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ABSTRACT aCTD—~+rnBP1 UP complex has been provided so far, and the
o ) process of recognition between the bases of the DNA and the
The specific interaction of the upstream element- amino acid residues of thesubunit remains to be determingy (
containing promoter of the  Escherichia coli acetate Therefore, in this work, the binding of either purifiesubunit
operon with either the RNA polymerase holoenzyme or alone, or total RNAP, to the promoter of thee operon (the
its a subunit has been analyzed by the base removal operon encoding the enzymes for acetate utilizatidh)oofi has
method. Our results indicate that: (i) direct and specific been studied by using the ‘missing contact’ chemical approach
base contacts can be detected in the acetate pro- described by Brunelle and Schieff.(We have shown that while
moter- a subunit complex; (ii) base elimination in the the removal of certain bases between positions —32 to —50 of the
upstream element of the acetate promoter enhances aceP (promoter region of thace operon)interfereswith the
the binding of RNA polymerase. A similar effect is binding of thea subunit, the elimination of single bases from
observed when studying the interactions between either strand of the UP-like element results, in contrast, in an
RNA polymerase and the rmB ribosomal operon P1 enhancedbinding affinity of the RNAP. This finding suggests that
promoter. disruption of the helix in this particular region promotes local
DNA flexibility that stabilizes the RNAP—promoter complex.
INTRODUCTION Similar results have been obtained when incubating RNAP

specifically with the well-characterized UP elementroBP1,
It has recently been shown that, in addition to its two majaxhich supports the concept that the interference footprinting
determinants (the —10 and —35 hexamers), the promoter strengi8thod is an efficient tool for studying the binding of RNAP to
of theEscherichia colRNA polymerase can be greatly increasediifferent UP module-containing promoters.
by a third cis-acting recognition element: the upstream (UP)
module. Thus, in the case of thenBP1 (promoter of the MATERIALS AND METHODS
ribosomal RNA operon), Ross$ al (1) have demonstrated that )
interactions between the UP elemarfiich spans an (A+T)-rich Materials

region (residues —40 to —60), and thesubunit of the RNA A chemicals were purchased from Fluka except hydrazine
polymerase induce a 30-fold stimulation, compared t0 tghich was from Aldrich Chemical Co. Restriction enzymes and

promoter activity lacking the UP element. Studies performed g\ a modification enzymes were obtained from Promega Corp.
mutants of RNA polymerase holoenzyme (RNAP) have showfe £ coli RNAP (100%070-saturated) was from Epicentre

that the C-terminal domain of tieesubunit ¢CTD) is directly Technologies. d-32P]JdATP (3000 Ci/mmol), d-32P]dGTP
involved in such stimulation1{3). The three-dimensional (3000 Ci/mmol) andd-32P]UTP (800 Ci/mmol) were obtained
structure of the C-terminal domain of thesubunit of RNAP, = ¢o 1 by, pont-New England Nuclear. 2initrilotriacetic acid—
recently determined by NMR analysi¢),(contains a spatial a4ar0se resin and pQE30 plasmid were from Quiagen Inc. The

arrangement of four helices and two arms enclosing a hydrg;qiein Pak Glass DEAE 5PW column was from Waters Co
phobic core. When incubated with a 25 bp DNA containing the '

rrBP1 UP element, the region of the protein including i ; ;

particular the amino acid residues of helix 1, and the N-termin?a%lons’[rUCtlon of plasmid pJCD6

end of helix 4 have been shown to participate in the binding BanHI-Dral DNA fragment containing thepoA gene
process. However, no detailed description of the structure of teacoding then subunit of RNA polymerase was amplified by
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polymerase chain reaction (PCR) udingoli K12 chromosomal Labelling of promoter DNA fragments

DNA as template and two oligonucleotides, one carrying a ) _ )
BarHI site within the following sequence!-BATGGATC-  Two plasmids, pJCD7 and pJCD8, derived from pBluescript II
CATGCAGGGTTCTGTGACAGAGTTTC-3 and the other KS vector (GenBank accession no: X52327, Stratagene) were
with aDral site in a sequence complementary to then@l of the  Used to generate radioactively labelled DNA fragments for gel
gene, S5TATTTTAAA TGCCAGACGACGATTAGCAAC-3. retardation and base removal studies. Plasmid pJCD7 carried a
Following PCR, the fragment was restricted vigmHI+Dral 219 bp (base pairdjcaRI-Not fragment containing thace

and cloned into the compatible sitBanHI+Sma of the Promoter regulatory regiori®), and plasmid pJCD8 had a 160
expression vector pQE-30 to create plasmid pJCD6. This plasnfil insert containing thernBP1 (13). In each case, the
encoded thex subunit under control of thE.coli phage T5 ECccRI+Not fragment was end-labelled at et site by bi-3%P]-
promoter. ThepoA gene contained a@His-tag at its 5end to ~ dGTP (top strand) or at thedR| site by p-32P]dATP (bottom
facilitate the purification of the corresponding protein by affinitystrand), using the Klenow fragment of DNA polymerase.
chromatography.

Interference experiments

Expression and purification of the recombinant subunit Premodifications of the promoter-containing DNA fragments
were carried out by using the base removal approach described in
Plasmid pJCD6 was transformed inocoli strain JM105 (6) and modified as follows: (i) promoter DNAs were chemically
(endAL, thi, rpsL, shcBL5, hsdRt, A(lac-proAB, [F, traD36, modified either by formic acid (G+A reaction) or by hydrazine
proAB, lacl%ZAM15] (7). Cells were grown at 3T in 2x YT  (C+T reaction) in conditions that allowed an average of one
broth @) in the presence of ampicilin (5Qg/ml) to an modifing event per DNA moleculel{) (Table 1); (ii) after
absorbance value of 0.7-0.8 at 600 nm, and treated with tethanol precipitation, modified DNAs were loaded on a non-
inducer isopropyB-thiogalactopyranoside (IPTG) at a final denaturing 4% polyacrylamide gel and electrophoresed by using
concentration of 2 mM. After 2 h of induction, cells wereTris-borate buffer; (iii) following autoradiography, the
harvested by centrifugation, disrupted in a French pressure celfagtest-moving DNA molecules were electroeluted from gels and
10 000 p.s.i. in buffer A (10 mM Tris—HCI, pH 7.3, 10 mM assessed in subsequent binding experiments.
B-mercaptoethanol, 10% glycerol) containing 150 mM NaCl, Retardation assays were performed essentially as already
30 mM imidazole and 1% Triton X-100. A high-speeddescribed 15). A typical assay mixture contained in 2aD
supernatant (S30) was then prepared by centrifugation for 30 ndig@ mM HEPES-NaOH, pH 7.9, 4 mM Tris—HCI, pH 7.9, 95 mM
at 30 00Qy and applied, in a first step, onto & Nitrilotriacetic ~ KCI, 1 mM EDTA, 1 mM DTT, 9% (v/v) glycerol, 0.02% (v/v)
acid—agarose column equilibrated with buffer A. After elution oNonidet P-40, 2ug poly(dl-dC).poly(di-dC) as bulk carrier
the Hig-taggeda subunit with buffer A containing 250 mM DNA, 10pug bovine serum albumin, chemically-modified DNA
imidazole, column fractions enriched with the protein werg@robe (1.7 1P c.p.m.), and either subunit (2.44M) or RNAP
pooled and dialyzed against buffer A containing 50 mM NacCl. I(2 nM). After incubation for 10 min at 2&, the mixtures were
a second step, the corresponding fractions were loaded onttbaded on a 4% preparative polyacrylamide gel at high-ionic-
DEAE anion exchange column, and elution was achieved withsérength and electrophoresed for 1 h at 30 V/cm. Bands
0-500 mM NacCl linear gradient in buffer A. Puxesubunit corresponding to free and complexed DNA were visualized by
protein was concentrated and dialyzed against buffer Autoradiography on the wet gel after overnight exposureCat 4
containing 50% glycerol by using a Vivaspin-50 (Vivasciencekabelled DNA was excised from the gel, eluted for subsequent
Co.) filtration device, and stored at 20 Protein concentration piperidine cleavagel{), and analyzed on a 6% sequencing gel
was estimated according to the method of BradféydSize to reveal the position of the interfering modifications. Autoradio-
exclusion chromatography showed that, after purification, grams were analyzed by densitometry using a Personal Densito-
subunit was present as a homodimer in solufi6ri{). meter S| from Molecular Dynamics.

Table 1.Protocol for generating partially depurinated or depyrimidated DNA used in interference studies

G+A reaction C+T reaction

Mix at 0°C 5x10° c.p.m. DNA in 20Qul H,0 5x106 c.p.m. DNA in 20Qul H,0
20 pl formic acid 4% 30Qul hydrazine 98%

Incubate 30 min, 37C 15 min, 25C

Add and mix 20Qul NaOAc 300 mM, pH 7.0 and 3 vol ethanol

Precipitate 5 min in liquid nitrogen

Centrifuge 10 min at 20 00§

Dissolve in 20Qul loading buffer [10% glycerol, 0.1% (w/v) bromophenol blue,

and 0.1% (w/v) xylene cyanol]

Electrophoresis in 4% non-denaturing polyacrylamide gel (80:1) inOTBE buffer
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Transcription assay o subunit concentration (nM)
The plasmid pJCD9 used as a template imthigro transcription ° g2 888 2 8
assay carried thaceP region followed by the transcription - W &8 F @9 9
termination signal T1T2 of thenB operon (6), inserted -  ———————————

between th&cadR| andAfllll sites of the pUC19 vector (GenBank

accession no: X02514). Transcription experiments were

performed at 37C in a buffer containing 50 mM Tris-acetate

(pH 8), 100 mM KOAc, 8% glycerol, 0.1 mM EDTA, 8 mM

MgOAc, 0.1 mM DTT and 500 U/ml RNasin. In aj@Qypical

assay, 60 nM of supercoiled pJCD9 plasmid purified by

centrifugation in CsCl/ethidium bromide were incubated for 20

min, with 67 nM of either wild-type RNAP or C-truncate@56 k. | ‘]—{;ommex

RNAP to allow open complex formation. The mutant RNA =y

polymerase containimg-256 was prepared as describedLir.( -

Transcription was initiated by adding a nucleotide mix of ATP, Mlm ONA

GTP and CTP (20uM each), UTP (10uM), [a-32P]JUTP =

(2.5uCi at 800 Ci/mmol) and 0.1 mg/ml of heparin. After 5 min

of incubation, the reaction was stopped by adding 1 vol of

formamide loading dye (98% deionized formamide, 0.1% Xylen%i ure 1. Electrophoretic mobility shift assay for interaction of thgubunit
cyanol, 0.1% bromOphenOI blue and. 10 mM EDTA). FOIIOV\”n(‘:]wi?h the aceP re%ion. The enotIYIabeIIed 2{9 bp insert of plasmid pJCD7
heat denaturation at 86, a 5l a“q_UOt of the assay was containing thexceP was incubated with a varying amount of purifiesiibunit,
electrophoresed on a 6% sequencing gel and visualized Ryd electrophoresed in a native polyacrylamide gel according to Garner and
autoradiography on a Kodak Biomax MR film at =0 Revzin (15).

RESULTS AND DISCUSSION Figure3A. The comparison of band intensity in the landmahd
Alpha subunit interaction with the aceP and free DNA in Figure 2A, indicates that missing bases at
positions —41 to -50 in trecd? fragment significantly affect
In a number of prokaryotic promoters, the presence of a thiksinding to its DNA target. A weaker effect was observed for bases
recognition element interacting with RNAP, upstream from thgpanning positions —31 to —37. All together these results show that
—10 and —35 hexamers, remains to be demonstrated. For tiijsisolateda subunit of RNAP actually behaves as a DNA-
purpose, the promoter region of #m@eoperon (2) containing  binding module 19) capable of interacting specifically, by direct
a putative UP element, centered around base —-50, was studieddntacts, with a limited number of bases of the UP element in the
order to analyze in detail its interaction with ¢heubunit. aceoperon; (ii) recombinartt subunit which was purified as a
The 219 bpEcdRI/Not insert obtained after restriction of homodimer, partly contacts a region of teeP that exhibits
plasmid pJCD7 (see Materials and Methods) was labelled wiialindromy (Fig.3A). This specific mode of interaction with
[0-32P]dATP, and then used in a gel retardation assay. Aft@NA might be related to the fact that thesubunit does not
incubation of this DNA with a varying amount af subunit  contain the well-characterized helix—turn—helix motif detected in
followed by electrophoresis in a 4% native polyacrylamide gemany other bacterial DNA-binding protei€); (i) most of the
a single DNA—protein complex was detected (EigThis result  contacted bases detected by base removal experiments span :
indicates thait alone can form stableandspecificcomplex with  region that overlaps thace operator of the IcIR repressor
theace® DNA fragment, with a binding affinity in the range of previously characterized by chemical and enzymatic footprinting

that observed for thenBP1 (see fig. 3 in refl8). (21,22). Since these two sequences are, in this case, essentially
coincident, one can consider that the negative regulator IcIR
Identification of the a-binding site in aceP could partially inhibit transcription by steric hindrance, by

preventing access of RNAP to the extended promoter atthe
The precise location of tlee-binding site within theace® DNA  operon.
was determined by the base removal met&pdi(this approach,
the 219 bp end-labe]le_d DNA fragment containiar@3 Was  RNAP interaction with aceP
depurinated or depyrimidated at a level of slightly less than one
base removed per DNA fragment. This partially modified DNAThe binding of RNAP taceP was studied by using the same
was incubated with thee subunit, then free and complexed DNA chemical interference approach as that described above. Figure
were separated by electrophoresis on a non-denaturing gel. A& shows the autoradiograms of the depurination (G+A) and the
cleavage at the positions of missing bases, DNA molecules weatepyrimidation (C+T) footprints obtained for both the top strand
separated on a sequencing gel to reveal the positions eithed the bottom strand ofce® complexed with RNAP.
irrelevant or, instead, crucial to binding. Experiments wer€omparison of the band intensity of bound and free fractions
performed by removing either G+A residues by treatment witreveals two distinct regions where a missing base enhances the
formic acid, or C+T residues by treatment with hydraZirielf.  affinity of RNAP for its promoter. The first region, between
The corresponding electrophoretic patterns for both top ammbsitions -5 and —14 (FigB), including theaceP —10 hexamer,
bottom DNA strands are shown in Fig@f and a summary of likely corresponds to the ‘melting domain’ of the initiation
the effects of DNA modifications am binding is presented in complex. This result is in agreement with the footprinting
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Figure 2. Base removal experiments witbeP andrnBP1. The 219 bp DNA fragment containiuggP was32P-labelled at either theot site referred to as ‘TOP?,

or at theEcaRl referred to as ‘BOTTOM’ (see Materials and Methods). DNA molecules were treated with either formic acid to remove G+A, or hydrazine to remo\
C+T, and incubated with subunit A) or RNAP B8) before electrophoresis and autoradiography. BOUND, gel lanes with the modified DNA isolated from complexes;
FREE, gel lanes with the DNA that had dissociated or was free of compiEX{espériments carried out in the same conditions as described above, between RNAP
and theEcdRI-Notl insert of plasmid pJCD8 (bottom strand) contaimm@P1.

UP element 35 -10
VUVyVeeIY - YW ¥ v
TATCAACAAGTTATCAAGTATTTATAATTAI‘AAATGGAAATT|GTTTTTGATTTTGCATTTTAAATGAGTAGTCTTAGTTGTG
A -8 — ) e — +

iy g P '
ATAGTTGTTCAATAGTTCATAAATATTAATTTTACCTTTAACAAAAACTAAAACGTAAAATTTACTCATCAGAATCAACAC
Ad - AMAAAL A AAAA A

IHF UP element 35 10

v_m y.mm nm r

TATCAACXX TV'H\TCAAGTA¥¥¥XTAATTAAXXTGGAAATTGTTTTTGATTTTGCATTTTAAATGAzTAz ZTTAGTTGTG

70 so 50 40 2I 1o +1

B ETAGTTGTTCAATAGTTCATAAATATTAATTTTACCTTTAACAAAAACTAAAACGTAAAATTTACTCATCAGAATCAACAC

Abd Abbh AMMABLRMLAMMAALL AAbL AAAAAAA AbdAAALL
UP element 35 10
TTGGTTGAATGTTGCGCGGTCAGAAAATTATTTTAAATTTC(TCTTGTCAQGCCGGAATAACTCCCTATAATGCGCCACCACT
80 70 60 -5 30 -1 +

0 iy
AACCAACTTACAACGCGCCAGTCTTTTAATABAAT TTAAAGGAGAACAGTCCGGCCTTATTGAGGGATATTACGCGGTGGTGA
[YRRYYVVVTVVVYY IYYITYT Y

Figure 3. Summary of base removal experimenfsadB) Data obtained for trecepromoter complexed with subunit and RNAP, respectivel@)(Data obtained

for therrnBP1 promoter complexed with RNAP. In each cAsmdicates the position where a missing base results in binding interfeseimgicates the position

where base removal leads to enhanced binding. The numbering gives the position of nucleotides relative to the first nucleotide of the transcribed region, refer
as +1. Palindromy is underlined by two converging horizontal arrows.

experiments previously performed with the promoter Al of the62 in this region of the promoter shares common features with the

E.coliRNAP and with the promoter sites of the RNA polymeraseldP element of the ribosomahBP1 ().

of bacteriophages T3, T7, and SR8,24). Of particular interest ~ These data provide evidence, on the one hand, that the mode of
was the detection of an increased affinity of RNARa@eP when  interaction of RNAP with the UP element of thed® is

the bases in the region —43 to —73 on either strand of DNA wegasentially dependent on the structure of DNA. On the other hand,

removed (Fig2B and3B). The DNA between positions —43 and base removal interference experiments carried out with isolated
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o subunit have shown that only a few direct base contacts occur & o

with a region of DNA that partially overlaps the UP module. This & F

quite different behavior suggests that, when itis part of RNAP, the d

o subunit can recognize a higher order structure of the UP

element rather than its primary nucleotide sequence. This finding

could be connected with the previous observation that the purified

o subunit of RNAP retains the ability to bind the UP element of -

theadaandrrnBP1 promotersi(25). aceP —= Wl -
Moreover, the DNA encompassing residues —66 to —73

partially overlaps the'3®nd of a proximal IHF-binding site

recently characterized in tleee promoter/operator regulatory

region (Fig2B) (26). In several operons the IHF factor is known

to facilitate the loop formation responsible for the contacts

between RNAP and DNA sequences located further upstream

from theihf site. In our case, such a structural role for IHF could

be mimicked by the functional replacement of the IHF-binding

site by a DNA of enhanced flexibility. The detection of both an

IHF-binding site and an UP element has been already reported in

the case of thevGMEDA operon ofE.coli (27). Mutagenesis

experiments recently performed on the promoter area have shown

that transcriptional activation of these two regions are RNA-1 — i.

functionally independeng). '
Finally, it can be noted that, when they are missing, the four

thymines (—92 to —95) in the top strand of #oeP® DNA also

increase RNAP binding (FigB). This long-distance stimulation

of the promoter strength was previously detected in severia_.lI e 4.1 vitro transcriotion fr. romoter with wil RNAP an

natural and hybrid promoters, and could be related to the preseng uu(t?ant pol;rt?etr:sgccopr:t?ainincg)]n:cg—?ecr)mi?lgly trtunmtc:atti{)%iit 0—2566;. ‘

of A+T-rich tracts in the DNAZ9-32). Transcription assays were performed according to the procedure described in
Materials and Methods with the pJCD9 plasmid. The respective positions of the
RNA | (107-108 nt) andceP (179 nt) transcripts are indicated by arrows.

In vitro transcription from aceP with wild-type and
mutant a-256 RNAPs

Specific recognition between tioesubunit of RNAP and the site wh_lch was characterized by DNase | and hydroxyl radical
UP-element oficeP has been analyzed iayvitro transcription. ~ Protection assayd.Q). . o
In this assay, the supercoiled plasmid pJCD9 containiragéle ~ Our results concerning two different UP module-containing
region upstream from thenB transcription termination signal Promoters suggest that local DNA flexibility generated in the UP
T1T2, was incubated with either wild-type RNAP or mutan@lement famhtatgs its recognition by RNAP. This observat[c.)n is
RNAP containing the C-truncatext256 subunit 7). RNA i agreement with previous data that demonstrate the_ablllty of
transcripts generated in both reactions were then separated ditansically curved DNA, upstream the —35 region, to increase
6% sequencing gel and revealed by autoradiography. the interaction ofE._coll RNAP 'Wlth its promoter 3(3,34).
Comparison between tracks in Figdighows that while, onthe Moreover, by studying botin vivo andin vitro a series of
one hand, an equivalent amount of the control transcript RNAMutations within the —10 to 35 region of fireU promoter of
was synthetized in both cases, on the other harat¢R&NA was Salmonellla_ _typ.hlmunu.mt has been s.ugg.ested that increased
only present at a levéB-fold higher when transcription was DNA flexibility is required for the activation of these mutant
initiated  with wild-type RNAP. These results thereforePromotersgs). )
demonstrate that the specific recognition between RNAP and thd-urthermore, recent work carried out on the spacer DNA, a

UP-element is mediated by the C-terminus ofthebunit which ~ "égion that has been proposed to contact specifically the
stimulates thece promoter expression. subunit, between the CRP-binding site andab@romoter, has

shown that it contains no specific sequence determinalatcfor
transcription activation3@).
Binding of RNAP to rrnBP1 Taken together, these results could explain the previous failure
to define a precise consensubinding site from all the UP
In order to check the results presented above, base remogments detected so far.
experiments were performed on tieBP1-RNAP complex.
Figure2C shows that, in this case again, two sites of increas
affinity for RNAP can be detected when the bases from positio%(gcK’\K‘)V\/LEDGEMENTS
=7 to -15, and from positions —40 to -53, were remov_ed
chemical treatment of the bottom DNA strand. These regions s |njversité de Lyon and the Institut Universitaire de France.

functional importance could be related with the ‘melting domainyse thank Emmanuelle Duglas, Christian Van Herrewege and
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