and a proximal UP subsite. (¢) Promoters carried
a CRP binding site and a proximal UP subsite sequence on the position
of the distal UP subsite. The activation factor in a, b and ¢ was calculated
as taking the promoter value in crp* background divided by average Acrp
value within the same set of promoters.

ure S5) showed that the distal UP subsite caused an overall
stimulation of CRP-dependent activation, and relaxed the
spacing requirement for CRP-dependent activation, similar
to the full UP element. In contrast, whilst the promoter-
proximal UP subsite caused increases in promoter activity
(Figure 3b), the profile of the dependence of activation by
CRP on location of the DNA site for CRP was unaltered
(Supplementary Figure S5).

Taken together, our results indicate that it is the distal
UP subsite that is responsible for relaxation of the spacing
requirement for CRP-dependent activation. To check that
these results were not simply due to a peculiarity of the base
sequence of the upstream part of the rrnB P1 UP element,
we constructed the CC(—67.5) to CC(—73.5) pd series of
promoters, in which the promoter-distal UP element subsite
sequence was replaced with the promoter-proximal subsite
sequence (Figure le: pd series). Data illustrated in Figure
3c and Supplementary Figure S5 show that the spacing re-
quirements for CRP-dependent activation are relaxed irre-
spective of the precise promoter-distal UP element subsite
sequence. Hence, we propose that, for an UP subsite to ex-
ert its effects on CRP-dependent activation, it is its location,
rather than its sequence, that matters.
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Figure 4. The activation of promoter activity by CRP-cAMP with a
modified extended —10 element. Mut 1 and Mut 2 series of promoters
are derivatives of the CC(—n) promoters listed in Figure la. The Mut
2 series, carries an extended —10 element (~!"TGTGc™'3) that resem-
bles the consensus (~17TRTGn~!3), whilst the Mut 1 carries a sequence
(17CCACc™13) that has no extended —10 element function (19). Activa-
tion factors were calculated by taking the measured promoter activity in
the crp™ background divided by activity in the Acrp background.

Effects of an extended —10 motif

To investigate any effects of the extended —10 motif on
the profile of CRP-dependent activation, we modified the
CC(—67.5) to CC(—73.5) series of promoters to carry either
a consensus extended —10 element ("!"TGTGC~13: MUT2
series) or an extended —10 element that bore no relation to
the consensus ("'7CCACC~!3: MUT]1 series) (19). The ac-
tivities of the two series of promoters were measured in the
VH1000 crp* strain and the results are illustrated in Fig-
ure 4. The results show that the presence of a consensus ex-
tended —10 element increases promoter activity and causes
a relaxation in the spacing requirement for CRP-dependent
activation, similar to that observed with the UP element
in the ‘dis’ series of promoters (Figure 3, Supplementary
Figure S6). Weakening of the extended —10 element of the
MUT]I series leads to a more stringent spacing requirement
for CRP-dependent activation (compare data in Figures 2
and 4). We also introduced a near-consensus —35 hexamer
element ("3 TTAACA~3%) to the CC(—67.5) to CC(—73.5)
series of promoters, as a control. Comparison of data in Fig-
ure 4, Supplementary Figure S6 and S7 shows that improve-
ment of the promoter —35 element has little or no effect on
the stringent spacing requirements, unlike the presence of
a consensus extended —10 element (note that we were con-
strained here by the need to use —35 element that did not
release the promoters’ dependency on CRP).

CONCLUSIONS

Studies of CRP and its activities have shown that it binds
to hundreds of target sites in E. coli and is a global reg-
ulator of transcription (20-22). At many targets, bound
CRP activates transcript initiation at a neighboring pro-
moter by making a direct interaction with RNAP «CTD
that recruits aCTD, and thereby the rest of the RNAP, to
the promoter (10,23). At these promoters, known as Class [
CRP-dependent promoters, CRP increases the initial bind-

ing of RNAP, and optimal CRP-dependent activation oc-
curs when CRP is located on the same face of the DNA helix
as the rest of RNAP (23-25). Hence, activation occurs when
the DNA site for CRP is centered near positions —61.5,
—71.5, —82.5 or —92.5 upstream from the transcript start,
but, all other factors being equal, activation becomes pro-
gressively weaker as bound CRP moves further upstream,
likely because of the energy cost of separating «CTD from
the rest of the RNAP (10).

Previous reports have stressed the stringency of the spac-
ing requirements for activation by CRP and activation falls
off rapidly as the DNA site for CRP is moved from these
activatory locations (11,12). This must be due to the pro-
hibitive energy cost of distorting the RNAP « inter-domain
linker to permit aCTD to track round the DNA to interact
with CRP, or, alternatively, the energy cost of twisting the
DNA to bring CRP, aCTD and RNAP back into register
on the same face of the DNA.

In this study, first, we report that an UP element, juxta-
posed downstream of a CRP binding site, relaxes the spac-
ing requirement for CRP action (Figure 2), and the effect
is due to the «CTD that is bound immediately adjacent to
CRP:. Since, the DNA-bound CRP must make a direct inter-
action with DNA-bound aCTD, we suggest that the energy
of formation of the CRP-aCTD-DNA complex compen-
sates for the energy needed either to distort the RNAP «
inter-domain linker or to twist the promoter DNA.

Our second major result is that, in the absence of an UP
element, a consensus extended —10 element also reduces the
stringency of the spacing requirement for CRP-mediated
activation (Figure 4a). To explain this, we suggest that it is
DNA flexibility that is the paramount factor in accommo-
dating Class I CRP-dependent activation at promoters with
CRP bound at different locations. Recall that the presence
of a consensus-like extended —10 element at a bacterial pro-
moter aids the interaction of ¢ with the promoter DNA,
and can make the —35 element redundant and negate the
need for o7° region 4 to contact the —35 element (4,19). This
will extend the length of the DNA sequence downstream of
bound CRP that can be distorted to facilitate the interac-
tion between CRP and aCTD, thereby reducing the ener-
getic cost of the distortion. Consistent with this, the spacing
requirement for CRP-mediated activation is unchanged by
improvement of the —35 element.

The main conclusion from this study is that the stringency
of the spacing requirement for CRP-dependent activation is
dependent on the nature of the promoter elements. Hence,
location is not the sole factor determining whether a bound
CRP molecule is competent for Class I-type transcription
activation. This may provide a rationale for the existence
of UP-like sequences, located immediately downstream of
CRP sites at many different CRP-regulated promoters, and
the apparent ‘non-optimal’ architecture of some of these
promoters (Figure 5; see also Ref. 26). It may also explain
the full variety of binding locations seen for many differ-
ent transcription activators, as well as providing a frame-
work for understanding promoter architectures in newly se-
quenced bacterial genomes.
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Location of DNA site

promoter for CRP o factor Partial promoter sequence (5'->3’)
acs P2 -69.5 o 0" CTTTTGCGTGATCTGTCGCCCAAATACTAAACAAAACTGCCAATAC
ascF P -70.5 o”° TATTCAGGTGACCGGTTTCACAAATATAAAAAATGAACAATTCACT
csiD P -68.5 o’ TAATTTGTTGCTTTTGATCACAATAAGAAAACAATATGTCGCTTTT
cstA P1 -89.5 TAACGGAGTGATCGAGTTAACATTGTTAAGT TAAATATTGGTTTCA
exuT P2 -161.5 TATTTTCGTGAGTTAGATCAATAAACGTAGTTAAAAAAATTACTCT
fixA P -126.5 o’ AATATTGGTGATCCATAAAACAATATTGAAAATTTCTTTTTGCTAC
fur P1 -77.5 o”° TGTAAATGTAAGCTGTGCCACGTTTTTATTAACAATATTTGCCAGG
glnA P1 -71.5 o’ GTCCCTTTGTGATCGCTTTCACGGAGCATAAAAAGGGTTATCCAAA
glpABC P -90.5 o ATTAAATGTGAATTGCCGCACACATTATTAAATAAGATTTACAAAA

hlyE P -61.5 ACATTGTTTGATATTTATCATATTAATAGAAATAAAGACATTGACG

upB P3 -83.5 o CAAAATAGTGACCTCGCGCAAAATGCACTAATAAAAACAGGGCTGG
kbaZ P -60.5 o’ TTCTTTTGTGAATCAGATCAGAAAACCATTATCTTTCGTTTTATTT
malT P -70.5 o’ TGGAATTGTGACACAGTGCAAATTCAGACACATAAAAAAACGTCAT
malX P -101.5 o’ TGATTATGTGACAGATAAAACGTTTTACCTTTTATTTATCTTATAC
mhpA P -95.5 o”° TTGTTCTGCATATTAATTGACATTTCTATAGTTAAAACAACGTGGT
ompF P -92.5 o TTAAATTTTACTTTTGGTTACATATTTTTTCTTTTTGAAACCAAAT
rhasS P -91.5 o 0" GCATTTCCTGAAAATTCACGCTGTATCTTGAAAAATCGACGTTTTT
sdhCP -83.5 o”° TGTTATCGTGACCTGGATCACTGTTCAGGATAAAACCCGACAAACT
ulaA P -60.5 70 ATTATTTGCGGGTCGCGTCACATTTAATCATAAATAATCTTGTTGT

Figure 5. Alignment of CRP-dependent promoters from Escherichia coli K-12. (taken from RegulonDB) The CRP binding sites are single underlined, whilst
downstream sequences resembling the UP subsites are wavy underlined. The consensus sequence for distal UP subite is 5-NNAWWWWWTTTTN-3';
The consensus sequence for proximal UP subsite is 5-AAAAAARNR-3'.
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