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ABSTRACT: The interactions between the cAMP receptor protein (CRP) and RNA polymerase during
transcriptional activation at thiéscherichia coli malTpromoter have been analyzed using a combination

of footprinting methods. We show that a closed complex is formed at this promoter in the absence of
activator and that CRP merely stabilizes the open complex. oFsgbunits of the RNA polymerase are
involved in this effect as shown by KMnQootprinting. The open complex formed in the presence of
CRP is structurally identical to the one found at a CRP-independent promoter up-mutant. UV-laser
footprinting yields distinct signals for the different proteiDNA interactions within the complex and for
interactions between CRP and RNA polymerase. We monitor these signals in promoter variants that
place the CRP binding site at different distances upstream of the start site of transcription. Signals within
the core promoter region, as well as those located just upstream ef3hdiexamer, are unaffected by

the position of the CRP binding site. Contacts of RNA polymerase with the upstream promoter region
change in a mutant RNA polymerase containing a truncatedbunit. We conclude that at least one of

the a-subunits of RNA polymerase binds to DNA upstream of ##&5 hexamer and that this interaction

is unaffected by the position of the CRP binding site. We discuss models that account for the different
activities of CRP in transcriptional activation as a function of promoter geometry.

A large number oEscherichia colpromoters are activated | promoters possess a CRP binding site center@tl.5 base
by the cAMP-CRP complex (called CRP in this article). pairs from the start site of transcription or at integral helical
The molecular mechanism of activation has been intenselyturns further upstream. CRP-activated promoters with a CRP
studied and represents a paradigm for the interactionsbinding site centered at50.5 have not been observed. By
between an activator and RNA polymerase (Kolb et al., this definition, the class | promoters constitute a heteroge-
1993a; Busby & Ebright, 1994). Despite the numerous neous collection of promoters with the common feature that
experiments performed with this model system, some of the the CRP binding site is located on the same face of the
molecular details of activation remain elusive. Transcrip- double helix upstream of the promoter. The most intensely
tional activation implies that the interactions between CRP gtydied promoter of this type is tiec promoter with a CRP
and the RNA polymerase modify the properties of RNA pinding site centered at position61.5 with respect to the
polymerase in such a way as to increase the rate ofgiart site of transcription. It is generally assumed that the

transcriptional initiation. In this article, we investigate the ,achanism of transcriptional activation is the same at all
details of RNA polymerasepromoter contacts and the (355 | promoters (Zhou et al., 1994). In this article, we

modifications induced by CRP on these interactions using a oy amine the structural basis of this assumption by analyzing

combination of footprinting techniques. the contacts within the activation complexes formed at the

One of the most intriguing features of transcriptional 4T promoter (CRP binding site at70.5) and at variants
activation by CRP is the observation that CRP can activate o ihis promoter placing the CRP binding site further

transcription when placed at many different positions up- upstream.

stream of the transcription start site. The only obvious . .

requirement appears to be a correct helical phasing between 1h€ understanding of the mechanism of CRP-dependent

CRP and the RNA polymerase (Gaston et al., 1990; Ushida transcriptional activation has been considerably advanced in

& Aiba, 1990). the past few years by the study of mutants of CRP or of
Mostly on the basis of genetic criteria, CRP-activated RNA pplymerase subunits that possess altered act!vation

promoters have been divided into two classes (Ebright, 1993).Properties. Mutants of CRP that bind to the target site on

Class Il promoters are characterized by a CRP binding site the DNA, but fail to activate transcription (positive control

that overlaps the—35 hexamer of the promoter. The OF PC mutants), have been used to show that a particular

prototype of a class Il promoter is tigalP1promoter. Class  egion (activating region I, ARI) located at the surface of
the known structure of the CRP dimer is responsible for

activation atlac-type promoters (Bell et al., 1990; Eschen-
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al., 1994; Williams et al., 1996). the footprinting experiments with thmalT promoter, the
Activating region | of CRP is thought to make direct Sal/BanHI fragment of plasmid pOM35 (Raibaud et al.,
protein—protein interactions with the RNA polymerase 1991) has been recloned into the polylinker of pBluescriptl|
a-subunit (Ishihama, 1993; Chen et al., 1994; Tang et al., KS*. The malTpl and malT variants that differ in the
1994; Murakami et al., 1996); mutants of tesubunit that location of the CRP site were constructed as described in
no longer respond to activation by CRP have been isolatedDéthiollaz et al. (1996). In order to restore the doublet of
(Igarashi & Ishihama, 1991; Zou et al., 1992). Similar thymines that is present in the wt sequence 8.5 base pairs
experiments indicate that the C-terminal domain of the downstream of the 2-fold axis of the CRP binding site, a
o-subunit is involved in activation by CRP at thgal single site substitution was introduced by a mutagenic primer
promoter (Kumar et al., 1994). using the Chameleon double-stranded site-directed mutagen-
In order to understand the mechanism of transcriptional €Sis kit (Stratagene). The detailed sequences of all construc-
activation, it is imperative to know which step of transcrip- tions are shown in Diiollaz et al. (1996). All plasmids
tional initiation is improved by the activator. The most clear- Were purified with the plasmid midiprep kit of Quiagen (in
cut mechanism operates at thae promoter, where CRP  order to avoid any exposure of the DNA to UV before laser
strengthens RNA polymerase binding to the promoter in the |rrad|at|o_n), and their sequence has been verified by dideoxy
closed complex (increasirs) (Malan et al., 1984), thereby ~ Sequencing (Sanger et al., 1977).
increasing promoter occupancy. The major effect of CRP ~ Formation of Nucleoprotein Complexe€pen complexes
at thegal promoter is acceleration of the rate of isomerization Were formed by incubation for 15 min at 3T of 5 nM of
to the open complex (increase ky) (Herbert et al., 1986).  Plasmid DNA with RNA polymerase (90 nM unless other-
ThemalT promoter ofE. coliis an interesting example of a  Wise specified) in transcription buffer at pH 7.8 (20 mM
class | promoter; CRP acts mainly by accelerating promoter Hepes, 150 mM potassium glutamate, 10 mM magnesium
escape (Menendez et al., 1987). The molecular mechanisnflutamate, and 1 mM EDTA) in a total volume of 24
underlying this activity remains unknown. The KS'malT plasr_‘md was used supgrcmled or linearized
The structural basis for the mechanism of transcriptional @t the Xhd site, i.e., 134 base pairs upstream of the
activation has been analyzed by various footprinting tech- ranscription start site. The SknalTplplasmid was su-
niques, mostly for promoters where the CRP binding site is Percoiled or linearized at thebad site, i.e., 162 base pairs
centered around position41.5 and—61.5. Much less is upstream of the transcription start site. Th80 group of

known about promoters where the CRP binding site is located pror:oter .vanant.; was probed only in tfé% :?‘juperco]!]edl
further upstream and direct proteiprotein contacts may conformation. When present, CRP was added to a fina

be more difficult to establish. Different footprinting reagents con(I:entration of 75 TM in ;he pfesef‘ﬁe of 20@ cAMP.
yield specific structural information about the complex. The NUIC eoprotelrr: (I:omp exes formed l\let_ rzconstltgged RN'?‘]
occupancy and extent of interaction of the protein with the POlymerase holoenzymes were obtained according to the

DNA can be assessed by DNase | (Brenowitz et al., 1986) Same procedure but in a smaller volume (@9, with 10
or hydroxyl-radical footprinting (Dixon et al., 1991). Melted "M Plasmid DNA and 600 nM reconstituted RNA poly-
regions of the DNA are detected by Os@® KMnO, (Sasse- merase. - .

Dwight & Gralla, 1991). Important phosphate contacts can U V-Laser Footprinting. Nucleoprotein complexes (20.)

be deduced by ethylation interference experiments (Wiss- Were irradiated in 1.5 mL Eppendorf tubes placed in a water
mann & Hillen, 1991). We make extensive use of UV-laser Dath at 37C. The laser beam was generated by a Spectra-

footprinting because this technique can detect small distor- PhySics Quanta-Ray GCR Series Nd:YAG laser at a wave-
tions of the DNA and is therefore very sensitive to small €ngth of 266 nm. A single pulse of 5 ns was delivered onto
structural changes within a nucleoprotein complex (Buckle each sample. After irradiation, the samples were precipitated
et al., 1991; Engelhom et al., 1995). By combining this with 3 volumes of 96% ethanol in a dry ice/ethanol bath.
information with signals from more conventional footprinting Aftér centrifugation, the peliet was washed with 70% ethanol

methods, we obtain a detailed structural characterization of 2Nd resuspended in 10 of HE buffer [10 mM Hepes (pH
the complex. 7.5) and 1 mM EDTA].

For primer extension analysis, these samples were dena-
EXPERIMENTAL PROCEDURES tured by boiling for 3 min and then chilled on ice for 5 min.
Five microliters of a mix containing 150 mM Hepes (pH
General Methods and ReagentStandard methods of  7.5), 30 mM Mg+*SQ,, 600 M DTT, each dNTP at 600
molecular biology were used unless otherwise specified yM, and 100 nM labeled primer was added. For the
(Sambrook et al., 1989). DNA oligonucleotides used as footprints of the entire promoter region, the primer used had
primers and for the construction of synthetic promoter the sequence 'BAGTTAATCACTTCACTGTGG-3 and
sequences were synthesized on a Perkin-Eimer ABI 392hybridizes from+60 to +40; it was labeled at the 5-end
synthesizer. E. coli RNA polymerase holoenzyme was using [y-32P]JATP (3000 Ci/mmol, Amersham) and T4
purchased from Sigma. Reconstituted wild type (wt) and polynucleotide kinase (Biofinex). For the footprints around
a-235 RNA polymerase holoenzymes were prepared asthe CRP site, we used a primer with the sequence 5
described in Igarashi and Ishihama, 1991. CRP is purified GCGCTTCGTAATTAATGGTT-3 hybridizing to positions
according to a standard protocol (Ghosaini et al., 1988). +15 to —4. For primer annealing, the samples were

Plasmids. The plasmid carrying thenalTplpromoter is incubated for 3 min at 50C and then chilled on ice for 5
constructed by the insertion into the polylinker of the min. After addition of 1 unit of T7 DNA polymerase
pBluescriptll SK" vector (Stratagene) of aicoRI/Hindlll (Pharmacia), the extension reaction was carried out by
fragment that includes the originahalTpl promoter se- incubation for 12 min at 3. The reaction was terminated

quence from—122 to +89 (Cole & Raibaud, 1986). For by the addition of 3 volumes of 96% ethanol and precipitation
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in a dry ice/ethanol bath. After centrifugation, the pellet was fragment) or 75 nM (wt fragment). The samples were
resuspended in 1GL of loading buffer (96% formamide  preincubated for 10 min at 3. The transcription reaction
and 20 mM EDTA). One-half of each sample was denatured was initiated by the addition of RNA polymerase to a final
for 2 min at 100°C and run on a 10% polyacrylamide concentration of 30 nM-{81.5malT fragment) or 20 nM
denaturing gel in parallel with a sequencing reaction using (wt fragment). The reaction was terminated after 5 min of
the same primer. incubation by the addition of 6@L of 96% ethanol and
The gels were fixed in a water/methanol/acetic acid bath precipitation in a dry ice/ethanol bath. After centrifugation,
(80:10:10), dried, and autoradiographed. Subsequently, theythe pellet was resuspended in A5 of 96% formamide and
were exposed overnight in a BioRad GS250 Imaging Screen20 mM EDTA. Seven microliters of each sample was heat-
cassette Bl. The cassette was scanned in a Molecular Imagerdenatured for 3 min at 88C and loaded onto a 10%
and profiles of each lane were obtained using the Phosphordenaturing polyacrylamide gel. The transcripts were 70
Analyst program (Biorad). For a quantitative comparison nucleotides for the-81.5 variant and 104 nucleotides for
of two lanes, the corresponding profiles were exported into the wt promoter.
Microcal Origin and superimposed. If necessary, as judged
by the comparison of the intensity of reference bands, RESULTS
differences in the amount of material loaded were corrected
by a small weight factor.
KMnO, Footprinting. The oxidation reaction was initiated

Structure of the Open Complex at the malTpl Promoter
by UV-Laser Footprinting. ThemalT promoter ofE. coliis
by the addition of 2xL of 100 mM KMnO; to the a very weak promoter [only a 2/6 and 3/6 match with the
consensus sequences of thel0 and —35 hexamers,

nucleoprotein complexes (20L), prepared as indicated .
above except that the RNA polymerase concentration Was.respecuvely (Hawley & McClure, 1983)], and structural

180 nM. For the footprints with reconstituted RNA poly- information is difficult to obtain. In order to establish a

merase holoenzymes, 10 nM linearized plasmid DNA and reference for the UV-laser footprinting signals of an open
600 nM RNA polymerase were mixed in a total volume of complex, we probed thealTplpromoter, an up-mutant that

10 uL; CRP when present was at a concentration of 100 changes the guanine &atl2 into thymine and thereby brings
nM. After incubation for 2 min at room temperature, the the —10 hexamer closer to the consensus sequence (Chapon,
rea.ction was stopped by the addition of2 of ﬂ-mercab- 1982). We then verified that an identical structure is formed

toethanol. The samples were then precipitated with 3 at the wt promoter, albeit W_'th !ower gfflClenc_y. i
volumes of 96% ethanol, resuspended ind.0of H,0, and We formgd open complexas vitro by incubating plasmid
passed through a Sephadex G-25 (Pharmacia) spin columrPNA carrying thoemaITplpromoter with RNA polymerase
equilibrated with HO. The primer extension procedure was O 15 min at 37°C. The samples were irradiated with a 5

identical, as described for the irradiated complexes. ns pulse of 266 nm UV laser light. The energy of one laser
DNase | Footprinting. One microliter of DNase | (FPLC ~ Pulse is greater than 30 mJ, i.e., in excess of 70 nmol of
pure, Pharmacia) at a concentration of Lutgin dilution photons. The number of absorbing molecules is at least one

buffer [L0 mM Tris (pH 7.6), 10 mM CaG) 10 mM MgCh, ord_er of magnitude_ lower than the numbgr of photons
10% glycerol] was added to the nucleoprotein complexes delivered, thus ensuring that all bases are excited by the laser
(20 uL), and the incubation was continued for 1 min at 37 pulse. Th_e DNA is re_covered by precipitation, denatured,
°C. The reaction was stopped by the addition of@0of and submitted to a primer extenspn using T7 DNA poly-
stop mix [20 mM Tris (pH 7.8), 20 mM EDTA, 250 mM  Merase (Buckle et al., 1991). Virtually every base can
NaCl, 0.5% SDS, and 10 ngl sonicated salmon sperm undergo a photoreaction as can be seen in Figure 1. No
DNA]. After precipitation with 3 volumes of 96% ethanol photoreaction has occurred in nonlrrad|ate(_j DNA (Ian(_a 1)
and 1ug of pBluescriptll SK carrier DNA, the samples and the T7 DNA polymerase extends the radiolabeled primer
were submitted to a primer extension as described for the!0 the end of the DNA fragment. Lanes 2 and 3 show the

KMnO, and UV-laser footprinting reactions. primer extension profiles of DNA irradiated in the absence
In Vitro Runoff Transcriptions The fragment carrying the ~ Of protein. The bands correspond to elongation arrests of
—81.5nalT promoter variant was obtained by Idinfl T7 DNA polymerase at photomodified bases. The nature
digestion of the SK—81.5malT plasmid (D¢hiollaz et al., of the photoreactions remains uncharacterized in most cases.
1996). The fragment carrying the wt promoter weaarH|/ Howeye_r, this does not I|m|t the_ usefulqess of UV light for
Hindlll digestion product from plasmid KQ\5malT (Dé- footprinting because the signal is constituted bydhange

thiollaz et al., 1996) that includes the origimaalT sequence in photoreactivity upon addition_ of the protein, irrespective
from —89 to+90. The fragments were recovered from a ©f the nature of the photoreaction.

native polyacrylamide gel by cutting out the desired band, One of the most prominent and best characterized pho-
followed by electroelution of the DNA. The DNA was toreactions is the formation of pyrimidine dimers (Franklin
precipitated, resuspended in® and passed through a €tal., 1985). However, the photoreactivity is not determined
Sephadex G-25 spin column. The DNA concentration was €Xclusively by the sequence of base pair doublets but rather
determined spectrophotometrically. Thve zitro run off by a larger sequence context. Not all doublets of thymine
transcriptions were performed in a total volume ofi@0in (doublets of adenines in the sequencing reaction shown in
transcription buffer. The reaction mixtures contained 10 nM the figure) react to the same extent; their reactivity is
—81.5malT fragment or 7.5 nM wimalT fragment. The  modulated by the surrounding sequence (see for example
nucleotide concentrations were 208! for ATP, CTP, and  positions+4, -6, —19, —34, or —60).

GTP, 20uM for UTP, 70 nM for [0-32PJUTP (3000 Ci/ When RNA polymerase forms an open complex at the
mmol, NEN Dupont), and 20Q«M for cAMP. When malTpl promoter (Figure 1b), we observe the following
present, CRP was at a concentration of 100 Al81.5malT major modifications of the primer extension pattern. The
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Ficure 2: (a) UV-laser footprints of nucleoprotein complexes at

0 . A A the CRP site of thanalTplpromoter. The primer used for the
extension hybridizes from15 up to -4 on the top strand. The DNA

is linearized. CRP is added in lanes 2 and 4, and RNA polymerase

) . o in lanes 3 and 4. (b) Superposition of the Phosphor Imager profiles

FIGURE 1: (a) Primer extensions on UV-laser-irradiated I‘lucleopro- obtained for lanes l’ 2, and 4 of Figure 2a: DNA alone (dot’[ed

tein complexes at thmalTplpromoter. The T7 DNA polymerase  |ine), CRP (light line), and DNA- CRP+ RNA polymerase (heavy

synthetizes the bottom strand, thus revealing the modifications |ine).

induced on the top strand. A sequencing reaction using the same

primer is shown on the left side. The positions of the CRP binding the DNA in this region, characteristic of the formation of

site and of the -35 hexamer are indicated with brackets on the sidethe open complex (see below). Signals further upstream, at
of the gel. The transcription start site is indicated by a broken arrow. positions—44 and—54 (Figure 2a, lane 3), show that the

The plasmid DNA in lanes 3, 4, 6, and 7 has been linearized at the RNA pol | . f DNA babl
Xbal site. RNA polymerase is present in lanes 4, 5, 7, and 8, CRP polymerase covers a large region o [probably

in lanes 6-8. The 'sample in lane 1 has not been irradiated. (b) Via the o-subunit(s) in this upstream region].

Superposition of the Phosphor Imager profiles obtained for lanes  The changes induced by binding of CRP to its recognition
2 and 8 of Figure 1a: DNA alone (dotted line) and DNACRP site map to the boundaries of the CRP binding site (Figure
*+ RNA polymerase (light line). 2a, lane 2). The major change is a 2-fold decrease in
intensity of bands at positions4, —5, —8, —9, —10, and intensity of the band at60. Bases-61 and—62 on the
—32 increases and the band at positioh9 decreases in  template strand of the primer extension are thymines. The
intensity. These signals (except thel9 band) arise in  signal is therefore most likely due to the formation of a
regions where the RNA polymerase (particularly thsub- thymine dimer. When both proteins are present on the DNA,
unit) is in close contact with the DNA (Dombroski et al., we observe a superposition of the two separate patterns,
1992). 1t is likely that the profound modification of the except at certain positions in the region upstream of the
photoreactivity from—10 to —4 results from the melting of  promoter (Figure 2a, lane 4). The band-&0 disappears

Position
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completely whereas new bands appear at positichig —73,
and —94 (Figure 2b). Since these UV-footprinting signals

are present only in the ternary complex, they must be the
consequence of an interaction (direct or indirect) between
the two proteins (see Discussion). In contrast, the contacts

of RNA polymerase with the region just upstream of the
core promoter (signals at44 and—54) are not (or very
little) affected by CRP.

Structure of the Open Complex at the malT Promoter by
UV-Laser Footprinting. The wtmalT promoter possesses a
very low basal transcriptional activity but is activated several
hundred-fold by CRP (Cxbiollaz et al., 1996). As expected,
the footprinting patterns of the DNA alone are identical for
themalT (Figure 3a, lanes 2 and 3) amtalTpl(Figure 1)
promoters, except at positiorn12, the site of the base
substitution. The modifications of photoreactivity caused by
the ternary complex (Figure 3b) are identical for both
promoters, i.e., increases-att, —5, —9, —10, and—32 and
a decrease at19. In the absence of CRP, however, most

of these signals are lost. The scans of the lanes representing e

the RNA polymerasepromoter complex and the promoter

alone superimpose exactly in the region downstream of

position —18. RNA polymerase is clearly incapable of
forming a stable open complex at thealT promoter in the
absence of the activator. However, the signals-32 and

—19 are conserved. We interpret the data to mean that RNA

polymerase can form a closed complex at the malT
promoter but needs the activator to stabilize an open
complex. In the upstream region, all signals that were
observed in the ternary complex at thealTpl1 promoter
(increases at-44,—54,—57,—73, and—94 and a decrease
at—60) are conserved atalT. Independent of the particular
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interpretation, we can conclude that CRP stabilizes a structure

at themalT promoter that is identical to the structure of the
open complex formed at thmalTpl promoter. Neither
supercoiling nor an increase in the RNA polymerase
concentration drives the reaction toward the formation of
the open complex atalT in the absence of CRP (Figure
3a, lanes 6 and 7).

DNA Melting at the malTpl1 and malT Promoteris order
to confirm the identity of the open complexes detected by
UV-laser footprinting, we investigated the extent of DNA
melting in the different complexes using KMgO This
compound reacts specifically with thymine residues in single-
stranded regions of DNA. Figure 4 shows that in both
promoters the region from 10 to+3 is melted in complexes

that we termed “open complexes” in the previous paragraphs.

The nucleotides at positions9 and+1 possess the strongest
reactivity toward oxidation by KMn@ These experiments
confirm directly the interpretation of the UV-laser footprints.

Band Intensity

Position

Ficure 3: (a) UV-laser footprints of nucleoprotein complexes at
the malT promoter. The plasmid has been linearized atXhel
site in lanes 1, 3, 4, 6, 8, and 10. The RNA polymerase

CRP is dispensable for the stabilization of the open complex concentration is 90 nM in lanes 4, 5, and 9, and 180 nM in lanes

at themalTplpromoter (Figure 4a, lanes 2 and 3) but is
required at thenmalT promoter (lanes 5 and 6). The extent
of DNA opening at thenalTplpromoter is greater than that
at themalT promoter (compare the intensity of the signals
at —9 and at+1 for the two promoters). A small amount
of DNA opening can be observed at tlmalT promoter even
in the absence of activator (Figure 4b).

KMnQ, Footprints with a-235 RNA PolymeraseThe
C-terminal domain of the-subunit of the RNA polymerase

6, 7, 10, and 11. CRP is present in lanesl8. The sample in lane

1 has not been irradiated. (b) Superposition of the Phosphor Imager
profiles obtained for lanes 2, 7, and 11 of Figure 3a: DNA alone
(dotted line), DNA+ RNA polymerase (light line), and DNA-
CRP+ RNA polymerase (heavy line). The scans around position
—32 have been realigned (inset).

been characterized. These C-terminally truncatadibunits
can be used for reconstitution of a holoenzyme competent
for transcription (Igarashi & Ishihama, 1991). The recon-

makes direct contacts with a specific region of CRP at certain stituted RNA polymerases, wt ar-truncated, are slightly

promoters (Ishihama, 1993). Truncated versions of the
a-subunit that lack the domain of interaction with CRP have

less active than the purified holoenzyme, and higher con-
centrations have to be used for footprinting experiments
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FiIGURE 4: (a) KMnQ, footprints of open promoter complexes at

the malT and malTpl1 promoters on linearized DNA: lanes 1-3,
malTplpromoter (5 nM); and lanes+46, malT promoter (5 nM).
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Ficure 5: KMnOj, footprints with reconstituted RNA polymerases
at themalTandmalTplpromoters: lanes-15, malTpromoter (10
nM); and lanes 6 and TalTplpromoter (10 nM). Samples are
supplemented with reconstituted wt RNA polymerase (600 nM) in
lanes 2, 3, and 6 or reconstituted235 RNA polymerase (600
nM) in lanes 4, 5, and 7. CRP (100 nM) is present in lanes 3 and
5.

Open complexes were formed under the same conditions as
in the previous experiments, i.e., using the plasmid-borne
promoter. As a consequence, we could not label the DNA
directly, and contrary to the most common way of performing
DNase | footprint analysis, the DNase | digestion products
were identified by primer extension.

At the malTplpromoter, the region from-44 up to at
least+10 is efficiently protected by RNA polymerase (Figure
6, lane 2 compared to lane 1). The precise upper and lower
limits of the footprint are difficult to establish because they
arise in regions [poly(A) tracts] that are almost insensitive
to DNase | even in the absence of protein (Drew & Travers,
1984). In the presence of CRP (lane 3), the pattern of RNA
polymerase protection remains unmodified, with the notable
exception of the appearance of hyperreactive bandsbdt
and —65.

Samples in lanes 2, 3, 5, and 6 are supplemented with 180 nM At the malT promoter, the degree of protection is
RNA polymerase. CRP (75 nM) is present in lanes 3 and 6. The significantly lower, especially with RNA polymerase alone

band at—23 can be used as a reference; the bandl& indicates

the position of the substitution. (b) Superposition of the Phosphor

Imager profiles for lanes 2 and—- of Figure 4a: DNA alone,
malT promoter (dotted line); DNA+ RNA polymerasemalT
promoter (dashed line); DNA- CRP + RNA polymerasemalT
promoter (light line); and DNA+ RNA polymerase malTpl
promoter (heavy line).

(lane 6 compared to lane 4). Despite the quantitative
difference betweemmalT and malTpl qualitatively, the

patterns are identical in the presence of the activator,
suggesting that the structure of the transcription complex is
the same for both promoters. There is a good correlation
between the amount of open complex formed, as judged by

(Ross et al., 1993). The reconstituted wt RNA polymerase KMnO,, and the extent of protection against DNase |.

induces a similar pattern in response to oxidation by KMnO

DNase | Footprints witho-235 RNA Polymeraselt has

as does the native wt RNA polymerase (Figure 5, lanes 2 been proposed that CRP correctly positions dhsubunit

and 3). When we use the-235 RNA polymerase, no open
complex is formed at thenalT promoter (lanes 4 and 5).

on the DNA and thereby activates transcription (Busby &
Ebright, 1994). This model can be verified by determining

The stabilizing effect of CRP is lost, suggesting that the the location of thex-subunits at thenalTplpromoter and
o-subunits are involved in the CRP-mediated activation, most at variants of the promoter that move the CRP binding site
likely by a direct interaction. Both polymerases lead to open further upstream or downstream. We first determined the
complex formation at the CRP-independe@ Tplpromoter location of theo-subunits by comparing the protection
(lanes 6 and 7). pattern obtained with the-235 RNA polymerase (Figure
DNase | Footprints at the malT and malTpl Promoters. 7a, lanes 3 and 4) to the one characteristic of the reconstituted

In order to precisely localize the two proteins on the wt polymerase at thenalTplpromoter (lanes 1 and 2). The
promoter, we performed DNase | footprinting experiments. footprints of the native RNA polymerase and of the



15308 Biochemistry, Vol. 35, No. 48, 1996 Eichenberger et al.

malTpl  mall -815Tpl 8157 7(a) 0
RNAP = + + = — + + = = 4 4 - - &+ RNAP wt wt 235 235 - -

CRP + — + - + - + -+ -+ -+ -+

. | ohonkend  fookand—t CRP - + - + + -
= = - - s o -

i T - e

— T e w——
- — - . A _ 5 -.‘ — -65
- - | -54
=

= - SegN=-

= = -

-_— —— _—— el

Im
I
|
1
[
i
i
I
|
t
L
]
|
»

p—
— e o — 12 i =

= = __,__ N 1+1

-

' 0

;_ - - +10

—

Ficure 6: DNase | footprinting reactions: Lanes-3, malTpl 7(b)
promoter; lanes47, malT promoter; lanes-811, malTplpromoter 10
variant with a CRP site centered-a81.5; and lanes 1215, malT 54
promoter variant with a CRP site centered-&1.5. The concentra-
tion of DNA in each sample is 5 nM. The RNA polymerase
concentration is 120 nM in lanes 2, 3, 6, 7, 10, 11, 14, and 15. The
CRP concentrationis 75 nM inlanes 1, 3, 5, 7, 9, 11, 13, and 15.

-38

reconstituted wt RNA polymerase are identical. Using the
a-235 RNA polymerase, we obtain efficient protection
downstream of base pair37 but we lose protection between 2
positions—38 and—44 (Figure 7b). The most straightfor- £
ward interpretation of this result agrees with earlier findings 0 : .
for other promoters (Kolb et al., 1993b; Ross et al., 1993;

Landini & Volkert, 1995) and indicates that thesubunit Position
of RNA polymerase binds to the DNA directly upstream of FIGURE 7: (a) DNase | footprints with reconstituted RNA poly-

— imi i+ hindi merase holoenzymes at timealTpl promoter: lanes 1 and 2,
the =35 hexamer. The upper limit of the-subunit binding reconstituted wt RNA polymerase (600 nM); and lanes 3 and 4,

site cannot be precisely mapped because of the_lo_w reactivity,aconstitutecdr-235 RNA polymerase (600 nM). CRP (75 nM) is
upstream of-44. However, since the hyperreactivity-eb4 added in lanes 2, 4, and 5. (b) Superposition of the Phosphor Imager
is lost as a result of the truncation of tlesubunit, we profiles for lanes 1, 3, and 6 of Figure 7a: DNA alone (dotted
conclude that the binding site probably extends to or beyond line). DNA + reconstitutedr-235 RNA polymerase (light line),
this position. The UV signals that were previously identified 2nd DNA - reconstituted wt RNA polymerase (heavy line).
at —44 and—54 are therefore most likely due to the binding
of the a-subunit(s) to this segment of DNA.

Even though the protection pattern between positie#8
and—54 is altered slightly when CRP is added to the binary

complex containing the truncated version of RNA poly- X : : T :
merase, the two hyperreactive bands—&4 and—65 no attention on the-80 variants since the potential binding site

longer appear. Loss of these hypersensitive sites indicated©" thea-subumt(s) is modified |_n theGO_ and—70 variants. _
that the interaction between CRP and RNA polymerase is Displacement of the CRP binding site does not result in
lost or that the nature of the interaction is different (see the appearance of new characteristic signals on the UV-laser
Discussion). footprints (Figure 9a). Introduction of additional nucleotides
Positioning of the RNA Polymerase on the Promoter when in the sequence does, of course, change the photoreactivity
the CRP Binding Site Is Med. Does theo-subunit(s) pattern in the region where the substitution has occurred,
maintain its contact with CRP, or does it remain bound to but the presence of the RNA polymerase and/or CRP does
the DNA site upstream of-35 when the CRP binding site  not further modify the basal reactivity noted for the DNA
is moved? We have functionally characterized a series of @lone. Consequently, we focus on the signals already
malTandmalTplpromoter variants where the CRP binding described for the wt promoter a60, —57, —54, and—44.
site is centered around-60, —70, and —80. Peaks of At the wt promoter, the disappearance of the UV signal
maximal transcriptional activation occim vivo when CRP at —60 is testifying to an interaction between CRP and the

Band Intensity
IS
IS

is bound at positions-60.5,—71.5 and—81.5 (Dehiollaz

et al., 1996). Runoff transcriptional analysis confirms the
CRP-mediated transcriptional activationuitro for the wt
promoter and the-81.5 variant (Figure 8). We focus our
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-815T malT 9(a) -79.5 Tpl -815 Tpl  -835 Tp1
+ - + — CRP RNAP - — + + — — + + — — + +
» CRP - 4+ — + — + — + — + — +
s il Lk
- ‘- = 1 ﬁ [ ad ‘ —-—
> - ‘T CEET o — -8
%* S =TT
; 1T T | L i
i * g:-::"-'.'a;‘;q;-!!__
i = = ] 4 F
SESE==a=E=
—— -3 ¢ - -54
:::::-;—HE'——.—-:—'M
—4 - ; g1 - e
FiIGure 8: In vitro runoff transcriptions at the winalT promoter - E g = a = § E = B e ; -
and at the—81.5 malT variant. The respective transcripts are ..1* - a - i
identified by the arrows. Transcription is carried out in the presence i i g ! 4 & l l -
or absence of CRP as indicated. The lanes can be normalized with — = = = 2

respect to the second CRP-independent weaker transcript indicated
by an asterisk. The different concentrations are as indicated in 9(b)
Experimental Procedures. 3

a-subunit of the RNA polymerase. This modification of J
photoreactivity is no longer observed on a UV-laser footprint
of the malTplpromoter in the presence of anr235 RNA 21
polymerase (data not shown). An identical photoreactivity
pattern has been described for the promoter (Kolb et al.,
1993b), at the same position with respect to the CRP binding
site. What is the fate of this signal when the CRP site is 15
moved further upstream? Since the signat-&0 is directly

related to the location of the CRP binding site, it should move

in parallel with the displacement of the center of the CRP

site. It is indeed always observed 10.5 base pairs down- Position

stream of the 2-fold axis of the CRP binding site, i.e., at Fcure9: (a) UV-laser footprints ahalTplpromoter variants with
—69, —71, and —73 for the —79.5, —81.5, and—83.5 a CRP site located at positions79.5, —81.5, and—83.5. DNA
variants, respectively (Figure 9a). The effect induced by (supercoiled), RNA polymerase, and CRP concentrations are

oo ; identical to the former UV-laser footprints. CRP is present in lanes
CR;F} alcl)qne On. this .Slgnalzls% tlt]jedsame fof the wt _prolr:T_]Oter 2,4,6, 8, 10, and 12. RNA polymerase is present in lanes 3, 4, 7,
and for the variants, i.e., a 2-fold decrease in intensity (Figure g’ 11 “and 12. (b) Superposition of the Phosphor Imager profiles

9b). However, the complete disappearance of the band,obtained for lanes 5, 6, and 8 of Figure 9a: DNA alone (dotted
characteristic of the ternary complex, is no longer observed line), CRP (light line), and DNA+- CRP-+ RNA polymerase (heavy
in the —80 group of promoter variants. The secondary signal !ine).

at—68 (lane 8) is expected to be the counterpart of the signal A band at—84, the counterpart of the signal a3 of

at—57 at tl’;]e Wt promoter. IHowe\h/er, whereas the _slgr;)al 'S the wt promoter, is observed at the81.5 promoter variant.
presentin the ternary complex at the wt promoter, it is absent, i -haracteristic of the ternary complex and demonstrates

at the —81.5 variant (compare Figures 2b and 9b). EVeN hat the interaction with the RNA polymerase affects the
though the transcriptional activation persists at #81.5  pNa conformation within the upstream end of the CRP
variantin vitro andin vivo, the geometry of this complexis  pinqing site. It is interesting to note that this upstream

different from those found at tHac and wtmalTpromoters  jnteraction is conserved, whereas the interaction downstream
(see Discussion for possible explanations). of the CRP binding site is lost.

The signals at-44 and—54 are conserved irrespective Similar conclusions can be drawn from DNase | footprint-
of the presence or absence of the activator or the location ofing experiments (Figure 6). For theB1.5 promoter variant,
the CRP binding site (Figure 9a). We attribute these signalsno extension of the RNA polymerase protection pattern is
to the interaction of thei-subunit(s) with DNA (see above). observed in the presence of CRP. This argues against any
From the present data, it is impossible to decide whetherlarge scale repositioning of the-subunit mediated by the
only one or both of thex-subunits are bound to the DNA.  activator. Some minor changes of the digestion pattern are,
Nevertheless, at least one of thesubunits remains bound  however, induced by CRP (lanes 11 and 15). For instance,
to the DNA upstream of the-35 hexamer for all positions  we observe a strong increase in the reactivity of thel
of the CRP binding site. band and the appearance of two additional bands 48

Intensity
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and —47. A strong hyperreactivity appears av6 in the holoenzyme and RNA polymerase containing a truncated
ternary complex, the counterpart of th&®5 hyperreactivity o-subunit. The mutant RNA polymerase shows protection
at the wt promoter. Taken together, the data strongly suggestonly downstream of positionr 37, whereas the footprint of
that theo-subunit is not repositioned on the DNA when the wt enzyme extends at least 4 (when taking into account
CRP binding site is moved. An interaction, direct or indirect, sites of DNase | hypersensitivity). The region covered by

is however maintained between the two proteins. the a-subunit is very AT-rich, which is consistent with the
base composition of the previously described binding sites
DISCUSSION for the o-subunit (Ross et al.,, 1993). The DNase |

hypersensitivity at—-54 suggests a DNA bend toward the
protein, thereby widening the minor groove that is facing
toward the outside of the bend (Brukner et al., 1995). The
UV-laser signals in the same regior44 and—54) are a
consequence of binding of the-subunit(s) to DNA and
could be due to a crosslink between theubunits and DNA.
The UV-laser footprinting band at60 of the malTpl
promoter disappears in the ternary complex with the wt RNA
polymerase (Figure 2) but persists with 235 mutant
enzyme (data not shown). A similar observation has been
made for thdac promoter (Kolb et al., 1993b) which also

In the past few years, genetic and biochemical experiments
have identified a surface-exposed loop of CRP (ARI) that is
involved in transcriptional activation. Its target on the RNA
polymerase is the C-terminal domain of thlesubunit
(Ishihama, 1993). Only one of the twa-subunits is
suggested to be responsible for the interaction with CRP (Zou
et al., 1994). The consequences of this interaction for the
structure of the initiating RNA polymerase, however, remain
unknown. We have analyzed the structural changes pro-
voked by the activator on transcriptional complexes at

;:‘Sréarnftcs’o?fr.tst?rr?algeig)rzgt?;e \(/a\;es hﬁa\/”}’]gg?’egg{;\g arepossesses a doublet of thymines at the same distance from
printing u uing p ' the CRP binding site (position49 in this case). The revised

E:nor’ggle:ce wr|1th|r|1 m|$r?si?]con?§, lw)fg(—;(/eaf dtyp:|cal rgarrr?rlﬂe'crystal structure of CRP (Parkinson et al., 1996) shows a
ent of a nucleoprotein compiex would proceed o N secondary kink in the DNA at this position. An increase of

millisecond time scale (Hockensmith et al., 1991). The the kinking angle in the ternary complex, in a direction

structural s_|gngls thus obtained therefore represent a U8 nfavorable for the formation of a thymine dimer, would
frozen equilibrium.

o o o explain the disappearance of the band. At both promoters,
Contacts within the Transcriptional Aetition Complex. the signal depends on an intact-subunit which has
The possible interactions that could lead to transcriptional previously been taken as evidence for a direct protein-protein

activation in our system are (i) direct proteiprotein  contact. We therefore propose that very similar protein
contacts, (ii) conformational changes transmitted by the DNA protein contacts are established at lieandmalT promo-
(Ryu et al., 1994), and (iii) additional contacts with other s

DNA segments such as an interaction between the DNA  \yhen the CRP binding site is moved one helical turn
upstream of the CRP site and the back side of the RNA f,rther upstream+81.5 promoter variant), we no longer
polymerase (Schultz et al.,, 1991 Dillaz et al., 1996).  ghserve the decrease in band intensity of the characteristic
The first type of interaction has no direct consequences for UV-footprinting band in the ternary complex. The direct
the photoreactivity of DNA following UV irradiation. interaction between the-subunit and CRP may be no longer
However, indirect effects could certainly be observed due yogsible at this distance. Alternatively, an interaction of a
to distortions of the DNA located between the interaction gitferent nature (not detectable by footprinting) may persist.
partners. The second and third types of interactions directly p recent model (Zhou et al., 1994) proposed an explanation
involve the DNA molecule and can be detected by UV-laser tqr the maintenance of the interaction between CRP and the
footprinting. RNA polymerase when the CRP site is moved. It is
A series of signals characteristic of the ternary complex motivated by the observation that thesubunit of the RNA
formed by the DNA, CRP, and the RNA polymerase at the polymerase is composed of two domains: a C-terminal
malTandmalTplpromoters have been identified. We group domain that interacts with the activator and an amino-
these signals into four categories. (i) The signals fred  terminal domain that interacts with the large subunits of RNA
to —10 and at—32 correspond to the interaction of RNA  polymerase. The two domains are connected via a flexible
polymerase with the-10 and—35 hexamers; our data clearly  |inker of at least 13 amino acids. When the CRP site is
show that CRP acts at tealT promoter by stabilizing the  moved further upstream, the interaction with the activator
open complex. (i) the signal at19 arises probably from  could be preserved by way of a more extended conformation
an untwisting of the linker DNA (deHaseth & Helmann, of the linker. According to this model, the signals-a#4
1995) when RNA polymerase is bound to th@0 and—35 and —54, landmarks for the binding of the-subunit(s) to
hexamers (forming a closed or open complex); this signal is DNA, should either disappear or be displaced when the CRP
due to the formation of a thymine dimer and is therefore site is moved. This is clearly not the case; at least one of
expected to be very sensitive to local variations in DNA  the o-subunits remains bound to this region of the DNA.
geometry (Pehrson & Cohen, 1992). (iii) the signals-a4 Additional changes of the photoreactivity upstream of the
and —54 are most likely caused by the binding of the CRP binding site 73 and —94 at themalT promoter)
a-subunit(s) of RNA polymerase to DNA upstream of the suggest that a second type of interaction may be formed in
—35 hexamer. (iv) The signals at57, —60, —73, and—94 the ternary activation complex. Binding of the far upstream
appear only in the ternary complex and not in the binary DNA to the back side of RNA polymerase could explain
complexes, they reflect therefore the interactions (direct and/poth signals. This more compact conformation would
or indirect) between CRP and the RNA polymerase. increase DNA bending around CRP (presumably provoking
We have mapped the binding site for esubunit at the ~ a stronger reactivity of the base at73) and lead to a
malT promoter by comparing DNase | footprints of the wt conformational change of the DNA arount4 (indirectly
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or directly via a contact with RNA polymerase). Evidence -4
for the involvement of the upstream DNA had already been .
obtained at théac promoter by singlet oxygen footprinting
(Buckle et al., 1992) and was deduced from the effect of (a)
removal of this DNA onin vitro transcriptional activation
(Déthiollaz et al., 1996). The increased DNA bending in

such a ternary complex explains the UV-laser signat @,

located at a secondary kink in the DNA (Parkinson et al.,
1996), as well as the compaction of the ternary complex
(Zinkel & Crothers, 1991) relative to the RNA polymerase
promoter complex. CRP has recently been shown to favor

the binding oflac repressor to the operator by stabilizing (b)
secondary interactions of the repressor with nonspecific
DNA, structurally analogous to our proposed back side
contacts with RNA polymerase (Vossen et al., 1996).
Interestingly, the ternary complex at theB1.5 variant is

also characterized by an increase in the intensity of the signal

at —84, the counterpart of the signal at73 at the wt
promoter. Signals further upstream are not observed,; B4«
however, the sequences in this region (and therefore the (€)
potential photoreactivity) are different, and no comparison

can be made. This type of interaction is largely independent

-BL.5

<

of the location of the CRP binding site and easily explains 6 - A

almost equal transcriptional activation of th€0.5 and the ) 54 A

—81.5 promoters. o ) FiGURe 10: Models for the geometry of transcriptional activation
Possible Mechanisms of Transcriptional Aetiion. complexes at variants of thieal T promoter. The RNA polymerase

Can a unique structure and mechanism account for tran-is repres_ented by the large ellipse. The_ C-terminal domains of th_e
scriptional activation by CRP, despite the different promoter g@‘\j\?ﬂ“g:;sd?nrg ;?Fs)irte;ziegé??etr)gds?;almecmjsgisg'n;% g'g‘rersof gRP is
. ') . B . - . .

geometrles_. A d.l rect contact between theubunit(s) and Sites of DNase | hyperreactivity in the ternary complex are indicated
CRP certainly exists at thiac promoter. We observe the  py arrows. UV-laser footprinting signals pertaining to binding of
equivalent footprinting signals amalT. The mode of the a-subunits or to interaction with CRP are marked with a star.
interaction is therefore most likely the same even though The hollow star indicates that this signal is due to CRP and does
different a-subunits (and/or different kinetic steps) may be B?érfﬁéttgfrquaggﬁgi?f;?rtﬂi%’ 1Cgrgfé%(;t(ez‘ir)gfg?2§;ypm
!nvolveq at the two prom,o,ters' _Addlt_longl far_uDStream protein céntacts, and (c) indirect activation at th@1.5 promoter.
interactions may also participate in activation (Figure 10a).

Two different models could account for the transcriptional js not occupied by a protein (in particular tbesubunit).

activation at the-81.5 promoter variant. If tranSCfiptional Fina”y' Changes in the UV footprints upstream of the center
activation remains due to a direct contact between the of the CRP binding site{73, —94, and—84, respectively)
a-subunits and CRP, at least one of #hesubunits has to  would be a natural consequence of additional contacts of
move when the CRP blndlng site is relocated. Our data, upstream DNA with the back side of RNA po|ymerase_
however, show that the binding of thesubunit(s) to the |nteractions of this far upstream DNA with RNA polymerase
DNA is unaffected by the location of the CRP binding site. have never been shown directly, but a study of the physical

Possibly one of the twa-subunits remains bound to the interactions and sequence requirements in this region of the
DNA upstream of the—35 hexamer, whereas the other promoter is underway.

subunit makes a contact with ARI of CRP (Figure 10b). The
regions within the C-terminal domain of a singtesubunit ACKNOWLEDGMENT
that are responsible for DNA binding and transcription
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